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ABSTRACT 

Porous plates delivered calcium chloride at a negative potential to the top of blocks of partially 

welded (20.1 x 20.1 x 66.6 cm) and densely welded (30.1 x 20.1 x 48.1 cm) tuff with discrete fractures. 

During infiltration, flux increased through the partially welded block's fracture as the applied suction 

was lowered to 23 cm. The wetting front advanced 66.6 cm in 239 days. Chloride concentration and 

temporal moments from five tracer tests with 0 to 5 cm of applied suction indicated that preferential 

fracture flow occurred. Displacement transducer data reflect a decrease in fracture aperture at 

several months prior to but not during tracer tests. Fracture transmissivities decreased an order of 

magnitude (6.4 x 10"Bto 4.2 x 10"10m2/s) as the applied suction increased from 0 to 5 cm while the 

tensiometer data indicated a suction of about 20 cm of water within the fracture and matrix. Highest 

during infiltration to an initially dry block, inflow losses of 3 to 44 percent due to evaporation are the 

greatest source of error for the constant potential method used. 
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CHAPTER ONE 

1.0 Introduction 

With the passage of the Nuclear Waste Policy Amendments Act of 1987, the United States Congress 

has proposed a high level waste site at the Yucca Mountain Site in Nevada. Currently being 

characterized under the direction of the Department of Energy, this site has a host rock consisting of 

Tertiary ash flows, or tuffs, and an unsaturated zone of approximately 610 meters. The proposed 

geologic unit for the underground repository is the Topopah Spring member located about 350 

meters above the water table. This unit's dominant lithology is a moderate to densely welded tuff 

that is devitrified and intensely fractured(DOE, 1986). 

Numerous research projects related to the Yucca Mountain site are in progress or planned. 

Problems that arise later, may be solved by engineering barriers that minimize or retard transport of 

radionuclides. If the problems cannot be resolved, the regulations stipulate that waste must be 

retrievable for the first fifty years, in the event that studies suggest that the site is not suitable for 

nuclear waste emplacement. For example, one of the potentially adverse conditions concerns the 

potential in the past, present or future of perched water bodies that might saturate portions of the 

facility and create a faster flow path (Code of Federal Regulations(CFR), 1988). 

Another siting criteria requires that \..(7)the pre-waste-emplacement ground water travel time must 

substantially exceed 1,000 years for radionuclide transport from the disturbed area to the accessible 

environment.'(CFR, 1988). The controlled area is defined as at most ten kilometers from the outer 

boundary of the underground facility and the accessible environment includes everything outside the 

controlled area. For the assessment of fractured, low permeability media, the scale of observation 

and the calculation of a travel time are important concerns not addressed by this regulation (Yeh, 

1988; and Khaleel, 1989). Preliminary estimates of ground-water travel times have been made by 

computer simulation, and the results suggest that the tuff would provide an adequate site (Sinnock 



12 

et. al., 1985; and DOE, 1986). However, assumptions or simplifications for the input parameters 

such as the infiltration rate of the matrix or the treatment of fractures were made because of the 

paucity of experimental data. While some rock characterization of tuff matrix has taken place 

(Klavetter, 1984; Rasmussen and Evans, 1988; Chuang, 1988; and Haldeman, 1988), data for the 

unsaturated flow and transport in fractured tuff have limited or no documentation at the laboratory 

or field scale. 

1.1 Research Objective 

This work continues the earlier block experiments by Haldeman (1988) and Chuang (1988). The 

fundamental relationship addressed in this study is the variation of transmissivity of a fracture with 

changes in suction. Without this relationship, the characterization of a repository site in the 

unsaturated zone with a fractured tuff as a host rock would be incomplete. Ground-water travel 

times could be calculated by estimating a flux, but any error will be magnified when projected over 

several thousand years. Such an estimate should not solely be based on an average hydraulic 

property but on a range of possible values which will consider the fastest possible path that 

radionuclides might travel. 

There are at least two different approaches to fracture flow, continuum and a deterministic non-

continuum approach (Haldeman, 1988) also mentioned as the equivalent porous medium and the 

discrete fracture approaches (Mareno et.al., 1988). The use of non-continuum is not clear, and 

substituting a deterministic approach is more concise. Whether the continuum or deterministic 

approach is better is not clear, yet lengthy laboratory and field studies are necessary to determine the 

significance of variably saturated flow data for a discrete fracture or a representative elementary 

volume (REV) (Bear, 1979) of fractured rock. Choosing an REV for fractured media, if it exists, 

remains a difficult question. If a one meter block with several fractures is used for experimentation, 

the choice of the number of fractures and their interconnections would be questioned for its 
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representativeness as a network of fractures. Statistical methods are available to analyze sub-REV 

scale investigations (Neuman, 1987). In contrast to the continuum concept, characterizing flow in 

natural fractures provides a possible range of values for fracture transmissivity. Ultimately, the 

deterministic approach could lead to larger scale modeling or field studies, while the mapping of 

individual fractures may not always be practically feasible. Moreover, Neuman (1987) emphasizes 

that detailed geometry and aperture distribution are prerequisite to a discrete deterministic 

approach. 

The observed value of the transmissivity is complicated by the laboratory and field evidence for 

channeling of flow within saturated fractures (Neretnieks, 1985; Neretnieks et.al., 1982; Chuang, 

1988; Mareno, et al 1989; Shapiro & Nicholas, 1989) and variably saturated fractures (this thesis). 

Each of the experiments require a critical evaluation of the experimental setup, which may greatly 

influence the results. For example, Neuman (1987) notes that tunnel drift may have altered the 

stress field and flow in Neretnieks* (1985) field study. Hence, the selection of a natural fracture is 

important because flow characteristics are influenced by tortuosity, roughness, aperture size 

distribution, and mineralization. For this reason, the fractures selected for this study were as planar 

as possible and not infilled with secondary minerals. Each block has a single fracture, and the 

primary research objective is to study flow and transport through laboratory block experiments in 

variably saturated discrete fractures in welded tuff. 

1.2 Experimental Approach and Scope of Work 

One partially welded block (20.1 x 20.1 x 66.6 cm) and one densely welded block (30.1 x 20.1 x 48.1 

cm) of tuff were used for flow experiments. The blocks were obtained from the Apache Leap Site 

near Superior, Arizona (see Figure 1.0). Haldeman (1988) details the selection of the blocks, 

removal from the field, and shaping to their final dimensions. Peterson (1969), Tidwell (1988), and 

Haldeman (1988) describe the regional and local geology of the Superior area. The Apache Leap 
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tuff bas a maximum thickness of 600 meters that consists of numerous fractures, a homogeneous 

rock composition and a variable degree of welding within the unit. Both blocks of tuff have a single 

natural fracture that is relatively planar. Haldeman (1988) and Chuang (1988) set up the partially 

welded block and started to imbibe the dry block. The data for this thesis begin following thirty days 

of imbibition. Most of the rock characterization work was completed earlier. 

Aperture changes, room conditions, water potential, wetting front advance, and tracer tests were 

monitored. Another important property is moisture content, which, however, was not addressed in 

this study. The blocks were imbibed with 0.001 molar calcium chloride solution during infiltration 

tests through porous ceramic plates. During the course of this study, some of the laboratory 

techniques were improved, including plate calibration, inflow setup, outflow setup, microtensiometer 

construction and use of a selective ion electrode for unsaturated conditions. Over several months, the 

plates clogged reducing their conductance despite the use of thymol as a biological growth inhibitor. 

Ultrasonic cleaning of the plates restored the original conductance of the ceramic material. As a 

contact media pieces of filter paper were replaced with a cloth mesh and sieved fine sand. After the 

wetting front of the partially welded block advanced to the bottom, an outflow setup was added, and 

five tracer tests were conducted by varying the chloride concentration while a suction was applied to 

the top of the block. 

Chapter Two addresses the theoretical considerations, followed by experimental setup in Chapter 

Three. Results and discussion of flow and tracer tests are included in Chapter Four. Chapter Five 

includes a summary and recommendations for future studies. Finally, references and appendices 

with tabulated results and revised experimental procedures follow Chapter Five. Data not published 

in this thesis as graphs and tables can be obtained from the University of Arizona, Department of 

Hydrology and Water Resources. 
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CHAPTER TWO 
THEORETICAL CONSIDERATIONS 

In the following sections, a review of fundamental equations for saturated and unsaturated flow is 

given. Then, fracture flow from a saturated, idealized parallel plate to unsaturated fracture flow in 

tuff are considered. Next, an overview of a variable aperture channel model (Mareno et. al., 1988; 

and Tsang et.al., 1988) and the Boundary Integral Method (Rasmussen, 1989) for discrete fractures 

will be discussed. Lastly, the fundamental transport equations will be given and followed by an 

overview of the transport modeling by Tsang and Rasmussen. 

2.1.0 Saturated Flow in Porous Media 

The fundamental relationship, Darcy"s Law, for saturated flow in porous media is valid for steady, 

incompressible flow that exceeds a threshold lower limit and must be within the laminar flow regime. 

The equation is, 

q = Q/A = -K7H, (2.1) 

where, 
q = volumetric flux [Length per time, LT1 ], 
Q = volumetric flow [L'T1 ], 
A = cross sectional area perpendicular to flow [L2 ], 
K = saturated hydraulic conductivity of the porous media [LT2 ], 

= differential vector operator, and 
H, = total hydraulic head [L]. 

The empirically derived proportionality constant of Darc/s Law is the hydraulic conductivity which is 

a function of the porous media and the fluid properties, 

K = Vpgfti (2.2) 

where, 
k = intrinsic permeability [L2 ] 
p = fluid density [Mass per length cubed, ML'3 ], 
g = acceleration due to gravity [LT2 ], and 
fi = dynamic viscosity of the fluid [ML"1 T1 ]. 

While the hydraulic conductivity is a function of the porous medium as well as the fluid (Hubbert, 

1956), only the porous media properties were considered for this study because of the dilute 
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solutions used. Calculating conductances for the porous ceramic plates was accomplished by 

rearranging the terms in Darcy*s law to yield flow as a function the change in head. The relationship 

was then applied to calculate the change in suction across porous plates and above the top of the 

block. The potential drop across the plate is the plate's inflow rate (volumetric flow divided by 

plate's cross sectional area) divided by the plate's conductance, and this drop in potential is then 

subtracted from the potential applied to the top of the >irous plate. 

Transmissivity for a saturated porous medium of thickness b perpendicular to flow is defined as, 

T = Kb (2.3) 

where, 
T = transmissivity [L2T1 ]. 

2.2.0 Unsaturated Flow 

Darc/s law can be rewritten for incompressible flow with only movement in the water phase as, 

q = -K(tf)(7H) (2.4) 

where, 
= suction [L] in terms of energy per unit weight. 

The hydraulic conductivity may also be expressed as a function of volumetric moisture content (0) 

and can be further complicated by hysteresis effects. Philip (1969) treated 6 as a single valued 

function of ip to eliminate variation with hysteresis, provided a uniform process (e.g. wetting or 

drying only) is observed. Processes that simultaneously have wetting and evaporation cannot easily 

measure hysteresis effects, and the resulting data are not necessarily applicable to a different set of 

initial conditions. Hysteresis plays an important role, causing drainage to begin at a higher moisture 

content than wetting. While moisture content was not measured in this study, it will be discussed 

briefly in Section 2.3.3, Unsaturated fracture Flow. 
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To describe infiltration under transient conditions Philip (1969) proposed the relationship: 

I « St1/2 + At (2.5) 

where, 
I = the cumulative infiltration [L] 
S = the sorptivity of the porous medium [LT1/2 ] 
t = the total time, and 
A approaches the hydraulic conductivity of the media [LT1 ]. 

The infiltration rate, i [LT1/2 ], results from differentiation of Equation 2.5. 

i = (l/2)Sf1/2 + A (2.6) 

Smiles and Knight (1975) suggest that infiltration data should be plotted If1/2 versus t1/2, which 

follows from 2.5 by dividing by t"2. The limit of i as time goes to infinity approaches the hydraulic 

conductivity of the porous media for a given potential. An initially dry or uniform moisture content 

of the porous media and a constant potential are conditions for equation 2.6. 

2.2.1 Capillary Theory 

Water is held in pores by tension as given by the capillary rise equation, 

1\. = Tucosx/rpg (2.7) 

where 
v = surface tension [MT1 ], 
a = contact angle between the liquid and solid surface, 
1\. = capillary head [L], and 
r = pore radius [L]. 

2.3.0 Flow in Fractured Media 

Saturated fracture flow has been studied in the laboratory and the field while unsaturated fracture 

flow lacks experimental results. Consider a single fracture with aperture e as shown in figure 2.0 of 

a test block. 
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Figure 2.0 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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Simplifying the Navier Stokes equation by assuming steady, isothermal flow in an incompressible 

fluid and using the continuity equation, one can write, 

dp /dx - f i  2 v -pF = 0 (2.8) 

where, 
v = velocity of the fluid [LT1 ], 
x = axis perpendicular to flow, and 
F = external body force (gravity) [MLT2]. 

Neglecting the external body force of gravity, the pressure force from the hydraulic gradient drives 

flow. With the introduction of gravity for a fracture oriented parallel to the z axis (as in figure 2.0), 

the Navier-Stokes equations may be rewritten as, 

dp /dx  = 0 dp /dy  =  0 dp /dz  =  f id 2 v z / d£  -pg  (2.9) 

After integration and assigning of initial conditions to the above equation, one can derive the cubic 

law. This derivation assumes the matrix to be an impermeable boundary. 

From equation 2.3, transmissivity can be expressed in terms of a composite value of matrix and a 

fracture, 

Tc = Tf + Tm (2.10) 

where, 
Tc = composite transmissivity 
T( = fracture transmissivity, and 
Tm = matrix transmissivity. 

Since the experimental approach chosen was to investigate discrete fractures, the fracture 

transmissivity can be determined from the composite transmissivity by subtracting the matrix 

transmissivity. 

2.3.1 Cubic Law 

With a constant aperture, e, an idealized fracture consists of two smooth parallel plates, which follow 

the cubic law for saturated flow that was derived from a solution by Boussinesq (1868), 

Q = Wpge? H,/l(2.11) 

where, 



e = a uniform aperture [L], 
W = the width [L] of the fracture parallel to x-axis of figure 2.0 and perpendicular 
to flow. 
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This equation was developed from the Navier Stokes equation by including the external body force of 

gravity. Transmissivity may be calculated from 2.11 by dividing by W. 

T = Q/W = pge3 /(l^tVHj) (2.12) 

Witherspoon (1980) demonstrated that the cubic law is valid for artificially induced tension fractures. 

A basic assumption of the cubic law is that all flow is in parallel channels that parallel the fracture 

plane (Wang and Narasimhan, 1985). However, natural fractures exhibit roughness and tortuous 

flow paths. Channeling demonstrated in saturated experiments (Neretnieks, 1985; Mareno et.al. 

1988; Shapiro and Nicholas, 1989) has shown that the parallel plate theory gives an inadequate 

description of flow. Furthermore, Gale (1985) and Makurat (1985) have shown deviation from the 

cubic law for normal loads applied to laboratory blocks of crystalline rock with natural joints. One 

concern for this laboratory study is the amount of shear displacement that occurred between the 

Held and laboratory. Makurat (1985) noted a two to three orders of magnitude change in flow for a 

1 mm shear displacement induced by 0.4 MPa to 5 MPa normal stresses. This implies that a 

repository site that is an active tectonic area or disturbed by construction would have different 

preferred pathways after each disturbance. 

Berkowitz (1989) has shown that the cubic law generally leads to assuming a boundary condition that 

does not adequately account for the flow in the transition region between matrix and fracture. 

Berkowitz uses the equations of Navier Stokes (2.9) (without gravity term and flow is in x direction), 

Brinkman (2.13), and Darcy (2.1) to describe flow in the fracture, transition, and porous media 

(unfractured) regions, respectively, provided that the fracture has a constant aperture. 
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In Berkowitz's example, flow in a planar fracturc oriented parallel to the x axis, v* is the local 

(transition region) velocity and p * is an effective fluid viscosity, which decreases with decreasing 

porosity of the porous medii;m. For porous material with a permeability of 103 to 105 mir?, fi * 

equals 0.01 times the dynamic fluid viscosity, fi. Based on Neretnieks (1985) saturated fracture flow 

experiment through granite, the low permeability rock will have errors on the order of 6 percent by 

assuming a no slip boundary condition and not considering a transition region. Hence, Berkowitz's 

analysis seems most significant for media more permeable than welded tuff. 

2.3.2 Unsaturated Fracture Flow 

Equation 2.3 can be modified by replacing the pore radius, r, with the fracture aperture, e. 

