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ABSTRACT

Laboratory techniques are developed that allow concurrent measurement of
unsaturated matrix hydraulic conductivity and fracture transmissivity of
fractured rock blocks. Two blocks of Apache Leap tuff containing natur-
al fractures were removed from a site near Superior, Arizona, shaped
into rectangular prisms, and instrumented in the laboratory. Porous
ceramic plates provided solution to the top of the test blocks at regu-
lated pressures. Infiltration tests were performed on both test blocks.
Steady-state flow testing of the saturated first block allowed the
determination of matrix hydraulic conductivity and fracture transmissiv-
ity. Fifteen centimeters of suction were applied to the top of the
second block throughout an imbibition test. Analysis of infiltration
into that block indicates that fracture flow at the low compressive
stress applied during the test was minimal and matrix hydraulic conduc-
tivity at fifteen centimeters of suction was an order of magnitude less
than the saturated matrix hydraulic conductivity of the first block.

Coated-wire ion-selective electrodes were used to monitor the break-
through of aqueous chloride concentrations in a tuff test block with a
natural fracture. Minute samples of tracer solution were collected with
filter paper. Preliminary results indicate the technique worked well
for studying transport behavior in fractured rock at near-saturated flow
conditions. It also appears to be a promising technique for unsaturated
conditions. Breakthrough curves in the fracture and matrix, and a
spatial concentration distribution map of chloride concentrations within
the fracture, suggest the existence of preferential flow paths in the
fracture segment, and substantial diffusion into the matrix. Estimates
of average travel velocity, dispersion coefficient and longitudinal
dispersivity in the fracture, are obtained using temporal moments
analysis. Estimates of transport parameters in the matrix are hampered
by insufficient data and the complex solute concentration history. A
case study of the test block using a boundary integral method computer
model aided in the interpretation of the data.
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EXECUTIVE SUMMARY

Introduction

The hydraulic properties of partially saturated fractures are poorly
understood even though the performance of a high level waste repository
is critically dependent on whether water and radioactive solutes will
flow through fractures under unsaturated conditions. Flow through
fractures may result in accelerated velocities and reduced travel times
from the repository to the accessible environment, thus breaching the
geologic barrier which will be relied upon to isolate the nuclear waste.
To understand and describe the processes that control flow and transport
in unsaturated fractured rock, a series of experiments have been
performed to quantify the relevant hydraulic and transport parameters.
This document reports laboratory hydraulic and tracer tests conducted on
natural fractures in rocks removed from a field site in unsaturated
fractured tuff at the Apache Leap tuff site in central Arizona. The
tests were conducted for the purpose of characterizing fluid flow and
solute transport under conditions of negative matric potentials.

Description of Fractured Rock Blocks

Two blocks of Apache Leap tuff containing natural fractures were removed
from the field site and shaped into regular solids measuring approxi-
mately (0.2 x 0.2 x 0.5 m) and (0.2 x 0.2 x 0.7 m). Rock bolts and
exterior braces were used to stabilize the fracture in the field prior
to shipment and shaping. The single fracture in each block traversed
the solid along the longer dimension. The volumetric porosity of the
rock blocks is approximately 17 percent and the bulk density is
approximately 2100 kg/m3. The fractured rock blocks were mounted in a
support frame and enclosed within a chamber to prevent evaporation
during the experiments. Ceramic porous plates were constructed and
placed on the upper surface of the rock, with the center plate laying
over the single vertical fracture.

Hydraulic Tests

The rate of fluid movement within a fractured rock parallel to the
direction of the fracture depends upon the hydraulic conductivity of the
rock matrix as well as on the transmissivity of the fracture. Experi-
ments were performed to determine the matrix and fracture hydraulic
properties by maintaining a positive fluid pressure in the porous plates
above both the fracture and the matrix. The specific flux through the
plate overlying the fracture was consistently larger than the flux
through the plates overlying the matrix. Estimates of matrix and
fracture hydraulic properties were obtained using a Boundary Integral
numerical model which simulated flow through the plate-fracture-matrix
flow domain. For the first rock block the hydraulic conductivity was
estimated to be approximately 5.9 x 10' m/s and the fracture transmis-
sivity was 7.2 x 10' m2/s.

A second series of experiments were performed using the second rock
block by maintaining a fluid suction of 15 cm (1.5 kPa) on the upper
surface of the ceramic plates. The hydraulic conductivity of the rock
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matrix was estimated to be 5.5 x 10- m/s, which is approximately an
order of magnitude lower than the first block. No apparent fracture
flow was observed at the imposed suction of 15 cm. This indicates that
the fracture may not contribute to fluid flow at suctions greater than
15 cm. Further tests over a wider range of fluid suctions are recom-
mended.

Tracer Tests

Coated-wire ion-selective electrodes were used to monitor the
breakthrough of chloride in the fracture and rock matrix. Measurements
were made off filter paper used to collect small amounts of tracer
solution prepared from calcium chloride. Independent tests using a
porus cup in conjunction with a water column apparatus showed the filter
paper/ion-selective electrode technique is capable of measuring con-
centration changes for unsaturated conditions up to a suction of 100 cm
of water.

Ceramic porous plates were used to introduce test solutions to the upper
surface. Solute transport parameters were estimated from results of
three fracture transport tests and one matrix transport test using
temporal moments analysis. Large variations in the results were
observed for the same fracture segment among individual experiments.
The average travel velocity in the fracture ranged from 2.12 x 10-' m/s
to 51.9 x 10-' m/s, the dispersion coefficient from 1.01 x 10' m2 m/s to
4.2 x 10-3 m2/s, and the longitudinal dispersivity from 2.07 x 102 m to
8.01 m. A spatial concentration distribution map of the fracture was
also obtained at the end of the third fracture transport test. The map
strongly suggests the existence of preferential flow paths under
saturated conditions.

Parameter estimation in the matrix was hampered by insufficient data,
and the complex two-dimensional solute concentration history in the test
block. Monitoring of chloride breakthrough in the matrix sampling ports
clearly indicated the influence of the fracture through matrix dif-
fusion. The average travel velocity in the matrix ranged from 1.13 x
10-7 m/s to 2.86 x 10-' m/s. The dispersion coefficient and the lon-
gitudinal dispersivity in the matrix could not be calculated due to
insufficient data.

Computer Simulations

Interpretation of flow and solute concentration data in the fracture was
aided by the use of a Boundary Integral numerical model. The model
showed fracture-matrix flow interaction, especially near the top
fracture opening. Implications of the model results include:
o Approximately 20 percent of the flow through the matrix porous

plates entered the fracture before reaching the bottom of the test
block;

o A steady-state relative concentration of less than unity in the
fracture is expected if the test solution is applied only to the
plate directly over the fracture; and

o A constant solute concentration in the fracture for the bottom 30 to
40 cm of the fracture is expected if matrix diffusion is neglected.
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Conclusions

Procedures and instrumentation for estimating the hydraulic and solute
transport properties of unsaturated fractured rock have been developed.
Specific conclusions include:
o The filter paper/ion-selective electrode technique is a viable
method for studying solute transport behavior under near-saturated
conditions.

o Using the electrode technique, large variations in solute transport
parameter estimates are observed for the same fracture segment, The
variations probably result from fracture and matrix heterogeneities,
differences in flow and pressure conditions, and solute concentra-
tion histories.

o Channeling of flow in the fracture is observed even for a relatively
small fracture segment.

o Matrix diffusion effects are clearly observed for large concentra-
tion gradients during fracture transport tests. Matrix diffusion is
expected to retard and to spread solute breakthrough curves.

o Fracture-matrix interactions are expected near the top fracture
opening due to streamlines which originate in the rock matrix and
transfer to the fracture.

o Water does not enter sampling ports evan at near-saturated flow
conditions. The ports are expected to interfere with matrix flow,
and to influence average matrix travel velocity calculations.

Recommendations

To further extend existing procedures and instrumentation, the following
recommendations are made:
o The acquisition of a superior pH/mV meter with greater resolution

and accuracy. With improved resolution will come more accurate
chloride calibration curves for the ion-selective electrode.

o Experiments should be conducted to evaluate the accuracy of the
filter paper/ion-selective electrode technique at suctions higher
than 100 cm.

o Additional fracture and matrix transport tests to monitor the solute
concentration and suction in the rock matrix at various locations to
determine the spatial variability of these variables.
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CHAPTER ONE

INTRODUCTION

The characterization of a proposed high-level radioactive waste reposi-
tory site involves evaluating techniques to assess both the water flow
and radionuclide transport properties of the surrounding geologic media.
The U.S. Environmental Protection Agency has mandated that radionuclides
must not exceed threshold concentration levels in the accessible
environment within ten thousand years of disposal. The candidate
repository horizon, which is located unsaturated fractured rock, should
inhibit the outward movement of radionuclides in the event of leakage
from the engineered barriers. In an unsaturated fractured rock setting,
of particular interest are unsaturated fracture hydraulic transmissivity
and permeability, and rock matrix unsaturated hydraulic conductivity and
permeability. Also of interest are the transport properties of radio-
nuclides in terms of time of travel, retardation and dispersion. Flow
and transport as affected by the interaction between the fracture and
adjacent rock matrix is an additional consideration. Because the
repository may be located above the water table the hydraulic and trans-
port properties, as well as the fracture-matrix interaction, require
study as functions of water content, or negative water potential or
suction.

1.1 Description of Problem

The hydraulic conductivity of a rock body is greatest when the body is
saturated with water, that is, the rock pores are as full as is natural-
ly possible with water. According to capillary theory, as a rock mass
desaturates, the largest pores drain first. As more and more water is
drained from the mass, smaller and smaller pores drain. The drainage of
rock pores results, in theory and in practice, in a decreasing hydraulic
conductivity. Depending on the pore size distribution, the drop off in
hydraulic conductivity with decreasing water content can be several
orders of magnitude.

Fractures in a rock body behave in a similar manner. Saturated frac-
tures have a higher hydraulic conductivity than do unsaturated frac-
tures. However, as the water potential is lessened, fractures drain
according to the distribution of their aperture widths, and the hydrau-
lic conductivity decreases accordingly. Under saturated conditions,
fractures often act as flow conduits since their apertures are often
considerably larger than the surrounding matrix pores. A fracture or
fracture system that acts as a conduit under saturated conditions, how-
ever, may act as a barrier when the fractured rock mass is subjected to
negative water potentials, or suction. The degree to which unsaturated
fractures in a rock mass affect water flow through the media depends
upon how the hydraulic conductivity of the fracture varies with suction
or water content. Since groundwater movement is a possible mode of
contaminant transport, a decreased hydraulic conductivity of fractured
rock results in decreased flow and thus decreased contaminant transport.
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However, it is not enough to know in general terms that a given reposi-
tory location will be subject to reduced groundwater flow and radio-
nuclide transport rates due to its location in the vadose zone. One
must characterize flow and transport around the repository for a variety
of possible conditions, including those present at the site prior to
waste emplacement. This assessment is currently feasible for saturated
fractured geologic media. Three possible approaches may be used to
analyze such media. The first is the deterministic continuum approach
where the fractured rock media is viewed as a continuous porous media
with properties that represent averages obtained in a representative
elementary volume (de Marsily, 1986). The second possible approach is
the deterministic non-continuum method. This approach involves indivi-
dual analysis of each fracture in the region of interest. A stochastic
representation of the fractured media is the third approach and involves
obtaining statistical fracture parameters from a limited number of sam-
ples. These parameters are then used to simulate various scenarios.

Unfractured rock matrix may be studied using a stochastic approach by
obtaining numerous field samples from the proposed waste disposal site.
Angled boreholes and oriented rock cores can provide samples for labora-
tory analysis (Rasmussen and Evans, 1987) from which three-dimensional
parameter distributions may be developed. Results from such a procedure
may be put into a flow and transport model, yielding field scale and
regional scale predictions for various conditions.

The addition of fractures to unsaturated rock mass complicates analysis,
and currently no methods are available for water flow or transport char-
acterization. If one could obtain intact samples with undisturbed rock
fractures and develop techniques to measure unsaturated fracture param-
eters, a stochastic analysis could also be performed with the sample
fractures. The fracture parameters thus obtained could then be linked
to the matrix parameters through a computer model. Important fracture
parameters and relationships that need to be developed include the vari-
ation of hydraulic conductivity with changing suction and the relation-
ship between suction and water content. Solute transport properties
such as time of travel, retardation and dispersion are also required.

Another possible fractured rock characterization method would involve
the development of a field test similar to aquifer testing methods that
are used to investigate saturated fractured rock. Such a continuum
approach might involve the use of a membrane impeding layer placed in-
side of a borehole and held in place by a frame, allowing the imposition
of a negative water potential on the rock matrix/fracture system sur-
rounding the borehole.

1.2 Research Objectives

The purpose of this research is to develop techniques and procedures to
study flow and transport behaviors in natural fractures at variably
saturated conditions. This study adopts the stochastic approach to
characterizing rock fractures. The objectives of the fluid flow part of
the investigation are: (1) to develop procedures to determine the frac-
ture transmissivity and the adjacent matrix hydraulic conductivity of
blocks of rock in the laboratory, (2) to perform infiltration and perco-
lation tests on each block being studied, and (3) to characterize, in
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the laboratory, rock cores obtained from rock surrounding the test
blocks. The objectives of the transport part of the investigation are:
(1) to test filter paper as a possible means of sample collection, (2)
to assess the capability of coated-wire ion-selective electrodes by
monitoring breakthrough of chloride tracer solutions collected using
filter paper at near-saturated conditions, (3) to test the reliability
of the filter paper/ion-selective electrode technique at higher suctions
using a separate apparatus.

1.3 Experimental Approach

This research adopts the approach of studying blocks of rock brought to
the laboratory. Previous experience in the laboratory and field indi-
cates the need to perform experiments under controlled conditions.
Fluid flow appears to be based on past wetting and drying history. The
flow path within the fracture is expected to be tortuous. The nature of
solute transport is understandably expected to be complicated as well.
Because of the complexity of fracture flow and transport, a better
understanding of the hydraulic and transport properties, and experiment-
al techniques, can be achieved in the laboratory before pursuing in situ
assessments.

Generally, the approach included location, removal, and shaping of two
blocks of partially welded tuff, each containing one test fracture, from
the plateau site at the Apache Leap tuff site near Superior, Arizona
(see Figure 1.1 for location). The first of the two blocks used for
this study was chosen both for its convenient size and its ease of
removal. The test block has a dominant fracture and several minor frac-
tures. The main fracture is not considered ideal because of its highly
variable aperture. It also curves at approximately 30 degrees from
vertical four-fifths of the way along the fracture. The first test
block was used primarily to develop testing methods while subsequent
test blocks were being located. Transport experiments were performed
for the first test block only. At a later date, the second test block
was chosen and cut, along with two other blocks, from a larger sample.

For fluid flow experiments, the intent has been to develop procedures
that would be applicable over a range of suctions and would allow
concurrent measurement of fracture transmissivity and matrix hydraulic
conductivity. However, steady-state flow tests were performed at nearly
saturated conditions to allow relatively rapid development and testing
of procedures and equipment. Infiltration and percolation tests were
conducted by applying water to the top face of each block through porous
ceramic plates. Monitoring of the water intake rates and wetting front
advancement was performed throughout the imbibition tests. Various
plate configurations, and thus water source locations, were used during
these tests. Characterization of rock cores adjacent to the test blocks
allows for comparison of the test block matrix with other rock cores
recovered from the Apache Leap tuff site. The saturated hydraulic con-
ductivity, dry bulk density, effective porosity, and pore size distribu-
tion were determined for each unfractured core. Additionally, matrix
moisture release curves were prepared.
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Figure 1.1 Schematic diagram of the Apache Leap tuff site relative to
the town of Superior, Arizona. Letters denote study locations. A -
Queen Creek road tunnel; B - watershed study site; C - plateau site.
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The two rectangular test blocks (see Figures 1.2 and 1.3 for experiment-
al setups), less than 0.1 m3 in size, were set up in the laboratory such
that the test fracture lay in the vertical plane and were instrumented
with custom-made porous ceramic plates, linear variable displacement
transformers (displacement transducers or LVDTs), and a microtensiom-
eter. Experiments were conducted by suspending the test blocks from
metal frames. Evaporation was minimized with a plastic canopy. To
measure water potential and solute transport in the fractures and rock
matrix, sampling ports were installed. Sampling ports extending to the
fracture plane, as well as ones which end in the rock matrix, were
drilled for both test blocks.

The ceramic porous plates, with air entry values of 200 kPa, were used
to introduce background and tracer solutions. Only the top rock surface
was covered with plates for this phase of the research. A narrow plate
covered the fracture and adjacent rock matrix. Two wider plates covered
the rock matrix on either side of the fracture, and were hydraulically
separated from the center fracture plate. They were also used to
control pressure head at the upper boundary with constant-head Mariotte
reservoirs. The arrangement provided for a rapid changeover of tracer
solutions from the background solution of l0' Molar (M) calcium chlor-
ide (CaCl,) to either 102 M, or 10-' M CaCl2. The behavior of the
chloride tracer in the porous plates was also assessed in order to dis-
tinguish between apparatus and rock matrix transport.

Whatman filter paper number 42 with a retention rating of 2.5 Am (equi-
valent to an air entry value of 116 kPa at 20'C using the capillary rise
equation) was used to collect samples in the fracture and matrix.
Because of small sample sizes, ion-selective electrodes capable of
measuring changes of potential differences by surface contact were used
to monitor chloride tracer breakthrough. The chloride electrode is of
the coated-wire type, and the reference electrode is a double-junction
electrode. Although the transport tests were conducted at near-
saturated conditions, independent tests showed the filter paper/ion-
selective electrode method to be promising for studying transport
behavior at suctions up to nearly 10 kPa (i.e., 100 cm of water).

The discussion that follows is organized into four chapters and five
appendices. Chapter two presents a review of the process used to
recover the fractured rock blocks for analysis. Discussion of fluid
flow and solute transport is separated into two chapters. Chapter three
provides the theoretical background for study of unsaturated fracture
flow. It also includes a description of the experimental setup and
procedures, and the methodologies of the computer model used to help
interpret the flow processes. Finally, the major results and recommen-
dations for future work in the fluid flow part of the study are discus-
sed and summarized in the chapter. Chapter four discusses the theore-
tical considerations of ion-selective electrodes and transport proces-
ses. Considerations of the computer model as it affects the transport
processes, and the analysis of water penetration into the sampling ports
are also discussed. The experimental setup for transport studies and
the procedures developed are described. A continuation of the case
study of an idealized test block using the computer model is presented
in the chapter along with future studies and recommendations. The
appendices contain more detailed discussions of the procedures and data.
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CHAPTER TWO

PROCUREMENT AND PREPARATION OF TEST BLOCKS

Laboratory test blocks of partially welded and densely welded tuff were
obtained from the Apache Leap test site, near Superior, Arizona. The
Department of Hydrology and Water Resources at the University of
Arizona, in conjunction with the Nuclear Regulatory Commission, operates
the Apache Leap test site for the purpose of conducting hydrologic
testing of partially welded tuff that is similar to that located at the
Yucca Mountain site in Nevada. Following is a brief summary of the
field site, the Apache Leap tuff, and the methods used to procure
laboratory test blocks from the site. A brief discussion of selection
and removal of a block of densely welded tuff is included. Preparation
of the test blocks and a general description of the experiment setups
are presented in this section. Detailed discussion of the procedures
used for testing equipment, preparing calibration curves, and running
experiments on the test blocks are included in Chapter Three.

2.1 Description of the Apache Leap Tuff Site

The Apache Leap tuff site is located at the western edge of the Pinal
mountains of south-central Arizona, a few kilometers northeast of the
town of Superior (see Figure 1.1). Steep mountains and deeply incised
canyons characterize the local terrain. Three separate study locations
compose the test site. The first, at the former Queen Creek road tunnel
in Queen Creek Canyon on U.S. Route 60, lies at an elevation of about
1036 meters (3400 feet). It consists of both a weather station and a
series of boreholes drilled in the abandoned tunnel. The second and
third study locations are found along the Magma Mine Road overlooking
Oak Flat, roughly at an elevation of 1262 meters (4140 feet). Two small
watersheds compose the second study location; the third consists of an
array of angled boreholes drilled on a small plateau.

Rock at the Apache Leap tuff site consists of ash-flow tuff. A pyro-
clastic deposit, ash-flow tuff results from the deposition, compaction,
and consolidation of a mobile, high-density suspension of hot glass
shards, pumice, rock fragments, and crystals. These airborne suspen-
sions can travel more than 100 km/hr and can be deposited on land or
water. Once deposited, an ash-flow tuff begins to compact. Flattening
of pumice fragments, a decrease in porosity, and deformation and welding
of glass shards result from compaction of the hot mass. The degree of
welding depends upon the ash-flow temperature at deposition and the rate
of heat loss to the surrounding environment. Numerous ash-flows may be
deposited on top of one another. If such deposition is closely spaced
in time, the compaction and cooling of one unit may affect the compac-
tion and cooling of units above and below it. Peterson (1961, 1968)
studied the ash-flow tuff deposited east of Superior, Arizona. He found
a sequence of welded tuffs that apparently cooled simultaneously. Weld-
ing of the tuff varies from nonwelded to densely welded (Figure 2.1),
and maximum thickness of the sequence is 600 meters. Fracturing of the
ash-flow tuff is roughly orthogonal; one set lies subhorizontally, and
the other two lie at angles between 60 degrees and 90 degrees in the
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vertical plane. Based on chemical composition, the tuff is classified
as a porphyritic, quartz latite of middle Miocene age (about 20 million
years old). From laboratory studies (Peterson, 1961; Rasmussen and
Evans, 1987), the matrix porosity of the partially welded rock is
between 17 percent and 20 percent. The matrix porosity of the densely
welded tuff is estimated to be 9 percent. The Apache Leap test site
lies in various parts of the sequence. The Queen Creek road tunnel
study location lies in densely welded tuff. The watershed study loca-
tion and the plateau site lie near the top of the sequence in a partial-
ly welded to nonwelded zone.

Weber (1986) performed a reconnaissance study of the hydrology of the
region surrounding the Apache Leap tuff site. In comparing rainfall
records of the town of Superior (elevation 910 meters) with those
obtained at the Magma Copper Company shaft number 9 (elevation 1270
meters), he found discernible orographic effects over a ten year period
of comparison. The average annual precipitation in the town of Superior
was 538.8 mm (21.2 inches), and the average annual precipitation at the
mine shaft was 639.6 mm (25.2 inches). Orographic effects were most
significant during the winter and summer months, when rainfall is the
highest in the area.

The region surrounding the study site is drained by ephemeral streams,
the most prominent of which is Queen Creek. Small stock ponds along the
Magma Mine road collect runoff and remain full into the summer months.
Although the town of Superior obtains its water from wells near Florence
Junction to the west, a significant amount of groundwater was pumped
from shafts at the Magma Mine prior to its closure in 1986. Pumping
from the mine shafts, the deepest of which was located at an elevation
of -183 meters (-600 feet) relative to Mean Sea Level, averaged 450
gallons per minute. Despite the fact that Weber (1986) had a difficult
time obtaining useful groundwater quality data, the data which he
obtained indicated that the groundwater in the area is highest in
calcium, bicarbonate, and sulfate ions.

2.2 Test Block 1 Procurement

Test block 1 was found along the access road to the plateau at the
Apache Leap tuff site. Presumably, the block had been loosened during
construction of the road to the site. It appeared to be an appropriate
size for initial experimentation; a relatively planar fracture bisected
the sample, and the fracture appeared both conductive to water and well-
cemented enough to withstand transportation to the laboratory. Using a
backhoe, the rock was hoisted into the back of a pickup truck and trans-
ported back to the laboratory.

Very roughly a rectangular prism, the first rock's maximum field dimen-
sions were 79 cm by 79 cm by 36 cm (Figure 2.2). The main fracture lay
in the largest plane and measured about 70 cm by 58 cm. However, due to
the irregular and sloping nature of the rock near the fracture edges,
the longest usable portion of the fracture, allowing the block to be
shaped into a rectangular prism, was 50 cm. After preliminary flow and
transport tests, an outline of the optimal, finished block was drawn on
the surface of the rock. Four 9.53-mm (3/8-inch) diameter rock bolts
were installed using a hand-held rotary hammer drill.
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A local concrete coring company shaped the block to dimensions of 20.3
cm by 20.3 cm by 49.4 cm (Figure 2.3), after which the porous plates
were ordered. After shaping, the fracture lay roughly parallel to the
block sides and measured about 50 cm by 21 cm. It was noted that, for
rock fragments cut off of the test block during the shaping process,
about 5 percent of the fracture surface was cemented.

2.3 Test Block 2 Procurement

After location, removal, transportation, and shaping of the first test
block, further criteria were developed for selection of additional test
blocks. It was determined that two additional test blocks were desired,
a partially welded test block that would be about 1 m3 in size and a
densely welded block. Rocks in the desired size range were examined for
quality of fracturing, ease of excavation, and simplicity of removal
from the site. Desirable fractures were straight, continuous throughout
the sample, and relatively free of clay, organic matter, and extensive
cementation. It was also desired that the sample arrive in the labora-
tory as undisturbed as possible. Therefore, blocks were located in the
field such that a minimum of work was needed to excavate and remove the
sample.

Two other observations were made before selecting the final rock
samples. First, the fracture along the center of the sample ideally was
to be the only fracture in the rock. Practically, this was not pos-
sible. It was desirable, however, that the amount of subsidiary frac-
turing in the matrix of the sample be minimal. Second, the fracture
being investigated needed to be conductive to water introduced at low
positive pressure heads. Therefore, prior to removal, the field sample
was investigated in a simple manner to determine if water moved through
the fracture.

Two blocks were found that fit the above criteria. The first was a 1.2
m high by 1.0 m wide by 1.1 m deep partially welded tuff block located
along the Magma Mine road, about 100 meters from the plateau site
(Figure 2.4). The lower and right sides of this block were bounded by
fractures, and the left, front, and top faces were open. The second
block was an irregularly shaped, densely welded tuff 0.9 m (3 feet) high
and 1.8 m (6 feet) long. It was found along the old U.S. 60 route,
about 75 meters west of the old tunnel (Figure 2.5). From inspection of
the rock wall on the north side of the road, it appeared that this block
was dislodged from a location about 3.7 meters (12 feet) above the road.

Once these samples had been selected in the field, field flow tests were
performed using a dilute calcium chloride solution. These tests indi-
cated a conductive main fracture in each block. It appeared during the
flow test on the partially welded block that a series of subsidiary
fractures in the block would not allow the entire block to be used for
tes ing. The decision was made to cut three smaller blocks from the
rock during the shaping process. After the field flow tests were per-
formed, 1.27-cm (1/2-inch) diameter holes were drilled normal to the
fracture plane to allow the installation of bolts. The holes were dril-
led with a rotary hammer drill and cleaned with air. The first 5 cm
length of the holes were drilled with a 1.91-cm (3/4-inch) diameter bit
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Figure 2.3 Test block number 1, after being shaped, post single-plate
infiltration test.
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Figure 2.4 Field exposure of partially welded tuff from which test
block 2 was cut. Lens cap is 5.3 cm in diameter. The vertical
trace to the left of the lens cap is the test fracture.
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Figure 2.5 Densely welded tuff block found along former route of U.S.
60. Test fracture runs diagonally from the upper right to the lower
left of the block.
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to allow recessing of the bolts in the rock during the shaping process.
Consisting of 1.27-cm (1/2-inch) diameter all-threaded rod, the bolts
were installed to help stabilize the fracture during removal and shap-
ing. An adhesive was used to secure the rock bolts in the holes. It
was used because, if later desired, the glue would break down upon
heating and allow removal of the bolts. The glue was mixed such that it
was of low enough viscosity to allow sufficient sealing of the annulus
around the rock bolt and yet viscous enough not to invade the fracture
of interest.

The densely welded tuff required no further preparation for removal.
However, a fracture needed to be created along the back face of the
partially welded block prior to removal. To accomplish this, sixteen
5.08-cm (2-inch) diameter boreholes were drilled along the back face and
parallel to the top surface of the rock. A local construction company
was hired to drill these holes with a compressed air driven, rotary
hammer drill. The boreholes were cleaned with compressed air, and the
pneumatic packers that were to be inserted in the holes were tested for
fit. Two pneumatic packers were then placed in boreholes, leaving one
empty borehole between them, and inflated until a crack was induced.
The pneumatic packers each consisted of a reinforced, rubber gland, or
bladder, which expands radially when inflated by pneumatic pressure.
The specific packers used in this method were chosen such that the maxi-
mum amount of pressure exerted by the inflated packer against the side
of the borehole exceeded the estimated tensile strength of the rock.
Compressed nitrogen was used to inflate the packers and was delivered to
the packers through 4.8-mm (3/16-inch) outside diameter stainless steel
tubing. It was expected that the induced crack would be short, and the
procedure would need to be repeated a few times. However, the first
time the procedure was attempted, at 950 psi inflation pressure, a crack
was induced along the entire set of boreholes. When the crack appeared
along the boreholes, the freed block of rock settled onto timbers that
had been placed beneath it before inflating the packers. The settling
of the block onto the timbers appeared to open the fracture slightly.

After both rock blocks were prepared for removal, a truck towing company
was hired to lift each rock onto the back of a stake-bed truck. To
accomplish this, woven straps were placed under the rocks, and the rocks
were cradled from the tow truck boom. Timbers were placed below each
rock on the truck to provide cushioning, and chains and binders were
used to secure the load. During the lifting process of the partially
welded block, a corner of the block hit another boulder, causing the
corner to break off. This shortened the potential length of one of the
test blocks.

The two blocks of tuff were then transported to Belen, New Mexico to be
shaped. New Mexico Travertine, whose cuitting and shaping plant is
located in Belen, shaped the test blocks in a two-stage process that
required four days to complete. The first stage consisted of separating
excess rock by making saw cuts parallel to the fracture. Two parallel
saw cuts, approximately 21 cm (8.25 inches) apart, were made using a
9.5-mm diameter cable saw. The cable saw consisted of a continuous loop
of cable which held diamond-impregnated steel cylinders. Although the
cable saw was able to cut blocks up to 2.7 meters (9 feet) across, the
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accuracy of the cable sawing procedure was less than that using the
blade saw that was available.

After a slab of rock had been cut with the test fracture running down
the middle of the slab, the block was transferred to a computer-driven
laser-guided blade saw for the second stage of cutting. Each test block
was separated from the slab and trimmed to the final dimensions. One
test block was obtained from the densely welded tuff block, and three
test blocks were cut from the partially welded tuff block. Rock number
2 was one of the three partially welded test blocks. Final dimensions
after shaping were 66.0 cm high by 20.9 cm wide by 20.2 cm deep. After
shaping, the test blocks were strapped to pallets, the excess rock
pieces were loaded onto the stake-bed truck, the pallets were chained to
the truck, and the blocks and excess rock were transported back to the
University of Arizona.
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CHAPTER 3

FLUID FLOW

Flow through saturated porous media has been extensively studied, and
much has been written about the flow equations which describe flow
processes. A brief review of saturated flow in porous media and
fracture, and unsaturated flow in porous media, is provided here as a
basis for discussion of unsaturated fracture flow. A description of a
modeled case study using the boundary integral method is included. The
experimental setups and procedures are discussed. Finally, major
results and recommendations are presented. Appendix A details the
procedures used, and Appendix B tabulates the test data.

3.1 Saturated Flow Through Porous Media and Fracture

Darcy's law provides the fundamental basis for analyzing steady ground-
water flow through saturated porous media. It can be written in the
form:

(3.1) q = Q/A = -K grad(¢)

where
q flux or specific discharge of water, m/s;
Q volumetric flow, m3/s;
A cross-sectional area normal to direction of flow, m2;
K hydraulic conductivity, m/s;

grad differential operator, 1/m;
0 total hydraulic head, m.

Hydraulic conductivity is a function of both the media through which
flow takes place and the fluid which flows. It can be stated as:

(3.2) K = k /

where
k intrinsic permeability, m2;

'1 specific weight of the reference manometer fluid, Pa/m;
A dynamic viscosity of the test fluid, Pa s.

Intrinsic permeability depends only on the properties of the media.
Darcy's law will be applied in a number of instances in this study. It
will be used to calculate the average pressure head at the bottom, or
rock-facing, side of each porous plate. It will also be used to calcu-
late the hydraulic conductivity of the matrix and the transmissivity of
the fracture during saturated flow tests.

The simplest method for viewing laminar water flow through a fracture is
to assume that the fracture walls are planar and a constant distance, e,
apart (Figure 3.1). From the Navier-Stokes equations, one can derive
what is known as the cubic law, here shown for one-dimensional, vertical
fracture flow:
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Figure 3.1 Schematic of test block containing a single vertical
fracture. Coordinate axes used in text are shown at the rear of the
block. Also shown is the aperture, e.
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(3 .3) Q- = d, y e3 dO/dz / 12 A

where
Q. volumetric flow through the fracture, m3/s;
d, length along the x-axis of the fracture, m;
e aperture of the fracture along the y-axis, m;
z vertical direction, positive downward.

The cubic law is only valid for a homogeneous, incompressible fluid
under isothermal conditions. Combining equations 3.1 and 3.3 yields:

(3.4) Q. - At K, dc/dz

where
A, fracture area, m2, which equals de;
K, fracture hydraulic conductivity, m/s, which equals -ye2/124.

Note that fracture intrinsic permeability, kf (m2 ) equals:

(3.5) k, - e2/12.

If one knows the fracture aperture and imposed pressure gradients, equa-
tions 3.3 and 3.4 allow the prediction of expected flow through a given
fracture. Similarly, measuring fracture flow under known gradients, one
can calculate the fracture aperture.

As straightforward as the cubic law is for estimating aperture or flow
rate from known parameters, natural rock fractures rarely have smooth,
planar surfaces. More often, natural fractures have rough, wavey sur-
faces and appear curved or irregular in the field. Additionally, most
fractures occur buried beneath sediments and rock and are thus subject
to compressive stresses. According to Gale, et al. (1985), a number of
researchers have proceeded to test the validity of the cubic law under a
variety of conditions, from simulated to natural fractures. Lomize
(1951) and later Louis (1969) used parallel glass plates to validate the
cubic law for open smooth fractures. They also simulated rough parallel
fractures and developed an empirical flow equation including a roughness
coefficient. Other studies performed on natural or induced fractures
(Sharp, 1970; Iwai, 1976) also indicate the applicability of the cubic
law for open fractures.

Laboratory investigations of gas and water flow through rock fractures
subjected to compressive stress that are normal to the fracture indicate
that application of the cubic law may be limited. Engelder and Scholtz
(1981) and Gale (1982) found that for compressive stresses above 10 MPa,
the flow results differed from those predicted by the cubic law.
Studies performed on a natural granodiorite fracture (Schrauf, 1984;
Schrauf and Evans, 1986) also found significant deviations from the
cubic law. They suggest that shear movement may significantly alter
flow paths through a fracture as compressive stress increases. To fit
the experimental data, they propose a pipe model of flow.

In summary, it appears that for essentially open fractures at low com-
pressive stresses, the cubic law holds. At higher compressive stresses
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and higher resulting contact area, tortuosity increases (Tsang, 1984),
and the cubic law is no longer valid.

Such results lead Tsang and Tsang (1987) to view fractures as tortuous
channels rather than planes. They characterize the channel aperture
density distribution, the effective channel length and width, and the
aperture spatial correlation. They then statistically generate aperture
systems through which flow and transport may be studied.

Another way to approach fracture flow study is to incorporate effective
aperture into the term representing fracture hydraulic conductivity.
First, fracture flow is expressed as flow per unit length along the x
axis (depth), q, (m2/s). Using equation 3.4:

(3.6) qt - Qf/df - e K, do/dz.

Then, since the aperture of a given test fracture is not often known and
may vary considerably throughout a fracture, transmissivity, T. (m2/s),
rather than fracture hydraulic conductivity is discussed:

(3.7) T. - e K,

and

(3.8) q, - T. d4/dz.

Equation 3.8 allows the characterization of a fracture by transmissivity
obtained from the volumetric flow rate and the imposed total head gradi-
ent. This dispenses with the need to characterize a fracture by the
effective aperture, which is often not known and which may not equal the
aperture determined by tracer tests or volume balance calculations
(Smith, et al., 1987; Schrauf and Evans, 1986). If desired, an intrin-
sic transmissivity term could also be determined.

3.2 Unsaturated Flow Through Porous Media and Fracture

The nature of flow through unsaturated porous media depends to a great
degree on the water content of the media through which flow takes place.
Water content in turn depends upon the water potential of the porous
media. The media water potential contains gravitational, pressure
(suction), osmotic, and temperature components. Since the experiments
performed in this study are all carried out in nearly isothermal condi-
tions, the temperature component of total moisture potential will be
ignored. Likewise, osmotic potential will not be considered due to the
absence of a membrane or diffusion barrier in the experiments conducted
during this study.

As in saturated flow, gravitational and suction potentials may be
expressed as energy per unit weight, or head, in meters. The gravita-
tional potential at any given point in a saturated porous medium, when
measured in energy per unit weight, equals the elevation of the point
relative to an arbitrary reference height.

Suction, or matric, potential results from both capillary and adsorptive
forces in the media matrix. Capillary forces represent the dominant
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component of matric potential in relatively wet environments and can be
expressed by:

(3.9) - 2 r cos a / r

where
lb suction, kgm/s2 or Pa;
T water-air surface tension, kg/s';
a liquid-matrix contact angle, usually taken as zero for water

and soil or rock;
r radius of capillary tube, m.

Expressing pressure in meters of water, h,, yields:

(3.10) h, - 2 T cos a / y r.

The term h, represents the height water will rise in a capillary tube or
cylindrical pore of radius, r. The term P indicates the pressure at
which a given pore size will drain. As equations 3.9 and 3.10 indicate,
larger pores drain at smaller suctions. For example, at 20°C, T -
0.0727 kg/s2 and I - 9790 Pa s. Assuming that a = 0, a pore of 100 gm
radius would drain at 0.15 m of suction, and a pore of 10 pm radius
would drain at a suction of 1.5 m.

Geologic media also exhibit adsorptive forces which form hydration en-
velopes, or a film of water, over the particles in the media (Figure
3.2). The volume of water in a porous medium held to particle surfaces
by adsorptive forces tends to be rather small compared to the volume of
water held by capillary forces, especially at low suction. However, at
higher suction, when many pores have drained, film flow of water may be
quite substantial relative to flow through water-filled pores.

The prediction of pore size drainage using the capillary equation is
complicated by irregularly shaped pores and branching pore networks.
Any neck or branch that leads to a smaller pore size will increase the
drainage suction for a given pore or system of pores. Therefore, it is
necessary to know the effective pore size distribution of a porous
medium, that is, the distribution of pores that yield water under a
range of applied suctions. Two methods are available for producing such
a distribution. The first consists of a moisture release curve plotting
suction versus water content. Experimentally, water content is measured
after equilibrium is achieved at various suctions. Ideally, one should
prepare two curves for each medium, one desorption curve and one sorp-
tion curve. Typically, the two curves will not be the same; this pheno-
menon is called hysteresis. It is thought that hysteresis may be due to
factors such as the "ink-bottle" effect (necking of the pores), entrap-
ped air, the wetting contact angle differing from the drying contact
angle, and swelling or shrinking of the medium. The second method con-
sists of mercury intrusion porosimetry, which produces a pore size dis-
tribution by forcing mercury into the rock pores under pressure. A non-
wetting fluid, such as mercury, under pressure simulates a wetting
fluid, such as water, under suction. By noting that the hydraulic
conductivity is a function of suction, K(+) (m/s), Darcy's law may be
applied to unsaturated porous media:
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Figure 3.2 Water held in a film over particle surfaces and in capillary

wedges between particles in unsaturated geologic media.
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(3.11) q - Q / A - - K(+) grad(¢).

As moisture characteristic curves are developed to characterize the
effective pore size distribution, unsaturated hydraulic conductivity
curves may also be developed, plotting K(+) versus either suction or
water content. Since K(+) may be hysteretic, typically the relation-
ship is used for either continuously decreasing or continuously increas-
ing suction. Hydraulic conductivity decreases with increasing suction,
and depending on the effective pore size distribution, may decrease
rapidly with only slight increases in suction.

Downward infiltration and percolation into an initially unsaturated
porous medium has received much study in the field of soil science. In
general, both the suction gradient and the gravity gradient affect the
rate at which water is imbibed into the medium. The suction gradient
influences infiltration rate early in the infiltration process. As the
water content of the medium increases, the average suction gradient
decreases, and the gravity gradient plays a more important role. Philip
(1969) presents a solution to Richards' equation for vertical infiltra-
tion into a porous medium, which is presented here in an approximate
form:

(3.12) I(t) _ st" 2 + At

where
I(t) cumulative infiltration, m;
t time, s;
s sorptivity, m/(s' 2);
A infiltration rate at large time, m/s.

Equation 3.12 can also be written in terms of infiltration rate, i(t)
(m/s):

(3.13) i(t) = l/2(st-'/2) + A.

From equation 3.13, it can be seen that at small times, infiltration
rate varies according to t-"2. At large times, infiltration rate
approaches A. Since the gravity gradient drives infiltration and perco-
lation at large times, the parameter A approximates the hydraulic con-
ductivity of the medium corresponding to the applied suction head. If
I/t is plotted against t-"2, one can obtain an estimate of hydraulic
conductivity from the intercept of the straight portion of the curve.

Flow through unsaturated rock fractures is subject to the water content,
and thus water potential, of the system in a manner similar to the
matrix surrounding it. Both capillary and adsorptive forces in a rock
fracture work to hold water in a fracture as suction is applied to the
system. Equation 3.10 is modified for drainage from smooth planar frac-
tures such that:

(3.14) h, - 2 r cos a / ' e
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with all variables previously defined. Equation 3.14 shows that as
suction is increased, the largest diameter fractures in a rock body will
drain before smaller fractures drain. However, natural fractures are
rarely smooth and planar. More likely, natural fractures consist of
variably rough fractures that are locally cemented and only approximate-
ly planar on a laboratory scale. As with unfractured geologic media,
the development of the moisture characteristic curve is necessary to
adequately predict moisture content of an unsaturated fracture.

Assuming that the flow is laminar, Darcy's law may also be applied to
unsaturated rock fractures. Modifying equations 3.7 and 3.8 for unsat-
urated flow yields:

(3.15) T, - e K

and

(3.16) q1 - Tt(0) do/dz

where
K,(+) unsaturated fracture hydraulic conductivity, m/s;
T1(P) unsaturated fracture transmissivity, m2/s.

Because both K,(+) and T,(O) depend upon the suction present in the
system, one can see the necessity of developing K, or T. versus 0 rela-
tionships for individual fractures or fracture systems of interest.

For a partially saturated fracture, transmissivity can also be expressed
as a function of water content. If 9,, the water content of the frac-
ture, is defined as:

(3.17) ,- 2 ba / e

where b, (m) is the average thickness of a water film, then the trans-
missivity for a partially saturated fracture, T,(O), can be written as:

(3.18) T1(i) - e K,(Q).

Without such relationships as K, or T. versus 0 and the moisture charac-
teristic curve, prediction of fracture flow under given imposed suctions
would be difficult.

Because of the difficulty in measuring fracture transmissivity versus
suction relationships, little experimental work has been done with un-
saturated fractures. The closest related work that has been accom-
plished has been that of soil physicists working with soil macropores.
Wang and Narasimhan (1985) in their modeling study of fluid flow through
partially saturated, fractured porous media summarize the current think-
ing on the subject, much of it based upon soil physics work. Saturated
flow through a low-conductivity porous medium that is highly fractured
will most likely take place predominantly through the fractures. As
suction in the medium increases, only those locations within the frac-
tures where the aperture is smaller than the drainage aperture for the
suction present will remain saturated. As the fracture dries out, the
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transmissivity of the fracture decreases, leading to decreased flow in
the fracture. Depending upon the effective aperture of the fracture and
the change in suction in the medium, this decrease can be abrupt.
Often, the effective pore size distribution of the matrix is consider-
ably smaller than the effective aperture of fractures in the system.
Over much of the suction range that a fractured rock body may experi-
ence, the hydraulic conductivity of the matrix may be higher than the
effective hydraulic conductivity of the fracture. As Wang and Narasim-
han (1985) point out, desaturation of the fracture reduces the area of
the fracture across which flow may take place to points of contact or
necks. Thus, at higher suctions, the tortuosity of flow through an
unsaturated fractured rock body is increased.

3.3 Coupled Matrix/Fracture Flow - Boundary Integral Method

To provide a means of understanding the nature of flow through fractured
rock, the test setup used to analyze block number 1 was modeled using a
two-dimensional boundary integral model. A numerical model of the first
test block aids the study of flow through a coupled matrix/fracture
system in at least three ways. First, it allows the estimation of pres-
sure head gradients, inflow rates, and streamline locations for the
applied pressure heads at the top of the block. Second, parameters such
as the matrix hydraulic conductivity and the fracture transmissivity can
be varied so that different scenarios can be evaluated. Third, it
improves the interpretation of laboratory data. This steady-state model
was developed by Rasmussen (1988) and assumes that the hydraulic conduc-
tivity within a flow domain is constant in space and time. The model
functions by discretizing the boundary surrounding the area of interest.
Laplace's equation is solved along the boundary using a weighted resid-
ual function. Since the focus of this study is on the development of
laboratory procedures, the reader is referred to Rasmussen and Evans
(1988) for a detailed discussion of the model and its theoretical back-
ground. Further discussion from a solute transport stand point is
deferred till Chapter 4.

3.4 Preparation of Rocks

Each test block needed to be prepared for experimentation prior to the
start of the first test. Preparation involved installing the test block
in a frame to hold the fracture together, tightening the fracture aper-
ture as desired for testing, drilling the matrix and fracture sampling
ports, drilling the holes that held the displacement transducer (LVDT)
posts, cleaning both the boreholes and the rock surface, and assembling
the test block in its testing location. A detailed procedure outlining
this preparation is provided in Appendix A, Procedure 1. This section
will provide a brief summary of that procedure.

Because rock number 1 contained four galvanized all-threaded rods, a
steel inner frame was not necessary. One at a time, each rod was taken
out of the test block and replaced with a pre-weighed rod, allowing
later weighing of the test block. The bolts were then tightened to a
torque of 5 foot pounds using a torque wrench.

Rock number 2 was first prepared for experimentation by attaching a
painted steel inner frame to the rock, denoted frame A. The purpose of
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this frame was to hold the test block together across the test fracture.
The frame was held together by all-threaded rods and nuts that were
threaded through holes drilled in the overhanging frame. To ensure that
the frame load was evenly distributed across the rock face, brass shim
was placed where needed between the frame and the rock surface. Using a
torque wrench, the bolts were tightened to a torque of 30 foot pounds.

Each face of the test block was labeled. On both blocks, face 1 and
face 2 were the top and bottom of the block, respectively. Figure 3.3
diagrams test block 1; test block 2 face numbers are shown later in
Figure 3.21. Matrix and fracture sampling ports and displacement trans-
ducer (LVDT) post holes were drilled in each test block (Figures 3.4
through 3.6). The purpose of the sampling ports was to allow the
measurement of in-situ water potentials and the sampling of test solu-
tion for tracer movement. The sampling ports and LVDT post holes were
drilled using a diamond-studded coring bit. Tap water was used to cool
the drill bit during this process. The rock was leveled so that the
port was perpendicular to the face parallel with the fracture plane.
The matrix ports and LVDT post holes extended approximately 4 cm into
the rock matrix.

The fracture sampling ports were paired such that variations in flow and
transport could be studied in the direction lateral to the general
direction of flow. Care was exhibited during the drilling of the frac-
ture sampling ports not to drill past the fracture surface. When the
fracture was neared, drilling proceeded slowly. The sampling port was
frequently inspected, both visually and with a wire, and drilling was
stopped when the water in the vertically oriented sampling port drained
out the bottom of the hole, which was assumed to be the fracture sur-
face. Additionally, the cores taken from the sampling ports were
inspected, and often the intersection of a weathered fracture surface
could be seen on the end of the cores. In rock number 1, three ports
extended from a face parallel to the fracture to the fracture face. The
fourth port, 5F-LC, intersected a subsidiary fracture and was not dril-
led to the main fracture. When the ports were not being used to obtain
samples, rubber stoppers sealed off the port entrances.

After drilling was completed, the rock was moved to a table and cleaned.
The cleaning procedure consisted of flushing the sampling ports and post
holes repeatedly with a dilute calcium chloride solution from a squirt
bottle and removing any cuttings with a test tube brush. A chisel was
used to chip out any rock pieces still attached to the end of the port
after the drilling process. The test block surface was then cleaned
using a dilute calcium chloride solution and a soft bristle brush,
removing any silt or clay accumulated on the rock surface in the shaping
and port drilling. Throughout the preparation of the block for testing,
touching of the end faces (faces 1 and 2) was minimized, to avoid adding
oil to the surface pores.

Installation of the LVDT posts followed. The LVDT posts consisted of
solid cylindrical aluminum. One of the two posts making up a set con-
tained a tapped hole which accepted the threaded LVDT core (see section
3.5.5). The other post contained a square head in two parts which could
be tightened over the LVDT coil with four screws. The posts were glued
into the rock using Depend Adhesive which, upon heating above about
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1200C, broke down and allowed removal of the aluminum posts when the
experiment was concluded.

The test blocks were mounted in a frame which stood on a laboratory
table top. For sake of discussion, this second frame is called frame B.
The frame material was composed of thick galvanized angle iron, with
pre-drilled holes; the frame design consisted of four independently
standing posts, with footings welded on, and separate cross strips that
were bolted to the corner posts. By standing the test block in its
testing orientation and elevation on top of blocks of wood, the cross
members of frame B were attached to the protruding all-threaded rod, in
the case of rock 1, and frame A, in the case of rock 2. The wood blocks
were then removed and the frame and rock assembly positioned in its
testing location.

To minimize evaporation, it was necessary to enclose the test block
assembly in a plastic canopy. This was accomplished by welding 6.4-mm
(1/4-inch) diameter steel rod together to form a canopy frame. The
frame was built big enough to fit over the entire test assembly. Clear
polyethylene covered the canopy frame that was placed over rock 1. Duct
tape secured the polyethylene to the frame and the laboratory table top.
Access patches were cut in the canopy, allowing entry to the sampling
ports and faces 1 and 2. Duct tape closed the access patches when the
ports were not being sampled and was used to tape on the polyethylene
top.

Using polyethylene as a canopy material had two disadvantages: it could
not be glued using any available adhesives, and it was hard to see
through. Therefore, clear vinyl was used to enclose rock 2. Vinyl
adhesive sealed the seams, and as before, duct tape sealed the bottom
edges to the table top. Rubber bands were used to secure the polyethyl-
ene top that covered the top of the frame. The access patches in rock
number 1 also proved to be inadequate. Clear PVC tubing was used to
access the sampling ports in rock 2. The tubing was caulked to the
evaporation canopy using lightweight washers to give added support.
Epoxy glued to the lead end of the tubing provided a tight fit in the
ends of the sampling ports. Less than 1 cm of the tubing was allowed to
rest in a sampling port. Rubber stoppers sealed the ends of the access
tubes when they were not in use.

3.5 Experiment Setup and Equipment Testing, Calibration and Procedures

Figures 1.2 and 1.3 show the basic setup for experiments performed using
test blocks 1 and 2. Both setups involved the assemblies described
above and a test solution delivery system which is detailed in Figure
3.7. The calibration and use of each of the components in the test
block experimentation is described below. In general, the upper surface
of each test block was fit with specially designed rectangular porous
ceramic plates to provide a water source under a controlled pressure
head. Each plate was hydraulically separated from adjacent plates.
Narrow plates were placed along the fracture/surface intersectior> to
more precisely measure fracture inflow. Test solution inflow foc eacl
plate was measured. Additional test data acquisition included warer
potential measurements at the sampling port- locations at the fracture
surface and in the matrix, and fracture displacement monitoring.
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The test solution used during the experiments performed on the test
blocks consisted of deaerated 0.001 M CaCl2, with 0.1 gram of thymol
added per liter of solution. Procedure 2 of Appendix A outlines the
preparation of the solution. This particular test solution was chosen
because calcium stabilizes the diffuse double layer surrounding any clay
present in the test fracture or present in any heavily weathered por-
tions of the block. Chloride was chosen as the tracer to be used in the
transport portion of the study. A concentration of 0.001 M was selected
based on the standard test solution concentrations used in soil science
studies (Klute and Dirksen, 1986). Thymol acted as a bacteriological
inhibitor (Klute and Dirksen, 1986). The test solution was deaerated by
boiling to minimize air bubble formation in the porous plate matrix,
backing, and associated tubing.

The principal equipment used in the test block experiments included the
porous plates, the constant-head reservoirs, the pipet flow tubes, the
microtensiometer, and the displacement transducers. The following sec-
tions describe each device.

3.5.1 Porous Ceramic Plates

Soilmoisture Equipment Corp. of Goleta, California manufactured the
porous ceramic plates. Each plate consisted of a 0.7-cm thick rectangle
of baked ceramic attached to a 1.2 cm thick, clear polyvinyl chloride
(PVC) base, or backing (Figure 3.8). Standard plate length was 20.2 cm
(7.950 inches). The porous plate was held to the PVC by epoxy around
the four, notched edges. The pore sizes of the ceramic plate were small
enough that the plate provided at least 200 kPa (2 bars) of suction,
that is, the air entry value was at least 200 kPa of suction. A contin-
uous groove cut the plate side of the PVC backing and connected two
brass nipples. This construction allowed both the supply of water to
the ceramic plate and, since the groove was continuous, the instantane-
ous flushing out of the water delivery system.

One narrow ceramic plate (3.0 cm, or 1.190 inches wide) was used to
provide solution to the top of the fracture. Two ceramic plates (8.6
cm, or 3.380 inches wide) were required to deliver solution to the top
of the rock matrix. For the porous plates to be effective, good contact
was required between the plates and the rock matrix surface or fracture.
Whatman filter paper number 42, with a 2.5 Am retention rating was cut
to fit the ceramic side of each plate and was placed between the plate
and the matrix surface. Additionally, filter paper pulp, derived from
Whatman filter paper number 42, was placed in the top of the fracture to
aid contact between the porous plate and the fracture. The porous
ceramic plates were held to the rock face by one of two methods. For
rock number 1, 1.27-cm (1/2-inch) thick plexiglas was placed on top of
the plates above the rock. The plexiglas was held down by all-threaded
rods connecting to a second piece of plexiglas underneath the test
block. Small blocks of wood were used to distance the second piece of
plexiglas from the bottom of the rock (see Figure 1.3). For rock number
2, 6.4-mm (1/4-inch) o.d. all-threaded rod cut into appropriate lengths
was used to hold the plates down onto the top of the rock. Threaded
couplings were used to tighten the rod against galvanized steel strips
that were bolted to rock frame B.
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Prior to use, each porous ceramic plate was tested for plate conductance
(Appendix A, Procedure 3). Each porous plate was set up with tubing, a
pipet flow tube, a manometer, and a Mariotte reservoir as described in
the procedure for setting up the rock and supporting equipment. Instead
of placing the porous plate on a rock block, it was placed horizontally
in a plastic tub, ceramic side down. Enough solution was added to the
tub to cover the plate. A second manometer measured the solution level
in the tub. The elevation of the Mariotte reservoir was varied, and the
flow rate through the porous plate was measured at least twice at each
reservoir elevation. The conductance, which includes the plate hydraul-
ic conductivity, area, and ceramic thickness, was then determined by
plotting flow rate versus the total head drop across the plate.

3.5.2 Head Control

The constant-head reservoirs supplying test solution to the porous
ceramic plates consisted of Mariotte reservoirs (Figure 3.3). Each
reservoir was composed of a sealed one-liter nalgene bottle with a screw
top. A solution tube exited the bottom of the bottle, and two tubes
entered the top of the reservoir. One of the tubes remained clamped off
when the bottle was in use and served as a solution refill tube. The
other tube was open to the atmosphere and allowed air to bubble into the
bottom of the reservoir. Prior to use, each reservoir was marked along
the outside in 100 mL increments and was pressure tested up to 13.8 kPa
(2 psi).

Mariotte reservoirs maintain a nearly constant pressure head by balanc-
ing out the decreasing positive solution pressure at the bottom of the
air entry tube with an increasing negative gas pressure in the air space
above the solution. When the bottle is first filled, the solution pres-
sure at the bottom of the air entry tube is at its highest, and the air
pressure is at its most negative. As a small amount of solution drains
from the reservoir, the solution pressure decreases slightly, an air
bubble is induced to enter the reservoir through the open air entry
tube, and the air pressure increases, maintaining a nearly constant
pressure head over time. The pressure drop required to cause a bubble
to enter the reservoir depends upon the size of the bubble or number of
bubbles that enter the reservoir at a time, which in turn depends upon
the type of air entry tube used.

Since the size or number of bubbles entering the Mariotte reservoir at a
given time controls the pressure variation around the constant pressure
that one is trying to maintain, it is best to have an air entry tube
that produces a steady bubbling rate and a small bubble size. Various
materials were tested as air entry tubes, and two were eventually used
in the experiments. The first was used primarily with test block 1 and
consisted simply of a 3.2-mm (1/8-inch) o.d. stiff plastic tube. The
second type of air entry tube, used mainly with rock 2, contained a set
of needles assembled in series. Stiff plastic tubing, as described
previously, was glued to the bottle top, and two needles were joined in
series from the tubing with appropriately sized tygon tubing.

During the experiments performed with the test blocks, each porous plate
was supplied solution from a separate Mariotte bottle. This was requir-
ed since each porous plate had a unique conductance. To vary the total
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head on the top of a porous plate, the Mariotte bottles were simply
raised or lowered accordingly. A manometer was used to measure the
pressure head, or total head if the manometer elevation is measured
relative to the bottom of the plate, at the top of the plate. Once a
flow rate through the plate was obtained (see below), the average pres-
sure head at the bottom of the plate was calculated using Darcy's Law
applied across the plate:

(3.19) hp - ( - Q / C

where
hp average head at the bottom of the plate, cm;
( average total head at the top of the plate, cm, if the

manometer elevation is measured from the bottom of the plate;
Q flow rate, cm3/min;
C plate conductance, cm2/min.

3.5.3 Flow Rate Measurement

Two methods were used to measure flow into the test blocks. The first
consisted of an air-bubble flow meter, or pipet flow tube (Appendix A,
Procedure 4). This device was constructed using a 1.0-mL graduated
pipet with a bubble entrance port and a bubble exit port attached on
opposite ends of the pipet. The ports were constructed from nalgene or
glass elbows, flexible tubing, and rubber septa. Flow rate was measured
by injecting an air bubble through the entry port and monitoring its
movement along the pipet.

In the course of testing the pipet flow tube, it was found that injec-
tion of an air bubble into the system temporarily raised the pressure
head at the top of the plate. To lower the pressure back to the con-
trolled pressure range, solution was extracted out of the bubble inlet
tube once the bubble moved into the pipet. Enough solution was extract-
ed to force an air bubble into the system through the air inlet tube of
the Mariotte bottle, ensuring that the pressure in the system was in the
range that the Mariotte reservoir would hold it.

On the average, a pressure drop of less than 5 mm across the test bubble
was measured during flow measurement. To ensure that no solution was
flowing around the test bubble in the pipet, producing faulty results,
two tests were performed. In the first, dye was injected in front of
the bubble and a flow test performed. Dye was injected behind the test
bubble in the second test. In both cases, the dye did not move around
the test bubble. These tests demonstrated that the test bubble moved at
the same rate as the solution around it in the pipet and was thus an
adequate method of measuring flow.

The second method of inflow measurement involved measuring the change in
volume in the Mariotte reservoir. When flow measurements were made
using the air bubble flow meter, the volume of solution in the reservoir
was also noted. Since times and dates were also recorded, the average
flow rate since the last measurement could also be calculated.
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3.5.4 Water Potential Measurement in the Fracture and the Matrix

Water potential measurement in the test blocks was made possible using a
microtensiometer. This device was constructed of a porous ceramic cup
(lOOkPa air entry value) which was epoxied to a short aluminum rod
through which a hole was drilled. A stainless steel tube was slipped
through the hole in the rod and epoxied in place. A thimble, of the
type used in Soxhlet extractions, was epoxied along its base onto the
end of the porous cup. The thimble was obtained from Whatman, Inc. of
Clifton, New Jersey, and consisted of a 1-mm layer of cotton cellulose.
The stainless steel tubing was slipped through a rubber stopper which
contained a hole drilled through the center lengthwise. After the
inside of the assembly was filled under vacuum with deaerated distilled
water, it was joined to a pressure transducer (MICRO SWITCH 142PC15D)
with a vacuum tubing attachment. A syringe was used to fill the pres-
sure transducer port with deaerated distilled water prior to assembly of
the tensiometer.

Prior to their use, both the pressure transducer and the microtensiom-
eter required calibration. The pressure transducer was first calibrated
by applying a partial vacuum to the low pressure port (Appendix A, Pro-
cedure 5). The vacuum was varied, and the transducer output was
measured. A calibration curve was then prepared that minimized the
error in the low pressure differential range. This was accomplished by
determining an average zero differential output, subtracting this value
from all of the readings, and then determining an average pressure-
corrected output ratio.

The microtensiometer was calibrated by two methods. The first involved
putting the cup of the instrument in test solution in a sealed chamber,
decreasing the air pressure over the test solution, and measuring the
transducer output. The second method involved placing the cup of the
microtensiometer against a vertical porous plate, varying the suction
head applied to the plate, and measuring the transducer output. To
minimize evaporation, the porous plate was placed in partially sealed
box. Sampling ports were installed in the box, allowing the tensiometer
to rest solidly against the ceramic surface of the porous plate.

Calibrating and using the microtensiometer involved the use of a regu-
lated power supply to provide a direct current to the pressure trans-
ducer, a precision voltage regulator, and a Hewlett Packard data
acquisition unit to measure the voltage output from the pressure
transducer. Additionally, since the pressure transducer used for this
study required that the low pressure port remain dry, a hand-operated
vacuum pump and associated tubing was necessary to impose a partial
vacuum on the transducer. A detailed description of the type of
equipment used is provided in Appendix A, Procedure 6.

Use of the microtensiometer in test fracture water potential measurement
involved placing the instrument in a sampling port with the tensiometer
tip against the fracture surface. The stopper was slipped into the
sampling port until it held the tensiometer tip against the fracture.
The pressure transducer output was monitored until a stable reading, or
range of readings, was obtained. An average value was recorded. The
tensiometer was then moved to another sampling port. Obtaining a matrix
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water potential from either the matrix sampling ports or the rock sur-
face was more difficult and less precise. The matrix sampling ports
were too short to allow the stopper to hold the tensiometer in place.
Therefore, the tensiometer had to be held by hand which put abnormal
pressure on the vacuum tubing connection between the pressure transducer
and the stainless steel tubing. The readings obtained by this method
varied more about the average value recorded at a given time than did
those obtained when the tensiometer was held by the stopper.

3.5.5 Displacement Transducers

Linear variable differential transformers (LVDTs) were used to measure
displacement perpendicular to the fracture plane. The electronics of
the LVDT were contained in a stainless steel housing and were referred
to as a coil, or coil assembly. A stainless steel core fit into a hole
that ran lengthwise through the coil. The unit required a DC input, and
a DC output was yielded. The core, when displaced axially within the
coil assembly, produced a voltage change in the output directly propor-
tional to the core displacement from the electrical center of the coil.
The polarity of the output voltage was a function of the direction of
the core displacement with respect to the electrical center. The maxi-
mum working range of coil displacement from the electrical center was
plus or minus 6.4 mm (1/4 inch).

Prior to use, the displacement transducers required calibration. A
detailed account of the calibration procedure is provided in Appendix A,
Procedure 7. It involved installing two square-head aluminum posts into
a scrap block of partially welded tuff, cut from test block 1 during the
shaping process. The coil assembly of the LVDT to be calibrated was
then secured in one post, and a micrometer that held the core was
installed in the other post. Output voltage readings were then recorded
for various core positions inside of the coil. The micrometer was used
to measure the amount of movement of the core within the coil assembly.
A calibration curve was then plotted, and the data were fit using the
least squares method, yielding a displacement to voltage ratio for the
tested coil assembly.

Two displacement transducers were used to monitor fracture movement in
test block 1. One was placed on each side of the block, 34.5 cm down
from the top on face 3 and 12 cm down from the top on face 6. Three
LVDTs were installed in test block 2. Two were placed on face 3, 11 cm
and 52 cm down from the top. One LVDT was also installed 31 cm down
from face 1 on face 5. Frequent LVDT readings were taken throughout the
experiments performed on each block.

3.6 Test Block 1 Experiments

Three types of tests were performed on the first test block. The first
involved flowing test solution down the fracture only. The second test
type consisted of an imbibition test using three porous plates. A
steady state flow test was the third type of analysis performed on the
first test block. A brief description of each test follows.
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3.6.1 Fracture Imbibition Tests

Two fracture imbibition tests were performed on the first test block.
The first consisted of a simple fracture conductivity test. Prior to
shaping the first block, a test was performed to determine if the pro-
posed test fracture was conductive to solution movement. The rock was
strapped to a pallet and positioned on a frame such that the fracture
lay in a vertical plane. Moldable, caulking compound formed a surface
reservoir, and a Mariotte bottle supplied tap water to the rock through
tygon tubing. The water was dripped on the exposed fracture on the
upper rock surface.

The porous plates for test block number 1 were not designed and ordered
until after the block was shaped. After the porous plates arrived, the
second fracture imbibition test was performed on the rock sample. The
purpose of the second test was to determine whether a test solution
would travel vertically downward through the test fracture when the
solution was applied to the surface or whether horizontal solution move-
ment and leakage out the side of the fracture would be a problem. To
test this, the block was oriented such that the test fracture lay in the
vertical plane, and a narrow porous plate was placed over the upper
fracture surface. The plate had been previously saturated with deaerat-
ed test solution. Whatman filter paper number 42 was used to provide
good contact between the porous plate and the rock surface. Deaerated
test solution was supplied to the rock through tygon tubing from a 1
liter beaker; an air-bubble flow meter was used to measure the flow
rate. Inflow rate and wetting front position were monitored through
time. Initially, the solution reservoir surface was held at the same
elevation as the top of the rock. The solution reservoir elevation was
raised throughout the experiment.

Solution was applied and the wetting front monitored for 149 hours, at
which time the block was subjected to analysis with the gamma attenua-
tion apparatus. Rasmussen and Evans (1987) describe the gamma attenua-
tion equipment in detail. Such analysis involves passing a mono-
energetic gamma radiation beam through the test block. The reduction in
intensity of the gamma beam can be related to either the water content
or the bulk density of the sample. The effective diameter of rock that
affects the gamma beam is about 1 cm. To solve for water content:

(3.20) 0 - -[ln(I/I0) - x A P,1 / x p. P.

where
0 volumetric water content of the rock;
I measured beam intensity after attenuation by the test block;
I. source intensity;
x thickness of the test block in the path of the gamma beam;
A, gamma absorption coefficient for the matrix of the test block;
Pr dry bulk density of the test block;
A. gamma absorption coefficient for water;
pW density of the pore water.
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A 110 millicurie Cs-137 source was used in this analysis. It was
enclosed in a 5-cm thick lead shield. A sodium-iodide crystal gamma
detector, and electronics to process and record the detector signal were
also used. The test block was oriented such that the gamma beam was
perpendicular to the fracture, and readings were taken at seven loca-
tions in the block.

3.6.2 Three-plate Imbibition Test

Test block number 1 was air dried for 102 days between the fracture
imbibition tests and the whole-rock imbibition test. During this time,
equipment was calibrated, further test blocks were obtained from the
field, the laboratory was set up for testing on multiple blocks, and the
sampling ports and LVDT post holes were drilled in rock number 1. Ten
days prior to beginning the three-plate imbibition test, a gamma beam
attenuation analysis of the block was performed. The test block was
positioned so that the gamma beam was parallel to the fracture; readings
were taken at ten locations in the block, five on each side of the frac-
ture.

