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ABSTRACT

A hydraulic impedance technique was developed by using an impeding

layer and conductance layer. Laboratory experiments show that the

developed technique is promising for the in situ characterization of

unsaturated hydraulic properties of fractured rock, such as fracture flow

and effective transmissivity as a function of matrix suction. An

estimated suction boundary condition at a borehole surface can be imposed

using this impedance technique and flow into the fractured rock can be

measured. Because the conducting properties of saturated fractures are

normally much higher than the rock matrix, an estimation of saturated

fracture transmissivity is possible. Then as the suction at the borehole

surface is increased, the fracture transmissivity decreases, yielding

information about the drainage characterization of the fracture. The

suction at which fracture flow becomes insignificant is critical to

understanding fracture versus matrix flow in fractured rock.

C125 cellulose tubular membrane with an average conductance of

2.64x10-8 s -1 was selected as the impeding membrane, the conductance of the

membrane decreases when the initial saturation decreases. To minimize the

variation in conductance, the membrane must be presoaked for 100 hours.

10-pound canvas was selected as the conductance layer, the transmissivity

(T, cm-2/s) of the canvas is an exponential function of the confining

pressure (P, kPa), expressed as T(P)---0.0274e -° • °296P . The canvas layer can

yield a relative constant suction along the membrane/rock interface as

shown by modeling. A 1-D radial analytical flow model can be used on a

small scale to simulate flow if the boundary conditions can be specified

for the technique and the effect of gravity is insignificant.
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CHAPTER ONE

INTRODUCTION

Understanding the processes of fluid flow and contaminant transport

through unsaturated fractured media is of interest due to the number and

severity of existing and potentially contaminated sites in the United

States. A proposed high-level radioactive waste repository in unsaturated

fractured volcanic tuff is presently being examined as a solution to

current methods of storage and disposal. Characterization of the site is

necessary to predict release rates from the proposed repository to the

surrounding environment. Site characterization of the geologic barriers

surrounding the proposed underground facility includes estimation of water

flow behavior and radionuclide travel time. Flow and transport processes

occur through the rock matrix as well as through the fracture system. The

controlling factors of the flow pathways are the geometry of the fracture

system and matrix porosity as well as the matric suction.

The most important parameters controlling liquid flow in unsaturated

fractured geologic media include hydraulic conductivity, sorptivity,

hydraulic conductivity-suction relationship (Bouwer 1978; Hillel 1980

a,b), the fracture transmissivity and the transmissivity-suction

relationship. For a geologic medium both the rock matrix and fractures

will control the flow at a given suction. Flow through the rock matrix

will normally dominate at high suctions, but as the suction is reduced,

fractures with large effective apertures are filled with water, increasing

fracture saturation and causing flow through the highly conducting

fractures to increase dramatically (Evans and Rasmussen, 1990).

Therefore, the critical matric suction at which the flow dramatically

increases becomes an important parameter of an unsaturated and fractured

medium. Because of the fragility of natural fractures, properties of the
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unsaturated fractured geologic medium should be characterized in situ to

minimize disturbance to the fracture system. However, techniques for the

field determination of unsaturated hydraulic conductivity and fracture

transmissivity as well as water flow rate as a function of matric suction

are not presently available in deep boreholes (i.e., from a few tens of

meters to a few hundred meters below the land surface).

To measure the hydraulic properties of a soil column as a function

of water content or suction, Hillel and Gardner (1970) demonstrated the

impedance technique for imposing a negative pressure head along a soil

surface. The hydraulic impedance technique examined in this study is for

the characterization of unsaturated fractured rock and uses an impeding

layer to reduce the positive injection pressure head to a negative value

at the rock surface. This allows the application of water under suction

to an initially unsaturated segment of a shallow borehole rock surface

intersecting a natural fracture system. The impedance layer used in this

application is a flexible tubular membrane with low permeability and with

flexibility and relative stability in water and rock environment. The

tubular membrane expands to fit the diameter of the borehole. Due to low

permeable characteristic of the membrane, a negative pressure (or suction)