I\, = 2vcQsa/epg (2.14) 

As noted by Evans and Huang (1982), fractures with apertures greater than the aperture calculated 

for a given capillary head in equation 2.14 will drain. Wang and Narasimhan describe unsaturated 

fracture flow as largely matrix controlled except for near saturation. Based on capillary theory, most 

apertures (typically 50 to 200 microns for natural fractures) will act as barriers to flow rather than 

conduits at large suctions. Hence, fracture flow will only occur at very low suctions. Three major 

areas require experimental data to quantify the hydraulic properties of fractures in unsaturated 

conditions: 1) suction versus water content, 2) hydraulic conductivity versus suction, and 3) 

proportion of fracture surface that remains wet. More work using the gamma ray or neutron probe 

is needed to investigate suction versus moisture content of a fracture, while this study examines the 

hydraulic conductivity versus suction. Without an aperture distribution, transmissivity versus suction 

seems more appropriate. 

2.3.3 Discrete Fracture Flow Models 



Wang and Narasimhan (1985) simulated flow in a 1.44m tuff column and noted that a change in 

saturation of twenty percent requires 0.01 years to 1 year for suction at the lower boundary to 

respond. Hence, the time consuming process of infiltrating the tuff and always delivering solution to 

the top of the block is essential to prevent desaturation of the matrix. An important consideration 

for a suction versus moisture content experiment as well as determining a fracture transmissivity is 

that sufficient time passes to reach equilibrium for the results to be valid. 

Rasmussen (1989) used a boundary integral method to model discrete fractures and fracture 

networks. Interaction of matrix and fracture flow can be investigated with this model. The fracture 

domain was taken as one dimensional while the matrix was two dimensional. Two more domains 

were used to simulate the porous plates in contact with the top of block number one. One domain 

each for the fracture and matrix plates was used, while only one half of the block was considered 

because flow was assumed to be symmetric. The results suggested a significant contribution of flow 

from the matrix to the fracture. The previous experiments and ones completed for this thesis do not 

refute or support this assertion, since there is an equal likelihood that converging flow could have 

been occurring between the plates and the top of the block, especially as the suctions approach zero 

the flow rate will exceed the saturated hydraulic conductivity of the matrix. Chuang (1988) discusses 

two scenarios for flow beneath the fracture plate. The first assumes that the flow is proportional to 

the fracture area directly beneath the plate. The second assumes that all of the flow from the plate 

covering the fracture enters the matrix. The second scenario should be amended to say that all the 

flow beneath the plate enters the fracture when a) the flow in the block is not matrix controlled and 

b) the outer matrix plates are separated with a Dhysical barrier to flow from the middle plate. 

When the flow is matrix controlled, the first scenario is valid. The question of converging flow 

across the top of the block raises questions about the proper contact media, which is discussed in 

Section 3.2.1. 
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The matrix could draw from the fracture if a potential or concentration gradient developed. This 

would be of concern to any assumptions of vertically downward flow. The evaporation estimates 

discussed in chapter four pose real problems for modeling of the test block experiments, since the 

boundary condition for the sides of the block should be considered as a constant flux rather than the 

assumed impermeable or no flow boundary. 

Mareno et. al. (1988) developed a variable aperture channel model to accommodate the tortuous 

flow paths and changes in the fracture aperture. Flow is assumed to occur in only a few channels 

determined from the generated aperture distribution. Each channel has an effective mean aperture 

and the cubic law is assumed to hold for the channel, not the entire fracture plane. 

2.4.0 Ion-Selective Electrode 

A coated wire Ion-Selective Electrode (I.S.E.) was used to determine chloride potential. A silver 

chloride (AgCl) coated wire electrode and a double junction silver/silver chloride reference electrode 

were used to measure a change in activity, an indirect measurement of concentration which requires 

a calibration curve specific to the electrode and measurement environment. The activity (q) of a 

species can be defined as: 

3 = 7iq (2-15) 

where, 
If = the activity coefficient of species i [ ], and 
q = the concentration of a species i [Moles per liter, M]. 

The activity coefficient affects the concentration significantly when the ionic strength of a solution 

exceeds 0.1 M. Ionic strength is defined as, 

I = 0.5Eq7(
2 (2.16) 

i=i 

where, 
I = the ionic strength [M], and 
z = the charge of the species [ ]. 
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Since the maximum concentration used of calcium chloride was 0.1 M, ionic strength corrections are 

negligible. Filter paper was used to absorb samples and the electrode requires calibration to this 

setting. For the filter paper environment, the I.S.E. calibration curve remains luiear only within the 

range of 0.1 M to 0.001 M when plotted on full log graph paper. Further explanation of the basis of 

I.S.E.'s can be found in Chuang (1988). 

2.5.0 Transnort Equations 

Freyburg (1986) used spatial moments to estimate the mean residence time and variance in a sandy 

aquifer. Moments analyses offer a method of analyses that is independent of chemical and physical 

behavior of transport. 

The mean residence time may be estimated for one dimensional vertical flow for the discrete case: 

<m =(sq*0/pq) (2-i7) 
1=1 t=i 

where, 
^ = the mean residence time, 
Cj = the relative concentration at some time i, and 

= the total time elapsed shce the experiment began. 

And the variance is expressed as: 

= (c^-o-q/CGq) (2.18) 
t=i 

Equations 2.17 and 2.18 were used for all five tracer tests, for each fracture sampling port. Hence, 

the spatial variability that is seen from one access port to another would support the assertion that 

fracture flow can not be treated simply as parallel plates. 

2.5.1 Dispersion and Retardation 

Rasmuson (1985) describes four basic elements governing dispersion; 1) molecular diffusion in the 

fluid 2) velocity variations in the fluid channel 3) velocity variations between different channels 

(hydrodynamic dispersion), and 4) chemical and physical interactions with solid material (e.g. 



sorption, weathering, swelling of clays or ion exchange). The focus of Rasmuson's article was the 

third element. The molecular diffusion and mechanical dispersion are often combined into one 

dispersion coefficient, which is usually derived from fitting laboratory or field data. 

The dispersion coefficient can be estimated by: 

D = (^/2)(^2
2-^1

z)/(tm,2.1niil) (2.19) 

where t^, t^ •, and ^ z2, ^.,2 are the mean residence times and variances at two sampling points. 

Piston flow would show an instantaneous breakthrough at some time and a relative concentration of 

one, in the absence of dispersion or retardation. Dispersion would tend to elongate the 

breakthrough. A chemical reaction, sorption, or diffusion might cause the relative concentration to 

be less than one. Evaporation may result in relative concentrations that exceed one. 

Retardation factors are taken as one for a conservative tracer, such as chloride. As discussed by 

Chuang (1988) in the selection of a tracer, the chloride ion has been noted to travel faster than the 

average water velocity (Biggar and Nielsen, 1962). Retardation factors are affected greatly by other 

factors such as ionic strength, temperature, the surface area of the porous media, and complexation 

(Langmuir, 1989). The retardation equation (Freeze and Cherry, 1979), which is adequate only for 

fast reversible adsorption with a linear isotherm, is given as: 

v/vc = 1 + pbKa/n (2.20) 

where, 
v = the average linear velocity of the water, 
vc = the velocity of the retarded constituent at CJ = 0.5, 
n = the total porosity, 

= the retardation factor, and 
vc/v = the relative velocity moving from a point source while undergoing sorption. 

Kj equals the mass of solute in the solid phase per unit mass of solid phase divided by the 

concentration of solute in solution. The retardation factors as well as solubility data need to be 

determined for all radionuclides that will be stored at a nuclear waste facility. Unfortunately, Ky 

often is only known for one specific column study and the constant will vary considerably outside of 
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the media use to pack that column. 

2.5.2 Transnnrt Modeling in Discrete Fractures 

When a known volume of tracer is introduced, a sharp rise followed by a long tail characterizes the 

breakthrough curve obtained for fractured media in the absence of retardation mechanisms (Tsang 

et. al, 1988; Shapiro and Nicholas 1989). This reference ("Long et. al., 1988) is the companion 

article to the variable aperture channel flow model by Mareno et. al. (1988). An asymmetric 

breakthrough curve may be attributed to diffusion. An effective mean aperture can be calculated 

based on tracer experiments, 

b = (C^/qjq^ALW) (2.21) 

where, 
= the asymptotic constant concentration, 

Q, = the initial concentration, 
L = the length the tracer traveled, 
q = collection flow rate, 
W = the width of the channel, and 
^ = the mean residence time. 

Equation 2.22 was used to estimate an effective channel aperture at each sampling port of the 

fracture at the end of the step test. Then, the aperture was used in equation 2.12 to estimate a 

fracture transmissivity. 

Rasmussen (1988) used line integrals of the inverse velocity along streamlines to obtain a travel time 

with his Boundary Integral Model. This model uses smooth functions of velocity and streamlines 

within a discretized flow domain. Further detail and explanation of this model is documented by 

Rasmussen(1988). As a conservative traccr passes through a fracture of variable aperture is subject 

to variations in flow velocity and transmissivity. The conservative tracer might then appear to be 

retarded in portions of the fracture when preferred channels are encountered elsewhere. 

Rasmussen's model would require additional nodes or many simulations to account for changing 

apertures and fracture transmissivitics, 
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CHAPTER THREE 

EXPERIMENTAL SETUP 

3.1.0 Rock Characterization 

Porosimeter and tempe cell measurements were taken for cores near the test blocks. Most of this 

data is reported in Haldeman (1988) and Chuang (1988). Porosimeter and tempe cell methods can 

be found in theses by Vogt and Haldeman, respectively. Also, moisture retention data were 

gathered using a pressure plate extractor. 

3.2.0 Block Setup 

Procedure 1 (Appendix B) details the block setup procedure and was modified from procedure 1 of 

Haldeman (1988). The access ports described in procedure 1 must be precisely drilled. If 

overdrilled, the ports will alter both halves of the fracture. The number and size of ports is also a 

concern. The geometry of the cylindrical cavity will determine the flow lines and whether a shadow 

effect would divert flow (Philip, 1989). Chuang calculated that enough sample could be collected but 

did not address a shadow effect. In practice, enough sample can be collected, while the author does 

not know what percentage is from fracture flow and what the matrix contributes without use of 

tomography or some other experimental procedure not undertaken by this thesis. Figure 3.0 gives 

the general block setup, while Figures 3.1, 3.2, 33, and 3.4 detail the dimensions of sampling ports 

for block numbers two and three. 

3.2.1 Contact of Plates to Block 

Two methods were employed to make contact between the plates and the block. This contact is 

particularly critical over the fracture where air could inhibit flow when delivered at a negative 

potential. First filter paper, Whatman #42, was used as a contact media. Some of the paper was 

pulped and place a few millimeters into the fracture at the top of the block. Additional pieces of 

filter paper were place between plates and the block. After infiltration experiments were completed 
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the filter paper was replaced with a doth mesh and fine sand. Before placed on the block, the fine 

sand (an estimated 80 to 150 microns in diameter) was sieved through the cloth mesh and washed 

three times to remove any finer grained material that might enter the fracture. 

3.2.2 Initial Moisture Content 

From tuff samples placed in the block experiment room, an estimate of initial moisture content was 

made by gravimetric methods. The value was one quarter of one percent or essentially desaturated. 

3.2.3 Minimizing Evaporation 

A plastic vinyl canopy surrounded the block experiments to minimize evaporation. Plastic wrap also 

seemed to be helpful in addition to the thicker vinyl canopy. A pyschrometer was used to determine 

the relative humidity and a 2S0 ml beaker was placed inside the canopy to check the evaporation, 

which persisted since the block was not sealed. Room temperature was recorded daily throughout 

the tests. 

3.2.4 Starting Imbibition Tests 

Imbibition tests can be controlled most effectively by placing plates at the starting applied potential 

in a tub adjacent to the block. Then, only slight adjustments are necessary to establish or maintain 

the desired applied suction. If the plates are placed directly on the block without using the tub to 

adjust the mariotte system, there may be too great of an applied potential. Flushing the plates to 

remove air bubbles while the plates are in contact with the block also adds uncertainty to the initial 

volume of solution added to the block until the inflow system has been adjusted (about five to ten 

minutes may be required with two people working together. 

3.2.5 Inflow Setup 

Burettes were less cumbersome than a flow tube setup which required more time for measurements. 



35 

Burettes were less cumbersome than a flow tube setup which required more time for measurements. 

Also, the variance of the applied suction was lower than when a flow tube and a one liter plastic 

bottle was used for the mariotte system. Using a volume approach for flow rates, the burettes 

reduce the number of connections and septum needed. 

3.2.6 Outflow Setup 

The porous plates were used for the matrix portion of the block, while a plastic tube cut at an angle 

for collection of outflow beneath the fracture and some of the adjacent matrix at the bottom of the 

test block (Figure 3.5). A two bar porous plate could not be used beneath the fracture, since the 

fracture has considerably greater conductivity near saturation than the ceramic two bar plate. The 

result is an impeding layer to flow and the solution will move horizontally and not drain into a 

bottom plate. 

3.3.0 Porous Ceramic Two Bar Plates 

Porous ceramic two bar plates were used to deliver a calcium chloride solution to test blocks. Since 

the solution passes through the material when a plate is used, the conductivity of the porous medium 

must be quantified to make accurate calculations of the fluid potential drop across the plates. The 

potential drop across the plate becomes a greater percentage of the total potential when the applied 

suction is near zero and fracture flow becomes significant. At larger suctions, flow is controlled by 

the matrix and the potential drop across the plate is negligible (less than 0.001 cm). 

3.3.1 Calibration Methods 

Haldeman(1988) gave procedures for porous plate use and calibration. These revised procedures are 

included in the appendix. The major changes include the use of suction cups to hold the plates and 

the use of burettes to measure inflow volumes rather than timing a bubble's movement in a pipet 

(see Figures 3.6 and 3.7). Both methods yielded similar results, yet the burette has a more simplified 

measurement procedure. The plastic suction cups easily allowed leveling of the plates. 
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Also, the use of a burette a reservoir has better control over a constant head than wider reservoirs 

(van Genuchten and Wierenga, 1986). 

3.3.2 Use and Clogging of Porous Plates 

As mentioned by Haldeman (1989), removing air from the inflow system and plate is essential for 

accurate measurements. All plates were ultrasonically cleaned before calibration and use. With the 

plates not in use for two months, an 8 to 10 percent reduction in conductance occurred due to 

clogging. After cleaning, the plates were retested and their conductance had returned to their 

originally measured values. The plates were designed to deliver solution under tension, unless water 

is ponded above them as is done in the plate calibration tests. Hence, the maximum fluid potential 

of the plates is zero unless the plates are submerged in solution. To prevent horizontal flow from the 

plates, the ceramic sides were epoxied. The epoxy appears to have little effect on the conductance 

measured (7 percent decrease), suggesting that the epoxy does not penetrate the ceramic material 

significantly. This was shown by measuring a plate before and after its sides were sealed. After 

eight months of use, the plates were again recalibrated and showed decreases of 30 to 40 percent in 

conductance. For the tracer tests, the plates were replaced with ultrasonically cleaned plates and the 

testing period was three months. 

While a 0.005 M calcium sulfate solution is often used in soils experiments to reduce the dispersion 

of clays, a calcium chloride solution was used because chloride was chosen as a tracer. Thymol or 

other biological inhibitors such as phenol or mercuric chloride (Klute and Dirksen, 1986) could be 

used. Not all growth is controlled by a single inhibitor as seen on block two over a period of eight 

months the filter paper at the top of the block appeared to have some mold form, especially at the 

edges of the filter paper. 
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of collection beakers placed beneath a plate.). 

3.4.0 Displacement Transducers 

Linear variable displacement transducers (LVDTs) were calibrated by Haldeman (1988). LVDT 

•umber five was checked a year later and yielded identical calibration results. The smallest 

movement detectable was not determined experimentally. However, the manufacturer (Transtek) 

defines linearity as the deviation from the best straight line passing through zero as plus or minus 0.S 

percent., With a micrometer, calibration results (Haldeman, 1988) were typically 136 mm/volt. 

Using the manufacturer's data, an error estimate of plus or minus 0.007mm/volt or 7 microns would 

be typical if there are no instrument or electrical problems. The input voltage was checked daily and 

varied on the order of 0.001 volts. 

3.5.0 Tensiometrv 

The water filled tensiometer described by Haldeman (1988) was modified in construction and 

calibration. Detailed procedures are included in Appendix B. 