The purpose of the three-plate, or whole-rock, imbibition test was to
investigate the infiltration and percolation characteristics of the test
fracture and surrounding matrix when test solution was applied to the
test block at atmospheric pressure. In conjunction with this purpose,
test instruments and procedures to perform such an experiment were also
developed. The experiment involved standing the test block such that
the test fracture lay in the vertical plane. Face 1 was the top face,
and face 2 was the bottom face. A narrow plate was placed over the test
fracture, and two wide plates were placed over the matrix on either side
of the test fracture. A 500-mL beaker of tap water was placed on the
table top inside of the evaporation canopy to provide a source for main-
taining saturated airspace in the canopy. Throughout the test, the
Mariotte reservoirs were adjusted to maintain the pressure head at the
bottom of each plate as close to atmospheric pressure as possible.
Inflow rate, visual observations of the wetting front position, room
temperature, and fracture displacement were monitored through time.
Barometric pressure was not monitored in any of the tests.

Improvements were made in experimental procedures throughout the test.
Manometers, which were not used at the beginning of the experiment, were
added to the inflow tubing to monitor total head at the top of the
plate. Improvements to the evaporation barrier were made, and an
upgraded evaporation canopy frame was built. Minor adjustments in the
flow rate procedure were also made.

3.6.3 Steady-State Flow Test

Once the matrix of test block number 1 was completely wet and solution
was dripping from the face 2, the steady state flow test was begun. The
purpose of this experiment was to determine the saturated, or near-
saturated fracture transmissivity and matrix hydraulic conductivity of
the test block. As in the previous experiment, test instruments and
techniques were developed to perform the test. The flow test involved
continued application of test solution through the configuration of
plates used in the imbibition test. The constant-head reservoirs were
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adjusted to maintain the pressure head at face 1 near atmospheric pres-
sure. Inflow rate was measured using both the pipet flow meters and the
volume change in the Mariotte reservoirs. Outflow rate was monitored by
collecting in beakers the solution that dripped from face 2. As in the
imbibition test, a beaker of water was placed inside of the evaporation
canopy to saturate the airspace, minimizing evaporation from the test
block. Room temperature and fracture displacement were monitored until
the data acquisition unit failed to operate properly.

Improvements and additions were made in experimental procedures through-
out the test, the most significant of which involved the construction
and use of the microtensiometer. Two-thirds of the way through the
steady-state flow test, the microtensiometer was built, tested, and
calibrated. Frequent readings were made throughout the remainder of the
test. The fracture sampling ports were the focus of the monitoring
since the tensiometer could not be used in the short matrix ports.

At the end of the steady-state flow test, the evaporation canopy and
frame B were disassembled. The test block was separated along the test
fracture, and a transport analysis was performed along the fracture
surface (see Section 4.6.2). The microtensiometer would have been used
to obtain water potential measurements at various points along the frac-
ture surface, but the pressure transducer malfunctioned as the final
stage of the test was begun. Another student is currently studying the
surface roughness characteristics of the separated fracture of test
block 1.

3.7 Test Block 2 Experiments

One experiment was performed on the second test block. It consisted of
a three-plate imbibition test similar to the rock number 1 test. Due to
time limitations, the wetting front was less than half way down the test
block at the time this study ended. Other students are continuing the
study and will present the remaining imbibition results in a future
publication.

The three-plate imbibition test investigated the infiltration and perco-
lation characteristics of the test fracture and surrounding matrix when
test solution was applied to the rock at subatmospheric pressure. With
rock number 2, an added purpose in the experiment was to see at what
applied suction head the fracture specific discharge decreased below the
matrix specific discharge.

After the preliminary setup of the test block 2, the porous plates were
attached to the top of the rock (face 1), and the imbibition test was
initiated. One narrow plate was used to introduce test solution to the
test fracture, and two wide porous plates provided solution to the
matrix. A nearly constant negative pressure head, or suction head, of
15 cm was maintained along face 1 by adjusting the elevations of the
Mariotte reservoirs. A beaker filled with water provided a saturated
airspace inside of the evaporation barrier. Inflow rate, wetting front
advance, fracture displacement, and room temperature were monitored
throughout the experiment. Water potential in the fracture and matrix
would have been monitored behind the wetting front, but the pressure
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transducer needed to quantify the amount of suction in the microtensiom-
eter remained on backorder through this phase of the imbibition test.

Two methods were used to derive the relationship of fracture flow rate
to matrix flow rate. The first involved visually comparing the influ-
ence of the fracture on the wetting front shape. It was assumed that if
the wetting front did not protrude downward at the fracture relative to
the matrix wetting front that the fracture specific discharge was less
than or equal to the matrix specific discharge. The second method
involved comparing the inflow rates to the fracture and matrix porous
plates. If the average specific discharge of the fracture plate, defin-
ed as the volumetric flow rate, Q, divided by the cross-sectional area
of the plate, did not exceed the average specific discharge of the
matrix plate, it was assumed that the fracture specific discharge was
less than or equal to that of the matrix.

3.8 Rock Characterization Tests

Rock samples cut from test blocks 1 and 2 during the shaping process
were analyzed for pore size distribution, dry bulk density, effective
porosity, and saturated hydraulic conductivity. Additionally, moisture
release curves were prepared. A diamond-studded coring bit was used to
obtain 5.65-cm diameter cores for testing. Cores 1.2 cm in diameter
were used in the mercury porosimeter. Rasmussen and Evans (1987)
provide detailed procedures for all of the characterization tests but
the mercury intrusion test. Vogt (1988) presents the mercury intrusion
procedure used in this study. Brief summaries of the methods follow.

3.8.1 Matrix Saturated Hydraulic Conductivity

The saturated hydraulic conductivity was determined for six samples each
from test blocks 1 and 2 using a modified Tempe pressure cell. The
saturated sample was confined in an inflatable bladder, placed in the
cell, and confined between O-rings on the top and the bottom. The blad-
der was inflated to 689 kPa (100 psi). A precisely-regulated pressuriz-
ing system supplied nitrogen pressure above a test solution supply tank.
Flow rate through the sample was monitored using a pipet flow meter
installed at the Tempe cell exit port. The matrix saturated hydraulic
conductivity, K, (m/s), was calculated from:

(3.21) K,= Q L / A

where
Q flow rate, m3/s;
L sample length, m;
A sample area, m2;
P total head imposed on the upper surface of the sample, m,

relative to total head imposed on lower surface.

The intrinsic permeability of the sample was determined from:

(3.22) kw = K, U / y

where k. is the intrinsic permeability, m2.

60



3.8.2 Matrix Moisture Release Curves

Moisture release curves were prepared for six core samples retrieved
from rock surrounding block number 1 and five samples from rock sur-
rounding test block 2. Compressed nitrogen, supplied at a regulated
pressure, was used to force solution out of sample cores that were
placed on top of a porous ceramic plate inside of a pressure extractor.
To start the test, saturated cores were weighed and placed in the pres-
sure extractor. Nitrogen gas pressurized the container to 10 kPa. When
equilibrium was reached, the samples were removed, weighed, and returned
to the pressure extractor. The process was then repeated at pressures
of 25 kPa, 50 kPa, and 100 kPa.

3.8.3 Matrix Dry Bulk Density and Effective Porosity

The matrix effective porosity was determined by first oven drying the
sample for at least 48 hours. The dry mass and volume were then
measured, using a balance and calipers, respectively. After saturating
the sample, the wet mass was measured. Effective porosity equals:

(3.23) ne = (msat - mdry) / Pw V

where
n, effective porosity, dimensionless;
msat saturated sample mass, kg;
mdy oven dry sample mass, kg;
pah density of water, kg/m3;
V sample volume, m3.

Dry bulk density, Pb (kg/mi3), equals:

(3.24) Pb = Mdry / V -

Six samples taken from rock number 1 were analyzed for dry bulk density
and effective porosity. Ten samples from block 2 were tested.

3.8.4 Matrix Pore Size Distributions

Mercury porosimetry is based on the capillary equation discussed in
section 3.1 above. A positive pressure which intrudes the non-wetting
fluid, mercury, into rock pores represents a negative pressure which
forces the wetting fluid, water, from rock pores. In general, an oven-
dried pre-weighed sample core was evacuated in a Micromeritics Pore
Sizer, model 9310, and the sample chamber gravity-filled with mercury.
In two stages, the sample was then intruded with mercury. This was
accomplished by reducing the vacuum in the first stage and by applying
hydraulic pressure to the sample chamber stem in the second stage.

The'e steps forced mercury from the steir "Tto the pores of the rock
sample. At each measurement step durirtn tlee intruding process, the
capacitance of the sample chamber stem recorded. The capacitance
thus recorded was late:r converted to a .) iime of mercury that had left

the sample chamber stem and enterud the salmlp1e pores for a given applied
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pressure. Pore size distributions were determined for 5 core samples
from test block 1 and 6 core samples from block 2.

3.9 Results and Discussion

This section discusses the results of the imbibition and steady-state
flow tests using test blocks 1 and 2. Also included are discussions of
the equipment calibrations and the rock characterization analyses. All
tables referred to as "B." in this chapter appear in Appendix B.

3.9.1 Equipment Calibration Results

Table B.1 presents the results of the porous ceramic plate conductance
tests. Table 3.1 summarizes those results. Volumetric flow rate was
plotted versus the total head drop across the plate, and the least
squares method was used to fit the data with a straight line. The slope
of the best-fit line was taken as the plate conductance. Findings from
a typical conductance test are provided in Figure 3.9. As seen in the
case of porous plate number 2, a straight line fits the data well. The
sample coefficients of determination (r2) show a good straight-line
relationship and range from 0.966 to 0.995 for the six plates tested.
Factoring out the thickness and area of the plate yields the hydraulic
conductivity of the porous ceramic used in the plates. For the six
plates used in the study, the hydraulic conductivity varied from 1.8 x
10-9 m/s to 6.6 x 10-9 m/s. The mean value was 4.0 x 10-9 m/s.

Table 3.1: Plate Conductance Results.

Plate Conductance (cm2/min.) r2

1 0.0043915 0.966
2 0.0056101 0.995
3 0.0026828 0.988
4 0.0071274 0.990
5 0.0019596 0.991
6 0.0034371 0.988

The method used to obtain the plate conductance data contains a number
of sources of variability. First, is the measurement of pressure head.
In this method, pressure head is measured using a manometer and a meter
stick, graduated in millimeters. Potential errors include a variable
meniscus due to dirty manometer tubing and incorrect sighting of the
meniscus location with a hand level. In addition, the pressure head on
top of the porous plate fluctuates with time due to pressure variation
in the Mariotte reservoir. All effects combined, the probable variation
in the pressure head reading is plus or minus 0.5 mm. A second source
of variation lies in the flow rate reading itself. Starting and stop-
ping the stopwatch as the test bubble crosses the pipet graduations
leads to variability in the time recorded. Variations from this source
are difficult to quantify, but a rough estimate might be plus or minus
0.5 percent of the flow rate measured. From equation 3.19, one can see
that the pressure head calculated at the bottom of the porous plate is
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Figure 3.9 Results of a conductance test performed on porous ceramic
plate number 2. Head refers to total head drop across the plate.
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highly sensitive to the value of the plate conductance used in the equa-
tion. Although it is essential to obtain accurate plate conductances,
the variability in the slope of the plate conductance curve due to the
aforementioned sources is difficult to quantify. As these errors are
not systematic, the effects of variability in flow and pressure measure-
ments of one point may cancel such variability of another point.

After the first set of plates was removed from test block number 1, they
were cleaned with an ultrasonic bath. Plate conductances determined for
one of the plates before and after cleaning were the same, and plate
clogging was not considered throughout the rest of the study. However,
in work performed after the completion of this study, it was found by
another student that reduction in plate conductance of up to 10 percent
may take place after a plate has been idle for a few months in a solu-
tion bath.

Tables B.2 through B.7 provide the pressure transducer and microtensiom-
eter calibration results. Two methods were used to analyze the pressure
transducer output. The first involved plotting the imposed pressure
differential versus output voltage and, using the least squares method,
fitting a straight line to the data. The second, as described in
section 3.5.4, involved minimizing the error in the low pressure differ-
ential range, which was the principal range in which the transducer was
used. The second method, for sake of discussion, is referred to as the
J.B. method. The results in Tables B.2 and B.3 show that the J.B.
method of analysis provides a lower mean squared percentage error, due
to the smaller percentage error for low pressure differential measure-
ments.

Of the two methods used to calibrate the microtensiometer, the method
employing the porous ceramic plate provides more usable results. Tables
B.4 and B.5 show that, after considerable start-up difficulties, the
microtensiometer readings obtained in the chamber method of calibration
were within about 0.5 cm of suction head of the suctions applied to the
chamber. However, Tables B.6 and B.7 indicate that a correction factor
of 2.88 cm of suction is required to compare tensiometer readings with
suction heads present in the porous plate against which the tensiometer
was placed. The correction factor was used to obtain fracture or matrix
suctions during analysis of test block 1. In summary, the results of
the microtensiometer calibration indicate that 90 percent of the micro-
tensiometer readings, after application of the correction factor, should
be within about 1 cm of the actual water potential. This neglects any
variations which are possible in measuring the suction imposed on pres-
sure transducer port P1. Another, perhaps easier, method of calibrating
the microtensiometer would be to eliminate the pressure transducer cali-
bration and employ the porous plate method, subsequently plotting
applied pressure versus output voltage. The slope of a straight line
fit to the data would then be used to translate voltage output from the
tensiometer to water potential.

Calibration of the LVDT units was simple and straightforward. Table B.8
provides the raw data and the least squares regression results. Figure
3.10 shows a typical plot of micrometer readings versus LVDT output.
Table 3.2 summarizes the calibration results. The smallest amount of
movement that could be detected by the LVDTs was not determined. Dis-
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Figure 3.10 Calibration results of LVDT number 2.
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placement transducer 6 was tested twice on different days, and virtually
the same results were obtained. Voltage output from the LVDTs increases
as the core is pushed into the coil assembly. Therefore, an increase in
LVDT output indicates fracture closing, and a decrease in LVDT output
shows fracture opening.

Table 3.2: LVDT Calibration Summary.

LVDT Slope (mm/volt) r2

1 1.358 0 999
2 1.361 0.999
3 1.363 0. 999
4 1.288 0,999
5 1.282 0.999
6 1.298 0.999

3.9.2 Test Block 1 Experiments

The results of experiments conducted using test block 1 are discussed
below, including the fracture imbibition tests, the three-plate imbibi-
tion tests and the steady-state flow test. Modeled results are included
in section 3.9.2.3.

3.9.2.1 Fracture Imbibition Tests

In the first test fracture imbibition test, tap water was dripped on the
exposed fracture trace on top of the rough test block. When dripped in
such a manner, water immediately flowed into the fracture. The drip
rate was held at about 3 ml/minute for 100 minutes at which time the
rate was increased tenfold. Water began flowing from the bottom of the
fracture shortly after the drip rate increased. This test indicated
that the fracture was conductive to water and that the rock was suitable
for experimentation. After this initial test, the test block was shaped
to its test dimensions.

The second fracture imbibition test consisted of applying test solution
to the top of the fracture trace through a narrow porous plate.
Initially, the surface of the reservoir supplying solution to the plate
was held at the same elevation as the top of the rock. Fracture flow
was monitored by visually inspecting the wetting front. If the wetting
front contained a significant lobe protruding downward along the frac-
ture trace, it was assumed that solution was flowing through the frac-
ture at a greater rate than through the matrix. After 21 hours of
applying solution, no fracture flow was observed, and the reservoir
surface was raised to an elevation 10 cm above the top of the rock.
Four hours later, the reservoir was raised to an elevation 20 cm above
the upper rock surface. It was maintained at this elevation for 21
hours, and since no fracture flow was observed, the system was discon-
nected.
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It was suspected that the conductance of the porous plate was high
enough that the pressure head at the top of the rock was negative. The
plate conductance, with the filter paper in place, was roughly measured,
and the system was reconnected. At that point, the reservoir surface
elevation was placed at 26 cm above the upper rock surface. At t = 73
hours the average pressure head calculated at the bottom of the porous
plate was still less than atmospheric. Based on this, the solution
supply surface was raised to 42 cm above the top of the rock. Five
hours later, after similar calculations, the reservoir was raised to an
elevation of 51 cm. Solution movement had been noted in the fracture by
the movement of the wetting front an hour earlier. This movement
continued on one side of the block. No fracture flow was noted on the
other side of the rock. Solution was applied and the wetting front
monitored for three more days, bringing the total experiment time to 149
hours, at which time the block was subjected to analysis with the gamma
ray apparatus. Table 3.3 presents the gamma ray results, with the
distance, z, measured from the top of the block. At that time, the
wetting front had advanced between 11 cm and 28 cm down the sample
block, averaging about 20 cm. Average pressure head at the bottom of
the plate increased from -37 cm at the beginning of the test to 8 cm at
the end of the test. Since only one porous ceramic plate was used to
supply test solution to the sample block, test block flow parameters
could not be determined.

Table 3.3: Gamma Beam Attenuation Results, Post Fracture Test.

z (cm) 0

5 0.117
10 0.131
15 0.107
20 0.075
25 -0.005
35 -0.020
40 0.011

From the initial tests, it was determined that leakage from the side of
the fracture did not present difficulties during analyses of flow
through the fracture and matrix of the sample. Additionally, it was
found that fracture flow did not occur until the suction at the porous
plate-fracture interface was less than that required to allow filling of
the fracture. Some sand-sized rock fragments had been plucked from the
top of the fracture during the shaping process, and it was suspected
that hydraulic contact between the porous plate and the fracture was not
adequate. During the subsequent tests, filter paper pulp was placed in
the top of the fracture to aid contact between the porous plate and the
fracture. Based on the preliminary analyses, it was decided that a
three-plate imbibition test would be performed on a partially dry test
block.
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3.9.2.2 Three-plate Imbibition Test

Ten days prior to beginning the whole-rock imbibition test, the test
block was subjected to gamma attenuation analysis. Table 3.4 presents a
summary of the water content values determined at various points
throughout the block. Despite the preparations performed on the test
block, nearly all of the water in the test block had evaporated prior to
the start of the imbibition experiment. Negative values in the table
result from probable local variations in dry bulk density and reflect
the minimum amount of error to be expected in the results.

Table 3.4: Gamma Beam Attenuation Results,
Prior to Whole-rock Test.

z (cm) y along face 3 (cm) 6

4.8 13.3 0.009
11.8 13.3 0.004
18.8 13.3 0.026
25.8 13.3 0.011
37.2 13.3 0.038
7.2 7.0 0.033

14.5 7.0 0.025
20.8 7.0 -0.002
27.8 7.0 0.042
37.1 7.0 0.018

Seven days prior to the start of the test, monitoring of the displace-
ment transducers was begun. Table B.9 provides the LVDT data collected
during the imbibition and steady state flow tests. Figure 3.11 presents
a plot of the LVDT output versus time. The large break in the data
through the middle of the imbibition test occurred because the electron-
ics ceased to function correctly and required repairing. As soon as the
repairs were made, the system was reconnected, and final readings were
taken. From Figure 3.11, it can be seen that the displacement trans-
ducer output varied throughout the test. Around the beginning of the
imbibition test, 179 Am of fracture closure were indicated in a short
period of time by LVDT 3. This suggests that during the placement and
securing of the porous plates movement in the fracture took place or
that LVDT 3 was bumped at the time. By about 20 days into the imbibi-
tion test, the LVDT readings had stabilized. Overall, output from LVDT
2 dropped about 0.163 volts, indicating an opening of about 222 Am in
the fracture aperture by the end of the test. Output from LVDT 3
increased 0.1 volts during the imbibition test, representing a fracture
closure of 136 Sm. Given that only 5 foot pounds of torque were
applied to the bolts holding the test fracture together, it is likely
that the fracture movement indicated by the displacement transducers
occurred due to lack of sufficient confining pressure normal to the
fracture.
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The flow rates obtained using the pipet flow tube taken through the
imbibition test are provided in Table B.10. Reliable mariotte reservoir
volume measurements were not made during the imbibition test. A graph-
ical presentation of the flow through each plate and the pressure head
maintained at the bottom of the plates appears in Figures 3.12 to 3.17.

Significant fracture flow was noted throughout the early portion of the
imbibition test. Up through three days after the beginning of the test,
the wetting front extended up to 20 cm farther down the fracture trace
than down the matrix near the edges of the block. The wetting front
lobe along the fracture trace was more pronounced on face 6 than face 3.
Although the all-threaded rods extending through the rock were tightened
to the same torque, the fracture aperture may have been greater near one
face than the other. Sand grains, other debris in the fracture, or
loosened rock fragments may have prevented even tightening of the frac-
ture over its entire area. Small wetting front lobes were observed
along fracture splays on face 3. One such fracture, which terminated in
the matrix, acted as a solution conduit to the matrix along its length.

After two days of solution flow into the test block, test solution was
observed along the upper portions of the fracture traces on faces 3 and
6. After three days of flow, test solution was seen flowing from one of
the plates covering the rock matrix down the outside of the rock along
face 6. The effects of this external flow were noted in subsequent days
as the wetting front wrapped around the bottom of the test block (face
2) and up face 3. Possible reasons for the external flow include poor
contact between the plate in position l-C, a rough fracture surface that
channeled flow to the edge of the test block, and a sloping top surface
of the test block. Most likely, a combination of these three mechanisms
acted to channel test solution over the edge of the test block rather
than allowing the solution to infiltrate. In an attempt to improve the
plate-rock surface contact, all three plates were replaced 33 days into
the test. After seven days of flow, solution began to drip from the
fracture along face 2. It was collected in beakers placed beneath the
test block. Interpretation of the solution volumes that were collected
was hampered by the intermittent leakage of solution both from beneath
one of the matrix plates and out of the fracture on face 6. The volume
of solution collected beneath the test block was always less than the
inflow volume, however. Nine days into the test, the surface of the
test block was completely moist.

As seen in the tables and figures, flow rates decreased with time during
the earliest portion of the imbibition test. This was most noticeable
for plates covering rock positions 1-A and 1-C. The narrow fracture
plate showed a general decrease in flow rate with time during the imbi-
bition test; however, the flow rates through this plate varied somewhat
from that trend over short time intervals. Figures 3.12, 3.14, and 3.16
show that about 35 days after the infiltration test was begun, steady
state flow was achieved. The measured inflow rates and thus the average
pressure head calculated at the bottom of the plate varied considerably
in the test. It was expected that after a fairly steady imbibition rate
was achieved both the inflow rate and the pressure head would stabilize
throughout the remainder of the imbibition test. From Figures 3.12
through 3.17, it can be seen that although these measurements fluctuated
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throughout the test, only the data obtained from the plate positioned
over the fracture trended significantly after the early days of the
test.

Equation 3.19 shows the relationship between p, pressure head, and flow
rate. As flow rate decreases with time during the early stages of
infiltration, the calculated hD increases. The Mariotte reservoir is
lowered, and both 0 and Q in equation 3.19 change. How these variables
change depends on how the matrix and fracture imbibe solution and inter-
act with each other. Based on calculations using equation 3.19, the
Mariotte reservoirs were raised or lowered, with the intent of maintain-
ing a constant average h, across the top of the test block. Much of the
variation in both flow rate and h. can be explained as a result of
attempts to maintain a constant pressure head along the top of the test
block. External leakage of solution also contributed to variation in
measured flow rates and calculated pressure heads.

3.9.2.3 Steady-State Flow Test

As implied above, the three-plate imbibition test and the steady-state
flow test ran sequentially with no break in between tests. Results of
the steady-state flow test are presented in Table B.10 and Figures 3.12
through 3.17. LVDT output for the steady state test is presented above
in Table 3.3; the output remained steady through the latter stages of
the infiltration test and throughout the steady state flow test. Flow
through plate positions 1-A and 1-C was the most stable; the narrow
plate in position 1-B decreased in flow rate slightly over the steady-
state portion of the test. Possibly, the fracture drained slightly over
the course of the test or less leakage from the side of the fracture
occurred during later stages of the steady-state test. The sudden
increases in flow rate for plate position 1-C occurred when solution
leaked over the edge of the rock and ran down face 6.

Outflow solution from the bottom of the test block was collected
throughout the steady-state flow test. A mass balance was routinely
performed. It indicated that, in general, the outflow was about 95
percent of the inflow. Since direct solution volume extractions for
transport analysis or microtensiometer measurement were insignificantly
small, the solution loss was probably due to evaporation. Despite
attempts through the test to improve the evaporation canopy surrounding
the test block, sampling and water potential measurement required open-
ing of the canopy, increasing the airflow around the test block.

The microtensiometer was first employed on the seventy-fifth day after
the three-plate imbibition test was begun, and it was used until the
steady-state test was completed. Output from the pressure transducer
was allowed to equilibrate before a reading was recorded. Equilibration
time varied from 15 minutes to 90 minutes. To calculate the water suc-
tion potential, the pressure transducer output was multiplied by the
pressure-voltage ratio developed in the J.B. calibration method. The
correction factor obtained in calibrating the microtensiometer with a
porous plate was then applied to the initial water potential estimate,
yielding the corrected suction. Tables B.ll and B.12 present the micro-
tensiometer data, and Table 3.5 summarizes the results in each of the
sampling locations.
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Table 3.5: Test Block Number 1 Water Potential Measurements.

Sampling Port Suction Head (cm of water)
5F-US 5F-UC 5F-LS 5F-LC 4M-U 4M-L

median 1.67 2.34 3.04 6.40 -0.09 0.81
mean 1.89 2.45 3.04 6.40 -0.07 0.59

std dev 1.08 1.67 0.31 0.85 0.48 0.93
coef var 0.57 0.68 0.10 0.13 -6.51 1.57

high 3.19 5.35 3.79 8.09 0.68 -1.05
low -1.16 -0.86 2.59 4.59 -0.69 1.62

Note: T = 75 days to T - 98 days after solution was first
applied to test block

As seen in Table 3.5, suction in the fracture varied from -1.2 cm (posi-
tive pressure) to 8.1 cm. The upper two fracture sampling ports yielded
lower suctions and more variable results than did the lower two ports.
The least variable results were obtained from the two matrix ports,
whose standard deviations were the lowest. Considering that the
tensiometer was held in the matrix sampling ports with a wrench, these
results are quite good. Sampling port 5F-LC, which intercepted a frac-
ture splay rather than the main test fracture, yielded the highest mean
suction, indicating that less flow may have occurred through the subsi-
diary fracture. Data from only one sampling port, 5FUS, showed a trend
with time. Suction increased with time in this port. During transport
sampling and other periods when the evaporation canopy was open, the
short-term suctions obtained from a given port increased, possibly due
to increased air flow around the edges of the fracture.

When test block number 1 was separated after the flow test, it was
observed that fine sand- and silt-sized particles had accumulated, or
been left unentrained, in tortuous paths down the fracture face. One
such path lay near sampling port 5F-UC. These debris paths may repre-
sent the locations of preferential solution flow. Such an interpreta-
tion is supported by transport data taken immediately after the test
block was broken apart.

Matrix hydraulic conductivity and fracture transmissivity were calculat-
ed for the steady state portion of the test. Data used in the calcula-
tions were obtained after the forty-fifth day since the start of the
imbibition test. Two methods were used to estimate the fracture trans-
missivity. In the first, it was assumed that all of the solution which
flowed into the test block through the narrow center plate entered the
fracture at the top surface. No other solution was assumed to flow into
the fracture. Outflow from the fracture was assumed to be at the bottom
of the rock only. Darcy's law was applied from the top to the bottom of
the fracture. The pressure head at the top of the fracture was assumed
to be the average pressure head calculated at the bottom of the plate,
and the pressure head at the bottom of the fracture was assumed to be
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atmospheric. Transmissivities calculated by this method are designated
T(l) in Table B.13.

The second method of determining fracture transmissivity assumed that
vertical flow lines occurred throughout the test block. An average
specific discharge was calculated from data taken from the matrix
plates. This value was multiplied by the fracture plate area and sub-
tracted from the volumetric flow rate through the fracture plate:

(3.25) Qf = QlP - qmp Alp

where
Qf inflow to the top of the fracture, m3/s;
Qfp inflow through the fracture plate, m'/s;
qnp average specific discharge through the matrix plates, m/s;
Arp surface area of the fracture plate contacting the test block,

i
2
.

The volumetric flow rate calculated by this method was then inserted
into Darcy's law as in the first method. Table B.13 designates trans-
missivities determined in this manner T(2). Table 3.6 summarizes the
results of the above calculations.

Table 3.6. Saturated Matrix Conductivity and Fracture
Transmissivity, Test Block Number 1.

Matrix - - - - - Fracture - - - - -
K (m/s) T(l) (m2/s) T(2) (m2/s)

median 6.19 x 10-' 7.47 x 10' 5.38 x10'
mean 5.91 x 108 7.16 x 10` 5.12 x 10-9

std. dev. 2.29 x 10' 1.68 x 10-9 1.54 x 10-9

coef. var. 0.387 0.235 0.301
high 1.33 x 10-' 1.07 x 10' 8.64 x 10-9

low 2.85 x 10' 3.52 x 10` 2.11 x 10-

Table 3.6 indicates that both methods of calculating the fracture trans-
missivity yield similar results. As expected, the first method gives a
higher mean transmissivity than does the second. The standard devia-
tions and ranges of T(l) and T(2) are also reasonable. The matrix
hydraulic conductivities were calculated using data collected from both
matrix plates and varied somewhat more than did the fracture transmis-
sivities. The higher range and coefficient of variation of the matrix
conductivities reflect this. Probably, the increased variation in the
matrix hydraulic conductivities was due to the intermittent solution
leakage from the top of the test block.

Rather than calculate either matrix hydraulic conductivity or fracture
transmissivity, one can determine a bulk test block hydraulic conductiv-
ity which includes both fracture and matrix. Bulk hydraulic conductiv-
ities were determined in instances where flow rates were available for
each plate on the same day; due to time limitations and equipment mal-
functions, flow rates for all three inflow plates were not taken on the
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same day. Twenty such bulk hydraulic conductivity values were calculat-
ed. The mean bulk hydraulic conductivity for twenty test block 1 data
points was 3.39 x 10- m/s, and the standard deviation was 3.74 x 10-'
m/s. Tidwell (1988) performed such analyses in angled boreholes drilled
at the Apache Leap tuff site. By two analytical methods, he calculated
bulk hydraulic conductivities for borehole segments. The mean conduc-
tivity of all of the data collected using the first method was 2.75 x
10-' m/s and using the second method was 5.61 x 10' m/s. Variation on
the order of 5 decimal places was found, reflecting fractured and non-
fractured zones in the boreholes. Since no compressive stress was
applied to the block to simulate field conditions, the mean bulk
hydraulic conductivity calculated for test block 1 is not really compar-
able to those calculated by Tidwell. However, the bulk conductivity of
test block 1 lies well within the range of values he calculated.

Figures 3.18 and 3.19 present the flow and sampling port pressure head
data generated from the boundary integral model. Because the test block
was roughly symmetrical about the test fracture, half of the block was
modeled. Four domains were used to characterize the block. Looking at
a vertical face containing the fracture trace, the first domain contain-
ed the rock matrix to the left of the test fracture, and the second
contained the left half of the test fracture. During laboratory testing
of the block, three porous ceramic plates were used to supply prepared
test solution to the matrix and fracture. Two plates covered the
matrix, and one covered the fracture. Therefore, two domains were
modeled to represent the porous plates; the third domain included the
porous plate covering the matrix, and the fourth contained left half of
the plate covering the test fracture. Domains 1, 3, and 4 were two
dimensional; domain 2 was effectively modeled in one dimension, since
properties were considered constant across the fracture aperture. All
boundaries were linear, and contact between the porous ceramic plates
and the matrix or fracture domains was considered perfect.

Table 3.7 summarizes the relevant domain dimensions and parameters. The
hydraulic conductivities of the matrix and the porous plates were
obtained from laboratory test data. The fracture transmissivity to be
used in the final model was determined iteratively by running the model
and matching the output (inflow rate and pressure head) with data
obtained in testing block number 1. Although the final fracture trans-
missivity used in the model generated output that matched the laboratory
data the best, the inflow rates and pressure heads created by the model
varied somewhat from those measured in the laboratory.

Table 3.7: Model Input Summary.

Domain y (cm) z (cm) Hydraulic Conductivity (m/s)

1 10.20 50.0 5 X 10"
2 - 50.0 T = 5 X 10' m2 /s
3 8.60 0.7 2 X 10'

4 1.51 0.7 5 X l0o
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Ten streamtubes encompass the matrix. Although the leftmost streamline
should be at the edge of the block, it is located in the rock matrix due
to model numerical oscillations and errors. In the model, the stream-
lines are roughly vertical towards the outside edge of the block.
Towards the top of the block, the streamlines bend towards the fracture.
Figure 3.19 shows the upper right-hand corner of the block and the
strong influence that the fracture has on fluid flow through the matrix.
Under the conditions imposed in the model, all of the solution flowing
into the block through the center plate enters the fracture within 3.5
cm of the top. Additionally, about 19 percent of the solution flowing
through the outer plate enters the fracture by the bottom of the test
block. Streamlines in the porous plates were essentially vertical, with
those nearest the fracture in the center plate bending slightly towards
the fracture.

Based upon these results, it would seem that the two methods used to
estimate fracture transmissivity are inadequate. Neither accounts for
fluid entering the main test fracture from subsidiary fractures or the
matrix plates, and neither considers the effect of solution entering the
fracture but at the top. To accurately calculate fracture transmissiv-
ity, one should determine the amount of solution entering different
fracture segments, calculate the transmissivity of each segment, and
average the transmissivities thus determined. In practice, it is not
possible to measure the flow rate entering the fracture through the
walls, and one of the estimates used above needs to be employed.

It was assumed in the model that no filter paper aided plate-rock
contact. In fact, filter paper was used in the laboratory experiment.
Although the hydraulic conductivity of the filter paper was not meas-
ured, based upon its retention rating, it was more conductive than the
test block or the porous plates. As such, it would provide a preferen-
tial flow conduit for solution to move from the center plate to the
fracture. Without the filter paper, it would be expected that results
similar to the modeled case would exist. However, with the filter paper
present, most of the fluid exiting the center porous plate was most
likely shunted directly to the top of the fracture. This suggests that
the first method of calculating fracture transmissivity is the most
accurate. The influence of using filter paper as a contact material has
not been quantitatively studied, nor its impact upon the streamlines
beneath the matrix plates considered.

The modeled case produced pressure heads along the fracture very near
zero. At z 10 cm, hp was 0.31 cm, and at z = 35 cm, hp was 0.2 cm.
Given the numerical accuracy of the model, these two values are equival-
ent. In the laboratory study, the mean suction heads at the fracture
sampling ports varied from 1.9 cm to 3.0 cm, suggesting that the suction
head at the top of the fracture was greater than zero. A pressure head
drop of about 5 cm occurred along the base of the center porous plate in
the modeled case, leaving a suction head of 1.7 cm at the top of the
fracture. The suction at the fracture was about 4 cm greater than the
areal average for the modeled plate. This also indicates that the suc-
tion at the top of the test fracture was greater than the average suc-
tion beneath the plate and probably greater than zero. If the fracture
transmissivities are recalculated, using a suction head at the top of
the fracture 4 cm greater than the fracture plate average, the mean
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values of transmissivity using both calculation methods increase. T(l)
increases to 7.69 X 10' m2/s, and T(2) increases to 5.20 X 10' m2/s.

3.9.3 Test Block 2 Experiments

Nine days before the initial application of test solution to rock number
2, the LVDTs were connected. The three displacement transducers were
monitored from that point throughout the test. Table B.14 provides
complete LVDT data, which is summarized in Figure 3.20. LVDT 1 was the
most stable, varying only 3.7 millivolts throughout the test. This cor-
responds to a fracture closure of 5 microns at that location. LVDT 2
indicated a fracture closure of 44 microns. The third displacement
transducer was the most variable and, not counting accidental bumping,
showed 148 microns of closure. Since LVDT 3 output continued to
increase through the entire test, it is not known if it was working
properly. In general, less fracture aperture change occurred during
testing of block number 2 compared to block number 1, most likely
because the frame holding the test fracture together in block 2 was
tightened to 30 foot-pounds of torque. Apparently, 5 foot-pounds, and
even 30 foot-pounds, of torque is not enough to maintain the test frac-
ture at a nearly constant aperture.

Figure 3.21 presents a composite diagram of the wetting front advance-
ment with time. Significant fluctuation of the wetting front occurred
during the first five days of the test. Contributing factors to this
included poor plate-rock contact along the upper edge of face 4 during
the first few days of the test and adjustments made to flow rate to
obtain the desired suction below the porous plates. By ten days into
the test, the wetting front had smoothed out considerably. Subsequent-
ly, it proceeded rather evenly down the rock. The wetting front along
face 4 lagged behind the front along face 6 due to the poor plate con-
tact early in the test at the top of face 4.

Flow data obtained during the imbibition test are presented in Tables
B.15 and B.16. Flow rate was monitored throughout the test both by
using the pipet flow meters and by recording volume changes in the
Mariotte reservoirs. Despite the similarity in flow rates obtained by
the two methods, the pipet flow tubes were difficult to use at the low
flow rates encountered in this test, and at lower flow rates may cease
to function entirely. A graphical summary of the cumulative volume of
inflow versus time is presented in Figure 3.22. After one day of flow,
the flow rate was nearly constant, and by four days, the flow rate
roughly stabilized, yielding a straight-line plot. This indicates that,
after four days of flow, the suction gradient in the zone of transmis-
sion was negligible. By the end of the imbibition test, the specific
discharge of the porous plate covering the test fracture was less than
the specific discharge of either of the two matrix plates. This sug-
gested that the specific discharge of the fracture was less than or
equal to that of the matrix. This was visually confirmed by the lack of
a wetting front lobe throughout the test.

An infiltration and percolation analysis was performed on three sets of
data: wetting front, pipet flow tube inflow, and Mariotte reservoir
inflow. The data used are tabulated in Tables B.17, B.18, and B.19. To
use the wetting front data, it was assumed that the test block was
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saturated behind the wetting front. Cumulative inflow and inflow rate
were then calculated. Based on the inflow data, the two unknown param-
eters of the Philip's infiltration equation were determined (Philip,
1969). Figure 3.23 provides a plot of I(t)/t versus t-"12 for pipet flow
tube and constant-head reservoir data. The wetting front data were used
to prepare a similar plot but it is not shown because the assumption
that the matrix was saturated behind the wetting front proved unsatis-
factory; a saturated average wetting front was determined from the
Mariotte reservoir data and consistently was less than the actual mean
wetting front. The slope of the linear part of the Philip's curve
equals the sorptivity, s. The y-intercept equals the parameter A, or
since the data along the linear part of the curve represents relatively
late-time data, the hydraulic conductivity at about 15 cm of applied
suction. Little fracture flow occurred during the infiltration test.
Thus, the hydraulic conductivity determined by this method may be equi-
valent to or less than the matrix hydraulic conductivity at 15 cm of
suction, depending on how the fracture influenced the adjacent matrix
flow. Table 3.8 summarizes the calculations, which were based on a
least squares fit of data taken after t - 2.9 days. The hydraulic con-
ductivities calculated for the case of 15 cm of applied suction are an
order of magnitude less than the matrix conductivities determined for
test block 1 at roughly 0 cm of applied suction.

Table 3.8: Philip's Parameters.

Flow Tube Data Mariotte Reservoir Data

s (m/s'/2) 7.73 x 10-' 7.47 x 10-'
K (m/s) 5.36 x 10-9 5.64 x 10-9

r2 0.994 0.983

3.9.4 Rock Characterization Tests

This section presents the results of rock characterization tests using
core samples adjacent to and directly from the test blocks. Character-
istics evaluated include the matrix saturated hydraulic conductivity,
the matrix moisture release curves, the matrix dry bulk density and
effective porosity, and the matrix pore size distributions.

3.9.4.1 Matrix Saturated Hydraulic Conductivity

The complete results of the matrix saturated conductivity tests describ-
ed in section 3.8.1 are presented in Tables B.20 and B.21. Initially,
numerous flow tests were performed for each rock core, with the intent
that sample statistics could be developed. However, in the course of
the tests, it was observed that the flow rate through a given core
decreased with time, despite the fact that none of the test conditions
were changed. The flow rates did not stabilize within two days of
beginning the test. It was postulated that the air pressure exerted on
the sleeve used to prevent flow down the side of the core reduced the
pore volume over time. Given enough time, the flow rates should have
stabilized and would have represented the hydraulic conductivity at 689
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kPa (100 psi) applied stress. Since little stress was applied to either
test block, it was decided to use the first measurement taken as a rough
estimate of saturated matrix hydraulic conductivity taken under no
applied stress. Cores analyzed later in the program were therefore
only tested once. Table 3.9 summarizes those results for cores obtained
near test blocks 1 and 2.

Table 3.9: Matrix Saturated Hydraulic Conductivity.

Test Block

1

1
1
1
1
1

2
2
2
2
2
2

Core

FT -3-A
FT-5-A
FT -5-B
FT-3-AA
FT-5-AA
FT-3-BB
A3A
A4A
B4A

B5A-1
B5A-2
B6A

K (m/s)

6.80 x 10-'

8.79 x 10'
4.15 x 10'-

9.22 x 10-'
5 .32 x 10'q
7.81 x 10'

4.15 x 10'-

2.09 x 10'
1.58 x 10-'

1.62 x 10'
1.36 x 10'
3.14 x 10'9

k (m2)

6.33 x 10.6
8.19 x 10.16
3.87 x 10.16
8.59 x 10.6
4.95 x 10"
7.27 x 10.
3.87 x 10"
1.95 x 10.16
1.47 x 10"6
1.51 x 10"6
1.27 x 10.16
2.93 x 10.6

The mean saturated matrix hydraulic conductivities, determined using the
core samples from near test blocks number 1 and 2 were 7.02 x 1 0-r m/s
and 6.79 x 10' m/s, respectively; the standard deviations were 1.99 x
10-9 m/s and 6.39 x 10' m/s, respectively; the median values were 7.30 x
10- m/s and 3.65 x 10' m/s, respectively. Compared to the near-
saturated matrix hydraulic conductivity determined from the analysis of
test block 1, the conductivities determined from the rock cores are low.
The most likely explanation for the unexpectedly low conductivities
determined using the modified Tempe cell lies in the method itself.
Apparently, clogging of the cores from microbiological sources almost
immediately reduces the pore space available to flow and greatly reduces
the resulting hydraulic conductivity. Thus, not even readings taken
immediately after beginning the tests are comparable to matrix hydraulic
conductivities determined in flow tests on the fractured blocks.

Cores recovered from the angled boreholes drilled on the plateau at the
Apache Leap tuff site have been analyzed for saturated hydraulic conduc-
tivity (Evans, 1988) using the same technique that was used in this
study. Only 550 kPa (80 psi) were applied to the bladder surrounding
the core. The mean conductivity was 1.69 x 10' m/s, with a coefficient
of variation of 2.89. However, a range of over two orders of magnitude
was found, and the median hydraulic conductivity was 4.20 x 10-r m/s.
Since a wide range of conductivities were determined in the study of
Evans, it is not surprising that one order of magnitude variation was
found in samples taken near test block 2 or that the test block mean
matrix hydraulic conductivities determined using the Tempe cell in this
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study are lowetr than those calculated by Evans (1988). The median
hydraulic conductivity values compare well.

3.9.4.2 Matrix Moisture Release Curves

Table B.22 provides the data used to construct the matrix moisture
release curves. Figures 3.24 through 3.27 show the curves, plotted as
suction versus relative saturation, for test blocks 1 and 2. Table B.22
includes the water content at each pressure step. Little moisture was
lost from the samples at low applied chamber pressures. Due to measure-
ment error, two samples gained mass after the first pressure step. The
pressure step from 50 kPa to 100 kPa induced the most drainage from the
samples, but noticeable drops in water content also occurred in the
pressure step from 25 kPa to 50 kPa. Since data were not generated
which would allow construction of curves showing hydraulic conductivity
versus suction or relative saturation, it is not known how the slight
drop in relative saturation at the first pressure step would affect the
water transmitting properties of the matrix during unsaturated tests
performed on the test blocks. Additionally, the first pressure step was
significantly greater than the entire suction range that has been, and
likely will be, analyzed with the test blocks.

3.9.4.3 Matrix Dry Bulk Density and Effective Porosity

The results of the matrix dry bulk density and effective porosity char-
acterizations are presented in Table B.23. A summary of the results is
provided in Table 3.10. Similar analyses were performed on other core
samples retrieved from the plateau boreholes at the Apache Leap tuff
site (Evans, 1988). They found a mean dry bulk density of 2.12 g/cm3

and a mean effective porosity of 0.161. Their median values were close
to the mean, but their range of results was slightly larger than in this
study. Given the few samples used in this study and the variable nature
of ash flow tuffs, the results obtained in this study appear to compare
favorably with those found in other cores obtained from the field site.

Table 3.10: Matrix Dry Bulk Density and Effective Porosity.

Test Block Number 1 Test Block Number 2
Dry Bulk Effective Dry Bulk Effective
Density (g/cm3) Porosity Density (g/cm3) Porosity

median 2.12 0.176 2.14 0.154
mean 2.12 0.177 2.13 0.156

std dev 0.027 0.008 0.037 0.013
coef var 0.013 0.048 0.017 0.081

high 2.17 0.193 2.20 0.181
low 2.06 0.166 2.07 0.141
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Figure 3.24 Moisture release curves for cores obtained from rocks
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3.9.4.4 Matrix Pore Size Distributions

Output from the porosimeter consisted of a table of raw data, a set of
curves showing pore volume and pore surface area plotted against pore
diameter, and a summary data table. Since the present and future labor-
atory work does not employ suction heads exceeding 200 kPa, the poros-
imeter was not used up to the 207 MPa (30,000 psi) limit. Therefore,
the output obtained from this study is only visually comparable to other
porosimeter work performed on core samples obtained from the Apache Leap
test site.

Vogt (1988) found a bimodal pore size distribution. The mean large pore
size class mode was 2.91 Am, and the mean small pore size class mode was
0.07 gm. All of the pore size distribution curves plotted from this
study showed a bimodal distribution through the range tested. One pore
size mode corresponded to the large pore size class noted by Vogt. For
test blocks 1 and 2, this peak averaged 2.97 Am and 3.00 Am, respective-
ly, which compares well with the peak noted by Vogt. Another larger
mode in the pore size distribution was also noted in all but one of the
ten samples. It was located at 68.6 gm for all samples in which it
appeared. Unlike the study of Vogt, this study performed a low pressure
test which identified the low pressure pore size distribution. The two
pore size peaks in this study, 2.98 Jim and 68.6 Mm, correspond to suc-
tion heads of about 5.0 m and 20 cm, respectively. Although drainage of
the smaller peak requires a suction head beyond that used in this phase
of this project, the larger pore size peak represents the upper end of
suctions applied to test block number 2. According to the data, a con-
siderable number of pores exist that are larger than 68.6 Am, and it is
conceivable that some pore drainage of the matrix could occur at low
suctions, reducing the hydraulic conductivity.
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CHAPTER 4

SOLUTE TRANSPORT

The study of solute transport in fractured rock systems under unsaturat-
ed conditions requires special considerations, especially with regard to
sampling of water under conditions of negative pressures. Of primary
interest to this study is the feasibility of coated-wire ion-selective
electrodes (ISE's) to make reliable potential measurements of tracer
solutions under unsaturated conditions. While ISE's have been used in
diverse applications for determining solute concentrations, this
investigation explores the ability of filter papers to absorb samples of
pore fluids which are then used to measure solute concentrations. As
part of the experimental procedure, three porous plates placed on the
upper surface of the fractured rock were used to impose the upper
boundary condition. Ports were drilled through the rock matrix to
access the fracture for sampling. Ports were also drilled to sample
matrix waters. While the ports are expected to affect flow and trans-
port due to their presence, sampling at different points along the
fracture and matrix would be impossible without them. Filter papers
were then used to extract pore fluids from the ports for ISE analysis.

Once primary data sets related to the movement of solutes in unsaturated
fractured rock have been obtained, theories developed to describe
transport in porous media can be examined for their relevancy to
fractured media. While transport in unsaturated environments are more
complex than in saturated conditions, transport in unsaturated fractures
present even greater complexity.

The following sections review the current understanding of ion-selective
electrodes, and transport in porous media. These topics are then
addressed as they apply to unsaturated flow and transport in fractured
rock systems, and in particular, to this research. The influence of the
porous plates, and fracture-matrix flow interaction, on solute data
interpretation is also discussed. An analysis of rock water penetration
into cavities is used to assess the effects of the sampling ports on
flow and transport.

4.1 Ion-Selective Electrodes

Chloride ion-selective electrodes (ISEs) are being examined to study the
transport behavior of solutes in unsaturated fractured rock. The
measurement technique requires sensitivity and selectivity. Ion-
selective electrode potentiometry has been used successfully in many
applications ranging from copper activity measurements in soil solu-
tions, to stack gas measurements for nitrogen species, to intracellular
measurements of major cation species (Minnich and McBride, 1987;
Freiser, 1978; Covington, 1979; Ammann, 1986). There is strong indica-
tion that ISEs of the coated-wire type can be adapted for solute trans-
port studies in unsaturated fractured rock. These ISEs, which are also
minielectrodes, require minute sample sizes for measurements, with sur-
face contact often being sufficient. Sample sizes of 0.01 mL, and
depths of immersion of 0.1 mm, are typically measured by these elec-
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trodes. Even with the small amounts of rock water available for sample
collection, they enable measurements to be made of tracer solution col-
lected by filter paper.

4.1.1 Background

Ion-selective electrodes refer to a variety of membrane electrodes which
respond preferentially to certain ion(s) in the presence of other ions
in solution. There are numerous solid state and liquid membranes
currently available. The electrodes are classified and organized into
several types depending on membrane types, functions and number of
interfaces (Freiser, 1978; Covington, 1979). The ion-selective elec-
trodes (see Figure 4.1) being evaluated are electrodes of the "second
type" in which metal wires, such as copper or platinum, are coated with
low solubility salts of the appropriate ion species (Cattrall and
Hamilton, 1984; Cattrall and Freiser, 1971; James et al., 1972).
Construction of the electrodes involves first preparing the wire sur-
faces and then dipping them into polymer solutions of the appropriate
salts, and often with several coatings of different solutions. These
coated-wire electrodes are operationally similar to conventional "liquid
membrane" electrodes but are novel arrangements from a thermodynamic
viewpoint.

Operationally, an electrical circuit is established when a reference
electrode and ISE come into contact with the sample solution. The
double-junction reference electrode used is constructed of two compart-
ments. The upper compartment consists of a silver wire coated with
silver chloride (AgCl), and immersed in a saturated solution of 3 M
potassium chloride (KC1) (see Figure 4.1). The KC1 filling solution
provides a fixed activity of chloride, and therefore, constant poten-
tial. The lower compartment consists of a potassium nitrate (KNO,)
bridge solution which separates the filling solution from the sample
solution. This is important especially when contamination of the sample
by the filling solution is undesirable.

The electrodes form part of an electrochemical cell and can be analyzed
as two half-cells. The conventional cell arrangement for potentiometric
measurements is:

internal internal ion- sample external
reference aqueous reference selective tracer reference
element solution membrane solution electrode

The two reference elements provide constant potentials. The potential
difference across the ion-selective membrane is a function of the boun-
dary potentials at the membrane/sample solution interfaces, and the
diffusion potential resulting from the differences in chloride ion con-
centrations (Cattrall and Hamilton, 1984).

For coated-wire electrodes, the cell arrangement is:

ion- sample external
metal selective tracer reference

electrode solution electrode
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Figure 4.1 Minielectrodes used for experimentation: (A) chloride ion-
selective electrode coated with silver chloride (AgCl), and (B)
double-junction silver/silver chloride (Ag/AgCl) reference elec-
trode.
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There is no internal reference solution, yet the metal/membrane junction
does maintain a constant potential. Current theories to explain this
anomaly focuses on the role of oxygen in determining the potential dif-
ference measured at the membrane. The asymmetry of the coated-wire
electrode results in deviations from the behavior expected of conven-
tional ISEs. However, the consensus is the coated-wire electrode per-
forms superior to more traditional electrodes in terms of selectivity
towards the ion of interest versus interfering ion(s), but are inferior
with respect to drift in potential measurements and reproducibility of
results (Cattrall and Hamilton, 1984; Cattrall and Freiser, 1971; James
et al., 1972).

The electronic transfer that occurs can be described as a reduction-
oxidation (redox) reaction. For the single electrode, the redox poten-
tial is related to the activity of the ion species according to the
Peters-Nernst equation (Stumm and Morgan, 1981):

(4.1) E - E' + RT/nF ln(Il a0,n, / I1 a,,,")

where
E redox potential, V;
E' standard redox potential (ionic species at standard states of

unit activity), V;
R universal gas constant, 8.314 J/mol'K;
T absolute temperature, OK;
n mole number of electrode ion (electrons);
F Faraday's constant, 96,487 C/mol;
a0, activity of oxidized species, M;
ared activity of reduced species, M;

n,,n, mole number of species, product counter i and J.

Changes in tracer solutions are measured using calibration curves plot-
ting potential difference against solution concentration (see Figure
4.2). The electrodes actually measure changes in activity and not con-
centration. Although the two terms are often used interchangeably, as
adopted here, they are only equivalent at very dilute concentrations.
The differences are explained below in Section 4.1.2.

Interferences by other ions are measured using the Nicolsky-Eisenman
equation to calculate the selectivity coefficients (Covington, 1979):

(4.2) E - RT/nF ln(l + K, a,'"I / a)

where
K, selectivity coefficient, dimensionless;
a, activity of interfering ion, M;
a activity of electrode ion, M;
z, mole number of the interfering ion.

The coated-wire electrodes generally exhibit favorable selectivity
towards the ions of interest as compared to conventional electrodes.
Major interferents of chloride electrodes are bromide, nitrate and
sulfate.
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4.1.2 Application to Filter Paper Environment

Successful application of coated-wire ion-selective electrode technology
to transport studies in unsaturated fractured rock depends on several
considerations. Although normal use of the electrodes require only
small amounts of sample, no known applications have been extended to a
filter paper environment. An understanding of the operation of ISEs in
more conventional aqueous measurement environments is necessary to gage
the performance of the electrodes in a filter paper environment. The
term "aqueous" is used here to differentiate from measurements made off
filter paper.

Main advantages of ion-selective electrodes lie in their short response
times and sensitivity (Freiser, 1978). Depending on the type of elec-
trode and concentration range, the response times vary from seconds to
minutes. Many electrode sensors are useful over a wide dynamic operat-
ing range, in which linear response occurs over much of the operating
range. Their sensitivity to ionic activity requires the use of "titr-
ations" or "ionic strength buffering" to obtain useful concentration
data from potential difference measurements.

The sensitivity of the ISEs may be different in the two measurement
environments. Figure 4.2 shows typical calibration curves for chloride
in both environments. A CaCl2 solution of 10-' M appears to be the lower
limit of sensitivity for the chloride ISE in a filter paper environment
as compared to 10' M, or less, in an aqueous environment. The range of
linearity also decreases. A straight-line relationship holds between
certain ranges of concentration, usually between 10-' M and 10-' M for
chloride in an aqueous environment, but decreases to approximately 10'
M and 10-' M in a filter paper environment. Theoretically, at 25"C the
slope of the line in equation 4.1 is equal to 59 mV per log activity for
ionic species of valence -1, such as chloride. These values are usually
less for practical applications, and certainly in a filter paper
environment.

Another consideration is the possible effects of different ionic
strengths of the background and tracer solutions in the two environ-
ments. In very dilute solutions, the potential difference can be plot-
ted against either the -log of the concentration or activity of a speci-
fic ion without loss in accuracy. However, an increase in concentra-
tion, and therefore ionic strength, of the tracer solutions results in
the departure of the thermodynamic activities of ionic species from
their concentrations. The activity (a,) of ionic species i is its
effective concentration in solution and defined as:

(4.3) ai - a, c,

where
a, activity coefficient of species i, dimensionless;
c, concentration of species i, M.

The ionic strength (I) of a solution with N ionic specie is:
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N
(4.4) I - 0.5 Z cn,'

i-i

where co and no are terms defined above for species i. For example, a
10-3 M CaCl2 solution, with no other significant ionic specie, has an I -
0.0025, and k,, - 0.945, using the Debye-Huckel equation at 250C (Freeze
and Cherry, 1979). A 10-' solution has an I - 0.25, and o~_ decreases
to 0.860, using the Davis equation (Stumm and Morgan, 1981). The
increase in ionic strength leads to greater differences between the
activity and concentration of an ionic species.

Normally, ion concentration is measured when an appropriate ionic buffer
solution is added both to the sample and standard solutions. This
ensures that the ionic strength, and therefore activity coefficient, is
constant for all ionic species in the solution. However, because filter
paper is used to collect samples of the tracer solution, the amount of
sample volume, and therefore the proper volume of buffer solution,
cannot be determined easily. If the ionic strengths of the tracer solu-
tions, as compared to the standard solutions, do not change over the
course of an experiment, the differences in solution ionic strengths are
reflected in the nonbuffered calibration curves. This may not be the
situation in the fractured rock if ion exchange, and to a lesser extent,
chemical reactions are significant. Calibration of standard solutions
(except the 0.5 M standard) adjusted to an I - 0.25 M indicates the
curve deviates from that of nonbuffered standards in the filter paper
environment (see Figure 4.2). The adjusted ionic strength corresponds
to 10' M CaCl2 solution. A decrease in time to equilibration in the
buffered solutions for the more dilute standards is also observed. If a
sample is not buffered during potential measurement, its ionic strength
is not known. From the calibration curves, the errors associated with
measurements at the more dilute concentrations are expected to be larger
if the ionic strengths change.

Although ion-selective electrodes have distinct advantages, direct
potentiometry using the electrodes are not considered to be a highly
precise analytical technique (Freiser, 1978; Cattrall and Hamilton,
1984). According to Freiser (1978), the analytical precision is seldom
better than one percent. Aside from the obvious instrumental problems,
the major sources of error include electrode interferences, reference
electrode instability, electrode drift, and poor calibration of measure-
ment system.

With the availability of solid-state pH/mV meters which are equipped
with extremely high input impedance, the errors associated with voltage
drops and drift caused by current flow through the cell, are virtually
eliminated. However, the resolution of the pH/mV meter used for the
study is relatively poor at ± 2 mV, or approximately ± 8% in concentra-
tion. Because of the instrument restrictions, the precision of the
calibration curves is expected to be poor, and experimental errors are
expected to be large. The error associated with individual potential
readings can vary. From the calibration data, it is not unusual to
experience as much as ± 3 mV, even in the aqueous environment (refer to
Section 4.2 for further detail). The associated concentration range is
± 10 to 15 percent. The error is expected to be greater for measure-
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ments off filter paper, often depending on how wet the sample is. A
pH/mV meter with greater resolution can easily rectify this problem.

The most common errors associated with the ion-selective electrode are
heterogeneous distributions of ionic species in the sample solution,
presence of interferents in the sample solution, sensor poisoning, and
existence of "bound" water. Collection of samples using filter paper
can result in spatial variations in the measured concentrations due to
flow patterns in the rock at the sampling ports, and the wetting process
of the filter paper. A range of potential readings is expected unless
the filter paper collects a completely homogeneous sample.

With a double-junction reference electrode employing a KNO3 bridge solu-
tion, diffusion of the bridge solution into the sample will interfere
with measurements. Because nitrate (NO,-' is a major interferent of
chloride, potential drift occurs with time in a confined sample volume.
The decrease in potential has been observed to be as much as 10 mV in a
6-hour period for 30 mL of distilled water (< 10' _ chloride). The
corresponding apparent increase in chloride concentration is one and a
half times.

It is also not uncommon for the electrode to experience fouling and
poisoning of the membrane leading to a general loss of membrane integri-
ty. Fouling and poisoning are generally due to water penetration or
irreversible reactions of solution ions with the membrane. A drastic
shift in potential is a good indication of the end of the electrode's
useful life.

Whatman filter paper number 42 is made of cellulosic material from
cotton linter. As shown in Figure 4.2, "bound" water may be responsible
for the apparent increase of ionic activity or concentration as indicat-
ed by the "filter paper" calibration curves. The filter paper may have
caused some water to be no longer "free" to act as a solvent.

The operation of the reference electrode can also be a factor. A varie-
ty of problems, usually between the liquid junction of the reference
half-cell and the sample solution, can occur. These errors are poorly
understood. Use of a salt-bridge which does not contain interfering
ions should minimize their effects. The nitrate bridge solution of the
current reference electrode prevents contamination of the KCI filling
solution, but is also an interferent of chloride.

Potential drift, the shift in potential difference values over time
(shift in calibration curve), and the associated problem of time to
equilibration, are also difficulties encountered. Under the best of
controlled laboratory conditions, potential drift occurs over time. The
reasons are numerous and varied, with the major cause the change in
temperature (Freiser, 1978). Time to equilibration presents the problem
of when to take a reading. Most researchers recommend a set time
period, or set minimum error such as ± 0.2 mV or even greater errors for
ion-selective electrodes (Freiser, 1978; Covington, 1979). The drift
over prolonged periods are usually much worse, possibly in the range of
several millivolts. Depending on the type and severity of the drift,
correction may be difficult to impossible.
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With the current reference electrode, especially in a filter paper
environment, nitrate interference with timely and accurate potential
measurements poses a substantial problem. For sampling reasons, a small
piece of filter paper is used. The problem of outward diffusion of KNO3
is exacerbated by the proximity of the electrode junctions. Further-
more, depending on the moisture content of the filter paper sample, the
KNO3 may be drawn out by the filter paper. Potential measurements are
restricted within a short time period, and the recommended placement of
the electrodes is for as far apart as possible. The use of a reference
electrode with a bridge solution other than KNO, will negate this
problem.

The above discussion touches upon major considerations in ion-selective
electrochemistry as applied to this research. There are other factors
to be considered, many of which are discussed in Freiser (1978). In
order that the electrodes are used properly, the magnitude of potential
errors can be minimized with a superior pH/mV meter, controlled experi-
mental environment, regular calibration of electrodes, and confirmation
of standards. The judicious interpretation of data should be accompan-
ied with observations of the operational integrity of the electrode, and
the moisture content of the filter paper sample.

4.2 Transport Processes

Much of past and current research has concentrated on obtaining relevant
hydraulic and solute transport parameters of fluid flow through saturat-
ed and unsaturated porous media. Estimates of transport parameters have
been obtained from large-scale field tests of fractured rock systems (de
Marsily, 1986) by visualizing the existence of equivalent porous media.
Research on solute transport through single fracture segments has been
confined to single phase flow (Neretnieks et al., 1982; Moreno et al.,
1985). Although conceptual models, such as Wang and Narasimhan's
(1985), explored the hydraulic behavior of partially saturated frac-
tures, no measurements of flow parameters, and for that matter, trans-
port parameters are available. To describe the phenomenon where
dissolved substances are carried along by fluid displacement, the laws
governing transport of miscible fluids must be coupled with that of
fluid movement.

The transport of solutes through partially saturated rock fractures and
adjacent rock matrices involves several processes which are governed by
laws of transport, and laws of interaction between the transported sub-
stances and the medium. The mechanisms of transport for nonreacting
species include advection, molecular diffusion, and mechanical disper-
sion. Sorption due to ion exchange, and chemical and redox reactions
are also mechanisms to be considered for reacting species, as is radio-
active decay for radionuclides.

Solute transport characterization in a fractured rock system is compli-
cated by the fracture-rock matrix interaction. The effects of solute
diffusion in the matrix can be considered in a manner conceptually simi-
lar to 'double-porosity' or 'intra-aggregate' transport models (Grisak
and Pickens, 1980). Solute transport is a multi-dimensional process
because of solute concentration gradients from the difference in rate of
transport in the fracture compared to the surrounding rock matrix. For
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partially saturated flow, the moisture content or suction is also a
factor.

4.2.1 Major Mechanisms

The advection-dispersion transport equation for reactive constituents in
both the fracture and porous media can be written as (Bear, 1979):

(4.5) a(nC)/at - -div(qC) + div[n D grad(C)] + S n

where
n effective porosity or water content, dimensionless;
C volumetric concentration, M;
q Darcian velocity, m/s;

div differential operator, 1/m;
D combined diffusion-dispersion coefficient, m2/s;
S composite source-sink rate, H/s.

For saturated flow, n is the effective porosity, and for partially
saturated flow the water content. The composite source-sink rate term
is a catchall to account for solute-medium interactions, and is discus-
sed in the subsequent section. The advective flux of solutes is simply
the product of q and C, in which q is a gross average of actual veloci-
ties. The Darcian velocity is usually expressed as:

(4.6) q - us n

where u, is the linear velocity of water. In partially saturated frac-
tures and rock matrices, q is strongly influenced by water content, and
therefore, suction.

Solute movement is not only influenced by advection but by molecular
diffusion and mechanical dispersion. Molecular diffusion is described
by Brownian motion theory, and mechanical dispersion occurs as a result
of nonuniformity in the flow velocity. Diffusion is caused by molecular
agitation, dispersion by differences in aperture and travel distance
from one pore to another, or one section of fracture to another. The
two processes cause spreading in all directions. Diffusion and disper-
sion can be viewed as scale-dependent, but similar to processes describ-
ed by Fick's first law in which diffusion describes small-scale effects
and dispersion large-scale effects. The twin processes are difficult to
separate for large-scale problems, and a composite diffusion-dispersion
coefficient:

(4.7) D(+) - Dd( , U) + D.(O)

where
Dd mechanical dispersion coefficient, m2/s;
D. effective diffusion coefficient, m2/s;

describes the phenomenon of hydrodynamic dispersion. Both processes are
functions of water content. The effective diffusion coefficient is
related to the diffusion coefficient in free water, d4, which is (de
Marsily, 1986):
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(4.8) do - RT/6vNgr

where
N Avogadro's number, 6.023 x 1023;
r mean radius of ion or diffusing molecular aggregate, m

(infinite solution only).

The effective diffusion coefficient is usually less than do due to tor-
tuosity. The mechanical dispersion coefficient is often represented by:

(4.9a) Dd - a(O) U,

where the dynamic dispersivity a (m) is a characteristic property of the
rock medium and also a function of water content. For multi-dimensional
flow, longitudinal (a,) and transverse (aT) dispersivities are described
as:

(4.9b) DI - AL(I) US

and

(4.9c) DT - 1() u.

Walter (1985) showed D. to be a function of pore-size distribution of
the rock matrix. With increasing tortuosity and decreasing water
fluxes, hydrodynamic dispersion is expected to increase for both frac-
ture and matrix flows. The magnitude of Dd is expected to be larger
than D., but with decreasing water content (increasing suction) the
relative importance of diffusion may increase with respect to mixing.
Nielsen and Biggar (1961, 1962), and Biggar and Nielsen (1962) showed
that diffusion becomes more important in soils with decreasing moisture
content.

Statistical theories describe molecular diffusion and mechanical disper-
sion as random or stochastic processes (Fischer et al., 1979; de
Marsily, 1986). For diffusion, when a slug of tracer is introduced,
Fick's first law describes the velocity or displacement of a solute
particle as a function of time. The function may only be specified as a
probability distribution. If the probability distribution is not a
function of time, the process is known as a stationary process which is
described by statistical mean, variance, and an autocorrelation function
of the process. The rate of spreading is a constant after an initial
development period, and can be related to the diffusion coefficient:

(4.10) aVar(x)/at - 2 D.

and

00 J{ y t

(4.11) Var(x) - ILI X2 C (x, y, z,t) dx. dy dz
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where Var(x) is the spatial variance of solute particles having under-
gone a random walk process. The probability function is described by
the concentration distribution.