can be imposed along the borehole/membrane interface while a positive

water pressure is maintained within the membrane. Good hydraulic contact

between the membrane and the rock surface is maintained by this positive

pressure. The pressure within the tubular membrane is adjusted to yield

variations in suction within the fracture or matrix while the outflow or

inflow rate for the membrane is recorded. A highly conductance material,

a canvas in this case, is placed between the membrane and the borehole

wall to provide a relatively constant applied suction along the borehole

wall in contact with the tubular membrane. This is especially important

near where the fracture intersects the borehole/membrane interface.
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1.1 Research Objective 

The purpose of this research is to assess the hydraulic impedance

technique to characterize hydraulic properties of unsaturated, fractured

rock using shallow boreholes. If successfully applied in near-surface

boreholes, the technique may be extended to boreholes from excavated

drifts at great depth. Understanding flow in unsaturated fractured media

depends on the ability to characterize the relationships between the

transmissivity of the fractures and hydraulic conductivity of the matrix

with respect to changes in suction and other hydraulic parameters of the

rock matrix. Without these relationships, the characterization of a

repository site in unsaturated, fractured media would be deficient. To

obtain the combination of the hydraulic conductivity of the rock matrix

and the transmissivity of the fractures as a function of the matrix

suction, both laboratory and field studies are necessary. Because of the

difficulty in selecting a representative elementary volume of fractured

rock for laboratory studies and the fragility of natural fractures, in

situ characterization of relevant properties is preferred.

The conductance properties of the membrane and canvas materials in

relation to the matrix and fracture properties are crucial. The

mathematical model for assessing the technique is derived through using

Darcy's Law for radial flow. The evaluation of the technique so far is

limited to the laboratory using cylindrical shaped samples of partially

welded Tuff.

1.2 Experimental Approach and Scope of Work

Two rock cylinders were used for the tests, one (10 (ID) x 14 (OD)

x 19.5 cm) without any significant fracture and another (10 (ID) x 18 (OD)

x 18 cm) with an artificial horizontal fracture (see Figure 1.1). The

rock cylinders were obtained from the Apache Leap Tuff Site near Superior,



b. With a fracture

a. Without fracture
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Figure 1.1 Geometry of rock cylinders.
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Arizona (see Figure 1.2). Peterson (1969), Tidwell (1988), and Haldeman

(1988) describe the regional and local geology of the Superior area. The

details of how the samples were shaped to their final dimensions are

described in Appendix A.

From over 20 types of membranes tested, one tubular membrane (named

C125 Cellulose with 10 cm OD) of low permeability supplied by Viskase

Corporation (6855 West 65th Street, Chicago, IL 60638) was selected to

serve as an impedance layer. A 10-pound canvas material was used to

provide protection and serve as a hydraulic conductance bridge between the

membrane and the borehole wall. Mineral dust from the Mineral Research

& Recovery Company, Arizona, was used as an unsaturated porous media

placed outside the rock cylinder for imposing suctions at the outside

surface of the rock. The experimental tests included determining the

following properties:

1. hydraulic conductivity of the rock matrix,

2. conductance of the tubular membrane,

3. conductance variation of the membrane with time and saturation

changes,

4. transmissivity and diffusivity of the canvas under different

confining pressures and inflow water pressures,

5. saturated and unsaturated conductivity of the mineral dust, and

6. sorptivity of the fractured porous rock.

During the course of the study, some of the laboratory techniques

were improved, including:

1. a constant suction outflow-inflow device,

2. microtensiometer,

3 a high pressure inflow, and

4. biocide usage to minimize membrane degradation.

Chapter Two addresses the conceptual design of the experimental
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tests, followed by the characterization of the hydraulic properties of the

different media in Chapter Three. The experimental testing of the

impedance technique is covered in Chapter Four. A summary of conclusions

and recommendations of the assessment is included in Chapter Five.