3.5.1 Modified Construction 

The connection assembly was modified by inserting a plastic T to fill the tensiometer with more 

fluid and prevent bubbles from blocking flow with the tensiometer (Figure 3.8). The addition of 

space in the connection assembly to allow gases to escape has been noted by Cassell et. al. (1986). 

3.5.2 Calibration and Use 

The porous ceramic cup is placed in a glass chamber under a partial vacuum prior to use (Figure 

3.9). A vacuum gage pressure transducer was used. The Microswitch transducer (series 161PC01D) 

has a linear range for negative potentials applied to port P2, which can be in contact with wet media. 

The manufacturer's data indicate that negative pressures have a one percent 



COTTON CELLULOSE 
EXTRACTION THIMBLE, 
10 mm 

# I RUBBER 
\STOPPER 

RUBBER 
SEPTUM, 7mm 

I 
TYBON TUBING, 
40mm O.D. 

«? 

WIRE 

POROUS' 
CERAMIC CUP 

ALUMINUM ROD, 
6.4mm LENGTH 
12.7 mm DIA. 

WOOD 
SUPPORT 

ACCESS TUBE 

HEAVY RUBBER TUBING, 
48mm I.O., III mm O.D. 

RUBBER SEPTUM, 7mm 

\ 

D <3 

/ 
RUBBER 
BAND 

161PCOID PRESSURE 
TRANSDUCER 

-WIRE CONNECTION TO 
POWER SOURCE AND 
DATA LOGGER 

NALGENE TEE, 
64 mm O.D. 

I 
ASSEMBLED MICROTENStOMETER 
FILLED WITH DISTILLED 
DEAERATED WATER TO POWER SOURCE 

AND DATA LOGGER 

Figure 3.8 Microtensiomcter construction 



f 

TO 
VACUUM 

PUMP 

STOPCOCK 

\ 

GLASS 
CHAMBER 

VACUUM GAUGE 

WATER TRAP 
(C0SO4) TENSIOMETER 

PLASTIC TUBING 

CLAMP 

\ 

=44= 

DISTILLED 
DEAERATED 
WATER 
\ 

Figure 3.9 Tensiometer preparation and use 



deviation from a best fitting straight line. Calibration of the pressure transducer to various applied 

suctions only checks the transducer and does not adequately calibrate the tensiometer. Also, the 

transducer's linearity sharply decreases in the range zero to ten centimeters of suction. Placing the 

tensiometer against a porous plate of known elevation and flow rate was the calibration method used 

(Figure 3.10). The initial equilibration time remains long, at 30 to 60 minutes. The calibration data 

were broken into two ranges, zero to ten centimeters suction and ten centimeters or greater (see 

Figure 3.11). With the new connection assembly the use of the tensiometer increased from a few 

days to several weeks. The accuracy of the tensiometer readings was based on the calculation of the 

porous plate's applied suction and the values could be repeated to determine the variance. The best 

estimate of the variance (from Figure 3.11) is 3 cm and this accuracy is actually limited by leaks, 

trapped air bubbles, contact, and equilibration time. The contact of the cotton cellulose extraction 

thimble presents more of a problem on the fracture surface of the test blocks rather than the porous 

plate. Leaks or entrapped air in the connection assembly resulted in many readings being spurious. 

The small diameter aluminum tubing seemed more prone to blocked flow from air than a larger 

diameter tubing. Fortunately, readings were noticeably high or low when the tensiometer was not 

functioning properly. 

3.6.0 Tracer Test 

Four slug tests and one step test were run after the wetting front had reached the bottom of the 

block. Slug tests are defined as tests where a tracer was introduced in a pulse followed by the 

original solution, while a step test represents a continuous addition of the tracer. A 0.1 .M calcium 

chloride solution was introduced at the start of each tracer test and the chloride concentration was 

monitored for changes in the background 0.001 M calcium chloride solution. Six ports that reach the 

fracture plane and six ports that stop in the matrix were used to monitor transport within the block. 

A filter paper collection method (used by Chuang, 1988) was used along with a chloride Ion Selective 

Electrode (I.S.E.) to measure changes in the chloride activity. 
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3.6.1 Modified Inflow Setun 

Another burette was added to the inflow system for the plate that covered both fracture and matrix. 

This burette was connected to the inflow tubing of plate position 1-B with a three way glass stopcock 

(Figure 3.12). The second burette was filled with 0.1 M calcium chloride solution. 

3.6.2 Introduction of Tracer 

The inflow system was flushed as quickly a possible (typically 10 to 15 minutes). One test that was 

run without flushing the inflow tubing caused the initial arrival of the tracer to be delayed by several 

days. A quick start has been recommended by Van Genuchten and Wierenga (1986). Hence, the 

inflow tubing must be flushed when running a tracer test, not just turning the valve on the three way 

stopcock. 

3.6.3 Ion-Selective Electrode Methods Modified for Unsaturated Conditions 

As mentioned by Chuang (1988), an increase in the time for sampling with the filter paper when 

checking the chloride potential improves the stability of the I.S.E. reading. As the applied suctions 

increase, longer times are necessary because of the reduced moisture content and flux through the 

fracture. The increased time results in saturated or near saturated filter paper, and stable readings 

can be taken over a half an hour with only a small percentage of variation seen (about 5 to lOmv). 

The longer sampling times result in a time averaged measurement rather than an instantaneous time 

of measurement. Also, a moisture content of 5 to 15 percent for the filter paper environment can be 

measured, while the time for accurate measurement is much shorter than a saturated sample. The 

calibration curve is shown in Figure 3.13, and considers both the aqueous and filter paper 

environments. A best fit curve was estimated from all of the data, since measurement times were 

greatly increased and readings were taken when the filter paper appeared saturated. 

Y = -21.7*ln(X) + 8.64 was used to calculate the chloride concentration, Y, based on the millivolt 

potential, X, taken from the I.S.E.. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1.0 Summary of Rock Characterization 

Earlier work to characterize the tuff (Chuang, 1988; and Haldeman, 1988) has yielded data for block 

number two's matrix. Table 4.0 summarizes their work and data from three cores taken near block 

number three, the densely welded tuff. The porosity values are based on work by Vogt (1988). It 

was difficult to measure the saturated hydraulic conductivity of the three cores, due to their 

extremely low conductivity. High pressures were applied, but the movement of the bubble in the 

flow tube indicated a leak between the tempe cell and the reservoir. Appendix A includes moisture 

release data determined from these cores. 

Table 4.0 Summary of Rock Characterization from Haldeman (1988). 

Block #2 Block #3 
Porosity 0.157 0.0591 
Saturated Hydraulic 
Conductivity (m/s) 6.79 x 10B 8.53 x HJ11 

Permeability (nr' 2.17 x Iff16 8.10 x Iff18 

Dry bulk 
Density (g/cm3) 2.13 2.45 

4.2.0 Transient Tests: Block Numbers Two and Three 

A three plate imbibition test that began in August, 1988 by Chuang and Haldeman continued with 

porous ceramic two bar plates at the top of block number two. The initial potential at the rock-plate 

interface was about 15 cm of suction. The wetting front advanced to the bottom of the block (66.6 

cm) after 239 days. Two outer plates at plate positions 1-A and 1-C covered the rock matrix only 

while a third plate covered a single fracture and some of the adjacent matrix. There was a slight 

discontinuity of the wetting front across the fracture (Figure 4,0) during the first seven days. This 

probably was due to the way the plates were placed on the block and the adjustments to inflow 

system that needed to establish the desired applied suction beneath the porous plates. 
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Figure 4.0 Welting front advance for block number two (66.6 cm vertical distance). Lines are drawn 
with the number of days Indicated. Four faces of the block are shown. 



Infiltration data are plotted by plate position (Figures 4.1.0, 4.1.1, 4.1.2) and cumulative infiltration 

times the reciprocal of the square root of time versus the square root of time (Figures 4.2.0, 4.2.1, 

4.2.2). Figure 4.1.0 shows a fairly constant value of flux for the two matrix plate positions 1-A and 1-

C. This value approaches the saturated hydraulic conductivity determined from the rock 

characterization tests. The flux of the two matrix plates did not change appreciably over the entire 

range of applied suctions. 

The flux beneath the plate position 1-B was less than the two matrix plates for applied suctions of 15 

to 3 cm. The wetting front's continuity across the fracture also supported the inflow data which 

represented matrix controlled flow. Matrix controlled flow persisted until the applied suction was 

lowered to about 2.3 cm, then the flux through the middle plate exceeded the flux of plate positions 

1-A and 1-C. Also, at this time bubbles were flushed through the inflow tubing and the channels 

above the ceramic plates. The procedure was completed in one to two minutes and did increase the 

flow. The bubbles probably originated from air trapped in the block as the wetting front advanced 

or degassing from solution. The latter is prevented by using deaerated, distilled water, while the air 

leaks in the plastic canopy could lead to reaeration of the solution. Leaving the air bubbles in the 

inflow tubing would have permitted more bubbles to collect and further restrict flow. The 

appearance of bubbles was not a problem during the tracer tests, which required flushing of the 

inflow system to change the chloride concentration. Alternatively, the air bubbles could have been 

left in the tubing to avoid changing the potential at the top of the block, while the diameter of the 

inflow tubing available for flow would decrease. 

A line of best fit was applied to different segments of the data based on applied suction values of the 

Philip's analysis. Similarly, inflow data were analyzed for block number three. Three segments of 

the graph were fit based on changes in applied suction to the top of the block (see Figures 4.2.3, 

4.2.4, and 4.2.5). Figure 4.2.5 has data that reflect a second shift in slope within the line of best fit; 

however, this is due to a change in contact media from filter paper to fine sand. 
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Figure 4.1.0 Flux versus time. Block number two, partially welded tuff with three plate positions, 1-
B covers matrix and a single fracture while 1-A and 1-C cover matrix only. Plates are positioned at 
the top of the block with 0.001 M CaCl, solution delivered from mariottc system. Flux values are 
filtered with a five point floating average. 
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Figure 4.1.1 Flux versus time. Block number two, partially welded tuff with three plate positions, 1-
B covers matrix and a single fracture while 1-A and 1-C cover matrix only. Plates are positioned at 
the top of the block with 0.001 M CaC  ̂solution delivered from mariotte system. Flux values are 
filtered with a five point floating average. 



54 

2JSQE—008 -

•g 
O 2JSOE-OOB 
© 
u 

u 
v 
a 
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Figure 4.1.2 Flux versus time. Block number two, partially welded tuff with three plate positions, 1-
B covers matrix and a single fracture while 1-A and 1-C cover matrix only. Plates are positioned at 
the top of the block with 0.001 M CaClj solution delivered from mariotte system. Flux values are 
filtered with a five point floating average. 
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Figure 4.2.0 Philip's equation for plate positions 1-A, 1-B, and 1-C. ft"2 versus t1/2 for block 
number two. Line of best fit for data with an average applied suction at the bottom of the plate of 
15 cm. Infiltration data from August 3,1988 to Apnl 9,1989. 
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Figure 4.2.1 Philip's equation for plate positions 1-A, 1-B, and 1-C. It1 versus t for block 
number two. Line of best fit for data with an average applied suction at the bottom of the plate of 
12 to 3 cm. Infiltration data from August 3,1988 to April 9,1989. 
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Figure 4.23 Philip's equation for infiltration into block number three, densely welded tuff. It 
versus t plotted. Two plates cover the fracture and some matrix. Nine days at an average applied 
suction at the bottom of the plates of 12 cm. 
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Figure 4.2.4 Philip's equation for infiltration into block number three, densely welded tuff. It 
versus t plotted. Two plates cover the fracture and some matrix. Forty-nine days at an average 
applied suction at the bottom of the plates of 55 an. 
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Figure 42Ji Philip's equation for infiltration into block number three, densely welded tuff, it1'2 

versus t plotted. Two plates cover the fracture and some matrix One hundred days at an 
average applied suction at the bottom of the plates of 0 cm. 
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Equation 2.5 should be used when a constant potential is applied to a dry block. Any changes in the 

applied potential will lead to sorptivity values that are not comparable. Also, the hydraulic 

conductivities calculated from equation 2.5 are a function of the applied suction. 

The hydraulic conductivities of matrix and fracture were determined from the slope of the best fit 

lines of Figures 4.2.0, 4.2.1, and 4.2.2. This value for the fracture was an order of magnitude higher 

than the surrounding matrix plate positions. The conductivity could be attributed solely to the 

fracture or the amount believed to be contributed from the matrix could be subtracted. Assuming a 

250 micron aperture of the fracture, then flow entering the fracture was calculated by subtracting the 

flow entering the matrix for the area of the middle plate minus 250 microns multiplied by 20.1 cm 

(the cross sectional area of the fracture beneath the middle plate). Then, the values can be changcd 

into transmissivities by dividing by the length of the porous body perpendicular to flow (20.1 cm). 

This analysis assumes that flow is vertically downward. 

The Philip's equation analyses and the flux versus time data for block number two are summarized 

in Table 4.1 and 4.2. The Philip's equation analysis for block number three is given in Table 4.3. 

Next, fracture transmissivity was estimated for the time segments that were not matrix controlled 

(Table 4.4). If channeling exists, the estimation may not be as straightforward as dividing the flow 

rate by the fracture length perpendicular to flow. Hence, fracture length was taken as a maximum as 

the entire length of the fracture and a minimum as one fourth of that length. Without continuous 

sampling along the y axis at every depth, z, any channel width could be chosen. 



Table 4.1 Summary of inflow data for block number two as the wetting front advanced prior to 
tracer tests. Standard deviation = (std.). All flux values are multiplied by 10". 

Plate Position: 
Parameter 1-A 1-B 1-C 

Suction (cm) 
from: Avg. 15.05 

G3-Aug-88 Std. 1.63 
14.61 

2.72 
15.22 
1.92 

to: Flux (™/s) 
18-Nov-88 Avg. 930 

Std. 2.64 
625 
332 

8.76 
2.65 

Suction (cm) 
from: Avg. 4.96 

19-Nov-88 Std. 337 
434 
3.49 

539 
3.40 

to: Flux (m/s) 
05-Jan-89 Avg. 8.72 

Std. 0.52 
5.71 
036 

735 
0.65 

Suction (cm) 
from: Avg. 0.42 

06-Jan-89 Std. 136 
0.49 
1.47 

038 
1.68 

to: Flux (m/s) 
09-Apr-89 Avg. 8.94 

Std. 1.85 
1530 
5.82 

6.08 
1.95 

Table 4.2 Summary of infiltration data for block number two 
using Philip's equation. Slope (m/s) is multiplied times 109. 

Suction y-axis 
Plate 
Position 

Range 
(cm) 

intercept 
ftn/daiM 

Slope 
fmAtt (xl0Bm 

1-A 15 0.000348 0.000758 8.78 
1-B 15 0.000232 0.000337 3.91 
1-C 15 0.00171 0.000571 6.61 

1-A 12 to 3 0.000544 0.000744 8.61 
1-B 12 to 3 0.00110 0.000453 5.25 
1-C 12 to 3 0.00248 0.000519 6.01 

1-A 
1-B 
1-C 

2 to 0 -0.000006 
2 to 0 -0.00222 
2 to 0 0.00484 

0.000775 8.97 
0.00226 26.1 
0.000338 3.91 
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Table 4.3 Summary of infiltration data for block number three 
using Philip's equation. Slope (m/s) is multiplied times 1CP. 

Suction y-axis 
Number Range intercept Slope Slope 
of Days fm/da\P  ̂ fm/dl fxlcPm/s') 

9 12 0.000277 0.00113 13.1 

49 5.5 0.00200 0.000704 8.15 

100 0 0.00153 0.00104 12.0 

Table 4.4 Fracture transmissivity estimates for block number two 
during transient flow test. All values except suction are multiplied 
by Iff. 

Transmissivity estimates for fracture 
Applied Fracture Matrix Length assumed to equal: 
Suction Flux Flux 20.1 cm 10.05 cm 5.025cm Data 

(cm) flcPm/s  ̂ (l(? m2/s) Source 

0.5 5.84 5.63 0.178 0.356 0.712 A 
4.5 4.69' 6.77 
14.6 4.28" 6.03 

2 to 0 14.75 4.83 0.449 0.898 1.80 B 
12 to 3 3.94* 5.48 
15 2.93* 5.77 

* Denotes fracture flux was less than or equal to matrix flux, so transmissivity was not calculated. 
Also, this value is a composite of matrix and fracture flow. 

A Inflow data from transient flow tests. 
B Philip's equation applied to transient flow tests. 