Mechanical dispersion is conceptually Fickian if the deviation of velo-
city from the mean is treated as a diffusive process. G.I. Taylor
(Fischer et al., 1979) proposed that the velocity and concentration
profiles which developed over the cross section of a pipe can be
described as such a process. This means equation 4.10 is valid for
mechanical dispersion as well. Therefore, hydrodynamic dispersion is
referred to as Fickian dispersion. Equation 4.10 can be written by
substituting D. with D:

(4.12) aVar(x)/8t - 2 D

However, Taylor's analysis is valid only if the solute is displaced
after a long enough period.

Subsequent extensions of the statistical approach to describe dispersion
(Mercado, 1967; Gelhar et al., 1979) indicate that the process is a
function of time. Taylor's mechanism is said to occur only after a time
corresponding to a travel distance much larger than the lateral correla-
tion scale. The statistical theories maintain the classical advection-
dispersion equation is not valid even when Taylor's mechanism takes
place. A dispersion coefficient fitting data obtained at one observa-
tion point is invalid for data at another observation point further away
from the input source (de Marsily, 1986). This suggests scale- depen-
dency.

Tbe concept of macrodispersion uses "mean" and "perturbation" advection-
dispersion equations to describe the spreading phenomenon. But differ-
ent parameters are of importance. Important parameters include the mean
(K) and variance (Var(K)) of hydraulic conductivity, integral scale (e),
and transverse dispersivity (a,) estimated from the mean equation. The
longitudinal macrodispersion coefficient is then broken down into two
regimes (Mercado, 1967; Gelhar et al., 1979):

(4.13) D, - [Var(K) / K2] x u', x << 6

and

(4.14) D, = 1/3 [Var(K) / K2] (u2 / >>) uE, X >

where x and u' are the mean displacement and velocity specified by the
mean equation formulations.

Mixing in the fracture is not only influenced by variations in fluid
velocity, but also velocity variations between channels in the fissure
(Neretnieks et al., 1982; Moreno et al., 1985). Tsang and Witherspoon
(1985) suggested a rough fracture can be envisioned as a collection of
voids defined in terms of an aperture density distribution. Channeling
dispersion assumes the existence of different channel pathways with
different aperture openings, e, (m), and fluid velocities differ in each
channel. However, each fracture channel is still assumed to be of a
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parallel plate configuration. If the temporal concentration distribu-
tion, or breakthrough curve, for each channel is given as C,(e,,t), then
the concentration of the mixed effluent from all the channels is
(Neretnieks et al., 1982):

00

I~) J f(ef) Q(e,) C,(ef,t) de,
C(t) Jo

(4.15) - -

CO 00

Jo f(e,) Q(e,) de,

where f(e,) is the fissure frequency or density function. For nonsorb-
ing tracers, Moreno et al. (1985) found the results to be similar for
both hydrodynamic dispersion and channeling dispersion. However, for
longer distances, the channeling dispersion model showed greater disper-
sion and earlier arrival of the solute front than the hydrodynamic dis-
persion model.

Diffusion into and out of the rock matrix contributes to the retardation
of solute transport within the fracture. Grisak et al. (1980) indicated
that diffusion into the low permeability pore spaces of fractured clayey
glacial till contributes significantly to the retardation of solute
movement in the fracture. The matrix hydraulic conductivity of the till
was estimated as 6 x 10-" m/s compared to 6 x 10' m/s of the tuff used
in this study. A theoretical diffusion coefficient, D., for chloride of
5 x 10-" m2/s was estimated from model results. The net result of the
continued strong flux of solute from the fracture into the matrix
caused by removal of ions from solution, is to reduce the mean solute
velocity in the fracture.

Neretnieks et al. (1982) also found matrix diffusion in granite cores to
be a significant process for solute transport in the fracture. Expand-
ing the work done by Neretnieks et al., Moreno et al. (1985) compared
their fracture tracer test data against two dispersion models, one using
hydrodynamic dispersion, the other channeling dispersion; the experi-
mental data for both models compared well only when diffusion into the
matrix and sorption were considered. The effects of sorption is discus-
sed in further detail below.

4.2.2 Solute-Medium Interactions

The third term on the right-hand side of equation 4.5 contains a compos-
ite source-sink rate term, S*, which accounts for interactions between
the solute and medium. Sorption, and chemical and redox reactions, and
radioactive decay for radionuclides can retard transport and attenuate
solute concentration. Neretnieks et al. (1982) and Moreno et al. (1985)
found sorption onto the surface of the fracture, as well as the inter-
crystalline microfissures of the matrix, of granite cores to be signifi-
cant. Sorption is especially important for transport of cationic
species, and probably radionuclides.

Sorption is caused by ion exchange. Ion exchange is expected to occur
between water flowing through the rock and the mineral surfaces.
Attraction between ions with opposite charge results in an electrical
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(diffuse) double layer (Kemper, 1960). The mechanisms of ion exchange
usually fall into one of two categories (de Marsily, 1986): (1) imper-
fections or ion substitutions in the crystal lattice of the mineral
causes electrical imbalance, and the creation of two electrical layers,
one stable, the other mobile; and (2) the specific adsorption of ions by
a mineral initially uncharged creates a stable electrical layer to which
other ions become attached. In general, divalent cations have stronger
affinities than monovalent ions, therefore greater selectivity in
preferential ion exchange.

The effects of sorption in the rock matrix, in which the matrix is in
local equilibrium with the fluid, can be described by (Freeze and
Cherry, 1979):

(4.16) Rv - us/ ut - 1 + (Pb / n) K,

where
R, retardation factor due to volume sorption;
ut mean velocity of the solute front m/s;
Pb rock matrix bulk density, kg/m';
Kd distribution coefficient, mL/g.

The distribution coefficient quantifies the mass of solute sorbed on the
solid phase in relation to that in the liquid phase. For fracture flow,
a more appropriate expression is based on a per-unit-surface-area basis.
Retardation is then (Neretnieks et al., 1982):

(4.17) Ra - 1 + a(+) K

where
Ra retardation factor due to surface sorption;
a specific surface (fracture surface per unit volume of rock),

m2/m3 ;
Ki, surface equilibrium constant, m.

Retardation in both the matrix and fracture is a function of water con-
tent.

Compositionally, the rock matrix and fracture of the test block are
dominated by calcium; cationic exchange sites are also expected to be
calcium-dominated. The introduction of a dilute calcium chloride solu-
tion into the rock matrix and fracture serves to saturate the exchange
sites over time as calcium ions preferentially replace other common
cations that may be present, such as magnesium (Mg) and sodium (Na).
The exchange of calcium from subsequent tracer solutions can occur with
no significant net change in its base concentration. If the tempera-
ture, pH and redox conditions in the rock matrix and fracture remain
fairly stable, the ionic strength which affects electrode measurements
also remains fairly constant. Ion exchange then becomes less of a vari-
able in solute transport.

Other geochemical and radiological mechanisms can attenuate solute con-
centrations during transport. The extent of chemical reactions such as
precipitation and dissolution depends on factors such as the minerals
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present in the fracture, and the kinetics of such reactions. Weber
(1986) found that fracture-filling minerals in tuff include not only
quartz and opalline silica but calcite and clay minerals as well. Acid-
base and redox reactions depend on the pH and redox potential, respec-
tively. Radioactive decay of radionuclides can result in the disappear-
ance of the original species and/or formation of daughter products. The
significance of radiological mechanisms is determined by the parent
material and decay rates of all chain members (Wilson and Dudley, 1987).
Such reactions are generally described by:

(4.18) s' - ac/at - - k, C

if the process is linearly proportional to the concentration of the
solute species, and k, (l/s) is the decay constant. The equation is
applicable for both chemical loss and radioactive decay. Characterizing
only the transport behavior of the original solute species may be inade-
quate as the transport properties of the new species are potentially
different from the original ones.

4.2.3 Selection of Tracer

The proper choice of tracers is dictated by the objective of the experi-
ment. Experimental methods to characterize transport behavior of
solutes in the unsaturated fractured rock environment is hampered by the
small quantities of water for sampling. Chloride is chosen initially
because it is relatively conservative, and it can be detected easily by
coated-wire electrode potentiometry. The development of techniques to
study conservative tracers provides insight into the more complicated
nature of radionuclide transport behavior in unsaturated fractured rock.

Chloride is considered conservative. However, chloride ions may travel
faster than the average water velocity, particularly if significant
amounts of negatively-charged exchange sites, such as commonly found on
clay, exist. Biggar and Nielsen (1962) found that chloride breakthrough
occurred ahead of the average water velocity even in a glass bead medium
without attempting to explain the phenomenon. James and Rubin (1972)
claimed the shift in breakthrough to be a result of apparatus-induced
dispersion. With these qualifications, chloride is considered well-
suited for initial solute transport assessments in fractured rock
systems.

Other suitable tracers available as coated-wire ion-selective electrodes
include bromide, sulfate, nitrate, calcium and magnesium. The anions,
with the possible exception of sulfate, can serve as conservative
tracers in tuff. Of course, when nitrate is the tracer ion, the current
double-junction reference electrode cannot be used. An electrode with a
different bridge solution, or a single-junction electrode will have to
be used. The use of cations, under the proper conditions, can provide
valuable information. They are most appropriately used to study ion
exchange and sorption to rock surfaces. A better understanding of the
solute transport processes can be achieved with different tracers.
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4.2.4 Effects on Breakthrough Curves

Solute transport is the displacement of miscible fluids in time and
space. Breakthrough curves plot the change in concentration with dis-
placement. Estimates of transport parameters such as solute travel
time, dispersion coefficient and dispersivity can be obtained from these
curves. A tracer solution usually introduced as a slug or step input,
replaces the background solution flowing through the fracture and porous
matrix. The change in relative concentration, C or (C-C,)/(C0-C,), is
measured over time or space, where C, is the concentration of the back-
ground solution, and C0 is the concentration of the tracer solution. If
the background solution has a C, - 0, the relative concentration collap-
ses to the commonly used ratio of C/C.. Both analytical solutions and
numerical schemes have been developed for various boundary conditions to
estimate solute transport parameters by finding the best fits to the
observed breakthrough curves.

The effect of different transport processes on the shape of the break-
through curve for both fracture and porous matrix transport is illus-
trated in Figure 4.3. For simplicity, breakthrough plotting C' versus
time for a step input function is discussed. If neither diffusion nor
dispersion occurs, the displacement of two liquids results in the clas-
sical case of piston flow. However, all fluids are miscible and mixing
occurs to some extent at the front between the two solutions. The
spread about the mean position of the front gives rise to the S shape
(sigmoid) of the breakthrough curve. Attenuation of the tracer ions is
manifested in the end-tail reaching a plateau at C < 1.0. Retardation
due to sorption on rock surfaces results in a delay of breakthrough, or
a shift of the S-shaped curve to the right. Ideally, the breakthrough
curve is symmetrical about the advancing front with the deflection at
the mean relative concentration, or C' - 0.5. The spread of the two
tails are expected to increase dramatically with decreasing water
content (or increasing suction) due to the increase in tortuosity of the
flow path and the decrease of the rate of water percolation.

For fracture flow in which a concentration gradient exists between the
fracture and rock matrix, multi-dimensional transport occurs due to slow
matrix diffusion. This generally results in the flattening of the end-
tail of the S-shaped curve at less than C' - 1.0. Matrix diffusion also
retards the breakthrough of the tracer front. Additional insights are
provided by Grisak and Pickens (1980), who examined the effects of
several different variables on fracture transport including fracture
aperture size, fracture water velocity, dispersivity, and porosity and
distribution coefficient of the rock matrix.

The effects of the different solute transport processes on breakthrough
curves of slug or impulse inputs, in which a finite mass of solute is
introduced at a given time, are not as immediately evident at a glance.
In general, the solutions to the classical advection-dispersion equation
result in symmetrical bell-shaped concentration profiles for spatial
distributions, and skewed profiles for temporal distributions.
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4.2.5 Estimation of Transport Parameters

Solute transport through fractured rock, especially under unsaturated
conditions, offer new challenges to interpretation. Estimates of solute
transport parameters are generally obtained by fitting analytical or
numerical solutions of the classic advection-dispersion model to experi-
mental data. Because of the expected spatial variability of point
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Figure 4.3 Effects of different solute transport mechanisms on the
shape of the breakthrough curve for a step input test plotting
relative concentration, C' - (C-C,)/(C.-C,), versus time elapsed
(hr). C, denotes the background solution concentration, and CO the
tracer solution concentration.
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sampling due to heterogeneities, the physically-based classical approach
with constant coefficients, and assumptions of steady, homogeneous pore
water velocity, appears inadequate. To demonstrate the validity of the
advection-dispersion model using such parameters is difficult as they
are dependent on the model assumptions in the first place.

An alternative is to use stochastic models such as Gelhar and Axness
(1983), and Dagan (1984) for the interpretation of experimental data.
Stochastic models describe the experimental observations as realiza-
tions, and estimates of transport parameters are expectations over the
ensemble of possible realizations. These models may be better predic-
tors of transport parameters, but inherent weighing of individual obser-
vations still occurs with the model assumptions.

The use of porous plates in this research, especially a fracture plate
which covers the fracture and adjacent matrix, may result in varying
concentration boundary conditions at the top of the fracture segment. A
method of data analysis which is independent of the physical or chemical
behavior of transport, and does not require special knowledge of the
input function is required. That method may be found in spatial or
temporal moments analysis.

Freyberg (1986) proposed the use of lower-order spatial moments of the
concentration distribution to characterize a solute plume and to esti-
mate transport parameters. The moments are defined independently of the
physical or chemical behavior of transport. The zeroth-, first-, and
second-order spatial moments of the concentration distributions are
calculated from point observations requiring few model assumptions.

The center of mass and the spread of a plume about its center of mass
can be estimated with first- and second-order spatial moments. The two
moments correspond to the mean and variance of the spatial concentration
distribution. Temporal moments are then directly used to estimate the
travel time and dispersion coefficient for temporal concentration dis-
tributions. For one-dimensional vertical flow, the mean and variance
for the continuous case are:

00 00

(4.19) E(t) - j t C(xt) dt ,L C(x,t) dt

and
00 0O

(4.20) Var(t) - I (t - E(t))2 C(x,t) dt / I C(xt) dt.

For the discrete case, the mean and variance are:

N N
(4.21) to Z t' tC, / Z C,

i-l i-l
and

N N
(4.22) St2 _ Z (ti-t.) 2 C1 / E C1.

i-l i-l
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The travel time is simply the first moment of the temporal concentration
distribution. By assuming Fickian dispersion theory is valid, the dis-
persion coefficient for the discrete case is described as:

(4.23) ds,2/ dt - 2 D

Knowing the relationship between the second moments for the spatial and
temporal concentration distributions:

(4.24) ds,2 - u,2 ds,2

the dispersion coefficient is estimated by:

(4.25) D - (u, 2 /2) [(st 22-St.12) / (tt.2 t,)]

where t.-, and tm 2 are the means, and s, 2 and St 2
2 are the variances

calculated at two different observation points.

Estimates of fracture transport parameters are calculated in Section
4.6.2, and a possible analytical solution is presented below in Section
4.2.6 which assumes all the flow from the fracture plate enters the
fracture near the fracture opening with minimal rock matrix interaction.
The moments calculated can be interpreted using either the classic or
stochastic models, and the predictive ability of these models validated.
While no attempt is made to fit the parameters to any of these models
for this research effort, it is recommended that this be done.

4.2.6 Analytical Solution

With the porous plate controlling the input of tracer solution, neither
analytical solutions to a slug nor a step input are appropriate. Input
to the fracture and rock matrix is a function of chloride breakthrough
in the plate, which in turn is a function of time. If one assumes the
fracture and rock matrix to be homogeneous, then the input function, for
any point, can be written as:

0 t < O
(4.26) Mass input -

f(t) t > O

where f(t) is expressed in units of mass/time. At any time t, if the
slug of mass (M,) introduced is:

(4.27) M, - f(t,) dt

then the breakthrough of the plate can be treated as a series of slug
inputs, and the contribution for each time increment dt, is summed up.
Assuming the superposition principle holds, then for a one-dimensional
discrete case, the concentration at time t and position x, C'(x,t), is
(Fischer et al., 1979):

N f(t,) dt, exp[-(x-u,(t-t,))'/B]
(4.28) C'(x,t) - E

i-l rA (WB)0 5
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where B - 4D(t-ti). If f(t) is expressed as mg/s, then C'(x,t) has
units of mg of solute/Kg of water, or ppm (parts-per-million). The
results can be converted to concentration units of _ knowing the molecu-
lar weight of chloride. For more in depth discussions on possible solu-
tions, the reader is referred to texts such as Fischer et al. (1979),
Bear (1979), and de Marsily (1986).

4.3 Coupled Matrix/Fracture Transport - Boundary Integral Method

There are several advantages to applying the experimental results to a
computer model. From a solute transport stand point, the interpretation
of the chloride breakthrough data is affected by fracture-matrix flow
interaction. Estimates of transport parameters are also affected by the
contribution of fracture plate flow entering the fracture through the
matrix. Strictly speaking, equation 4.28 is valid if flow from the
fracture plate enters the fracture at the opening. However, the use of
temporal moments analysis preempts the need to know the exact input
function, as long as the fracture segment of interest is below the
region where fracture-matrix flow interaction occurs. A model can
determine how far along the fracture the interaction essentially ceases.

Calculation of the suctions imposed at the top of the test block assumes
a constant average value under the porous plates. However, the varia-
tion in suction over the top boundary of the rock may be large enough,
especially under the fracture plate, such that the exact suction over
the fracture opening is different from that at the edges of the plate.
A model can calculate the pressure heads under the plates by neglecting
the presence of any material used as contact. Of course, with filter
paper between the plates and rock surface, the suction distribution may
be smaller, and more flow may be diverted to the fracture near the
opening.

Estimates of the fracture transmissivity assumes one of two scenarios:
all the flow from the fracture plate, or only the flow proportional to
the aperture opening, enters the fracture. The second scenario sub-
tracts the flow attributed to the matrix by using an average matrix
conductivity. Whether either value is reasonable can be determined by
varying the transmissivity, and fixing all input parameters already
determined experimentally by other means.

All the above reasons, and possibly more, argue for the use of a com-
puter model such as the one employing the boundary integral method (BIM)
developed by Rasmussen (1988). By dividing the test block and plates
into appropriate domains, experimentally determined data on flow rates
and imposed head gradients can be used in a case study. The model can
provide information not only on streamlines and travel times of solute,
but also the head distribution at the boundaries and within the test
block. The methodologies of BIM are described briefly below again, and
a continuation of the case study (see Section 3.9.2.3) for an idealized
test block 1 system is presented in Section 4.6.1 with the experimental
results.

As a reminder, methodologies developed employ the boundary integral
method to calculate water flow and solute transport properties of unsat-
urated fractured rock. The method discretizes the boundaries of two-
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dimensional flow domains and solves the relationship between fluid flow
and head within them. Solutions are obtained by solving Laplace's equa-
tion using Gauss's formula, and the weighted residual statement which
minimizes error between true and estimated head and flux over a domain.
The method is capable of accounting for flow between the rock matrix and
fracture. Solute travel times and breakthrough curves are determined by
integrating the inverse velocity along constant streamlines. The stream
function is equated with cumulative discharge. The boundary integral
method, unlike finite element and finite difference methods, provides
estimates of travel time by defining smooth functions of velocity and
streamline at points internal to the discretized flow domain. The
reader is encouraged to refer to Rasmussen (1988) for greater detail of
the methodologies developed.

4.4 Water Penetration into Test Block Sampling Ports

Six circular cylindrical sampling ports were drilled in the test block.
The ports are expected to affect the flow and the study of solute
transport in the test block. However, they serve as obstacles to flow,
and the water pressure is expected to be greater over parts of the
cavity surface. Water entry into, or exclusion from, the ports from
steady downward unsaturated seepage was explored by Philip (1988). For
a given shape and size of the cavity, knowing the hydraulic conductivity
or seepage velocity, characteristic cavity length and two hydrologic
parameters of the porous medium, one can establish whether seepage water
enters the cavity. The analysis also offered maps of dimensionless
potential and stream functions, and velocity fields to aid in under-
standing the flow into and around cavities such as the ports.

Philip (1988) solved for v.x, a maximum dimensionless Kirchhoff poten-
tial using a quasilinear form of the basic flow equation in unsaturated
porous medium. Knowing v.., which is a function of the dimensionless
characteristic cavity length s, one can determine whether water enters
the cavity for a given combination of unsaturated hydraulic conductivity
or seepage velocity, K., characteristic cavity length, lc, saturated
conductivity, K., and sorptive number, a,. The seepage velocity occurs
at 90, a water potential less than atmospheric pressure (1 0 < 0). The
lc for a circular-cylindrical cavity is its radius. The critical
seepage velocity K.. is calculated as:

(4.29) K.. - K. [Zv.x(s)]-,

with

(4.30) s - 0.5 a, 1l

and a, entering the exponential representation of K(+),

(4.31) K(+) - K.exp[a5(O - 0)], 0 > ° > -C.

Water is defined to have entered the cavity for K, > K,..

The applicability of this method is summarized in Table 4.1 which
presents the results using hydraulic conductivity values of several tuff
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cores obtained from boreholes at the study site. The hydraulic conduc-
tivities correspond to the saturated case and at b - lOkPa (1.0197 m).
For a l - 1.0 cm, which is the radius of the sampling ports, the tuff
cores have >"x values very close to 1.0 indicating K,. is very nearly the
saturated conductivity with correspondingly low suction or moisture
potential values. Water is essentially excluded from the sampling ports
except at near-saturated flow conditions in the rock matrix.

Table 4.1: Results of sample critical seepage velocity
calculations using hydraulic conductivity values of

borehole tuff core samples found at Superior, Arizona.

Borehole I.D. Xi X3 X2

Core Sample I.D. AA EP CH

Saturated conductivity"' ,

K. x 10' (m/s) 143.1 50.5 375.9

Conductivity at 4 - 10 kPa"',
K x 10'° (m/s) 32.62 5.27 10.02

Sorptive Number, a, x 102
(cm-') 1.45 2.22 3.55

Dimensionless Characteristic
Cavity Length, s(') 0.0073 0.0111 0.0178

Maximum Dimensionless
Potential, X 1.0145 1.0222 1.0355

Critical Seepage Velocity, 141.1 49.4 363.0
K,. x 10'° (m/s) (0.986 K.) (0.978 K.) (0.966 K.)

Critical moisture potential"',
x 102 (kPa) 9.5 9.7 9.6

(1) Conductivity data from NRC project file.
(2) The value of s is calculated using l - 0.01 m.
(3) At small s, >"x,, approaches 1 + 2s.
(4) Critical moisture potential, O.. - [ln(K,/K,.)/a]J(0.0981 kPa/cm).

There are several implications for studying transport behavior with the
sampling ports. From Philip's analysis, the greatest water potential is
at the apex of the circular cylindrical port where water entry occurs
under the appropriate conditions. A "dry' zone develops under the port
as flow lines are affected by the presence of the port. The placement
of ports should take this into consideration. The downward flow velo-
city is smallest in the two regions, but greatest to the sides of the
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port. As water entry occurs at the apex, a slower solute travel time is
expected. However, for estimates of the average travel velocity in the
matrix, the ports are not significantly different from rock inclusions,
and other structures that can obstruct flow.

Depending on the size and location of the port, water may not enter at
prevailing flow conditions. As for test block 1, water entry into the
port occurs at nearly saturated conditions for a lc - 1.0 cm. Sample
collection at higher suctions in the rock matrix may entail placing the
filter paper against the walls of the ports. An alternative scheme may
be the enlargement of the sampling port because a larger I, corresponds
to a larger s, and therefore smaller K0.. An increase in sampling time
is necessary unless a larger port is installed. However, at higher
suctions, the possibility of contamination by matrix waters is less of a
problem when collecting samples in the fracture ports.

4.5 Solute Transport Measurement

A 10-3 M CaC12 solution was used as the background solution for experi-
mentation. Tracer solutions were either 10-' M CaCl2 for the fracture
transport tests, or 10-2 M CaCl2 for the matrix transport test. A
three-way T shape glass stopcock was used to switch between CaCl2 solu-
tions. Changeover from one concentration to another was ensured by
completely flushing the test solution delivery system and grooves above
the porous plates. The following section describes the preparation of
test solutions used, the calibration of the electrodes, the methods used
to collect samples and to make electrode measurements, and the proce-
dures used to measure chloride breakthrough of the plates.

4.5.1 Preparation of Test Solutions and Calibration of Electrodes

Test solutions were prepared with calcium chloride (CaCl2H20, FW -
147.02, assay - 74.6%) and distilled water. Thymol was added to the
solutions (0.1 g per 1000 mL solution) to prevent biological growth, and
deaerated by boiling to minimize air bubble formation in the flow system
(Klute and Dirksen, 1986). Test solutions of 10-2 M and 10' M were
prepared from 10-' M stock solution using serial dilution to minimize
error. Evaporation of water during boiling was accounted for by adjust-
ing the stock solution concentration. No adjustment was made when 0.1 M
solution was used directly as the tracer solution.

The electrodes were calibrated in an "aqueous" and a "filter paper"
environment. Eight standard solutions of half-decade concentration from
10-' M to 0.5 M CaCl2 were prepared for calibration. Because of poor
pH/mV meter resolution, the calibration errors are relatively large.
Without the use of more sophisticated analytical methods, the concentra-
tion of the standard solutions was verified independently with Hach
kits. Titrations were performed for both calcium and chloride concen-
trations.

The performance of the electrodes were also tested in both environments
with sodium nitrite (NaNO2, FW - 69.00, assay - 97.7%) as an ionic
buffer. A second set of standard solutions was buffered to a common
ionic strength of 0.25 M (corresponds to ionic strength of 10-' M CaCl2
solution). The ionic strength of 0.5 M CaCl2 (I - 1.25 M) was consider-
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ed too high and the standard was not buffered further in both sets of
calibrations. The results are presented graphically in Figure 4.2 plot-
ting potential difference (mV) against chloride concentration (M). It
shows only the best curves drawn for average potential difference values
of each standard solution.

The change in potential difference per decade concentration in the
aqueous environment is linear from approximately 1.00 x 10-` M to 1.00 x
10-' M at 58 mV/decade. In the filter paper environment, the calibra-
tion curve is nonlinear except in the range between 1.00 x 10-' M and
1.00 x 10-' M. In general, the change in potential difference per
decade in the aqueous environment is greater than the change in the
filter paper environment. This phenomenon may be due to "bound" water
resulting in an apparent increase in ionic activity or concentration.
The calibration curves are exactly the same in the aqueous environment
for both buffered and nonbuffered standards. However, the curve is
steeper for the buffered standards in the filter paper environment. The
buffer solution may have minimized the "bound" water effect. One note-
worthy difference between the nonbuffered and buffered standards is the
shorter time to equilibration for the latter set.

4.5.2 Sample Collection and Electrode Measurements

Sample collection in the fracture and matrix was made possible with
Whatman filter paper number 42 (retention rating - 2.5 Am). According
to the capillary rise equation (Hillel, 1980), the air entry value for a
2.5 um pore is 116 kPa at 20'C. This suggests that the filter paper can
be a good absorber with the greatest efficiency in collecting samples
when dry. Samples were collected by inserting pieces of filter paper
with forceps into the sampling ports, and pressed against the exposed
fracture surface, or the end of the ports in the matrix. The optimum
filter paper size was determined to be 1.0 cm by 0.5 cm, both for
sampling in the 2.0-cm ports, as well as electrode measurement purposes.

Potential differences were measured using one of three chloride ion-
selective electrodes (LAZAR ISM-146CL), and a double-junction Ag/AgCl
reference electrode (LAZAR DJM-146). A Corning 610A pH/mV meter, with
expanded scale for mV measurement, was used. For better resolution,
measurements were made with a HP-41CV calculator which was connected to
the HP data acquisition unit in turn connected to the Corning meter.
Calibration of the HP-41CV indicates the actual potential difference is
70 times the value of the calculator. Individual potential readings are
usually rounded off to the nearest mV because of the combined resolution
of the pH/mV meter and calculator. The nonbuffered calibration curve
was used to convert potential readings to concentrations. With calibra-
tion errors of ± 10 to 15 percent under controlled conditions, the
experimental error in concentration is estimated to be ± 20 percent.
Aside from instrument problems, the single most important means of
minimizing experimental error is to ensure long enough sampling time so
that the filter paper is sufficiently wet.

The optimum sampling period depends on the availability of water for
sampling. Under the near-saturated test conditions, most fracture
samples required no more than two minutes, and matrix samples almost
instantaneous because of water infiltration into the sampling ports.
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The reliability of electrode measurements is expected to be affected
strongly by the moisture content of the filter paper.

Once the sample was collected, excess test solution was dabbed off with
Kimwipe, if necessary, to ensure the potential readings were for a
filter paper and not an aqueous environment. The electrodes were then
touched against the filter paper for approximately 5 seconds before a
reading was made. The chloride electrode was then moved to a different
spot on the filter paper, and the measurement repeated. The potential
reading, or range of readings, were recorded. The time to make poten-
tial readings was limited as the spread of the KNO, bridge solution due
to outward diffusion from the reference electrode would cause erroneous-
ly low potential readings (high concentration) when the chloride elec-
trode came into contact with it. The electrodes were placed as far
apart as possible.

The transport tests were conducted under near-saturated conditions.
Ample sample volumes were collected often within seconds to minutes of
sampling. However, the reliability of the electrode measurements at
higher suctions remains untried under test conditions. The performance
of the filter paper was assessed at greater suctions to confirm its
reliability under drier conditions using a separate apparatus.

Figure 4.4 shows the setup used to test the filter paper up to a suction
of 100 cm of water. A Buchner funnel equipped with a ceramic porous
plate (50-kPa air entry value) was connected to a buret with Tygon
tubing, setting up a water column filled with CaC12 solution. An oven-
dried slice of tuff core was placed on the porous plate with filter
paper acting as contact between the plate and rock. A cover made of
plastic and duct tape with two acrylic access tubes for the electrodes
was fitted over the mouth of the funnel. Two small air holes in the
cover were provided. The access tubes were stoppered to minimize evap-
oration whenever they were not in use.

The water column was used to completely saturate the rock core, and to
apply the suctions. After equilibration periods commensurate to the
suction applied, measurements were made off filter paper pieces still
contacting the rock core, as well as ones removed to the external
environment. Two CaCl2 solutions, 1.40 x 10' M and 1.00 x 10' M, at
four suctions, 10 cm, 20 cm, 50 cm, and 100 cm (90 cm for 1.00 x 10'
M), were examined. Separate rock cores were used for the two solu-
tions. The sampling period was 10 minutes for suctions up to and
including 50 cm, and 20 minutes for the highest suction. Figures 4.5
and 4.6 show the results by plotting suction (cm of water) against
chloride concentration (M). The dotted lines show the range of possible
concentrations accounting for measurement errors.

In view of factors such as variability in rock properties and evapora-
tion of the CaCl2 solutions at the surface, the results indicate a
certain degree of reliability up to 100 cm of suction. The scatter in
data is most likely due to samples not sufficiently wet despite their
apparent appearances. In general, greater deviation from the expected
range of concentrations is seen for the more dilute solution. Coupled
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Figure 4.4 Experimental apparatus used to assess the effects of suction
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electrode technique.
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with the result of Philip's analysis indicating no water entry into the
sampling port at these higher suctions, a longer sampling period to
collect matrix samples will be necessary during experimentation. Of
course, at suctions greater than the critical suction, fracture flow is
negligible and collection of fracture samples is a moot point. However,
at suctions close to, but less than, the critical suction, when some
fracture flow still exists, sampling for a "pure" fracture sample may be
difficult. The collection of a fracture sample may in reality be one of
the matrix adjacent to the fracture surface. The limits of the tech-
nique may depend on the flow condition in the fracture.

4.5.3 Chloride Breakthrough in the Porous Plates

The porous plates were used to impose suctions at the top of the rock,
and therefore, to control flow. However, the upper boundary condition,
in terms of concentration, depends on the transport properties of the
plates. The input of chloride is a function of its breakthrough in the
plates. The breakthrough of each plate was measured experimentally
using the setup shown in Figure 4.7. The setup basically consisted of
the experimental flow system, without the plate in contact with rock.
The plate was suspended with clamps attached to ring stands. Changeover
from one test solution to another was accomplished with the three-way
stopcock, and flushing of the solution delivery system and plate
grooves. A plastic cover equipped with two windows for electrode
measurements helped to minimize evaporation during testing. The plate
was divided into four quadrants to account for any spatial variation,
and potential readings were reported as a range of values. Potential
measurements were made by touching the electrodes directly against the
ceramic surface. Because it is important to protect the sensor tip of
the chloride electrode, measurements made off filter paper placed on the
plate is recommended for future testing. Tests were conducted at
different head gradients, and for certain plates, different tracer and
background solutions.

The breakthrough curves of the plates were obtained with constant
average head gradients imposed. The measured breakthrough curves are
intended to be reference curves for interpolation or extrapolation to
different breakthrough curves associated with different imposed head
gradients. The effective porosity (ne) of each plate is also determined
from:

(4.32) n. - Q t / A, - q / v - X; t' dH/ '

where v' (m/s) is the average travel .velocity of the solute, and equal
to L/t'. The travel time, t', is the time to C' - 0.5. The results of
plate no. 6 indicate differences among tests, and the need to obtain an
average ne from several tests. Because of scheduling and availability
of the plates, single tests (including step-up and step-down portions)
were conducted for plate nos. 1 to 3, and two tests were conducted for
plate nos. 4 and 5. Further testing is recommended to characterize the
breakthrough of chloride in the porous plates.
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4.6 Experimental and Computer Model Results

The experimental data and computer model case study are discussed in
this section. For an idealized test block system, flow and transport
results from application of the boundary integral method computer model
are also discussed. The model provides insights to the possible effect
of fracture-matrix interaction on transport data interpretation.
Results of three fracture transport tests, and one rock matrix transport
test conducted using only the top porous plates are also presented. A
spatial relative concentration distribution of the fracture obtained
immediately after the third fracture transport test contributes to an
understanding of fracture flow.

4.6.1 Computer Model Case Study of Test Block

Valuable insights to fractured rock flow and transport processes are
provided by an application of the boundary integral method computer
model to the experimental test block. Of special interest is the inter-
action of the rock matrix and the fracture. The test block is concep-
tualized as being bisected by the fracture, the plane of symmetry. It
also possesses homogeneous properties in both the matrix and fracture.
The system is then divided into four domains: fracture, matrix, fracture
plate and matrix plate, as shown in Figure 3.18. The test block matrix
and plates are treated as two-dimensional, and the fracture one-
dimensional, by assuming constant properties over their respective
depths, and lengths (x-direction). Steady-state flow is also assumed.
By assigning independently determined plate conductivities and matrix
conductivity, and actual total heads applied at the top of the plates,
fracture transmissivity can be varied to obtain total and pressure heads
at any point in the four domains. Ten stream tubes (eleven streamlines)
divide the total flux equally. The model results reflect the attempted
matching of the actual flows observed, and the pressure heads measured
in the fracture with the microtensiometer, as well as average calculated
pressure heads at the top of the test block. However, the matching of
the model and experimental results is considered less important than the
information on the effects of the fracture-matrix interaction on flow
and transport, and pressure head distribution at the top boundary and in
the fracture.

Table 4.2 summarizes the input parameters for the case study, and
compares them to experimentally determined values. Figures 3.18 and
3.19 show the streamlines obtained. Note the conductivity used in this
analysis is the larger value. The transmissivity corresponds to the
smaller of the two values determined. The left-most, or "zero-percent,"
streamline should correspond to the left boundary of the matrix (y - 0
cm). The deviation is due to the errors involved with the numerical
scheme. Table 4.3 presents the flows of each domain and pertinent pres-
sure heads calculated, and compares them to experimental data whenever
available.
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Table 4.2: Case study of idealized test block system:
A comparison of computer model input parameters

and experimental data.

Input Parameters Model Experimental

Average Matrix Hydraulic
Conductivity, 50 59.1
K. x 109 (m/s)

Average Fracture
Transmissivity, 5 7.16"'
Tf x 109 (m2 /s) 5.12(2)

Fracture Half-Aperture,
eb (um) 100 NA(3)

Average Matrix Plate
Conductivity, 2 1.80
K" x 109 (m/s)

Applied Head above
Matrix Plate, 28.3 27.2 to 30.O0(4)
Hwp (cm)

Average Fracture Plate
Conductivity, 5 3.77
K,, x 109 (m/s)

Applied Head above
Fracture Plate, 36.3 35.5 to 36.8'4)
HD (cm)

(1) Transmissivity is calculated assuming all the flow from fracture
plate and no flow from the matrix plate enter the fracture; mean -
7.16 x 10' m2/s and Std - 1.68 x 10' m2/s.

(2) Transmissivity is calculated assuming flow from fracture plate is
split between fracture and rock matrix; mean - 5.12 x 10' m2/s and
Std - 1.54 x 10' m2/s. Proportion of flow in matrix is calculated

using an average K., and subtracted from the total flow to
determine T,.

(3) NA - Not applicable.
(4) Period monitored is between 6-13-88 and 8-3-88.

128



- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Table 4.3: A comparison of flow and pressure head data
obtained from using the computer model, and those
measured or calculated from experimental data.

Model Experimental

Matrix Plate Flow,
Q x 10' (m2/s)

Fracture Plate Flow,
Qp x 10' (m'/s)

Flow Exiting Fracture,
Q, x 10' (m2/s)

Flow Exiting Matrix,
Q. x 10' (m2/s)

6.33 6.65

3.77 3.15"1)

5.06 NDM (2)

5. 15 NDM

Pressure Head under
Matrix Plate,
h.p (cm)

Pressure Head under
Fracture Plate,
h,, (cm)

+2.6 to +3.7
(mean - +3.2)

-1.7 to +3.24
(mean - +0.1)

-3.9 to +5. 90)

-12.6 to +7.4(3)

Pressure Head in
Fracture (cm)
at z - 10 cm

at z - 35 cm

Pressure Head in
Matrix (cm)
at x - 4 cm

and z - 5 cm
at x - 4 cm

and z - 30 cm

+0.3
+0.2

-1.8 to -5.6
-3.1 to -8.4

+1.7 -0.4 to +1.0

+0.3 +0.6 to +1.9

(1) Fracture plate flow is half the actual observed because the
model divides the test block into two identical halves with the
fracture as the plane of symmetry.

(2) NDM - not directly measured.
(3) Pressure head calculated using equation 3.19.
(4) The pressure head directly over the fracture opening is -1.7 cm

(suction of 1.7 cm).
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It is readily apparent from the streamlines that flow from the fracture
plate is diverted to the fracture through the matrix within the first 3
cm. However, at a transmissivity of 5 x 10 ' m

2/s, part of the matrix
plate flow (O.) is also diverted to the fracture. Streamlines in the
matrix are affected most dramatically near the fracture opening.
Approximately 19 percent of Q.p, or 12 percent of the total flow (Q.)
reach the fracture within the top 20 cm, and exit through the fracture.
Insignificant exchange of fracture and matrix flows occur between z = 20
cm, and the fracture opening at z - 50 cm. A plot of the fracture flow
(calculated as fraction of Q,) as a function of distance is shown in
Figure 4.8. The model Q., is slightly less, and fracture plate flow
(Q,,) slightly greater, than those measured experimentally. The dif-
ference between the sums of Q0, and Qp, and actual matrix (Q.) and
fracture flows (Q,), is due to mass balance errors.

The simulated pressure heads under the porous plates match those calcu-
lated, as a whole, but the pressure heads in the fracture are greater
than those measured with the tensiometer. The pressure heads in the
matrix compare well to those measured. Observations during testing
seemed to indicate the actual pressure heads under the plates were less
than atmospheric as seepage did not occur, with few exceptions. The
discrepancies between model and experimental pressure heads should be
viewed in light of the expected experimental variabilities. The flow
discrepancies are probably due in part to the differences in pressure
heads, as well as to heterogeneities of the test block. An examination
of the test block clearly showed the existence of inclusions and micro-
fractures. Another explanation may be the presence of filter paper
between the plates and rock surface which is not taken into account by
the model. The possible effects of filter paper is explored in more
detail below.

Due to the fracture-matrix interaction near the fracture opening, the
concentration profile in the fracture is of interest as functions of
both time and longitudinal distance (in the z direction). At nodal
points close to the triple point (point at the upper right shared by the
fracture plate, matrix and fracture domains), the simulated travel times
of the streamlines become increasingly unstable. This is due to the
nature of numerical schemes such as ones used in the BIM. A simple
averaging is applied to calculate travel times of the streamlines.
Table 4.4 presents the travel times of selected streamlines entering the
fracture as calculated by assuming straight streamlines, and using the
average gradient between the end nodal points. Piston pump displacement
is also assumed for transport in the matrix by neglecting the effects of
diffusion into the matrix, and hydrodynamic dispersion. Matrix diffu-
sion will retard the breakthrough, and dispersion will spread out the
front. With 49 percent of Q, entering the fracture, the travel times of
five stream tubes, each representing ten percent of the flux, except for
stream tube no. 5, are calculated. The calculations are performed for
an "average" streamline representative of each stream tube. They are
arbitrarily chosen as the five-percent streamlines of each stream tube
(except 4.5-percent for stream tube no. 5), e.g., the 95 percent stream-
line is chosen to represent the properties of stream tube no. 1. The
time increments are chosen as the travel times of the average stream-
lines for simplicity.
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Table 4.4: Travel time calculations of selected
streamlines contributing to fracture flow.

Stream Streamline"' Travel Average Average'2' Travel")
Tube (Percent z Distance Head Change Travel Velocity Time
No. Qt) (cm) dz (cm) dH (cm) u, x 107 (m/s) t, (hr)

100 0.00 0.00 0.0 NAW4) 0.000

1 95 0.085 0.22 2.0 25.7 0.238

90 0.22 0.44 2.9 18.6 0.657

2 85 0.40 0.70 3.7 14.9 1.302

80 0.64 0.99 4.4 12.6 2.183

3 75 0.99 1.41 5.0 10.0 3.910

70 1.40 1.86 5.5 8.35 6.188

4 65 2.44 2.83 6.2 6.19 12.70

60 3.94 4.36 6.9 4.47 27.09

5 55.5 6.90 7.34 9.6 3.93 51.88

51 20.0 20.2 52.4 7.31 76.88

(1) The average streamline of each stream tube is chosen to represent
the properties of the stream tube, e.g., travel time and
concentration of 95-percent streamline represents those of stream
tube no. 1 bounded by 90- and 100-percent streamlines.

(2) Average travel velocity, u, - (K,/ne)(dH/dz).
(3) Travel time, t, - dz/u,.
(4) NA - Not applicable.

The relative concentration profiles in the fracture over time, for a
step increase in concentration from C, (- 0.01C.) to C. in the fracture
plate only, are plotted in Figures 4.9 and 4.10. The concentration in
the matrix plate remains at C,. A summary of the concentration and C
calculations are included in Table 4.5. The first plot shows the pro-
files for an instantaneous increase of concentration through the plate,
and the second takes into account the solute breakthrough characteristic
of the plate. For plotting purposes, the midpoints of the stream tubes
(along the z-direction) are connected. The chloride breakthrough of
plate no. 5 is used for the second set of profiles, after adjusting for
the proper flow rate. The difference in the two cases is confined to
the first two time increments after which the background solution is
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and t, > 14.81 hrs.
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Table 4.5: Relative concentrations in the fracture
as functions of time and distance along the fracture.

Elapsed
Time, t,

(hr)

0.238

N(

1. 302

3.910

12.70

> 14.81

Streams)

Tube
). z (cm)

L 0.11
2 0.43
3 1.02
4 2.67
5 11.97

50.00

L 0.11
2 0.43
3 1.02

2.67
5 11.97

50.00

L 0.11
2 0.43
3 1.02

2.67
5 11.97

46.94

50.00

0.11
2 0.43
3 1.02

2.67
5 11.97

50.00

1 0.11
2 0.43
3 1.02

2.67
5 11.97

50.00

Concentration.
instant.
increase

1.000
0.010
0.010

0.010
0.010
0.010

1.000
1.000
0.670
0.505
0.431
0.010

1.000
1.000
1.000
0.753
0.616
0.431
0.010

1.000
1.000
1.000
0.943
0.771
0.616

1.000
1.000
1.000
0.943
0.771
0.771

C x 1icJ2

plate
effect

0.069
0.010
0.010
0.010
0.010
0.010

0.208
0.208
0.142
0.109
0.091
0.010

1.000
1.000
1.000
0.753
0.616
0.431
0.010

1.000
1.000
1.000
0.943
0.771
0.616

1.000
1.000
1.000
0.943
0.771
0.771

Relative Conc.. C'
instant. plate
increase effect

1.000 0.060
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000

1.000
1.000
0.667
0.500
0.425
0.000

1.000
1.000
1.000
0.750
0.612
0.425
0.000

1.000
1.000
1.000
0.942
0.769
0.612

1.000
1.000
1.000
0.942
0.769
0.769

0.200
0.200
0.133
0.100
0.082
0.000

1.000
1.000
1.000
0.750
0.612
0.425
0.000

1.000
1.000
1.000
0.942
0.769
0.612

1.000
1.000
1.000
0.942
0.769
0.769

(1) The midpoint of each
chosen for plotting,

stream tube along the z-direction is
which is different from where the average

streamline enters the fracture.
(2) Concentrations are measured as fractions of the tracer solution

concentration, C0.
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displaced by the tracer solution. At t3 - 3.910 hrs, note the tracer
front is only at z - 47 cm and has not reached the bottom of the
fracture. The breakthrough curve at any distance along the fracture can
be constructed by simply connecting the C' values for each time incre-
ment for that distance.

There are several observations of importance to understanding the
results of the fracture transport tests discussed in the next section.
As shown in Figures 4.9 and 4.10, the concentration in the fracture is
attenuated initially because part of the fracture plate flow traversed
through the matrix. Furthermore, the steady-state C' value is not
expected to reach 1.0 as the matrix plate contributes flow at the lower
concentration of Co. Both fracture flow and concentration are a func-
tion of distance along the fracture. Data interpretation is necessarily
confined to the bottom 30 to 40 cm, where Q. remains constant, and C'
reaches a steady-state value over time, in this case after approximately
15 hours.

An omission in the case study is the use of filter paper as contact
between the porous plates and the rock. Perfect contact between the
plates and rock surface is assumed in the analysis. Results may be
different because if the permeability of the filter paper is greater
than those of the plates and rock matrix, flow from the fracture plate
may converge towards the fracture opening via the filter paper. For
this case, less flow will pass through the matrix resulting in a
decrease in travel time for a greater proportion of flux at the higher
concentration. The presence of the filter paper may act similarly to
the case of a plate which just covers the fracture. The C' profile will
approach steady state much faster, and analysis of data is then applic-
able for a greater segment of fracture. However, the permeability of
the filter paper will depend on the compressive force applied against
it. Its permeability is expected to be smaller with greater applied
force. Additionally, the suction which develops under the plates is
also expected to affect filter paper permeability. The porous plates
and filter paper are just two factors affecting the transport of solute
in the fracture. An understanding of their effects in an ideal test
block provides background to interpreting experimental results.

4.6.2 Solute Transport in the Fracture

Three fracture transport tests were performed, two slug input tests of
varying duration (nos. 1 and 2), and one step input test (no. 3). A
"slugn test is defined here as one, in which the tracer solution is
introduced at the top of the plate over a period of time, e.g., 12
hours, followed by the background solution. A "step" test is one in
which only the introduction of tracer solution occurs without subsequent
flushing with the background solution. Therefore, a "step" test is
simply the first part of a "slug" test. Information on the three tests
including test conditions are summarized in Table 4.6. Sampling
locations are shown in Figure 4.11.
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Table 4.6: Pertinent information and test conditions

of fracture transport tests.

1 2 3Test Number

Test Performed Slug: 12hrs Slug: 48hrs Step

Test Duration (hrs)

Concentration,
Tracer, C0 (_)
Background, C, (M)

28

0.105
0.0015

148

0.105
0.00125

24

0.10
0.0015

pH (pH paper) 5.0 to 5.5 5.0 to 5.5 5.0 to 5.5

Average Flow Rate
Q x 109 (m'/s) (0

- Fracture Plate

- Matrix Plate: 1-A
- Matrix Plate: 1-C

Average Head Imposed
at Top of Plate (cm)

Average Calculated
Pressure Head"3)
over Fracture (cm)

1.41
1.40
0.63

35.80

1. 36(2)
1.09
0.51

35.90

0.99
1.21
0.61

29.88

-0.7-7.6

Measured Pressure Head"5

(cm) at z - 10 cm
- Port 5F-US
- Port 5F-UC

Measured Pressure Head")
(cm) at z - 35 cm
- Port 5F-LS
- Port 5F-LC

NM(6)

NM
NM
NM

-3.0 to -3.4
-1.8 to -5.6

-3.1 to -3.8
-5.6 to -8.4

NM
NM

NM
NM

(1) Flow rate variation during tests was ± 3.0 x 10-" m3/s.
(2) Actual flow rate was probably less due to seepage observed from the

porous plate down test block face 6 during test.
(3) Values are estimated from flow rates and heads applied at the top

of the porous plate.
(4) Actual pressure head was probably greater due to seepage observed

from the porous plate down test block face 6 during test.
(5) Pressure heads were monitored during the following periods:

5F-US (8-3-88), 5F-UC (8-1-88 to 8-3-88), SF-LS (7-26-88 to
7-28-88 and 8-1-88), and 5F-LC (7-27-88 to 8-1-88).

(6) NM - not measured.
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Figure 4.11 Sampling ports, and sampling locations at the bottom

fracture opening. The fracture extends from face 3 to face 6.
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During the fracture transport tests, a step input test in matrix side 1-
C (see Figure 4.12) was also conducted using a 1.25 (± 0.10) x 102 M
CaCl2 solution, while matrix side 1-A continued to receive the back-
ground solution of 1.30 (± 0.20) x 10' H CaCl2. The flowing of two
CaCl2 solutions, both more dilute than what the fracture receives,
through the matrix is expected to result in interesting two-dimensional
transport scenarios. The concentration gradient is away from the frac-
ture during the step-up portion of tests. However, on the step-down
portion, the gradient is towards both the fracture and the side boun-
daries of the matrix. The tracer front moving down matrix side 1-C
complicates the scenario. For discussion of the matrix transport test
results, refer to Section 4.6.3 below. Results of the transport tests
are expected to be influenced by the concentration history in the frac-
ture and matrix.

Breakthrough curves plotting the temporal concentration distributions
for the three tests are presented in Figures 4.13 to 4.15. Figure 4.16
plots the first 24 hours of test no. 2 (referred to as no. 2 - 24 hrs)
for comparison against test no. 3, which was a 24-hour step input test.
For clarity, the graphs only plot the average C' values. Figure 4.17 is
a detailed graph of breakthrough at z - 10 cm for test no. 1 showing the
typical range of C values encountered. The first and second temporal
moments of the average C' values are summarized in Tables 4.7 and 4.8.
The breakthrough curves and temporal moments analyses show channeling
flow in the fracture segment probably occurred with one or more prefer-
ential flow path(s). Not only flow conditions and local heterogenei-
ties, but previous solute concentration history, are likely to affect
solute transport. Results of all three tests indicate earlier arrival
at sampling port 5F-UC (x - 10 cm) than SF-US (x - 5 cm) even though the
ports are at the same distance along the fracture (z - 10 cm). The
first two tests also show earlier arrival at the bottom of the fracture
segment (z - 50 cm) than at sampling ports 5F-LS and 5F-LC, both at a
distance of z - 35 cm. This seems to indicate the tracer front bypassed
the sampling ports at z = 35 cm probably due to channeling. This
discussion includes sampling port 5F-LC, even though it apparently
intercepted a secondary fracture, because data collected at the port are
not significantly different from those of port 5F-LS. However, the
third test shows the earlier arrival of the center of mass at z - 35 cm
than at z - 10 cm. Tne breakthrough curves at 5F-UC all share a
similar, but distinctive, decrease in C' after an initial steady in-
crease in C' to approximately 0.6. This phenomenon may have resulted
from the intrusion of a secondary front moving through. The first
moment data of test nos. 1 and 2 suggest a preferential flow path
connecting 5F-UC and 6-M, whereas first moment data of test no. 3
indicate an alternative flow path connecting 5F-UC and 3-F possibly.
The similarity of breakthrough curves of all four sampling locations at
z = 50 cm is likely due to a "smearing effect" as the tracer solution
front mixed at atmospheric pressure at the exit boundary.

139



I-A I-B I-C

Q.IOOM/0.00125 M

0.0013M | 0.0125M

I i -, , I i
U

I
I

ad FRACTURE

Figure 4.12 A complex solute concentration history in the test block is
expected to result from introduction of calcium chloride solutions
of different concentrations.
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Table 4.7: First and second temporal moments data
using average relative concentration values
for fracture transport test nos. I and 2.

Sampling
Port/Location

5F-US

5F-UC

Test No. 1
to (hr) St 2 (hr2 )

-_ - - - - - - - - - - -

Test No. 2
to (hr) St

2 (hr2)

16. 59

11.80

47. 53

26.29

54.34

43.08

667 .21

755.18

Average"'
(z - 10 cm) 12. 91 35. 26 48.24 745.88

5F-LS

5F-LC

Average<')
(z - 35 cm)

17.04

16.20

16. 79

49.24

69.09

55 . 19

53. 98

60.22

57.48

745. 71

668. 10

720.04

6-B

6-M

3-M

3-F

15. 69

14.56

15.27

15.86

37 .99

32 .97

35. 80

35.86

50. 50

48. 31

50.01

51.01

778 .22

682 . 67

718.71

768 . 17

Averaged '

(z - 50 cm) 15. 19 35. 80 49.82(2' 775.63(2)

(1) First and second temporal moments are average values for
each longitudinal distance, z.

(2) Average is calculated for sampling locations 6-M, 3-M and
3-F only.
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Table 4.8: First and second temporal moments data
using average relative concentration values

for fracture transport test no. 3 and
the first twenty four hours of test no. 2.

Sampling
Port/Location

5 F - US

5F-UC

Test No. 3
t. (hr) s,2 (hr2 )

-_ - - - - - - - - - - -

Test No. 2 - 24 Hrs
to (hr) s,2 (hr2)

16.67

14.05

34.91

38.71

16. 11

14.34

36.54

29.18

Average<"
(z - 10 cm) 14.68 39.05 14.87 31.72

5F-LS

5F-LC

Average"'
(z - 35 cm)

13.94

10.99

12.47

52.93

56.61

56.93

14.58

17.14

15.67

35.24

36.41

37. 35

6-B

6-M

3-M

3-F

15.19

14.26

14.73

13.53

40.91

40.46

38.47

41.22

14.54

15. 24

15.31

15.04

38. 57

36.81

50. 39

36.30

Average.
(z - 50 cm) 14.41 40.66 15.20(2) 36.08(2)

(1) First and second temporal moments are average values for
each longitudinal distance, z.

(2) Average is calculated for sampling locations 6-M, 3-M and
3-F only.
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The first two tests were slug input tests with apparently similar flowconditions and average pressure heads over the top fracture opening (seeTable 4.6). A 12-hour slug of tracer solution was introduced for thefirst test with a monitoring period of 28 hours, and 48-hour slug forthe second with a monitoring period of 148 hours. Major differencesresulting from the longer slug input is apparent in the breakthroughcurves at 5F-US, 5F-LS and 5F-LC (see Figure 4.14) for test no. 2. Thebreakthrough curve at 5F-US is similar to that of 5F-UC but with a timedelay. Both breakthrough curves at z - 35 cm indicate a dramaticincrease in relative concentration occurred at 5F-LS (maximum C -0.45), and at 5F-LC (maximum C - 0.60). The shorter slug of tracersolution in test no. 1 may be the cause for the correspondingly flatterbreakthrough curves at the three sampling ports. This bolsters theconjecture of an uneven tracer front due to channeling flow.

Results of the second test indicate a more slowly moving tracer front.During the test, tracer solution was observed to be seepage down face 6.The earlier increase in C at sampling location 6-B supports thiscontention. The test was not interrupted as the exact time the seepagestarted to occur was not known. The actual flow rate in the fractureand pressure head over the fracture are expected to be different fromthe apparent values presented in Table 4.6.

Although the exact flow conditions of the second test are not known, theresults of the first 24 hours of the test can be compared with the third(see Table 4.8; Figures 4.15 and 4.16). The breakthrough curves, withfew exceptions, are remarkably similar. The first and second moments atz - 10 cm and z - 50 cm compare well, but not at z - 35 cm. Results ofthe third test at z - 35 cm show a center of mass which has a sloweraverage velocity, but much less spread, than the first 24 hours of thesecond test. The discrepancy at z - 35 cm may be due to differences inflow conditions between the tests not manifested at z - 10 cm or z - 50cm.

It is interesting to note that at 48 hours into the second test, themaximum C' is only 0.4 at the bottom fracture opening, which is slightlygreater than half of the value calculated in the case study. Thissuggests several possibilities. A first guess is the effects of disper-sion and matrix diffusion, which were not included in the model, causethe lower C' measured. The contribution of matrix flow may be greaterthan anticipated. However, port 5F-UC at z - 10 cm shows maximum valuessimilar to the calculated C' of 0.769. Another is a slower than antici-pated travel velocity due to the tortuosity of fracture flow. Estimatesof travel velocity from the fracture tests, as discussed below, showthis not to be the case. Precipitation of calcium chloride is ruled outfrom preliminary X-ray diffraction test results (Vickers, 1988).*Without tests in which the step-up portion is maintained for a longerperiod, the exact reason(s) may not be known.

Immediately at the end of the third test, the experimental setup wasdisassembled, and the test block broken apart at the fracture. Aspatial concentration distribution of the fracture was measured of thesolution remaining on the fracture surface. A discussion of the concen-tration distribution map of the fracture surface (Figure 4.18), in addi-tion to the breakthrough curves and temporal moments data, is helpful in

*Vickers, B. C., 1988, "Rock Fracture Surface Roughness and Water Reten-tion Properties", Unpublished Data.
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understanding the fracture solute transport parameter estimates obtained
in Table 4.9. There appears to be two preferential flow paths, with the
primary one closer to face 6. Coupled with the concentration measure-
ments, darker coloration of the fracture surface, and remnants of mater-
ials washed loose, seem to confirm this observation. The ridge, due to
a curving of the main fracture at approximately four-fifths of the
distance, probably controls the flow path direction to a certain extent.
The liberties taken on the exact flow paths beyond the ridge are based
partially on the first temporal moments calculated for the three tests
(see sampling locations 6-B to 3-F, Tables 4.7 and 4.8).

Table 4.9: Estimates of average travel velocity,
dispersion coefficient and longitudinal dispersivity

using temporal moments analysis for fracture transport tests.

Test Number 1 2 3 2 - 24 Hrs

Analysis Case'|' [A] [B] [A] [B] [A] [C] [A] [B]

Average travel
velocity"2 ',
u, x 105 (m/s)

4.03 4.87 2.12 7.03 52.9 30.9 12.3 33.7

Dispersion
Coefficient"', 7.06
D x 106 (m2/s)

1.01 NC"'4 168 4200 929 233 2696

Dispersivity'",
a. x 102 (m) 17.5 2.07 NC 239 794 301 188 801

(1) Analysis Case

Analysis Case

Analysis Case

[A]: sampling port 5F-UC
sampling location 6-M
50 cm).

(x - 5 cm; z - 10 cm) and
(x - 6 cm or x - 8 cm; z -

[B]: sampling ports/locations corresponding to
longitudinal distances of z - 10 cm and z - 50 cm.

[C]: sampling port 5F-UC (x - 5 cm; z - 10 cm) an
sampling locations corresponding to longitudinal
distance of z - 50 cm.

(2) Average travel velocity is calculated using an apparent distano
40 cm, from z - 10 cm to z - 50 cm.

(3) Dispersion coefficient is calculated using equation 4.25.
(4) NC - not calculated.
(5) Longitudinal dispersivity is calculated using equation 4.9b.

re of
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C' = 0.462
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C*= 0.413
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= 0.350
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Ca =0.237
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Ca = 0. 252
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Figure 4.18 Spatial distribution map of relative concentrations ofsolution remaining on fracture surface immediately after fracturetest no. 3. Two preferential flow paths are likely to exist withthe dominant one closer to face 6. The fracture sampling areas aredenoted with circles.
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Estimates of the average travel velocity (u,) are determined using an
apparent travel distance of 40 cm, from the SF-series ports at z - 10 cm
to the bottom of the fracture at z - 50 cm. From the computer model
results, the analysis is seen as best confined to approximately this
distance. The dispersion coefficient (D) and dispersivity (at) are
determined using equations 4.25 and 4.9b. Based on the breakthrough
curves, temporal moments data and spatial concentration distribution
map, three cases are analyzed for solute transport in the fracture.
Analysis case 'A' assumes a major flow path connecting sampling port 5F-
UC and sampling location 6-M. Analysis case 'B' takes a laterally-
averaged approach (average for particular distance, z) and examines the
temporal moments at z - 10 cm and z - 50 cm. Analysis case 'C', which
examines the temporal moments between sampling port 5F-UC and the
laterally-averaged values at z - 50 cm, is adopted as the only possible
means of interpreting experimental data of the third test.

The average travel velocity ranges from 2.12 x 10-' m/s (7.6 cm/hr) to
52.9 x 10-5 m/s (190 cm/hr), a one-order magnitude difference. The
dispersion coefficient and longitudinal dispersivity vary from 1.01 x
10-6 m2/s to 4.2 x 10-3 m2/s, and 2.07 x 10-2 m to 8.01 m, respectively.
These values correspond to three-order and two-order magnitude differ-
ences. The travel velocity of the third test, which is a step input
test, seems to have increased from the first two tests, which are slug
tests, with a corresponding increase in dispersion as well. However, by
isolating the first 24 hours of the second test, and comparing the
results to the third test, the travel velocities and dispersion coeffi-
cients are much more similar. According to the temporal moments
analysis, parameter estimation is not dependent on the type of test
conducted. But without further testing, it appears the results may be a
function of the type of test conducted.

In the computer model case study of the previous section, for a T. - 5 x
10-9 m2/s, and a fracture half-aperture of 10-4 m (100 Am), the corres-
ponding K, is 5 x 10` m/s (18 cm/hr). If the fracture is assumed to be
fully saturated, then the travel velocity equals K,, which matches well
with results of test nos. 1 and 2. Longitudinal dispersivity is
expected to be of a scale close to the length of the fracture segment,
0.5 m in this case. If these parameters have any validity to them, the
D is then 2.5 x 10-5 m2

/s, which is within the range of values estimated.
These values are the best estimates for the fracture segment.

The results suggest large variations for the same fracture segment among
individual experiments, possibly due to fracture heterogeneities, magni-
fied even at apparently similar flow conditions, and previous solute
concentration histories. The results also suggest the importance of
channeling flow. Moreno et al. (1985) found their parameter estimates
to be similar assuming either hydrodynamic dispersion or channeling
dispersion. However, they also concluded that for longer fracture seg-
ments the channeling dispersion model would show greater dispersion and
earlier arrival of the solute front than the hydrodynamic dispersion
model. If channel flow dominates, estimates of dispersion are then a
function of the length of fracture segment.
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4.6.3 Solute Transport in the Matrix

While the fracture transport tests were conducted, a step input test was
also started in matrix side 1-C. A tracer solution of 1.20 (± 0.10) x
10 -2 _ CaCI2 was introduced beginning approximately one week prior to
fracture test no. 1. Monitoring continued for nearly 51 days. However,
insufficient data were collected at sampling port 4M-L up until fracture
test no. 2. Data collected after fracture test no. 2 should be viewed
in light of prolonged periods of handling of the canopy flaps and place-
ment of the tensiometer in the sampling ports for pressure readings.

Pertinent information including test conditions are presented in Table
4.10. Once again, the breakthrough curves are plotted using average C'
values (see Figure 4.19). The curves for the two sampling ports, 4M-U
and 4M-L, are expected to reflect conditions in the fracture. The
periods corresponding to the three fracture transport tests are also
indicated in the figure.

Table 4.10: Pertinent information and test conditions
of matrix transport test.

Test Performed Step

Period Monitored (hrs) 1222.25

Concentration, Tracer, C. (M)
Background, C, (_)

pH (pH paper)

Flow Rate, Q x 10'° (m3/s)("

Head Imposed at Top of Plate (cm)

Calculated Pressure Head"' at
Top of Matrix (cm)

Measured Pressure Head"3 ' (cm) at
- Port 4M-U (z - 5 cm)
- Port 4M-L (z - 30 cm)

0.0125 (± 0.0010)
0.0013 (± 0.0002)

5.0 to 5.5

1.79 to 3.18

4.30 to 5.95

-2.45 to +1.64

-0.4 to +1.0
+0.6 to +1.9

(1) Flow rate variation during tests was ± 5.0 x 10-2 m3/s.
(2) Values are estimated from flow rates and heads applied at the top

of the porous plate.
(3) Pressure heads were monitored on 8-4-88.
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Figure 4.19 Breakthrough curves plotting the average relative con-
centration, C', versus time elapsed (hr) for matrix transport test
at two distances in the matrix, z - 5 cm and z - 30 cm.
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From temporal moments analysis (see Tables 4.11 and 4.12), the average
travel velocity from z - 0 cm to z - 5 cm is 1.13 x 10-7 m/s (0.97
cm/day), and from z - 5 cm to z - 30 cm is 2.86 x 10-' m/s (2.47
cm/day). The first calculation assumes, at z - 0 cm, an input from
plate no. 4 as measured experimentally. The travel time appears to have
decreased from the first 5 cm to the next 25 cm. These values compare
with a travel velocity of 3.34 x 10-7 m/s (2.88 cm/day) assuming an
average K. - 5.91 x 10-l m/s, n, - 0 177, and unit hydraulic gradient.
The difference between the travel velocities calculated using the solute
versus flow data may be attributed to the effect of the sampling ports.
However, the differences are small and the effects, if any, of the ports
should be assessed separately.

Table 4.11: First and second temporal moments data
using average relative concentration values

for matrix transport test.

Sampling Port t. (hr) s 2 (hr2)

Plate No. 4 Input"' 475.54 139237.8

4M-U 598.83 107109.3

4M-L 841.40 44012.2

(1) Temporal moments analysis is performed using the experimentally
determined breakthrough curve of plate no. 4 as the input function
at z - 0 cm.

Table 4.12: Estimates of average travel velocity using
temporal moments analysis for matrix transport test.

Plate to 4M-U to
Case 4M-U 4M-L

Travel Velocity, u, x 107 (m/s) 1.13 2.86

Dispersion Coefficient, D (m2/s) NC"' NC

Dispersivity, a, () NC NC

(1) NC - not calculated because of insufficient
data and other data problems.
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The travel velocity calculations neglect the effects of matrix diffu-

sion. During fracture transport tests, the concentration gradients are

expected to result in lateral movement of chloride possibly affecting

the concentration observed at the matrix ports. Such multi-dimensional

transport due to fracture-matrix interactions, other than matrix hetero-

geneities, may explain the higher concentrations observed at the ports

compared to a simple step input test. Figure 4.19 indicates the periods

associated with the first two fracture tests, especially immediately

after the step-up portions, show anomalous concentration increases.

Additionally, the similarity in behavior at both ports during fracture

test no. 2 argues for lateral as opposed to longitudinal influence of

chloride movement. The period just prior to the last fracture test also

show remarkably similar behavior at the two ports. These trends are

believed to be more than experimental variabilities. However, the

average travel velocity estimates are believed appropriate. The lateral

movement of chloride should affect results at both ports, with a delay

of several hours between the two ports.