Finally, references and appendices with equation derivations, tabulated

results and detailed experimental procedures follow in Chapter Five.

Data not included in this thesis for graphs and tables can be obtained

from Dr. Evans and Dr. Rasmussen of the University of Arizona, Department

of Hydrology and Water Resources.
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CHAPTER TWO

CONCEPTUAL DESIGN

This Chapter presents a review of the theory of the impedance

technique and properties of the impedance materials selected. An

analytical radial flow model of fluid flowing into a matrix with an

impedance-layer is derived. Lastly, flow through fractured media with

impedance-conductance layers is discussed.

2.1 Theory of Impedance Technique 

Hillel and Gardner (1970) addressed the effect of an impeding layer

over the top of a soil profile during infiltration. The impeding layer

decreases the hydraulic head at the soil surface, thus reducing the

driving force and the soil water content from that when free water is

ponded on the surface. The corresponding conductivity and diffusivity

values of the infiltrating column would also be reduced. Smiles et al.

(1982) used ceramic plates as a relatively impermeable impeding layer to

study the horizontal one-dimensional absorption of water by a uniform

soil. Using conventional soil physics theory, they determined the water

potential at the soil/plate interface, the water content profiles, and the

cumulative volume of water absorbed. Chuang et al (1990) and Myers

(1989), using three 2-bar ceramic plates as the impeding layer, studied

the vertical infiltration of solution into unsaturated blocks of

tuffaceous rock with a single, natural, vertical fracture. The

transmissivity of the fracture was estimated to be L2 S -1 . To aid in the

interpretation of the laboratory results of Chuang and Myers, the flow

system was modeled using the Boundary Integral method (Haldeman et al.,

1991) to show the head distribution and the flow lines within the four
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flow regions: ceramic plates for matrix, ceramic plate for fracture, rock

matrix and fracture.

A relatively impermeable membrane is used to provide a significant

hydraulic impeding layer. As water is absorbed into the unsaturated

porous medium and when the water side of the membrane is maintained at a

positive pressure Hu , the matrix suction at the membrane/rock interface is

time-dependant mr (t) (Smiles et al. 1982). If we assume that the membrane

is very thin and its conductance is constant, and if Darcy's law is valid

for water movement in the unsaturated medium, the flow of water in the

system may be described as follows:

Darcy's law, as extended by Richards (1931) to unsaturated flow, is

qr = -IC(*) VH
	 [2.1]

where

- the volume flux of water flows through the rock matrix per-

unit area (cm sec -1 ),

VH - the hydraulic head gradient (cm cm-1), which may include both

a suction, *, and gravitational component (Hillel, 1982, pp

113), and

K(7) - the matrix suction-dependent hydraulic conductivity

(cm sec -1 ).

Assuming the gravity component is zero, the water flux through the

membrane, qm (cm sec-1), can be given as (Smiles et al., 1982):
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q( t) = C [ Hp, +	 ( t)] 	for s = 0 ,	 t> 0
	 [2.2]

where

t — time (sec),

s — distance of flow through the rock matrix starting from the

rock surface,

C — conductance of the membrane through which water is applied to

the porous media from a source of water (sec-1 ),

Hy — the injection pressure inside the membrane (cm), and

lirmr (t) — the suction (cm) at the membrane/rock interface when

s	 0 and mr (t) > O.

Assuming the flow is radial, no loss from the flow system and at

transient infiltrations, the flux through the membrane, q(t), should be

equal to the flux to the rock or

q(t) = q(t)	 [2.3]

If the system maintains steady state infiltration, the suction at the

interface between the membrane and the surface of the rock cylinder,

ilrmr(t), may become constant, and Equation [2.3] becomes:

[2.4)

AnAn impeding layer is able to provide suction boundary condition on

the surface of an unsaturated porous medium as expressed by Equation

[2.2]. The general equation is used to design a hydraulic impedance
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technique to characterize the properties of unsaturated fractured rock.