Evaporation within the canopy was estimated by three methods. First, changes in the solution level 

of a 250 ml beaker placed within the canopy were observed over a known time. Secondly, using the 

wetting front advance, cumulative infiltration volume, and the porosity, a mass balance of the 

solution volume was calculated with the difference being attributed to evaporation losses. A third 

method assumed that the flux at 15 cm suction for the three plate positions should be identical. Any 
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difference between plate positions is attiibuted to evaporation. The outer plate positions with 

greater surface area of the block open to evaporation had higher fluxes while the flow was matrix 

controlled. Results from the three methods are summarized in the Table 4.5. These methods yield 

evaporation estimates ranging from 3.1 to 44 percent with the highest estimates coming from the 

third method. These results are particularly disappointing for the earlier, transient tests at higher 

suctions and matrix controlled flow. The evaporation during tracer tests appears to be less because 

of the higher flow rates and due to the greater the wetted volume of block. The first method was 

applied throughout the block experiments and decreased from 27 to 3.1 percent of the fracture flux 

for August 1988 to August 1989. The mass balance approach is the most direct and the best 

approach. Unfortunately, this most reliable method, could not readily be extended to all tests since 

the unsaturated conditions did not permit outflow to be measured in four out of five tests. Another 

concern about evaporation estimates prior to June 15th (when metal dividers were placed between 

plates) is that the solution might have flowed across the block toward the fracture. 

Table 4.5 Summary of evaporation estimates 
Block #2 Evaporation 

Test Date Date Rate Percent 
Block From To fml/davl Inflow Method 

two 03-Aug-88 15-Apr-89 0.74 273 I 
15-Apr-89 10-May-89 0.60 13.7 I 
10-May-89 10-Aug-89 027 3.1 I 

three 12-Jan-89 10-May-89 1.65 4.7 I 
17-May-89 24-Jul-89 235 3.4 I 

two 03-Aug-88 31-Jan-89 3.40 9.7 n 
03-Aug-88 29-Apr-89 4.58 6.6 n 

two 03-Aug-88 22-Nov-88 9.70 44.4 ni 
22-Nov-88 06-Jan-89 8.12 40.4 m 

Methods used: 
I 250 ml beaker placed inside canopy 
II Mass balance based on inflow and wetting front 
III Differences in flux between plates attributed 

to evaporation 
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Also, the resulting fluxes of the outer plates might be higher because of flow across the filter paper 

and down the sides of the block, especially if the pulped filter paper in the fracture acted as a barrier 

to flow when compared to the original retention rating of the filter paper. 

Pychrometric measurements indicated a very high relative humidity (i.e. greater than 90 percent). 

Some evaporation was evident when water vapor condensed inside the plastic canopy. Laboratory 

temperature and humidity were monitored in May and July, 1989. The room did not maintain a 

constant temperature or humidity with the standard deviation of the temperature equal to a 

maximum of 25 degrees Celsius (see Table A.l in Appendix A). 

All inflow data should be compared to the applied suction at the top of the block with the knowledge 

that the actual suction in the block is higher. Tensiometry supports this by always measuring a 

higher suction in the block than the calculated applied suction. Hence, any transmissivities recorded 

as a function of suction should be noted as an applied suction if inflow data are used. 

4.3.0 LVDT Measurements 

The three LVDTs used on block number two have results tabulated (Table 4.6). 

Significant increase in voltage output (decrease in coil separation) occurred between August and 

November 1988. While far less movement occurred from November 1988 to August 1989. The 

initial testing torque of 30 foot-pounds applied to the inner frame would likely have contributed to 

the apparent compression normal to the fracture plane. However, a change of 800 microns appears 

to be quite large, and a geochemical reaction such as the dissolution of clay material or fragments of 

tuff wedged in the fracture during drilling may offer a more complete answer. The initial outflow 

was collected from both fracture and matrix and will be analyzed as part of another project. Trace 

concentrations of dissolved minerals might support the hypothesis that dissolution was affecting the 

fracture aperture. The calibration was checked for LVDT number four and measurement or 

mechanical error does not seem likely. Also, the 30 ft-Ibs torque applied to the inner frame of block 
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Table 4.6 LVDT recorded displacements for block number two. 
Changes from the initial transducer setting are in microns. 
Positive values indicate a decrease and negative values an 
increase in displacement. The change for the given dates 
is shown in parentheses, z denotes vertical distance 
downward from the top of the block. 

LVDT 1 LVDT 2 LVDT 3 
Start End Face S Face 3 Face 3 
Date Dal£ z « 31cm z « 11cm z = 53cm 

05-Aug-88 16-Nov-88 79956 86.08 79.82 
(799-56) (86.08) (79.82) 

17-Nov-88 09-Apr-89 835.87 13727 126.88 
(3631) (51.19) (47.06) 

10-Apr-89 22-May-89 810.58 15024 123.93 
(-2529) (12.97) (-2.95) 

23-May-89 23-Aug-89 815.81 157.45 125.14 
(523) (721) (121) 

number two is considerably more than block number one, which had a relatively small increase of 

displacement after twenty days. As discussed in sections 435 and 4.6.0, the anomalous LVDT 

reading is near face three of block two where breakthrough of the chloride tracer is blocked or 

greatly delayed. 

4.4.0 Tensiometrv 

Through November, tensiometer data indicate a suction gradient still existed (Table 4.7). After the 

wetting front had reached the bottom, the data reflected a unit gradient (Table 4.7.1). The later 

data, after the tensiometer was modified and recalibrated with a porous plate, are considered more 

reliable. Additional data are included in Appendix A while the data reflecting a unit gradient in 

Table 4.7.1 are representative of the tensiometer readings taken during the tracer tests. Some data 

were recorded that were too close to the pressure transducer's nonlinear range to interpret based on 

the calibration data (Figure 3.0). These data points were recorded as zero cm of suction and 

suggested that an air Isak or bubble may be present in the connection assembly of the tensiometer. 
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4-5 0 Tracer Tests 

Four slug tests and one step test were conducted on block number two. For each test the 

concentration of the calcium chloride solution was changed from 0.001 M to 0,1 For the slug 

tests the solution was changed back to 0.001 after 48 hours. Each of the five tests are discussed 

in the next Gve sub-sections. The relative concentration of chloride versus time was plotted for each 

tracer test sampling port (Figures 4.3.0 through 4.73 and Figure 4.11). Each concentration value 

was plotted by taking an arithmetic average of the maximum and minimum value of chloride 

concentration recorded using the I.S.E.. From the two data points a standard deviation was 

calculated for each time. 

Table 4.7.0 Tensiometer Data 
4F-1A denotes face four, fracture port 1A 

Applied 
Date 4F-1A 4F-1B 4F-2A 4F-2B cm suction 
20-0ct 20 20 35 35 15 
31-Oct 21 18 28 23 15 
01-Nov 18 15 30 24 15 

18-Nov 15 11 21 17 12 

22-Nov 12 19 11 12 10 

09-Dec 14 18 19 19 3 

Applied suction values +/- 0.5cm. 
Tensiometer values may vary 1 to 3 cm. 

Vertical distance to center of port (cm) from 
top of test block: z ("depth 
4F-1A 6.0 9.9 
4F-1B 6.0 10.1 
4F-2A 24.8 9.8 
4F-2B 29.8 11.0 
4F-3A 61.2 9.9 
4F-3B 612 10.6 

6M-1 25 3.8 
6M-2 4.4 6.0 
6M-3 6.9 3.7 
6M-4 9.8 6.5 
6M-5A 19.9 3.6 
6M-5B 20.0 3.7 



Table 4.7.1 Tensiometer Block Two, June through August 

Corrected 
Sampling Reading Output Suction 

Date Time Port (Volts) f volt si (cm water) 
15-Jun-89 15:26 4F-3B 0.629 -0.37 0.00 
19-Jun-89 08:30 4F-3B 0.700 -0.30 0.00 
21-Jun-89 20:17 4F-3B 0.665 -0.33 0.00 
24-Jun-89 06:59 4F-3B 0.731 -0.27 0.00 
26-Jun-89 21:05 4F-3B 0.755 -0.24 0.00 
06-JuI-89 09:45 4F-3B 0.755 -0.24 0.00 
17-Jul-89 09:52 4F-2A 2.267 1.27 18.26 
17-Jul-89 13:28 4F-2B 2.608 1.61 23.17 
17-Jul-89 13:40 4F-1A 2.510 1.51 21.75 
17-Jul-89 13:45 4F-1B 2.474 1.47 21.24 
17-Jul-89 13:56 4F-3B 2.470 1.47 21.17 
17-Jul-89 14:03 4F-3A 2.811 1.81 26.08 
17-Jul-89 20:51 6M-4 2.526 1.53 21.98 
19-JuI-89 10:25 6M-4 2.865 1.87 26.87 
20-Jul-89 12:46 6M-4 2.729 1.73 24.90 
21-Jul-89 13:30 6M-4 2.814 1.81 26.13 
22-Jul-89 07:27 6M-4 3.238 2.24 32.23 
23-Jul-89 08:02 6M-4 3.085 2.08 30.02 
26-Jul-89 10:10 6M-4 2.441 1.44 20.75 
27-Jul-89 13:07 4F-1B 2.528 1.53 22.00 
27-Jul-89 14:10 4F-2A 2.268 1.27 18.27 
27-Jul-89 15:29 4F-2B 2.296 1.30 18.66 
27-Jul-89 17:09 4F-1A 2.205 1.21 1735 
27-Jul-89 17:11 6M-4 2.091 1.09 15.72 
28-Jul-89 13:03 6M-4 1.868 0.87 12.51 
30-Jul-89 16:32 6M-4 1.602 0.60 8.68 
31-JuI-89 20:40 6M-4 1.983 0.98 14.16 
Ol-Aug-89 12:11 6M-4 2.289 1.29 18.57 
07-Aug-89 09:51 6M-4 2.422 1.42 20.48 
07-Aug-89 10:24 4F-1A 2.397 1.40 20.12 
07-Aug-89 15:23 4F-1B 2.032 1.03 14.86 
07-Aug-89 16:37 4F-2A 1.737 0.74 10.62 
07-Aug-89 17:10 4F-2B 1.878 0.88 12.65 
09-Aug-89 12:34 6M-4 2.898 1.90 27.33 
10-Aug-89 12:57 6M-3 2.454 1.45 20.94 
ll-Aug-89 12:56 6M-3 2.376 1.38 19.83 
28-Aug-89 09:45 6M-3 2.493 1.49 21.50 
06-Sep-89 13:00 6M-3 1.929 0.93 13.38 
06-Sep-89 14:31 4F-1A 1.425 0.43 6.13 
06-Sep-89 14:44 4F-1B 1.423 0.42 6.10 
06-Sep-89 14:51 4F-2A 1.331 0.33 7.35 
06-Sep-89 15:45 4F-2B 1.597 0.60 8.60 
06-Sep-89 15:57 4F-3A 1.332 0.33 7.37 
06-Sep-89 16:29 4F-3B 1.372 0.37 8.27 
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4.5.1 Tracer test one 

For the IS day test, the potential applied to the top of the block was near zero. Inflow and outflow 

were measured. The volume of inflow and outflow increased three days after the test began from 

about 25 ml/day to 70 ml/day. An outflow collection system (Figure 33) did collect an 

approximately equal volume of outflow beneath the fracture as the volume that was recorded for 

inflow to the entire top of the block. The relative concentration never exceeded 0.19 in any access 

port (see Figures 43.0, 43.1, 432). The flow from the matrix plates appears to have been flowing 

across the top through the sand layer and down the fracture. Five days passed before any 

breakthrough was noted because the system was not flushed and the 0.1M CaC12 solution had to 

travel the length of the inflow tubing before reaching the top of the block. This method of starting 

the tracer test lead to diffusion prior to reaching the porous plate. Before the plates and inflow 

tubing were flushed of the 0.1M CaC12 solution, a sample was taken from the plate that confirmed 

0.1M CaCl2 was passing through the middle plate. Drips at the bottom of the block covered only 

one half of the fracture (face 5 of block two). Consequently, flow seemed to preferentially occur 

near ports 4F-1A, 4F-2A, and 4F-3A. The fracture (estimated volume 13ml, if a 100 micron 

aperture assumed) appeared to be filling and draining. Since the fracture could be filling or draining 

when measurements are taken, the differences in inflow and outflow could be explained by this 

sporadic flow. The access ports 4F-1B, 4F-2B, and 4F-3B seemed to be unchanged in chloride 

concentration. At 4F-3B it was particularly difficult to obtain enough sample and was not monitored 

in subsequent tests. 

4.5.2 Tracer test two 

The potential was lowered to about 3 cm of suction applied to the top of the block. The plates 

covering the matrix were lowered to about 7 cm of suction to prevent mixing along the top of the 

block that occurred in the first test. Once the matrix plate potential was lowered, no outflow 

occurred. The test was started by flushing the inflow system with 0.1M CaC12 solution which flowed 
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Figure 43.0 Tracer test one, 0.1M calcium chloride introduced for 48 hours with 0.001M background 
concentration. Relative concentration of chloride versus time was plotted for each fracture sampling 
port located at a vertical distance (z) from top of block. 
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through the middle plate for 50 hours before flushing with 0.001M CaC12 solution. The test duration 

was 16 days. Breakthrough was again seen in 4F-1A (at 31-5 hours at a vertical distance of 5.5cm) 

and in 4F-2A (at 612 hours at a vertical distance of 24.7cm). The relative concentration did 

approach 1.0 but the variance was large due to a greater range of chloride electrode values that 

occurs when the filter paper is not wet enough (see Figures 4.4.0, 4.4.1, 4.4.2). The sampling time 

was increased from a few minutes to 10-30 minutes to give more reliable measurements. Flow was 

preferentially excluded from ports 4F-1B and 4F-2B. 

4.53 Tracer test three 

Two sheets of brass wrapped in plastic were placed as dividers between the plates to prevent mixing 

along the top of the block. Five cm of suction were applied to the top of the block and a 0.1M 

CaCl2 was introduced through the middle plate for 48 hours. Microtensiometer measurements 

indicate the block's water potential at the start of the test was about 10-15 cm. I.S.E. methods 

were standardized for unsaturated flow. A longer sampling time (10-30 minutes) for the filter paper 

was needed to collect enough sample. Potential difference readings seem to stabilize to a smaller 

range (within 1 to 10 millivolts) after 45 seconds. The highest and lowest potential readings were 

recorded at 45 to 60 seconds by moving electrodes to different sampling points on the piece of filter 

paper. The potential measurements tend to fall for the first 30 or 45 seconds before stabilizing. It is 

essential that the filter paper remain wet (Le. visible color change) otherwise adsorption of the 

bridge solution to the filter paper will lead to higher chloride readings. Breakthrough curves had 

much lower variances using the above methods, while the third tracer test reached a maximum 

relative concentration of .6 to .4 in ports 4F-1A and 4F-2A (see Figures 45.0, 4.5.1, 4.5.2). 

4.5.4 Tracer test four 

Flow rates dropped dramatically from test 2 to test 4 over a 5 cm difference in suction applied to the 

top of the porous plates. Very little to no change in the concentrations at any sample port occurred 
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Figure 4.4.1 Tracer test two, 0.1M calcium chloride introduced for 48 hours with 0.001M background 
concentration. Relative concentration of chloride versus time was plotted for each fracture sampling 
port located at a vertical distance (z) from top of block. 
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(see Figures 4.6.0, 4.6,1, 4.6.2), while an approximately equal flux through the three plates suggested 

that the flow was matrix controlled. A very weak change in concentration occurred, and diffusion 

probably played a greater role because of the slower velocity. 

4.5.5 Tracer test five 

A final tracer test was run by flushing the inflow system with 0.1 M calcium chloride solution. The 

test continued until all ports approached the input concentration or until no significant change was 

seen (see Figure 4.7.0, 4.7.1, 4.7.2). Breakthrough at three weeks remained restricted to ports 4F-

1A, 4F-2A, 4F-3A, and 4F-1B. Clearly 4F-2B and 4F-3B are not in the same flow path as the other 

ports. The preferential flow of earlier tests also suggests that flow through the ports closest to face 

five (4F-1A, 4F-2A, and 4F-3A) is much more likely to occur. Ports 4F-2B and 4F-3B are closest to 

LVDT #3 which had seven times more decrease in the transducer spacing as compared to the other 

two LVDT's which are located closer to sampling ports that had measurable breakthrough. The 

inflow probably stopped for about 24 hours due to a leak which caused the mariotte system not to 

function properly. 

4.6.0 Summary of Flow and Transport Data 

The data are consistent throughout the tracer tests, suggesting that flow preferentially occurs in one 

half of the fracture closest to face five. A concentration profile (Figure 4.8) versus longitudinal 

distance showed this marked difference in the two sets of access ports (those labeled with "A'and 

~B'). Figure 4.9 shows contours from six data points selected at time equal to 672 hours clearly 

demonstrates the preferential flow. Consistently delayed or blocked from flow, the 'B' series of ports 

are closest to face three where LVDT #3 recorded a significant closure of the fracture prior to the 

tracer tests. 