A dispersion coefficient, and therefore, longitudinal dispersivity is

not calculated because of the variance, or second moment, data. Because

of the lack of data points at port 4M-L, and possibly the assumed input

at z - 0 cm, the smallest variance is seen at z - 30 cm, making it

impossible to apply equations 4.25 and 4.9b. The dispersion coefficient

in the matrix is expected to be considerably greater than the effective

diffusion coefficient of 5 x 10-" m
2/s reported by Grisak et al. (1980),

or 2 x 10-" to 17 x 10-" m2/s (for sodium halide salts) reported by

Walter (1985). It is probably of the same magnitude as the fracture

dispersion coefficient, if not greater, because of the tortuosity of

flow paths. The quantification of the diffusion effect using the

current experimental setup is complicated by the different fracture

transport tests performed, each having different durations of tracer and

background test solutions flowing through the fracture. Estimates of D

and a, in the matrix, and D. can be made more appropriately without

fracture test interactions.

155



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES

For the fluid flow component of this study, the principal objective was
to develop procedures to determine both the unsaturated transmissivity
of a fracture under controlled laboratory conditions and the unsaturated
hydraulic conductivity of the adjacent matrix. Although the unsaturated
transmissivity of the test fractures in either of the two blocks was not
determined over a range of applied suctions, procedures were developed
allowing such experimentation in future studies. Additional purposes of
this study included the investigation of the infiltration and percola-
tion characteristics of a fractured laboratory test block and the
analysis of the physical properties of the tested blocks. This section
will summarize how this study accomplished the above objectives and will
suggest changes that might improve the ongoing investigation.

During this investigation, instruments and equipment were developed to
facilitate the objectives of the study. Porous ceramic plates, Mariotte
reservoirs, pipet flow meters, an effective evaporation canopy, and a
microtensiometer were among the more important of the instruments used
in the study.

This study found that accurate measurement of the porous ceramic plate
conductances was necessary to minimize the error in calculation of pres-
sure head at the bottom of the porous plate. This was particularly true
when the applied suction of the test block was near atmospheric pres-
sure. Since the hydraulic conductivity of the plates was only an order
of magnitude less than rock matrix at saturation, the importance of the
plate as an impeding layer should diminish at the lower matrix hydraulic
conductivities expected under unsaturated conditions. Given that the
study of fracture flow takes place at relatively wet conditions, porous
plates of lower air entry values than those used in this study could be
employed. After the first set of plates was removed from test block
number 1, they were cleaned with an ultrasonic bath. Plate conductances
determined for one of the plates before and after cleaning were the
same, and plate clogging was not considered throughout the rest of the
study. In work progressing after the completion of this study, it was
found by another student that reduction in plate conductance of up to 10
percent may take place after a plate has been idle for a few months in a
solution bath. It is not known whether biological activity or precipi-
tation of solutes contributed to the cfogging that has recently been
observed. Future work will have to consider the change in plate
conductance with time for plates that are idle and plates that are being
used in flow tests.

Once the Mariotte reservoirs were calibrated, it was found that the flow
measurements obtained using the reservoir volume measurements agreed
well with those determined from the pipet flow tubes. Since measuring
the reservoir volume is significantly less time consuming than taking a
pipet flow reading and more accurate at low flow rates, it is recommend-
ed that the Mariotte reservoirs be used to monitor inflow. Installing
pre-calibrated burets sized according to the expected flow rate would
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significantly improve accuracy. A small yet non-restrictive air entry
tube in the Mariotte burets will minimize the head variation on top of
the porous plate also.

About five percent evaporative loss occurred during steady state-flow
tests performed with test block number 1. Laboratory temperature
remained relatively constant throughout the study, varying from about
18'C to 22°C. The access to the sampling ports was redesigned for test
block 2, and significantly less evaporation should occur. If the
improved vinyl evaporation canopy and access tubes do not lessen evapor-
ation in the future, it is recommended that a humidifying system be
designed and implemented to maintain the test environment at a constant
humidity.

Although reasonable microtensiometer results were obtained during
steady-state flow tests on block number 1, improvements in design could
be made. Given that the pressure transducer failed during use and has
been difficult to replace, it is recommended that a different type of
transducer be employed. Instead of a differential transducer, a vacuum
transducer should be obtained. Additionally, a stiffer connection
between the tensiometer stem and the transducer could be designed to
reduce outside pressure variations on the tensiometer assembly. If
available, porous ceramic cups of lower air entry suction than the 100
kPa cup used in this study would also speed equilibration between
measurements. Equilibration time for the tensiometer used on test block
1 varied from 15 minutes to 90 minutes.

Table 5.1 summarizes the test results for blocks 1 and 2. Mean values
are reported unless otherwise stated. A number of imbibition test
results are worth noting. First, infiltration and percolation tests
performed on both test blocks indicate that the fracture influenced the
shape of the wetting front curve only during early portions of the test.
Later on, the fracture contributed solution to the matrix, slowing the
advance of the wetting front near the fracture, relative to the matrix.
Second, when the suction gradient was strongest in the early stages of
imbibition, the shape of the wetting front was influenced by less

Table 5.1: Summary of Test Blocks 1 and 2.

Parameter Test Block 1 Test Block 2

Dry Bulk Density (g/cm3) 2.12 2.13
Effective Porosity 0.177 0.156
Saturated Matrix K (m/s) 5.91 x 10' -
Saturated Matrix k (M

2
) 5.51 x 10-'5

Matrix K, Applied 0-15 cm (m/s) - 5.50 x 10'
Steady State Matrix Suction (cm) 0.26 -
Saturated T, (m2/s) 7.16 x 10' -

Steady State Fracture Suction (cm) 1.9 to 3.0 -
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permeable inclusions in the tuff and had a jagged appearance. Third,
both the gamma beam attenuation tests performed on test block number 1
and wetting front analysis of test block 2 suggest that the test blocks
did not have a uniform water content behind the wetting front.

Fourth, Philip's equation fit the infiltration data from test block 2
well. The strong linear trend of the late-time data suggests that flow
through the transmission zone was driven by the gravity gradient only
and was primarily through the matrix, with little fracture flow occur-
ring. Dominant matrix flow was also seen in both the shape of the test
block 2 wetting front and the comparison of specific discharges from the
plates covering the fracture and the matrix. The Philip's infiltration
analysis of the total inflow yielded a matrix hydraulic conductivity of
5.50 x 10-9 m/s, an order of magnitude less than in the saturated flow
tests performed on test block l. If the saturated hydraulic conductiv-
ity of the matrix of block 2 equals that of block 1, a significant
decrease in the matrix conductivity occurs with relatively little
applied suction.

From the plots of inflow rate versus time, it was determined that
steady-state flow in test block number 1 was achieved about 35 days
after solution was first introduced to the test block. Despite steady-
state conditions, inflow rates continued to vary around a mean value due
to Mariotte reservoir adjustments and solution leakage from beneath one
of the matrix plates and from the side of the fracture. The inflow rate
of the fracture plate decreased slightly with time, suggesting that
either the fracture may have drained slightly over the course of the
test or less leakage from the side of the fracture occurred during later
stages of the steady-state test. Table 5.1 shows the test block param-
eters determined during the steady-state portion of testing on block 1.
The fracture transmissivity shown was calculated by assuming that all of
the solution flowing into the test block through the fracture plate went
into the top of the fracture. Although modeling of steady-state flow
through test block number 1 found about 20 percent of the flow through
the matrix plates entered the fracture before reaching the bottom of the
test block, it was assumed in the model that no filter paper aided
plate-rock contact. In fact, filter paper was used in the laboratory
experiment. Filter paper improved contact between the porous plates and
the matrix or fracture, and most of the fluid exiting the center porous
plate was likely shunted directly to the top of the fracture. Although
the hydraulic conductivity of the filter paper was not measured, based
upon its retention rating, it was more conductive than the test block or
the porous plates. As such, it would provide a preferential flow
conduit for solution to move from the center plate to the fracture.
This suggests that the assumption used to calculate fracture transmis-
sivity shown in Table 5.1 is a good one. Future work on this project
will have to consider further how using filter paper as a contact mater-
ial influences flow into the test fracture.

Results of the block 1 tests indicate a number of limitations to this
method of study. First, due to leakage from beneath both the porous
plates and out of the fracture, the method does not lend itself to satu-
rated fracture study. If the fracture traces along the sides of the
block could be sealed, and if a gasket could be placed around the edges
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of the porous plate, saturated flow could more accurately be investigat-
ed. Second, monitoring of the displacement transducers suggests that
over 30 foot-pounds of torque need to be applied to the fracture to
minimize aperture change during the course of flow testing. It is not
known what maximum torque can be applied to the current innermost frame.
Third, if comparisons of the matrix hydraulic conductivity or bulk
hydraulic conductivity of each test block with the hydraulic conductiv-
ity of Apache Leap tuff determined elsewhere are to be made, a new
method of applying compressive stress to the entire rock matrix needs to
be developed. The saturated matrix hydraulic conductivity calculated
from the block analysis was an order of magnitude greater than those
determined on cores. Apparently, the compressive stress applied during
testing of the cores reduced the pore space available to flow and
reduced the resulting hydraulic conductivity. This suggests that a
compressive stress will need to be applied to the test blocks that is
equivalent to that present in the medium to which the results will be
compared. However, more can be said about the comparability of results
once more data has been gathered over a range of applied suction heads
using the current setup.

Results of the rock characterization tests indicate that the partially
welded test blocks used in this study are of similar porosity, dry bulk
density, and pore size distribution to the cores obtained from the
plateau location at the Apache Leap tuff site. However, additional
moisture release curves will be needed to precisely characterize the
rock matrix in the range of suctions to be used during flow tests.
Although significant variability occurs throughout the entire tuff
sequence, the partially welded test blocks were removed from locations
near to the borehole locations, and thus have similar physical proper-
ties. It is expected that the densely welded test block will differ
considerably in physical properties from the partially welded tuff.

In conclusion, by using porous ceramic plates to apply a relatively
constant suction along the upper surface of a fractured block of tuff,
it is possible to determine important unsaturated flow properties. By
varying the applied suction along the top and bottom of the test block
and the applied stress perpendicular to the test fracture, it should be
possible to analyze flow through a combined matrix-fracture system over
a variety of conditions.

A number of other studies have been completed or are in progress which
investigate the nature of flow and transport through unsaturated
fractured tuff. The transport of chloride ion in test block number 1
using ion-selective electrodes is explored in Chapter 4. By using
filter paper to obtain solution samples from both the matrix and
fracture sampling ports, the movement of pulse inputs of chloride
transport through the block is monitored.

Since the end of this study, other students have continued the work with
test block number 2. Once the wetting front has reached the bottom of
the test block, porous plates will be placed against the bottom face of
the block, allowing removal of solution from the block. A controlled
pressure head will be maintained along the bottom of the test block in a
manner similar to that used at the top face of the block. Attempts will
be made to maintain the same pressure head at the top and bottom of the
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block. After steady-state flow has been reached, fracture transmissiv-
ity and matrix hydraulic conductivity will be determined. Additionally,
the transport of chloride or other tracer will be investigated. The
controlled pressure head at the top and bottom of the test block will
then be changed. When steady-state flow has again been achieved, the
test block parameters will again be determined. This process will be
repeated throughout a controlled suction range less than the critical
suction where fracture flow is less than matrix flow. Once test block
parameters have been defined for one applied stress level, the compres-
sive stress across the fracture will be increased and the analysis
repeated.

Similar studies will also be performed by graduate students on three
other test blocks retrieved from the Apache Leap tuff site. One is a
densely welded tuff block, and two are partially welded tuff blocks with
different vertical lengths than the test blocks used in this study.
Various plate configurations may be used during the imbibition tests
performed on these blocks, and the test fracture may be oriented differ-
ently than it was during this study. Porous plates will only be placed
over the test fracture of the densely welded block, since preliminary
laboratory tests indicate that the matrix of the densely welded tuff is
one to two orders of magnitude less conductive than the matrix of the
partially welded tuff.

Two other related studies are investigating fractured tuff. The first
consists of a fracture profile study on the test fracture from block
number 1. A computer-controlled profiling device is being used to char-
acterize the roughness and tortuosity of the fracture. The second is an
extension of this study. It involves the use of a cellulose membrane
that will serve as an impeding layer in a field flow test. Development
of a membrane and frame to hold it in the borehole will allow a positive
pressure head inside the angled boreholes at the Apache Leap tuff site
to result in a negative pressure head around the boreholes. This will
allow the analysis of unsaturated flow characteristics in situ.

Transport studies through single fracture segments have been confined to
single phase flow. Techniques are being developed to obtain hydraulic
and solute transport parameters in natural fractures at variably
saturated conditions. This portion of the research focused on develop-
ing techniques to study transport behavior, testing them under near-
saturated conditions, and also evaluating them for further studies at
unsaturated conditions.

Preliminary transport tests were conducted on a partially welded tuff
test block with a natural fracture at near-saturated conditions. Four
additional test blocks with more representative fractures are being
prepared and instrumented for further studies. The first test block was
selected for convenience to test the techniques and procedures develop-
ed, but its fracture may be more variable than the other test blocks.

Coated-wire ion-selective electrodes were used to monitor the break-
through of chloride in the fracture and rock matrix. Measurements were
made on filter paper used to collect small amounts of tracer solution
prepared from calcium chloride. Special considerations were necessary
for the proper use of the electrodes in an unconventional sampling
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environment such as filter paper. Calibration curves were prepared
comparing potential difference measurements in a more conventional
"aqueous" environment versus a "filter paper" environment. Independent
tests using a porous cup/water column apparatus showed the filter
paper/ion-selective electrode technique is capable of measuring concen-
tration changes under unsaturated conditions, i.e., up to a suction of
100 cm of water.

Sample collection at various points along the fracture and matrix was
made possible with six sampling ports. Four of the sampling ports
extend to the fracture plane, and two end in the matrix. The ports were
necessary to obtain data, but are expected to affect flow and transport.

Ceramic porous plates were used to control the upper boundary pressure
heads, and to introduce test solutions. The hydraulic and transport
properties of the plates were determined experimentally. Plate conduc-
tance, a direct measurement of the plate's ability to conduct water, and
Mariotte reservoirs were used to control suction at the top of the rock.
Chloride breakthrough in the plate provided information on the input
function of chloride at the top of the rock.

Solute transport parameters were estimated from results of three
fracture transport tests and one matrix transport test using temporal
moments analysis. Large variations in the results were observed for the
same fracture segment among individual experiments. The average travel
velocity in the fracture ranges from 2.12 x 10- m/s (7.6 cm/hr) to 52.9
x 10-' m/s (190 cm/hr), the dispersion coefficient from 1.01 x 10-6 m2/s
to 4.2 x 10-' m2/s, and longitudinal dispersivity from 2.07 x 10-2 m to
8.01 m. Interpretation of the data in the fracture was aided with a
computer model case study of the test block. The model showed fracture-
matrix flow interaction occurs near the top fracture opening. The
implications of the model results include a steady-state relative
concentration of less than 1.0 in the fracture, and a constant concen-
tration for the bottom 30 to 40 cm of fracture if matrix diffusion is
neglected. A spatial concentration distribution map of the fracture was
also obtained at the end of the third fracture transport test strongly
suggesting the existence of preferential flow paths.

Parameter estimation in the matrix was hampered by insufficient data,
and the complex two-dimensional solute concentration history in the test
block. Monitoring of chloride breakthrough in the matrix sampling ports
clearly indicated the influence of the fracture through matrix diffu-
sion. The average travel velocity in the matrix ranges from 1.13 x 10-'
m/s (0.97 cm/day) to 2.86 x 10-' m/s (2.47 cm/day). The dispersion
coefficient and longitudinal dispersivity in the matrix were not calcu-
lated.

Based upon the evaluation of the filter paper/ion-selective electrode
technique, and the transport tests, the major conclusions of this study
are:

o The filter paper/ion-selective electrode technique is a viable
method to study solute transport behavior under near-saturated
conditions in fractured rock systems. Although the combined exper-
imental error for the study can be as much as ± 20 percent, use of a
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superior pH/mV meter with greater resolution and accuracy can reduce
the error to acceptable values.

o The technique appears to be promising for studying unsaturated
fractured rock systems. Independent tests show acceptable experi-
mental errors up to suctions of 100 cm of water, a level probably
greater than the critical suction when flow in fractures of interest
will have drained.

o Large variations in solute transport parameter estimates are
observed for the same fracture segment. The variations probably
result from fracture and matrix heterogeneities, differences in flow
and pressure conditions, and solute concentration history. Use of
temporal moments analysis to estimate the parameters appears
appropriate, but may require further confirmation.

o Channeling flow in the fracture is observed even for the relatively
small fracture segment. The implications for a longer fracture
segment may be greater dispersion and earlier arrival of the solute
front.

o Under large concentration gradients, the effects of matrix diffusion
are clearly seen through monitoring of matrix sampling ports during
fracture transport tests. Matrix diffusion is expected to retard
breakthrough, and also to spread out the breakthrough curve. The
experimental data in the fracture appears to support this con-
tention.

o With the experimental arrangement employing only the top porous
plates, fracture-matrix flow interaction occurs. However, it is
confined to the region near the top fracture opening. Use of bottom
plates are expected to minimize the interaction.

o Water does enter the sampling ports at near-saturated flow condi-
tions. However, the ports are expected to interfere with flow, and
to influence the average travel velocity calculations. For 2.0-cm
diameter ports, water is expected to be excluded even at slightly
unsaturated flow conditions, requiring longer sampling periods than
at saturated flow conditions during sample collection in the matrix.
The problem of mixing with matrix waters during collection of
fracture samples is reduced under the same conditions.

Four additional test blocks, three of which are slightly welded tuff and
one densely welded tuff, are being prepared for further testing. Imbi-
bition tests and preliminary monitoring of chloride concentration are
currently under way on a second slightly welded tuff test block. Based
upon experiences with the filter paper/ion-selective electrode technique
and ceramic porous plates, and transport test results, the following
recommendations are made:

o With the acquisition of a superior pH/mV meter with greater resolu-
tion and accuracy, a top priority is the quantitative assessment of
individual sources of error of the pH/mV meter, ion-selective elec-
trode, reference electrode, and electrode drift. New and more
accurate calibration curves can also be constructed.
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o If experimentation is to continue with chloride tracers, a double-
junction reference electrode with a different bridge solution, i.e.,
other than KNO 3, will be a necessary addition. A bridge solution
that is not a major interferent of chloride will improve the
reliability of the technique, and allows for a longer period to
measure potential differences. Otherwise, a single-junction (no
bridge solution) reference electrode is recommended.

o The reliability of the filter paper/ion-selective electrode tech-
nique requires confirmation at higher suctions. It tested well with
a porous plate/water column apparatus, but needs to be evaluated in
actual transport tests.

o Chloride breakthrough in the porous plates requires further testing
at different flow conditions, and background and tracer concentra-
tions. More tests are necessary to obtain representative break-
through behavior of the plates. Use of filter paper placed on the
plate during measurements is highly recommended to prevent electrode
wear.

o To ensure the porous plates are hydraulically separated, an imper-
meable barrier to be placed between the plates, or a depression to
be cut into the rock along the entire length of the plates to
physically separate them, is recommended. This will allow for
equalization of pressure head under each plate.

o The study of transport behavior in the fracture and the matrix is
best accomplished with separate test blocks, or possibly different
tracers with the same test block. Several options are available.
For different test blocks:

- Conduct fracture tests, and monitor effects in the matrix at
different locations to account for spatial variability.

- Conduct tests in the matrix on one side of the fracture, and
monitor the effects in the fracture, as well as the other side
of the matrix.

- Conduct fracture tests for a densely welded tuff block with
negligible matrix permeability to isolate fracture transport
behavior.

For the same test block:
- Conduct fracture and matrix tests simultaneously with dif-

ferent tracer solutions, or by monitoring different tracer
ions. Careful selection of tracers is needed to take into
account compatibility of the different ionic specie, and also
compatibility of the tracers with the host rock environment.

o In addition to slug input tests, step input fracture transport tests
of longer duration are of interest to assess the long-term con-
centrations in the fracture for a finite sized test block.

o Evaluation of the temporal moments analysis method is recommended by
fitting the parameters to either the classical advection- dispersion
model, or statistical models, if enough data is available. Also
compare results of slug versus step input tests. The variation in
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parameter estimates is believed to be independent of the tests
conducted, but confirmation is still needed.

o To account for spatial variability in the fracture and rock matrix,
drill sampling ports extending to the fracture and ending in the
matrix from both sides of the fracture plane. Additional sampling
ports should be drilled to obtain more data points for any transect
at a given longitudinal distance.

o For studying matrix transport properties, place the sampling ports
in a staggered fashion to minimize the "dry shadow" effect directly
below the ports. This is especially important under more unsatur-
ated conditions.
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APPENDIX A

PREPARATION, CALIBRATION AND EXPERIMENTAL PROCEDURES
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PROCEDURE 1

PREPARATION OF TEST BLOCK FOR EXPERIMENTATION

Equipment

1. Drill press.
2. Rotating drill assembly, with hose connection to water source.
3. Longyear diamond-edged coring bit, 1.91 cm (3/4-in.) outside

diameter (o.d.).
4. Level(s).
5. Wood blocks, planks, shims or similar support and wedging imple

ments.
6. Large clamps, 30 cm.
7. Flashlight.
8. Tygon tubing, 3.2-mm (1/8-inch) inside diameter (i.d.), 6.4-mm

(1/4-inch) o.d.
9. Suction pump, hand-held.

10. Syringe.
11. Metal wire.
12. Squirt bottle.
13. Chisel.
14. Hammer.
15. Test tube brush.
16. Rock Frame A (frame lying against rock surface), made of 1.59-cm

(5/8-inch) thick steel, with vertical rib.
17. Rock Frame B (frame holding rock above table), made of 3.2-mm

(1/8-inch) thick angle iron containing pre-drilled holes or
equivalent, with footing welded on each post.

18. Aluminum U-tubing, 3.2-mm (1/8-inch) thick, appropriately sized to
fit around rock frame A and instrumentation.

19. Galvanized steel, 2.54-cm (1-inch) wide, long enough to connect
rock frame B corner posts, with bolts to connect on aluminum U-
tubing.

20. Evaporation canopy frame, 6.4-mm (1/4-inch) diameter galvanized
steel, canopy dimensions large enough to contain test block and
instrumentation. Clear vinyl 0.36 mm (0.014-inches) thick to
cover frame.

21. Clear PVC tubing, 1.59-cm (5/8-inch) i.d., 1.91-cm (3/4-inch)
o.d., enough to reach each sampling port from the evaporation
canopy frame. Stoppers to fit tubing, caulking, light-weight
washers to fit over PVC tubing.

22. Approximately 2.75 meters (9 feet) of 6.4-mm (1/4-inch) i.d. tygon
tubing, series R-3603 per porous plate.

23. One 6.4-mm (1/4-inch) o.d. glass "T" per porous plate.
24. One 6.4-mm (1/4-inch) o.d. Nalgene "T" per porous plate.
25. One 6.4-mm (1/4-inch) o.d. Nalgene "Y" per porous plate.
26. Two 6.4-mm (1/4-inch) o.d. Nalgene quick connects per porous

plate.
27. One 1-liter Nalgene, wide-mouth bottle with screw lid or buret

with stopper and needle entry per porous plate.
28. One 3.2-mm (1/8-inch) o.d. hard plastic tube per porous plate.
29. One l-ml graduated pipet (100 graduations) per porous plate.
30. One ringstand per porous plate.
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31. One ring and one ringstand clamp per ringstand.
32. One meter stick with mm graduations per two porous plates.
33. Three to four plastic hose clamps per porous plate.
34. One rubber 9 mm septum.
35. Epoxy.
36. Whatman 42 filter paper, 2.5 Am retention rating.
37. Custom-built porous ceramic plates, appropriate size and number to

perform the desired experiment.
38. Thin all-threaded rod and couplings for holding porous plate to

test block.

Solutions

1. CaCl2 0.001 M, deaerated, with 0.1 g/L thymol.

Procedure

1. Attach rock frame A to the rock using the all-threaded rods and
nuts. The preferred method is to attach the frame while the rock
is lying with the fracture parallel to the table. To ensure that
the frame load is evenly distributed across the rock face, use
brass shim or other non-corroding material to build up low spots
on the rock surface. This procedure may require standing the rock
up.

2. Using a torque wrench, tighten bolts to a torque not exceeding the
initial testing torque. Be sure that the torque is enough to
prevent the rock from separating or moving along the fracture.

3. Drill the ports which extend to the fracture surface:
a. Attach the coring bit to the rotating drill assembly and then

attach both to the drill press. Connect the hose to the water
source.

b. Position the rock so the coring bit is directly over the
intended port. Level the rock such that the port is perpen-
dicular to the face parallel with the fracture plane. (Note:
This is important because the port should not be sloping.
Such sloping may result in preferential flow to one end of the
circular cylindrical port should the test solution flow into
the cavity during flow and transport tests.) Use wood blocks,
planks, shims or other similar implements to accomplish this.

c. Measure the exposed fracture plane to approximate the required
depth of drilling. Plan to drill to a "safe" depth, up to 1.0
cm to 1.5 cm less than the required depth at faster speeds,
e.g., 5 to 7 on the speed dial. Mark the length corresponding
to the "safe" depth and required depth on the coring bit with
a waterproof marker.

d. Clamp the rock down to avoid movement during drilling.
e. Drill, with the water on, to the "safe" depth while constantly

watching for any unusual change in the amount of water
flushing cuttings out of the port. A sudden decrease of the
water flow usually means the fracture plane has been reached
and drilling should cease immediately. Raise the coring bit
and watch for any drop in water level in the port for several
minutes, e.g., 5 minutes.

f. Beyond the "safe" depth, drill slowly and at no more than two-
tenths of a centimeter at a time at first, and then one-tenth
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of a centimeter as the required depth is approached. Raise
the coring bit and repeat the water-level check in the port
each time.

g. Check that the required depth is reached by draining the port
of the drilling water which may be laden with cuttings with
the tygon tubing and the syringe. Fill the port back up with
water and watch for changes in the water level. Also check
the port visually with a flashlight, as well as by feel, with
a metal wire down the walls of the port for the fracture
plane. Examine the rock core drilled for evidence that the
fracture plane is reached.

h. After drilling, move the rock to a well-lit area to clean the
port. Use a chisel to chip out any rock pieces still attached
to the end of the port which may obstruct flow and impede
sampling. Flush the port repeatedly with the test solution in
a squirt bottle and bail with the test tube brush cleaner to
remove cuttings. Turn the rock as necessary to ensure the
rock bits and cuttings are flushed out completely. Watch for
wetting of the fracture trace. If several ports are drilled,
observe the influence of the ports on each other by filling
the ports in appropriate patterns.

4. Drill the ports which end in the rock matrix:
a. Repeat Section 3, Steps a and b above. Mark the length

corresponding to the required depth of the port on the coring
bit with a waterproof marker.

b. Repeat Section 3, Step d above and drill at faster speeds,
slowing down when the required depth is approached.

c. Move the rock to a well-lit area to clean the port by chisel-
ing and flushing with the test solution.

5. Drill holes in which the LVDT posts will be glued as in section 4.
6. Clean test block using test solution and a soft bristle brush,

removing any silt or clay accumulated in the shaping and port
drilling.

7. Install the LVDT posts:
a. Use Depend Adhesive only, allowing the posts to be removed at

a later date.
b. Apply the activator to the aluminum post set to be placed in

the rock. One male and one female post constitute a set.
Squeeze in enough adhesive to fill the volume of hole not to
be occupied by the post.

c. Quickly position both posts in the holes, and place both the
LVDT core and coil into their respective posts, checking the
fit of the entire setup.

d. Allow to dry at least 48 hours. The curing time of the glue
varies with how much is used and how the posts are installed.
Be sure the glue is dry before obtaining an initial LVDT
reading.

8. Install the test block and frame A in frame B. This is best
accomplished by standing the block in its testing position on top
of blocks of wood. Stand it such that it is at its testing
elevation. Stand up the corner posts of frame B. Cut the alumi-
num U-tube into short lengths (about 5 cm long), and drill holes
in them to accept the bolts. Assemble the galvanized cross pieces
and U-tube pieces, and slide them under the bolts holding together
frame A. Bolt the crossmembers onto the cornerposts. Ensure that
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there is no slack beneath the frame A bolts. The wood blocks may
then be pulled out from underneath the rock.

9. Position the entire setup in its testing location.
10. Attach the vinyl to the evaporation canopy frame. Use Weld On

1909 vinyl adhesive to seal the seams. Leave off the top until
the plates have been put on and are operating properly.

11. Cut the sampling port PVC tubing to fit each port, and epoxy a rim
on the front end of the tube to hold against the port. Position
the PVC tubing in the sampling port and through the canopy. Caulk
the tubing-canopy interface, using the washers to provide per-
manent support. Always keep a stopper in the end of the sampling
port access tube.

12. Connect the LVDTs, and tape the bottom of the vinyl canopy to the
table, sealing off the airspace inside of the evaporation canopy.

13. Start taking LVDT readings.
14. Make sufficient test solution to start experiment.
15. Set up the Mariotte (constant head) reservoirs:

a. Drill holes on the bottom and top of the reservoir if a
nalgene bottle is used and epoxy quick connect fittings,
nipple side out. Mark graduations on side of reservoir.

b. Drill hole for air entry tube, insert tube through hole, and
epoxy, if necessary, in place.

c. Position Mariotte reservoir on ringstand or on pegboard.
d. Attach 6.4-mm (1/4-inch) i.d. tygon tubing, at least one meter

in length, from the bottom nipple of the reservoir, fill
reservoir, and clamp off.

16. Set up the flow tube:
a. Break off small end of pipet using a file.
b. Trim one arm and one leg of the nalgene "Y" so that tygon

tubing will just fit over it. Connect leg of "Y" to the uncut
end of the pipet. Attach a nipple over the cut arm of the
"Y", using a small piece of tygon tubing if necessary. Be
sure that a syringe with a bent needle can be inserted through
the needle into the pipet. Attach the free end of tygon from
the reservoir to the free arm of the "Y".

c. Attach a short piece of tygon tubing from the free end of the
pipet to the leg of the "T". Attach a 20-cm length of tygon
tubing to the upper arm of the "T", clamping off the free end,
and connect a long (at least one meter) piece of 6.4-mm (1/-
inch) i.d. tygon tubing to the remaining arm.

d. Wire the flow tube assembly to a white backing on the peg-
board, with both the nipple and the bubble trap facing up.

17. Set up the porous plate:
a. Cut a piece of Whatman 42 filter paper to fit the ceramic side

of the plate.
b. Soak the filter paper in test solution, and then position the

filter paper on the bottom of the plate.
c. Place the plate on rock in desired location.
d. Elevating reservoir, fill tubing with test solution. Clamp

off tubing, and then connect the free end up to the plate.
Use a short piece of tubing and a clamp to clamp off the other
end of the plate.

e. Take off clamps blocking flow through tubing and allow test
solution to displace the air in the plate backing. Carefully
observe the base of each nipple for air bubbles that might be
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caught. A flashlight is helpful for this. This procedure
could also be carried out before the plate is positioned on
the test block.

f. Once all of the air is out of the plate backing, reclamp the
exit tube from the plate.

g. Using thin all-threaded rod and corresponding threaded
couplings, tighten the plate to the rock. Use galvanized
steel bolted to the top of frame B as a reaction for the
tightening rod.

h. Temporarily tape vinyl over the top of the evaporation canopy.
Leave no air passages around the edges.

i. Make sure there is good contact between the porous plate
(including the filter paper) and the top of the rock. Extra
strips of filter paper should be used to fill in low spots on
the rock surface.

J. Keep track of all volumes of test solution flowing through the
plate. This is especially difficult at the beginning of an
experiment due to adjustments that need to be made to flush
out bubbles.

k. Begin experiment measurements.
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PROCEDURE 2

PREPARATION OF CALCIUM CHLORIDE TEST SOLUTION

Equipment

1. Weighing scale, with accuracy to milligrams (minimum 0.1 gram).
2. Weighing paper.
3. Spatula.
4. Volumetric flask, 2000 mL.
5. Beaker, 2000 mL.
6. Graduated cylinder, 100 mL.
7. Watch glass, 7 in.
8. Stirring plate.
9. Stir bar.

10. Hot plate.
11. Plastic wrap.
12. Rubber bands.

Chemicals

1. Calcium chloride, CaCl2 2H20.
2. Thymol chips.

Procedure

1. If the 0.1 M calcium chloride (CaCl22H20, FW-147.02) solution is
used as stock solution, make up 2000 mL by weighing out 29.404 g
of the chemical and transfer to a 2000-mL volumetric flask. Fill
the flask up to the mark with distilled water. Stir to dissolve
crystals completely. Transfer and store in an appropriately
labeled container. Proceed to Step 5 below.

2. If the 0.1 M calcium chloride solution is used as test solution,
make up 2000 mL by weighing out 29.110 g of the chemical and
transfer to a 2000-mL volumetric flask. Fill the flask up to the
mark with distilled water. Stir to dissolve crystals completely.

3. Transfer the solution to a 2000-mL beaker and add 0.2 g of thymol
to the solution. Cover the beaker with a watch glass and heat the
solution to a boil. Continue to boil the solution for an addi-
tional two minutes to allow for sufficient deaeration. Watch that
the solution does not boil over by lifting the watch glass oc-
casionally. (Note: During boiling, approximately two percent of
the water will be lost due to evaporation.)

4. Remove the beaker from the hot plate and replace the watch glass
with plastic wrap. Secure the plastic wrap cover with a rubber
band. Allow the solution to cool sufficiently, e.g. overnight,
before transferring to an appropriately labeled container.

Note:0.0l M and 0.001 M calcium chloride test solutions are made up
using the "serial dilution" method to minimize error.

5. Make up 2000 mL of 0.01 M calcium chloride solution by measuring
out 198.0 mL of 0.1 M solution and transfer to a 2000-mL volumet-
ric flask. Fill with distilled water and transfer the solution to
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a 2000-mL beaker. Add 0.2 g of thymol to the solution and followthe procedures detailed in Steps 3 and 4 above.
6. Make up 2000 mL of 0.001 M calcium chloride solution by measuring

out 198.0 mL of 0.01 M solution and transfer to a 2000-mL volumet-ric flask. Fill with distilled water and transfer the solution toa 2000-mL beaker. Add 0.2 g of thymol to the solution and follow
the procedures detailed in Steps 3 and 4 above.
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PROCEDURE 3

POROUS PLATE CONDUCTANCE MEASUREMENT

Equipment
1. Approximately 2.7 meters (9 feet) of 6.4-mm (1/4-inch) inside

diameter (i.d.) tygon tubing, series R-3603.
2. One 6.4-mm (1/4-inch) outside diameter (o.d.) glass "T".
3. One 6.4-mm (1/4-inch) o.d. nalgene "T".
4. One 6.4-mm (1/4-inch) o.d. nalgene "Y".
5. Two 6.4-mm (1/4-inch) o.d. nalgene quick connects.
6. One 1-liter nalgene, wide-mouth bottle with screw lid.
7. One 3.2-mm (1/8-inch) o.d. hard plastic tube.
8. One l-ml graduated pipet (100 graduations).
9. One ringstand.

10. One ring and one ringstand clamp.
11. One meter stick with mm graduations.
12. Three to four plastic hose clamps.
13. Small level.
14. One 3-ml disposable syringe.
15. One calibrated stopwatch.
16. Laboratory recording book and pen.
18. One rubber, 9 mm septum.
19. Epoxy.

Solution

1. CaCl2, 0. 0011, with 0.1 g/L thymol.

Procedure

1. Set up the porous plate, tubing, pipet flow tube, manometer, and
Mariotte bottle as described in the procedure for setting up the
rock and supporting equipment. Instead of placing the porous
plate on a rock block, place it in the plastic tub, ceramic side
down. Support the plate from the bottom of the tub with washers
or stoppers, and use rock cores to hold the plate down. Make sure
that the plate is level. Install a second manometer to the tub,
allowing measurement of the pressure head on the bottom of the
plate. Add enough solution to the tub to cover the plate.

2. Fill the system with solution, and work out any air bubbles. A
flashlight may be helpful in determining if any air is caught in
the plate nipples.

3. Set the Mariotte bottle such that the manometer recording the
pressure head on the top of the plate is 5 cm above the manometer
recording the pressure head on the bottom of the plate, that is,
dh, is 5 cm. Allow the flow system to equilibrate. This may be
hastened by using the syringe to extract solution through the
septum until a bubble is forced from the air entry tube in the
Mariotte bottle.

4. Set up an appropriate recording table in the lab book.
5. Record the manometer level(s) prior to injection of the test

bubble.
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6. Inject a bubble through the septum into the nalgene GY". Inject
enough air to create a bubble about 1 to 2 ml in the pipet.

7. When the test bubble has passed beyond the injection arm of the
nalgene "Y", extract enough air and solution to force an air
bubble through the air inlet tube of the Mariotte bottle. This
ensures that the pressure in the system is not overly elevated due
to the injection of the test bubble. Be sure the test bubble has
not been sucked into the injection arm of the nalgene "Y".

8. Start the stopwatch when either the front or the back of the test
bubble has crossed the first graduation. Make sure that the
entire test bubble is in the pipet when a measurement is being
made.

9. Record the times at which the test bubble crosses the 0.2, 0.4,
0.6, 0.8, and 1.0 ml graduations and the manometer heads at these
times. This allows analysis of the bubble movement if desired and
the ability to calculate a time-weighted average dh,.

10. Repeat the above procedure at least once at the same dh, after the
test bubble has passed into the trap. Variation will occur from
reading to reading.

11. After two to three runs have been performed at the lowest dhP,
raise the Mariotte bottle about 5 cm to 10 cm and repeat the test.
This process should be repeated through a dhD of about 50 cm.

Calculations

1. Average flow rate over 1 mL = 1.0 mL divided by the 1.0 mL time in
minutes. Flow rate is then in cm3/min.

2. Average head at the bottom of the plate is calculated by:
HbP - dH - (Q/C),

where
HbP = average head at the bottom of the plate in cm,
dH total head drop across the plate in cm, which can also

be expressed as dh, + 0.7 cm, also in cm,
Q - flow rate in cm'/min, and
C - plate conductance in cm2/min.
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PROCEDURE 4

FLOW MEASUREMENT AND READ CONTROL

Equipment

1. Small level.
2. One 3-ml disposable syringe.
3. Calibrated stopwatch.
4. Laboratory recording book and pen.

Solution

1. CaCl2, either 0.001M or 0._, saturated with thymol.

Procedure

Note: See Procedure 1 for setup of test block and instrumentation.

1. Flow measurement using a pipet flow tube:
a. Set up an appropriate recording table in the lab book.
b. Record the manometer level(s) prior to injection of the test

bubble. Measure the manometer from the bottom of the plate;
it will then read total head at the top of the plate.

c. Inject a bubble through the septum into the nalgene "Y".
Inject enough air to create a bubble about 1 to 2 ml in the
pipet.

d. When the test bubble has passed beyond the injection arm of
the nalgene "'Y", extract enough air and solution to force an
air bubble through the air inlet tube of the Mariotte bottle.
This ensures that the pressure in the system is not overly
elevated due to the injection of the test bubble. Be sure the
test bubble has not been sucked into the injection arm of the
nalgene "Y".

e. Start the stopwatch when either the front or the back of the
test bubble has crossed the first graduation. Choose the
front or the back of the test bubble to measure such that the
test bubble will always be in the pipet when a measurement is
being made. Record the time and date when the test was
started, that is when the bubble passes the first graduation.

f. Record the times at which the test bubble crosses the 0.2,
0.4, 0.6, 0.8, and 1.0 ml graduations. This allows analysis
of the bubble movement if desired.

g. Also record the variations in manometer levels during the test
and a rough time-weighted average level.

h. If one desires to obtain another flow reading, repeat the
above procedure once the test bubble has passed into the trap.
Variation will occur from reading to reading.

2. Flow measurement using Mariotte reservoir:
a. Set up an appropriate recording table in the lab book.
b. Record the manometer level(s).
c. Measure the test solution level in the Mariotte reservoir.
d. Record time and date when the above measurements were taken.
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3. Head control:
a. Adjust the Mariotte reservoir up or down according to the

desired head to be maintained at the top of the test block.
b. When additional test solution is added to the reservoir, first

record the test solution level, clamp off the exit tube from
the reservoir, fill the bottle or buret, unclamp the exit
tube, and reestablish equilibrium by extracting solution
through the septum until an air bubble enters the reservoir
through the air entry tube. Make sure to record the amount of
solution extracted and take it into account when using the
second method of flow rate measurement.

Calculations

1. Flow measurement when pipet flow tube is used:
a. Average flow rate over 1 mL - 1.0 mL divided by the 1.0 mL

time in minutes. Flow rate is then in cm'/min.
b. Average pressure head at the bottom of the plate is calculated

by:

h" - 0 - (Q/C),
where

hp- average head at the bottom of the plate in cm;
- average total head at the top of the plate in cm, if

measured from the bottom of the plate;
Q - flow rate in cm'/min;
C - plate conductance in cm2/min.

2. Flow measurement when Mariotte reservoir is used:
a. Average flow rate in the time period since the previous

Mariotte reservoir level was taken is just the drop in
reservoir level in cm3 divided by the time between readings in
minutes.

b. Calculate the average head at the bottom of the plate as in
section lb above.

c. Use an average of the O's measured at the two measuring times
used in the calculation.
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PROCEDURE 5

PRESSURE TRANSDUCER CALIBRATION

Equipment

1. MICRO SWITCH 14OPC series or 16OPC series pressure transducer.
2. Water manometer and mercury manometer.
3. Vacuum pump.
4. About 2.7 meters (9 feet) of 6.4-mm (1/4-inch) inside diameter

(i.d.) tygon, or similar, tubing.
5. About 1.22 meters (4 feet) of 4.8-mm (3/16-inch) i.d. tygon, or

similar tubing.
6. One 6.4-mm (1/4-inch) outside diameter (o.d.) nalgene "T".
7. Three 6.4- mm (1/4-inch) i.d. hose clamps.
8. One 6.4-mm (1/4-inch) i.d. quick-connect.
9. One 8-volt regulated power supply.

10. One voltmeter.
11. One ribbed tygon tubing connector (the type used to connect tygon

tubing to swagelock fittings).

Procedure

1. Divide the 6.4-mm (1/4-inch) i.d. tubing into two pieces, and
connect each piece onto an arm of the nalgene "T" with a hose
clamp. Using the quick-connect, attach the remaining end of one
of the pieces of tubing to the vacuum pump. Fit the free end of
the second section of tubing onto the water manometer, preferably
with a water trap in the line.

2. Connect the 4.8-mm (3/16-inch) i.d. tubing onto the remaining arm
of the nalgene "T" with a hose clamp. Fit the-other end of the
4.8-mm (3/16-inch) i.d. tubing into the swagelock connector and
then over one of the two pressure ports. Attach the tubing to the
port designated to be the low pressure side of the chip. See the
instruction sheet enclosed with the transducer or the MICRO SWITCH
catalog #15, issue 2.

3. Hook up the regulated power supply and the voltmeter to the
pressure transducer in the configuration specified in the instruc-
tion sheet. Note: If correct input and output connections are
not made, the unit may be damaged. It is recommended that any
connecting wires not be soldered directly to the leads protruding
from the transducer, but that they be soldered to a removable
multi-prong plate that can be held onto the transducer with a
rubber band.

4. Prior to applying a partial vacuum to the transducer, turn on the
power supply and voltmeter. Verify that the input to the trans-
ducer is 8 volts dc. Measure the voltage output with no pressure
differential across the chip, that is, between the two pressure
ports. This reading should be stable to at least two or three
decimal points. Since this reading is very important, take it a
number of times during the calibration.

5. Using the vacuum pump, carefully apply a small suction to the
transducer, and measure the output when stable. Increase the
suction slightly, and measure the output again. Continue
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this process until the limit of either the manometer or the
transducer has been reached. The upper limit of the linear
output of the 162PCOID transducer is 27.68 inches of water
pressure across the chip. Under no circumstances should
greater than 5 psi differential pressure be applied across
the chip. Therefore, only the water manometer should be used
with this unit. The upper limit of the linear output of the
142PC15D unit is 15 psi differential pressure. Twenty psi
differential pressure should never be exceeded using this
transducer. Once the limit of the water manometer has been
reached with the 142PC15D transducer, the mercury manometer
should be used to apply differential pressures up to 15 psi.

6. Repeat step 5 at least once.

Calculations

1. Determine a mean zero-pressure voltage (zpv) for readings taken
when no partial vacuum was applied across the chip, i.e., P. - P2 =

0.
2. Determine a "corrected" output voltage by subtracting this value

from each of the output voltages obtained when suctions were
applied to the transducer.

3. Calculate a mean pressure/corrected output voltage ratio (p/v).
4. To determine the pressure represented by a given output voltage:

Pressure (cm H20) - (ov - zpv)(p/v),
where

ov - measured output, volts,
zpv - mean zero-pressure voltage,
p/v - mean corrected pressure/voltage ratio, cm H20/volt.
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PROCEDURE 6

MICROTENSIOMETER CONSTRUCTION, ASSEMBLY, AND USE

Eguipment

1. One Soilmoisture Equipment 1-bar porous ceramic cup, 10.2 cm (4
inches) in length, 11.1-mm (7/16-inch) outside diameter (o.d.),
and 7.1-mm (9/32-inch) inside diameter (i.d.).

2. One Whatman pure cotton cellulose extraction thimble, 10 mm i.d.,
either single-wall or double-wall thickness.

3. One two foot length of 3.2-mm (1/8-inch) o.d. stainless steel
tubing.

4. One 6.4-mm (1/4-inch) length piece of 12.7-mm (1/2-inch) diameter
solid aluminum rod.

5. One #1 solid rubber stopper with a 3.2-mm (1/8-inch) diameter hole
drilled through the center of the stopper, lengthwise (1/8-inch
diameter drill bit used).

6. Short length of #22 copper wire.
7. Epoxy.
8. One connection assembly, consisting of a 2.9-cm (1-1/8-inch)

length of 6.4-mm (1/4-inch) i.d. vacuum hose, two small hose
clamps, one 7.9-mm (5/16-inch) i.d. ribbed, swagelock tubing
coupling, and various short lengths of 2.4-mm (3/32-inch) i.d. and
3.2-mm (1/8- inch) i.d. tygon tubing.

9. One calibrated MICRO SWITCH 14OPC series or 16OPC series pressure
transducer.

10. One saturation assembly, consisting of a saturation chamber,
pressure gauge, vacuum pump and delivery hoses.

11. One disposable 3 mm syringe.
12. 8-volt regulated power supply with attached, precise voltage

regulator.
13. Hewlett Packard (HP) 41CV calculator, with ROMPAC, HPIL, and time

modules or sensitive voltmeter.
14. HP 3421 Data Acquisition unit or sensitive voltmeter.
15. Appropriate lengths of shielded #18-#22 wire.
16. One constant head reservoir/flow tube setup (see Procedure 1).
17. One plywood evaporation control box, large enough to contain one

20.2 cm by 8.6 cm porous ceramic plate. Two access tubes placed
10 cm apart.

18. One porous ceramic plate, 8.6 cm by 20.2 cm, saturated with test
solution.

If the pressure transducer requires that the high side of the chip be
the wet side, the following will also be needed:

19. Water manometer and mercury manometer.
20. Hand-operated vacuum pump.
21. About 2.7 meters (9 feet) of 6.4-mm (1/4-inch) inside diameter

(i.d.) tygon, or similar, tubing.
22. About 1.22 meters (4 feet) of 4.8-mm (3/16-inch) i.d. tygon,

or similar tubing.
23. One 6.4-mm (1/4-inch) outside diameter (o.d.) nalgene "T".
24. Three 6.4- mm (1/4-inch) i.d. hose clamps.
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25. One 6.4-mm (1/4-inch) i.d. quick-connect.
26. One ribbed tygon tubing connector (the type used to connecttygon tubing to swagelock fittings).

Reagents

1. Sufficient amount of deaerated, distilled water to cover theporous cup in the saturation chamber.
2. Test solution: 10-' M CaCl2, with 0.1 g/L thymol.

Procedure

1. Microtensiometer construction and assembly:
a. Cut enough of the stainless steel tubing to allowthe tensiometer to reach the fracture from theoutside of the evaporation canopy.
b. Drill a 3.2-mm (1/8-inch) diameter hole through thecenter of the flat edge of the aluminum rod.c. Epoxy the stainless steel tube through the hole inthe aluminum rod with one end of the steel tubeflush with edge of the aluminum rod.
d. Cut the rounded, 6.4-mm (1/4-inch) end of the porousceramic cup off with a hacksaw and epoxy the remain-ing cup onto the flush edge of the aluminum rod.e. Fit the #1 stopper over the open end of the stain-less steel tubing.
f. Cut the cotton cellulose extraction thimble to fitsnugly over the porous cup, and tie the thimble ontothe cup with a small piece of #22 copper wire.g. Assemble the vacuum tubing connector that will jointhe stainless steel tube to the pressure transducerby inserting the ribbed, swagelock tubing connectorinto the vacuum tubing and sliding this end of theconnector over the pressure transducer. Insert hoseclamps over the free end of the vacuum tubing.h. Place the tensiometer into the saturation chamber,and evacuate the chamber for at least 24 hours.i. Turn off the vacuum pump, and introduce the deaerat-ed, distilled water into the chamber. Cover atleast the entire cup and aluminum rod of the ten-siometer. Let the tensiometer fill with the dis-tilled water for at least 8 hours.
J. If the tensiometer was not completely covered by distilledwater in the saturation chamber, fill the remainder of thetensiometer stem by applying a suction with a hand vacuum pumpto the open end of the stainless steel tubing.1. Using a syringe, fill the pressure transducer port and vacuumtubing connector with deaerated, distilled water.m. Gently join the vacuum tubing connector and the open end ofthe stainless steel tubing. Tighten the hose clamps on bothends of the vacuum tubing connector.
n. Store the assembled tensiometer under deaerated, distilledwater or in the rock, against the fracture.2. Microtensiometer calibration:
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a. Assemble the porous ceramic plate in the evaporation control
box with the ceramic side of the plate facing the access
tubes.

b. Fill the Mariotte reservoir and tubing, connecting up the
plate to the tubing. Bleed all air from the system as de-
scribed in Procedure 1.

c. Use the microtensiometer in the access ports as described in
sections 3 and 4 below. Take readings from both the upper and
lower ports at various applied heads.

d. Prepare a calibration curve or develop a correction factor to
allow use of the microtensiometer in the test blocks.

3. To use the microtensiometer if the low pressure side of the trans-
ducer chip is the wet side:
a. Hook up the regulated power supply and the voltmeter to the

pressure transducer in the configuration specified in the
instruction sheet.

Note: If correct input and output connections are not made, the unit
may be damaged. If the HP system is used, be sure to turn off the
calculator when the data acquisition unit is being hooked up. The
system is rather delicate.

It is recommended that any connecting wires not be soldered
directly to the leads protruding from the transducer, but that
they be soldered to a removable multi-prong plate that can be
held onto the transducer with a rubber band.

b. Place the tensiometer assembly in the access tube leading to
the sampling port in which a reading is desired. Adjust the
stopper such that the tip of the tensiometer lies against the
back end of the sampling port.

c. Monitor the pressure transducer output until a stable reading
is obtained. The microtensiometer may take a while to equi-
librate, especially if much water is moving in or out through
the porous cup. Apply the correction factor or calibration
curve obtained in section 2 to obtain the suction in the
sampling port.

d. Repeat steps a through d for additional sampling ports.
4. To use the microtensiometer if the low pressure side of the trans-

ducer chip is the dry side:
a. Divide the 6.4-mm (1/4-inch) i.d. tubing into two pieces, and

connect each piece onto an arm of the nalgene "T" with a hose
clamp. Using the quick-connect, attach the remaining end of
one of the pieces of tubing to the vacuum pump. Fit the free
end of the second section of tubing onto the water manometer,
preferably with a water trap in the line.

b. Connect the 4.8-mm (3/16-inch) i.d. tubing onto the remaining
arm of the nalgene "T" with a hose clamp. Fit the other end
of the 4.8-mm (3/16-inch) i.d. tubing into the swagelock
connector and then over one of the two pressure ports. Attach
the tubing to the port designated to be the low pressure side
of the chip. See the instruction sheet enclosed with the
transducer or the MICRO SWITCH catalog number 15, issue 2.

c. Using the vacuum pump apply a partial vacuum to the trans-
ducer, and proceed as described in section 3a through 3e.
Remember, the upper limit of the linear output of the 162PCOlD
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transducer is 27.68 inches of water pressure across the chip.Under no circumstances should greater than 5 psi differentialpressure be applied across the chip. Therefore, only thewater manometer should be used with this unit. The upperlimit of the linear output of the 142PC15D unit is 15 psidifferential pressure. Twenty psi differential pressureshould never be exceeded using this transducer. Once thelimit of the water manometer has been reached with the142PC15D transducer, the mercury manometer should be used toapply differential pressures up to 15 psi.
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PROCEDURE 7

LVDT CALIBRATION

Equipment

1. TRANS*TEK 0242-0000 linear variable differential transformer
(LVDT).

2. 15-volt regulated power supply with attached, precise voltage
regulator.

3. Hewlett Packard (HP) 41CV calculator, with ROMPAC, HPIL, and time
modules or sensitive voltmeter.

4. HP 3421 Data Acquisition unit or sensitive voltmeter.
5. Appropriate lengths of shielded #18-#22 wire.
6. Partially welded or welded tuff sample with two 1.91 cm (3/4-inch)

holes drilled 7.62cm (3 inches) apart and about 5.08 cm deep.
7. Mitutoyo 0-25 mm micrometer with hole tapped in end to receive the

threaded end of the LVDT core.
8. Two aluminum LVDT holders with female heads.
9. One 1.91 cm (3/4-inch) outside diameter (o.d.) aluminum ring.

Inside diameter (i.d.) should be 1.20 cm (0.473 inches) to fit
over the front end of the micrometer.

10. Loctite brand Depend Adhesive.
11. Blowtorch if aluminum LVDT holders are to be removed from rock.

Procedure

1. At least two days prior to calibration, glue the LVDT holders into
the rock. Ensure that the LVDT coil will line up in the holders.

2. Slip the aluminum ring over the front end of the micrometer, and
screw the LVDT core into the micrometer.

3. Slip the ring and micrometer into one of the LVDT holders, and
tighten the screws to secure the assembly. Advance the micrometer
to about half of its length.

4. Place the LVDT coil into the other LVDT holder, making sure that
the core slides freely inside of the coil. Do not yet tighten the
screws on the coil holder.

5. Connect the electronics according the TRANS*TEK instruction sheet
and the instruction sheets to the HP system or the voltmeter. If
the HP system is used to measure voltage, be sure that the cal-
culator is off prior to hooking up the calculator to the data
acquisition unit. The system is rather delicate.

6. Connect the power supply according to the TRANS*TEK instructions.
7. Find the zero point (the point at which the core is evenly spaced

between the two output coils of the coil assembly, giving a zero
output) by gently sliding the coil towards or away from the
micrometer. Once this point has been found, tighten the screws
holding the coil.

8. Record the exact voltage reading at the zero point.
9. Since the TRANS*TEK 0242-0000 has a working range of 0.635 cm

(0.25 inches) on either side of the zero point, take 6 readings on
each side of the zero point, each reading 1 mm farther out from
the last. Advance the micrometer, take a reading, and record the
exact values of both the voltage and the micrometer distance.
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Occasionally, check the input voltage to ensure stability of the
input.

Calculations

1. Prepare a graph of the results by plotting the micrometer readings
(y-axis) versus the output voltage (x-axis). The output should
fall along a straight line if the LVDT is working correctly.
Using the least squares method, determine the slope of the line.

2. Use the slope, in mm/volt or micrometers/mvolt, to interpret the
relative movement of the LVDT during actual use.
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PROCEDURE 8

CALIBRATION OF CHLORIDE ION-SELECTIVE ELECTRODE

Equipment/Material

1. Weighing Scale, with accuracy to 0.001 g (minimum 0.01 g)
2. Weighing paper
3. Spatula
4. Volumetric flask, 250 mL
5. Volumetric flask, 50 mL
6. Graduated cylinder, 25 mL or 50 mL
7. Erlenmeyer flasks (2), 125 mL and 250 mL
8. Measuring pipet, 5 x 1/10 mL
9. Beakers, 50 mL (8) and 100 mL (6)
10. Glass bottles, 250 mL (8) and 30 mL (2)
11. Stirring plate
12. Stir bar
13. Hach Kit titrator
14. HP-41CV calculator
15. pH/Volt meter, with expanded scale for mV measurement
16. Ion-selective electrode, chloride
17. Reference electrode, Ag/AgCl, double-junction
18. Forcep, 8 in.
19. Parafilm, flexible thermoplastic material, 4"
20. Kimwipe tissue
21. Whatman filter paper, no. 42
22. Semi-log paper, 4 cycles x 10 to the inch
23. French Curve

Reagents/Chemicals

1. Calcium chloride, CaCl22H2O, reagent grade
2. Sodium nitrite, NaNO2, reagent grade
3. Hach Kit titrants, 0.0800 M or 0.800 M EDTA for total hardness (or

calcium), and 0.2256 N or 2.256 _ Hg(NO3)2 for chloride
4. Hardness indicator, 10 g/L CaCO3
5. Potassium hydroxide, KOH, standard solution
6. CalVer 2 calcium-indicator powder pillow
7. Diphenylcarbazone reagent powder pillow

Procedure

A. Preparation of Standard Solutions

1. Prepare 250 mL of 0.5 M calcium chloride (CaCl22H20, FW-147.02,
assay - 74.6%) solution by weighing out 18.5975 g of the chemical,
and transfer to a 250-mL volumetric flask. Fill the flask up to
the mark with previously deaerated distilled water saturated with
thymol. Stir until the crystals are completely dissolved. (Note:
potential difference measurements are not affected by degree of
aeration of distilled water.)
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2. Dilute the 0.5 M solution to 0.0001 M, in serial fashion, to
obtain eight standard solutions of half-decade concentration
difference, i.e., 0.5 M, 0.1 M, 0.05 M, 0.01 M, 0.005M, 0.001 M,
0.0005 M, and 0.0001 M. (Note: the dilution factor is 4:1 from
0.5 M to 0.1 M, and 1:1 from 0.1 M to 0.05 M, and so on to 0.0001
M). The dilution can also be done by first making 0.1 M solution
from the 0.5 M solution, then dilute to obtain the whole- versus
half-decade standard solutions separately. (Note: the dilution
factor is 9:1 from 0.5 H to 0.05 M, as is 0.1 M to 0.01 M.) Store
the standard solutions in separately labeled glass 250-mL bottles.

3. Check independently the concentration of the standard solutions by
titrating with the appropriate Hach Kit titrants, 0.0800 M or
0.800 M EDTA for total hardness (or calcium), and 0.2256 N or
0.256 N Hg(N03)2 for chloride. Confirm the concentration of the
standard solutions with more sophisticated analytical techniques
if possible.

B. Preparation of Ionic Strength Buffer Solution

1. Prepare 50 mL of 5 M sodium nitrite (NaNO2, FW-69.00, assay =

97.7%) by weighing out 17.656 g of the chemical, and transfer to a
50-mL volumetric flask. Fill the flask to the mark with distilled
water. Stir until the crystals dissolve completely.

2. Transfer the ionic strength buffer solution to two 30-mL glass
bottles.

C. Calibration Without Ionic Strength Buffer Solution

1. Pour out 30 mL to 35 mL of each of the eight standard solutions
into the 50-mL beakers, and cover with Parafilm to minimize evap-
oration.

2. First calibrate the electrodes in an "aqueous" environment by
immersing them in the standard solutions always moving from the
least to the most concentrated, i.e., 10-4 M to 0.5 M. Agitate the
beaker containing standard solution slightly, and wait for the
reading to stabilize before recording the potential value (in mV),
or range of values. Record readings from both the pH/volt meter
on expanded scale, and the HP-41CV. Keep the electrodes approxi-
mately one centimeter apart. (Note: the potential values read off
of the HP is 1/70-th that of the actual values. The more dilute
the standard solution, the longer the time to stabilization: up to
30 seconds and more for 10-' M, yet almost instantaneously for 0.1
M and 0.5 M.) Rinse off both electrodes with distilled water, and
wipe dry with a Kimwipe before proceeding to the next standard
solution.

3. Soak the reference and chloride electrodes in distilled water
after the 0.5 M measurement for a minimum of 15 to 30 minutes or
until the potential reading in distilled water stabilizes at
approximately 315 mV to 325 mV.

4. Then calibrate the electrodes in a "filter paper" environment by
wetting a precut piece of Whatman no. 42 filter paper (approxi-
mately 1.0 cm x 0.5 cm) by dipping it in the standard solution
with a forcep. Partially dry the filter paper with a paper towel
until no solution can stream down either face. Touch the elec-
trodes to the filter paper, and record the potential reading after
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approximately 5 to 10 seconds. Move the chloride electrode to a
different spot on the filter paper, and repeat the measurement.
Record the range of potential readings observed.

Note: the spread of the potassium nitrate bridge solution due to outward
diffusion from the reference electrode will cause erroneously low
potential, i.e., high concentration, readings when the chloride elec-
trode comes into contact with the potassium nitrate. Therefore, place
the electrodes as far apart as possible over the filter paper as the
time to make potential readings is limited.

5. Plot the potential difference against the log of concentration.
(Note: The change in potential difference per decade concentration
in the "aqueous" environment is linear from approximately 1.00 x
10-' M to 1.00 x 10' M at 58 mV/decade. The calibration curve
exhibits nonlinearity at concentrations greater than approximately
1.00 x 10-' M. In the 'filter paper" environment, the calibration
curve is nonlinear except in the range between 1.00 x 10-2 M to
1.00 x 10' M. In general, the change in potential difference in
the aqueous environment is greater than the change in the filter
paper environment. In other words the calibration curve is flatter
for filter paper.)

D. Calibration With Ionic Strength Buffer Solution

1. Measure out 50.0 mL of each of the six most dilute standard solu-
tions, i.e., all except the 0.1 M and 0.5 M solutions, and pour
into the 100-mL beakers. Cover the beakers with Parafilm to
minimize evaporation.

2. Measure out the specified volumes of buffer solution as detailed
below, and add to the six standard solutions:

Standard
Solution Ionic

Conc. (M) Strength (M)

0.00010 0.00025
0.00050 0.00125
0.0010 0.0025
0.0050 0.0125
0.010 0.025
0.050 0.125
0.10 0.25
0.50 1.25

Volume
Buffer

Solution

2.50
2.49
2.48
2.38
2.26
1.28
0
0

of Adjusted
Stand. Sol'n

(mL) Conc. (M)

0.000095
0.00048
0.00095
0.0048
0.0096
0.049
0.10
0.50

Adjusted
Ionic

Strength

0.25
0.25
0.25
0.25
0.25
0.25
0.25
1.25

(M)

Ionic strength, I, for N specie is calculated as follows:

N
I - 0.5 Z z, 2 c C

i=l

where z, is charge of species i, dimensionless, and c, is concen-
tration of species i, M. Because the test solution concentrations
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are 0.001 M and 0.1 M, the standard solutions are adjusted to the
ionic strength of the more concentrated solution of the two.

3. Calibrate both in the "aqueous,' and "filter paper" environments
as specified above in Section C, Steps 2, 3 and 4. (Note: With
buffer solution added, the time to achieve a stable potential
reading decreases for the more dilute standard solutions.)

4. Plot the potential difference against the concentration as in
Section C, Step 5.

Note: The calibration curve is exactly the same in the "aqueous"
environment. However, the potential readings in the "filter paper'
environment increases at more dilute concentrations, i.e., from ap-
proximately 0.05 M to 0.0001 X, with the remainder of the curve the
same.

The calibration data are presented in the table below.
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Calibration data for chloride ion-selective
electrodes measuring potential difference (mV)

versus chloride concentration (_).

Standard Chloride Potential (mV)
Electrode Solution Aqueous Filter PaRer

Number Conc. (_) Maximum Minimum Maximum Minimum

Without Ionic Strength Buffer Solution

CL-1 0.000095 255 247 203 200
0.00050 213 207 180 180

0.00095 205 196 175 168
0.0050 153 147 148 145
0.0095 138 135 138 138
0.050 95 95 100 100
0.095 83 79 83 83
0.50 53 51 48 48

CL-2 0.000095 255 245 198 200
0.00050 213 210 185 183
0.00095 200 198 178 178
0.0050 153 150 143 143
0.0095 140 136 135 133
0.050 97 95 95 95
0.095 82 77 78 78
0.50 52 51 53 53

CL-3 0.000095 258 247 209 202
0.00050 207 202 190 182
0.00095 198 189 182 175
0.0050 149 144 145 134
0.0095 139 133 136 123
0.050 96 91 95 86
0.095 80 77 80 71
0.50 53 47 50 43

With Ionic Strength Buffer Solutions'

CL-3 0.000095 247 244 215 207
0.00050 207 203 196 195
0.00095 196 193 186 185
0.0050 147 146 144 141
0.0095 137 136 133 132
0.050 92 89 87 86
0.095 80 77 80 71
0.50 53 47 50 43

(1) Electrodes CL-1 and CL-2 were not calibrated with ionic strength
buffer solution because they have exceeded their useful life.
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PROCEDURE 9

MEASUREMENT OF POTENTIAL DIFFERENCES
AND SAMPLE COLLECTION

Equipment/Material

1. Ion-selective electrode, chloride
2. Reference electrode, Ag/AgCl, double-junction
3. Bridge solution syringe dispenser, potassium nitrate
4. Reference junction, slip-on
5. pH/Volt meter, with expanded scale for mV measurement
6. HP-41CV calculator
7. Beaker, 30 mL
8. Forceps, 8 in.
9. Parafilm, flexible thermoplastic material, 4"

10. Kimwipe tissue
11. Whatman filter paper, no. 42

Procedure

A. Operating the Reference and Ion-Selective Electrodes

NOTE: Ensure the microelectrodes are operating normally before making
potential difference measurements. Refer to the operations manual.

1. Prior to testing, soak both the reference and chloride electrodes
in distilled water for 15 minutes. Soak the reference electrode
such that the whole blue "slip-on" reference junction is complete-
ly immersed. Check that no air bubbles are trapped in the narrow
teflon tubing. If air bubbles are present, tap the tubing to
purge the bubbles into the bottom compartment containing potassium
nitrate (KNO,) bridge solution. Keep the bottom compartment filled
with bridge solution. If the reference junction appears fouled,
replace it with a new junction. Soak the junction in distilled
water for 15 minutes before use.

2. During testing, always soak both the reference and chloride elec-
trodes in distilled water when measurements are not being made,
even between measurements. Change the beaker of distilled water
periodically as the potential reading decreases, i.e., indicating
an apparent increase in chloride concentration. This occurs due
to outward diffusion of the bridge solution into the beaker of
distilled water. (Note: This drifting is natural but check, as
necessary, the operation of the electrodes by calibrating against
standard solutions and comparing the potential readings with the
calibration curves.)

3. After each potential measurement, rinse off both electrode tips
with distilled water and wipe dry with a Kimwipe before attempting
the next measurement.

4. After testing, soak the reference electrode in distilled water.
Leave the chloride electrode to air-dry. Store the electrodes in
their shipping boxes if testing is not done on a regular basis.
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B. Sampling with and Measuring Potential Differences off Filter Paper

1. Cut the filter paper, Whatman no. 42, into pieces approximately
1.0 cm x 0.5 cm.

Note: Wear gloves if handling is not hampered. Otherwise, ensure hands
are washed before handling and minimize the handling time.