This offers a technique for measuring the diffusivity and conductivity of

a soil as a function of water content (suction) that may have a wide range

of applicability in the field as well as in the laboratory (Hillel and

Gardner, 1970).

For the purpose of this study, the impedance technique is assessed

to eventually characterize the properties of an unsaturated fracture rock

in situ, such as the sorptivity, transmissivity, unsaturated hydraulic

conductivity of fractured media and the behavior of the flow-rate during

suction changes within the fractured media when the inflow pressure is

varied. Figure 2.1 gives the conceptual design of a technique with the

device situated 15 meters below the surface when a horizontal fracture

exists. A positive water pressure is applied inside the device driving

the water through the membrane into the fractures and rock matrix.

If the conductance of the impeding layer is sufficiently higher than

that of the fracture and rock, the region of the rock near the device will

become saturated. The pressure at the interface between the device and

rock would be positive, with the magnitude of the pressure highly

dependent on the water pressure inside the device. Using a lower

permeable material as an impeding layer for the device, an unsaturated

zone will be formed.

2.2 Properties of Impedance Materials 

As an example to obtain the required conductance for the tubular

impedance material (or tubular membrane), we consider (see Figure 2.1):

1. The location of the fracture is 15 meters below the land

surface.

2. The diameter of borehole is 10 cm.

3. The tubular material is 20 cm long.
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Figure 2.1 Impedance technique design setup in situ
borehole (not to scale).
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4. The hydraulic conductivity of the partial welded tuff is about

3x10 -6 cm s -1 .

5. The radius of the effective flow domain is about 1-2 meters

from the center of the borehole.

6. The equivalent suction on the edge of the effective domain is

1 bar.

To determine the required conductance of the membrane, we assume

the following:

1. Steady-state, radially flow condition exists.

2. The membrane placed in the borehole is saturated and the water

pressure on the interface between the membrane and rock surface

is a time-independent parameter.

3. There is no vertical flow component at the top and bottom

boundaries.

4. The rock in the test interval is near saturation.

The conductance of the tubular membrane can be determined from the

following equations (detailed derivation in Appendix B):

[2.5]

where

= the external pressure (cm),

rm — the radius of tubular membrane (cm),

rm 	r0 ,

re — the borehole radius (cm),

re — the external radius (cm), and

Ks — the saturated hydraulic conductivity of the rock (cm sec-1).

C
rm (lir,,zr + H)
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For the present purpose, the values used were:

— 1 bar — 1019.72 cm of H20,

r. — 100 and 200 cm,

r.	 5 cm,

K. — 3x10 -6 cm s -1 ' and

— 1500 cm.

The results using Equation [2.4] are shown in Table 2.1.	 To

maintain a low suction between the membrane and rock for the assumptions

above, the conductance of the membrane should range from 10 -7 to 10-8 s -1

magnitudes (see the underlined numbers in Table 2.1). If the conductance

is higher than this range, no suction can be expected at membrane/rock

interface.

Table 2.1 Calculated estimates of conductance (sec -1 ) for membrane

selected.

Radius of flow area (cm)

*air	 (cm) 100 200

0 1.1152E-07 9.0567E-08
5 1.1058E-07 8.9804E-08

10 1.0965E-07 8.9047E-08
15 1.0872E-07 8.8295E-08
20 1.0780E-07 8.7548E-08
25 1.0689E-07 8.6806E-08
30 1.0598E-07 8.6070E-08
35 1.0508E-07 8.5338E-08
40 1.0419E-07 8.4612E-08
45 1.0330E-07 8.3891E-08
50 1.0242E-07 8.3174E-08

Since the membrane is a thin and flexible material and the wall of

the borehole may be rough which may puncture the membrane as high water

pressure is applied, a strong flexible material may be placed between the

membrane and the rock to protect the membrane. Also, the impeding
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membrane, the material should have a high conductance and transmissive

properties to enable it to conduct water into the fracture system,

minimizing the water pressure variation along the rock surface. Details

of the conductance material will be discussed in section 2.4.