The mean residence times (1 )̂ reflect this trend except when no breakthrough occurred, such as the 
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Figure 4.6.1 Tracer test four, O.IM calcium chloride introduced for 48 hours with 0.001M background 
concentration. Relative concentration of chloride versus time was plotted for each fracture sampling 
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Figure 4.7.1 Step test using 0.1M calcium chloride solution. Relative concentration of chloride versus 
time was plotted for each fracture sampling port located at a vertical distance (z) from top of block. 



4F-3B 
z » 61.2ca 

I 
) 

. ;  

8.40 

0100 
MM 

1km D^wd (Heura) 
IJOO 

IJM 

OjOO 
B 3MM 
Tkm OopwJ (Horn) 

•\xa 

Figure 4.7.2 Step test using 0.1M calcium chloride solution. Relative concentration of chloride versus 
time was plotted for each fracture sampling port located at a vertical distance (z) from top of block. 



Rokxtfa Concentration 
AM AM 0.40 0.10 OJO 1.00 

OJO * •'*•' '111111 -< 

-20X0 

-30.00 -

*7247 IN 

111.13 IN 
M107 TN 

I I I I M I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  11 M J 111111 I 
oio 1. 

aoo 

-laoo 

-20X0 O1. 

-30X0 

Relatlvo Concentration 
0X0 020 0.40 OF0 080 

0 . 

-70X0 

—40.00 -G —40,00 • 

-30X0 ?-50.00 -

-00.00 

-70X0 

1X0 

3.12 tire 

-20X0 

C -30.00 

•72.12 TN 

ni i i i i i i i i i i in i i i i i i i i in i i  i i i i i i i i i i i i  

aoo 

-10X0 

-20X0 

—30X0 

-40.00 

-60X0 

-eoxo 

70X0 

( A )  (B) 

Figure 4.8 Longitudinal profile vs. relative concentration 
from step test for ports that reach the fracture surface. 
A) 4F-1A, 4F-2A, 4F-3A and B) 4F-1B, 4F-2B, and 4F-3B. 

00 -J 



88 

OjOO 20.00 

-6.10 -

a 
5 
_ -38.10 
a 

"o*-44.10 
§ 

-36.10 

-66.10 

.97 .96 

.74 

.13 

.34 .13 

(A) 

6.10-

-16.10 

S -26.10 

_ -36.10 

9-46.10 

-36.10 -

-66.10 

(B) 

Figure 4.9 Longitudinal profile versus relative concentration from step test of block number two, for 
all ports that reach the fracture surface at 672 hours. Six data (A) were used to contour (B). 



matrix controlled flow observed during tracer test four(see Table 4.8). 
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Matrix ports throughout all five tracer tests did not show any large changes in concentration of 

chloride (Table 4.9). Some chloride breakthrough was detected at the end of the last test yet this 

may not be due solely to the fifth tracer test. The relative concentration reached a maximum of 0.23 

and 0.31 in ports 6M-1 and 6M-2, respectively. The lower matrix ports showed no significant 

chloride concentration. The observations in the upper matrix ports are not in agreement with the 

model proposed by Rasmussen (1988), while the evidence is not conclusive, especially due to an 

insufficient number of sampling ports. Specifically, when the measurable fracture flow is observed, 

physical barriers to flow are necessary to prevent convergent flow through the contact media. With 

matrix controlled flow, this situation has not been observed (due to evaporation) but could occur. 

The flux versus applied suction during the tracer tests reveal an order of magnitude drop in the flux 

of plate position 1-B (Table 4,10, Figure 4.10). Plate positions 1-A and 1-C were averaged to obtain 

a matrix flux. Then, this value was subtracted from the flux for plate position 1-B. This subtraction 

may underestimate the fracture flow if all of the flow beneath the middle plate is actually entering 

the fracture. Also, only 75 percent of the fluxes were used to account for an estimated 25 percent 

evaporation rate. This value is much higher than the 3.1 percent of flux evaporation rate calculated 

during the tracer test. The method I for evaporation (Table 4S) underestimated the evaporation by 

approximately 25 percent when compared with the method Hi's estimate. Transmissivity was 

calculated from this data using a 44 percent loss of inflow due to evaporation (Table 4.11, Figure 

4.11). Again, this applied suction is less than the potential measured within the block which was 15 

to 20 cm of suction. Transmissivity estimates were made not solely with the block's entire length of 

the fracture perpendicular to flow to account for smaller channels. Due to the limited number of 

sampling ports used, the actual channel width is not known. 



Tabic 4.8 Summary of tracer test temporal moments 
for block number two. tm = mean residence time 

st = standard deviation 

Test # one two three 
Type slug 48 hrs. slug 48 hrs. slug 48 hrs. 
Duration 377.9 hrs. 360-5 hrs. 216.5 hrs. 
Moment tm st tm st tm st 
Port 
4F1A 198.0 67.2 64.0 47.8 65.7 392 
z = 5.5 cm 

4F1B 184.6 111.0 111.1 69.8 96.0 63.5 
z = 5.2 cm 

4F2A 2063 50.7 853 495 78.8 53.4 
z = 24,7 cm 

4F2B 2063 863 100.7 77.2 86.1 63.8 
z = 29.8 cm 

4F3A 215.2 58.4 85.4 67.4 89.4 57.2 
z = 61.2 cm 

Test # four five 
Type slug 48 hours step 
Duration 191.5 hours 672.1 hours 
Moment tm at tm & 
Port 
4F1A 79.8 46.7 286.1 199.0 
z = 5.5 cm 

4F1B 79.8 55.1 360.6 1783 
z = 52 cm 

4F2A 77.8 54.6 288.4 195.2 
z = 24,7 cm 

4F2B 77.4 563 350.0 1972 
z • 29.8 an 

4F3A 77.2 532 3623 171.6 
z - 612 cm 

4F3B — — 378.1 177.7 
z = 612 cm 



Table 4.9 Fracture solute transport test data 
Sampling ports: Matrix 

Face..6 Elapsed Cone. 1 Cone. Relative Relative 
Port Date Time max min Cone. Cone. 
Sampled fhrl nvn nvn max mm 
Ml: z = 25 cm 
Ml 05-Jun *0.95 0.0006 0.0006 0.006 0.006 
Ml 21-Jun 389.75 0.0008 0.0004 0.008 0.004 
Ml 06-Jul 743.62 0.0045 0.0024 0.045 0.024 
Ml 17-Jul 1002.17 0.0050 0.0018 0.050 0.018 
Ml 10-Aug 1579.78 0.0020 0.0015 0.020 0.015 
Ml 06-Sep 2207.62 0.0308 0.0227 0308 0227 

M2: z = 4.4 cm 
M2 05-Jun -0.77 0.0014 0.0014 0.014 0.014 
M2 21-Jun 389.78 0.0012 0.0010 0.012 0.010 
M2 06-Jul 743.67 0.0021 0.0009 0.021 0.009 
M2 17-Jul 1002.20 0.0024 0.0010 0.024 0.010 
M2 10-Aug 1579.83 0.0028 0.0024 0.028 0.024 
M2 06-Sep 2207.68 0.0352 0.0311 0352 0311 

M3: z - 6.9 cm 
M3 05-Jun -0.45 0.0009 0.0009 0.009 0.009 
M3 21-Jun 389.88 0.0013 0.0008 0.013 0.008 
M3 06-Jul 743.70 0.0013 0.0008 0.013 0.008 
M3 17-Jul 1002.47 0.0038 0.0010 0.038 0.010 
M3 10-Aug 1579.90 0.0016 0.0014 0.016 0.014 
M3 06-Sep 2207.85 0.0043 0.0037 0.043 0.037 

M4: z = 9.8 cm 
M4 05-Jun -032 0.0007 0.0007 0.007 0.007 
M4 21-Jun 389.85 0.0024 0.0012 0.024 0.012 
M4 06-Jul 743.83 0.0029 0.0010 0.029 0.010 
M4 17-Jul 1002.45 0.0059 0.0035 0.059 0.035 
M4 10-Aug 1580.73 0.0091 0.0081 0.091 0.081 
M4 06-Sep 2207.73 0.0125 0.0102 0.125 0.102 

M5A: z = 19.9 cm 
MSA 10-Aug 1580.87 0.0021 0.0015 0.021 0.015 
MSA 06-Sep 2207.88 0.0037 0.0028 0.037 0.028 

MSB: z = 20.0 cm 
MSB 05-Jun -020 0.0006 0.0006 0.006 0.006 
M5B 21-Jun 389.90 0.0010 0.0009 0.010 0.009 
M5B 06-Jul 743.87 0.0012 0.0008 0.012 0.008 
M5B 17-Jul 100250 0.0020 0.0010 0.020 0.010 
MSB 10-Aug 1580.82 0.0027 0.0023 0.027 0.023 
M5B 06-Sep 2207.95 0.0026 0.0019 0.026 0.019 



Table 4.10 Flux versus suction data for tracer tests 
Flux values multiplied by ten raised to the 9th power 
Standard deviation = std. Block number two. 

Tracer Applied Avg.Suction 
1989 Test Plate Flux Suction Manometer 

Date Number Position _ fm/s) (cm\ fcrrrt 
21-Jun 1 1-B 28.0 -1.02 -1.1 

std. 10.9 0.20 02 
16-Jul 2 1-B 31.7 -1.89 -2.0 

std. 9.64 0.85 0.9 
27-Jul 3 1-B 162 2.61 2.6 

std. 3.64 0.89 0.9 
04-Aug 4 1-B 6.41 5.43 5.4 

std. 0548 0.02 0.0 
05-Sep 5 1-B 283 -1.73 -1.8 05-Sep 

std. 4.07 0.09 0.1 

21-Jun 1 1-A 28 1.69 1.7 
std. 10.5 0.19 02 

16-Jul 2 1-A 5.17 5.43 5.4 
std. 155 036 0.4 

27-Jul 3 1-A 4.4 5.68 5.7 
std. 1.12 0.07 0.1 

04-Aug 4 1-A 6.24 550 55 04-Aug 
std. 0-508 0.15 0.2 

05-Sep 5 1-A 2.88 3.92 3.9 
std. 324 0.87 0.9 

21-Jun 1 1-C 165 139 1.4 
std. 5.91 0.08 0.1 

16-Jul 2 1-C 224 5.40 5.4 
std. 1.00 055 0.6 

27-Jul 3 1-C 1.92 5.80 5.8 
std. 0.468 0.25 03 

04-Aug 4 1-C 2.72 5.86 5.9 04-Aug 
std. 0.976 030 03 

05-Sep 5 1-C 1.18 3.97 4.0 05-Sep 
std. 153 0.78 0.8 
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Figure 4.10 Summary of tracer test data for three plate positions on block number two. The 
arithmetic average of the flux vs. the applied suction for each plate for each of the five tracer tests. 
Plate position 1-B covers a single fracture and some matrix while the other plate positions cover the 
matrix only. 
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Table 4.11 Transmissivity estimates for the fracture of 
block two. All values except suction values are 
multiplied by 10 raised to the negative 9th power. 

Transmissivity estimates for fracture 
Applied Fracture Matrix Length assumed to equal: 
Suction Flux Flux 20.1cm 10.05cm 5.025cm Data 

fcml Cm/s  ̂ (m/s\ fsauare meters oer second  ̂ source 
-1.73 19.70 1.52 0.600 120 2.40 A 
-1.89 21.00 2.78 0.639 128 2L56 B 
-1.02 17.18 16.69 0.523 1.05 2.09 C 
2.61 9.78 231 0298 0.596 1.19 D 
5.43 138 336 0.0420 0.0840 0.168 E 

A Inflow data for steady state tests, tracer test #5. 
B Tracer test #2. 
C Tracer test #1. 
D Tracer test #3. 
E Tracer test #4. 

Note that flow converged across top of block during test one 
with the plates covering the matrix and fracture converging 
to the fracture. Test one's transmissivity may be ten 
times greater because inflow from the outer plates entered 
the fracture directly. Length is taken parallel to x-axis (fig.2.0) 

Chuang (1988) noted that the most important factor to reduce experimental error is getting filter 

paper wet enough, or increasing the volume of the sample adsorbed by the filter paper. A greater 

volume was achieved with longer sampling times, and the resulting concentration is then the average 

concentration over several minutes to an hour for unsaturated conditions. 

From these tracer tests, an effective channel aperture could be back calculated from an equation 2.21 

by Tsang (1989): 
b = (C/Co)Vq/LW 

The channel width could be assumed as the same as the sample port diameter or as large as one half 

of the block. Tsang et aL (1989) states that the path may be up to two times the straightline distance 

that a particle has to travel to reach a sampling point. This leads to a range of values given in Table 

4.12. From these values, transmissivity can be calculated using the cubic law. The range of values 

depends on the value for b (see Table 4.13); 
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Table 4.12 Effective aperture calculated 
from after Tsang (1989). Data are from 
step test lasting 672 hours. 

Flow rate Q = 
13E-10 cubic meters per second 1 2 

44% of Q lost to evaporation. b est. b est. 
(microns) (microns) 
Channel Channel 
Width Width 

Vertical Mean Relative 1.91cm 10.05cm 
Distance Residence Cone, using using 

Port L rnri Timefhrs'i <C/Co\ .095*0 -50*0 

4F-1A 0.055 286.1 0.97 29363 558.0 

4F-1B 0.052 360.6 0.96 3874.1 7363 

4F-2A 0.247 288.4 0.74 502.8 95.6 

4F-2B 0.298 350.0 0.13 88.9 16.9 

4F-3A 0.612 362.8 034 1173 223 

4F-3B 0.612 378.1 0.13 46.7 8.9 

3 
1.5*L 

b est. 

4 
1.5*L 
b est. 

5 
2*L 
b est. 

6 
2*L 

b est. 
(microns)(microns)(microns)(microns) 
Channel Channel Channel Channel 

Width Width Width Width 
1.91cm 10.05cm 1.91cm 10.05cm 
using using |King using 

Port .095*0 .50*0 .095*0 .50*0 

4F-1A 19515 3710 1468.2 279.0 

4F-1B 2582.7 490.8 1937.0 368.1 

4F-2A 3352 63.7 251.4 47.8 

4F-2B S92 113 44.4 8.4 

4F-3A 78 2 14.9 58.6 11.1 

4F-3B 312 5.9 23.4 4.4 
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Figure 4.11 Fracture transmis&ivity versus suction based on summary tracer test inflow data. Test 
one was not fit with other data because of an experimental problem that lead to convergent flow 
across the top of block number two. 
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Table 4.13 Transmissivity estimated using the 
cubic law and apertures generated from Table 4.12 
Transmissivity in square meters per second. 
All values multiplied by ten raised to the 
ninth power. 

Aperture 
estimate: 1 2 3 4 5 6 
PORT 
4F-1A 288.03 1.98 8534 0.59 36.00 0.25 

4F-1B 66132 454 196.01 135 82.69 0S1 

4F-2A 1.45 0.010 0.429 0.003 0.181 0.0012 

4F-2B 0.008 0.0001 0.002 0.00002 0.001 0.00001 

4F-3A 0.018 0.0001 0.005 0.00004 0.002 0.00002 

4F-3B 0.001 0.00001 0.0003 0.000002 0.0001 0.000001 

Average: 158.5 1.09 46.96 0.324 19.81 0.1369 

hence, this method is only as reliable as the estimate for b. The estimate of b seems too high for 

sampling ports 4F-1A and 4F-1B, since most natural fractures are between 50 and 250 microns. The 

transmissivity estimates vary by several orders of magnitude. An arithmetic average was taken of the 

six ports for various channel lengths and factors of distance traveled. Obviously, the cubic law can 

not be applied to the entire block in one calculation because of the variable aperture. Yet, 

transmissivity is an average property of porous media, so averaging channel or channels that have 

different effective apertures may better account for flow in fractured rock. Aperture estimates in 

column number 2 of Table 4.12 which uses a channel width of half of the block, comes closest to the 

transmissivity estimated from inflow (Table 4.11) when an average is taken for column number 2 of 

Table 4.13. One might use a weighted average by estimating which sampling ports control what 

percent of flow, yet the correct percentages are not known based on the experimental procedure 

used. 