2. Crimp the filter paper into halves, and then quarters. Affix to
the end of the forceps, and clamp down on the filter paper with
the aid of a wire wrapped around the perimeter of the forcep.

3. Insert the forcep into the sampling port, and press against the
exposed fracture face, or the rock matrix. Sample until the
filter paper is sufficiently wet for a reliable potential dif-
ference measurement.

Note: The length of sampling time varies depending on the moisture
content of the sampling surface. At near-saturated conditions in the
fracture, the optimum sampling time is approximately two minutes.
Sampling time in the rock matrix ports varies from two minutes to
instantaneous.

4. Remove the filter paper, and place it on a piece of Parafilm. Dab
off any excess test solution from the filter paper if necessary.

Note: This ensures that the potential readings are for a "filter paper"
environment, and not an "aqueous" environment.

5. Touch the electrodes to the filter paper, and note the potential
reading(s) after approximately 5 to 10 seconds. Move the chloride
electrode to a different spot on the filter paper, and repeat the
measurement. Record the range of potential readings observed.

Note: the spread of the potassium nitrate bridge solution due to outward
diffusion from the reference electrode will cause erroneously low
potential, i.e., high concentration, readings when the chloride elec-
trode comes into contact with the potassium nitrate. Therefore, place
the electrodes as far apart as possible. The time to make potential
readings is limited.
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PROCEDURE 10

DETERMINATION OF EFFECT OF SUCTION
ON POTENTIAL DIFFERENCE MEASUREMENTS

Equipment

1. Buchner funnel with 50 kPa ceramic porous plate, 150 mL
2. Buret, straight teflon stopcock, 25 mL
3. Ringstands (2)
4. Iron ring, 3-in. with support clamp
5. Buret clamp holder
6. Level
7. Flat top bolts (2)
8. Tygon tubing, 1/8-in. ID x 1/4-in. OD
9. Acrylic tubing, 5/8-in. ID x 3/4-in. 08

10. Stoppers, no. 00 (1), no. 2 (2)
11. Duct tape
12. Whatman filter paper, no. 42
13. pH/Volt meter, with expanded scale for mV
14. HP-41CV calculator
15. Ion-selective electrode, chloride
16. Reference electrode, Ag/AgCl, double-junction
17. Plastic beaker, 250 mL
18. Kimwipe tissue
19. Forceps, 8 in.

Reagent

1. CaCl2 solutions, 0.001 M and 0.1 M, deaerated, saturated with
thymol (see Procedure 7 on preparation of test solution).

2. Distilled water

Procedure

1. Set up the apparatus by first filling the Tygon tubing and buret
with 0.001 _ CaCl2 solution. Then fill the funnel portion below
the porous plate before connecting the Tygon tubing to the funnel.
Ensure no air bubbles are present in the entire column of solu-
tion.

2. Measure and record the potential of the CaCl2 solution in the
column.

3. Place the oven-dried rock core.(preferably as thin a slice of core
as possible, e.g., 5 mm thick) against the plate with previously
saturated filter paper as contact.

4. Attach the access tubes, cut to approximately 3.8 cm (1.5 in.) in
length, to the duct tape cover, and poke two air holes in the
cover.

5. Place the cover over the mouth of the funnel, secure the cover
with rubber bands, and stopper the access tubes to minimize evap-
oration.

6. Saturate the rock core by raising the water column step-wise over
several hours. Leave the rock immersed in the solution for 12
hours.
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7. Desaturate to the first suction value, e.g., 10 cm, and let equi-
librate for a minimum of 2 hours. Record the initial and final
suction values at each step.

8. Place two filter paper pieces down the access ports and sample for
10 minutes with the bolts pressing on the filter paper to provide
contact. Remove the samples one at a time and measure the poten-
tial difference.

9. Sample with another piece of filter paper for 10 minutes. Take a
potential reading by inserting the electrodes down the access
ports. Take another measurement with the same sample outside the
funnel if a reliable reading is possible.

10. Rotate the whole cover so the access ports are over different
parts of the rock core. Stopper the ports to minimize evaporation
when not testing.

11. Repeat for a different suction level starting at step 7 again.
Increase the sampling period to 15 or 20 minutes if necessary.

Note: at a suction of 100 cm and above, the minimum sampling period
should be 20 minutes or more.

12. Repeat by resaturating the rock core to the different suctions
starting at step 7 so the wetting, as well as the drying, effects
can be studied.

13. Measure the potential difference of the test solution in the
funnel, and the filter paper used as contact at the end of the
tbst as checks on the concentrations.

14. Use a different rock core when testing with the 0.1 M CaCl2 solu-
tion.
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PROCEDURE 11

DETERMINATION OF SOLUTE BREAKTHROUGH IN POROUS PLATES

Eguipment

1 .
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.

Test solution delivery system
Ringstands (2)
Utility clamps, 3-prong large (2), 3-prong medium (2)
Clamp holder (4), V-jaw large
Iron rings (2), 3-in. with support clamps
Porous plate
Plastic cover with access flaps
Level(s), small single-bubble and larger
Duct Tape
pH/Volt meter, with expanded scale for mV
HP-41CV
Ion-selective electrode, chloride
Reference electrode, Ag/AgCl, double-junction
Plastic beaker, 250 mL
Kimwipe tissue
Squirt bottle
Calibration curves

Reagent

1. CaCl2 solutions, 0.001 M, 0.01 M and 0.1 M, deaerated, saturated
with thymol (see Procedure 7 on Preparation of Test Solution).

2. Distilled water

Procedure

1. Vacuum saturate the porous plate is saturated with deaerated CaCl2
solution. The determination of solute breakthrough involves
displacing the CaCl2 used to saturate the plate with a solution of
different concentration, i.e., saturate the plate with 0.001 M
solution, displace with 0.1 M solution.

2. Fill the flow system with the test solution by first filling the
Mariotte reservoir (refer to Procedure 3 on flow measurement and
head control for a better understanding of the operation of the
system). Connect the plate to the flow system, then purge the
system completely of air bubbles. Inspect the plate flow channels
for entrapped air carefully before finally clamping onto the ring-
stand setup.

3. Clamp the plate with the ceramic side up using the medium utility
clamps. Position the plastic cover over the plate, and tape down
the wire support to the bottom side of the plate. Tape the rest
of the plastic cover around the plate, and utility clamps to
provide a tight seal. Level the four sides of the plate so that
the test solution does not flow towards any one side during the
test. At no time should the plastic or tape touch the ceramic
plate. (Note: During setup, allow some test solution to flow to
ensure that the plate does not dry out. Record the total time of
flow during this initial period.)
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4. Set the desired head difference by adjusting the height of the
Mariotte reservoir. The head difference should be measured from
the water manometer to the plate surface.

5. Before starting the test, make sure the electrodes are functioning
properly. Measure the potential difference of the test solutions
by taking samples from the Mariotte bottle, and from the plate
channels. If the plate was soaked in test solution in a vessel,
also measure the potential difference of that solution.

6. Divide up the plate into four quadrants, i.e., a one-by-four
matrix. A range of values can be obtained for each plate. Meas-
ure with the reference and chloride electrodes, and record the
potential values (in mV) from both the pH/volt meter, and the HP-
41CV. As a check of the two potential measurements, the pH/volt
meter values are 70 times that of the HP values.

7. Touch the reference and chloride electrodes to the plate surface
by finding the wettest spot(s) of each quadrant, making sure the
reference electrode tip is flush against the surface of the plate.
Keep the distance separating the two electrodes to no more than a
centimeter, preferably within one-half of a centimeter. The two
sampling windows should be open only as long as necessary for the
measurements. After each set of measurements, wipe off the plate
initially with a paper towel, and dab the excess solution with a
Kimwipe.

8. Measure the potential difference every one-half hour to one hour
depending on the flow rate, and the amount of solution displaced.
The measurements are most meaningful when a minimum of 1 mm of
solution covers the plate. Continue to measure the potential
difference until the relative concentration, C' - (C - C1)/(CO - C,)
- 1.0 on a step-up test, and C' - 0.0 on a step-down test, or until
the C' levels off. The background concentration is C, and tracer
concentration is CO.

9. During the test, measure the flow rate of the system periodically
to ensure steady flow. Compare the flow rates to previously
determined ones as a check against possible leaks in the Mariotte
reservoir, or other flow system components.

10. Plot C' versus time elapsed to obtain the breakthrough curve. The
effective porosity (no) of the plate can be determined from the
curve as shown below.

Calculations

The effective porosity (n0) of each plate is calculated as:

n- q t.5 / L

where
q _ Q / A;

Q flow rate, m3/s;
A cross-sectional area of plate, m2;
to.5 travel time, or time when C' - (C-C,)/(C.-C,) - 0.5, s; and
L thickness of plate, m.
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APPENDIX B

FLUID FLOW CALCULATION AND TEST RESULTS
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TABLE B.1

PLATE CONDUCTANCE TESTS

Plate Date Time (24hr) Q (ml/min) Head (cm) Comments

6/24/88
6/24/88
6/25/88
6/25/88
6/25/88
6/25/88
6/25/88
6/25/88
6/25/88
6/25/88
6/25/88
6/25/88
6/25/88
6/25/88
6/25/88
6/27/88
6/27/88
6/27/88
6/27/88
6/27/88
6/27/88

1630
1955
0915
1009
1100
1140
1216
1243
1315
1347
1411
1434
1456
1514
1545
1055
1114
1137
1200
1218
1235

0.02171875
0.02028583
0.06088960
0.06351155
0.05908303
0.10295830
0.11116670
0.10415220
0.13492550
0.13996780
0.14232850
0.19060930
0.17465220
0.18071740
0.17725260
0.17204790
0.19859660
0.18529960
0.23252210
0.22868470
0.21682570
0.00000000

6.05 -

6.10
16.25
16.10
16.15
26.50
26.55
26.55
33.85
33.90
33.95
41.35
41.40
41.35
41.35
48.60
48.80
48.75
48. 50
48.70
48.70
0.00

following
readings taken
post ultra-
sonic cleaning

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

-0.0069733
0.0132752
0.9662897

22
20

(y-intercept)

X Coefficient(s)
Std Err of Coef.

0.0043915
0.0001834

(slope)
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TABLE B.1 (continued)

Plate Date Time (24hr) Q (ml/min) Head (cm) Comments

6/15/88
6/15/88
6/15/88
6/15/88
6/16/88
6/16/88
6/16/88

6/16/88
6/16/88
6/16/88
6/16/88
6/16/88
6/16/88
6/19/88
6/19/88
6/19/88
6/19/88
6/19/88
6/19/88
6/19/88
6/20/88
6/20/88

Constant

1133
1237
1350
1551
1250
1326
1423

1454
1513
1539
1556
1612
1624
1534
1548
1604
1625
1640
1705
1725
1215
1300

0.04981320
0.05044009
0.02545987
0.02344638
0.08370069
0.08890206
0.08418808

0.18744730
0.19712200
0.18449620
0.28401020
0.26890150
0.27275210
0.26532240
0.27577330
0.26371310
0.20594490
0.22152480
0.16000430
0.15913010
0.07792208
0.07391894
0.00000000

9.80 - following
9.78 readings taken
5.18 prior to
5.05 ultra-sonic

15.40 cleaning
15.30
15.40

33.85
33.95
33.85
48.85
48.95
48.95
49.53 - following
49.48 readings taken
49.50 post ultra-
37.90 sonic cleaning
37.75
27.00
27.00
14.90
14.65
0.00

Regression Output:

Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s)
Std Err of Coef.

-0.0018161
0.0068014
0.9951367

23
21

0.0056101
0.0000856
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TABLE B.1 (continued)

Plate Date Time (24hr) Q (ml/min) Head (cm) Comments

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

8/15/88
8/15/88
8/15/88
8/16/88
8/16/88
8/16/88
8/16/88
8/17/88
8/17/88
8/17/88
8/17/88
8/18/88
8/18/88
8/18/88
8/18/88

1012
1340
1528
1001
1151
1450
1620
1015
1100

1002
1032
1120
1400

0.01365763
0.01219535
0.03259208
0.03091287
0.03280757
0.03104626
0.05508580
0.05334282
0.05138228
0.07423629
0.07588693
0.08088979
0.07239295
0.07662052
0.10797390

6.07
5.83
13.45
19.88
13.59
13.48
21.77
21.70
21.90
30.93
30.85
30.92
30.89
30.90
40.52

3
3
3
3
3
3
3
3

8/18/88
8/19/88
8/19/88
8/22/88
8/22/88
8/22/88
8/22/88

1420
1130
1159
1540
1555
1605
1615

0.10675970
0.10450050
0.10406550
0.13724570
0.12954210
0.13407820
0.13317940
0.00000000

40.38
40.40
40.40
51.57
51.45
51.55
51.52
0.00

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s)
Std Err of Coef.

-0.0052230
0.0047078
0.9882314

23
21

0.0026828
0.0000639
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TABLE B.1 (continued)

Plate Date Time (24hr) Q (ml/min) Head (cm) Comments

8/23/88
8/23/88
8/24/88
8/24/88
8/25/88
8/25/88
8/25/88
8/25/88
8/26/88
8/26/88
8/26/88
8/26/88
8/26/88
8/26/88
8/26/88
8/26/88
8/26/88
8/26/88
8/26/88
8/26/88
8/26/88
8/26/88
8/27/88
8/27/88
8/27/88

1010
1135
1020
1100
1145
1215
1350
1500
0952
1012
1043
1121
1132
1144

1225
1253
1338
1355
1408
1422
1432
1105
1117
1130

0.03566185
0.03759304
0.07364132
0.06423845
0.07035977
0.13281850
0.13316270
0.12229370
0.18320610
0.18576430
0.18232090
0.23293730
0.21388850
0.21806290
0.26303100
0.27007560
0.26394510
0.27235590
0.28734260
0.30424420
0.31828550
0.29827000
0.33530790
0.33320380
0.34036760
0.00000000

5. 60
6.03

11.40
11.53
11.43
20.80
20.85
20.83
27.97
28.08
28.00
31.25
31.25
31.28
38.42
38.44
38.43
42.00
41.95
41.95
42.05
42.00
49.38
49.48
49.47

0.00

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s)
Std Err of Coef.

-0.0093660
0.0105604
0.9903752

26
24

0.0071274
0.0001434
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TABLE B.1 (continued)

Plate Date Time (24hr) Q (ml/min) Head (cm) Comments

5
5
S
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

8/9/88
8/9/88
8/9/88
8/11/88
8/11/88
8/11/88
8/11/88
8/12/88
8/12/88
8/12/88
8/12/88
8/12/88
8/13/88
8/13/88
8/13/88
8/13/88
8/13/88
8/13/88
8/14/88
8/14/88
8/14/88

1503
1533
1611
0924
1231
1427
1618
1143
1314
1434
1542
1638
1322
1404
1452
1536
1613
1649
1346
1416
1446

0.072935027
0.076197249
0.073247552
0.013973180
0.013695220
0.025873670
0.028328750
0.024512610
0.030292423
0.048138639
0.047664820
0.045265595
0.058275060
0.058456740
0.054207540
0.081574690
0.077995010
0.078903760
0.098317140
0.092216890
0.095676990
0.000000000

37.35
37.15
37.20
7. 57
7.55

14.92
14.60
15.08
15.25
22.97
22.95
23.02
31.26
31.28
31.36
40.48
40.28
40.35
49.67
49.67
49.63
0.00

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s)
Std Err of Coef.

-0.0008354
0.0028049
0.9910345

22
20

0.0019596
0.0000417
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TABLE B.1 (continued)

Plate Date Time (24hr) Q (ml/min) Head (cm) Comments

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

6/21/88
6/21/88
6/21/88
6/21/88
6/21/88
6/21/88
6/21/88
6/21/88
6/22/88
6/22/88
6/22/88
6/22/88
6/22/88
6/22/88
6/22/88
6/22/88

1248
1515
1647
1737
1849
1936
2010
2041
0927
1010
1148
1217
1444
1931
1955
2036

0.01674598
0.01851983
0.05656162
0.05449047
0.05329496
0.09555814
0.09634764
0.09843973
0.11379590
0.12678560
0.11313070
0.11889900
0.16535300
0.15124020
0.16670370
0.10085900
0.00000000

6.15
6.30

16.38
16.40
16.40
27.30
27.30
27.30
36.20
36.20
36.30
36.25
46.90
46.38
46.95
27 .15
0.00

airtemp-22.1 C
following
readings taken
post ultra-
sonic cleaning

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s) 0.0034371
Std Err of Coef. 0.0000989

-0.0011824
0.0057999
0.9877370

17
15
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TABLE B.2

PRESSURE TRANSDUCER CALIBRATION DATA
TRANSDUCER 5290035 - JULY 11, 1988

Time

1041

1056

1113
1122
1130

1153

1215
1226

1403
1435
1438
1441
1444

1447
1449

1529

1544
1653

1705

Thermistor
Resistance Temp

(kohms) (C)
Input

Voltage

7.9981

7.9979

2.6600

2.6320

2.6040

2. 6050

21.73 7.9979

21.97

22.21

22.20

7.9980

7.9979

7.9979
7. 9979

Transducer
Output

Voltage

0. 98335
4.67200
4.63200
4.58800
4.53140
4.49610
4.44520
4.40300
4.35260
4.28000
4.22290
4.16320
4.10590
4.03970
3.93040
3.62620
3.47140
0.98480
1.22384
1.37232
1.45654
1.57908
1.81376
2.09400
2.25035
2.58332
2.77234
2.88287
2.98067
3.19680
3.30800
3.42080
0.98470
0.98420
1.28460
1.04061
1.10950
1.19108
1.22756
1.25201
1.34415
1.35584
0.98425

Suction
Applied

to Port P2
(cm water)

0.00
773.71
764.22
754.74
742.54
735.77
724.93
715.44
704.60
688.34
676.82
664.63
652.43
637.53
615.17
550.13
518.29

0.00
50.14
80.62
97.56

122.63
172.09
230.35
262.87
331.98
371.27
394.31
415.31
460.70
483.74
507.45

0.00
0.00

61.80
11.70
25.70
42.50
50.10
55.10
74.30
76.80
0.00
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TABLE B.2 (continued)

Thermistor
Resistance Temp Input

Time (kohms) (C) Voltage

Transducer Applied
Output to Port P2
Voltage (cm water)

1.00790 4.90
1.02140 7.70
1.04320 12.20
1.06480 16.60

1711
1712 2. 595 22.29 7.9979

1717

Mean output for 0 dS 0.984260
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TABLE B.3

PRESSURE TRANSDUCER CALIBRATION SUMMARY
TRANSDUCER 5290035 - JULY 11, 1988

J.B. Method

Corrected dS/ Predicted
Time Output V Corrected V dS

Least Squares Method

Predicted
dS ErrorError

1041

1056

1113
1122
1130

1153

1215
1226

1403
1435
1438

3.68772
3. 64772
3. 60372
3. 54712
3. 51182
3.46092
3.41872
3. 36832
3. 29572
3. 23862
3. 17892
3.12162
3.05542
2.94612
2.64192
2. 48712

1441 0.23956
1444 0.38804

- 0.47226
1447 0.59480
1449 0.82948

- 1.10972
- 1.26607
- 1.59904
- 1.78806
- 1.89859

1529 1.99639
- 2.21252
- 2.32372
- 2.43652

209.80596
209.50638
209.43237
209.33620
209.51120
209.46038
209.27149
209.18459
208.85895
208.98504
209.07356
209.00466
208.65483
208.80705
208.23137
208.38887

209.28213
207.77014
206.58243
206.16698
207.46205
207.57544
207.62724
207.60933
207.63879
207.68340
208.02956
208.22439
208.17294
208.26758

205.74282
207.50200
205.14867
205.45793
205.88900
205.76209
206.43190
206.66550

766.44716
758.13365
748.98878
737.22516
729.88849
719.30954
710.53878
700.06375
684.97473
673.10719
660.69927
648.79016
635.03129
612.31462
549.09034
516.91704

49.78901
80.64877
98.15288
123.62133
172.39671
230.64119
263.13664
332.34041
371.62592
394.59824
414.92478
459.84477
482.95634
506.40045

62.42929
11.71894
26.03689
42.99230
50.57422
55.65586
74.80604
77.23566

-0.00938
-0.00796
-0.00761
-0.00716
-0.00799
-0. 00775
-0.00685
-0.00644
-0.00489
-0.00549
-0.00591
-0.00558
-0.00392
-0.00464
-0.00189
-0.00264

-0.00690
0.00033
0.00608
0.00810
0.00181
0.00126
0.00101
0.00110
0.00096
0.00074
-0.00092
-0.00186
-0.00161
-0.00206

0.01018
0.00162
0.01311
0.01158
0.00947
0.01009
0.00681
0.00567

770.87126
762. 50012
753.29187
741.44671
734.05919
723.40692
714.57537
704.02774
688.83412
676.88433
664.39041
652.39876
638.54453
615.67040
552.00791
519.61161

49.24585
80.31951
97.94493

123.58991
172.70336
231.35154
264.07222
333.75565
373.31345
396.44499
416.91242
462.14376
485.41552
509.02212

61.96161
10.89977
25.31696
42.38989
50.02437
55.14122
74.42413
76.87060

-0.00366
-0.00225
-0.0019 1
-0.00147
-0.00232
-0.00209
-0.00121
-0.00081
0.00072
0.00009
-0.00036
-0. 00005
0.00160
0.00081
0.00341
0. 00255

-0. 01774
-0.00376
0.00395
0.00785
0.00359
0.00435
0.00457
0.00536
0.00550
0.00543
0.00386
0.00313
0.00347
0.00310

0.00261
-0.06840
-0.01490
-0.00259
-0. 00151
0.00075
0.00167
0.00092

1544
1653

1705

0. 30037
0.05639
0. 12527
0. 20685
0.24334
0. 26779
0. 35993
0. 37161
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TABLE B.3 (continued)

J.B. Method

Corrected dS/ Predicted
Time Output V Corrected V dS

Least Squares Method

1711
1712

1717

0.02368
0.03718
0.05897
0.08057

206.96938
207.12845
206.86732
206.01924

4. 92056
7. 72637

12. 25724
16. 74653

Error

0. 00420
0.00342
0.00469
0.00883

Predicted
dS

4.05427
6.87953
11.44180
15.96221

Error

-0. 17260
-0. 10655
-0.06215
-0.03842

mean -
std -

c.v. -

207.83785 Mean
0.89442
0.00430

0.00004 Mean - -0.01037

Legend: V - voltage

S - suction head in cm of water
Corrected Output V - (measured V) - (V at 0 suction)
J.B. Predicted dS - (measured V) x (dS/Corrected V)
Error - [(predicted dS) - (applied dS)]/(applied dS)
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TABLE D.4

TENSIOMETER CHAMBER DATA - TRANSDUCER 5290035

Therm.
Resist.
(kohms)

Air
Temp

(C)

Tensio.
Input Output

Voltage Voltage

cm of Water

Suction Suction
Applied Applied

to Chamber to P1Date Time

7/12/88 -

1635
1644 - -

1700 - -

1720 - -

1727 - -

1736 - -
above data questionable due

7/13/88 1016 - -

1033 - -

1043 - -

1102 2.814 20.50
1106 - -
1112 - -

1116 - -
1123 - -

to

- - - - above
1132
1140
1144
1147
1151
1155
1158
1323
1338
1345
1356
1429
1449
1457
1508
1514
1519
1524
1529
1533
1546
1549

data questionable

- 4.01790
4.01000

- 4.61500
7.9978 4.60920

- 4.60230
- 1.37759

7.9978 1.16385
- 1.32160
- 1.32300
- 1.32400

start up problems
7.9981 1.24155

- 1.24250
7.9981 1.24200

- 1.24170
- 1.19055
- 1.19055
- 1.11225
- 1.11245

due to vertical tez
- 1.16860
- 1.41635
- 1.41760
- 1.37540
- 1.37500
- 1.35010
- 1.35000

7.9980 1.29990
- 1.27230
- 1.22670
- 1.20000

7.9980 1.40420
- 1.12651
- 1.04320
- 1.07092
- 1.11550
- 1.19070

7.9980 1.21970
- 1.24200
- 1.26680
- 1.29620
- 1.32330

57.50
0.00
22.40
22.40
22.60
0.00
0.00
7.10
7.30
7.50

+ vertical
26.80
26.80
26.80
26.80
37.25
37.25
53.30
53.10

st chamber-
53.05
0.00
0.00
8.80
8.80

13.95
13.95
24.95
31.10
41.20
46.80
0.00
59.60
76.50
70.60
61.25
45.80
39.70
35.10
29.80
23.60
17.60

796.74
795.39
792.68
789.97
788.61
89.91
45.70
85.90
86.00
86.00

chamber
89.60
89.80
89.80
89.80
89.80
89.80
89.40
89.40

89.00
89.00
89.00
89.00
89.00
89.00
89.00
89.60
89.40
89.20
89.20
88.55
88.30
88.20
88.00
88.00
87.75
87.85
87.70
87.70
87.50
87.50

2.881

2.855

2.821

20.00

20.19

20.45
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TABLE B.4 (continued)

Therm. Air
Resist. Temp

Date Time (kohms) ( 0C)

1556 - -
1559 - -

1621 - -

I
Vol1

Tensio.
nput Output
tage Voltage to

- 1.34915
- 1.39300
- 1.41460

cm of Water

Suction Suction
Applied Applied
Chamber to P1

12.30
3.10
0.00

87.30
87.20
88.50
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TABLE B.5

TENSIONETER CHAMBER CALIBRATION SUMMARY
TRANSDUCER 5290035

Readings Shown in cm of Water

Suction from Tensiometer Output

J.B. Error Least ErrorPl-Chamber
#SDate Time Method Squares

7/12/88

1635
1644

739.24
795.39
770.28
767.57
766.01
89.91
45. 70
78.80
78.70
78.50

1700
1720
1727
1736

toabove data questionable due
7/13/88 1016 62.80

1033 63.00
1043 63.00
1102 63.00
1106 52.55
1112 52.55
1116 36.10
1123 36.30

- - - - above
1132
1140
1144
1147
1151
1155
1158
1323
1338
1345
1356
1429
1449
1457
1508
1514
1519
1524
1529
1533
1546

data questionable
35.95
89.00
89.00
80.20
80.20
75.05
75.05
64.65
58.30
48.00
42.40
88.55
28.70
11.70
17.40
26.75
41.95
48.15
52.60
57.90
63.90

525.84
524.21
749.02
747.82
746.40
81.14
37.05
69.59
69.88
70.09

D start
53.08
53.27
53.17
53.11
42. 56
42.56
26.40
26.45
due to
38.03
89.14
89.40
80.69
80.61
75.47
75.45
65.12
59.42
50.02
44.51
86.63
29.35
12.16
17.88
27.07
42.59
48.57
53.17
58.29
64.35

-113.40
-171.18
-21.26
-19.74
-19.61
-8.77
-8.65
-9.21
-8.82
-8.41

up problems +
-9.72
-9.73
-9.83
-9.89
-9.99
-9.99
-9.70
-9.85

vertical test
2.08
0.14
0.40
0.49
0.41
0.42
0.40
0.47
1.12
2.02
2.11
-1.92
0.65
0.46
0.48
0.32
0.64
0.42
0.57
0.39
0.45

625.45
623.82
748.56
747.36
745.94
81.09
37.02
69.55
69.84
70.04

vertical
53.04
53.24
53.14
53.07
42.53
42.53
26.38
26.43

chamber-
38.00
89.08
89.34
80.64
80.56
75.42
75.40
65.07
59.38
49.98
44.48
86.58
29.32
12.15
17.86
27.05
42.56
48.54
53.14
58.25
64.31

-113.79
-171.56
-21.72
-20.20
-20.07
-8.82
-8.68
-9.25
-8.86
-8.46

chamber
-9.76
-9.76
-9.86
-9.93

-10.02
-10.02
-9.72
-9.87

2.05
0.08
0.34
0.44
0.36
0.37
0.35
0.42
1.08
1.98
2.08
-1.97
0.62
0.45
0.46
0.30
0.61
0.39
0.54
0.35
0.41
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TABLE B.5 (continued)

Readings Shown in cm of Water

Suction from Tensiometer Output

Date Time

1549
1556
1559
1621

P1-Chamber
#S

69.90
75.00
84.10
88.50

J.B. Error Least Error
Method Squares

69.94 0.04 69.90 0.00
75.28 0.28 75.23 0.23
84.32 0.22 84.27 0.17
88.78 0.28 88.72 0.22
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TABLE S.6

TENSIONETER CALIBRATION DATA CALIBRATED WITH
POROUS PLATE - TRANSDUCER 5290035

Date Time

7/18/88 2055
2139

7/19/88 1010
1017
1119
1203
1322
1358
1421
1438
1520
1600
1616
1659
1724

7/20/88 0850
0938
1007
1114
1231
1401
1604
1656
2030

7/21/88 0825
1016
1148
1335
1451
1659

7/22/88 1049
1244
1501
1528

Port
Location

upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
lower
lower
lower
lower
lower
upper
upper
lower
lower
upper
upper

Thermistor
Resistance

(kohms)

2.862

2.825
2.810

2.801

2.740
2.751

2.717
2.716
2.746
2.845
2.839

2.850

2.855

2.812

3.077
2.841

Air
Temp

(C)

Input
Voltage

8. 0001

7.9990

7.9988
7.9986

7.9986

7. 9989
7.9989
7.9988

7.9989
7.9990
7. 9987
7.9988

7. 9989

7. 9988

7.9990

7.9990
7.9984

7.9988
7. 9988
7. 9993

7. 9992

Tensio.
Output
(volts)

1. 29600
1. 29300
1.27840
1.30400
1. 27930
1. 23015
1. 18050
1.19858
1. 23975
1.24150
1. 28660
1.30665
1. 30800
1.33266
1. 33650
1. 34765
1. 32320
1. 32300
1.20150
1.19870
1.25120
1. 33350
1.33380
1. 36100
1. 36330
1. 35200
1. 32650
1.32560
1.26600
1.21950
1. 27175
1.22875
1.17340
1.16520

2.780
2.790
3.043

3.090

Note: Upper and lower sampling ports located 10 cm apart
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TABLE B.7

TENSIOMETER CALIBRATION SUMMARY CALIBRATED WITH
POROUS PLATE - TRANSDUCER 5290035

Readings Shown in cm of Water

Suction
Port Applied

Date Time Location to Plate

Suction
Applied

to P1
P1-P2
dP

Caic. Diff.
Plate from

Suction Applied

7/18/88 2055
2139

7/19/88 1010
1017
1119
1203
1322
1358
1421
1438
1520
1600
1616
1659
1724

7/20/88 0850
0938
1007
1114
1231
1401
1604
1656
2030

7/21/88 0825
1016
1148
1335
1451
1659

7/22/88 1049
1244
1501
1528

upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
upper
lower
lower
lower
lower
lower
upper
upper
lower
lower
upper
upper

19.60
19.60
20.50
19.70
19.70
29.50
39.50
34.40
24.50
24.50
14.50
9.50
9. 50
4.40
4.30
4.40
9.80
9.80

34.60
34.60
22.70
4.70
4.70
-5.25
-0.70
0.00
4.80
4.80

14.80
23.20
13.20
20.85
30.85
30.85

86.30
86.00
84.20
83.50
83.20
82.60
82.50
81.40
81.20
80.90
80.40
79.90
80.00
80.40
80.40
82.50
82.40
82.40
81.90
81.70
80.80
79.80
79.70
80.90
81.30
79.00
77.90
77.80
75.55
74.50
75.30
74.10
72.60
71.00

64.31
63.69
60.68
65.96
60.87
50.73
40.48
44.21
52.71
53.07
62.37
66.51
66.79
71.87
72.67
74.97
69.92
69.88
44.82
44.24
55.07
72.05
72.11
77.72
78.20
75.86
70.60
70.42
58.12
48.53
59.31
50.44
39.02
37.33

21.99
22.31
23.52
17.54
22.33
31.87
42.02
37.19
28.49
27.83
18.03
13.39
13.21
8.53
7.73
7.53

12.48
12.52
37.08
37.46
25.73
7.75
7. 59
3.18
3.10
3.14
7.30
7.38

17.43
25.97
15.99
23.66
33.58
33.67

2.39
2.71
3.02
2.16
2.63
2.37
2.52
2.79
3.99
3.33
3.53
3.89
3.71
4.13
3.43
3.13
2.68
2.72
2.48
2.86
3.03
3.05
2.89
8.43
3.80
3.14
2.50
2.58
2.63
2.77
2.79
2.81
2.73
2.82

coef. var. 0.12 std dev. - 0.33 mean - 2.88
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TABLE B.8

LVDT CALIBRATION

Micro.
Reading

(mm)

LVDT
Output
(Volts)Date Time LVDT

Input Rf
(Volts) (I

06/17/88 03:14 PM 1
1
1
1
1
1
1
1
1
1
1
1
1
1

11.543
12. 543
13.543
14.543
15.543
16.543
17.543
10.543
9.543
8.543
7.543
6.543
5.543
4.543

0.00071
-0. 72610
-1.46378
-2. 20019
-2.93579
-3.67010
-4.40130
0.74657
1.48608
2.22467
2.96395
3. 69370
4.43220
5. 15370

14.9409

14.9408

14.9411

11.557629
0.007638
0.999997

14
12

Air
esist. Temp
cohms) (CC)

2.532 22.85

2.518 22.98

2.523 22.93

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

(y-intercept)

X Coefficient(s)
Std Err of Coef.

-1. 35829
0.00069

(slope)
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TABLE B.8 (continued)

Date Time

06/17/88 02:17 PM

02:48 PM

LVDT

2
2
2
2
2
2
2
2
2
2
2
2
2
2

Micro.
Reading

(mm)

9.936
10. 936
11.936
12.936
13.936
14.936
15.936
8.936
7.936
6.936
5.936
4.936
3.936
2.936

LVDT
Output
(Volts)

-0.00016
-0.72720
-1.46370
-2.19747
-2.92885
-3.65710
-4. 38560
0.73817
1.47826
2.21454
2.95200
3.68670
4.42260
5.14940

Input Resist.
(Volts) (kohms)

14.9409 2.558

14.9410 2.548

14.9410 2.542

Air
Temp

22.61

22.70

22.76

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s) -1.36160
Std Err of Coef. 0.00073

9.949673
0.008036
0.999997

14
12
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TABLE B.8 (continued)

Date Time LVDT

06/17/88 01:15 PM 3
3
3
3
3
3
3
3
3
3
3
3
3
3

Micro.
Reading

(mm)

9.301
10.301
11.301
12.301
13.301
14.301
15.301
8.301
7.301
6.301
5.301
4.301
3.301
2.301

LVDT
Output
(Volts)

-0.00015
-0.73852
-1.47137
-2.20193
-2.93519
-3.65960
-4.38420
0.72729
1.46475
2.20210
2.94190
3.67380
4.40830
5.13475

14.9408

14.9408

14.9408

2.579

2.568

2.562

Air
Input Resist. Temp

(Volts) (kohms) (C)

22.43

22.52

22.58

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s) -1.36355
Std Err of Coef. 0.00082

9.303755
0.009120
0.999996

14
12
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TABLE B.8 (continued)

Date

06/17/88 lo

Time LVDT

2:23 PM 4
4
4
4
4
4
4
4
4
4
4
4
4
4

Micro.
Reading

(mm)

9.320
10.320
11.320
12.320
13.320
14.320
15.320
8.320
7.320
6.320
5.320
4.320
3. 320
2. 320

LVDT
Output
(Volts)

0.00026
-0.78432
-1.56685
-2. 34514
-3.11810
-3.89190
-4.66050
0.77281
1. 54635
2. 32562
3.09980
3.87440
4.64530
5.41300

Input Resist.
(Volts) (kohms)

14.9414 2.607

Air
Temp

(O C)

22.18

22.33

22.44

14.9413

14.9413

2.590

2.577

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

9.308754
0.007996
0.999997

14
12

X Coefficient(s)
Std Err of Coef.

-1.28844
0.00068
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TABLE B.8 (continued)

Date Time LVDT

06/17/88 11:59 AM 5
5
5
5
5
5
5
5
5
5
5
5
5
5

Micro.
Reading

(mm)

10.060
11.060
12.060
13.060
14.060
15.060
16.060
9.060
8.060
7.060
6.060
5.060
4.060
3.060

LVDT
Output
(Volts)

-0.00014
-0.77830
-1.56047
-2.34210
-3.12200
-3.90150
-4.67850
0. 78189
1. 56577
2. 34254
3.12480
3.90050
4.67830
5.44870

Input Resist.
(Volts) (kohms)

14.9411 2.629

Air
Temp

21.99

22.07

22.09

14.9413

14.9412

2.620

2.618

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

10.060049
0.005339
0.999998

14
12

X Coefficient(s)
Std Err of Coef.

-1.28230
0.00045
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TABLE B.8 (continued)

Micro.
Reading

(mm)

LVDT
Output
(Volts)

Input Resist.
(Volts) (kohms)

Air
Temp
( CC)Date Time LVDT

06/17/88 11:03 AM 6
6
6
6
6
6
6
6
6
6
6
6
6
6

10. 623
11.623
12.623
13. 623
14.623
15. 623
16.623
9.623
8.623
7.623
6.623
5.623
4.623
3.623

-0.00027
-0.77816
-1.55414
-2.32888
-3.10230
-3. 87490
-4.64320
0.77668
1. 54361
2. 30893
3.08190
3. 83780
4.59710
5. 34910

14.9414 2.557 22.62

14.9413 2.608 22.17

14.9415 2.633 21.96

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s) -1.29817
Std Err of Coef. 0.00159

10.606409
0.018495
0.999982

14
12
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TABLE B.8 (continued)

Date Time LVDT

06/21/88 10:43 AM 6
6
6
6
6
6
6
6
6
6
6
6
6
6

Micro.
Reading

(mm)

10.683
11.683
12.683
13.683
14.683
15.683
16.683
9.683
8.683
7.683
6.683
5.683
4.683
3.683

LVDT
Output
(Volts)

-0.00048
-0.77715
-1.55288
-2. 32931
-3.10080
-3.87230
-4.64060
0. 76539
1.53666
2. 30786
3.07360
3.83660
4.59530
5. 34970

Air
Input Resist. Temp

(Volts) (kohms) (C)

14.9433

14.9437

14.9437

2.668

2.668

2.667

21. 67

21.67

21.67

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient(s) -1.29892
Std Err of Coef. 0.00130

10.664678
0.015091
0.999988

14
12
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TABLE B.9

ELECTRONICS DATA SUMMARY - TEST BLOCK 1

Therm.
Resist.

Time (kohms)

Air
Temp
( C)

LVDT
Input
(volts)

LVDT Output (volts)

2 3Date

04/22/88
04/22/88
04/22/88
04/22/88
04/22/88
04/22/88
04/22/88
04/22/88
04/22/88
04/22/88
04/22/88
04/23/88
04/23/88
04/23/88
04/23/88
04/23/88
04/23/88
04/23/88
04/23/88
04/23/88
04/23/88
04/23/88
04/23/88
04/23/88
04/23/88
04/23/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/24/88

16:11
18:11
18:41
19:11
19:41
20:11
20:41
21:11
21:41
22:11
22:41
14:46
15:16
15:46
16:46
17:16
17:46
18:16
20:16
20:46
21:16
21:46
22:16
22:46
23:16
23:46
00:16
00:46
02:16
02:46
03:16
03:46
04:16
04:46
05:16
06:16
06:46
08:46
09:46
10:16
10:46
11:16
11:46
12:16
12:46

14.9396
14.9389
14.9388
14.9387
14.9386
14.9386
14.9387
14.9387
14.9388
14.9388
14.9387

5.89760
5. 89430
5. 89400
5.89390
5. 89390
5. 89410
5.89420
5.89560
5. 89550
5.89500
5. 89470
5. 89450
5.89450
5. 89450
5. 89450
5. 89470
5. 89480
5.89540
5. 89550
5. 89560
5. 89570
5. 89590
5.89600
5.89610
5.89640
5.89650
5.89650
5. 89630
5.89620
5. 89620
5. 89600
5.89600
5. 89580
5. 89620
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TABLE B.9 (continued)

Therm. Air
Resist. Temp

Time (kohms) (CC)Date

04/24/88
04/24/88
04/24/88
04/24/88
04/24/88
04/25/88
04/25/88
04/26/88
04/26/88
04/26/88
04/26/88
04/26/88
04/26/88
04/26/88
04/26/88
04/26/88
04/26/88
04/26/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/27/88
04/28/88
04/28/88

13:16
13:46
14:46
15:16
15:46
08:20
15:10
17:16
19:15
19:45
20:15
20:45
21:15
21:45
22:15
22:45
23:15
23:45
00:15
00:45
01:15
01:45
02:15
02:45
03:15
03:45
04:15
04:45
05:15
05:45
06:15
06:45
07:15
07:45
08:15
08:45
09:15
16:34
17:33
18:33
19:33
20:33
21:33
22:33
23:33
00:34
02:33

- - - -

LVDT
Input
(volts)

14.9481
14.9476
14.9474
14.9473
14.9471
14.9470
14.9472
14.9472
14.9473
14.9472
14.9472
14.9472
14.9472
14.9471
14.9471
14.9471
14.9470
14.9470
14. 9469
14.9468
14.9469
14.9467
14.9467
14.9467
14.9466
14.9468
14.9466
14.9466
14.9466
14.9466
14.9485
14.9481
14.9479
14.9478
14.9477
14.9475
14.9474
14.9477
14.9477
14.9477

LVDT Output (volts)

2

5.89700
5.89740
5.89760
5.89750
5.89760
5.89830
5.89740
1.89742
1.90144
1.90169
1.90188
1. 89917
1. 90223
1.89920
1. 89912
1. 90196
1. 89899
1.89926
1. 89928
1. 89930
1. 89938
1.89943
1. 89948
1. 89954
1.89962
1. 89965
1. 89973
1. 89977
1.89978
1.89981
1.89984
1.89983
1.89947
1.89986
1. 89976
1.89997
1.90015
1. 89593
1.89580
1. 89608
1.89646
1.89676
1. 89701
1. 89751
1.89744
1. 89725
1. 89713

3

1. 95073
1. 95313
1. 95302
1.95440
1. 95340
1.95466
1.95456
1.95344
1. 95461
1. 95159
1.95170
1. 95190
1.95085
1. 95109
1.95120
1. 95128
1.95145
1. 95160
1. 95166
1.95181
1. 95200
1. 95206
1. 95219
1.95218
1. 95228
1. 95335
1. 95613
1. 95281
1.95297
1.95614
1.96484
1. 96556
1.96601
1.96644
1. 96675
1. 96395
1. 96311
1. 96291
1. 96287
1. 96310
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TABLE B.9 (continued)

Date

04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/28/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88

Therm.
Resist.

Time (kohms)

03:34 -

05:33 -
06:34 -

07:34 -

11:00 -
11:03 -
11:07 -

11:11 -

11:58 -
13:27 -
13: 57 -

14:27 -
14:57 -

15:27 -
15:57 -

17:02 -
18:31 -
20:01 -
20:31 -
23:01 -
00:31 -
02:01 -
03:32 -
06:31 -
08:02 -
11:33 -
11:47 -
12:47 -

13:02 -
14:02 -
14:17 -
14:32 -
14:48 -
15:03 -

15:18 -
15:33 -
16:02 -
16:18 -
16:33 -
16:48 -
17:03 -

17:18 -
17:33 -

17:48 -
18:03 -
18:42 -
21:00 -

Air
Temp
( 0 C)

LVDT
Input -
(volts)

14.9478.
14.9478
14.9479
14.9474
14.9473
14.9477
14.9477
14.9477
14.9477
14.9478

- 14.9473
14.9472

- 14.9472
- 14.9473
- 14.9473
- 14.9475
- 14.9464
- 14.9459
- 14.9457
- 14.9456
- 14.9459
- 14.9458
- 14.9458
- 14.9458
- 14.9456
- 14.9455
- 14.9460
- 14.9462
- 14.9461
- 14.9462
- 14.9465
- 14.9467
- 14.9467
- 14.9465
- 14.9465
- 14.9464
- 14.9466
- 14.9465
- 14.9467
- 14.9466
- 14.9462
- 14.9464
- 14.9466

- ~~14. 9463
- 14.9462
- 14.9461
- 14.9470
- 14.9463

LVDT Output

2

1.89710
1.89717
1.89756
1.89770
1.89297
1.89642
1.89392
1.89280
1.89640
1.89370
1.89380
1.89365
1.89374
1.89374
1.89349
1.89553
1.89556
1.89580
1.89615
1.89590
1.89580
1.89581
1.89582
1.89613
1.89637
1.89385
1.89385
1.89403
1.89261
1.88747
1.88757
1.88752
1.88767
1.88742
1.88744
1.88753
1.88729
1.88689
1.88684
1.88659
1.88691
1.88668
1.88710
1.88711
1.88644
1.88603
1.88643

(volts)

3

1. 96329
1.96367
1. 96367
1.96442
1. 96735
1. 97112
1.96716
1. 96788
1. 97108
1.96833
1.96847
1.96848
1. 96848
1. 96857
1. 96845
1. 97146
1. 97178
1. 97209
1. 97238
1. 97218
1.97213
1.97212
1. 97219
1. 97259
1. 97283
1.82167
1.82161
1. 82207
1. 82193
1.82450
1. 82102
1. 82087
1. 82438
1. 82450
1. 82223
1. 82201
1. 82180
1. 82495
1.82504
1. 82189
1.82554
1.82255
1. 82287
1. 82247
1.82557
1. 82179
1. 82208
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TABLE B.9 (continued)

Therm. Air
Resist. Temp

Time (kohms) (*C)

LVDT
Input
(volts)

LVDT Output

2

(volts)

3Date

04/29/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
05/01/88
05/01/88
05/01/88
05/01/88
05/01/88
05/01/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88

22:30
00:00
01:30
10:10
11:41
13:41
17:28
19:28
21:28
23:28
01:28
03:28
05:28
16:24
20:24
22:24
00:24
02:24
04:24
06:24
08:24
10:24
12:28
14:28
16:28
18:28
20:28
22:28
00:28
02:28
04:28
08:28
13:27
15:33
16:52
17:22
17:52
18:22
18:52
19:22
19:52
20:22
20:52
20:22
21:39
22:05
23:05

2. 5950
2.8812
2. 9278
2. 9691
3.0024
3.0360
3.0597
3.0400
2. 9395
2.9532
3.0301
2. 9902
3.0310
3.0198
2. 9513
2.9927
3.0490
3.0809
2.9855
2. 9536
2.9002
2. 8393
2. 8628
2. 8534
2. 8856
2. 9134
2.9468
2. 9579
2. 9500
2.9329
2. 9461
2.8594
2.8544
2. 8945

- 14.9460
- 14.9461

14.9459
- 14.9460
- 14.9462
- 14.9461
- 14.9462
- 14.9458
- 14.9461
- 14.9460

14.9459
14.9457
14.9455

22.2856 14.9453
19.9980 14.9448
19.6517 14.9448
.19.3483 14.9447
19.1049 14.9446
18.8601 14.9444
18.6878 14.9443
18.8310 14.9442
19.5654 14.9446
19.4646 14.9444
18.9031 14.9443
19.1935 14.9444
18.8965 14.9443
18.9780 14.9441
19.4789 14.9443
19.1756 14.9442
18.7656 14.9440
18.5338 14.9439
19.2282 14.9440
19.4615 14.9444
19.8563 14.9443
20.3131 -
20.1355 -
20.2065 -
19.9651 -
19.7583 -
19.5119 -
19.4300
19.4883 -
19.6142 -
19.5169 -
20.1610 -
20.1989 -
19.8985 -

1.88718
1. 88707
1.88758
1.88700
1.88573
1.88508
1.87991
1.87989
1.87681
1.87542
1.87498
1.87475
1.87291
1.85731
1.85648
1.85424
1.85406
1. 85369
1.85337
1. 85209
1.85059
1.84703
1.84068
1. 84073
1.83936
1.83460
1.83516
1.83416
1.83384
1. 83376
1. 83374
1. 83057
1. 82658
1.82158

1.82555
1. 82248
1.82672
1.82649
1.82267
1.82248
1.82251
1.82335
1. 82332
1.82381
1.82405
1.82432
1.82456
1.82613
1.82717
1. 82763
1.82817
1.82870
1. 82927
1. 82920
1.83025
1.82996
1. 82999
1. 83101
1. 83106
1.83126
1. 83339
1.83433
1. 83476
1. 83507
1. 83539
1. 83523
1. 83710
1.83810
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TABLE B.9 (continued)

Therm. Air LVDT LVDT Output (volts)
Resist. Temp Input - - - - - - - - - - - -

Date Time (kohms) (C) (volts) 2 3

05/03/88 23:35 2.9002 19.8563 - - -
05/04/88 00:05 2.9060 19.8131 - - -
05/04/88 00:35 2.9182 19.7223 - - -
05/04/88 01:35 2.9403 19.5593 - - -
05/04/88 02:35 2.9625 19.3965 - - -
05/04/88 03:05 2.9719 19.3279 - - -
05/04/88 03:35 2.9798 19.2701 - - -
05/04/88 04:05 2.9906 19.1912 - - -
05/04/88 04:35 2.9989 19.1303 - - -
05/04/88 05:05 3.0204 18.9736 - - -
05/04/88 05:35 3.0233 18.9525 - - -
05/04/88 06:05 3.0223 18.9598 - - -
05/04/88 06:35 2.9996 19.1254 - - -
05/04/88 07:05 2.9880 19.2097 - - -
05/04/88 07:35 2.9668 19.3652 - - -
05/04/88 08:05 2.9363 19.5891 - - -
05/04/88 08:35 2.9410 19.5543 - - -
05/04/88 09:05 2.9411 19.5534 - - -
05/04/88 09:53 2.9122 19.7674 14.9443 1.80448 1.83666
05/04/88 09:54 2.9090 19.7908 - - -
05/04/88 10:54 2.9315 19.6246 - - -
05/04/88 11:24 2.9079 19.7989 - - -
05/04/88 11:54 2.8597 20.1586 - - -
05/04/88 12:24 2.8124 20.5175 - - -
05/04/88 13:24 2.6936 21.4552 - - -
05/04/88 20:25 2.8391 20.3146 14.9444 1.79057 1.84470
05/04/88 21:10 2.8622 20.1397 14.9447 1.79032 1.84551
05/05/88 00:10 2.8361 20.3369 14.9445 1.79038 1.85142
05/05/88 03:10 2.8489 20.2400 14.9444 1.79014 1.85883
05/05/88 06:10 2.9506 19.4841 14.9442 1.79006 1.86820
05/05/88 09:10 2.9346 19.6019 14.9438 1.78904 1.87761
05/05/88 11:26 2.8787 20.0167 14.9442 1.78771 1.88564
05/05/88 13:05 2.7777 20.7854 14.9446 1.78491 1.89406
05/05/88 16:45 2.6747 21.6097 14.9448 1.78024 1.90406
05/05/88 19:45 2.8261 20.4129 14.9445 1.77669 1.91699
05/05/88 22:45 2.8625 20.1379 14.9442 1.77704 1.92810
05/06/88 01:45 2.8470 20.2548 14.9442 1.77685 1.93797
05/06/88 04:45 2.8470 20.2548 14.9440 1.77699 1.94447
05/06/88 07:45 2.9420 19.5468 14.9438 1.77713 1.94925
05/06/88 13:58 2.9266 19.6607 14.9441 1.77347 1.96094
05/06/88 15:13 2.9076 19.8013 - - -
05/06/88 15:58 2.8606 20.1519 14.9442 1.77019 1.97064
05/06/88 19:58 2.9666 19.3668 14.9435 1.77036 1.97018
05/06/88 23:58 2.9518 19.4751 14.9436 1.76943 1.97434
05/07/88 03:58 3.0327 18.8841 14.9434 1.76951 1.97869
05/07/88 07:58 3.0526 18.7394 14.9432 1.76959 1.98268
05/07/88 11:58 3.0300 18.9038 14.9434 1.76899 1.98599
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TABLE B.9 (continued)

Date

05/07/88
05/07/88
05/08/88
05/08/88
05/08/88
05/09/88
05/09/88
05/09/88
05/09/88
05/09/88
05/10/88
05/11/88
05/11/88
05/11/88
05/12/88
05/12/88
05/12/88
06/17/88
06/17/88

Time

15:22
19:22
03:22
07:22
23:22
03:22
07:22
11:22
15:22
19:22
14:18
08:01
15:05
16:58
13:25
14:25
15:53
09:24
09: 28

Therm.
Resist.
(kohms)

2. 7529

Air
Temp
(0C)

LVDT
Input -
(volts)

LVDT Output (volts)

2 3

19.0033
18.8826
18.8471
18.6774
20.1374
19.5101
19. 2993
19.4449
20.1736
19. 7654
20.7533
19.8032
22. 5386
22. 3789
23.0353
23. 1615
23.4842
20.9799

14.9434
14.9433
14.9432
14.9431
14.9439
14.9435
14.9434
14.9437
14.9439
14.9437
14.9442
14.9437
14.9451
14.9456
14.9458
14.9458
14.9460
14.9436
14.9437

1.76730
1. 76732
1. 76663
1. 76679
1. 76060
1.76084
1. 76115
1.76009
1. 75986
1. 75906
1. 75604
1.75484
1. 75100
1. 74923
1. 74566
1.74498
1. 74402
1. 73693
1. 73660

1. 98939
1. 99396
2.00134
2.00443
2.01640
2.01938
2.02160
2.02294
2.02523
2.02738
2.03399
2.04123
2.04128
2.04128
2.04595
2.04585
2.04555
2.05351
2.05320
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TABLE B.10

FLOW TUBE MEASUREMENTS - TEST BLOCK 1

Legend: Ht - total head on top of the plate
q - specific discharge - Q/A, A - area of plate
hb - pressure head on the bottom of the plate

Date

01/12/88
01/12/88
01/12/88
01/12/88
01/12/88
01/12/88
01/12/88
01/12/88
01/12/88
01/12/88
01/12/88
01/13/88
01/13/88
01/13/88
01/13/88
01/13/88
01/13/88
01/14/88
01/14/88
01/14/88
01/14/88
01/14/88
01/15/88
01/15/88
01/15/88
01/15/88
01/15/88
01/15/88
01/15/88
01/15/88
01/15/88
01/16/88
01/16/88
01/16/88
01/16/88
01/17/88
01/17/88
01/17/88
01/17/88
01/17/88
01/17/88

Plate
Time Position Number

11:55
12:10
12:45
13:16
13:48
14:18
14:48
15:15
15:42
16:10
19:47
08:18
09:07
11:43
13:31
15:43
21:33
09:15
11:56
13:34
15:42
20:56
08:14
08:40
11:20
12:40
15:41
16:33
17:37
22:11
22:28
10:02
14:40
14:55
21:52
11:01
16:05
21:00
09:15
12:11
16:31

1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B
1-B

Ht
(cm)

-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
-10.00
20.00
20.00
20.00
20.00
26.20
26.20
26. 20
25. 60
25.20
27.40
27.40
27.40
42.30
50.00
50.00
51.50
51.50
50.20
49.80
52.00
51.20
49.40
52.00
51.40
50.00
49.60
49.10

q
(m/sec)

2.537713E-07
2.360958E-07
2.142758E-07
2.065457E-07
2.006088E-07
1.980502E-07
1.940341E-07
1.930217E-07
1.947473E-07
1.907513E-07
1.821539E-07
1.734917E-07
1.939739E-07
1.893277E-07
2.292415E-07
2.329189E-07
2.344480E-07
2.290877E-07
2.757743E-07
2.680595E-07
2.778506E-07
2.850906E-07
2.760748E-07
2.906913E-07
2.815662E-07
2.827410E-07
4.089513E-07
4.676852E-07
4.683136E-07
4.740017E-07
4.813072E-07
4.417470E-07
4.371052E-07
4.542462E-07
4.422606E-07
4.108364E-07
4.298407E-07
4.246060E-07
3.915727E-07
3.921819E-07
3.881412E-07

hb
(cm)

-37.02
-35.14
-32.82
-32.00
-31.36
-31.09
-30.66
-30.56
-30.74
-30.31
-29.40
-28.48
-30.66
-30.16
-4.41
-4.80
-4.97
-4.40
-3.17
-2.35
-3.39
-4.76
-4.20
-3.56
-2.58
-2.71
-1.25
0.20
0.13
1.02
0.24
3.16
3.25
3.63
4.10
5.65
6.23
6.18
8.30
7.84
7.77
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TABLE B.10 (Continued)

Plate
Time Position NumberDate

04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/29/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
04/30/88
05/01/88
05/01/88
05/01/88
05/01/88
05/01/88
05/01/88
05/01/88
05/01/88
05/01/88
05/01/88
05/01/88
05/01/88
05/01/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/02/88
05/03/88
05/03/88
05/03/88
05/03/88
05/03/88

17:29
17:45
17:55
20:30
20:40
20:50
09:30
09:42
09:56
12:20
11:52
12:03
16:54
17:06
17:18
20:49
21:00
21:12
08:05
08:17
08:29
11:30
11:43
11:56
12:17
15:25
15:39
15:52
20:24
20:37
20:48
09:05
09:20
09:35
12:14
12:27
12:36
15:26
15:44
15:55
20: 57
21:24
21:41
07:53
08:24
09:52
15:37
15:56

1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-C
1-C
1-A
1-B
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-C
1-B
1-A
1-B
1-C
1-A
1-B
1-A
1-C
1-B
1-C

6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
1
1
2
6
6
1
2
6
1
2
6
1
2
6
1
2
1
6
2
6
1
2
6
2
1
6
1

Ht
(cm)

40.00
40.00
40.00
40.00
40.00
40.00
40.00
40.00
40.00
40.00
38.00
35.00
40.00
38.00
30.00
40.00
38.00
28.00
40.00
38.00
25.00
36.00
36.00
25.00
40.00
40.00
36.00
25.00
40.00
32.00
25.00
40.00
30.00
25.00
40.00
27.00
25.00
23.00
40.00
25.00
40.00
20.00
25.00
40.00
25.00
15.00
40.00
15.00

q
(m/sec)

3. 711860E-07
1.552519E-07
2.043573E-07
3.644215E-07
1.566101E-07
1.957309E-07
3.669158E-07
1.456506E-07
1.866166E-07
3.431005E-07
1.432320E-07
1.658397E-07
3.719018E-07
1.435528E-07
1.432531E-07
3.758852E-07
1.443837E-07
1.326164E-07
3.842562E-07
1.380251E-07
1.214821E-07
1.293852E-07
1.280597E-07
1.249121E-07
3.392537E-07
3.472668E-07
1. 243925E-07
1.291336E-07
3.534440E-07
1.131151E-07
1.343943E-07
3.332869E-07
1.041150E-07
1.274594E-07
3.395542E-07
9.488161E-08
1.298136E-07
8.014442E-08
3.410733E-07
1.300249E-07
3.576241E-07
6.738091E-08
1.317308E-07
3.617331E-07
1.302987E-07
6.125608E-08
3.731121E-07
6.159188E-08

hb
(cm)

0.47
3.19
2.08
1.19
2.87
3.68
0.93
5.47
5.37
3.46
4.04
4.22
0.40
3.97
3.42

-0.03
3.77
3.39

-0.92
5.28
2.46
5.33
5.64
1.82
3.87
3.02
6.51
1.04
2.36
5.18
0.06
4.51
5.32
1.35
3.84
4.51
0.91
4.00
3.68
0.87
1.92
4.03
0.55
1.48
0.82
0.48
0.27
0.40
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TABLE B.10 (Continued)

Plate
Time Position NumberDate

05/03/88
05/03/88
05/03/88
05/03/88
05/04/88
05/04/88
05/04/88
05/04/88
05/04/88
05/04/88
05/04/88
05/04/88
05/04/88
05/05/88
05/05/88
05/05/88
05/05/88
05/05/88
05/05/88
05/05/88
05/05/88
05/06/88
05/06/88
05/06/88
05/07/88
05/07/88
05/07/88
05/09/88
05/09/88
05/09/88
05/10/88
05/10/88
05/10/88
05/11/88
05/11/88
05/11/88
05/12/88
05/12/88
05/12/88
05/13/88
05/13/88
05/13/88
05/18/88
05/18/88
05/18/88
05/28/88
05/28/88
05/30/88

15:54
20:31
20:36
20:47
08:11
08:21
08:46
11:45
11:54
12:05
20:41
20:41
20:28
08: 34
08:29
08:43
12:56
12:20
18:26
18:50
19:02
13:29
13:57
13:44
14:32
14:43
14:54
10:18
10:26
10:13
14:20
13:26
13:14
14:56
16:44
16:16
15:00
16:16
16:00
15:32
17:01
16:45
12:46
12:05
11:19
14:39
14:53
08:57

1-A
1-A
1-C
1-B
1-B
1-C
1-A
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-A
1-B
1-C
1-A
1-B
1-B
1-C
1-A
1-B
1-A
1-C
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-B
1-A
1-B

2
2
1
6
6
1
2
1
2
6
1
2
6
1
2
6
2
6
1
2
6
6
1
2
6
2
1
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
6
2
6

Ht
(cm)

25.00
25.00
10.00
40.00
40.00
10.00
25.00
-5.00
25.00
40.00
-5.00
25.00
40.00
-5.00
25.00
40.00
25.00
40.00
0.00

25.00
40.00
40.00
-5.00
25.00
40.00
25.00
-5.00

-10.00
25.00
40.00

-10.00
25.00
40.00

-10.00
25.00
40.00

-10.00
25.00
40.00

-10.00
25.00
40.00

-10.00
25.00
40.00
40.00
25.00
38.00

q
(m/sec)

1.322111E-07
1.341561E-07
4.544629E-08
3.505562E-07
3.710768E-07
4.541229E-08
1.341561E-07
2.680404E-08
1.366928E-07
3.804559E-07
2.952989E-08
1.375602E-07
3.726122E-07
2.639505E-08
1.325972E-07
3.719538E-07
1.350398E-07
3.625418E-07
5.218347E-08
1.348533E-07
4.469874E-07
3.349892E-07
3.333656E-08
1.296936E-07
3.536107E-07
1.270859E-07
2.930464E-08
1.322313E-08
1.287266E-07
3.618304E-07
1.563402E-08
1.374980E-07
3.293492E-07
1.316363E-08
1.405255E-07
3.365574E-07
1.416306E-08
1.433177E-07
3.443195E-07
1.381493E-08
1.405460E-07
3.482922E-07
6.409404E-09
1.269851E-07
3.020745E-07
2.955604E-07
1.238069E-07
3.126046E-07

hb
(cm)

0.46
0.10

-0.77
2.67
0.48

-0.77
0.10

-11.35
-0.37
-0.52

-12.00
-0.53
0.32

-11.26
0.39
0.39
-0.06
1.39

-12.37
-0.03
-7.60
4.33

-12.90
0.93
2. 34
1.42

-11.95
-13.13

1.11
1.47

-13.71
-0.52
4.93

-13.12
-1.08
4.16

-13.36
-1.60
3.33

-13.28
-1.08
2.91

-11.52
1.43
7.83
8.53
2.02
4.71
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TABLE B.10 (Continued)

Plate Ht q hb
Date Time Position Number (cm) (m/sec) (cm)

05/30/88 09:13 1-A 2 25.00 1.236449E-07 2.05
05/31/88 08:03 1-B 6 38.00 2.820580E-07 7.96
05/31/88 08:17 1-A 2 25.00 1.234966E-07 2.08
05/31/88 08:21 1-C 1 -10.00 9.016836E-09 -12.14
05/31/88 14:36 1-B 5 37.50 2.271922E-07 -4.94
05/31/88 15:02 1-C 4 -6.00 5.304564E-08 -13.75
05/31/88 14:55 1-A 3 25.30 6.646474E-08 -0.49
06/01/88 09:26 1-B 5 37.50 2.409473E-07 -7.51
06/01/88 09:44 1-A 3 25.30 7.268829E-08 -2.91
06/02/88 08:10 1-B 5 37.50 2.378003E-07 -6.92
06/02/88 09:02 1-C 4 5.00 3.264449E-08 0.23
06/02/88 09:48 1-A 3 25.30 7.423028E-08 -3.51
06/04/88 13:55 1-B 5 37.50 2.363852E-07 -6.65
06/04/88 14:25 1-C 4 5.00 4.127218E-08 -1.03
06/04/88 14:56 1-A 3 27.00 7.470695E-08 -1.99
06/05/88 15:01 1-A 3 27.00 7.667860E-08 -2.76
06/06/88 15:54 1-A 3 29.00 8.032289E-08 -2.17
06/06/88 16:22 1-C 4 5.00 4.018163E-08 -0.87
06/06/88 16:26 1-B 5 37.50 2.397386E-07 -7.28
06/07/88 08:09 1-A 3 30.00 8.421386E-08 -2.68
06/07/88 08:19 1-C 4 5.00 4.317180E-08 -1.31
06/07/88 08:31 1-B 5 37.50 2.375153E-07 -6.86
06/10/88 08:12 1-A 3 30.00 8.185627E-08 -1.77
06/10/88 08:53 1-C 4 5.00 1.098061E-07 -11.04
06/10/88 08:56 1-B 5 37.50 2.349621E-07 -6.39
06/10/88 19:47 1-A 3 31.00 8.640446E-08 -2.53
06/10/88 19:48 1-C 4 6.00 1.090441E-07 -9.93
06/10/88 20:03 1-B 5 37.50 2.401988E-07 -7.37
06/12/88 11:59 1-A 3 31.00 8.088882E-08 -0.39
06/12/88 12:06 1-C 4 6.00 8.583308E-08 -6.54
06/12/88 12:18 1-B 5 37.50 2.235242E-07 -4.25
06/13/88 09:34 1-A 3 31.00 7.868237E-08 0.47
06/13/88 09:46 1-C 4 6.00 1.214638E-07 -11.74
06/13/88 09:56 1-B 5 37.50 2.181141E-07 -3.24
06/13/88 19:48 1-A 3 30.00 8.202287E-08 -1.83
06/13/88 20:07 1-C 4 5.00 3.359502E-08 0.09
06/13/88 20:20 1-B 5 35.75 2.315960E-07 -7.51
06/14/88 08:00 1-A 3 30.00 7.714465E-08 0.06
06/14/88 08:20 1-C 4 5.00 3.717595E-08 -0.43
06/14/88 08:27 1-B 5 35.75 2.250555E-07 -6.29
06/14/88 11:30 1-B 5 35.70 2.202417E-07 -5.44
06/14/88 14:05 1-B 5 35.80 2.243962E-07 -6.11
06/15/88 08:44 1-A 3 30.00 7.904195E-08 -0.67
06/15/88 08:58 1-C 4 5.00 3.591987E-08 -0.25
06/15/88 09:05 1-B 5 36.20 2.280518E-07 -6.40
06/16/88 08:49 1-A 3 30.00 8.210233E-08 -1.86
06/16/88 09:10 1-B 5 36.20 2.270191E-07 -6.20
06/16/88 09:44 1-B 5 36.20 2.592950E-07 -12.23
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TABLE B.10 (Continued)

Plate
Time Position NumberDate

06/16/88
06/16/88
06/16/88
06/16/88
06/19/88
06/19/88
06/19/88
06/20/88
06/20/88
06/20/88
06/21/88
06/21/88
06/21/88
06/24/88
06/24/88
06/24/88
06/27/88
06/27/88
06/27/88
06/28/88
06/28/88
06/28/88
06/29/88
06/29/88
06/29/88
07/01/88
07/01/88
07/01/88
07/01/88
07/01/88
07/03/88
07/03/88
07/03/88
07/05/88
07/05/88
07/05/88
07/11/88
07/11/88
07/11/88
07/15/88
07/15/88
07/15/88
07/15/88
07/18/88
07/18/88
07/18/88
07/19/88
07/19/88

10:44
11:48
13:43
14:05
13:41
13:51
14:30
08:29
08: 56
09:35
08:49
09:20
09:58
09:00
09: 27
08:41
09:37
10:03
09:58
11:37
12:42
12:05
09:42
10:39
10:41
08:59

09: 38
10:50
11:13
08:30
09:12
09:23
12:27
12:47

11:44
12:28
12:59
10:00
10:15
10:22

09:59
10:35
11:27
09:50
10:44

1-C
1-B
1-B
1-B
1-A
1-C
1-B
1-A
1-C
1-B
1-A
1-C
1-B
1-A
1-C
1-B
1-A
1-C
1-B
1-A
1-C
1-B
1-A
1-C
1-B
1-A
1-C
1-B
1-A
1-B
1-A
1-C
1-B
1-A
1-C
1-B
1-A
1-C
1-B
1-A
1-C
1-B
1-B
1-A
1-B
1-A
1-A
1-C

4
5
5
5
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
3
5
3
4
5
3
4
5
3
4
5
3
4
5
5
3
5
3
3
4

Ht
(cm)

5.00
35.90
36.20
36.20
30.00
5.00

35.90
30.00
5.00

35.88
30.00
5.00

35.80
30.00
5.00

35. 90
30.00
4.35
35.60
27.85
4.35
35. 55
27.95
4.65
35.85
27.80
4.30
35.60
27.80
35.60
27.70
4.40
35. 70
28.00
5.20

35.70
27.50
4.30
35.45
27.65
5.95
36.30
35.85
28.60
35.95
27.95
28.65
5.40

q
(m/sec)

3.551413E-08
2.396903E-07
2.373019E-07
2.374501E-07
8.209532E-08
3.681969E-08
2.186013E-07
7.914377E-08
3.817375E-08
2.361962E-07
8.066471E-08
3.631895E-08
2.325158E-07
8.166141E-08
3.636089E-08
2.484596E-07
7.924495E-08
3.925811E-08
2.175524E-07
7.583014E-08
3.421570E-08
2.197368E-07
8.151239E-08
4.277829E-08
2.208916E-07
7.333950E-08
3.516955E-08
2.157373E-07
7.280766E-08
2.043458E-07
7.129274E-08
3.544593E-08
2.259396E-07
8.228403E-08
5.236841E-08
2.176479E-07
7.363655E-08
3.335852E-08
2.052818E-07
6.659299E-08
2.949049E-08
1.546158E-07
2.246330E-07
5.859956E-08
2.254517E-07
6.779708E-08
6.923876E-08
3.258456E-08

hb
(cm)

-0.19
-8.87
-8.12
-8.15
-1.86
-0.38
-4.93
-0.71
-0.58
-8.24
-1.30
-0.31
-7.63
-1.69
-0.31

-10.51
-0.75
-1.38
-5.04
-1.58
-0.65
-5.49
-3.68
-1.60
-5.41
-0.66
-0.84
-4.70
-0.45
-2.57
0.03
-0.78
-6.50
-3.93
-2.45
-4.95
-1.08
-0.57
-2.89
1.81
1.64
7.42
-6.11
5.86
-6.16
1.64
1.78
0.64
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TABLE B.10 (Continued)

Plate
Time Position Number

Ht
(cm)Date

q
(m/sec)

07/19/88 10:25 1-B 5 36.65
07/23/88 12:20 1-A 3 28.05
07/23/88 16:07 1-C 4 4.45
07/23/88 12:50 i-B 5 36.05
07/25/88 14:11 1-A 3 28.15
07/25/88 15:03 1-C 4 4.60
07/25/88 14:43 1-B 5 36.10
08/02/88 09:00 1-A 3 28.50
08/02/88 10:00 1-C 4 4.85
08/02/88 09:30 1-B 5 36.80
08/03/88 20:47 1-A 3 27.20
08/03/88 21:55 1-C 4 -0.90
08/03/88 20:46 1-B 5 30.00
08/03/88 21:28 1-B 5 30.00
08/04/88 10:54 1-A 3 27.25
08/04/88 11:16 1-C 4 0.50
08/04/88 10:23 1-B 5 29.50
08/04/88 18:02 1-B 5 30.20
08/04/88 19:04 1-B 5 30.20
08/05/88 09:45 1-B 5 29.60

2.638441E-07
6.393488E-08
3.359560E-08
1.826855E-07
6.859271E-08
3.612295E-08
1.836434E-07
6.569721E-08
3.570202E-08
2.042332E-07
6.947752E-08
9. 360935E-08
1. 592188E-07
1. 644136E-07
6.948972E-08
3.493086E-08
1. 606922E-07
1. 304128E-07
1.622967E-07
1.655895E-07

hb
(cm)

-12.63
3.24

-0.46
1.93
1.53
-0.68
1.80
3.01
-0.37
-1.35
0.24

-14.57
0.26
-0.71
0.28
-4.60
-0.51
5.84
-0.11
-1.33
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TABLE B.11

TEST BLOCK 1 MOISTURE POTENTIAL DATA
TENSIOMETER 1 - JULY 1988

Average
Air Transd. Transducer Transd.