2.3 Flow into Matrix through an Impedance - layer

Infiltration of water into the rock matrix (without fracture)

through an impedance-layer in both transient and steady-state conditions

will now be discussed.

2.3.1 Steady State Infiltration

For a small scale observation of steady state radial infiltration

into a rock matrix (rock cylinder) through an impedance layer in the

laboratory, knowing the boundary conditions of the matrix (pressure at

outside considered edge of the rock cylinder is artificially fixed), the

water pressure at the rock/membrane interface can be obtained from

Equation [2.2]. Assuming that the rock matrix is homogenous and

isotropic, and no flow occurs at the top and bottom boundaries, infiltra-

tion is horizontal radial flow, capillarity is dominant in the unsaturated

rock matrix, and gravity is ignored. We also assume that the unsaturated

hydraulic conductivity as a function of the matrix suction fits an

exponential form (Philip, 1984):

K(*) = Kse -a*	 [2.6]

where

K(*) — the hydraulic conductivity (cm sec-1) as an exponential

function of the matrix suction *, and * > 0,
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Ks — the saturated hydraulic conductivity of the matrix when * = 0

-1(cm sec ) , and

a — a measure of the importance of gravity relative to

capillarity in the particular porous material (cm-1 ), a > 0,

(Philip, 1984, 1984a, 1984b, 1985).

a tends to be small, with 0.002 cm-1 a typical value, in fine

textured soil with capillarity dominant; and it tends to be large, with

0.05 cm-1 a typical value, in coarse-textured soil where gravity is

important (Philip, 1984a, 1985). Equation [2.1] then can be modified to:

Q = AK e -a* (11
s	 dr [2.7]

where,

Q — the inflow rate (cm3 sec -1 ),

r — the radius considered interval (cm),

A = the radial flow cross section (cm2), and A — 2nrL, in which L

(cm) is the vertical length where the water is injected (see

Figure 2.1).

Because the porous medium is considered homogeneous and isotropic,

the hydraulic conductivity, K(*), is a function of the matrix suction

only, * is a function of radius, r; and Q is constant when water flow

approaches steady-state. Equation [2.7] can be integrated to yield:

f Q
27s 11C8

dr = fe -OE'Irdip
	

[2.8]

subject to the boundary conditions
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x	 (r) =*„ K(*) 24(41,,tr )	 [2.9]

r=r # (r) =# K(*) =K(*)	 [2.10]

The suction 4r,r , a time-independent (constant) parameter for steady flow,

in Equations [2.9] and [2.10] can be obtained from Equation [2.2] by:

Q 	 -H
2nrI,C [2.11]

Integrating Equation [2.8] with the associated boundary conditions in

Equation [2.9] and [2.10], the solution is given as:

* (r) = -1 1.n[e -"'r -  cgQ  ln(-1 )]
a	 2 nLIC,	 r,„,

[2.12]

Equation [2.12] is valid for unsaturated flow as long as

0 <[e	 - 	ccQ ln( '	 5i--r—)12 7C LK,	 .z.	
[2.13]

Equation [2.6] can also be expressed in terms of K (r) and given as

follows:



K(r) = Kgear - cg° ln ( •• )
2aL

Substituting Equation [2.11] into Equation [2.12] and [2.14], the

solutions of Equation [2.8] in terms of ip(r) and K(r) can be rewritten as:

-gr 	0 

11(r) = - 11n e 2Nr=1, 14) 	C	 an

a	
ln(-I:)1

27ELK,	 rm,	
[2.15]

and

a( 	

K(r) = K e	 2nz...LC 
-H„) _ [2.16]

Equations of [2.12], [2.14], [2.15] and [2.16] show that if the

boundary condition, either ipmr , 1-1,„ or C, has been changed, the distribu-

tions of the suction and unsaturated hydraulic conductivity in the matrix

will be varied since they are functions of the radius. The properties of

the porous media can be characterized by varying the injection pressure

or by using different conductance of membranes when the parameters Q, a,

L and rmr are known.