Dispersion coefficients were calculated using equation 2.19 and the results are b table 4.14. No 

dispersion coefficients were calculated for test number one (converging flow problems) and test 

number five (step test). The mean travel times or variances for two ports often led to negative 

values (meaningless) for the dispersion coefficient. Overall for the 'A' series of ports gave a 

dispersion coefficient on the order of 9.6 x I0"11m/s. The 'B' series of ports were not used for this 

analysis due to the lack of change of chloride concentration. 

Table 4.14 Dispersion Coefficients for block number two in m/s. 

Between two Tracer Test Tracer Test Tracer Test 
ports 4F: tSQ three four 

1A and 2A 2.78 x 10"11 9.48 % 10"11 

2A and 3A 3.75 x 10"" 3.72 x 10"12 

1A and 3A 3.82 x 10"10 629 x 10"11 6.06 x 10"11 
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CHAPTER FIVE 

CONCLUSION 

5.0 Summary 

The infiltration data analyzed with the Philip's equation(1969) are an order of magnitude less than 

earlier rock characterization value for the saturated hydraulic conductivity of the matrix (6.79 x 10B 

m/s) for the partially welded tuff, while the scale of measurement increased an order of magnitude 

from a 7 cm in length core to a 66.6 cm in length block. Both the core and the block values for 

matrix saturated hydraulic conductivity are higher than the value (1.0 x 109 m/s) measured for cores 

from boreholes at the Apache Leap Site (Rasmussen et. al. 1989). From transient tests on the 

partially welded tuff with a single fracture, matrix controlled flow was observed for a range of 

applied suction of 15 to 3 cm. Fracture flow became measurable when the applied suction was 

lowered to 2.3 cm or less. The wetting front advanced 66.6 cm in 239 days. As contact media, the 

fine sand and cloth mesh seem to be better suited for experiments. Fracture transmissivities 

decreased and order of magnitude (6.4 x 109 to 4.2 x Iff10 m? /s) as the applied suction increased 

from 0 to 5 cm while tensiometer data reflected a suction of 20 cm of water within the fracture and 

matrix. 

Tracer tests suggest that preferential flow paths prevail in the fracture. This was also supported 

by a displacement transducer that had seven times greater decrease relative separation normal to the 

fracture plane in the area that flow was greatly restricted or blocked. The high percentage of 

evaporation (3.1 to 44 percent) of low flow rates remains the greatest source of error for the 

constant potential method used, and poses additional modeling problems since the block wall 

becomes a constant flux rather than a no flow boundary. The preferential flow due to the surface 

roughness or tortuosity of the fracture represents a further complication, since the parallel plate 

conceptualization does not adequately describe flow in fractured media without some way to account 
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fracture are useful in conceptually describing flow and fracture transmissivity. Another problem is 

the number of sampling ports and how they influence flow. If the ports do not influence flow 

significantly, then this study could at best only estimate the width of the channels. Lastly, the data 

should be kept in perspective. The transmissivities represent a range of values for one fracture in 

one block of partially welded tuff. To use the values on a large scale without the caveat that the 

scale of measurement, evaporation losses, or the number of measurements could introduce large 

errors. From the given data fracture flow in a welded tuff block (20.1 cm x 20.1 cm x 66.6 cm) 

occurs very near saturation and preferential channeling represents the dominant flow path for 

unsaturated conditions. 

5,1 Future Experiments 

With the variability experienced in a constant suction experiment, a constant flux experiment may be 

easier to conduct. Specifically, evaporation rates that approach 3.1 to 44 percent of infiltration rates 

suggest that the experimental results could be improved. Sealing the sides of a test block should 

greatly reduce or eliminate evaporation for the matrix. The fracture could be taped or sealed as 

long as the tape does not increase the flow rate or the sealant penetrate the fracture. Moisture 

content and wetting front advance could be further investigated with the use of a gamma ray 

instrument. Moisture content versus suction is an important relationship that has not been studied 

for tuff. Starting an infiltration eiqwriment on a dry block at 3 cm of suction should demonstrate if 

fracture flow can occur with a dry matrix. If flow rates are greater than the flow through the matrix, 

a discontinuity in the wetting front would be seen across the fracture face(s). 



APPENDIX A 
SELECTED DATA 



Table A.1 Temperature and Relative Humidity for Room 20 

Degrees C Percent 
Temperature Relative Humidity 

Date Tnin max min max 

19 19-May 19.9 22.7 15.0 25.0 Temperature 
20 20-May 17.4 22.2 12.7 22.0 avg. 20.1 
21 21-May 17.4 23.8 14.8 19.8 std. 2.7 
22 22-May 18.9 23.4 10.0 21.8 var. 7.1 
23 23-May 18.9 24.0 9.9 162 
24 24-May 193 24.5 85 14.2 Ret Humidity 
25 25-May 185 24.2 10.0 17.0 avg. 22.4 
26 26-May 182 233 13.8 18.6 std 8.1 
27 27-May 18,8 22.9 18.9 23.8 var. 663 
28 28-May 20.1 22.9 293 44.9 
29 29-May 20.8 22.2 17.6 44.1 
30 30-May 182 21.8 15.0 26.0 
31 31-May 17.8 21.8 162 24.5 
1 01-Jun 17.0 21.8 13.0 21.5 
2 02-Jun 17.4 22.6 10.0 222 
3 03-J on 173 20.6 155 20.0 
4 04-Jun 173 21.0 16.0 23.5 
5 05-Jun 17.4 222 120 24.9 
6 06-Jun 173 21.6 12.8 20.2 
7 07-Jun 173 233 15.0 19.0 
8 08-Jun 193 23.4 13.7 22.7 
9 09-Jun 18.7 23.1 17.1 223 

10 10-Jun 18.9 22.8 16.9 39.9 
11 11-Jun 18.7 22.7 17.7 34.4 
12 12-Jun 18.8 22.8 20.0 28.6 
13 13-Jun 19.0 23.9 21.8 26.8 
14 14-Jun 19.9 23.8 20.0 29.9 
15 15-Jun 19.7 24.8 20.9 27.8 
16 16-Jun 19.9 24.1 21.8 30.8 
17 17-Jun 15.9 21.1 233 353 
18 18-Jun 15.8 21.1 21.4 32.1 
19 19-Jun 16.1 23.0 23.0 30.7 
20 20-Jun 17.1 22.7 22.4 30.0 
21 21-Jun 16.7 232 20.7 43.1 
22 22-Jun 16.6 21.7 13.0 25.7 
23 23-Jun 162 20.8 16.1 24.1 
24 24-Jun 16.1 19.9 25.1 35.1 
25 25-Jun 152 193 26.0 34.1 
26 26-Jun 153 20.0 24.0 31.0 
27 27-Jun 15.7 20.1 28.9 362 



Table A.1 (continued) Temperature and Relative Humidity for Room 20 

Degrees C Percent 
Temperature Relative Humidity 

Date min max min max 

12 12-Jul 17.7 202 54.0 57.0 Temperature 
13 13-Jul 173 21.1 34 j6 50.0 avg. 20.1 
14 14-Jul 17.4 21.6 34 2 48.5 std. 2.0 
15 15-Jul 18.8 19.8 32.1 572 var. 4.1 
16 16-Jul 18.8 20.0 49.8 583 
17 17-Jul 185 22.1 543 59.0 ReL Humidity 
18 18-Jul 193 222 47.8 S72 avg. 50.9 
19 19-Jul 18.6 22.6 yiA 553 std. 92 
20 20-Jul 183 26.9 39.7 575 var. 84.8 
21 21-Jul 19 2 21.8 34.6 58.0 
22 22-Jul 19 2 202 51.8 58.9 
23 23-Jul 195 20.8 55.8 603 
24 24-Jul 19.7 21.6 56.4 63.1 



Table A2 
Plate calibration after epoxy placed on sides of ceramic material 
Plate Number 17 

Ref. 
Date Inflow Manom. Manom. Time Head Q 

(ml) (cm) (cm) (min) (cm) (ml/min) 

06-Apr 14.4 25.0 3.0 80 22.0 1.75E-01 
06-Apr 20.8 40.8 3.0 66 37.8 3.06E-01 
06-Apr 29.4 43.6 3.0 87 40.6 327E-01 
07-Apr 21.7 35.1 3.1 89 32.0 237E-01 
07-Apr 46.8 50.9 3.1 127 47.8 357E-01 
07-Apr 39.0 23 2 3.1 247 20.1 153E-01 
07-Apr 28.1 412 3.1 88 38.1 3.10E-01 
08-Apr 295 29.9 3.1 146 26.8 1.96E-01 
08-Apr 25.1 18.6 3.1 206 155 1.18E-01 
08-Apr 22.6 132 3.1 277 10.17.91E-02 
11-Apr 385 25.8 3.1 222 22.7 1.68E-01 
11-Apr 442 28.6 3.1 224 255 1.91E-01 
11-Apr 30 2 183 3.1 264 15.2 1.11E-01 
12-Apr 39.6 183 3.1 348 15.2 1.10E-01 

Regression Output: 
Constant -0.00711 
Std Err of Y Est 0.009590 
R Squared 0.989653 
No. of Observations 14 
Degrees of Freedom 12 

X Coefficients) 0.007957 
Std Err of Coef. 0.000234 

Regression Output: 
Constant 0 
Std Err of Y Est 0.009637 
R Squared 0.988680 
No. of Observations 14 
Degrees of Freedom 13 

X Coefficients) 0.007727 
Std Err of Coef. 0.000090 



Table A3 Method II 
Evaporation estimates during transient portion of imbibition test 
23125 days passed before wetting front reached the bottom of the 

Dimensions of block, 202 x 20.9 x 66.6cm (x,ytz). 

DATE: 31-Jan-89 29-Apr-89 

Days since start 180.66 23755 

Wetting 
Front, z (cm) 

Total vol. 
Infiltrated (ml) 

Vol. of rock 
wet (cubic cm) 

56.0 

5004.6 

21953.4 

Vol. of solution 
needed if n = .156 
(ml) 3424.7 

Evaporation 
Rate (ml/day) 8.74 

Vol of solution 
needed if n = 20 
(ml) 4390.7 

Evaporation 
Rate (ml/day) 3.40 

66.6 

6709.7 

28117.2 

43863 

9.79 

5623.4 

4.58 
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Table A.4 Methods I and m 
Evaporation rates based on the reservoir level of a beaker 
filled with solution within the plastic canopy. 

Block #2 
Time Date 

Block #3 
Volume(ml) Time Date VoIume(ml 

03-Aug-88 250 
15-Apr-89 95 

14:55 10-May-89 80 
10-Aug-89 55 

beaker has radius 4 cm 

11:00 
10:44 
16:04 

14:54 
12:38 
14:37 

12-Jan-89 
19-Jan-89 
04-Mar-89 
15-Apr-89 

10-May-89 
17-May-89 
24-Jul-89 
10-Aug-89 

200 
175 
100 
60 
5 

250 
90 

90 

Block #2 
Evaporation Evaporation 

Date(from) Date(to) Rate (ml/day) Rate (cubic meters/s) 

03-Aug-88 15-Apr-89 0.740 8.6E-12 
15-Apr-89 10-May-89 0.600 6.9E-12 
10-May-89 10-Aug-89 0.272 3.1E-12 

Block #3 
Evaporation Evaporation 

Date(from) Date(to) Rate (ml/day) Rate (cubic meters/s) 

12-Jan-89 10-May-89 1.653 1.9E-11 
17-May-89 24-Jul-89 2353 2.7E-11 

Evaporation estimated based on flux difference 
between outer matrix plates and middle plate. 
At 15 cm of applied suction flow is matrix controlled. 

Avg. 
Matrix fracture Evaporation 
flux flux Rate percent 

Suction (m/s) (m/s) (m/s) evap. 

15 9.03E-09 6.25E-09 Z78E-09 44.4 
5 8.04E-09 5.71E-09 233E-09 40.4 



Table A5 Variation with time of I.S.E. measurement 
Four samples of filter paper initially saturated with 
0.001 molar calcium chloride solution. 7-24-89 

si s2 s3 s4 
Time Range 
minutes max mm max min max min max 

0 65.0 66.0 67.7 69.9 673 68.2 633 
8 63.0 67.6 663 693 643 69.1 622 

16 63.2 653 61.0 65.7 63.2 68.1 593 
24 56.0 61.9 63.4 64.5 59.6 60.4 58.2 
32 55.0 55.9 61.5 623 593 60.2 60.2 
40 58.6 62.4 62.0 62.7 61.4 64.5 58.7 
70 57.7 60.5 55.7 60.0 523 512 55.4 

100 48.9 57.1 49.4 49.6 

at 30 min. at 16 min. 
avg = 62.9 avg = 653 
var = 12.6 var = 7.9 
std => 3.5 std = 2.8 

Percent range of error estimated from calibration curve 
15 to 20 10 to 15 

Chloride Electrode test in filter paper environment 
July 25,1989 

Sample: 
Number Test one two three 
of drops concen. range range range 

1 0.1 64.4 69.4 61.8 675 67.7 69.8 
2 0.1 68.0 70.9 67.8 69.1 68.1 70.1 
3 0.1 66.6 67.6 67.4 69.9 66.8 69.9 

1 0.001 156.4 157.7 152.9 1562 155.4 1593 
2 0.001 151.2 154.6 150.0 157.8 151.6 157.4 
3 0.001 153.0 156.4 156.8 1572 155.1 159.0 

Range of error estimated from calibration curve 
Avg = 67.9 
var = 4.6 5 to 10 percent 
std = 2.1 
Avg = 155.4 
var = 6.9 10 to 15 percent 
std = 2.6 

niter paper mass of 22 rough 1.7 sq.cm pieces 
0.90 grams 

0.041 grams per piece 



Table A.5 (continued) 

Twenty drops from syringe 
0.08 grains 

0.004 grams per drop 
Five saturated pieces of filter paper 

0.72 grams 
Ten saturated pieces of filter paper 

1.43 grams 
0.143 grams per saturated piece of filter paper 

1 drop 0.004 grams 4% moisture content 
2 drops 0.008 grams 8% moisture content 
3 drops 0.012 grams 12% moisture content 

Most of sampling occurs a greater than 12% moisture content 
based on a visual comparison of actual measurements and 
1, 2, or 3 drops. 

Table A.6 Rock characterization for densely welded tuff. 

Hydraulic 
Conductivity Permeability 

Sample K„t(m/s) k„, (sq.m.) 

Table A.6 (continued) Moisture release data for characteristic curve 
block number three, densely welded tuff. 