Resist. Temp Input Output Output
Date Time Port (kohms) (°C) (volts) (volts) (volts)

07/13/88 16:35 -FUS - - - 1.360-1.390 1.37500
07/13/88 16:45 5FUC - - - 1.389-1.392 1.39050
07/13/88 16:49 5FUC - - - 1.3957-1.3963 1.39600
07/13/88 17:28 5FLS - - - - 1.38550
07/13/88 20:12 5FLC - - - - 1.37140
07/13/88 20:20 5FLC 3.118 18.26 7.9982 - 1.36940
07/13/88 20:49 5FLC - - - - 1.36800
07/13/88 21:20 5FLC 3.068 18.63 7.9982 1.368-1.370 1.36900
07/14/88 12:09 5FUS 3.128 18.19 7.9986 1.3844-1.3848 1.38450
07/14/88 12:32 5FUC - - - 1.3832-1.3839 1.38355
07/14/88 12:56 5FLS - - 7.9987 1.3741-1.3749 1.37450
07/14/88 13:33 5FLC 3.078 18.55 7.9987 1.3640-1.3650 1.36450
07/14/88 13:48 5FLC - - - 1.3627-1.3633 1.36300
07/15/88 08:58 5FLC 3.220 17.52 7.9988 1.35105-1.35155 1.35130
07/15/88 09:45 5FLS - - - 1.36510-1.36580 1.36545
07/15/88 09:58 5FUS 3.171 17.88 7.9979 1.36950-1.36990 1.36970
07/15/88 10:28 5FUC - - 7.9977 1.36680-1.36720 1.36700
07/15/88 10:50 4MU - - - - 1.38000
07/15/88 10:56 4ML - - - - 1.38300
07/15/88 11:07 FACE 3 - - - - 1.38300
07/15/88 11:15 5FUC - - - 1.376-1.380 1.37800
07/16/88 11:01 5FUS 2.860 20.16 7.9979 1.3505-1.3513 1.35800
07/16/88 11:12 5FUC - - - 1.3405-1.3413 1.34800
07/16/88 11:25 5FLS 2.807 20.56 7.9979 1.33500-1.33550 1.33525
07/16/88 11:36 5FLC - - - 1.31280-1.31320 1.31300
07/24/88 20:59 5FUS - - - - 1.30620
07/24/88 21:12 5FUS 2.788 20.71 7.9995 - 1.30395
07/24/88 21:44 5FUS 2.775 20.81 7.9995 - 1.30360
07/25/88 08:37 5FUS 3.082 18.53 7.9996 - 1.30400
07/25/88 08:44 5FUS - - - - 1.30275
07/25/88 09:01 5FUS 3.066 18.64 7.9996 - 1.30200
07/25/88 09:51 5FUS - - - - 1.30100
07/25/88 10:22 5FUS 2.861 20.15 7.9996 - 1.29830
07/25/88 12:29 5FUC 2.810 20.54 7.9994 - 1.27960
07/25/88 13:40 5FUC 2.808 20.55 7.9993 - 1.27790
07/25/88 14:32 5FUC 2.777 20.79 7.9992 - 1.27350
07/25/88 15:07 5FUC 2.777 20.79 7.9993 - 1.27210
07/25/88 16:35 5FUC 2.740 21.08 7.9992 - 1.26730
07/25/88 20:08 5FUC 2.825 20.42 7.9993 - 1.26965
07/25/88 20:18 5FUC - - - - 1.27050
07/26/88 08:03 5FUC 3.068 18.63 7.9994 - 1.27410
07/26/88 08:37 5FLS 3.029 18.91 7.9994 - 1.27190
07/26/88 10:02 5FLS - - - - 1.27340
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TABLE B.l1 (continued)

Air
Resist. Temp
(kohms) (C)Date Time Port

07/26/88 15:11
07/26/88 15:50
07/26/88 16:23
07/26/88 17:21
07/27/88 07:59
07/27/88 08:25
07/27/88 09:45
07/27/88 10:40
07/27/88 10:58
07/27/88 12:54
07/27/88 14:45
07/27/88 17:07
07/27/88 19:27
07/28/88 08:03
07/28/88 11:18
07/28/88 15:36
07/28/88 16:51
07/28/88 10:36
07/28/88 16:25
07/28/88 13:11
07/28/88 16:56
07/28/88 12:56
07/29/88 10:36
07/29/88 16:25
07/30/88 13:11
07/30/88 16:56
07/31/88 12:56
07/31/88 17:02
08/01/88 07:40
08/01/88 10:33
08/01/88 14:27
08/01/88 15:27
08/01/88 16:31
08/01/88 19:48
08/01/88 21:40
08/02/88 07:54
08/02/88 13:31
08/02/88 16:11
08/02/88 16:34
08/02/88 19:38
08/02/88 20:58
08/03/88 08:10
08/03/88 08:26
08/03/88 09:55
08/03/88 11:00
08/03/88 12:21

5FLS
5FLS
5FLS
5FLS
5FLS
5FLS
5FLS
5FLS
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLS
5FLS
5FLS
5FLS
5FUC
5FUC
5FUC
5FUC
5FUC
5FUC
5FUC
5FUC
5FUS
5FUS
5FUS
5FUS

2.833

2.774
2.775
3.053

2.830
2.829

2.810
2.782
2.759
2.818
3.038

2.870
2.842
2.782
2.810
3.025
3.033
3.060
2.782
2.810
3.025
3.033
3.060
3.070
3.040
3.036
2.865
2.880
2.860
2.851
2.781
3.052
3.029
2.888

2.830
3.053
3.068

3.050
3.030
2.852

20. 36

20.81
20.81
18.74

20.38
20.39

20.54
20.75
20.93
20.47
18.85

20.08
20.29
20.75
20.54
18.94
18.88
18.69
20.75
20.54
18.94
18.88
18.69
18.61
18.83
18.86
20.12
20.01
20.16
20.22
20.76
18.74
18.91
19.95

20.38
18.74
18.63

18.76
18.90
20.22

Transd.
Input
(volts)

7.9991

7.9991
7.9991
7. 9993

7.9988
7.9988

7.9987
7.9985
7. 9985
7.9986
7.9987

7.9990
7. 9990
7.9989
7. 9988
7. 9989
7. 9989
7. 9989
7. 9989
7.9988
7. 9989
7.9989
7.9989
7.9988
7. 9988
7.9989
7.9989
7. 9988
7.9989
7.9989
7. 9988
7. 9986
7.9985
7.9982

7. 9993
7.9992
7. 9994

7.9995
7.9994
7.9994

Transducer
Output

(volts)

Average
Transd.
Output
(volts)

1.26315
1.26120
1.25970
1.25780
1.26460
1.26230
1.25660
1.25890
1.24230
1.24500
1.23815
1.23570
1.23910
1.23840
1.24050
1.23110
1.22860
1.21560
1.21100
1.21185
1.20690
1.19700
1.21560
1.21100
1.21185
1.20690
1.19700
1.19125
1.18600
1.18220
1.20140
1.20050
1.19980
1.19950
1.19900
1.20530
1.20440
1.17416
1.17217
1.19660
1.20030
1.20560
1.19740
1.19860
1.19250
1.19045
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TABLE B.11 (continued)

Resist.
Date Time Port (kohms)

Air
Temp

(0 C)

Transd.
Input
(volts)

Transducer
Output
(volts)

Average
Transd.
Output
(volts)

08/03/88
08/03/88
08/03/88
08/03/88
08/04/88
08/04/88
08/04/88
08/04/88
08/04/88
08/04/88
08/05/88
08/05/88
08/05/88
08/05/88

15:10
17:41
19:49
21:55
07: 55
11:38
15:20
17:30
21:51
22:57
09: 36
11:05
11:42
12:50

5FUS
5 FUS
5FUS
5FUS
5FUS
5 FUS
4MU
4MU
4MU
4MU
4ML
4ML
4ML
4ML

2.824
2.766
3.020
2.792
2.853
2.841
2.852
2.727
2.694
2.673
2.691
2.674
2.639
2.648

20.43
20.88
18.98
20.67
20.21
20.30
20.22
21.19
21.45
21.62
21.48
21.62
21. 91
21.83

7.9993
7.9994
7.9994
7. 9993
7.9994
7.9993
7.9994
7.9993
7. 9992
7. 9991
7.9991
7.9991
7. 9991
7. 9991

1. 17925
1. 17610
1.18400
1. 18060
1. 18410
1.17680
1.18845
1. 18160
1. 17600
1. 17630
1.16445
1.16400
1. 16330
1.16370
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TABLE B.12

TEST BLOCK 1 MOISTURE POTENTIAL SUMMARY
TENSIOMETER 1 - JULY 1988

Suction
Applied-

to P1
(cm water)

cm of water

Raw Corrected
Suction Suction

Transd. dS
(J.B.Method)Date Time Port

07/13/88
07/13/88
07/13/88
07/13/88
07/13/88
07/13/88
07/13/88
07/13/88
07/14/88
07/14/88
07/14/88
07/14/88
07/14/88
07/15/88
07/15/88
07/15/88
07/15/88
07/15/88
07/15/88
07/15/88
07/15/88
07/16/88
07/16/88
07/16/88
07/16/88
07/24/88
07/24/88
07/24/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/26/88
07/26/88
07/26/88

16:35
16:45
16:49
17:28
20:12
20:20
20:49
21:20
12:09
12:32
12:56
13:33
13:48
08:58
09:45
09:58
10:28
10: 50
10:56
11:07
11:15
11:01
11:12
11:25
11:36
20:59
21:12
21:44
08:37
08:44
09:01
09:51
10:22
12:29
13:40
14:32
15:07
16:35
20:08
20:18
08:03
08:37
10:02

5FUS
5FUC
5FUC
5FLS
SFLC
5FLC
5FLC
5FLC
5FUS
5FUC
5FLS
5FLC
5FLC
5FLC
SFLS
5FUS
5 FUC
4MU
4ML

FACE 3
5FUC
5FUS
5FUC
5FLS
5FLC
5FUS
5FUS
5FUS
5FUS
5 FUS
5FUS
5FUS
5FUS
SFUC
5FUC
5FUC
SFUC
5FUC
5FUC
5FUC
5FUC
5FLS
5FLS

85.90
87.60
87.60
89.00
89.40
89.30
89.15
88.90
87.60
87.20
86. 60
86.50
86. 50
86.10
84.70
84.50
83.80
84.70
84.70
84.50
84.30
79.40
79.10
79.10
78.90
70.80
70.35
70.25
70.60
70.40
70.10
69.80
69.30
67.95
67.60
66.35
66.15
65.20
66.20
66. 20
67.20
66.45
66.20

81.21
84.43
85.58
83.39
80.46
80.05
79.76
79.96
83.19
82.99
81.11
79.03
78. 72
76.28
79.23
80.11
79.55
82.25
82.87
82.87
81.83
77.68
75.60
72.95
68.32
66.91
66.44
66.37
66.45
66.19
66.04
65.83
65.27
61.38
61.03
60.12
59.82
58.83
59.31
59.49
60.24
59.78
60.09

4.69
3.17
2.02
5.61
8.94
9.25
9.39
8.94
4.41
4.21
5.49
7.47
7.78
9.82
5.47
4.39
4.25
2.45
1.83
1.63
2.47
1.72
3.50
6.15

10.58
3.89
3.91
3.88
4.15
4.21
4.06
3.97
4.03
6.57
6.57
6.23
6.33
6.37
6.89
6.71
6.96
6.67
6. 11

1.81
0.29
-0.86
2.73
6.06
6.37
6.51
6.06
1.53
1.33
2.61
4.59
4.90
6.94
2.59
1.51
1.37

-0.43
-1.05
-1.25
-0.41
-1.16
0.62
3.27
7. 70
1.01
1.03
1.00
1.27
1.33
1.18
1.09
1.15
3.69
3.69
3.35
3.45
3.49
4.01
3.83
4.08
3.79
3.23
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TABLE B.12 (continued)

Date Time Port

07/26/88
07/26/88
07/26/88
07/26/88
07/27/88
07/27/88
07/27/88
07/27/88
07/27/88
07/27/88
07/27/88
07/27/88
07/27/88
07/28/88
07/28/88
07/28/88
07/28/88
07/28/88
07/28/88
07/28/88
07/28/88
07/28/88
07/29/88
07/29/88
07/30/88
07/30/88
07/31/88
07/31/88
08/01/88
08/01/88
08/01/88
08/01/88
08/01/88
08/01/88
08/01/88
08/02/88
08/02/88
08/02/88
08/02/88
08/02/88
08/02/88
08/03/88
08/03/88
08/03/88
08/03/88
08/03/88

15:11
15:50
16:23
17:21
07:59
08:25
09:45
10:40
10:58
12:54
14:45
17:07
19:27
08:03
11:18
15:36
16:51
10:36
16:25
13:11
16:56
12:56
10:36
16:25
13:11
16:56
12:56
17:02
07:40
10:33
14:27
15:27
16:31
19:48
21:40
07:54
13:31
16:11
16:34
19:38
20:58
08:10
08:26
09:55
11:00
12:21

5FLS
5FLS
5FLS
SFLS
5FLS
5FLS
5FLS
5FLS
5FLC
5FLC
5 FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLC
5FLS
5FLS
5FLS
5FLS
5FUC
5FUC
5FUC
5FUC
5FUC
SFUC
5FUC
5 FUC
5FUS
5FUS
5FUS
5FUS

Suction
Applied-

to P1
(cm water)

64.00
63.45
63.20
62.70
64.50
64.00
62.80
63.20
62.80

62.30

61.10
60.70
61.80
62.20
62.10
59.65
59.10
57.40
56.30
57.10

56.00
54.50
57.40
56.30
57.10
56.00
54.50
53.40
52.90
51.80
50.80
50.60
50.40
50.40
49.80

51.20
50.10
47.70
47.20
49.10
49.30
50.50
49.90
50.10
48.90
48.40

Transd. dS
(J.B.Method)

57.96
57.56
57.25
56.85
58.27
57.79
56.60
57.08
53.63
54.19
52.77
52.26
52.97
52.82
53.26
51.30
50.78
48.08
47.13
47.30
46.27
44.22
48.08
47.13
47.30
46.27
44.22
43.02
41.93
41.14
45.13
44.94
44.80
44.74
44.63
45.94
45.75
39.47
39.05
44.13
44.90
46.00
44.30
44.55
43.28
42.85

cm of water

Raw Corrected
Suction Suction

6.04
5.89
5.95
5. 85
6.23
6.21
6.20
6.12
9.17
8.11
8.33
8.44
8.83
9.38
8.84
8.35
8.32
9.32
9.17
9.80
9.73

10.28
9.32
9.17
9.80
9.73

10.28
10.38
10.97
10.66
5.67
5.66
5.60
5.66
5.17
5.26
4.35
8.23
8.15
4.97
4.40
4.50
5.60
5.55
5.62
5.55

3.16
3.01
3.07
2.97
3.35
3.33
3.32
3.24
6.29
5.23
5.45
5.56
5.95
6.50
5.96
5.47
5.44
6.44
6.29
6.92
6.85
7.40
6.44
6.29
6.92
6.85
7.40
7.50
8.09
7.78
2. 79
2.78
2.72
2.78
2.29
2.38
1.47
5.35
5.27
2.09
1.52
1.62
2.72
2.67
2.74
2.67
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TABLE B.12 (continued)

Suction
Applied-

to P1
(cm water)

cm of water

Transd. dS
(J.B.Method)

Raw Corrected
Suction SuctionDate Time Port

08/03/88
08/03/88
08/03/88
08/03/88
08/04/88
08/04/88
08/04/88
08/04/88
08/04/88
08/04/88
08/05/88
08/05/88
08/05/88
08/05/88

15:10
17:41
19:49
21:55
07:55
11:38
15:20
17:30
21:51
22:57
09:36
11:05
11:42
12: 50

5FUS
5FUS
5FUS
5FUS
5FUS
5 FUS
4MU
44U
4MU
4WU
4ML
4ML
4ML
4ML

46.10
45.80
47.45
46.70
47.60
45.90
46.00
43.20
42.90
42.70
41.95
41.50
40.90
40.50

40.53
39.87
41.51
40.81
41.53
40.02
42.44
41.01
39.85
39.91
37.45
37.36
37.21
37.29

5.57
5.93
5.94
5.89
6.07
5.88
3.56
2.19
3.05
2.79
4.50
4.14
3. 69
3.21

2.69
3.05
3.06
3.01
3.19
3.00
0.68
-0.69
0.17
-0.09
1.62
1.26
0.81
0.33
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TABLE B.13

MATRIX K AND FRACTURE T - TEST BLOCK 1

K - matrix hydraulic conductivity.
T(1) - fracture transmissivity obtained by assuming all of the

solution from plate 1-B flows down the fracture.
T(2) - fracture transmissivity obtained by assuming an areally

proportional amount of the solution from plate 1-B flows
down the fracture

Date

06/13/88
06/13/88
06/13/88
06/14/88
06/14/88
06/14/88
06/14/88
06/14/88
06/15/88
06/15/88
06/15/88
06/16/88
06/16/88
06/16/88
06/16/88
06/16/88
06/16/88
06/16/88
06/19/88
06/19/88
06/19/88
06/20/88
06/20/88
06/20/88
06/21/88
06/21/88
06/21/88
06/24/88
06/24/88
06/24/88
06/27/88
06/27/88
06/27/88
06/28/88
06/28/88
06/28/88
06/29/88
06/29/88
06/29/88

Time

19:48
20:07
20:20
08:00
08:20
08:27
11:30
14:05
08:44
08:58
09:05
08:49
09:10
09:44
10:44
11:48
13:43
14:05
13:41
13:51
14:30
08:29
08:56
09:35
08:49
09: 20
09:58
09:00
09:27
08:41
09: 37
10:03
09:58
11:37
12:42
12:05
09:42
10:39
10:41

Plate
Position Number

1-A 3
1-C 4
1-B 5
1-A 3
1-C 4
1-B 5
1-B 5
1-B 5
1-A 3
1-C 4
1-B 5

1-A 3

1-B 5
1-B 5
1-C 4
1-B 5

1-B 5
1-B 5
1-A 3
1-C 4
1-B 5
1-A 3
1-C 4
1-B 5
1-A 3
1-C 4
1-B 5

1-A 3
1-C 4
1-B 5
1-A 3
1-C 4
1-B 5
1-A 3
1-C 4
1-B 5
1-A 3

1-C 4
1-B 5

K
(m/sec)

8.52E-08
3.35E-08

7. 70E-08
3. 75E-08

8.01E-08
3.61E-08

8. 53E-08

3. 56E-08

8. 53E-08
3.71E-08

8. 03E-08
3. 86E-08

8. 29E-08

3. 65E-08

8.46E-08
3. 66E-08

8.05E-08
4.04E-08

7.83E-08

3.47E-08

8.81E-08
4.42E-08

T(1)
(m**2/sec)

8.25E-09

7. 79E-09
7.47E-09
7. 73E-09

7.91E-09

7. 84E-09
1. 04E-08

8.82E-09
8. 58E-09
8. 59E-09

7. 33E-09

T(2)
(m**2/Sec)

6.19E-09

5. 81E-09
5. 53E-09
5. 76E-09

5. 92E-09

5. 81E-09
8.05E-09

5. 34E-09

8.56E-09 6.43E-09

8.30E-09 6.22E-09

9. 53E-09

7. 32E-09

7. 27E-09

5. 32E-09

7.47E-09 5.60E-09

7.49E-09 5.38E-09
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TABLE B.13 (continued)

Date

07/01/88
07/01/88
07/01/88
07/01/88
07/01/88
07/03/88
07/03/88
07/03/88
07/05/88
07/05/88
07/05/88
07/11/88
07/11/88
07/11/88
07/15/88
07/15/88
07/15/88
07/15/88
07/18/88
07/18/88
07/18/88
07/19/88
07/19/88
07/19/88
07/23/88
07/23/88
07/23/88
07/25/88
07/25/88
07/25/88
08/02/88
08/02/88
08/02/88
08/03/88
08/03/88
08/03/88
08/03/88
08/04/88
08/04/88
08/04/88
08/04/88
08/04/88
08/05/88

Time

08:59

09:38
10:50
11:13
08:30
09:12
09:23
12:27
12:47

11:44
12:28
12:59
10:00
10:15
10:22

09:59
10:35
11:27
09: 50
10:44
10:25
12:20
16:07
12: 50
14:11
15:03
14:43
09:00
10:00
09:30
20:47
21:55
20:46
21:28
10:54
11:16
10:23
18:02
19:04
09:45

Plate
Position Number

1-A 3
1-C 4
1-B 5
1-A 3
1-B 5
1-A 3
1-C 4
1-B 5
1-A 3
1-C 4
1-B 5
1-A 3
1-C 4
1-B 5
1-A 3
1-C 4
1-B 5
1-B 5
1-A 3
1-B 5
1-A 3
1-A 3
I-C 4
1-B 5
1-A 3
1-C 4
1-B 5
1-A 3
1-C 4
1-B 5
1-A 3
1-C 4
1-B 5
1-A 3
1-C 4
1-B 5
1-B 5
1-A 3
1-C 4
1-B 5
1-B 5
1-B 5
1-B 5

K
(m/sec)

7.43E-08
3.58E-08

7.35E-08

7.12E-08
3.60E-08

8.94E-08
5.51E-08

7.53E-08
3. 37E-08

6.42E-08
2. 85E-08

2. 56E-07
5.24E-08

6. 56E-08
6. 68E-08
3.22E-08

6.OOE-08
3.39E-08

6. 65E-08
3. 66E-08

6.19E-08
3.60E-08

6.91E-08
1. 33E-07

6. 91E-08
3. 85E-08

T(1)
(m**2/sec)

7.20E-09

6.51E-09

T(2)
(m**2/sec)

5.39E-09

4.78E-09

7.86E-09 6.OOE-09

7.31E-09 5.05E-09

6.59E-09 4.87E-09

4.06E-09 2.80E-09

7.78E-09 6.08E-09

1.07E-08 8.64E-09

5.31E-09 3.89E-09

5.35E-09

6. 34E-09

3. 83E-09

4.77E-09

4.78E-09 2.33E-09
5.04E-09 2.54E-09

4.90E-09
3.52E-09
4.91E-09
5.14E-09

3. 31E-09
2. 11E-09
3. 33E-09
3. 52E-09
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TABLE B.14

ELECTRONICS DATA SUMMARY - TEST BLOCK 2

LVDT Output (volts)
Therm. Air

Resist. Temp
(kohms) (0C)Date Time

07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/25/88
07/26/88
07/26/88
07/26/88
07/26/88
07/27/88
07/28/88
07/28/88
07/28/88
07/29/88
07/29/88
07/30/88
07/30/88
07/31/88
08/01/88
08/01/88
08/01/88
08/01/88
08/01/88
08/02/88
08/02/88
08/02/88
08/02/88
08/02/88
08/02/88
08/02/88
08/03/88
08/03/88
08/03/88
08/03/88
08/04/88
08/04/88

14:00
14:04
14:13
14:18
14:24
14:28
14:36
14:44
15:04
15:13
15:18
15:21
16:44
08:08
16:28
16:34
17:26
08:04
08:07
15:39
16:55
10:58
16: 30
13:16
16:54
12:59
07:42
10:36
14:32
16:36
19:52
07:57
13:36
16:22
16:26
16:29
16:32
19:44
08:14
17:43
19:55
21:59
07: 59
11:42

2.802

2. 787

2.772

2.764

2.762
2.748
3.066

2.775
3.057
3.033
2.873
2. 835
2.774
2.801
3.025
3.033
3.060
3.040
3.036
2.865
2.860
2.851
3.052
3.029
2.854

2.844
2.882
2.830
3.068
2.766
3.038
2.792
2.853
2.841

20.60

20.71

20.83

20. 89

20.91
21.02
18.64

20.81
18.71
18.88
20.06
20.35
20.81
20.61
18.94
18.88
18.69
18.83
18.86
20.12
20.16
20.22
18.74
18.91
20.20

20.28
19.99
20.38
18.63
20.88
18.85
20.67
20.21
20.30

LVDT
Input
(volts)

14.9736

14.9732

14.9738

14.9738

14. 9735
14. 9738
14.9697

14.9703
14.9689
14.9690
14. 9676
14.9677
14. 9688
14.9681
14.9675
14. 9672
14.9668
14.9667
14.9671
14.9666
14.9670
14.9670
14.9663
14.9669

14.9670
14.9664
14.9647
14.9651
14.9649
14.9651
14.9633

1
(face 5)

1.09390

1.09444
1.09423
1.09548

1.09545
1.09543
1.09544
1. 09523
1. 09555
1. 09207

1.09246
1.09327
1.09341
1.09323
1. 09535
1.09471
1.09062
1.09541
1. 09553
1. 09541
1. 09518
1. 09523
1.09500
1.09500
1.09507
1.09499
1.09501
1. 09266
1. 09262
1.09260
1.09258
1.09341
1. 09399
1.09318
1.09408
1.09316
1.09410
1.09203

2
(face 3)

1. 06899

1.06901

1.06918
1. 06916
1.06989

1. 07041
1.07120
1.07071
1.07103
1.07085
1. 07356
1.07342
1.07081
1.07411
1.07425
1.07436
1.07440
1.07440
1.07459
1.07461
1.07467
1.07505
1.07501
1. 07235
1. 07232
1. 07231
1.07231
1. 07386
1.07434
1.07581
1.07655
1.07606
1.07721
1.07614

3
(face 3)

1.07449
1.07343

1.07500
1. 07565
1.07567

1.07562
1.07551
1.07708

1. 14775
1. 14917
1.14861
1. 14845
1. 14818
1. 14748
1. 14567
1. 14817
1. 14849
1. 14838
1.14796
1.14801
1. 14784
1. 14780
1.14805
1. 14789
1. 14781
1.14747
1. 14745
1. 14745
1. 14741
1. 14761
1. 14818
1.14779
1. 19951
1. 20182
1.20801
1. 21256
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TABLE B.14 (continued)

Therm.
Resist.

Date Time (kohms)

Air
Temp
(0 C)

LVDT Output (volts)
LVDT - - - - - - - - - - - - - - -
Input 1 2 3

(volts) (face 5) (face 3) (face 3)

08/04/88
08/04/88
08/05/88
08/05/88
08/05/88
08/06/88
08/06/88
08/06/88
08/06/88
08/07/88
08/07/88
08/07/88
08/08/88
08/08/88
08/08/88
08/09/88
08/09/88
08/09/88
08/10/88
08/10/88
08/11/88
08/11/88
08/11/88
08/12/88
08/12/88
08/13/88
08/13/88
08/14/88
08/15/88
08/15/88
08/16/88
08/16/88
08/17/88
08/17/88
08/18/88
08/19/88
08/22/88
08/22/88
08/23/88
08/24/88
08/24/88
08/25/88
08/25/88
08/26/88
08/27/88
08/27/88

15:25
21:57
09:39
11:48
19:57
11:03
14:59
16:25
18:45
08:46
10:06
19:32
08:03
10:28
16:52
08:05
12:28
17:12
11:50
20:06
08:27
10:31
17:00
11:09
17:10
12:48
17:29
13:13
09:32
15:30
12:20
17:22
10:12
15:00
09:10
11:45
10:25
15:30
09:50
10:20
16:20
11:28
17:00
09:40
12:01
15:03

2.852
2.684
3.050
2.691

3.069
3.047
3.031
2.879
3.060
3.066
3.130
3.095
3.110
3.058
3.202
3. 111
2.912
3.094
3.119
3.086
3.032
2.735
2.782
2.715
3.158
2.870
2.726
2.733
2.604
2.890
2.730
2.813
2.802
2.893
2.695
2.837
2.736
2.925
2.824
2.945
2.815
2.852
2.878
2.808
2.793

20.22
21.53
18.76
21.48

18.62
18.78
18.90
20.01
18.69
18.64
18.18
18.43
18.32
18.70
17.65
18.31
19.77
18.44
18.26
18.50
18.89
21.12
20.75
21.28
17.97
20.08
21.19
21.14
22.21
19.93
21.16
20.51
20.60
19.91
21.44
20.33
21.11
19.67
20.43
19.52
20.50
20.22
20.02
20.55
20.67

14.9642
14.9663
14.9622
14.9663
14.9665
14.9637
14.9629
14.9634
14.9640
14.9636
14. 9638
14.9626
14.9626
14.9615
14.9612
14.9617
14.9622
14.9617
14.9624
14.9623
14.9630
14.9623
14.9633
14.9630
14.9638
14.9618
14.9627
14.9638
14.9637
14.9647
14.9636
14.9641
14.9631
14.9638
14.9633
14.9639
14.9634
14.9637
14.9622
14. 9625
14.9617
14.9623
14. 9625
14.9617
14.9625
14.9627

1.09137
1.09168
1.09406
1.09239
1.09257
1.09473
1.09392
1.09383
1.09423
1.09448
1.09430
1.09544
1.09542
1.09467
1.09407
1.09582
1.09482
1.09417
1.09543
1.09535
1. 09533
1.09474
1.09386
1.09463
1.09372
1.09664
1. 09553
1.09594
1.09560
1.09475
1.09472
1.09228
1.09540
1.09489
1.09304
1.09502
1.09606
1.09528
1.09675
1.09701
1.09696
1.09754
1.09699
1.09759
1.09762
1.09506

1.07644
1.07692
1.07841
1.07644
1.07734
1.07895
1.07852
1.07850
1.07889
1.07921
1.07916
1.08011
1.08000
1.07964
1. 07952
1. 08080
1.08051
1.08029
1.08135
1.08178
1.08185
1. 08153
1.08134
1.08226
1.08201
1. 08392
1.08345
1.08388
1.08396
1.08376
1.08420
1.08271
1.08505
1.08496
1.08518
1.08804
1.09234
1.09250
1.09395
1.09456
1.09456
1.09612
1.09655
1.09782
1.09750
1.09751

1. 21205
1.21754
1. 22787
1. 21837
1.21844
1. 22849
1. 23300
1. 23331
1.23392
1. 23820
1. 23781
1. 24195
1. 24178
1.24470
1. 24357
1. 25058
1. 25488
1.25805
1. 26023
1. 26154
1. 26165
1. 26156
1. 26728
1.26837
1. 26990
1. 27334
1. 27453
1.27449
1.28514
1.29108
1. 30287
1. 30337
1. 30653
1. 30788
1. 31404
1. 32610
1.33096
1. 33007
1. 33460
1. 34303
1. 34284
1. 34507
1. 34355
1.34572
1. 35234
1. 35236
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TABLE B.14 (continued)

Therm.
Resist.

Date Time (kohms)

Air
Temp
(O C)

LVDT Output (volts)
LVDT
Input 1 2 3
(volts) (face 5) (face 3) (face 3)

08/28/88
08/29/88
08/29/88

16:34
09:10
16: 53

2.850
3.114
2. 914

20.23
18.29
19. 75

14.9621
14.9611
14.9625

1.09593
1.09594
1.09518

1.09943
1. 10059
1. 10140

1. 35311
1. 35319
1. 35840
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TABLE B.15

Total Head
on Top Suction on

Plate Plate of Plate Inflow Rate Bottom of
Date Time Position Number (-cm) (mL/min) Plate (cm)

08/03/88 21:05 1-C 1 4.95 3.040993E-02 11.87
08/03/88 21:48 1-B 6 6.20 2.401210E-02 13.19
08/04/88 09:14 1-C 1 8.50 1.905839E-02 12.84
08/04/88 10:58 1-B 6 6.55 1.433051E-02 10.72
08/05/88 09:55 1-C 1 8.50 1.660399E-02 12.28
08/05/88 12:05 1-A 2 12.30 1.701230E-02 15.33
08/05/88 11:36 1-B 6 6.50 1.130569E-02 9.79
08/06/88 10:57 1-C 1 16.40 1.054737E-02 18.80
08/06/88 12:48 1-A 2 11.90 1.490192E-02 14.56
08/06/88 18:19 1-B 6 14.00 9.459063E-03 16.75
08/07/88 08:10 1-C 1 15.00 1.109322E-02 17.53
08/07/88 08:15 1-A 2 12.45 1.300807E-02 14.77
08/08/88 08:42 1-C 1 13.10 1.070801E-02 15.54
08/08/88 09:13 1-A 2 12.40 1.211890E-02 14.56
08/08/88 11:20 1-B 6 13.20 5.390283E-03 14.77
08/09/88 08:50 1-C 1 12.60 9.401368E-03 14.74
08/09/88 08:53 1-A 2 12.30 9.705016E-03 14.03
08/09/88 11:36 1-B 6 12.82 5.182882E-03 14.33
08/10/88 12:52 1-C 1 10.90 9.158348E-03 12.99
08/10/88 11:52 1-B 6 12.20 4.311224E-03 13.45
08/11/88 15:38 1-C 1 15.93 1.039400E-02 18.30
08/11/88 16:34 1-A 2 15.17 9.252756E-03 16.82
08/11/88 12:33 1-B 6 15.63 4.043663E-03 16.81
08/12/88 10:50 1-C 1 12.32 1.016356E-02 14.63
08/12/88 10:16 1-A 2 13.50 9.604610E-03 15.21
08/12/88 12:15 1-B 6 12.96 4.017896E-03 14.13
08/13/88 14:02 1-C 1 11.74 1.124649E-02 14.30
08/13/88 14:13 1-A 2 13.20 9.755184E-03 14.94
08/13/88 15:34 1-B 6 12.78 4.600232E-03 14.12
08/15/88 10:07 1-C 1 12.62 9.885032E-03 14.87
08/15/88 10:30 1-A 2 14.32 8.848310E-03 15.90
08/15/88 11:50 1-B 6 13.33 4.492286E-03 14.64
08/16/88 09:55 1-C 1 12.63 9.668951E-03 14.83
08/16/88 09:33 1-A 2 13.90 1.053489F-02 15.78
08/16/88 11:10 1-B 6 14.63 2.865903E-03 15.46
08/17/88 10:05 1-A 2 13.72 1.550537E-02 16.48
08/17/88 11:01 1-B 6 14.54 2.510535E-03 15.27
08/18/88 09:50 1-C 1 13.40 1.145015E-02 16.01
08/18/88 10:05 1-A 2 13.32 1.134170E-02 15.34
08/18/88 11:15 1-B 6 13.33 5.966680E-03 15.07
08/19/88 10:25 1-C 1 13.57 1.080063E-02 16.03
08/19/88 10:30 1-A 2 13.45 1.010518E-02 15.25
08/19/88 11:40 1-B 6 13.98 3.475964E-03 14.99
08/22/88 09:40 1-C 1 12.68 1.074487E-02 15.13
08/22/88 10:40 1-A 2 13.57 8.015565E-03 15.00
08/22/88 11:15 1-B 6 13.72 4.443197E-03 15.01
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TABLE B.15 (continued)

Total Head
on Top

of Plate
(-cm)

Plate Plate
Date Time Position Number

Inflow Rate
(mL/min)

Suction on
Bottom of

Plate (cm)

08/23/88 10:12 1-C
08/23/88 10:42 1-A
08/23/88 11:55 1-B
08/24/88 10:20 1-C
08/24/88 09:50 1-A
08/24/88 12:00 1-B
08/25/88 12:05 1-C
08/25/88 13:00 1-A
08/25/88 12:10 1-B
08/26/88 09:35 1-C
08/26/88 10:07 1-A
08/26/88 11:07 1-B
08/29/88 10:12 1-C
08/29/88 10:14 1-A
08/29/88 11:26 1-B

1
2
6
1
2
6
1
2
6
1
2
6
1
2
6

13.02
12.75
13.43
13.58
12.92
14.53
12.50
13.67
13. 84
12.70
13.00
12.36
12. 75
12.27
13.46

1. 192724E-02
1. 150952E-02
5.603811E-03
1.030874E-02
1.031500E-02
2.441698E-03
1. 681365E-02
7.894549E-03
4.552248E-03
1.001146E-02
1. 881586E-02
5.295211E-03
2.083406E-02
1.668344E-02
2.535113E-03

15.74
14.80
15.06
15.93
14.76
15.24
16.33
15.08
15.16
14.98
16.35
13.90
17.49
15.24
14.20
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TABLE B.16

CONSTANT-HEAD RESERVOIR INFLOW SUMMARY - TEST BLOCK 2

Total Head
on Top

Reservoir Plate of Plate
Date Time Number Number (-cm)

Inflow
Volume

(mL)

08/05/88
08/05/88
08/05/88
08/06/88
08/06/88
08/06/88
08/07/88
08/07/88
08/07/88
08/08/88
08/08/88
08/08/88
08/09/88
08/09/88
08/09/88
08/10/88
08/10/88
08/10/88
08/11/88
08/11/88
08/11/88
08/12/88
08/12/88
08/12/88
08/13/88
08/13/88
08/13/88
08/14/88
08/14/88
08/14/88
08/15/88
08/15/88
08/15/88
08/16/88
08/16/88
08/16/88
08/17/88
08/17/88
08/17/88
08/18/88
08/18/88
08/18/88
08/19/88
08/19/88

09:50
09:50
09:50
11:07
11:07
11:07
08:33
08:33
08:33
08:45
08:45
08:45
12:24
12:24
12:24
12:02
12:02
12:02
08:28
08:28
08:28
11:00
11:00
11:00
12:45
12:45
12:45
13:22
13:22
13:22
09:55
09:55
09:55
12:15
12:15
12:15
08:48
08:48
08:48
09:00
09:00
09:00
11:45
11:45

1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A

1
2
6
1
2
6
I
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
I
2
6
1
2
6
1
2

8
12

5
16
11
20
14
11
12
12
11
12
11
11
12
11
13
12
14
14
14
12
13
13
12
13
13

.00 15.00

.05 10.00

.55 10.00

.20 28.00

.85 28.00

.50 8.00

.30 18.00

.90 18.00

.65 8.00

.25 18.00

.90 8.00

.80 8.00

.90 38.00

.85 38.00

.55 18.00

.30 13.00
.35 13.00
.40 3.00
.15 18.00
.85 18.00
.70 3.00
.90 8.00
.00 3.00
.50 8.00
.00 23.00
.00 23.00
.45 0.00
- 13.00
- 13.00
- 3.00
.13 8.00
.45 13.00
.75 3.00
.73 15.00
.00 28.00
.20 3.00
.95 16.00
.15 3.00
.68 0.00
.75 8.00
.40 8.00
.07 3.00
.50 8.00
.40 23.00

Flow Rate
(mL/min)

1.412E-02
9.416E-03
1.017E-02
1.846E-02
1.846E-02
5.274E-03
1.400E-02
1.400E-02
7.820E-03
1. 240E-02
5. 510E-03
5.510E-03
2.274E-02
2.274E-02
1.077E-02
9. 168E-03
9. 168E-03
2.116E-03
1.468E-02
1.468E-02
2.447E-03
5.025E-03
1.884E-03
5.025E-03
1.489E-02
1.489E-02

8.802E-03
8.802E-03
2.031E-03
6.488E-03
1.054E-02
2.433E-03
9.494E-03
1. 772E-02
1.899E-03
1.298E-02
2.433E-03

5.510E-03
5.510E-03
2.066E-03
4.984E-03
1.433E-02

Suction
on Bottom
of Plate

(cm)

11.22
13.73
8.51

20.40
15.14
22.03
17.49
14.39
14.93
15.07
12.88
14.40
17.08
15.90
15.68
13.39
14.98
13.02
17.49
17.47
15.41
14.04
13.34
14.96
15.39
15.65

14.61
15.33
14.46
15.89
17.16
14.75
15.90
14.58

15.00
14.38
15.67
15.64
15.95

13
13
13
13
14
14
12
14
14
13
13
15
14
13
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TABLE B.16 (continued)

Total Head

Reservoir Plate c
Date Time Number Number

08/19/88
08/22/88
08/22/88
08/22/88
08/24/88
08/24/88
08/24/88
08/25/88
08/25/88
08/25/88
08/26/88
08/26/88
08/26/88
08/28/88
08/28/88
08/28/88
08/29/88
08/29/88
08/29/88
08/30/88
08/30/88
08/30/88
08/31/88
08/31/88
08/31/88
09/01/88
09/01/88
09/01/88

11:45
10:20
10:20
10:20
16:15
16:15
16:15
17:00
17:00
17:00
11:22
11:22
11:22
16:41
16:41
16:41
08:59
08: 59
08:59
11:20
11:20
11:20
08:04
08:04
08:04
08:04
08:04
08:04

1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B
1-C
1-A
1-B

6

6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6
1
2
6

on Top
f Plate

(-cm)

15.05
14.55
13.40
15.10
14.60
13.40
15.20
14.40
13.35
15.05
14.45
13.20
15.05
13.80
12.60
14.40
13.75
12. 70
14.43
14.00
12.95
14.83
13.80
12.38
12.43
13.40
12.40
13.75

Inf low
Volume

(mL)

3.00
40.00
38.00
8.00

24.00
31.00
6.00

13.00
13.00
2.00

18.00
16.00
2.00
29.00
26.00
17.00
2.00
6.00
3.00

12.00
12.00
5.00
8.00
16.00
2.32

12.00
9.00
3.45

Flow Rate
(mL/min)

1.869E-03
9.445E-03
8.973E-03
1.889E-03
7.419E-03
9. 583E-03
1.855E-03
8.754E-03
8.754E-03
1.347E-03
1.633E-02
1.452E-02
1.815E-03
9.065E-03
8. 128E-03
5. 314E-03
2.045E-03
6. 135E-03
3.067E-03
7. 590E-03
7. 590E-03
3. 163E-03
6.431E-03
1. 286E-02
2. 111E-03
8.059E-03
6.052E-03
2. 318E-03

Suction
on Bottom
of Plate

(cm)

15.59
16.70
15.00
15.65
16.29
15.11
15.74
16.39
14.91
15.44
18.17
15.79
15.58
15.86
14.05
15.95
14.22
13.79
15.32
15.73
14.30
15.75
15.26
14.67
13.04
15.24
13.48
14.42
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TABLE B.17
WETTING FRONT DATA - TEST BLOCK 2

Depth to Wetting Front
at Given Locations

(cm from left of face)

Date Time Face

08/03/88
08/03/88
08/03/88
08/03/88
08/04/88
08/04/88
08/04/88
08/04/88
08/05/88
08/05/88
08/05/88
08/05/88
08/06/88
08/06/88
08/06/88
08/06/88
08/07/88
08/07/88
08/07/88
08/07/88
08/08/88
08/08/88
08/08/88
08/08/88
08/10/88
08/10/88
08/10/88
08/10/88
08/11/88
08/11/88
08/11/88
08/11/88
08/14/88
08/14/88
08/14/88
08/14/88
08/16/88
08/16/88
08/16/88
08/16/88
08/19/88
08/19/88
08/19/88
08/19/88

22:37
22:42
22:41
22:46
13:38
13:42
13:46
13:53
12:25
10:21
10:29
10:35
11:24
11:29
11:33
11:36
09:08
09:03
09:00
08:57
09:24
09:20
09:18
09:07
14:05
14:00
13:50
13:58
16:44
16:48
16:52
16:54
13:34
13:32
13:31
13:29
13:11
13:07
13:09
13:05
15:30
15:30
15:30
15:30

3
4
5
6
3
4
5
6
3
4
5
6
3
4
5
6
3
4
S
6
3
4
5
6
3
4
5
6
3
4
5
6
3
4
5
6
3
4
5
6
3
4
5
6

2 cm

0.0
0.9
1.6
2.3
0.0
1.6
4.3
5.2
0.7
3.3
6.4
7.0
2.0
4.5
7 .'9
9.2
3.2
6.1
9.1

12.0
6.6
6.9

10.4
10.8
8.6

10.1
11.1
12.5

9.9
11.2
13.1
17.3
11.6
11.7
15.2
19.0
14.3
14.0
16. 5
19.5
16.0
16.4
18.1
21.3

6 cm

0.0
2.2
0.0
1.6
0.0
2.7
2.2
3.9
4.0
5.8
4.1
5.6
5.2
6.8
6.4
8.5
6.6
8.3
8.7

11.8
8.4
8.7
9.4

10.8
9.8

10. 5
11.9
12.5
10.3
11.2
13.9
16.3
12.1
11.7
14.9
19.5
14.2
14.0
15.5
19.6
15.7
16. 3
17.1
21.1

10 cm

2.0
0.0
1.2
2.2
4.1
2.0
3.6
4.2
5.8
4.0
8.4
5.6
7.3
6.6

10.3
8.6
8.0
7 . 7

10.5
10.0
10.0
8.8

11.3
10.8
11.0
10.9
11.8
12. 5
12.3
11.2
13.3
14.0
13.5
11.7
14.4
16.4
14.8
14.0
14. 7
17.5
16.0
15.8
16.1
20.0

14 cm

1.9
0.0
0.0
0.0
5.8
1.3
2.5
3.4
6.9
6.1
5.8
4.8
8.3
6.5
8.4
7.7
9.3
7.2
9.0
9.6

10.6
10.6
10.4
10.6
12.4

9.0
11.0
12.5
13.9
11.1
14.2
13.0
15.2
11.7
13. 5
15.7
15.5
14.0
14.5
16.7
17.6
15.8
15.9
19.6

18 cm

1.9
0.0
0.0
2.5
5.3
0.0
1.7
4.6
6.6
3.0
4.6
5.8
8.6
3.5
5.7
8.6
9.6
4.7
7.2
8.9

10.6
6.5
8.3

10.3
13.5
8.6

10.4
12. 5
15.1
9.7

11.3
12. 5
17.0
11.7
12.7
15.5
18.0
14.0
13.8
16.9
19.4
16.5
15.2
19.3
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TABLE B.17 (continued)

Depth to Wetting Front
at Given Locations

(cm from left of face)

Date Time Face 2 cm 6 cm 10 cm 14 cm 18 cm

08/22/88
08/22/88
08/22/88
08/22/88
08/26/88
08/26/88
08/26/88
08/26/88
08/29/88
08/29/88
08/29/88
08/29/88
09/01/88
09/01/88
09/01/88
09/01/88

16:00
16:00
16:00
16:00
14:43
14:45
14:46
14:47
12:02
11:39
11:43
11:47
09:08
09:06
09:02
08:59

3
4
5
6
3
4
5
6
3
4
5
6
3
4
5
6

18.1
16.9
19.7
23.0
21.1
19.1
21.8
25.7
22.0
21.0
22.6
27. 8
23.7
22.9
24.4
28.9

18.4
16.8
18.3
22.6
21.6
19.2
21.0
25.3
22.6
21.6
22.7
28.1
24.4
23.0
24.1
28.5

20.6
16.7
17.2
21.6
22.5
19.5
20.3
24.7
23.8
22.2
21.4
26.6
25.8
23.1
24.0
27.7

21.2
16.6
16.9
21.0
23.6
19.8
19.9
23.8
25.7
22.6
20.8
24.4
27.7
23.4
23.5
26.0

21.8
17.5
16.8
20.9
24.9
20.2
19.4
22.7
26. 8
22.8
20.7
23.4
28.5
23.5
23.6
24.9

Note: Area of face 1 - 422.24 sq cm
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TABLE B.18

PHILIP'S EQUATION WETTING FRONT ANALYSIS - TEST BLOCK 2

Wetting Front Analysis

Cum t Mean Depth Inflow I/t 1/(t**.5)
Date (day) to Front (cm) (cm) (cm/day) (1/day**.5)

- - -- - - - --- - - - - - - - - - - - - - - - - - - - - - - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
08/03/88
08/04/88
08/05/88
08/06/88
08/07/88
08/08/88
08/10/88
08/11/88
08/14/88
08/16/88
08/19/88
08/22/88
08/26/88
08/29/88
09/01/88

0.35
0.98
1.86
2.89
3.78
4.79
6.99
8.11

10.97
12.95
16.05
19.07
23.02
25.90
28.78

1.0
2.9
5.2
7.0
8.4
9.5
11.2
12.7
14.2
15.6
17. 5
19.1
21.8
23.5
25.1

0. 1583
0.4555
0. 8135
1.0967
1. 3065
1.4882
1. 7402
1.9874
2.2207
2.4336
2. 7238
2.9843
3.4016
3.6629
3. 9125

0.4502
0.4653
0.4367
0.3800
0.3454
0. 3105
0. 2490
0. 2451
0.2024
0. 1879
0.1697
0.1565
0.1478
0.1414
0.1359

1. 6861
1.0107
0. 7327
0.5887
0. 5142
0.4568
0. 3783
0. 3512
0. 3019
0. 2778
0.2496
0.2290
0.2084
0. 1965
0. 1864
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TABLE B.19

PHILIP'S EQUATION INFLOW ANALYSIS - TEST BLOCK 2

Mariotte Bottle Analysis Flow Tube Analysis

Cum t Inflow
(day) (cm)

Sat'd
Front
(cm)

I/t l/(t**.5) Inflow
(cm/day) (1/day**.5) (cm)

0.35
0.98
1.86
2.89
3.78
4.79
6.99
8.11

10.97
12.95
16.05
19.07
23.02
25.90
28. 78

0. 1008
0.2744
0. 3573
0.5088
0.6130
0. 6936
0.9849
1.0772
1.2999
1.4656
1.6362
1. 8398
2.1359
2. 3324
2.5211

0.6
1.8
2.3
3.3
3.9
4.4
6.3
6.9
8.3
9.4

10.5
11.8
13.7
15.0
16.2

0. 2865
0.2803
0.1918
0. 1763
0. 1621
0.1447
0. 1409
0.1329
0. 1185
0. 1131
0.1019
0.0965
0.0928
0.0901
0.0876

1. 6861
1.0107
0. 7327
0.5887
0. 5142
0.4568
0. 3783
0.3512
0. 3019
0. 2778
0. 2496
0. 2290
0.2084
0.1965
0.1864

0. 1008
0.2744
0. 3968
0.5103
0.6106
0. 7156
0.8974
0.9858
1.2236
1.3813
1. 6572
1. 8982
2.2508
2. 6001

I/t 1/(t**.5)
(cm/day)(1/day**.5)

0.2865 1.6861
0.2803 1.0107
0.2130 0.7327
0.1768 0.5887
0.1614 0.5142
0.1493 0.4568
0.1284 0.3783
0.1216 0.3512
0.1115 0.3019
0.1066 0.2778
0.1032 0.2496
0.0995 0.2290
0.0978 0.2084
0.1004 0.1965

Legend: I - inflow, measured
t - time

as height of solution

Sat'd Front - mean distance to front if all pores
are saturated (porosity - 0.156)
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TABLE B.20

SATURATED HYDRAULIC CONDUCTIVITY DATA

Q Q L A
Date Time Core (cm3/min) (m3/sec) (m) (m2)

07/06/88 01:12 PM FT-5-A 0.12897 2.150E-09 0.0490 0.002463
07/06/88 01:30 PM FT-5-A 0.12552 2.092E-09 0.0490 0.002463
07/06/88 01:46 PM FT-5-A 0.12313 2.052E-09 0.0490 0.002463
07/06/88 02:17 PM FT-3-A 0.09970 1.662E-09 0.0490 0.002463
07/06/88 02:36 PM FT-3-A 0.09564 1.594E-09 0.0490 0.002463
07/06/88 02:58 PM FT-3-A 0.09213 1.536E-09 0.0490 0.002463
07/07/88 01:10 PM FT-5-B 0.06201 1.033E-09 0.0481 0.002463
07/07/88 01:50 PM FT-5-B 0.06209 1.035E-09 0.0481 0.002463
07/07/88 02:20 PM FT-5-B 0.06088 1.015E-09 0.0481 0.002463
07/08/88 01:14 PM FT-3-A 0.10556 1.759E-09 0.0490 0.002463
07/08/88 01:38 PM FT-3-A 0.10538 1.756E-09 0.0490 0.002463
07/08/88 02:03 PM FT-3-A 0.10511 1.752E-09 0.0490 0.002463
07/08/88 03:00 PM FT-S-A 0.12132 2.022E-09 0.0490 0.002463
07/08/88 03:19 PM FT-5-A 0.11879 1.980E-09 0.0490 0.002463
07/08/88 03:37 PM FT-5-A 0.11740 1.957E-09 0.0490 0.002463
07/11/88 12:21 PM A4A 0.03059 5.099E-10 0.0506 0.002539
07/11/88 01:34 PM A4A 0.02859 4.765E-10 0.0506 0.002539
07/11/88 02:52 PM A4A 0.02769 4.616E-10 0.0506 0.002539
07/12/88 01:05 PM FT-5-A 0.11634 1.939E-09 0.0490 0.002463
07/12/88 01:30 PM FT-5-A 0.11503 1.917E-09 0.0490 0.002463
07/12/88 01:45 PM FT-5-A 0.11356 1.893E-09 0.0490 0.002463
07/12/88 02:05 PM FT-5-A 0.11291 1.882E-09 0.0490 0.002463
07/12/88 02:20 PM FT-5-A 0.11184 1.864E-09 0.0490 0.002463
07/12/88 02:50 PM FT-5-A 0.11085 1.847E-09 0.0490 0.002463
07/12/88 03:15 PM FT-5-A 0.11023 1.837E-09 0.0490 0.002463
07/12/88 03:30 PM FT-5-A 0.10993 1.832E-09 0.0490 0.002463
07/13/88 12:02 PM FT-3-A 0.08982 1.497E-09 0.0490 0.002463
07/13/88 12:59 PM FT-3-A 0.08615 1.436E-09 0.0490 0.002463
07/13/88 01:15 PM FT-3-A 0.08586 1.431E-09 0.0490 0.002463
07/13/88 01:40 PM FT-3-A 0.08498 1.416E-09 0.0490 0.002463
07/13/88 02:10 PM FT-3-A 0.08410 1.402E-09 0.0490 0.002463
07/13/88 02:40 PM FT-3-A 0.08345 1.393E-09 0.0490 0.002463
07/17/88 08:46 PM FT-5-B 0.04422 7.371E-10 0.0481 0.002463
07/17/88 10:02 PM FT-5-B 0.03891 6.485E-10 0.0481 0.002463
07/17/88 02:40 PM FT-5-B 0.03687 6.145E-10 0.0481 0.002463
07/17/88 02:40 PM FT-5-B 0.03884 6.474E-10 0.0481 0.002463
07/17/88 02:40 PM FT-5-B 0.03843 6.406E-10 0.0481 0.002463
07/17/88 02:40 PM FT-5-B 0.03838 6.396E-10 0.0481 0.002463
07/17/88 02:40 PM FT-5-B 0.03585 5.976E-10 0.0481 0.002463
07/17/88 02:40 PM FT-5-B 0.03628 6.046E-10 0.0481 0.002463
07/23/88 03:11 PM B4A 0.02267 3.778E-10 0.0508 0.002498
07/24/88 06:50 AM B4A 0.01705 2.842E-10 0.0508 0.002498
07/24/88 12:22 PM B4A 0.01622 2.704E-10 0.0508 0.002498
07/24/88 03:11 PM B4A 0.01514 2.524E-10 0.0508 0.002498
07/24/88 08:53 PM B4A 0.01511 2.519E-10 0.0508 0.002498
07/25/88 08:15 AM B4A 0.01349 2.248E-10 0.0508 0.002498
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TABLE B.20 (continued)

Q
Core (cm3/min)

Q L
(m3/sec) (m)

A
(m2)Date Time

07/25/88
07/25/88
07/25/88
08/24/88
08/24/88
08/24/88
08/25/88
08/25/88
08/25/88
08/25/88

09:45
12:15
12:40
11:05
12:00
12:32
09:21
10:09
10:42
11:24

AM
PM
PM
AM
PM
PM
AM
AM
AM
AM

B4A
B4A
B4A

FT-5-AA
FT-3-AA
FT-3-BB
A3A
B5A-1
B6A

B5A-2

0.01344
0.01334
0.01294
0.07558
0. 13700
0.11665
0.06376
0.24598
0.04630
0.20685

2.241E-10
2.223E-10
2.157E-10
1.260E-09
2.283E-09
1.944E-09
1.063E-09
4. 100E-09
7.716E-10
3.447E-09

0.0508
0.0508
0.0508
0.0543
0.0518
0.0516
0.0517
0.0504
0.0521
0.0504

0.002498
0.002498
0.002498
0.002516
0.002507
0.002516
0.002588
0.002498
0.002503
0.002498

Legend: Q - volumetric flow rate through core
L - length of core in flow direction
A - cross-sectional area of core
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TABLE B.21

SATURATED HYDRAULIC CONDUCTIVITY DETERMINATIONS

Date

07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/07/88
07/07/88
07/07/88
07/08/88
07/08/88
07/08/88
07/08/88
07/08/88
07/08/88
07/11/88
07/11/88
07/11/88
07/12/88
07/12/88
07/12/88
07/12/88
07/12/88
07/12/88
07/12/88
07/12/88
07/13/88
07/13/88
07/13/88
07/13/88
07/13/88
07/13/88
07/17/88
07/17/88
07/17/88
07/17/88
07/17/88
07/17/88
07/17/88
07/17/88
07/23/88
07/24/88
07/24/88
07/24/88
07/24/88

Time

01:12 PM
01:30 PM
01:46 PM
02:17 PM
02:36 PM
02:58 PM
01:10 PM
01:50 PM
02:20 PM
01:14 PM
01:38 PM
02:03 PM
03:00 PM
03:19 PM
03:37 PM
12:21 PM
01:34 PM
02:52 PM
01:05 PM
01:30 PM
01:45 PM
02:05 PM
02:20 PM
02:50 PM
03:15 PM
03:30 PM
12:02 PM
12:59 PM
01:15 PM
01:40 PM
02:10 PM
02:40 PM
08:46 PM
10:02 PM
02:40 PM
02:40 PM
02:40 PM
02:40 PM
02:40 PM
02:40 PM
03:11 PM
06:50 AM
12:22 PM
03:11 PM
08:53 PM

Core

FT-5-A
FT-5-A
FT-5-A
FT-3-A
FT-3-A
FT-3-A
FT-5-B
FT-5-B
FT-5-B
FT-3-A
FT-3-A
FT-3-A
FT-5-A
FT-5-A
FT-5-A
A4A
A4A
A4A

FT-5-A
FT-5-A
FT-5-A
FT-5-A
FT-5-A
FT-5-A
FT-5-A
FT-5-A
FT-3-A
FT-3-A
FT-3-A
FT -3-A
FT-3-A
FT-3-A
FT-5-B
FT-5-B
FT-5-B
FT-5-B
FT-5-B
FT-5-B
FT- S - B
FT-5-B

B4A
B4A
B4A
B4A
B4A

H
(in)

4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.863
4.853
4.853
4.853
4.853
4.853

K
(m/sec)

kw
(m2)

8.79E-09
8.56E-09
8.39E-09
6.80E-09
6.52E-09
6.28E-09
4.15E-09
4.16E-09
4.07E-09
7. 20E-09
7.18E-09
7.17E-09
8.27E-09
8. 1OE-09
8.OOE-09
2.09E-09
1.95E-09
1.89E-09
7.93E-09
7.84E-09
7. 74E-09
7. 70E-09
7. 62E-09
7. 56E-09
7.52E-09
7.49E-09
6.12E-09
5. 87E-09
5.85E-09
5. 79E-09
5. 73E-09
5.70E-09
2.96E-09
2.60E-09
2.47E-09
2.60E-09
2.57E-09
2.57E-09
2.40E-09
2.43E-09
1.58E-09
1.19E-09
1.13E-09
1.06E-09
1.05E-09

8.19E-16
7.97E-16
7.82E-16
6.33E-16
6.07E-16
5.85E-16
3.87E-16
3.87E-16
3.80E-16
6. 70E-16
6.69E-16
6.68E-16
7. 71E-16
7. 55E-16
7.46E-16
1.95E-16
1.82E-16
1.76E-16
7.39E-16
7.31E-16
7.21E-16
7. 17E-16
7.10E-16
7.04E-16
7.OOE-16
6.98E-16
5. 70E-16
5.47E-16
5.45E-16
5.40E-16
5.34E-16
5.31E-16
2.76E-16
2.43E-16
2.30E-16
2.42E-16
2.40E-16
2. 39E-16
2.24E-16
2.26E-16
1.47E-16
1.11E-16
1.05E-16
9. 84E-17
9.82E-17
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TABLE B.21 (continued)

H

(i)

K
(m/sec)

kw
(m2)Date Time Core

07/25/88
07/25/88
07/25/88
07/25/88
08/24/88
08/24/88
08/24/88
08/25/88
08/25/88
08/25/88
08/25/88

08:15
09:45
12:15
12:40
11:05
12:00
12:32
09:21
10:09
10:42
11:24

AM
AM
PM
PM
AM
PM
PM
AM
AM
AM
AM

B4A
B4A
B4A
B4A

FT-5-AA
FT-3-AA
FT-3-BB
A3A
B5A-1
B6A

B5A-2

4.848
4.848
4.848
4.848
5.112
5. 109
5.101
5.110
5.108
5.108
5.107

9.42E-10
9.39E-10
9.32E-10
9.04E-10
5.32E-09
9.22E-09
7. 81E-09
4. 15E-09
1.62E-08
3.14E-09
1.36E-08

8.78E-17
8.75E-17
8. 68E-17
8.42E-17
4.95E-16
8.59E-16
7.27E-16
3.87E-16
1.51E-15
2.93E-16
1.27E-15

Legend: H - total head on top of core
K - saturated hydraulic conductivity of core
kw - intrinsic permeability of core
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TABLE B.22

MOISTURE RELEASE CURVES

Mass of Sample (g)

Oven- Partiall
Saturated Dried SaturatSample

FT-3-A 283.10 260.37

FT-5-A 278.00 254.69

FT-5-B 276.40 256.23

FT-3-AA 296.94 274.30

FT-3-BB 298.73 276.41

FT-5-AA 315.98 292.81

A3A 299.29 279.89

A4A 295.06 275.31

283.
282.
281.
275.

276.
276.
275.
268.

276.
276.
275.
270.

296.
296.
295.
289.

298.
298.
297.
291.

316.1
315.
315..
309.'