If the matrix is saturated, the hydraulic conductivity of the

matrix, Ks , becomes constant and Equation [2.1] for steady-state flow can

be expressed as (the details are in Appendix B):

LKE (H„-H.)
Q 	

Ks
	 +1n( --t)
Crm, mr

[2.17]
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where the notations in the equation are defined the same as above, He is

a positive pressure at the external boundary of the rock which can be

measured by using a tensiometer during laboratory investigations.

2.3.2 Transient Infiltration

Infiltration for a transient condition can also be described as

radial-flow in a borehole for characterizing the properties of the

unsaturated porous media. During early time infiltration, when water

flows into the borehole, the flow is dominated by capillarity, the flow

may remain one-dimensional and radial, and the sorptivity of the medium

can be evaluated from the early infiltration data for given boundary

conditions. Furthermore, an unsaturated hydraulic conductivity, K(*),

corresponding to a given suction, *, may be approximately estimated from

the relationship of the hydraulic conductivity, matrix suction and

sorptivity within the porous media.

Philip (1969) described transient vertical 1-D flow into an

unsaturated porous medium as:

= s-2 +Bt
	 [2.18]

and

i = —1 S t -1  + B
2

[2.19]

where,

I — cumulative infiltration (cm),

S	 sorptivity of the porous medium (cm sec-1 / 2 ),

t — total time (sec),

i = infiltration rate (cm sec-1) resulted from differentiation of
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Equation [2.18], and

B approaches the saturated hydraulic conductivity of the medium

(cm sec-1 ).

In the two infiltration equations, [2.18] and [2.19], for given

boundary conditions, the first term, S, represents the capillary effects.

This term dominates flow during early measurement time. As time

progresses, the first term becomes negligible and the importance of B,

which represents the main part of the gravitational influence, increases

(Philip, 1969 and Koorevaar et al.,1983, pp 153-159). To obtain the

sorptivity S, the infiltration data should be plotted as I versus t112 at

early measurement times. B can be obtained by plotting It -112 versus 012

(Smiles and Knight, 1975) at later times.

To estimate the unsaturated hydraulic conductivity as a function of

matrix suction using experimental sorptivity data obtained by the

impedance technique, the 1-D approximations derived by White and Perroux

(1989) may be applied. The approximations relate K(*) to sorptivity, S,

measured over a range of negative supply suction. After substituting

different symbols in their equations, [10] and [11] (for keeping the

uniform notation of symbols in this thesis), the approximate solutions may

be expressed as follows:

as 	)2 dOr„,.
Tc(4r.r) - AO alp.,	 2Aemr) chirmrmr

[2.20]

or in finite difference form:
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- 
Smr
	aw

)2  (e.ri - erar2 )

mr	
A S

Tear A	 2A-15.,)	 A Cu.
[2.21]

where K(*mr) is a mean hydraulic conductivity, *mrl and *mr2 are two supply

suctions (*mr > 0) on the interface between the membrane and rock surface

of the porous medium with *• =1 < 4rmr2 Smr is the sorptivity at the given

supply suction, 0 (cc cc -1 ) is volumetric water content,

mr *mil+ mr2 	t• S 4=1 ) 	4=2) 
2	 2

a-13 mr

e	 ) + (41,,,r2) _ en ,
2

= O(4i)	 emr, = ov.)

A Si, = S Ilrm„ - s	 ,	 A lirmr = rmr.1 -10 mr2

and Om = 0(*.), is the soil initial volumetric water content (*n is the

uniform antecedent suction).

In order to properly use Equation [2.20] and [2.21], we assume:

1. The conductance, C, of the impeding tubular membrane used

in the technique is constant.

2. The given supply suction for the sorptivity, Smr ,

of the porous media can be estimated from Equation [2.2] at

time t just after the early time finished and the later time
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started, or when a steady state begins to be approached.