1-A 2.1E-10 
1-B 2.4E-11 
1-C 22E-11 

2.0E-17 
22E-18 
Z1E-18 

bulk density (g/cm) 
Porosity 

2.45 
5.91% 

Sample Bars Suction Weight Relative saturation 

1-A 0.10 299.98 
299.86 
299.82 
299.84 

99.91 
99.87 
99.85 
99.86 

025 
0.75 
1.00 

1-B 0.10 292.95 
292.90 
292*8 
292.95 

1.00 
1.00 
1.00 
1.00 

025 
0.75 
1.00 

1-C 0.10 
025 
0.75 
1.00 

314.41 
314.25 
314.17 
31428 

1.00 
1.00 
1.00 
1.00 



Table A.7 Plate Conductance test summary 

Conductance 
Date Plate # (ml/min) r squared 

17-Jan-89 9 0.002089 0.996 
26-Dec-88 9 0.002029 0.946 
31-Dec-88 8 0.000498 0.983 
31-Dcc-88 10 0.002339 0.991 
09-Jan-89 11 0.001755 0.997 
09-Jan-89 12 0.002300 0.995 
13-Feb-89 14 0.007082 0.982 
12-Feb-89 15 0.004637 0.976 
16-Feb-89 17 0.008712 0.995 

Plate #17 after sealing sides with epoxy 
Conductance 

Date Plate # (ml/min) r squared 

12-Apr-89 17 0.007957 0.990 

Results from Haldeman (1988) 
Conductance 

Date Plate # (ml/min) r squared 

lS-Jul-88 1 0.004392 0.996 
15-Jul-88 2 0.005610 0.995 
22-Aug-88 3 0.002682 0.988 
27-Aug-88 4 0.007127 0.990 
15-Aug-88 5 0.001959 0.991 
15-Jul-88 6 0.003437 0.988 

After three months soaking in solution. percent 
Conductance r of original 

Date Plate # (ml/min) squared calibration 

14-Oct-88 3 0.002429 
14-Oct-88 4 0.006453 

0.998 
0.998 

91 
91 

After plates ultrasonidy cleaned. 
Conductance 

Date Plate # (ml/min) 

percent 
r of original 

squared calibration 

19-Oct-88 3 
19-Oct-88 4 

0.002595 
0.007042 

0.989 
0.994 

97 
99 

Plates after eight months on test block #2. percent 
Conductance r of original 

Date Plate # (ml/min) squared calibration 

24-May-89 2 0.004380 0.994 78 
24-May-89 1 0.003233 0.965 74 
02-Jun-89 6 0.002037 0.989 59 



Table AJi Tensiometer Block Two, January through June 
Corrected 

Sampling Reading Output Suction 
Date Time Port (volts) (volts) (cm water) 

ll-Jan-89 11:31 4F-1A 1301 030 6.68 
ll-Jan-89 13:07 4F-1B 1.091 0.09 2.03 
ll-Jan-89 15:17 4F-2B 2573 157 22.66 
ll-Jan-89 16:44 4F-2A 2509 151 21.73 
ll-Jan-89 18:19 6M-1 2.197 1.20 17.24 
12-Jan-89 09:19 6M-1 1.470 0.47 6.77 
13-Jan-89 09:23 6M-2 2.225 L23 17.64 
13-Jan-89 14:23 6M-3 2.288 1.29 1856 
13-Jan-89 15:46 6M-4 2.803 1.80 25.96 
14-Jan-89 11:56 6M-5A 2.839 1.84 26.48 
15-Jan-89 12:26 6M-5B Z812 1.81 26.10 
16-Jan-89 09:24 4F-1A 2.633 1.63 2352 
17-Jan-89 10:44 4F-1B 2375 137 19.80 
18-Jan-89 09:10 4F-2A 1251 1.26 18.10 
19-Jan-89 10:09 4F-2B 2.139 1.14 16.41 
19-Jan-89 14:08 4F-2A 1.617 0.62 8.89 
20-Jan-89 10:37 4F-2A 2.441 1.44 20.75 
21-Jan-89 11:00 6M-1 1.605 0.61 8.72 
23-Jan-89 13:22 6M-2 1.679 0.68 9.78 
24-Jan-89 08:40 6M-3 1.791 0.79 11.40 
25-Jan-89 10:09 6M-4 1.982 0.98 14.14 
25-Jan-89 12:58 6M-5A 1.894 0.89 12.88 
26-Jan-89 08:23 6M-5B 2.089 1.09 15.68 
06-Feb-89 09:06 4F-1A 2522 152 21.93 
06-Feb-89 09:48 4F-1B 2.634 1.63 2353 
09-Mar-89 19:58 4F-2A 1239 0.24 531 
09-Mar-89 21:20 4F-2B 1.914 0.91 13.16 
10-Mar-89 15:22 4F-1A 2.696 1.70 24.43 
13-Mar-89 19:10 4F-1A 1.005 0.00 0.11 
14-Mar-89 07:57 4F-1B 1.186 0.19 4.13 
15-Mar-89 08:09 4F-1B 1.269 027 5.97 
15-Mar-89 16:59 4F-2A 1.424 0.42 6.11 
15-Mar-89 17:14 4F-2B Z970 1.97 2837 
15-Mar-89 20*33 6M-1 1339 034 752 
15-Mar-89 22:01 6M-2 1.085 0.09 1,89 
16-Mar-89 08:06 6M-3 1510 051 735 
16-Mar-89 10:01 6M-4 1.702 0.70 10.11 
16-Mar-89 15:53 6M-5A 1.706 0.71 10.18 
16-Mar-89 1731 6M-5B 1380 038 8.44 
17-Mar-89 08:00 4F-2A 1522 052 752 
17-Mar-S9 09:10 4F-2B 2528 153 22.00 
17-Mar-89 12:16 4F-1A 1339 034 752 
17-Mar-89 1333 4F-1B 1202 0.20 450 
17-Mar-89 14:00 6M-1 1310 031 6.89 
17-Mar-89 15:03 6M-2 1.039 0.04 0.88 
17-Mar-89 15:27 6M-3 1257 0.26 5.72 
17-Mar-89 16:07 6M-4 1339 034 752 
17-Mar-89 16:29 4F-5A 1.620 0.62 8.93 



Table A£ (continued) Tensiometer Block Two, January through June 

Corrected 
Sampling Reading Output Suction 

Date Time Port (volts) (volts) (cm water) 

18-Mar-89 14:05 4F-1A 2.031 1.03 14.86 
19-Mar-89 1433 4F-1A 1.158 0.16 351 
20-Mar-89 08:20 4F-1B 1.460 0.46 6.63 
21-Mar-89 08:05 4F-1B 1.531 0.53 7.65 
22-Mar-89 07:56 4F-1B 1398 0.40 8.83 
23-Mar-89 08:06 4F-1B 1367 037 8.16 
23-Mar-89 15:40 4F-1B 1.269 0.27 5.98 
24-Mar-89 11:52 4F-1B 1.201 0.20 4.47 
27-Mar-89 08:23 4F-1B 1566 057 8.16 
29-Mar-89 08:01 4F-1B 1.278 028 6.18 
30-Mar-89 08:11 4F-1B 1384 038 853 
30-Mar-89 13:15 4F-1A 1.174 0.17 3.86 
30-Mar-89 13:50 4F-2A 1305 031 6.78 
30-Mar-89 14:39 4F-2B 1.534 0.53 7.69 
30-Mar-89 15:54 4F-3A 2.031 1.03 14.86 
ll-Apr-89 13:28 4F-1A 0.735 -0.26 0.00 
12-Apr-89 07:48 4F-2A 0555 -0.44 0.00 
12-Apr-89 10:37 4F-3A 0.475 -0.52 0.00 
12-Apr-89 13:38 4F-1B 0.480 -052 0.00 
ll-Apr-89 13:28 4F-2A 0.735 -0.26 0.00 
12-Apr-89 15:014F-2B 1.293 029 651 
13-Apr-89 08:03 4F-2A 0590 -0.41 0.00 
13-Apr-89 14:57 4F-2B 0.854 -0.15 0.00 
17-Apr-89 07:36 4F-1B 0.799 -0.20 0.00 
17-Apr-89 09:06 4F-2B 2.273 1.27 1834 
17-Apr-89 13:17 4F-2A 1.171 0.17 3.81 
18-Apr-89 07:32 4F-3A 2.403 1.40 20.21 
18-Apr-89 09:56 4F-2B 1307 031 6.82 
18-Apr-89 21:10 4F-3B 1.133 0.13 2.95 
19-Apr-89 09:29 6M-1 1.191 0.19 4.25 
19-Apr-89 10:26 6M-2 1.556 056 8.02 
19-Apr-89 15:11 6M-3 1.460 0.46 6.63 
19-Apr-89 16:08 6M-4 0502 -0.50 0.00 
19-Apr-89 20:32 6M-5A 0.604 -0.40 0.00 
19-Apr-89 21:56 6M-5B 2203 1.20 1733 
20-Apr-89 07:58 4F-1A 0.529 -0.47 0.00 
20-Apr-89 09:54 4F-1B 0564 -0.44 0.00 
20-Apr-89 11:48 4F-2A 0.880 -0.12 0.00 
21-Apr-89 07:38 4F-2B 0.622 •038 0.00 
21-Apr-89 14:07 4F-3A 0.545 -0.46 0.00 
21-Apr-89 16:33 4F-3B 0501 -0.50 0.00 
24-Apr-89 15:22 4F-3B 0364 -0.44 0.00 
25-Apr-89 07:40 4F-1A 0.602 -0.40 0.00 
25-Apr-89 15:27 4F-1B 0529 -0.47 0.00 
25-Apr-89 19:33 4F-2A 1238 0.24 530 
27-Apr-89 07:19 4F-2A 0.650 •035 0.00 
27-Apr-89 12:22 4F-2B 1.182 0.18 4.04 



Table AJ3 (continued) Tensiometer Block Two, June through August 

Corrected 
Sampling Reading Output Suction 

Date Time Port (volts) (volts) (cm water) 

28-Apr-89 16:26 4F-2B 1.630 0.63 9.08 
29-Apr-89 12:17 4F-2B 1.617 0.62 8.89 
30-Apr-89 12:08 4F-2A 0.530 -0.47 0.00 
30-Apr-89 12:46 4F-1A 0.752 •025 0.00 
Ol-May-89 09:29 4F-1B 0.646 •035 0.00 
02-May-89 08:05 4F-2A 0328 -0.47 0.00 
03-May-89 09:11 4F-2B 0.658 -034 0.00 
04-May-89 09:33 4F-3A 0.585 -0.41 0.00 
10-May-89 14:41 4F-3B 0312 -0.49 0.00 
16-May-89 13:19 4F-3B 0370 -0.43 0.00 
18-May-89 07:52 4F-2A 0.662 -034 0.00 
19-May-89 07:54 4F-1A 0.967 -0.03 0.00 
19-May-89 16:21 4F-2A 0332 -0.47 0.00 
23-May-89 07:35 4F-2B 0.606 -039 0.00 
24-May-89 17:01 4F-2B 0329 -0.47 0.00 
31-May-89 09:39 4F-2B 0324 -0.48 0.00 
31-May-89 11:03 4F-2A 0.627 -037 0.00 
31-May-89 11:42 4F-1A 0.661 -034 0.00 
31-May-89 13:40 4F-1B 2.824 1.82 26.27 
31-May-89 15:24 4F-3A 0356 -0.44 0.00 
Ol-Jun-89 07:52 4F-3B 0.698 -030 0.00 
02-Jun-89 09:45 4F-1A 0.612 -039 0.00 
02-Jun-89 11:33 6M-1 2.738 1.74 25.03 
02-Jun-89 16:23 6M-2 1.438 0.44 631 
02-Jun-89 16:56 6M-3 1.852 0.85 1227 
03-Jun-89 16:33 6M-3 0362 -0.44 0.00 
05-Jun-89 10:04 6M-4 0385 -0.41 0.00 
05-Juq-89 10:25 6M-5A 0.864 -0.14 0.00 
05-Jun-89 14:05 6M-5B 0315 -0.48 0.00 
05-Jun-89 18:59 4F-2A 0.615 -038 0.00 
06-Jun-89 22:26 4F-3A 0.882 -0.12 0.00 
07-Jun-89 23:05 4F-2A 0377 -0.42 0.00 
08-Jun-89 23:35 4F-2A 0.670 -033 0.00 
10-Jun-89 08:27 4F-2A 0343 -0.46 0.00 
10-Jun-89 11:52 4F-2B 0381 -0.42 0.00 
10-Jun-89 22:09 4F-2A 0387 -0.41 0.00 
10-Jun-89 23:23 4F-3A 0.809 -0.19 0.00 
ll-Jun-89 08:15 4F-3A 0307 -0.49 0.00 
ll-Jun-89 22:24 4F-3B 0.613 •039 0.00 
12-Jun-89 22:21 4F-3B 0.727 -0.27 0.00 
13-Jun-89 2231 4F-3B 0.601 -0.40 0.00 
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PROCEDURE 1 
PREPARATION OF TEST BLOCK FOR EXPERIMENTATION 

A. Block Preparation 
B. Inflow and Outflow Setup 
C. Tracer Test Setup 

A, Block Preparation: 
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 implements. 
6. Flashlight. 
7. Syringe. 
8. Metal wire. 
9. Squirt bottle. 

10. Hammer and Chisel. 
11. Test tube brush. 
12. Rock Frame A (frame lying against rock surface), made of 1.59-cm (5/8-inch) thick steel, with 

vertical rib. 
13. Rock Frame B (frame holding rock above table), made of 3.2-mm (1/8-inch) thick angle iron 

containing pre-diilled holes or equivalent, with footing welded on each post. 
14. Aluminum U-tubing, 3.2-mm (1/8-inch) thick, appropriately sized to fit around rock frame A 

and instrumentation. 
15. 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. 
16. Evaporation canopy frame, 6.4-mm (1/4-inch) diameter galvanized steel, canopy dimensions 

large enough to contain test block and instrumentation. Clear vinyl 036 mm (0.014-inches) thick 
to cover frame. 

17. 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. 

Solutions 
1. CaCl?' 0.001 M. deaerated, with 0.1 g/L thymoL 

Procedure 
1. Before moving block from the Geld, place rock 

bolts perpendicular to the natural fracture plane to prevent sliding or separation. Bring shaped 
block with known Geld orientation to lab. 

2. 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 (See figures 3.0 and 3.1). 

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

4. Drill the ports which extend to the fracture surface at predetermined locations: 
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. 
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PROCEDURE 1 (continued) 
b. Position the rock so the coring bit is directly over the intended port. Level the rock 

such that the port is perpendicular 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. Mark core samples. 

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 shy of 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, until 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 
observe 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 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 IeveL 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. 

5. 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 die 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 chiselling and flushing with the test 

solution. 

6. Drill the holes in which the LVDT posts will be g'ued as in section 4. 

7. Clean test block using test solution and a soft bristle brush, removing any silt or clay 
accumulated in the shaping and port drilling. Place block in large drying oven for 48 hours, if 
this is a desired initial condition. Place block in testing position supported 
underneath with wood blocks. 

8. 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 
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PROCEDURE 1 (continued) 

female post constitute a set. Squeeze in enough adhesive to Gil the 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 arc installed. Be sure the glue is dry before obtaining an initial LVDT 
reading. 

9. 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 comer posts of frame B. Cut the aluminum 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 there is no slack beneath the frame A bolts. The wood blocks 
may then be pulled out from underneath the rock. 

10. Position the entire setup in its testing location. 

11. 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 smoothly. 

12. For each port, cut the sampling port PVC tubing which will extend about a cm into the block 
and about 3 cm past the plastic canopy. Position the PVC tubing in the sampling port and 
through the canopy. Epoxy a rim about 1 cm from the end of the PVC that will touch the 
block. Caulk the tubing-canopy interface, using the washers to provide permanent support. 
Place #1 stoppers in the ends of the sampling port access tubes. 

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

14. Start taking LVDT readings. 

B. Inflow and Outflow Setup 
Equipment 
1. Level 
2. Large clamps, 30-cm. if ringstands used. 
3. Tygon tubing, 32-mm (1/8-inch) inside diameter (i.d.), 6.4-mm (1/4-inch) o.d. 
4. 3.0-ml Syringe, 
5. Approximately 2.75 meters (9 feet) of 6.4-mm (1/4-inch) Id. tygon tubing, series R-3603 per 

porous plate. 
6. One 6.4-mm (1/4-inch) o.d. Nalgene "T" per porous plate. 
7. One 6.4-mm (1/4-inch) o.d. Nalgene "Y" per porous plate. 
8. Two 6.4-mm (1/4-inch) o.d Nalgene quick connects per porous plate, if nalgene one quart 

plastic bottles used. 
9. #0 or #2 solid rubber stopper, hyperdermic needle, and small diameter (1-mm o.d.) plastic 

flexible tubing for each buret 
10. One 1 liter Nalgene, wide-mouth bottle with screw lid or buret with stopper and needle entry 

per porous plate. 
11. One 32-mm (1/8-inch) o.d hard plastic tube per porous plate. 
12. One 1-ml graduated pipet (100 graduations) per porous plate. Pipets are not necessary if 

accurate burets are used. 
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PROCEDURE 1 (continued) 
13. One ringstand per reservoir or large pegboard. 
14. One ring and one ringstand clamp per ringstand. 
15. One meter stick with mm graduations per two porous plates. 
16. Three to four plastic hose clamps per porous 

plate. 
17. Several 7-mm and 9-mm rubber septum. 
18. Custom-built porous ceramic plates, appropriate size 

and number to perform the desired experiment 
19. Thin all-threaded rod and couplings for holding porous plate to test block. 
20. 5.0S-cm o.d. plastic pipe cut at an angle and the length should be slightly greater than the 

fracture. 
21. Two tMn brass sheets wrapped in plastic 
22. Graduated cylinder for each out flow tubing 25-ml, with 0.2-ml divisions. 
23. Plastic tub. 
24. Fine cloth mesh that is finer than fine 

sand (approximately 120 microns in diam.). 
25. About 50 cubic cm of fine sand. 

Solutions 
1. CaClj' 0.001 Mi deaerated, with 0.1 g/L thymol. 

Procedure 
1. Make sufficient test solution to start experiment. 

2. Set up the Mariotte (constant head) reservoirs: 
For Nalgene bottles as reservoirs: 

a. Drill holes on the bottom and top of the reservoir, 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. 
For burets as reservoirs: 

a. Insert needle through hole drilled in stopper and connect about 35-cm of small (1-
mm o.d.) flexible tubing to needle. 

b. Attach a 4-cm length of 6.4-mm tygon tubing from the bottem of the buret to a 
nalgene Y. Place a rubber septum over one of Vs remaing openings. 

c. Position Mariotte reservoir on ringstand or on pegboard. See figure 1.2. 
d. Attach 6.4-mm (1/4-inch) id. tygon tubing, at least one meter in length for a 66-cm block, 

from the bottom nipple of the reservoir, fill reservoir, and clamp off. 
3. Set up manometers for each reservoir 

a. Attach tygon tubing leading from the reservoir 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 (l/-inch) Ld. tygon tubing to the remaining arm, which mil 
connect to a porous plate. Wire manometer tubing and a meter stick to pegboard. 