298.
298.i
298.:
293.1

294.
294.#
294.:
290.:

* - Applied
y- Pressure
ed (kPa)

0.0
13 10.0
91 25.0
83 50.0
64 100.0

0.0
96 10.0
68 25.0
81 50.0
82 100.0

0.0
12 10.0
01 25.0
25 50.0
80 100.0

0.0
82 10.0
56 25.0
75 50.0
83 100.0

0.0
60 10.0
39 25.0
58 50.0
35 100.0

0.0
03 10.0
96 25.0
31 50.0
21 100.0

0.0
74 10.0
66 25.0
25 50.0
80 100.0

0.0
59 10.0
59 25.0
25 50.0
21 100.0

Water
Content

0.187
0.187
0.185
0.176
0.125
0.193
0.185
0.183
0.175
0.117
0.171
0.169
0.168
0.161
0.124
0.175
0.174
0.172
0.166
0.120
0.173
0.172
0.170
0.164
0.115
0.170
0.170
0.170
0.165
0.120
0.146
0.141
0.141
0.138
0.104
0.154
0.151
0.151
0.148
0.116

Relative
Saturation

1.000
1.001
0.992
0.944
0.672
1.000
0.955
0.943
0.906
0.606
1.000
0.986
0.981
0.943
0.722
1.000
0.995
0.983
0.947
0.686
1.000
0.994
0.985
0.948
0.669
1.000
1.002
0.999
0.971
0.708
1.000
0.972
0.968
0.946
0.717
1.000
0.981
0.976
0.959
0.754
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TABLE B.22 (continued)

Mass of Sample (g)

Oven- Partially-
Dried Saturated

Applied
Pressure

(kPa)
Water Relative

Content SaturationSample Saturated

B4A

B5A

B6A

286.92 267.16

283.01 260.71

300.40 281.43

286.44
286.36
286.15
281.68

283.03
282.88
280.98
274.00

300.25
300.18
299.86
295.79

0.0
10.0
25.0
50.0

100.0
0.0

10.0
25.0
50.0

100.0
0.0

10.0
25.0
50.0

100.0

0.156
0.152
0.152
0.150
0. 115
0.178
0.178
0.177
0.162
0.106
0.146
0.145
0.144
0.142
0. 110

1.000
0.976
0.972
0.961
0.735
1.000
1.001
0.994
0.909
0.596
1.000
0.992
0.988
0.972
0.757

256



TABLE B.23

ROCK CHARACTERISTIC TESTS

Saturated Dry Mass
Sample Mass (g) (g)

Volume Effective
(cc) Porosity

Dry Bulk
Density

(g/cc)Rock

1
1
1
1
1
1
1
1
1
1
1
1

FT-3-A
FT-3-A
FT-5-A
FT-5-A
FT-5-B
FT-5-B
FT-3-AA
FT-3-AA
FT-3-BB
FT-3-BB
FTr-5- AA
FT-5-AA

283.10
283.10
278.00
278.00
276.40
276.40
296.94
297.16
298.73
299.16
315.98
316.35

260.37
262.31
254.69
254.60
256.23
256.27
274.22
274.30
276.35
276.41
292.73
292.81

122.1000
125.5681
120.8000
123.7755
118.2000
121.0230
129.7469
129.7469
129.7034
129.7034
136.6226
136. 6226

0.187
0.166
0.193
0.190
0.171
0.167
0.176
0.177
0.173
0.176
0.171
0.173

2.132
2.089
2.108
2.057
2.168
2. 118
2.113
2.114
2.131
2. 131
2.143
2.143

mean:
standard deviation:

coefficient of variation:

0.177
0.008
0.048

2.121
0.027
0.013

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

A3A
A3A
A4A
A4A
B4A
B4A
B5A
B5A
B6A
B6A
Al
A2
A3
B1
B2

298.73
299.25
294.87
295.25
286.94
287.45
282.86
283.36
300.07
301.00

279.90
279.89
275.42
275.31
267.14
267.16
260.68
260.71
281.46
281.43
222.66
221.33
218.71
218.88
223.62

133. 6546
133. 6546
128.4403
128.4403
126.7897
126. 7897
125. 7904
125.7904
130.3934
130. 3934
101.6503
103. 1593
101.6511
102.9389
101. 8489

0.141
0.145
0.152
0.156
0.157
0.160
0.177
0.181
0.143
0.150

2.094
2.094
2.144
2.143
2.107
2.107
2.072
2.073
2.159
2.158
2.190
2. 146
2. 152
2.126
2. 196

2.133
0.037
0.017

mean:
standard deviation:

coefficient of variation:

0.156
0.013
0.081
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APPENDIX C

ANALYSIS OF WATER PENETRATION INTO CAVITIES

This section presents more detailed mathematical formulations of
Philip's (1988) analysis of water penetration into circular-cylindrical
cavities. In addition to potential functions, dimensionless flow
velocities and stream functions are also discussed. A table of exact
and asymptotic maximum dimensionless Kirchhoff potentials (v., values)
is included.

Philip (1988) defined "water entry" to occur "... [w)hen the Gaussian

curvature of air-water interfaces at the mouths of at least some surface
pores debouching into the cavity is positive." The suction or moisture
potential 0 is then < 0. The nonlinear equation of steady flow in
unsaturated porous medium is:

(C.1) v(K v+) - aK/az

where the differentiation is with respect to the physical space coor-
dinates. The quasilinear form of equation C.A is used instead:

(C.2) v2 o - a, /az

and two special values of O., the Kirchhoff potential, are defined as:

+0 0
(C.3) tpo- I K do , D - 0 K~do

The sorptive number, as,, enters the exponential representation of K(+)
as:

(C.4) K(+) - K~exp[a,(o-+o)], 0 _ > 2 -a,

with K. the conductivity associated with Oo. The seepage velocity, K,,
can be any unsaturated conductivity or the saturated conductivity.
Equation C.2 is expressed in dimensionless form as:

(C.5) V2 v - 2s acv/az

where v - to/0,O , with the following two boundary conditions:

(C.6) (1) lim v - 1 < §P./'kO - Va
r - c

corresponding to a K, far from the cavity; and (2) for no water entry at
the cavity surface A, the flow velocity normal to A is zero and *, <

D *. Other dimensionless quantities are defined as:

(C.7) x/x - y/y - z/z - r/r' - l/l1; s - 0.5a5l,.
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For circular cylindrical cavities, the dimensionless radius is 1 with
physical radius of 1. Centered at (x,z) - (0,0), in terms of cylindri-
cal polar coordinates (r,O):

(C.8) x - r sin 0, z - r cos 0; -v < # < r.

The exact solution to equation C.5 is:

G j IJ(s)
(C.9) v - 1 + 4 exp [ s r cos *) Z Kg(sr) +

j-1 K)(S)

bo nIr,(s) OD jIJ(S)

E (-l)' Kr,(sr) cos(n;) + 2 Z
n-l K.(s) J-n+l Kg(s)

where In, and K, are the modified Bessel functions of order n of the
first and second kinds, respectively. Asymptotic results give:

(C.10) (1,7r) - v., - 2s + 2 - 1/s + 2/s2 - . .

For small s values, v. is just 1 + 2s. The horizontal and vertical
flow velocities, u' and v', are normalized with respect to KI,:

(C.11) u - u /K. - -(1/2s) &v/8x

and

(C.12) v - v'/K,, - v - (1/2s) 8v/az.

The dimensionless stream functions T are then defined by:

(C.13) u" - -a'/8z , u2 - c'/3x.

Dimensionless potential and stream functions, and velocity maps can then
be plotted for different porous media with different s values.
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Table C.1: Exact and asymptotic values of v.X for seepage about
circular-cylindrical cavities (after Philip, 1988).

Exact Asymptotics

0
0.05
0.1
0.15
0.25
0.5
0.75
1
1.5
2
3
4
6
8

10
12
14
16

1.0000
1.1126
1.2361
1.3636
1.6205
2.244
2.835
3.403
4. 500
5.566
7.653
9.709

13.78
17.82
21.85
25.87
29.88
33.90

3.000
4.333
5.500
7.667
9.750

13.83
17.88
21.90
25.92
29.93
33.94
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APPENDIX D

CHLORIDE BREAKTHROUGH DATA OF POROUS PLATES

This section presents the chloride breakthrough data of porous plates
nos. 1 to 6. Information on test conditions such as flow rate, head
gradient imposed, background and tracer concentrations are included.
The effective porosities of the plates are also determined.
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Table D.l: Chloride breakthrough data of porous plate nos. 1 to 6.

Plate Number: 1
Date: 6-02-88
Flow Rate: 3.03 x 10' m3

/s

Head Gradient: 0.50 m
Adjusted Head Gradient: 0.414 m

Test Type: step-up

E, - 184 mV
C, - 0.00140 M
E0 - 127 mV
C0 - 0.0130 M

Elapsed
Time,

t, (hr)

0.50
1.33
2.00
2.75
3.50
4.25
5.00
6.00
6.92

Potential Conc.,
Difference - min

E (mV) (M)

180-170 0.0016
180-165 0.0016
175-160 0.0020
150-145 0.0054
150-130 0.0054
137-130 0.0090
140-128 0.0080
135-127 0.0096
128-127 0.0125

Conc.,
- max

(M)

0.0024
0.0030
0.0036
0.0066
0.0120
0.0120
0.0125
0.0130
0.0130

Plate Number: 1
Date: 6-03-88
Flow Rate: 3.15 x 10' m'/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.430 m

Test Type: step-down

En - 184 mV
C, - 0.00140 M
E. - 127 mV
C0 - 0.0130 M

Elapsed
Time,

tE (hr)

0.75
1.50
2.25
3.00
3.75
4.50
5.25
6.00
7.50
8.50

Potential Conc.,
Difference - min

E (mV) (M)

130-125 0.0120
128-125 0.0125
135-128 0.0096
140-135 0.0080
150-140 0.0054
155-145 0.0054
160-155 0.0036
170-160 0.0024

170 0.0024
175-170 0.0020

Conc.,
- max

(M)

0.0143
0.0143
0.0125
0.0096
0.0080
0.0066
0.0054
0.0036
0.0024
0.0024
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Plate Number: 2
Date: 6-01-88
Flow Rate: 4.08 x 10' m'/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.437 m

Test Type: step-up

Elapsed Potential Conc.,
Time, Difference - min

t, (hr) E (mV) (M)

E, - 185mV
C, - 0.00135 M
E0 - 128 mV
C. - 0.0125 K

Conc.,
- max

(M)

0.0023
0.0030
0.0054
0.0080
0.0120
0.0120
0.0120

0.50
1.00
1.50
2.00
2.50
3.00
3.50

175-172
175-165
155-150

140
135- 130
135-130

130

0.0020
0.0020
0.0044
0.0080
0.0096
0.0096
0.0120

Plate Number: 2
Date: 6-01-88
Flow Rate: 4.08 x 10-9 m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.437 m

Test Type: step-down

E, - 185mV
C, - 0.00135 M

Eo - 128 mV
C0 - 0.0125 M

Elapsed Potential Conc.,
Time, Difference - min

Conc.,
- max

(M)t, (hr) E (mV) (M)

0.25
0.83
1.50
2.25
3.00
4.25
4.75
5.25
5.75
6.25
6.75

128
132-128
135-128
145- 135
145-140
155-145
165-160
170- 165
172-170
175-170
185- 180

0.0125
0.0110
0.0096
0.0065
0.0065
0.0044
0.0030
0.0024
0.0023
0.0020
0.0014

0.0125
0.0125
0.0125
0.0096
0.0080
0.0065
0.0036
0.0030
0.0024
0.0024
0.0016
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Plate Number: 3
Date: 5-13-88
Flow Rate: 2.30 x 10-1 m

3
/s

Head Gradient: 0.50 m
Adjusted Head Gradient: 0.515 m

Test Type: step-up

Elapsed Potential' Conc.,
Time, Difference - min

t, (hr) E (mV) (M)

Ej - 180 mV
C, - 0.00160 M
E. - 128 mV
CO - 0.0125 M

Conc.,
- max

(M)

0. 0016
0.0024
0.0044
0.0066
0.0080
0.0096
0.0120
0.0120
0.0125

0.67
1.42
2.42
3.42
4.42
5.17
5.67
6.17
6.67

180
170

160-155
150- 145

140
137-135
135- 130
135-130
130-128

0.0016
0.0024
0.0036
0.0054
0.0080
0.0090
0.0096
0.0096
0.0120

* Shift in calibration curve observed.

Plate Number: 3
Date: 5-13-88
Flow Rate: 2.33 x 10- m

3
/s

Head Gradient: 0.50 m
Adjusted Head Gradient: 0.515 m

Test Type: step-down

Elapsed Potential' Conc.,
Time, Difference - min

E, - 180 mV
Cl - 0.00160 M
E. - 128 mV
C,, - 0.0125 M

Conc.,
- max

(M)t, (hr) E (mV) (M)

0.25
0.83
1.50
2.25
3.00
4.25
4.75
5.25
5.75
6.25
6.75
7.25
7.75
8.25

135-125
135

140- 135
145-140
150-140

150
155-150

155
160- 155
165-155
165-160
168-165
175-170
175-170

0.0096
0.0096
0.0080
0.0066
0.0054
0.0054
0.0044
0.0044
0.0036
0.0030
0.0030
0.0026
0.0020
0.0020

0.0140
0.0096
0.0096
0.0080
0.0080
0.0054
0.0054
0.0044
0.0044
0.0044
0.0036
0.0030
0.0025
0.0025

* Shift in calibration curve observed.
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Plate Number: 4
Date: 5-20-88 E, - 185 mV
Flow Rate: 6.00 x 10-' m3/s C, - 0.00133 M
Head Gradient: 0.50 m E- - 125 mV
Adjusted Head Gradient: 0.505 m C0 - 0.0143 M

Test Type: step-up

Elapsed Potential Conc., Cone.,
Time, Difference - min - max

t, (hr) E (mV) (M) (M)

0.67 185-175 0.0013 0.0020
1.50 155-150 0.0044 0.0054
2.00 140-130 0.0080 0.0120
2.50 125 0.0143 0.0143
3.00 125 0.0143 0.0143

Plate Number: 4
Date: 5-20-88 E, - 185 mV
Flow Rate: 6.00 x 10' m3/s C, - 0.00133 M
Head Gradient: 0.50 m E, - 125 mV
Adjusted Head Gradient: 0.505 m C0 - 0.0143 M

Test Type: step-down

Elapsed
Time

tE (hr)

0.33
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.42

Potential Conc.,
, Difference - min

E (mV) (M)

125 0.0143
125-120 0.0143
140-125 0.0080
150-135 0.0054
165-155 0.0036
170-165 0.0024

170 0.0024
180-175 0.0016
175-170 0.0020

Cone.,
- max

(M)

0.0143
0.0170
0.0143
0.0096
0.0044
0.0036
0.0024
0.0020
0.0024
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Plate Number: 4
Date: 5-29-88
Flow Rate: 5.83 x 10' m3 /s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.491 m

Test Type: step-up

E, - 183 mV
C, - 0.00145 M
E- - 128 mV
C. - 0.0125 M

Elapsed Potential Conc.,
Time, Difference - min

tE (hr) E (mV) (M)

Conc.,
- max

(M)

0.50
1.00
1.33
1.67
2.00
2.50
3.00
3.50

185-175
173-165
165-150
150-140
143-138
135-130
130-128

128

0.0013
0.0022
0.0022
0.0054
0.0070
0.0096
0.0120
0.0125

0.0020
0.0036
0.0054
0.0080
0.0085
0.0120
0.0125
0.0125

Plate Number: 4
Date: 5-29-88
Flow Rate: 5.83 x 10' m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.491 m

Test Type: step-down

Elapsed Potential Conc.,
Time, Difference - min

E, - 183 mV
C, - 0.00145 M
E- 128 mV
C0 - 0.0125 M

Conc.,
- max

(M)t, (hr) E (mV) (M)

0.50
1.00
1.50
2.00
2.33
2.67
3.17
3.67
4.17
4.67
5.17

128- 125
128-125
135-128
145-140
157-140
170-160
172- 160
182- 165
180-170
185-176

180

0.0125
0.0125
0.0096
0.0066
0.0041
0.0024
0.0023
0.0016
0.0016
0.0013
0.0016

0.0143
0.0143
0.0125
0.0080
0.0080
0.0036
0.0036
0.0022
0.0024
0.0020
0.0016
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Plate Number: 5
Date: 5-23-88
Flow Rate: 1.83 x 10-' m3/s

Head Gradient: 0.50 m
Adjusted Head Gradient: 0.561 m

Test Type: step-up

El - 183 my
Cl - 0.00145 M
E. - 125 mV
C0 - 0.0143 f

Elapsed
Time,

t, (hr)

0.25
1.00
1.50
2.00
2.50
3.00

Potential' Conc.,
Difference - min

E (mV) (M;)

175-170 0.0020
170-155 0.0024
150-140 0.0054
135-125 0.0096
130-125 0.0120

125 0.0143

Conc.,
- max

(M)

0.0024
0.0044
0.0080
0.0143
0.0143
0.0143

* Shift in calibration curve

Plate Number: 5
Date: 5-23-88
Flow Rate: 1.83 x 10' m'/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.561 m

Test Type: step-down

observed.

E, - 183 mV
C, - 0.00145 M

, - 125 mV
C. - 0.0143 M

Elapsed
Time,

t, (hr)

0.25
0.75
1.25
2.25
2.50
2.75
3.00
3.50
4.00
4.50
5.00

Potential' Conc.,
Difference - min

E (mV) (M)

130-125 0.0120
125 0.0143

130-125 0.0120
150-140 0.0054
150-145 0.0054
165-150 0.0030
160-150 0.0036
165-160 0.0030
165-160 0.0030
170-165 0.0024
175-170 0.0020

Conc.,
- max

(M)

0.0143

0.0143
0.0143
0.0080
0.0065
0.0054
0.0054
0.0036
0.0036
0.0030
0.0024

-

* Shift in calibration curve observed.
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Plate Number: 5
Date: 5-26-88
Flow Rate: 0.92 x 10-' m3/s
Head Gradient: 0.25 m
Adjusted Head Gradient: 0.280 m
Test Type: step-up

Elapsed
Time,

t, (hr)

0.25
0.50
0.75
1.00
1.50
2.00
2. 50
3. 00
3.50
4.00
4.50
5.08
5.58

Potential
Difference
E (mV)

180-175
180-175
180-175
185-170
185-170
170-160
155-145
150-145
145-135
140-135
140-135
135-130

130

Conc.,
- min

(M)

0. 0016
0.0016
0.0016
0.0014
0.0014
0.0024
0.0044
0.0054
0. 0065
0.0080
0.0080
0. 0096
0.0102

E, - 185 mV
Cl - 0.00135 M
Eo - 128 mV
C- 0.0125 M

Conc.,
- max

(M)

0.0020
0.0020
0.0020
0.0024
0.0024
0.0036
0. 0065
0.0065
0. 0096
0.0096
0.0096
0.0120
0.0120
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Plate Number: 5
Date: 5-27-88
Flow Rate: 1.00 x 10' m3/s
Head Gradient: 0.25 m
Adjusted Head Gradient: 0.306 m

Test Type: step-down

Elapsed Potential Conc.,
Time, Difference - min

tE (hr) E (mV) (M)

0.50
1.00
1.50
2.00
2.50
3.08
3. 50
4.00
4.50
5.00
5. 50
6.00
6. 50
7. 25
8.00
9.00

130
135-130

130
130

135-130
135
145
150

155-153
155
163
165

172-165
170-165

172
180

0. 0120
0.0096
0. 0120
0.0120
0.0096
0.0096
0.0065
0.0054
0.0044
0.0044
0.0032
0.0030
0.0023
0.0024
0. 0023
0.0016

Ei = 182 mV
Ci = 0.00150 M
E. - 128 mV
C, = 0.0125 M

Conc.,
- max

(M)

0. 0120
0.0120
0.0120
0.0120
0.0120
0.0096
0. 0065
0.0054
0.0047
0.0044
0.0032
0.0030
0.0030
0.0030
0.0023
0.0016
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Plate Number: 6
Date: 6-07-88 Ei = 183 mV
Flow Rate: 2.25 x 10' m3/s Ci = 0.00145 M
Head Gradient: 0.50 m E0 = 128 mV
Adjusted Head Gradient: 0.393 m Co = 0.0125 M

Test Type: step-up

Elapsed Potential Conc., Conc.,
Time, Difference - min - max

t, (hr) E (mV) (M) (M)

0.50 180-175 0.0016 0.0020
1.00 168-160 0.0027 0.0036
1.50 145-135 0.0066 0.0096
2.00 133-130 0.0105 0.0120
2.50 128 0.0125 0.0125
3.00 127 0.0133 0.0133

Plate Number: 6
Date: 6-07-88 Ej = 186 mV
Flow Rate: 2.42 x 10' m3/s Ci = 0.00130 M
Head Gradient: 0.50 m E0 = 128 mV
Adjusted Head Gradient: 0.422 m C0 = 0.0125 M

Test Type: step-down

Elapsed
Time,

t, (hr)

0.50
1.00
1.75
2. 25

2.75
3.25
3.75

Potential Conc.,
Difference - min

E (mV) (M)

128- 127
138-130
155-150
180-170
183- 180

180
180

0.0125
0. 0085
0.0044
0.0016
0.0015
0.0016
0.0016

Conc.,
- max

(M)

0.0133
0.0120
0.0096
0. 0025
0.0016
0.0016
0.0016
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Plate Number: 6
Date: 6-09-88
Flow Rate: 1.00 x 10' m

3 /s
Head Gradient: 0.25 m
Adjusted Head Gradient: 0.175 m

Test Type: step-up

Elapsed Potential Conc.,
Time, Difference - min

tE (hr) E (mV)

0.50 178-175
1.00 180-170
1.50 170
2.00 165-160
2.50 145-140
3. 00 140-135
3.50 138-130
4.00 130
4.50 126
5.00 126

(M)

0.0018
0.0016
0.0025
0.0030
0.0066
0.0080
0.0085
0.0120
0.0135
0.0135

Ej 185 mV
C, - 0.00135 M

E. = 127 mV

CO = 0.0133 M

Conc.,
- max

(M)

0. 0020
0.0025
0.0025
0. 0036
0.0080
0. 0096
0.0120
0.0120
0.0135
0.0135

Plate Number: 6
Date: 6-10-88
Flow Rate: 1.18 x 10' m3/s
Head Gradient: 0.25 m
Adjusted Head Gradient: 0.206 m

Test Type: step-down

E, = 178 mV

C, = 0.00135 M
E. = 120 mV
C0 = 0.0130 M

Elapsed Potential' Conc., Conc.,
Time, Difference - min - max

t, (hr)

0.50
1.00
1.75
2. 50
3.25
4.00
4.75
5.50
6.25
7.00
7.75
8. 50

E (mV)

127-120
130- 120
125- 120
135- 130
145-140
160- 150
170- 160
170- 165
170-165
175- 170

175
175

(M)

0.0097
0.0086
0.0104
0.0070
0.0047
0. 0027
0.0018
0.0018
0.0018
0.0014
0.0014
0.0014

(M)

0. 0130
0.0130
0.0130
0.0086
0.0016
0. 0039
0.0027
0. 0022
0. 0022
0.0016
0.0014
0. 0014

* Shift in calibration curve observed.
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Plate Number: 6
Date: 6-09-88 Ej = 127 mV
Flow Rate: 2.38 x 10' m3/s C, - 0. 0130 M
Head Gradient: 0.50 m E0 = 80 mV
Adjusted Head Gradient: 0.415 m CO = 0.086 M

Test Type: step-up

Elapsed Potential Conc., Conc.,
Time, Difference - min - max

t, (hr) E (mV) (M) (M)

0.50 127 0.0130 0.0130
1.00 120 0.0175 0.0175
1.50 100-90 0.0385 0.0570
2.00 85-80 0.0695 0.0860
2.50 80-78 0.0860 0.0930
3.00 80-78 0.0860 0.0930

Plate Number: 6
Date: 6-09-88 Ej = 130 mV
Flow Rate: 2.25 x 10' m3/s Ci = 0.0120 M
Head Gradient: 0.50 m E0 = 80 mV
Adjusted Head Gradient: 0.393 m CO = 0.086 M

Test Type: step-down

Elapsed Potential Conc., Conc.,
Time, Difference - min - max

t, (hr) E (mV) (M) (M)

0.50 80-78 0.0860 0.0930
1.00 80 0.0860 0.0860
1.50 95-88 0.0470 0.0620
2.00 110-100 0.0260 0.0385
2.50 115-110 0.0210 0.0260
3.00 120-115 0.0170 0.0210
3.50 120 0.0170 0.0170
4.00 125-120 0.0140 0.0170
4.50 128-125 0.0125 0.0140
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Plate Number: 6
Date: 6-12-88
Flow Rate: 2.38 x 10' m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.415 m

Test Type: step-up

Ej = 238 mV
C, = 0.00016 M
E. - 180 mV
CO = 0.0016 M

Elapsed
Time

t[ (hr)

0.50
1.00
1.50
2.00
2. 50
3.00
3. 50

Potential Conc., Conc.,
Difference - min - max

E (mV) (M) (M)

220 0.0003 0.0003
220-200 0.0003 0.0008
200-180 0.0008 0.0017
195-180 0.0009 0.0017
185-180 0.0014 0.0017
185-178 0.0014 0.0018
185-178 0.0014 0.0018

Plate Number: 6
Date: 6-12-88
Flow Rate: 2.17 x 10' m'/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.379 m

Test Type: step-down

E, = 238 mV
C; = 0.00016 M
E, = 180 mV

CO = 0.0016 M

Elapsed
Time

tE (hr)

0. 50
1.00
1.50
2.00
2. 50

3. 00

3. 50

4.00
4.50
5.00

Potential Conc.,
Difference - min

E (mV) (M)

178 0.0018
180-178 0.0016
195-180 0.0009

200 0.0008
220-215 0.0003
230-215 0.0002
225-220 0.0003

230 0.0002
235-230 0.0002
235-230 0.0002

Conc.,
- max

(M)

0.0018
0.0018
0. 0016
0.0008

0.0004
0.0004
0.0003
0.0002
0.0002
0.0002
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Plate Number: 6
Date: 6-25-88 Ei = 178 mV

Flow Rate: 1.67 x 10' m'/s C, = 0.0015 M
Head Gradient: 0.36 m E0 = 73 mV
Adjusted Head Gradient: 0.291 m. C. = 0.100 M

Test Type: step-up

Elapsed Potential Conc., Conc.,
Time, Difference - min - max

t, (hr) E (mV) (M) (M)

0.50 168-165 0.0024 0.0025
1.00 160-145 0.0031 0.0066
1.50 125-110 0.0123 0.0230
2.00 100-90 0.0340 0.0500
2.50 85-78 0.0620 0.0810
3.00 86-75 0.0600 0.0930
3.50 77-70 0.0860 0.1150
4.00 78-75 0.0810 0.0930

Plate Number: 6
Date: 6-25-88 El = 178 mV
Flow Rate: 1.90 x 10-9 m3/s Ci = 0.0015 M
Head Gradient: 0.36 m Ei = 73 mV

Adjusted Head Gradient: 0.332 m CO = 0.100 M
Test Type: step-down

Elapsed Potential Conc., Conc.,
Time, Difference - min - max

t, (hr) E (mV) (M) (M)

0.50 75-70 0.0930 0.1150
1.00 75-72 0.0930 0.1100
1.50 80-75 0.0760 0.0930
2.12 100-90 0.0340 0.0500
2.50 110-100 0.0230 0.0340
3.00 137-115 0.0078 0.0190
3.50 148-132 0.0050 0.0096
4.00 160-140 0.0030 0.0068
4.50 160-140 0.0030 0.0068
5.00 170-150 0.0020 0.0046
5.50 172-163 0.0019 0.0028
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Table D.2: Porous plate effective porosity estimates from chloride
breakthrough data.

Plate
No.

Test Flow Rate,
type Q x 109 m3/s

_ - - - - - - - - - -

Effective
Travel Time, Porosity,

t, (hr) ne (percent)

1 step-up
step-down

2 step-up
step-down

3 step-up
step-down

4 step-up
step-down
step-up

step-down

5 step-up
step-down
step-up
step-down

3.03
3.15

4.08
4.08

2.30
2.33

6.00
6.00
5 .83
5.83

1.83
1.83
0.92
1.00

3. 07
3 .56

1.80
3.23

3. 90
2.58

1.77
2.06
1.75
2. 10

1.59
2.06
3.20
3.43

0.275
0.332

0.217
0.390

0.266
0.178

0. 314
0.366
0. 302
0.362

0.247
0.320
0.250
0.291

6 step-up
step-down
step-up

step-down
step-up

step-down
step-up
step-down
step-up

step-down

2.25
2.42
1. 00

1. 18
2. 38
2.25
2. 38
2.17
1.67
1.90

1.37
1.75
2.45
2. 57
1.51
1 .60
1. 20
1. 86
2.11
2.00

0.262
0. 359
0.208
0.257
0.305
0. 306
0.242
0.343
0.299
0.322
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APPENDIX E

SOLUTE TRANSPORT TEST DATA

This section includes all the fracture and matrix transport test data.
Table E.1 also presents the results of temporal moments analysis for
test no. I at sampling port 5F-US as an example. The raw data of the
spatial distribution of relative concentrations of the fracture surface
immediately after fracture transport test no. 3 is presented in Table
E.5 and Figure E.I.
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Table E.l: Fracture solute transport test data, and temporal moments
analysis data for test no. 1, sampling port 5F-US.

Sampling Port:
Location: x =

5F-US
5 cm; z = 10 cm Face: 5

Date: 6-21-88 to 6-22-88
Flow Rate: 1.41 x 10- m3/s
Head Imposed at Top of Plate:
Test Performed: Slug - 12 hrs
Test Duration: 28 hrs

35.80 cm

Ej = 168 mV
C, = 0.00150 M
E0 = 73 mV
C6 = 0.105 M
Plate no. : 5

Elapsed Potential Conc., Conc.,
Time, Difference - min - max

t, (hr) E (mV) (M) (M)

0.25 145 0.0050 0.0050
0.75 145 0.0050 0.0050
1.25 145 0.0050 0.0050
1.75 145 0.0050 0.0050
2.25 147-145 0.0046 0.0050
2.75 145 0.0050 0.0050
3.25 150-145 0.0040 0.0050
3.75 145-140 0.0050 0.0063
4.25 145 0.0050 0.0050
4.75 145 0.0050 0.0050
5.25 145 0.0050 0.0050
5.75 148-135 0.0044 0.0080
6.25 145 0.0050 0.0050
6.75 145 0.0050 0.0050
7.25 138-136 0.0068 0.0077
7.75 145 0.0050 0.0050
8.25 145 0.0050 0.0050
8.75 128 0.0110 0.0110
9.25 135-130 0.0080 0.0100
9.75 137-133 0.0073 0.0088

10.25 135-130 0.0080 0.0100
10.75 138-135 0.0068 0.0080
11.25 134-132 0.0084 0.0092
11.75 128 0.0110 0.0110
12.25 120-115 0.0152 0.0187
12.75 120-117 0.0152 0.0175
13.25 123-118 0.0137 0.0165
13.75 120 0.0152 0.0152
14.25 120-115 0.0152 0.0187
14.75 115-110 0.0187 0.0227
15.25 120-118 0.0152 0.0165
15.75 116 0.0183 0.0183
16.25 120 0.0152 0.0152

Relative
Conc.

- min

0.034
0.034
0.034
0.034
0.030
0.034
0.024
0.034
0.034
0.034
0.034
0.028
0.034
0.034
0.051
0.034
0.034
0.092
0.063
0.056
0.063
0.051
0.067
0.092
0.132
0.132
0.118
0.132
0.132
0.166
0.132
0.162
0.132

Relative
Conc.

- max

0.034
0.034
0.034
0.034
0.034
0.034
0.034
0.046
0.034
0.034
0.034
0.063
0.034
0.034
0.060
0.034
0.034
0.092
0.082
0.071
0.082
0.063
0.074
0.092
0.166
0.155
0.145
0.132
0.166
0.205
0.145
0.162
0.132
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Table El: Fracture solute transport test data, and temporal moments
analysis data for test no. 1 (continued).

Elapsed
Time,
t, (hr)

16. 75
17 .25
18.25
19. 25
20. 25
21.25
22.25
23.25
24. 25
25.25
26. 25

27.25
28 .25

Potential
Difference
E (mV)

117-115
107
105

115-110
110
114

113-107
113
120
110
113
110
113

Conc.,
- min

(M)

0. 0175
0.0260
0.0280
0.0187
0.0227
0.0193
0.0200
0. 0200
0.0152
0. 0227
0.0200
0.0227
0.0200

Conc.,
- max

(_)

0.0187
0.0260
0.0280
0.0227
0.0227
0.0193
0. 0260
0. 0200
0.0152
0. 0227
0.0200
0.0227
0.0200

Relative
Conc.

- min

0.155
0.237
0.256
0. 166
0.205
0. 172
0.179
0.179
0.132
0.205
0. 179
0.205
0.179

Relative
Gone.

- max

0. 166
0.237
0. 256
0.205
0. 205

0. 172
0.237
0. 179
0.132
0.205
0.179
0. 205
0. 179

Results of Temnoral Moments Analvsi s:

Elapsed
Time,
t, (hr)

0.25
0.75
1.25
1.75
2.25
2.75
3.25
3.75
4.25
4.75
5.25
5.75
6.25
6.75
7.25
7.75
8. 25
8.75
9.25

Average
Cone.

(M)

0 .0050
0.0050
0.0050
0.0050
0.0048
0.0050
0.0045
0.0057
0.0050
0.0050
0,0050
0.0062
0.0050
0.0050
0.0073
0.0050
0.0050
0.0110
0.0090

tE X

Average
Conc.

0.00
0.00
0.01
0.01
0.01
0.01

0.01
0.02
0.02
0.02

0.03
0.04
0.03
0.03
0.05
0.04
0.04
0.10
0.08

(tE-tm)
2

X

Average
Cone.

1.25
1.17
1.10
1.03
0.92
0.89
0.74
0.86
0.70
0.64
0.59
0.66
0.48
0.43
0.56
0.35
0.31
0.59
0.42

Average
Relative
Cone.

0.034
0.034
0.034
0.034
0.032
0.034
0.029
0.040
0.034
0.034
0.034
0.045
0.034
0.034
0.056
0.034
0.034
0.092
0.072

tE x (titm)
2
X

Average Average
Rel. Cone. Rel. Conc.

0.01
0.03
0. 04
0.06
0.07
0.09
0.09
0.15
0.14
0.16
0.18
0.26
0.21
0.23
0.40
0.26
0.28
0.80
0.67

9.03
8.49
7 .96
7.45
6.56
6.48
5.16
6.61
5.15
4.74
4.35
5 . 34
3.62
3. 28
4.85
2. 64
2 . 35
5.65
3.91
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Table E.l: Fracture solute transport test data, and temporal moments
analysis data for test no. 1 (continued).

Results of Temporal Moments Analysis (continued):

Elapsed
Time,

tf (hr)

9.75
10.25
10. 75
11. 25
11. 75
12.25
12 .75
13.25
13 .75
14.25
14.75
15. 25
15.75
16. 25
16 . 75
17 . 25
18.25
19. 25
20.25
21 . 25
22.25
23.25
24. 25
25.25
26 .25
27.25
28. 25

Average
Conc.

(M)

tf X

Average
Conc.

0.0081
0.0090
0.0074
0.0088
0.0110
0.0170
0.0164
0.0151
0.0152
0.0170
0.0207
0.0159
0.0183
0.0152
0.0181
0.0260
0. 0280
0.0207
0. 0227
0.0193
0.0230
0.0200
0.0152
0.0227
0.0200
0. 0227
0.0200

0.08
0.09
0.08
0.10
0.13
0.21
0.21
0.20
0.21
0.24
0.31
0.24
0.29
0.25
0.30
0.45
0.51
0.40
0.46
0.41
0.51
0.47
0.37
0.57
0.53
0.62
0. 57

(tt.)2 x
Average
Conc.

0.32
0.31
0.21
0.20
0.21
0.25
0.18
0.12
0.08
0.06
0.04
0.01
0.00
0.00
0.01
0.04
0.13
0.21
0.40
0.52
0.88
1.03
1.02
1.91
2.07
2.83
2.96

Average
Relative
Conc.

0.063
0.072
0.057
0.071
0.092
0. 149
0.143
0.131
0.132
0.149
0.186
0.139
0.162
0.132
0. 160
0.237
0.256
0.186
0.205
0.172
0.208
0.179
0.132
0. 205
0. 179
0.205
0.179

tE X ( tE- t,,, X

Average Average
Rel. Conc. Rel. Conc.

0.62
0.74
0.61
0. 79
1.08
1.83
1. 83
1.74
1.82
2. 13
2.74
2. 11
2 . 56
2. 15
2.69
4.08
4.67
3.57
4.15
3.65
4.62
4.16
3.21
5.17
4.69
5.58
5.05

2.96
2.92
1.95
2.01
2.15
2.82
2. 12
1.47
1.07
0.82
0.63
0.25
0.12
0.02
0.00
0.10
0.70
1. 31
2. 74
3.73
6.65
7 . 92
7 .76

15.35
16.67
23.26
24.28
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Table E.A: Fracture solute transport test data, and temporal moments
analysis data for test no. 1 (continued).

Summary of Temporal Moments Analysis:
o Average Concentration

Sum Average Conc. -
0.5817Sum [tE x Average Conc.] - 9.35Sum [(tE-t.)2 x Average Cone.] - 29.67

First Moment, to - 16.07 hrSecond Moment, tva, - 51.02 hr2

o Average Relative Concentration

Sum Average Rel. Cone. -
4.953

Sum (t, x Average Rel. Conc.] - 82.19
Sum [(tE-t,)2 x Average Rel. Conc.] - 235.41
First Moment, to - 16.59 hrSecond Moment, tv,, - 47.53 hr2
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port: 5F-UC
Location: x - 10 cm; z - 10 cm Face: 5

Date: 6-21-88 to 6-22-88
Flow Rate: 1.41 x 10-9 m3/s
Head Imposed at Top of Plate: 35.80 cm
Test Performed: Slug - 12 hrs
Test Duration: 28 hrs

Ed - 168 mV
Ca - 0.00150 M
E, - 73 mV
C0 - 0.105 M
Plate no.: 5

Elapsed
Time,

tE (hr)

0.25
0.75
1.25
1.75
2.25
2.75
3.25
3.75
4.25
4.75
5.25
5.75
6.25
6.75
7.25
7.75
8.25
8.75
9.25
9.75

10.25
10.75
11.25
11.75
12.25
12.75
13.25
13.75
14. 25
14.75
15.25
15.75
16.25

Potential
Difference
E (mV)

155-145
145

150-140
150

145-140
135-127
118-115
125-118
130-125
110-100
85

93-87
85-83
85-83
85-83
90-87

100-95
85

90-87
83-80
85-83
88-86
83-78
82-78
77
78
83

85-83
83

87-85
92
94
95

Conc.,
- min
(M)

0.0031
0.0050
0.0040
0.0040
0.0050
0.0080
0.0165
0.0125
0.0107
0.0227
0.0620
0.0445
0.0620
0.0620
0.0620
0.0505
0.0340
0.0620
0.0505
0.0660
0.0620
0.0550
0.0660
0.0700
0.0840
0.0810
0.0660
0.0620
0.0660
0.0570
0.0470
0.0425
0.0415

Conc.,
- max

0.0050
0.0050
0.0063
0.0040
0.0063
0.0117
0.0187
0.0165
0.0125
0.0340
0.0620
0.0570
0.0660
0.0660
0.0660
0.0570
0.0415
0.0620
0.0570
0.0755
0.0660
0.0600
0.0810
0.0810
0.0840
0.0810
0.0660
0.0660
0.0660
0.0620
0.0470
0.0425
0.0415

Relative
Conc.

- min

0.015
0.034
0.024
0.024
0.034
0.063
0.145
0.106
0.089
0.205
0.585
0.415
0.585
0.585
0.585
0.473
0.314
0.585
0.473
0.623
0.585
0.517
0.623
0.662
0.797
0.768
0.623
0.585
0.623
0.536
0.440
0.396
0.386

Relative
Conc.

- max

0.034
0.034
0.046
0.024
0.046
0.099
0.166
0.145
0.106
0.314
0.585
0.536
0.623
0.623
0.623
0.536
0.386
0.585
0.536
0.715
0.623
0.565
0.768
0.768
0.797
0.768
0.623
0.623
0.623
0.585
0.440
0.396
0.386
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port: 5F-UC (continued)

Elapsed
Time,

t, (hr)

16.75
17.25
18.25

19.25
20.25
21.25
22.25
23.25
24.25
25.25
26.25
27.25
28.25

Potential
Difference
E (mV)

96
100-95
113-110
110-105
114-106

110
117

123-117
128-125

115
124
124

135-125

Conc.,
- min

(Mi)

0.0405
0.0340
0.0200
0. 0227
0.0193
0.0227
0.0175
0.0137
0.0110
0.0187
0.0127
0.0127
0.0080

Conc.,
- max

(M)

0.0405
0.0415
0.0227
0.0280
0. 0270
0.0227
0.0175
0.0175
0. 0125
0.0187
0.0127
0.0127
0.0125

Relative
Conc.

- min

0.377
0.314
0.179
0.205
0.172
0.205
0.155
0.118
0.092
0.166
0.108
0.108
0.063

Relative
Conc.

- max

0.377
0.386
0.205
0.256
0.246
0.205
0.155
0.155
0.106

0.166
0.108
0.108
0.106
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port:
Location: x -

5F-LS
5 cm; z - 35 cm Face: 5

Date: 6-21-88 to 6-22-88
Flow Rate: 1.41 x 10-' m3/s
Head Imposed at Top of Plate: 35.80 cm
Test Performed: Slug - 12 hrs
Test Duration: 28 hrs

E, - 168 mV
C, - 0.00150 M

F. - 73 mV
C0 - 0.105 M
Plate no.: 5

Elapsed
Time,

tE (hr)

0.33
1.33
1.83
2.33
2.83
3.33
3.83
4.33
4.83
5.33
5.83
6.33
6.83
7.33
7.83
8.33
8.83
9.33
9.83

10.33
10.83
11.33
11.83
12.33
12.83
13. 33
13.83
14.33
14.83
15.33
15.83
16. 33
16.83

Potential
Difference
E (mV)

140
145
148

152-148
150-140
148-145
135-125

145
145
145

145-135
145

155-150
145-140
145-140
145-140
147-145

137
135
126
126

133-128
125
125
123
126
125
116
125

117-115
120

120-115
110-107

Conc.,
- min
(M)

0.0063
0.0050
0.0044
0.0036
0.0040
0.0044
0.0080
0.0050
0.0050
0.0050
0.0050
0.0050
0.0031
0.0050
0.0050
0.0050
0.0046
0.0073
0.0080
0.0120
0.0120
0.0088
0.0125
0.0125
0.0137
0.0120
0.0125
0.0183
0.0125
0.0175
0.0152
0.0152
0.0227

Conc.,
- max

(M)

0.0063
0.0050
0.0044
0.0044
0.0063
0.0050
0.0125
0.0050
0.0050
0.0050
0.0080
0.0050
0.0040
0.0063
0.0063
0.0063
0.0050
0.0073
0.0080
0.0120
0.0120
0.0110
0.0125
0.0125
0. 0137
0.0120
0.0125
0.0183
0. 0125
0.0187
0.0152
0.0187
0.0260

Relative
Conc.

- min

0.046
0.034
0.028
0.020
0.024
0.028
0.063
0.034
0.034
0.034
0.034
0.034
0.015
0.034
0.034
0.034
0.030
0.056
0.063
0. 101
0.101
0.071
0.106
0.106
0.118
0.101
0.106
0.162
0.106
0.155
0.132
0.132
0.205

Relative
Conc.

- max

0.046
0.034
0.028
0.028
0.046
0.034
0.106
0.034
0.034
0.034
0.063
0.034
0.024
0.046
0.046
0.046
0.034
0.056
0.063
0. 101
0. 101
0.092
0. 106
0.106
0.118
0. 101
0.106
0.162
0.106
0.166
0.132
0.166
0.237

283



Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port: 5F-LS (continued)

Elapsed
Time,

tE (hr)

Potential
Difference
E (mV)

Conc., Conc., Relative
- min - max Conc.

(M) (M) - min

Relative
Conc.

- max

17.33
18.33
19.33
20.33
21.33
22.33
23.33
24.33
25 .33
26.33
27. 33
28. 33

115
120-115
125-117

112
106
108

110-105
115
110

110-107
115-110

115

0.0187
0.0152
0.0125
0.0210
0.0270
0.0245
0.0227
0.0287
0.0227
0.0227
0.0187
0.0187

0.0187
0.0187
0.0175
0.0210
0.0270
0.0245
0.0280
0.0187
0.0227
0.0260
0. 0227
0.0187

0.166 0.166
0.132 0.166
0.106 0.155
0.188 0.188
0.246 0.246
0.222 0.222
0.205 0.256
0.263 0.166
0.205 0.205
0.205 0.237
0.166 0.205
0.166 0.166
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port: 5F-LC
Location: x - 10 cm; z - 35 cm Face: 5

Date: 6-21-88 to 6-22-88
Flow Rate: 1.41 x 10-9 m3/s
Head Imposed at Top of Plate: 35.80 cm
Test Performed: Slug - 12 hrs
Test Duration: 28 hrs

E, - 168 mV
C1 - 0.00150 M
E. - 73 mV
C0 - 0.105 M
Plate no.: 5

Elapsed
Time,

t, (hr)

0.33
1.33
1.83
2.33
2.83
3.33
3.83
4.33
4.83
5.33
5.83
6.33
6.83
7.33
7.83
8.33
8.83
9.33
9.83

10.33
10.83
11.33
11.83
12.33
12.83
13.33
13.83
14. 33
14.83
15.33
15.83
16.33
16.83

Potential
Difference
E (mV)

145
150-145
155-150

145
150-145
155-150
155-152

150
150-145

145
145-140

145
150-148
150-145
155-150
150-140

146
153-148
150-147
150-145

145
145-140

145
150-145

145
152-148
152-148

145
135-133
143-135

145
145-140
145-140

Conc.,
- min
(M)

0.0050
0.0040
0.0031
0.0050
0.0040
0.0031
0.0031
0.0040
0.0040
0.0050
0.0050
0.0050
0.0040
0.0040
0.0031
0.0040
0.0049
0.0034
0.0040
0.0040
0.0050
0.0050
0.0050
0.0040
0.0050
0.0036
0.0036
0.0050
0.0080
0.0055
0.0050
0.0050
0.0050

Conc.,
- max

(M)

0.0050
0.0050
0.0040
0.0050
0.0050
0.0040
0.0036
0.0040
0.0050
0.0050
0.0063
0.0050
0.0044
0.0050
0.0040
0.0063
0.0049
0.0044
0.0046
0.0050
0.0050
0.0063
0.0050
0.0050
0.0050
0.0044
0.0044
0.0050
0.0088
0.0080
0.0050
0.0063
0.0063

Relative
Conc.

- min

0.034
0.024
0.015
0.034
0.024
0.015
0.015
0.024
0.024
0.034
0.034
0.034
0.024
0.024
0.015
0.024
0.033
0.018
0.024
0.024
0.034
0.034
0.034
0.024
0.034
0.020
0.020
0.034
0.063
0.039
0.034
0.034
0.034

Relative
Conc.

- max

0.034
0.034
0.024
0.034
0.034
0.024
0.020
0.024
0.034
0.034
0.046
0.034
0.028
0.034
0.024
0.046
0.033
0.028
0.030
0.034
0.034
0.046
0.034
0.034
0.034
0.028
0.028
0.034
0.071
0.063
0.034
0.046
0.046
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port: 5F-LC (continued)

Elapsed
Time,

t, (hr)

17.33
18. 33
19. 33
20.33
21. 33
22.33
23.33
24.33
25. 33
26.33
27. 33
28. 33

Potential
Difference
E (mV)

145-140
135-130
140-135

140
135
135

135-130
132-128
130-125
125-120

125
125

Conc.,
- min
(Mi)

0.0050
0.0080
0. 0063
0.0063
0.0080
0.0080
0.0080
0.0092
0. 0107
0.0125
0.0125
0.0125

Conc.,
- max
(Mi)

0. 0063
0.0107
0.0080
0.0063
0.0080
0.0080
0.0107
0.0110
0.0125
0.0152
0.0125
0.0125

Relative
Conc.

- min

0.034
0.063
0.046
0.046
0.063
0.063
0.063
0.074
0.089
0.106
0.106
0.106

Relative
Conc.

- max

0.046
0.089
0.063
0.046
0.063
0.063
0.089
0.092
0.106
0.132
0.106
0.106
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 6-B
Location: x - 2 cm; z - 50 cm Face: 2

Date: 6-21-88 to 6-22-88
Flow Rate: 1.41 x 10-' m'/s
Head Imposed at Top of Plate: 35.80 cm
Test Performed: Slug - 12 hrs
Test Duration: 28 hrs

E, - 168 mV
C1 - 0.00150 M
E. - 73 mV
C0 - 0.105 M
Plate no.: 5

Elapsed
Time,

tE (hr)

0.42
1.42
2.42
2.92
3.42
3.92
4.42
4.92
5.42
5.92
6.42
6.92
7.42
7. 92
8.42
8.92
9.42
9.92

10.42
10.92
11.42
11.92
12.42
12.92
13.42
13.92
14.42
14.92
15.42
15.92
16.42
16.92
17.42

Potential
Difference
E (mV)

155
147-145
150-145
147-145
150-145
147-145

146
145-140
145-140
133-130
135-130
133-128

127
125
125

120-117
115
115
115
112
110
108
107
107
105
105
106

107-104
105

112-108
104-98

100
108-105

Conc.,
- min
(kl)

0.0031
0.0046
0.0040
0.0046
0.0040
0.0046
0.0049
0.0050
0.0050
0.0088
0.0080
0.0088
0.0117
0.0125
0.0125
0.0152
0.0187
0.0187
0.0187
0.0210
0.0227
0.0245
0.0260
0.0260
0.0280
0.0280
0.0270
0.0260
0.0280
0.0210
0. 0285
0.0340
0.0245

Conc.,
- max

(ti)

0. 0031
0.0050
0.0050
0.0050
0.0050
0.0050
0.0049
0.0063
0.0063
0.0107
0.0107
0.0110
0.0117
0.0125
0.0125
0.0175
0.0187
0.0187
0.0187
0.0210
0.0227
0.0245
0.0260
0.0260
0.0280
0.0280
0.0270
0.0285
0.0280
0.0245
0.0365
0.0340
0.0280

Relative
Conc.

- min

0.015
0.030
0.024
0.030
0.024
0.030
0.033
0.034
0.034
0.071
0.063
0.071
0.099
0.106
0.106
0.132
0.166
0.166
0.166
0.188
0.205
0.222
0.237
0.237
0.256
0.256
0.246
0.237
0.25A
0.188
0.261
0.314
0.222

Relative
Conc.

- max

0.015
0.034
0.034
0.034
0.034
0.034
0.033
0.046
0.046
0.089
0.089
0.092
0.099
0.106
0.106
0.155
0.166
0.166
0.166
0.188
0.205
0.222
0.237
0.237
0.256
0.256
0.246
0.261
0.256
0.222
0.338
0.314
0.256
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 6-B (continued)

Elapsed
Time,

t, (hr)

*18.42
19.42
20.42
21.42
22.42
23.42
24.42
25.42
26.42
27.42
28.42

Potential
Difference
E (mV)

110-105
110
107
105
115

114-110
115
115
107
110

120-115

Conc.,
- min

0.0227
0.0227
0.0260
0.0280
0.0187
0.0193
0.0187
0.0187
0.0260
0.0227
0.0152

Conc.,
- max

(Mi)

0.0280
0.0227
0.0260
0.0280
0.0187
0.0227
0.0187
0.0187
0.0260
0.0227
0.0187

Relative
Conc.

- min

0.205
0.205
0.237
0.256
0.166
0.172
0.166
0.166
0.237
0.205
0.132

Relative
Conc.

- max

0.256
0.205
0.237
0.256
0.166
0.205
0.166
0.166
0.237
0. 205
0.166
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 6-M
Location: x - 6 cm; z - 50 cm Face: 2

Date: 6-21-88 to 6-22-88
Flow Rate: 1.41 x 10-' m3/s
Head Imposed at Top of Plate: 35
Test Performed: Slug - 12 hrs
Test Duration: 28 hrs

80 cm

E, - 168 mV
C1 - 0.00150 M
E0 - 73 mV
CO - 0.105 M
Plate no.: 5

Elapsed
Time,

t, (hr)

0.42
1.42
2.42
2.92
3.42
3.92
4.42
4.92
5.42
5.92
6.42
6.92
7.42
7.92
8.42
8.92
9.42
9.92

10.42
10.92
11.42
11.92
12.42
12.92
13.42
13.92
14.42
14.92
15.42
15.92
16.42
16.92
17.42

Potential Conc.,
Difference - min
E (mV) (M)

153 0.0034
152 0.0036

152-147 0.0036
153 0.0034
150 0.0040
148 0.0044
145 0.0050

140-135 0.0063
135-130 0.0080
130-128 0.0107

125 0.0125
125-122 0.0125

120 0.0152
117 0.0175
115 0.0187
112 0.0210
111 0.0220
110 0.0227
107 0.0260
107 0.0260
107 0.0260
105 0.0280
105 0.0280
105 0.0280
105 0.0280

105-103 0.0280
96 0.0405

105-103 0.0280
105 0.0280
105 0.0280

100-97 0.0340
105 0.0280
110 0.0227

Conc.,
- max

(_)

0.0034
0.0036
0.0046
0.0034
0.0040
0.0044
0.0050
0.0080
0.0107
0.0110
0.0125
0.0143
0.0152
0.0175
0.0187
0.0210
0.0220
0.0227
0.0260
0.0260
0.0260
0.0280
0.0280
0.0280
0.0280
0.0300
0.0405
0.0300
0.0280
0. 0280
0.0385
0.0280
0.0227

Relative
Conc.

- min

0.018
0.020
0.020
0.018
0.024
0.028
0.034
0.046
0.063
0.089
0.106
0.106
0.132
0.155
0.166
0.188
0.198
0.205
0.237
0.237
0.237
0.256
0.256
0.256
0.256
0.256
0.377
0.256
0.256
0.256
0.314
0.256
0.205

Relative
Conc.

- max

0.018
0.020
0.030
0.018
0.024
0.028
0.034
0.063
0.089
0.092
0.106
0.124
0.132
0.155
0.166
0.188
0.198
0.205
0.237
0.237
0.237
0.256
0.256
0.256
0.256
0.275
0.377
0.275
0.256
0.256
0.357
0.256
0.205
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 6-M (continued)

Elapsed
Time,

tE (hr)

Potential
Difference
E (mV)

Conc.,
- min
(M)

Conc.,
- max
(M)

18.42
19.42
20.42
21.42
22.42
23.42
24.42
25.42
26.42
27.42
28.42

106
110
120
115
115
116

125-120
118
120
122
125

0.0270 0.0270
0.0227 0.0227
0.0152 0.0152
0.0187 0.0187
0.0187 0.0187
0.0183 0.0183
0.0125 0.0152
0.0165 0.0165
0.0152 0.0152
0.0143 0.0143
0.0125 0.0125

Relative
Conc.

- min

0.246
0.205
0.132
0.166
0.166
0.162
0.106
0.145
0.132
0.124
0.106

Relative
Conc.

- max

0.246
0.205
0.132
0.166
0.166
0.162
0. 132
0.145
0.132
0.124
0.106
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 3-M
Location: x - 12 cm; z - 50 cm Face: 2

Date: 6-21-88 to 6-22-88
Flow Rate: 1.41 x 10-' m'/s
Head Imposed at
Test Performed:
Test Duration:

Top of Plate: 35.80 cm
Slug - 12 hrs

28 hrs

E, - 168 mV
C, - 0.00150 j

-, - 73 mV
C0 - 0.105 X

Plate no.: 5

Elapsed
Time,

to (hr)

0.42
1.42
2.42
2.92
3.42
3.92
4.42
4.92
5.42
5.92
6.42
6.92
7.42
7.92
8.42
8.92
9.42
9.92

10.42
10.92
11.42
11.92
12.42
12.92
13.42
13.92
14.42
14.92
15.42
15.92
16.42
16.92
17.42

Potential
Difference
E (mV)

150
153-150

155
152-150

155
150
150
145
135
135

130-128
125
122

125-123
120
117

116-113
117
114
108
110
108
107
105
105
105

107-105
105
105

110-107
105
104
105

Conc.,
- min
(k)

0.0040
0.0034
0.0031
0.0036
0.0031
0.0040
0.0040
0.0050
0.0080
0.0080
0.0107
0.0125
0.0143
0.0125
0.0152
0.0175
0.0183
0.0175
0.0193
0.0245
0.0227
0.0245
0.0260
0.0280
0.0280
0.0280
0.0260
0.0280
0.0280
0.0227
0.0280
0.0285
0.0280

Conc.,
- max

(k)

0.0040
0.0040
0.0031
0.0040
0.0031
0.0040
0.0040
0.0050
0.0080
0.0080
0.0110
0.0125
0.0143
0.0137
0.0152
0.0175
0.0200
0.0175
0.0193
0.0245
0.0227
0.0245
0.0260
0.0280
0.0280
0.0280
0.0280
0.0280
0.0280
0.0260
0.0280
0.0285
0.0280

Relative
Conc.

- min

0.024
0.018
0.015
0.020
0.015
0.024
0.024
0.034
0.063
0.063
0.089
0.106
0.124
0.106
0.132
0.155
0.162
0.155
0.172
0.222
0.205
0.222
0.237
0.256
0.256
0.256
0.237
0.256
0.256
0.205
0.256
0.261
0.256

Relative
Conc.

- max

0.024
0.024
0.015
0.024
0.015
0.024
0.024
0.034
0.063
0.063
0.092
0.106
0.124
0.118
0.132
0.155
0.179
0.155
0.172
0.222
0.205
0.222
0.237
0.256
0.256
0.256
0.256
0.256
0.256
0.237
0.256
0.261
0.256
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 3-M (continued)

Elapsed
Time,

tE (hr)

18.42
19.42
20.42
21.42
22.42
23.42
24.42
25.42
26.42
27.42
28.42

Potential
Difference
E (mV)

105
112-108

113
115
115
115

117-112
117
115
115
120

Conc.,
- min
(Xi)

0.0280
0.0210
0.0200
0.0187
0.0187
0.0187
0.0175
0.0175
0.0187
0.0187
0.0152

Conc.,
- max
(k)

0.0280
0.0245
0.0200
0.0187
0.0187
0.0187
0.0210
0.0175
0.0187
0.0187
0.0152

Relative
Conc.

- min

0.256
0.188
0.179
0.166
0.166
0.166
0.155
0.155
0.166
0.166
0.132

Relative
Conc.

- max

0.256
0.222
0.179
0.166
0.166
0.166
0.188
0.155
0.166
0.166
0.132

292



Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 3-F
Location: x - 18 cm; z - 50 cm Face: 2

Date: 6-21-88 to 6-22-88
Flow Rate: 1.41 x 10-' m'/s
Head Imposed at Top of Plate: 35.80 cm
Test Performed: Slug - 12 hrs
Test Duration: 28 hrs

E, - 168 mV
C, - 0.00150 M
E- - 73 mV
C0 - 0.105 M
Plate no.: 5

Elapsed
Time,

tE (hr)

0.42
1.42
2.42
2.92
3.42
3.92
4.42
4.92
5.42
5.92
6.42
6.92
7.42
7.92
8.42
8.92
9.42
9.92

10.42
10.92
11.42
11.92
12.42
12.92
13.42
13.92
14.42
14.92
15.42
15.92
16.42
16.92
17.42

Potential
Difference
E (mV)

147
150-147

152
155-152

153
150-148

145
140
135
130

130-127
125
125
125
120
118

125-120
118

117-115
110
110
112
110
107

110-105
105

105-103
105
103
105

107-105
103

105-103

Conc.,
- min
(M)

0.0046
0.0040
0.0036
0.0031
0.0034
0.0040
0.0050
0.0063
0.0080
0.0100
0.0100
0.0125
0.0125
0.0125
0.0152
0.0165
0.0125
0.0165
0.0175
0.0227
0.0227
0.0210
0.0227
0.0260
0.0227
0.0280
0.0280
0.0280
0.0300
0.0280
0.0260
0.0300
0.0280

Conc.,
- max
(M)

0. 0046
0.0046
0.0036
0.0036
0.0034
0.0044
0.0050
0.0063
0.0080
0.0100
0.0117
0.0125
0.0125
0.0125
0.0152
0.0165
0.0152
0.0165
0.0187
0.0227
0.0227
0.0210
0.0227
0.0260
0.0280
0.0280
0.0300
0.0280
0.0300
0.0280
0.0280
0.0300
0.0300

Relative
Conc.

- min

0.030
0.024
0.020
0.015
0.018
0.024
0.034
0.046
0.063
0.082
0.082
0.106
0.106
0.106
0.132
0.145
0.106
0.145
0.155
0.205
0.205
0.188
0.205
0.237
0.205
0.256
0.256
0.256
0.275
0.256
0.237
0.275
0.256

Relative
Conc.

- max

0.030
0.030
0.020
0.020
0.018
0.028
0.034
0.046
0.063
0.082
0.099
0.106
0.106
0.106
0.132
0.145
0.132
0.145
0.166
0.205
0.205
0.188
0.205
0.237
0.256
0.256
0.275
0.256
0.275
0.256
0.256
0.275
0.275
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Table E.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 3-F (continued)

Elapsed
Time,

tE (hr)

18.42
19.42
20.42
21.42
22.42
23.42
24.42
25.42
26.42
27.42
28.42

Potential
Difference
E (mV)

Conc.,
- min
(M)

Conc.,
- max
(W)

Relative
Conc.

- min

Relative
Conc.

- max

105
110
112
113
113

120-115
115
123
115
115

125-120

0.0280
0.0227
0.0210
0.0200
0.0200
0.0152
0.0187
0.0137
0.0187
0.0187
0.0125

0.0280
0.0227
0.0210
0.0200
0.0200
0.0187
0.0187
0.0137
0.0187
0.0187
0.0152

0.256
0.205
0.188
0.179
0.179
0.132
0.166
0.118
0.166
0.166
0. 106

0.256
0.205
0.188
0.179
0.179
0.166
0.166
0.118
0.166
0.166
0.132
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-US
Location: x - 5 cm; z - 10 cm Face: 5

Date: 7-12-88 to 7-18-88
Flow Rate: 1.36 x 10-' m'/s
Head Imposed at Top of Plate: 35.90 cm
Test Performed: Slug - 48 hrs
Test Duration: 150 hrs

E, - 173 mV
C, - 0.00125 X

E. - 73 mV
CO - 0.105 M
Plate no.: 5

Elapsed
Time,

tE (hr)

0.25
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
12.00
13.00
14.00
16.00
18.00
20.00
22.00
24.00
26.00
28.00
30.00
33.50
43.75
47.50
49.00
50.00
51.00
52.00
53.00
54.00
55.00

Potential
Difference
E (mV)

157-154
160

159-158
165-158
156-150
153-146
133-130
140-137
137-129
127-125
126-120
126-119
116-112
118-113
123-118
106-105
114-111
104-99
96-93

95
93
95

101
93-91
89-88
94-84
91-89
89-85
92-88
91-87
89-87
88-87
86-85

Conc.,
- min
(M)

0.0028
0.0025
0.0026
0.0019
0.0030
0.0034
0.0088
0.0063
0.0073
0.0117
0.0120
0.0120
0.0183
0.0165
0.0137
0.0270
0.0193
0.0285
0.0405
0.0415
0.0445
0.0415
0.0325
0.0445
0.0520
0.0425
0.0495
0.0520
0.0470
0.0495
0.0520
0.0550
0.0600

Conc.,
- max
(M)

0.0032
0.0025
0.0027
0.0027
0.0040
0.0049
0.0107
0.0073
0.0105
0.0125
0.0152
0.0157
0.0210
0.0200
0.0165
0.0280
0.0220
0.0350
0.0445
0.0415
0.0445
0.0415
0.0325
0.0495
0.0550
0.0640
0.0520
0.0620
0.0550
0.0570
0.0570
0.0570
0.0620

Relative
Conc.

- min

0.015
0.012
0.013
0.006
0.017
0.020
0.072
0.048
0.058
0.100
0.102
0.102
0.162
0.145
0.119

0.245
0.172
0.260
0.374
0.383
0.412
0.383
0.298
0.412
0.483
0.393
0.460
0.483
0.436
0.460
0.483
0.512
0.560

Relative
Conc.

- max

0.019
0.012
0.014
0.014
0.026
0.035
0.090
0.058
0.088
0.107
0.133
0.138
0.188
0.179
0.145
0.255
0.198
0.321
0.412
0.383
0.412
0.383
0.298
0.460
0.512
0.598
0.483
0.579
0.512
0.531
0.531
0.531
0.579
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-US (continued)

Elapsed
Time,

t, (hr)

56.00
57.00
58.00
59.00
60.00
62.00
64.00
66.00
68.00
70.08
72.00
74.00
76.00
78.00
80.67
92.75
96.00

100.00
104.00
120.00
141.75
147.58

Potential
Difference
E (mV)

88-86
88

91-90
85-84
86-85
91-89
94-92
95-92
95-91
94-92
92-90
95-92
98

98-95
102-99
105-104

107
107-104
109-106
112-111
120-117
120-118

Conc.,
- min
(M4)

0.0550
0.0550
0.0495
0.0620
0.0600
0.0495
0.0425
0.0415
0.0415
0.0425
0.0470
0.0415
0.0365
0.0365
0.0315
0.0280
0.0260
0.0260
0.0235
0.0210
0.0152
0.0152

Conc.,
- max
(M4)

0.0600
0.0550
0.0505
0.0640
0.0620
0.0520
0.0470
0.0470
0.0495
0.0470
0.0505
0.0470
0.0365
0.0415
0.0350
0.0285
0.0260
0.0285
0.0270
0.0220
0.0175
0.0165

Relative
Conc.

- min

0.512
0.512
0.460
0.579
0.560
0.460
0.393
0.383
0.383
0.393
0.436
0.383
0.336
0.336
0.288
0.255
0.236
0.236
0.212
0.188
0.133
0.133

Relative
Conc.

- max

0.560
0.512
0.469
0.598
0.579
0.483
0.436
0.436
0.460
0.436
0.469
0.436
0.336
0.383
0.321
0.260
0.236
0.260
0.245
0.198
0. 155
0.145
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-UC
Location: x - 10 cm; z - 10 cm Face: 5

Date: 7-12-88 to 7-18-88
Flow Rate: 1.36 x 10-9 m3/s
Head Imposed at Top of Plate: 35.90 cm
Test Performed: Slug - 48 hrs
Test Duration: 150 hrs

E, - 173 mV
C, - 0.00125 M
E. - 73 mV
C0 - 0.105 M
Plate no.: 5

Elapsed
Time,

t, (hr)

0.25
1.00
2.00
3.00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
12.00
13.00
14.00
16.00
18.00
20.00
22.00
24.00
26.00
28.00
30.00
33.50
43.75
47.50
49.00
50.00
51.00
52.00
53.00
54.00
55.00
56.00

Potential
Difference
E (mV)

162-155
167-154
157-151
153-147

140
108-107
110-104
102-95
107-99
92-88
91-88
83-82
86-83
84-81
88

97-91
90-87
88-83
88-85
86

87-85
85-82
80-79
83-82
81-79
84-82
84

84-81
87-82
91-89
89-87
90-88
91-89

Cone.,
- min
(M)

0.0023
0.0018
0.0028
0.0034
0.0063
0.0245
0.0227
0.0315
0.0260
0.0470
0.0495
0.0660
0.0600
0.0640
0.0550
0.0385
0.0505
0.0550
0.0550
0.0600
0.0570
0.0620
0.0755
0.0660
0.0730
0.0640
0.0640
0.0640
0.0570
0.0495
0.0520
0.0505
0.0495

Cone.,
- max
(M)

0.0031
0.0032
0.0038
0.0046
0.0063
0.0260
0.0285
0.0415
0.0355
0.0550
0.0550
0.0700
0.0660
0.0730
0.0550
0.0495
0.0570
0.0660
0.0620
0.0600
0.0620
0.0700
0.0780
0.0700
0.0780
0.0700
0.0640
0.0730
0.0700
0.0520
0.0570
0.0550
0.0520

Relative
Cone.

- min

0.010
0.005
0.015
0.020
0.048
0.221
0.204
0.288
0.236
0.436
0.460
0.617
0.560
0.598
0.512
0.355
0.469
0.512
0.512
0.560
0.531
0.579
0.707
0.617
0.683
0.598
0.598
0.598
0.531
0.460
0.483
0.469
0.460

Relative
Cone.