4. Set up the porous plate(s): 
a. Cut a piece of cloth mesh slightly larger than test block infiltration area. 
b. Wash the fine sand three times with di. water while seiving through same size mesh as used 

on block. 
c. Place mesh on block, and cover with a thin layer 

(2-mm) of fine sand. 
d. Set up tub at same elevation as top of block. 
e. Elevating reservoir, fill tubing with test solution. Clamp off tubing, and then 
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PROCEDURE 1 (continued) 
connect the free end up to the plate(s) in the tub. Use a short piece of tubing and 
a clamp to clamp off the other end of the plate. 

f. 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 
caught. A flashlight is helpful for this. 

g. Once all of the air is out of the plate backing, reclamp the exit tube from the plate. 
Refill the reservoir and set to the initial potential. Draw out air from air entry 
tubing by pinching tube & 
removing solution with a syringe. 

h. Transfer plates to a level position in contact with the sand at the top of the block. 
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. 

i. Recheck reservoirs to see that bubbles easily leave air entry tube to maintain a 
constant potential in the mariotte system. 

j. Place a thin sheet of brass or other non-corrosive metal in between each plate. 
Converging flow or mixing can occur 
through the sand layer without placing 
metal dividers. This problem is more pronounced at lower suctions (0 to 5 cm of 
water). 

k. Temporarily tape vinyl over the top of the evaporation canopy. Leave no air 
passages around the edges. Plastic wrap over the plastic canopy may decrease 
evaporation losses. 

1. Keep track of all volumes of test solution flowing through the plate. Record the 
time and manometer levels. 

m. Try to minimise time of clamping reservoirs when refilling or making adjustments, 
to prevent drainage or a variable potential in the fracture. 

5. Outflow set up (see figure 35): 
a. Follow set up of Mariotte reservoirs and manometers in steps 2 and 3 for plates 

covering matrix. A second hole in the bottom of the mariotte reservoir is needed. 
One hole leading to a graduated cylinder should consist of two quick connects and 
be higher than the tube 
coming from the block. The reservoir will have a constant solution level, and the 
outflow will fill the graduated cylinder. 

b. For outflow from fracture, use 5.08-cm o.d. hard plastic tube cut at an angle to fit 
beneath fracture. Attach about 50-cm of 6.4-mm Ld. tygon tubing to the downslope 
end of the hard plastic. 

c. Place graduated cylinders beneath the outflow reservoirs with a short piece of 6.4-
mm Ld. tygon tubing, and use plastic wrap to seal the graduated cylinder. 

C. Tracer Test Setup: 
Equipment 

1. Same as part B. 
2. 3-way glass stopcock. 
3. Cholxide and reference electrodes and digital meter. 
4. Calibration curve for electrode. 
5. Squirt bottles and plastic reservoirs for solutions. 

Solutlona 
1. CaClj' 0.001 M. deaerated, with 0.1 g/L thymol. 
2. CaC12,0.1 M. deaerated, with 0.1g/L thymol 
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PROCEDURE 1 (continued) 
3. Distilled water. 

Procedure 
1. Chloride tracer test (see figure 3.12); 

a. Add a buret following steps 2a to 2d of part B.. 
b. Connect buret to existing inflow tubing and reservoir for plate covering fracture 

using a 3-way glass stopcock. 
c. Let flow rates stabilize for 24 to 48 hours. Record background calcium chloride 

concentration (0.001 Ml. 
d. Turn stopcock to increased calcium chloride concentration (0.1 M)- Flush system 

by draining manometer, and attach a short length of tubing to outlet on porous 
plate to flush channels above the ceramic porous material. 

e. After about 10 minutes and at least 250-ml of solution has passed through the 
system, sample outlet from plate with chloride electrode to verify inflow 
concentration (0.001 .M CaClj). 

2. Reclamp outlet. Refill and reset Mariotte system. Record time, manometer, and reservoir levels. 
Monitor chloride breakthrough (see procedure 5 for details). 

3. Repeat Id and le if introducing a slug over a specified time (43 hours) of higher calcium 
chloride concentration (0.1^0. Backflush with the background calcium chloride solution (0.001 
M). Repeat step 2. 
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PROCEDURE 2 
POROUS PLATE CONDUCTANCE MEASUREMENT 

Equipment 
1. Approximately 2.7 meters (9 feet) of 6.4-mm (1/4-inch) inside diameter (Id.) tygon tubing, 

series R-3603. 
2. One 6.4-mm (1/4-inch) o.d. nalgene T\ 
3. One 6.4-mm (1/4-inch) o.d. nalgene "Y". 
4. One plastic tub 30x30-cm. 
5. One ringstand. 
6. One buret holder. 
7. One meter stick with mm graduations. 
8. Three to four wire clamps. 
9. Small level. 

10. One 3-ml disposable syringe. 
11. One calibrated stopwatch. 
12. Laboratory recording book and pen. 
13. One 9-mm, rubber septum. 
14. Epoxy. 
15. One 50-ml buret for mariotte system. 
16. Two suction cups, 6.2-cm diameter. 
17. Four angle clamps for ring stands. 
18. 30-an length of aluminum rod, 1.0-cm in diameter. 
19. Two 15-cm lengths of aluminum rod 0.9-cm in diameter. 
20. Waterproof marker. 

Solution 
1. CaClj, 0.001M. with 0.1 g/L thymol. 

Procedure 
1. Number plastic top of porous plate, and seal ceramic sides with epoxy to ensure downward 

flow during tests at saturation. 

2. Set up the porous plate, tubing, manometer, and buret as described in the block experiment 
procedure 1. Instead of placing the porous plate on a test block, place it in the plastic tub, 
ceramic side down (see figure 3.7). Support the plate off of the bottom of the tub with ring 
stand clamps, angle damps, lengths of aluminum rod, and plastic suction cups (see figure 3.6). 
Make sure that the plate is level As shown in figure 3.7, 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. 

3. 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. Open one end of the porous plate to help 
release trapped air. Inspect the plate for cracks, that lead to a steady stream of air bubbles at 
the side of the plate before the air is completely removed from the plate's channels, 

4. 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, #bp (as defined in the calculations below) is 5 cm. Allow the flow system to equilibrate. 
This may be hastened by using the syringe to extract solution through the septum or pinching 
the tubing until a bubble is forced from the air entry tube in the Mariotte reservoir. 



PROCEDURE 2 (continued 
5. Set up an appropriate recording table in the lab book. 

6. Record data in columns such as: 

Date Tune Tub Manometer Inflow Manom. Buret Level 
Start 7/11 10:44 2,1 an 10.0 cm 10.1ml 
End 7/11 15:45 Z1 cm 10.1 an 32.7 ml 

7. Repeat readings for 5 cm to 40 cm by increasing head at intervals of 5 cm. 

Calculations 
1. Average flow rate is the change in volume (ml) divided by the change in time in minutes. 

2. Average head at the bottom of the plate is 

Hbp=#H-((Q/A)/C), 

where = average head at the bottom of the plate in cm, 
#H - total bead drop across the plate in cm, which can also be expressed as #h„ 
+ 0.7-cm, also in cm (the ceramic material is 0.7-cm thick), 
#hp = Average of the starting and ending inflow manometer readings minus the 
tub manometer reading. 
A = cross sectional area of plate (cm2), 

Q = flow rate in cm'/min, and 
C = plate conductance in cm2/min. 
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PROCEDURE 3 
FLOW MEASUREMENT AND HEAD CONTROL 

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

Solution 
1. CaClj, 0.Q01M. with O.lg/L of thymol 

Prwgdnrg 
Note: See Procedure 1 for set up of test block and instrumentation. 

1. Flow measurement using Mariotte reservoir: 
a. Set up a recording table in a lab book. 
b. Record the manometer tevel(s). 
c. Measure the test solution level in the Mariotte reservoir. 
d. Record the time and date when the above measurements were taken. 

2. Head control: 
a. Adjust the Mariotte Teservoir 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 the tubing beneath the reservoir, fill the bottle or buret, and place stopper with 
needle attached to air entry tubing. Remove clamps, and reestablish constant head by 
extracting solution through the septum with a syringe or pinching the tubing beneath the 
reservoir until an air bubble enters the reservoir through the air entry tube. Make sure to 
record all changes to the system including the volume of solution extracted, the time, 
reservoir level and manometer level 
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Calculations 

1. 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 is calculated by; 

hp=Ht-((Q/A)/C), 

where hp = average head at the bottom of the plate in cm; 
H, = average total head at the top of the plate in cm, if measured from the bottom 
of the plate; 
Q = flow rate in cm3/min; 
C = plate conductance in cm2/min; and 
A = cross sectional area of plate (cm2). 

c. Use an average of the Ht's measured at the two measuring times used in the calculation. 
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PROCEDURE 4 
MICROTENSIOMETER CONSTRUCTION, ASSEMBLY, AND USE 

Equipment 
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 Ld., 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 diill bit used). 
6.  Short length of #22 copper wire. 
7. Epoxy. 
8. One connection assembly, consisting of nalgene tee (3/8 inch) o.d., two 5 cm lengths of (3/8 

inch) o.d. tygon tubing, three rubber septum and one 4 cm length of (3/16 inch) i.d. of pressure 
hose. 

9. One calibrated pressure transducer with a linear range for subatmospheric pressures and a low 
side that can be wet. 

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 (PIP) 41CV calculator, with ROMPAC, HPIL, and time modules or sensitive 

voltmeter. 
14. HP 3421 Data Aquisition 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. Plastic wrap to decrease evaporation. 
18. One porous ceramic plate, 8.6 cm by 20.2 cm, saturated with test solution. 
19. About 1.22 meters (4-feet) of 4.8-mm (3/16-inch) i.d. tygon, or similar tubing. 
20. One 6,4-mm (1/4-inch) outside diameter (o.d.) nalgene "T*. 
21. Three 6.4-mm (1/4-inch) i.d. hose clamps. 
22. One 6.4-mm (1/4-inch) i.d. quick-connect. 
23. One ribbed tygon tubing connector (the type used to connect tygon tubing to swagelock 

fittings). 
24. Wooden support approximately lxlxl0-cm. 

1. Sufficient amount of deaerated, distilled water to cover the porous cup in the saturation 
chamber. 
2. Test solution: 0.001 M CaCl^ with 0.1 g/L tbymoL 

Procedure 
1. Microtensiometer construction and assembly: 

a. Cut enough of the stainless steel tubing to allow the tensiometer to reach the fracture from 
the outside of the evaporation canopy as mentioned in procedure 1. Refer to figure 3.8 as 
needed throughout the assembly. 

b. Drill a 3.2-mm (1/8-inch) diameter hole through the ccnter of the flat edge of the aluminum 
rod, 

c. Epoxy the stainless steel tube through the hole in the aluminum rod with one end 
of the steel tube flush with edge of the aluminum rod. 
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PROCEDURE 4 (Continued) 
d. Cut the rounded, 6.4-mm (1/4-inch) end of the porous ceramic cup off with a hacksaw and 

epoxy the remaining cup onto the flush edge of the aluminum rod. 
e. Fit the #1 stopper over the open end of the stainless steel tubing. 
f. Cut the cotton cellulose extraction thimble to fit snugly over the porous cup, and tie the 

thimble onto the cup with a small piece of #22 copper wire. 
g. Assemble the vacuum tubing connector that will join the stainless steel tube to the pressure 

transducer bv connecting two 5.0-cm tenths of (3/8-inch) tygon tubing and the pressure hose 
to the nalgene tee with rubber septum on the end of the tubing as shown in figure 3.8. 
Check that the aluminum rod and the pressure transducer can be inserted through the 
septum. Use a syringe or similar sharp object to start a hole in the septum. 

h. Place the tensiometer into the saturation chamber (see figure 3.9), and evacuate the 
chamber and turn stopcock to maintain vacuum and turn off the vacuum pump. The 
vacuum should be held for at least 24 hours. 

L Introduce the deaerated, distilled water into the chamber (see figure 3.9). Care should be 
taken to not cavitate the water introduced or to introduce air into the chamber. Also, the 
chamber should be evacuated again if necessary while taking care not to pull water in the 
vacuum pump. Cover at least the entire cup and aluminum rod of the tensiometer. Let the 
tensiometer fill with the distilled water for at least 8 hours. 

j. Fill the vacuum assembly with deaerated, distilled water using a syringe to remove 
air bubbles. 

k. Open the saturation chamber. If the steel tubing of the tensiometer was not 
completely filled with distilled water in the saturation chamber, fill the remainder of 
the tensiometer stem using a syringe. Place bead of water on steel tubing and 
connect to the vacuum assembly. 

1. Using a syringe, fill the pressure transducer port and vacuum tubing connector with 
deaerated, distilled water. 

m. Fill the open end of the tee and place septum over the end. The tensiometer is ready for 
calibration or use. 

n. Store the assembled tensiometer under deaerated, distilled water or in the rock, 
against the fracture. 

2. Microtensiometer calibration (see figure 3.10): 
a. Assemble the porous ceramic plate in the evaporation control box with the ceramic side of 

the plate facing the access tubes. Wrap the plate and box to minimize evaporation. 
b. Fill the Mariotte reservoir and tubing, connecting up the plate to the tubing. Bleed all air 

from the system as described 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 (see figure 3.11). 

3. To use the microtensiometer if the low pressure side of the transducer 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 aqulsltion 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 isdesired. Adjust the stopper such that the tip of the tensiometer lies against the 
back end of the sampling port. 



PROCEDURE 4 (Continued) 
Monitor the pressure transducer output until a stable reading is obtained. The 
microtensiometer may take a while to equilibrate, especially if much water is 
moving in or out through the porous cup. Use calibration curve obtained in section 
2 to obtain the suction in the sampling port. 
Repeat steps a through d for additional sampling ports. 



PROCEDURE 5 
MEASUREMENT OF POTENTIAL DIFFERENCES 

AND SAMPLE COLLECTION 

Equipment/Material 

1. Ion-selective electrode, chloride 
Z 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. Forcep, 8 in. 
9. Parafilm, flexible thermoplastic material, 4" 

10. Kim wipe tissue 
11. Whatman filter paper, no. 42 
12. 3-mm length of 4.8-mm (3/16 o.d.) of tygon tubing. 

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 completely 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-j) 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 chlorideelectrodes in distilled 
water when measurements are not being made, even between measurements. 
Change the beaker of distilled water periodically as the potential reading decreases, 
Le., 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 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. 



PROCEDURE 5 (continued) 

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 0S cm. 

(Note: If handling is not hampered, wear gloves. Otherwise, ensure hands are 
washed before handling and minimiTft the handling time.) Wash filter paper 3 times 
with D J. water and place in a drying oven. Dried pieces should be stored in a 
clean glass flask or bottle that can be sealed. 

Z Crimp the filter paper into halves, and then quarters. Affix to the end of the 
forcep, and clamp down on the filter paper with the aid of 3mm length of tygon 
tubing slipped over 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 difference 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 in the order of two 
minutes. Sampling time in the rock matrix ports varies from two minutes to 
instant an eo us.Some tracer tests with unsaturated conditions (at a suction of about 
20 cm of water) require atleasl thirty minutes to make the filter paper wet enough 
(distinguished by a color change) for accurate readings. Note the wetness of the 
filter paper when removing it from the access tube. Taking care not to touch 
thefiltcr paper when placing it on a piece of parafilm, touch the electrodes to the 
filter paper for 45 seconds. The highest and lowest reading should be recorded 
from 45 to 60 seconds, when the electrodes stabilize. A range of 1 to 10 millivolts 
was often recorded since the filter paper samples an access port of 1.9 cm inside 
diameter over some length of time. Wet filter paper does not rapidly change in 
choride concentration for several tens of minutes. Once the filter paper is too dry, 
the concentration mil increase followed by erratic readings as the dry color of the 
filter paper returns.) 

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. Also, excess test solution only occurs very near saturation.) 

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. An example of a calibration curve is figure 3.13. 
fNote: the spread of the potassium nitrate bridge solution due to outward diffusion 
from the reference electrode will cause erroneously low potential, Le., high 
concentration, readings when the chloride electrode comes into contact with the 
potassium nitrate. Therefore, place the electrodes as far apart as possible. The 
time to make potential readings is limited. When the filter paper is wet, the bridge 
solution's effects are minimized.) 
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