- max

0.018
0.019
0.024
0.032
0.048
0.236
0.260
0.383
0.326
0.512
0.512
0.655
0.617
0.683
0.512
0.460
0.531
0.617
0.579
0.560
0.579
0.655
0.731
0.655
0.731
0.655
0.598
0.683
0.655
0.483
0.531
0.512
0.483
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-UC (continued)

Elapsed Potential Conc., Conc., Relative Relative
Time, Difference - min - max Conc. Conc.

t, (hr) E (mV) (M) (M) - min - max

57.00 95-91 0.0415 0.0495 0.383 0.460
58.00 93-90 0.0445 0.0505 0.412 0.469
59.00 95-91 0.0415 0.0495 0.383 0.460
60.00 102-97 0.0315 0.0385 0.288 0.355
62.00 102-98 0.0315 0.0365 0.288 0.336
64.00 97-94 0.0385 0.0425 0.355 0.393
66.00 113-111 0.0200 0.0220 0.179 0.198
68.00 99-96 0.0350 0.0405 0.321 0.374
70.08 101-100 0.0325 0.0340 0.298 0.312
72.00 105-104 0.0280 0.0285 0.255 0.260
74.00 118-113 0.0165 0.0200 0.145 0.179
76.00 105-104 0.0280 0.0285 0.255 0.260
78.00 115-113 0.0187 0.0200 0.166 0.179
80.67 117-115 0.0175 0.0187 0.155 0.166
92.75 118-115 0.0165 0.0187 0.145 0.166
96.00 116-112 0.0183 0.0210 0.162 0.188

100.00 115-113 0.0187 0.0200 0.166 0.179
104.00 110-105 0.0227 0.0280 0.204 0.255
120.00 116-113 0.0183 0.0200 0.162 0.179
141.75 119-118 0.0157 0.0165 0.138 0.145
147.58 117-115 0.0175 0.0187 0.155 0.166
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-LS
Location: x - 5 cm; z - 35 cm Face: 5

Date: 7-12-88 to 7-18-88
Flow Rate: 1.36 x 10-' m3/s
Head Imposed at Top of Plate: 35.90 cm
Test Performed: Slug - 48 hrs
Test Duration: 150 hrs

El - 173 mV
C, - 0.00125 M
E. - 73 mV
CO - 0.105 ii
Plate no.: 5

Elapsed
Time,

tE (hr)

0.33
1.08
2.08
3.08
4.08
5.08
6.08
7.08
8.08
9.08

10.08
11.08
12.08
13.08
14.08
16.08
18.08
20.08
22.08
24.08
26.08
28.08
30.08
33. 58
43.83
47.58
49.08
50.08
51.08
52.08
53.08
54.08
55.08

Potential
Difference
E (mV)

155-151
159-155
154-150
161-154
161-154
151-140
140-137
140-134
126-125
120-117
136-134
123-118
128-118
121-118
121-111
119-112
116-109
104-101
122-117
119-109

91
97

101-99
106-98
98-93
93-92

100-99
96-94
91-88
92-88
96-93
97-91
98-97

Conc.,
- min

(M)

0.0031
0.0026
0.0032
0.0024
0.0024
0.0038
0.0063
0.0063
0.0120
0.0152
0.0077
0.0137
0.0110
0.0147
0.0147
0.0157
0.0183
0.0285
0.0143
0.0157
0.0495
0.0385
0.0325
0.0270
0.0365
0.0445
0.0340
0.0405
0.0495
0.0470
0.0405
0.0385
0.0365

Conc.,
- max
(M)

0.0038
0.0031
0.0040
0.0032
0.0032
0.0063
0.0073
0.0084
0.0125
0.0175
0.0084
0.0165
0.0165
0.0165
0.0220
0.0210
0.0235
0.0325
0.0175
0.0235
0.0495
0.0385
0.0350
0.0365
0.0445
0.0470
0.0355
0.0465
0.0550
0.0550
0.0445
0.0495
0.0385

Relative
Conc.

- min

0.018
0.013
0.019
0.011
0.011
0.024
0.048
0.048
0.102
0.133
0.061
0.119
0.093
0.128
0.128
0.138
0.162
0.260
0.124
0.138
0.460
0.355
0.298
0.245
0.336
0.412
0.312
0.374
0.460
0.436
0.374
0.355
0.336

Relative
Conc.

- max

0.024
0.018
0.026
0.019
0.019
0.048
0.058
0.068
0.107
0.155
0.068
0.145
0.145
0.145
0.198
0.188
0.212
0.298
0.155
0.212
0.460
0.355
0.321
0.336
0.412
0.436
0.326
0.431
0.512
0.512
0.412
0.460
0.355
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-LS (continued)

Elapsed
Time,

t, (hr)

56.08
57.08
58.08
59.08
60.08
62.08
64.08
66.08
68.08
70.17
72.08
74.08
76.08
78.08
80.75
92.83
96.08

100.08
104.08
120.08
141.83
147.67

Potential
Difference
E (mV)

98-95
93-92
99-92
96-91
101-97
106-99
107-102
105-102
108-103
104-101
104-99
102-100
99-96
101

110-106
109-106
111-109

111
114-113
116-110
121-118
122-120

Conc.,
- min

(Ml)

0.0365
0.0445
0.0350
0.0405
0.0325
0.0270
0.0260
0.0280
0.0245
0.0285
0.0285
0.0315
0.0350
0.0325
0.0227
0.0235
0.0220
0.0220
0.0193
0.0183
0.0147
0.0143

Conc.,
- max
(H)

0.0415
0.0470
0.0470
0.0495
0.0385
0.0350
0.0315
0.0315
0.0300
0.0325
0.0350
0.0340
0.0405
0.0325
0.0270
0.0270
0.0235
0.0220
0.0200
0. 0227
0.0165
0.0152

Relative
Conc.

- min

0.336
0.412
0.321
0.374
0.298
0.245
0.236
0.255
0.221
0.260
0.260
0.288
0.321
0.298
0.204
0.212
0.198
0.198
0.172
0.162
0.128
0.124

Relative
Conc.

- max

0.383
0.436
0.436
0.460
0.355
0.321
0.288
0.288
0.274
0.298
0.321
0.312
0.374
0.298
0.245
0.245
0.212
0. 198
0.179
0.204
0.145
0.133
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-LC
Location: x - 10 cm; z - 35 cm Face: 5

Date: 7-12-88 to 7-18-88
Flow Rate: 1.36 x 10-9 m3/s
Head Imposed at
Test Performed:
Test Duration:

Top of Plate: 35.90 cm
Slug - 48 hrs

150 hrs

E, - 173 mV
C, - 0.00125 M
E0 - 73 mV
C,, - 0.105 M
Plate no.: 5

Elapsed
Time,

tf (hr)

0.33
1.08
2.08
3.08
4.08
5.08
6.08
7.08
8.08
9.08
10.08
11.08
12.08
13.08
14.08
16.08
18.08
20.08
22.08
24.08
26.08
28.08
30.08
33.58
43.83
47. 58
49.08
50.08
51.08
52.08
53.08
54.08
55.08

Potential
Difference
E (mV)

155-151
159-155
154-150
161-154
161-154
151-140
140-137
140-134
126-125
120-117
136-134
123-118
128-118
121-118
121-111
119-112
116-109
104-101
122-117
119-109
91
97

101-99
106-98
98-93
93-92
100-99
96-94
91-88
92-88
96-93
97-91
98-97

Conc.,
- min
(M4)

0.0031
0.0026
0.0032
0.0024
0.0024
0.0038
0.0063
0.0063
0.0120
0.0152
0.0077
0.0137
0.0110
0.0147
0.0147
0.0157
0.0183
0.0285
0.0143
0.0157
0.0495
0.0385
0.0325
0.0270
0.0365
0.0445
0.0340
0.0405
0.0495
0.0470
0.0405
0.0385
0.0365

Conc.,
- max
(M)

0.0038
0.0031
0.0040
0.0032
0.0032
0.0063
0.0073
0.0084
0.0125
0.0175
0.0084
0.0165
0.0165
0.0165
0.0220
0.0210
0.0235
0.0325
0.0175
0. 0235
0.0495
0.0385
0.0350
0.0365
0.0445
0.0470
0.0355
0.0465
0.0550
0.0550
0.0445
0.0495
0.0385

Relative
Conc.

- min

0.018
0.013
0.019
0.011
0.011
0.024
0.048
0.048
0.102
0.133
0.061
0.119
0.093
0.128
0.128
0.138
0.162
0.260
0.124
0.138
0.460
0.355
0.298
0.245
0.336
0.412
0.312
0.374
0.460
0.436
0.374
0.355
0.336

Relative
Conc.

- max

0.024
0.018
0.026
0.019
0.019
0.048
0.058
0.068
0.107
0.155
0.068
0.145
0.145
0.145
0.198
0.188
0.212
0.298
0.155
0.212
0.460
0.355
0.321
0.336
0.412
0.436
0.326
0.431
0.512
0.512
0.412
0.460
0.355
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-LC (continued)

Elapsed
Time,

t, (hr)

Potential
Difference
E (mV)

Conc.,
- min
(M)

Conc.,
- max
(1)

Relative
Conc.

- min

Relative
Conc.

- max

56.08
57.08
58.08
59.08
60.08
62.08
64.08
66.08
68.08
70.17
72.08
74.08
76.08
78.08
80.75
92.83
96.08
100.08
104.08
120.08
141.83
147.67

98-95
93-92
99-92
96-91

101-97
106-99
107-102
105-102
108- 103
104-101
104-99
102-100
99-96

101
110- 106
109-106
111-109

111
114-113
116-110
121-118
122-120

0.0365
0.0445
0.0350
0.0405
0.0325
0.0270
0.0260
0.0280
0.0245
0.0285
0.0285
0.0315
0. 0350
0.0325
0.0227
0. 0235
0.0220
0.0220
0.0193
0.0183
0.0147
0.0143

0.0415
0.0470
0.0470
0.0495
0.0385
0.0350
0.0315
0.0315
0.0300
0.0325
0.0350
0.0340
0.0405
0.0325
0.0270
0.0270
0.0235
0.0220
0.0200
0.0227
0.0165
0.0152

0.336
0.412
0.321
0.374
0.298
0.245
0.236
0.255
0.221
0.260
0.260
0.288
0.321
0.298
0.204
0.212
0.198
0.198
0.172
0.162
0.128
0.124

0.383
0.436
0.436
0.460
0.355
0.321
0.288
0.288
0.274
0.298
0.321
0.312
0.374
0.298
0.245
0.245
0.212
0.198
0.179
0.204
0.145
0.133
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Location: 6-B
Location: x - 2 cm; z - 50 cm Face: 2

Date: 7-12-88 to 7-18-88
Flow Rate: 1.36 x 10-9 m3/s
Head Imposed at Top of Plate: 35.90 cm
Test Performed: Slug - 48 hrs
Test Duration: 150 hrs

E, - 173 mV
C, - 0.00125 M
E. - 73 mV
C0 - 0.105 M
Plate no.: 5

Elapsed
Time,

t, (hr)

0.42
1.17
2.17
3.17
4.17
5.17
6.17
7.17
8.17
9.17

10.17
11.17
12.17
13.17
14.17
16.17
18.17
20.17
22.17
24.17
26.17
28.17
30.17
33.17
43.92
47.67
49.17
50.17
51.17
52.17
53. 17
54. 17
55.17

Potential
Difference
E (mV)

151-144
158-155

139
159

153-145
151

133-130
140-134
140-134

126
121-118
115-112
126-123
118-115
125-119
114-113
113-111
116-106
106-105
118-111
115-111
107-101
116-114
106-103
106-104
99-95

120-106
123

107-103
119-108
104-101
103-101
107-99

Conc.,
- min
(M)

0. 0038
0.0027
0.0065
0.0026
0.0034
0.0038
0.0088
0.0063
0.0063
0.0120
0.0147
0.0187
0.0120
0.0165
0.0125
0.0193
0.0200
0.0183
0.0270
0.0165
0.0187
0.0260
0.0183
0.0270
0.0270
0.0350
0.0152
0.0137
0.0260
0.0157
0.0285
0.0300
0.0260

Conc.,
- max
(M)

0. 0052
0.0031
0.0065
0.0026
0.0051
0.0038
0.0107
0.0084
0.0084
0.0120
0.0165
0.0210
0.0137
0.0187
0.0157
0.0200
0.0220
0.0270
0.0280
0.0220
0. 0220
0.0325
0.0193
0.0300
0.0285
0. 0415
0.0270
0.0137
0.0300
0.0260
0.0325
0.0325
0.0350

Relative
Conc.

- min

0.024
0.014
0.050
0.013
0.020
0.024
0.072
0.048
0.048
0.102
0.128
0.166
0.102
0.145
0.107
0.172
0.179
0.162
0.245
0.145
0.166
0.236
0.162
0.245
0.245
0.321
0.133
0.119
0.236
0.138
0.260
0.274
0.236

Relative
Conc.

- max

0.038
0.018
0.050
0.013
0.037
0.024
0.090
0.068
0.068
0.102
0.145
0.188
0.119
0.166
0.138
0.179
0.198
0.245
0.255
0.198
0.198
0.298
0.172
0.274
0.260
0.383
0.245
0. 119
0.274
0.236
0.298
0.298
0.321
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Location: 6-B (continued)

Elapsed
Time,

t, (hr)

56.17
57.17
58.17
59.17
60.17
62.17
64.17
66.17
68.17
70.25
72.17
74.17
76.17
78.17
80.83
92.92
96.17

100.17
104.17
120.17
141. 92
147. 75

Potential
Difference
E (mV)

99-98
102-101
120-119
112-108
105-102
112-105
108-107
108-106
109-107
102-101
110-106
112-110
118-114
117-113
122-119
125-121
122-120
125-122
125-123
130-129
134-131
132-126

Conc.,
- min

(M)

0.0350
0.0315
0.0152
0.0210
0.0280
0.0210
0.0260
0.0260
0.0235
0.0315
0.0227
0.0210
0.0165
0.0175
0.0143
0.0125
0.0143
0.0125
0.0125
0.0107
0.0084
0.0092

Conc.,
- max
(M)

0.0365
0.0325
0.0157
0.0260
0.0315
0.0280
0.0260
0.0270
0.0260
0.0325
0.0270
0.0227
0.0193
0.0200
0.0157
0.0147
0.0152
0.0143
0.0137
0.0105
0.0097
0.0120

Relative
Conc.

- min

0.321
0.288
0.133
0.188
0.255
0.188
0.236
0.236
0.212
0.288
0.204
0.188
0.145
0.155
0.124
0.107
0.124
0.107
0.107
0.090
0.068
0.076

Relative
Conc.

- max

0.336
0.298
0.138
0.236
0.288
0.255
0.236
0.245
0.236
0.298
0.245
0.204
0.172
0.179
0.138
0.128
0.133
0.124
0.119
0.088
0.080
0.102
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Location: 6-M
Location: x - 8 cm; z - 50 cm Face: 2

Date: 7-12-88 to 7-18-88
Flow Rate: 1.36 x 10-9 m3/s
Head Imposed at Top of Plate: 35.90 cm
Test Performed: Slug - 48 hrs
Test Duration: 150 hrs

El - 173 mV
C, - 0.00125 M
E. - 73 mV
C0 - 0.105 _
Plate no.: 5

Elapsed
Time,

t, (hr)

0.42
1.17
2.17
3.17
4.17
5.17
6.17
7.17
8.17
9.17

10.17
11.17
12.17
13.17
14.17
16.17
18.17
20.17
22. 17
24.17
26.17
28.17
30.17
33.17
43.92
47.67
49.17
50.17
51.17
52.17
53.17
54.17
55.17

Potential
Difference
E (mV)

158-155
156-155
156-150
155-151
158-155
148-146

134
130-120
126-123
123-122
120-117
117-115
114-111
114-111

111
110

111-109
105-103

102
100-97

111
107-103
104-102
101- 99
99-97
95-93
98-95

100-97
102-98

99
99-98
99-98

101-99

Conc.,
- min
(M)

0. 0027
0.0030
0.0030
0.0031
0.0027
0.0044
0.0084
0.0100
0.0120
0.0137
0.0152
0.0175
0.0193
0.0193
0.0220
0.0227
0.0220
0.0280
0. 0315
0.0340
0.0220
0.0260
0.0285
0.0325
0.0350
0.0415
0.0365
0.0340
0.0315
0.0350
0.0350
0.0350
0.0325

Conc.,
- max
(_)

0. 0031
0.0031
0.0040
0.0038
0.0031
0.0049
0.0084
0.0152
0.0137
0.0143
0.0175
0.0187
0.0220
0.0220
0.0220
0.0227
0.0235
0.0300
0.0315
0.0385
0.0220
0.0300
0.0315
0.0350
0.0385
0.0445
0.0415
0.0385
0.0365
0.0350
0.0365
0.0365
0.0350

Relative
Conc.

- min

0.014
0.017
0.017
0.018
0.014
0.030
0.068
0.083
0.102
0.119
0.133
0.155
0.172
0.172
0.198
0.204
0.198
0.255
0.288
0.312
0.198
0.236
0.260
0.298
0.321
0.383
0.336
0.312
0.288
0.321
0.321
0.321
0.298

Relative
Conc.

- max

0.018
0.018
0.026
0.024
0.018
0.035
0.068
0.133
0.119
0.124
0.155
0.166
0.198
0.198
0.198
0.204
0.212
0.274
0.288
0.355
0.198
0.274
0.288
0.321
0.355
0.412
0.383
0.355
0.336
0.321
0.336
0.336
0.321
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Location: 6-M (continued)

Elapsed
Time,

tf (hr)

56.17
57.17
58.17
59.17
60.17
62.17
64.17
66.17
68.17
70.25
72.17
74.17
76.17
78.17
80.83
92.92
96.17

100.17
104.17
120.17
141.92
147. 75

Potential
Difference
E (mV)

105-100
100-99
99

102-100
103-102
109-106
106-104
108-106
107-106
112-109
110-109
113-111
116-113
118-115
121-119
121-119
123-121
125-122
127-125
130-128
138-137
133-132

Conc.,
- min
(Mi)

0.0280
0.0340
0.0350
0.0315
0.0300
0.0235
0.0270
0.0260
0.0260
0.0210
0.0227
0.0200
0.0183
0.0165
0.0147
0.0147
0.0137
0.0125
0.0117
0.0100
0.0069
0.0088

Conc.,
- max
(Mi)

0. 0340
0.0350
0.0350
0.0340
0.0315
0.0270
0.0285
0.0270
0.0270
0.0235
0.0235
0.0220
0.0200
0.0187
0.0157
0.0157
0.0147
0.0143
0.0125
0.0110
0.0073
0. 0092

Relative
Conc.

- min

0.255
0.312
0.321
0.288
0.274
0.212
0.245
0.236
0.236
0.188
0.204
0.179
0.162
0.145
0.128
0.128
0.119
0.107
0. 100
0.083
0.054
0.072

Relative
Conc.

- max

0.312
0.321
0.321
0.312
0.288
0.245
0.260
0.245
0.245
0.212
0.212
0.198
0.179
0.166
0.138
0.138
0.128
0.124
0.107
0.093
0.058
0.076
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Location: 3-M
Location: x - 12 cm; z - 50 cm Face: 2

Date: 7-12-88 to 7-18-88
Flow Rate: 1.36 x 10-9 m3

/s

Head Imposed at Top of Plate: 35.90 cm
Test Performed: Slug - 48 hrs
Test Duration: 150 hrs

E, - 173 mV
C, - 0.00125 _
E. - 73 mV
CO - 0.105 M
Plate no.: 5

Elapsed
Time,

tE (hr)

0.42
1.17
2.17
3.17
4.17
5.17
6.17
7.17
8.17
9.17

10.17
11.17
12.17
13.17
14.17
16.17
18.17
20.17
22.17
24.17
26.17
28.17
30.17
33.17
43.92
47.67
49.17
50.17
51.17
52.17
53.17
54.17
55.17

Potential
Difference
E (mV)

156-154
160
156

154-151
157-155
147-146
140-137
134-131
127-123
121-120
119-118
116-114

116
111

113-112
109

110-107
105-103

102
102-101

105
106-104
105-102

101
99-97
98-95

100-98
102-98
103-98
99-97

101-97
98-95

102-98

Conc.,
- min
(M)

0. 0030
0.0025
0.0030
0.0032
0.0028
0.0046
0.0063
0.0084
0.0117
0.0147
0.0157
0.0183
0.0183
0.0220
0.0200
0.0235
0.0227
0.0280
0.0315
0.0315
0.0280
0.0270
0.0280
0.0325
0.0350
0.0365
0.0340
0.0315
0.0300
0.0350
0.0325
0.0365
0.0315

Conc.,
- max

(M)

0. 0032
0.0025
0.0030
0.0038
0.0031
0.0049
0.0073
0.0097
0.0137
0.0152
0.0165
0.0193
0.0183
0.0220
0.0210
0.0235
0.0260
0.0300
0.0315
0.0325
0.0280
0.0285
0.0315
0.0325
0.0385
0.0415
0.0365
0.0365
0.0365
0.0385
0.0385
0.0415
0.0365

Relative
Conc.

- min

0.017
0.012
0.017
0.019
0.015
0.032
0.048
0.068
0.100
0.128
0.138
0.162
0.162
0.198
0.179
0.212
0.204
0.255
0.288
0.288
0.255
0.245
0.255
0.298
0.321
0.336
0.312
0.288
0.274
0.321
0.298
0.336
0.288

Relative
Conc.

- max

0.019
0.012
0.017
0.024
0.018
0.035
0.058
0.080
0.119
0.133
0.145
0.172
0.162
0.198
0.188
0.212
0.236
0.274
0.288
0.298
0.255
0.260
0.288
0.298
0.355
0.383
0.336
0.336
0.336
0.355
0.355
0.383
0.336
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Table E.3: Fracture solute transport test data for test No. 2

Sampling Location 3-M (continued)

Elapsed
Time,

tE (hr)

56.17
57.17
58.17
59. 17
60.17
62.17
64.17
66.17
68.17
70.25
72.17
74.17
76.17
78.17
80.83
92.92
96.17

100.17
104.17
120.17
141.92
147.75

Potential
Difference
E (mV)

97-95
98-96

100-99
102-99
102-99
106-104

105
107-106
107-106
109-106
111-109
112-110
112-111
112-111
116-115
118-116
109-108

118
121

125-123
131

135-134

Conc.,
- min
(Mi)

0. 0385
0.0365
0.0340
0.0315
0.0315
0.0270
0.0280
0.0260
0.0260
0.0235
0.0220
0.0210
0.0210
0.0210
0.0183
0.0165
0.0235
0.0165
0.0147
0.0125
0.0097
0.0080

Conc.,
- max
(_i)

0. 0415
0.0405
0.0350
0.0350
0.0350
0.0285
0.0280
0.0270
0.0270
0.0270
0.0235
0.0227
0.0220
0.0220
0.0187
0.0183
0.0260
0.0165
0.0147
0.0137
0.0097
0.0084

Relative
Conc.

- min

0.355
0.336
0.312
0.288
0.288
0.245
0.255
0.236
0.236
0.212
0.198
0.188
0.188
0.188
0.162
0.145
0.212
0.145
0.128
0.107
0.080
0.064

Relative
Conc.

- max

0.383
0.374
0.321
0.321
0.321
0.260
0.255
0.245
0.245
0.245
0.212
0.204
0.198
0.198
0.166
0. 162
0.236
0.145
0.128
0.119
0.080
0.068
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Table E.3: Fracture solute transport test data for test no. 2.

Sampling Location: 3-F
Location: x - 18 cm; z - 50 cm Face: 2

Date: 7-12-88 to 7-18-88
Flow Rate: 1.36 x 10-9 m3/s
Head Imposed at Top of Plate: 35.90 cm
Test Performed: Slug - 48 hrs
Test Duration: 150 hrs

E, - 173 mV
C, - 0.00125 M
E0 - 73 mV
C0 - 0.105 M
Plate no.: 5

Elapsed
Time,

tE (hr)

0.42
1.17
2.17
3.17
4.17
5.17
6.17
7.17
8.17
9.17
10.17
11.17
12.17
13.17
14.17
16.17
18.17
20.17
22.17
24.17
26.17
28.17
30.17
33.17
43.92
47.67
49.17
50.17
51.17
52.17
53.17
54.17
55.17

Potential
Difference
E (mV)

154-151
154

151-147
154-147
156-150

144
144-138
131-128

125
122-119
120-118
117-114
114-111
113-112
111-109
112-110
107-106
105-104
105-103

102
107-104
106-102

102
98-97
99-93
98-95
99-97
97-95
98-95
99-97
99-97
95-94

101-97

Conc.,
- min
(M)

0.0032
0.0032
0.0038
0.0032
0.0030
0.0052
0.0052
0.0097
0.0125
0.0143
0.0152
0.0175
0.0193
0.0200
0.0220
0.0210
0.0260
0.0280
0.0280
0.0315
0.0260
0.0270
0.0315
0.0365
0.0350
0.0365
0.0365
0.0385
0.0365
0.0365
0.0365
0.0415
0.0325

Conc.,
- max

(X)

0. 0038
0.0032
0.0046
0.0046
0.0040
0.0052
0.0069
0.0110
0.0125
0.0157
0.0165
0.0193
0.0220
0.0210
0.0235
0.0227
0.0270
0.0285
0.0300
0.0315
0.0285
0.0315
0.0315
0.0385
0.0445
0.0415
0.0385
0.0415
0.0415
0.0385
0.0385
0.0425
0.0385

Relative
Conc.

- min

0.019
0.019
0.024
0.019
0.017
0.038
0.038
0.080
0.107
0.124
0.133
0.155
0.172
0.179
0.198
0.188
0.236
0.255
0.255
0.288
0.236
0.245
0.288
0.336
0.321
0.336
0.336
0.355
0.336
0.336
0.336
0.383
0.298

Relative
Conc.

- max

0.024
0.019
0.032
0.032
0.026
0.038
0.054
0.093
0.107
0.138
0.145
0.172
0.198
0.188
0.212
0.204
0.245
0.260
0.274
0.288
0.260
0.288
0.288
0.355
0.412
0.383
0.355
0.383
0.383
0.355
0.355
0.393
0.355
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Table E.3: Fracture solute transport test data for test no. 2

Sampling Location: 3-F (continued)

Elapsed
Time,

t, (hr)

56.17
57.17
58.17
59.17
60.17
62.17
64.17
66.17
68. 17
70.25
72. 17
74.17
76.17
78. 17
80.83
92.92
96.17
100.17
104.17
120.17
141.92
147.75

Potential
Difference
E (mV)

98-95
97-96

101-99
100-97
101-99
103-102
106-104
107-106
109-102
106-105
108-106
109-106
111-104
110-109
109- 105
117-115
118-116
120-118
119-115
117-115
124-123

125

Conc.,
- min

0. 0365
0.0385
0.0325
0.0340
0.0325
0.0300
0.0270
0. 0260
0.0235
0.0270
0.0260
0.0235
0.0220
0.0227
0.0235
0.0175
0.0165
0.0152
0.0157
0.0175
0.0130
0.0125

Conc.,
- max
(MI)

0.0415
0.0405
0.0365
0.0385
0.0365
0.0315
0.0285
0.0270
0.0315
0.0280
0.0270
0.0270
0.0285
0.0235
0.0280
0.0187
0.0183
0.0165
0.0187
0.0187
0.0137
0.0125

Relative
Conc.

- min

0.336
0.355
0.298
0.312
0.298
0.274
0.245
0.236
0.212
0.245
0.236
0.212
0.198
0.204
0.212
0.155
0.145
0.133
0.138
0. 155
0.112
0.107

Relative
Conc.

- max

0.383
0.374
0.336
0.355
0.336
0.288
0.260
0.245
0.288
0.255
0.245
0.245
0.260
0.212
0.255
0.166
0.162
0.145
0.166
0. 166
0. 119
0.107
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Table E.4: Fracture solute transport test data for test no. 3.

Sampling Port: 5F-US
Location: x - 5 cm; z - lO cm Face: 5

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10-9 m3

/s

Head Imposed at top of Plate:
Test Performed: Step - C, to
Test Duration: 24 hrs

29.88 cm
Co

E, - 163 mV
C, - 0.00150 M
E. - 63 mV
C0 - 0.100 M
Plate no.: 5

Elapsed
Time,

tE (hr)

Potential'
Difference
E (mV)

Conc.,
- min

(M)

Conc.,
- max

(M)

Relative
Conc.

- min

Relative
Conc.

- max

0.25
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
12.00
14.00
16.00
18.00
20.00
22.00
24.00

145-144
148-146
148-147
153-151
149-147
149-143
147-139
134- 131
133-132
131-127
120-118
116-112
114-113
105-103
104-102
97-96
94-93
97-94
92-89

0.0032
0.0028
0.0028
0.0025
0.0027
0.0027
0.0030
0.0051
0.0053
0.0058
0.0092
0.0107
0.0115
0.0170
0.0175
0.0245
0.0270
0.0245
0.0295

0.0033
0.0031
0.0030
0.0025
0.0030
0.0035
0.0041
0.0058
0.0056
0.0068
0.0097
0.0127
0.0120
0.0185
0.0195
0.0255
0.0280
0.0270
0.0330

0.017
0.013
0.013
0.010
0.012
0.012
0.015
0.036
0.038
0.043
0.077
0.092
0.100
0.155
0.160
0.230
0.255
0.230
0.280

0.018
0.016
0.015
0.010
0.015
0.020
0.026
0.043
0.041
0.053
0.082
0.112
0.105
0.170
0.180
0.240
0.265
0.255
0.315

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table E.4: Fracture solute transport test data for test no. 3.

Sampling Port: 5F-UC
Location: x - 10 cm; z - 10 cm Face: 5

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10- m3/s
Head Imposed at Top of Plate: 29.88 cm
Test Performed: Step - C, to C0
Test Duration: 24 hrs

E, - 163 mV
C, - 0.00150 M
E. - 63 mV
C0 - 0.100 M
Plate no.: 5

Elapsed
Time,

t, (hr)

0.25
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
12.00
14.00
16.00
18.00
20.00
22.00
24.00

Potential
Difference
E (mV)

153-149
142-140

147
143-142
139-134
129-127
84-82
83-80
77-74

100- 99
94-90
79-77
83-79
85-81
88-85
85-83
80-78
75-73
75-72

Conc.,
- min

(M)

0. 0025
0.0036
0.0030
0.0035
0.0041
0.0061
0.0410
0.0425
0.0560
0.0210
0.0270
0.0500
0.0425
0.0395
0.0350
0.0395
0.0490
0.0600
0.0600

Conc.,
- max

(M)

0.0027
0.0040
0.0030
0.0036
0.0051
0.0068
0.0450
0.0490
0.0620
0.0220
0.0320
0.0560
0.0500
0.0470
0.0395
0.0425
0.0530
0.0630
0.0680

Relative
Conc.

- min

0.010
0.021
0.015
0.020
0.026
0.046
0.395
0.410
0.545
0.195
0.255
0.485
0.410
0.380
0.335
0.380
0.475
0.585
0.585

Relative
Conc.

- max

0.012
0.025
0.015
0.021
0.036
0.053
0.435
0.475
0.605
0.205
0.305
0.545
0.485
0.455
0.380
0.410
0.515
0.615
0.665

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table E.4: Fracture solute transport test data for test no. 3.

Sampling Port: 5F-LS
Location: x - 5 cm; z - 35 cm Face: 5

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10' m'/s
Head Imposed at Top of Plate: 29.88 cm
Test Performed: Step - C, to C.
Test Duration: 24 hrs

E, - 163 mV
C, - 0.00150 M
E0 - 63 mV
C0 - 0.100 M
Plate no.: 5

Elapsed
Time,

t, (hr)

0.33
1.08
2.08
3.08
4.08
5.08
6.08
7.08
8.08
9.08

10.08
11.08
12.08
14.08
16.08
18.08
20.08
22.08
24.08

Potential'
Difference
E (mV)

146-145
138-134
140-139
137-134
136-134
143-142
146-143
135-134
136-131
135-129
136-134
130-128
127-125
133-120
121-118
118-116
116-114
123-121
110-109

Conc. ,
- min

(M)

Conc.,
- max

(M)

Relative
Conc.

- min

Relative
Conc.

- max

0.0031
0.0043
0.0040
0.0045
0.0047
0.0035
0.0031
0.0049
0.0047
0.0049
0.0047
0.0060
0.0068
0.0053
0.0088
0.0097
0.0107
0.0079
0.0140

0.0032
0.0051
0.0041
0.0051
0.0051
0.0036
0.0035
0.0051
0.0058
0.0061
0.0051
0.0065
0.0074
0. 0092
0.0097
0.0107
0.0115
0.0088
0.0145

0.016
0.028
0.025
0.030
0.032
0.020
0.016
0.034
0.032
0.034
0.032
0.045
0.053
0.038
0.073
0.082
0.092
0.064
0.125

0.017
0.036
0.026
0.036
0.036
0.021
0.020
0.036
0.043
0.046
0.036
0.050
0.059
0.077
0.082
0.092
0.100
0.073
0.130

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table E.4: Fracture solute transport test data for test no. 3.

Sampling Port: 5F-LC
Location: x - 10 cm; z - 35 cm Face: 5

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10' m3/s
Head Imposed at Top of Plate: 29.88 cm
Test Performed: Step - C, to C.
Test Duration: 24 hrs

E, - 163 mV
C, - 0.00150 M

E - 63 mV
C, - 0.100 M
Plate no.: 5

Elapsed
Time,

t, (hr)

0.33
1.08
2.08
3.08
4.08
5.08
6.08
7.08
8.08
9.08

10.08
11.08
12.08
14.08
16.08
18.08
20.08
22.08
24.08

Potential'
Difference
E (mV)

122
132-130
133-130
134-130
134-132
132-127
130-128

131
131-128
135-134
135-133
130-129
127-123
129-127
130-128
125-122
129-127
125-122
122-120

Conc.,
- min
(M)

0. 0084
0.0056
0.0053
0.0051
0.0051
0.0056
0.0060
0.0058
0.0058
0.0049
0.0049
0.0060
0.0068
0.0061
0.0060
0.0074
0.0061
0.0074
0.0084

Conc.,
- max

(M)

0.0084
0.0060
0.0060
0.0060
0.0056
0.0068
0.0065
0.0058
0.0065
0.0051
0.0053
0.0061
0.0080
0.0068
0.0065
0.0084
0.0068
0.0084
0.0092

Relative
Conc.

- min

0.069
0.041
0.038
0.036
0.036
0.041
0.045
0.043
0.043
0.034
0.034
0.045
0.053
0.046
0.045
0.059
0.046
0.059
0.069

Relative
Conc.

- max

0.069
0.045
0.045
0.045
0.041
0.053
0.050
0.043
0.050
0.036
0.038
0.046
0.065
0.053
0.050
0.069
0.053
0.069
0.077

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table E.4: Fracture solute transport test data for test no. 3.

Sampling Location: 6-B
Location: x - 2 cm; z - 50 cm Face: 2

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10-' m'/s
Head Imposed at Top of Plate: 29.88 cm
Test Performed: Step - C, to C.
Test Duration: 24 hrs

E, - 163 mV
C, - 0.00150 I
Em - 63 mV

Co - 0.100 X
Plate no.: 5

Elapsed
Time,

t, (hr)

Potential
Difference
E (mV)

Conc.,
- min
(i)

Conc.,
- max
(A

Relative
Conc.

- min

Relative
Conc.

- max

0.42
1.17
2.17
3.17
4.17
5.17
6.17
7.17
8.17
9.17

10.17
11.17
12.17
14.17
16.17
18.17
20.17
22.17
24.17

149-147
136- 132
141-139
150- 148
147-144
141-136
133-131
124-123
119-118
117-114
112-111
111-110
110-106
106-102
105-100
105-104
103-100
100- 99
95-92

0.0027
0.0047
0.0038
0.0026
0.0030
0.0038
0.0053
0.0076
0.0094
0.0103
0.0127
0.0135
0.0140
0.0165
0.0170
0.0170
0.0185
0.0210
0.0260

0.0030
0.0056
0.0041
0.0028
0.0033
0.0047
0.0058
0.0080
0.0097
0.0115
0.0135
0.0140
0.0165
0. 0195
0.0210
0.0175
0.0210
0.0220
0.0295

0.012
0.032
0.023
0.011
0.015
0.023
0.038
0.061
0.079
0.088
0.112
0.120
0.125
0.150
0.155
0.155
0.170
0.195
0.245

0.015
0.041
0.026
0.013
0.018
0.032
0.043
0.065
0.082
0.100
0.120
0.125
0.150
0.180
0.195
0.160
0.195
0.205
0.280

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table E.4: Fracture solute transport test data for test no. 3.

Sampling Location: 6-M
Location: x - 8 cm; z - 50 cm Face: 2

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10- m3/s
Head Imposed at Top of Plate:
Test Performed: Step - Cl to
Test Duration: 24 hrs

29.88 cm
CO

E, - 163 mV
C, - 0.00150 M
E. - 63 mV
C0 - 0.100 M
Plate no.: 5

Elapsed
Time,

t, (hr)

Potential'
Difference
E (mV)

Conc.,
- min

(M)

Conc.,
- max

(M)

Relative
Conc.

- min

Relative
Conc.

- max

0.42
1.17
2.17
3.17
4.17
5. 17
6.17
7.17
8.17
9.17

10.17
11.17
12. 17
14.17
16. 17
18.17
20.17
22.17
24.17

142-140
143-139

143
144

147-139
140-137
129-126
121-119
119-117
119-115
115-113
114-113
112-109
113-111
104-102
110-108
104-103
109-107
106-104

0.0036
0.0035
0.0035
0.0033
0.0030
0.0040
0.0061
0.0088
0.0094
0.0094
0.0110
0.0115
0.0127
0.0120
0. 0175
0.0140
0.0175
0.0145
0. 0165

0.0040
0.0041
0.0035
0.0033
0.0041
0.0045
0.0071
0.0094
0.0103
0.0110
0.0120
0.0120
0.0145
0.0135
0.0195
0.0150
0.0185
0.0155
0.0175

0.021
0.020
0.020
0.018
0.015
0.025
0.046
0.073
0.079
0.079
0.095
0. 100
0.112
0.105
0.160
0.125
0.160
0.130
0.150

0.025
0.026
0.020
0.018
0.026
0.030
0.056
0.079
0.088
0.095
0.105
0.105
0.130
0.120
0.180
0.135
0.170
0.140
0.160

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table E.4: Fracture solute transport test data for test no. 3.

Sampling Location: 3-M
Location: x - 12 cm; z - 50 cm Face: 2

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10' m3/s
Head Imposed at Top of Plate:
Test Performed: Step - C, to
Test Duration: 24 hrs

29.88 cm
CO

E, - 163 mV
C, - 0.00150 M
E. - 63 mV
C0 - 0.100 M
Plate no.: 5

Elapsed
Time,

tE (hr)

0.42
1.17
2.17
3.17
4.17
5.17
6.17
7.17
8.17
9.17

10.17
11.17
12.17
14.17
16.17
18. 17
20.17
22.17
24.17

Potential'
Difference
E (mV)

Conc.,
- min

(M)

143-142
139- 137
141- 139
147-144
144- 141
140- 139
127-123
120- 119
118- 117
119-116
115-113
109-106
102-100
103-101
102-101
100- 99
102-100
104-102
99-97

0.0035
0.0041
0.0038
0.0030
0.0033
0.0040
0.0068
0.0092
0.0097
0.0094
0.0110
0.0145
0.0195
0.0185
0.0195
0.0210
0.0195
0.0175
0.0220

Conc.,
- max

(M)

0.0036
0.0045
0.0041
0.0033
0.0038
0.0041
0.0080
0.0094
0.0103
0.0107
0.0120
0.0165
0.0210
0.0205
0.0205
0.0220
0.0210
0.0195
0.0245

Relative
Conc.

- min

0.020
0.026
0.023
0.015
0.018
0.025
0.053
0.077
0.082
0.079
0.095
0.130
0.180
0.170
0.180
0.195
0.180
0.160
0.205

Relative
Conc.

- max

0.021
0.030
0.026
0.018
0.023
0.026
0.065
0.079
0.088
0.092
0.105
0.150
0.195
0.190
0.190
0.205
0.195
0. 180
0.230

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table E.4: Fracture solute transport test data for test no. 3.

Sampling Location: 3-F
Location: x - 18 cm; z - 50 cm Face: 2

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10-' m3/s
Head Imposed at Top of Plate:
Test Performed: Step - C, to
Test Duration: 24 hrs

29.88 cm
Co

E, - 163 mV
C, - 0.00150 M
E. - 63 mV

CD - 0. 100 M
Plate no.: 5

Elapsed
Time,

tf (hr)

Potential' Conc., Conc.,
Difference - min - wax

E (mV) (M) (M)

Relative
Conc.

- min

Relative
Conc.

- max

0.42
1.17
2.17
3.17
4.17
5.17
6.17
7.17
8.17
9.17

10.17
11.17
12.17
14.17
16.17
18.17
20.17
22. 17
24.17

134-133
135-134
131-130
137-136

132
132-129
122-118
114- 113
116-113
115-112
110- 106
108-106
103-102
102-99
104-102
103-100
104-102
107- 105
104-100

0.0051
0.0049
0.0058
0.0045
0.0056
0.0056
0.0084
0.0115
0.0107
0.0110
0.0140
0.0150
0.0185
0.0195
0.0175
0.0185
0. 0175
0.0155
0.0175

0.0053
0.0051
0.0060
0.0047
0.0056
0.0061
0.0097
0.0120
0.0120
0.0127
0.0165
0.0165
0.0195
0.0220
0.0195
0.0210
0.0195
0.0170
0.0210

0.036
0.034
0.043
0.030
0.041
0.041
0.069
0.100
0.092
0.095
0.125
0.135
0.170
0.180
0.160
0.170
0.160
0.140
0.160

0.038
0.036
0.045
0.032
0.041
0.046
0.082
0.105
0.105
0.112
0.150
0.150
0.180
0.205
0.180
0.195
0.180
0.155
0.195

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table E.5: Spatial distribution of relative concentrations of fracture
surface immediately after 24-hour step input fracture
transport test (no. 3).

Lateral Longitudinal
Distance, Distance,
x (cm) z (cm)

13 4
17 4

4
7

10
13
15

9
9
9
9
8

3
7

11
14
17

16
16
16
16
16

3
6

10
12
15

24
24
24
24
24

Potential C
Difference Co

(mV)

100
70

90
70
95
85
85

83
90
90
87
87

125
80
87

110
105

100
120
125
123
115

95
95
90
90

100
100

95
115
97
87

113

hloride Relative Concentration
ncentration At Laterally

(W) Location -Averaged

0.0210 0.198
0.0730 0.726 0.462

0.0320
0.0730
0.0260
0.0400
0.0400

0.0420
0.0320
0.0320
0.0370
0.0370

0.0074
0.0490
0.0370
0.0140
0.0170

0.0210
0.0092
0.0074
0.0080
0.0113

0.0260
0.0260
0.0320
0.0320
0.0210
0.0210

0.0260
0.0113
0.0240
0.0370
0.0120

0.310
0.726
0.249
0.390
0.390

0.411
0.310
0.310
0.360
0.360

0.060
0.482
0.360
0.127
0.157

0.198
0.078
0.060
0.066
0.099

0.249
0.249
0.310
0.310
0.198
0.198

0.249
0.099
0.228
0.360
0.107

5
8

10
14
18

35
35
35
35
35

0.413

0.350

0.237

0.100

0.252

0.209

2
5
8

10
13
15

42'"
42
42
42
42
42

3
6

10
13
18

48
48
48
48
48

(1) Longitudinal distance of
cm at x - 2 cm to z - 44

z - 42 cm actually ranged between z - 39
cm at x - 15 cm.
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BROKEN
OFF

Z= 4cm
C* =0.462

i = 9 cm
C*=0.413

2= 16cm
C0=0.350

2 = 24cm
CO=0.237

2 =35cm

Ca = 0.100

2=42 cm
C*= 0.252

Z = 48 cm
C = 0.209

Figure E.t: Location and concentration of samples taken of solution
remaining on fracture surface immediately after fracture test 3.
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Table E.6: Matrix solute transport test data.

Sampling port:
Location: x -

4M-U
5 cm; z - 5 cm Face: 4

Date: 6-14-88 to 8-05-88
Flow Rate: 0.60 x 10-9 ms/s
Head Imposed at Top of Plate:
Test Performed: Step - C, to
Test Duration: 1222.25 hrs

5.0 m
CO

E, - 172 mV
C, - 0.00130 M
E- - 125 mV
C0 - 0.0125 M
Plate no.: 4

Elapsed
Time,

t, (hr)

7.00
25.33
31.83
55.58
72.33
79.83

101.17
119.58
129.75
143.17
154.92
169.58
177.58
190.42
200.92
218.33
225.17
240.83
249.67
264.17
276.67
289.42
365.50
406.42
664.33
675.33
684.83
695.08
713.33
723.33
732.00
744.08

Potential
Difference
E (mV)

160
165-155
165-160
170-165

165
160-155
163-155
150-145

145
145
145

145-130
140
135

140-138
130
128

126-118
122-118

130
127-122

125
116
118
118

116-111
121-119
117-113
120-119
120-118
121

120-118

Conc.,
- mn
(M)

0. 0025
0.0019
0.0019
0.0015
0.0019
0.0025
0.0021
0.0040
0.0050
0.0050
0.0050
0.0050
0.0063
0.0080
0.0063
0.0100
0.0110
0.0120
0.0140
0.0100
0.0117
0.0125
0.0183
0.0165
0.0165
0.0183
0.0147
0.0175
0.0152
0.0152
0.0147
0.0152

Conc.,
- max
(M)

0.0025

0.0031
0.0025
0.0040
0.0019
0.0031
0.0031
0.0050
0.0050
0.0050
0.0050
0.0100
0.0063
0.0080
0.0069
0.0100
0.0110
0.0165
0.0165
0.0100
0.0140
0.0125
0.0183
0.0165
0.0165
0.0220
0.0157
0.0200
0.0157
0.0165
0.0147
0.0165

Relative
Conc.

- min

0.096
0.048
0.048
0.016
0.048
0.096
0.064
0.216
0.296
0.296
0.296
0.296
0.400
0.536
0.400
0.696
0.776
0.856
1.016
0.696
0.832
0.896
1.360
1.216
1.216
1.360
1.072
1.296
1.112
1.112
1.072
1.112

Relative
Conc.

- max

0.096
0.144
0.096
0.216
0.048
0.144
0.144
0.296
0.296
0.296
0.296
0.696
0.400
0.536
0.448
0.696
0.776
1.216
1.216
0.696
1.016
0.896
1.360
1.216
1.216
1.656
1.152
1.496
1.152
1.216
1.072
1.216

I)g

*

*

*

*(2)

*

*

*

*

*

*

*

(1) Period corresponding to fracture transport test no. 1.
(2) Period corresponding to fracture transport test no. 2.
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Table E.6: Matrix solute transport test data.

Sampling Port: 4M-U (continued)

Elapsed
Time,

tf (hr)

754.92
771.25
793.08

1012.75
1057.25
1142.25
1191.75
1209.50
1222.25

Potential
Difference
E (mV)

117-116
119-116
119-118
110-109
118-117

118
116

113-111
114

Conc.,
- min

(OD

0.0175
0.0157
0.0157
0.0140
0.0098
0.0098
0.0110
0.0120
0.0117

Conc.,
- max
(M)

0.0183
0.0183
0.0165
0.0145
0.0105
0.0098
0.0110
0.0135
0.0117

Relative
Conc.

- min

1.296
1.152
1.152
1.016
0.680
0.680
0.776
0.856
0.832

Relative
Conc.

- max

1.360 *
1.360 *
1.216 *(2)

1.056
0.736
0.680
0.776
0.976 *131

0.832 *

(2) Period corresponding to fracture transport test no. 2.
(3) Period corresponding to fracture transport test no. 3.
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Table E.6: Matrix solute transport test data.

Sampling Port: 4M-L
Location: x - 5 cm; z - 30 cm Face: 4

Date: 6-14-88 to 8-05-88
Flow Rate: 0.60 x 10-9 m

3/s
Head Imposed at Top of Plate: 5.0 cm
Test Performed: Step - C, to C0
Test Duration: 1222.25 hrs

El - 172 mV
C, - 0.00130 M

E - 125 mV
C0 - 0.0125 M
Plate no.: 4

Elapsed
Time,

t, (hr)

406.50
664.33
675.33
684.83
695.08
713.33
723.33
732.00
744.08
754.92
771.25
793.08

1012.75
1057.25
1142.25
1191.75
1209.50

Potential
Difference
E (mV)

Conc.,
- min
(M)

Conc.,
- max

(M)

Relative
Conc.

- min

Relative
Conc.

- max

140
129-122
132-120
133-127
135-126
139-134
137-129
135-130
130-127
130-129
133-129
136-134
110-109
118-116
118-116
118-117
114-113

0.0063
0.0105
0.0092
0.0088
0.0080
0.0065
0.0073
0.0080
0.0107
0.0107
0.0088
0.0077
0.0140
0.0098
0.0098
0.0098
0.0117

0.0063
0.0143
0.0152
0.0117
0.0120
0.0084
0.0105
0.0107
0.0117
0.0105
0.0105
0.0084
0.0145
0.0110
0.0110
0.0103
0.0120

0.400
0.736
0.632
0.600
0.536
0.416
0.480
0.536
0.752
0.752
0.600
0.512
1.016
0.680
0.680
0.680
0.832

0.400
1.040 *(2)

1.112 *
0.832 *
0.856 *
0.568 *
0.736 *
0.752 *
0.832 *
0.736 *
0.736 *
0.568 *
1.056
0.776
0.776
0.720
0.856 *'"

(2) Period corresponding to
(3) Period corresponding to

fracture transport test no. 2.
fracture transport test no. 3.
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Table E.7: Assumed input function for porous plate no. 4 - temporal
moments analysis.

Time, Relative
tE (hr) Conc., C*

7.00 0.068
25.33 0.827
31.83 1.000
55.58 1.000
72.33 1.000
79.83 1.000

101.17 1.000
119.58 1.000
129.75 1.000
143.17 1.000
154.92 1.000
169.58 1.000
177.58 1.000
190.42 1.000
200.92 1.000
218.33 1.000
225.17 1.000
240.83 1.000
249.67 1.000
264.17 1.000
276.67 1.000
289.42 1.000
365.50 1.000
406.42 1.000
664.33 1.000
675.33 1.000
684.83 1.000
695.08 1.000
713.33 1.000
723.33 1.000
732.00 1.000
744.08 1.000
754.92 1.000
771.25 1.000
793.08 1.000

1012.75 1.000
1057.25 1.000
1142.25 1.000
1191.75 1.000
1209.50 1.000
1222.25 1.000

Sum - 39.895

tf X

Rel.Conc.

0.48
20.95
31.83
55.58
72.33
79.83
101.17
119.58
129.75
143.17
154.92
169.58
177.58
190.42
200.92
218.33
225.17
240.83
249.67
264.17
276.67
289.42
365.50
406.42
664.33
675.33
684.83
695.08
713.33
723.33
732.00
744.08
754.92
771.25
793.08
1012.75
1057.25
1142.25
1191.75
1209.50
1222.25

18971.57

(tE-tm) 2

Rel.Conc.

14927.9
167622.1
196876.5
176364.4
162576.4
156584.5
140151.1
126705.8
119569.1
110468.2
102795.7
93610.1
88778.8
81292.1
75414.8
66155.8
62684.0
55087. 7
51016.2
44676. 3
39548.3
34639.8
12108.3
4777.2
35642.6
39917.0
43803.3
48198.9
56545.2
61401.1
65772.9
72115.0
78054.5
87445.8

100833.2
288597.1
338389.3
444505.4
512960.2
538700.8
557579.4

5554892.4

Statistics: to - 475.54 hr; ty,, - 139237.8 hr2 .

324



SELECTED REFERENCES

Ammann, D., 1986, Ion-Selective Electrodes, Principles, Design and
Application, Springer-Verlag Berlin Heidelberg, 346 pp.

Bear, J., 1979, Hydraulics of Groundwater, McGraw-Hill, 569 pp.
Biggar, J.W. and D.R. Nielsen, 1962, 'Miscible Displacement in Soils:

II. Behavior of Tracers," Soil Sci. Soc. Amer. Proc., 26:125-128.
Cattrall, R.W. and H. Freiser, 1971, "Coated Wire Ion Selective Elec-

trodes," Analytical Chemistry, 43(13):1905-1906.
Cattrall, R.W. and I.C. Hamilton, 1984, "Coated-Wire Ion-Selective

Electrodes," Ion-Selective Electrode Rev., 6:125-172.
Chuang, Y., 1988, Solute Transport Measurement by Ion-Selective Elec-

trodes in Fracture Tuff, M.S. Thesis, University of Arizona,
Tucson, Arizona.

Covington, A.K. (ed.), 1979, Ion-Selective Electrode Methodology, Vol.
I, CRC Press, Inc., 257 pp.

Dagan, C., 1984, "Solute Transport in Heterogeneous Porous Formations,"
J. Fluid Mech., 145:151-177.

Davis, S.N., and R.J.M. De Wiest, 1966, Hydrogeology, John Wiley and
Sons, 463 pp.

de Marsily, G., 1986, Quantitative Hydrogeology, Groundwater Hydrology
for Engineers, Academic Press, Inc., 440 pp.

Engelder, T., and C.H. Scholz, 1981, Fluid Flow Along Very Smooth Joints
at Effective Pressure up to 200 Megapascals, in Mechanical
Behavior of Crustal Rocks, Geophysical Monograph Series, AGU,
24:147-152.

Evans, D.D., 1988, Unsaturated Flow and Transport Through Fractured Rock
Related to High-level Waste Repositories, NRC 04-86-114 Progress
Report.

Fischer, H.B., E.J. List, R.C.Y. Koh, J. Imberger and N.H. Brooks, 1979,
Mixing in Inland and Coastal Waters, Academic Press, 483 pp.

Freeze, R.A. and J.A. Cherry, 1979, Groundwater, Prentice-Hall, Inc.,
604 pp.

Freiser, H. (ed.), 1978, Ion-Selective Electrodes in Analytical Chem-
istry, Vols. I and II, Plenum Press, 439 pp. and 291 pp.

Freyberg, D.L., 1986, "A Natural Gradient Experiment of Solute Transport
in a Sand Aquifer 2. Spatial Moments and the Advection and Disper-
sion of Nonreactive Tracers," Water Resour. Res.,
22(13):2031-2046.

Gale, J.E., 1982, The Effects of Fracture Type (Induced Versus Natural)
on the Stress-Fracture Closure-Fracture Permeability Relation-
ships, in Proceedings at 23rd Symposium on Rock Mechanics, Ber-
keley, CA, 290-298.

Gale, J.E., A. Rouleau, and L.C. Atkinson, 1985, Hydraulic Properties of
Fractures, in International Association of Hydrogeologists Memoir-
es of Congress on Hydrology of Rocks of Low Permeability, Tucson,
AZ, 17(l):1-16.

Gelhar, L.W. and C.L. Axness, 1983, "Three-Dimensional Stochastic
Analysis of Macrodispersion in Aquifers," Water Resour. Res.,
19(1):161-180.

Gelhar, L.W., A.L. Gutjahr and R.L. Naff, 1979, "Stochastic Analysis of
Macrodispersion in a Stratified Aquifer," Water Resour. Res.,
15(6):1387-1397.

325



Clover, R.E., 1953, Flow from a Test-hole Located Above Groundwater
Level, in Theory and Problems of Water Percolation, U.S. Bureau of
Reclamation Engineering Monograph No. 8, 66-71.

Grisak, G.E. and J.F. Pickens, 1980, "Solute Transport Through Fractured
Media 1. The Effect of Matrix Diffusion," Water Resour. Res.,
16(4):719-730.

Grisak, G.E., J.F. Pickens and J.A. Cherry, 1980, "Solute Transport
Through Fractured Media 2. Column Study of Fractured Till," Water
Resour. Res., 16(4):731-739.

Haldeman, W.R., 1988, "Water Flow Through Variably Saturated Fractured
Tuff: A Laboratory Study," M.S. Thesis, University of Arizona, 219

PP.
Hillel, D., 1971, Soil and Water, Physical Principles and Processes,

Academic Press, Inc., 288 pp.
Hillel, D., 1980, Fundamentals of Soil Physics, Academic Press, Inc.,

413 pp.
Iwai, K., 1976, Fundamental Studies of Fluid Flow Through a Single

Fracture, Ph.D. Dissertation, University of California, Berkeley,
California.

James, H., G. Carmack and H. Freiser, 1972, "Coated Wire Ion Selective
Electrodes," Analytical Chemistry, 44(4):586-587.

James, R.V. and J. Rubin, 1972, "Accounting for Apparatus-Induced
Dispersion in Analysis of Miscible Displacement Experiments,"
Water Resour. Res., 8(3):717-721.

Kemper, W.D., 1960, "Water and Ion Movement in Thin Films as Influenced
by the Electrostatic Charge and Diffuse Layer of Cations Associat-
ed with Clay Mineral Surfaces," Soil Sci. Soc. Amer.

Kilbury, R.K., 1984, Water Intake at the Atmosphere-Earth Interface in a
Fractured Rock System Near Patagonia, Arizona, M.S. Thesis, Uni-
versity of Arizona, Tucson, Arizona.

Kilbury, R.K., T.C. Rasmussen, D.D. Evans, and A.W. Warrick, 1986, Water
and Air Intake of Surface-Exposed Rock Fractures in Situ, Water
Resources Research, 22(10):1431-1443.

Klute, A., and C. Kirksen, 1986, Hydraulic Conductivity and Diffusivity:
Laboratory Methods, in Methods of Soil Analysis, Part 1, Physical
and Mineralogical Methods, American Society of Agronomy, Soil
Science Society of America, Number 9, pp. 687-734.

Lomize, G.M., 1951, Flow in Fracture Rocks (in Russian), Gosenergoizdat,
Moscow, U.S.S.R., 127pp.

Louis, C., 1969, A Study of Groundwater Flow in Jointed Rock and Its
Influence on the Stability of Rock Masses, Rock Mechanics Research
Report 10, Imperial College, London, England, 90 pp.

Mercado, A., 1967, "The Spreading Pattern of Injected Water in a Per-
meability-Stratified Aquifer," Proc. Int'l Assoc. Sci. Hydrol.
Symp., Haifa Pub. 72, p. 23.

Minnich, M.M. and M.B. McBride, 1987, "Copper Activity in Soil Solution:
I. Measurement by Ion-selective Electrode and Donnan Dialysis,"
Soil Sci. Soc. Am. J., 51:568-572.

Moreno, L., I. Neretnieks and T. Eriksen, 1985, "Analysis of Some
Laboratory Tracer Runs in Natural Fissures," Water Resour. Res.,
21(7):951-958.

Neretnieks, I., T. Eriksen and P. Tahtinen, 1982, "Tracer Movement in a
Single Fissure in Granitic Rock: Some Experimental Results and
Their Interpretation," Water Resour. Res., 18(4):849-858.

326



Neuman, S.P., 1987, 'Stochastic Continuum 
Representation of Fractured

Rock Permeability as an 
Alternative to the REV 

and Fracture Net-

work Concepts," 28th U.S. 
Symposium on Rock Mechanics, 

Tucson,

Arizona, 29 June -1 July, pp. 553-561.

Nielsen, D.R. and J.W. 
Biggar, 1961, 'Miscible Displacement 

in Soils: I.

Experimental Information," 
Soil Sci. Sco. Amer. Proc., 25:1-5.

Nielsen, D.R. and J.W. Biggar, 1962, "Miscible Displacement 
in Soils:

III.Theoretical Considerations," 
Soil Sci. Sco. Amer. Proc.,

26:216-221.
Peterson, D.W., 1961, Dacitic Ash-Flow Sheet 

Near Superior and Globe,

Arizona, Ph.D. Dissertation, Stanford University, Stanford, 
Cali-

fornia.

Peterson, D.W., 1968, Zoned Ash-Flow Sheet in 
the Region Around Super-

ior, Arizona, in Southern Arizona Guidebook 
III, Geological Socie-

ty of America, pp. 215-222.

Philip, J.R., 1969, Theory of Infiltration, 
Advances in Hydroscience,

5:216-296.
Philip, J.R., 1985, Approximate Analysis 

of the Borehole Permeameter 
in

Unsaturated Soil, Water 
Resources Research, 21(7):1025-1033.

Philip, J.R., 1988, "Water Penetration From 
Downward Seepage into

Macropores, Cavities, and 
Tunnels," International 

Conference and

Workshop on the Validation 
of Flow and Transport Models 

for the

Unsaturated Zone, Ruidoso, New Mexico, May 
22-25, 1988, pp. 306-

319.

Rahi, K.A., 1986, Hydraulic Conductivity 
Assessment for a Variably-

Saturated Rock Matrix, 
M.S. Thesis, University 

of Arizona, Tucson,

Arizona.
Rasmussen, T.C., and D.D. Evans, 1987, Unsaturated Flow 

and Transport

Through Fractured Rock 
Related to High-Level Waste 

Repositories,

Nuclear Regulatory Commission, 
Washington, D.C., NUREG/CR-4655.

Rasmussen, T.C., 1988, "Fluid Flow and Solute 
Transport Through Three-

Dimensional Networks of 
Variably Saturated Discrete 

Fractures,"

Ph.D. Dissertation, University 
of Arizona, 327 pp.

Rasmussen, T.C., and D.D. Evans, 1989, Fluid Flow and Solute Transport

Modeling Through Three-Dimensional 
Networks of Variably Saturated

Discrete Fractures, Nuclear 
Regulatory Commission, Washington,

D.C., NUREG/CR-5239.

Reda, D.C., and G.R. Hadley, 1986, Saturated Permeability 
Measurements

On Pumice and Welded-Tuffaceous 
Materials, Environ. Geol. Water

Sci., 8(3):137-145.

Reginato, R.J., and C.H.M. 
Van Bavel, 1964, Soil Water Measurement 

with

Gamma Attenuation, Soil Sci. Soc. Proc., 28:721-724.

Schrauf, T.W., 1984, Relationship Between 
the Gas Conductivity and

Geometry of a Natural Fracture, 
M.S. Thesis, University 

of Ari-

zona, Tucson, Arizona.

Schrauf, T.W., and D.D. Evans, 1986, Laboratory 
Studies of Gas Flow

Through a Single Natural 
Fracture, Water Resources 

Research,

22(7):1038-1050.
Sharp, J.C., 1970, Fluid Flow Through 

Fissure Media, Ph.D. Dissertation,

University of London, Imperial College of Science 
and Technology,

London, England.

Smith, L., C.W. Mase, and R.W. Schwartz, 1987, Estimation 
of Fracture

Aperture Using Hydraulic 
and Tracer Tests, in 28th U.S. Symposium

on Rock Mechanics, Tucson, 
AZ, 453-463.

327



Smith, S., 1987, Geologic Isolation of High-Level Radioactive Waste:
Putting It Away Forever, Water Well Journal, 41(4):31-39.

Stumm, W. and J.J. Morgan, 1981, Aquatic Chemistry, 2nd Ed., John Wiley
and Sons, 780 pp.

Trautz, R.C., 1984, Rock Fracture Aperture and Gas Conductivity Measure-
ments In Situ, M.S. Thesis, University of Arizona, Tucson, Ari-
zona.

Tsang, Y.W., 1984, The Effect of Tortuosity on Fluid Flow Through a
Single Fracture, Water Resources Research, 20(9):1209-1215.

Tsang, Y.W. and C.F. Tsang, 1987, "Channel Model of Flow Through Frac-
tured Media," Water Resour. Res., 23(3):467-479.

Tsang, Y.W. and P.A. Witherspoon, 1985, "Effects of Fracture Roughness
on Fluid Flow Through a Single Deformable Fracture," Hydrogeology
of Rocks of Low Permeability, Vol. 2: Proceedings of 17th Intern-
ational Congress of International Association of Hydrogeologists,
Tucson, Arizona, January 7 - 12, pp. 683-694.

Walter, G.R., 1985, "The Effects of Molecular Diffusion on Groundwater
Solute Transport Through Fractured Tuff," Ph.D. Dissertation,
University of Arizona, 187 pp.

Wang. J.S.Y. and T.N. Narasimhan, 1985, "Hydrologic Mechanisms Governing
Fluid Flow in a Partially Saturated, Fractured, Porous Medium,"
Water Resour. Res., 21(12):1861-1874.

Weber, D.S., 1987, Stable Isotopes of Authigenic Minerals in Variably-
Saturated Fractured Tuff, M.S. Thesis, University of Arizona,
Tucson, Arizona.

Wilson, M.L. and A.L. Dudley, 1987, "Radionuclide Transport in an
Unsaturated Fractured Medium," Flow and Transport through Unsatur-
ated Fractured Rock, Geophysical Monograph 42:23-30.

328



NRC C 335 U.S. NUCLEAR REGULATORY COMMISSION 1. REP:q1 NUMBER
(2 89. (AS4w'ed by NRC. Add Voi., SuDm, ReV,
NRCM. !;;2, wd Add*vd.m N.mbe,s, it sv,)
320N1, 32 BIBLIOGRAPHIC DATA SHEET

(See instructons on the reverse) NUREG/CR-5482
2. TITLE AND SUBTITLE

Laboratory Analysis of Fluid Flow and Solute Transport Through a
Vaciably Saturated Fracture FKberdded in Porous Tuff 3. DATE REPORT PUBLISHED

hAONTH I YEAR

February 1990
4. FIN OR GRANT NUMBER

FIN D1662
5. AUTHOR(S) 6. TYPE OF REPORT

Y. htuany, W. R. Haldeman, T. C. Rasmussen, D. D. Evans Technical

7. PERIOD COVERED (Iv-1s-V Oarev/

Oct. 1987 - Nov. 1989

8. PERFORMING ORGANIZATION - NAME AND ADDRESS (;NRC prov'ideri Dvisio, Office or egiov, U.S. Nocfea, Rvgularory Com,,issoe and/,ngaddressifcomrr-cror provide

Department of Hydrology and Water Resources
University of Arizona
Tucson, Arizona 85721

9. SPONSORING ORGANIZATION - NAME AND ADDRESS WIAVRC. type ''Sa eaIbooe', if cor.,crorpn~videNRCDivion Office-orAegiov US. NucfearReg.krerv Comision,
and o..;ng address.)

Division of Engineering
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555

10. SUPPLEMENTARY NOTES

11. ABSTRACT (200 words or les-

Laboratory techniques are developed that allow concurrent measurement of unsaturated
matrix hydraulic conductivity and fracture transmissivity of fractured rock blocks. Two
Apache Leap tuff blocks with natural fractures were removed from near Superior, Arizona,
shaped into rectangular prisms, and instrumented in the laboratory. Porous ceramic
plates provided solution to block tops at regulated pressures. Infiltration tests were
performed on both test blocks. Steady flow testing of the saturated first block provided
estimates of matrix hydraulic conductivity and fracture transmissivity. Fifteen centi-
meters of suction applied to the second block top showed that fracture flow was minimal
and matrix hydraulic conductivity was an order of magnitude less than the first block
saturated matrix conductivity. Coated-wire ion-selective electrodes monitored aqueous
chlorided breakthrough concentrations. Minute samples of tracer solution were collected
with filter paper. The techniques worked well for studying transport behavior at near-
saturated flow conditions and also apper to be promising for unsaturated conditions.
Breakthrough curves in the fracture and matrix, and a concentration map of chloride.
concentrations within the fracture, suggest preferential flows paths in the fracture and
substantial diffusion into the matrix. Average travel velocity, disperion coefficient
and longitudinal dispersivity in the fracture are obtained.
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