3. The sorptivity can be evaluated from the plot of I versus t 1 1 2

or It-112 versus t112 of the infiltration data.

For the required parameters in Equation [2.20] or [2.21], the

sorptivities can be estimated by changing the positive water pressures H,,

given suctions *mr at the rock/membrane interface. The volumetric water
contents at the interface in a shallow borehole can be measured by using

a neutron probe before a sorptivity measurement and after the measurement

for each given supply suction. The On is taken as the initial water

content near the borehole surface before starting the measurements using

a neutron probe. Having the requirements for Equations [2.20] and [2.21],

we can approximately calculate the hydraulic conductivity of the

unsaturated rock for given boundary conditions. The same estimations may

be applied on an unsaturated fractured medium, which will discussed in the

next section.

2.4 Flow into Fractured Media 

Since the hydraulic conductivity, transmissivity and water flow rate

through an unsaturated fractured medium may be a function of matrix

suction, an impedance technique used to characterize this relationship is

desired. For water flow into the fractured porous rock through the

impedance layer, the boundary condition at rock/membrane interface may be

governed by Equation [2.2], but the water flow into the medium may be

expressed as:

[2.22]

where,
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Qt — the total water flow through rock matrix and fractures

(cm3 sec-1),

Qf — the water flow through rock fractures (cm3 sec-1), and

Q.— the water flow through the rock matrix (cm3 sec-1 ).

In order to simplify the application of Equation [2.22] by assuming

most of the water flows through the fractures and matrix flow is

negligible, we may consider using a highly conductible material placed

between the membrane and the surface of the rock to conduct the water over

the surface of the matrix and directly into the fractures. Such material

placed on the inter-surface of the rock, the so-called conductance layer,

will be discussed as follows.

2.4.1 Properties of Conductance Material

For an unsaturated fractured porous rock, both the permeability of

the rock matrix and the fracture are functions of the suction. Wang and

Narasimhan (1985) stated that the fractures will control the fluid flow

under nearly saturated conditions and the matrix will control the flow

when some of degree of desaturation occurs, because the fracture

permeability of discrete fractures becomes less than the matrix permeabil-

ity. For the suction range of interest in this study (0-100 cm), the

matrix and the fractures are nearly saturated, and we may expect the water

will mainly flow into the fractures. Therefore, a conductance layer is

used in this technique and is placed between the rock and the membrane to

conduct water directly into the fractures. Such material should have a

high transmissivity, flexibility, stressibility and stability in water.

Since the conductance layer is placed between the membrane and rock, a

confined pressure will be applied to the layer. Transmissivity for the

saturated porous material under different confining pressures can also be

estimated using Darcy's law, which is given as:
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T = TCb - 	
dH
dl

(2.23)

where,

K — the average saturated hydraulic conductivity of the material

(cm sec-1 ),

b = the thickness of the material perpendicular to flow (cm),

Q = the water flow rate through the porous material (cm 3 sec -1 ),

M = the length of the material (2nr, cm), and

dH/d1 — the hydraulic gradient (cm cm-1 ).

For the rock matrix and fractures and the suction range of interest,

the conductance material should remain nearly saturated condition. To

determine the transmissivity of the material in an unsaturated condition

with variable confining pressure presents difficulties, so instead we can

measure the water diffusivity for this unsaturated material under

different suctions and confined pressures. Klute's method (1965) for soil

water diffusivity measurements is used for laboratory estimates for the

conductance material. When the diffusivity is estimated, the unsaturated

hydraulic conductivity can be calculated.

Because it is difficult to investigate the interaction of matrix and

fracture flow with the multi-layers or impedance-conductance layers,

Rasmussen's computer model (1988), which uses a Boundary Integral method

to model discrete fractures and fracture networks is used here to simulate

such flows. The details are discussed below.

2.4.2 Flow into Fractured Media through Impedance-Conductance Layers

When using Rasmussen's computer model, we assumed the following:

1. The transmissivity of the conductance layer (10 lb canvas) is

4.63x10 -4 cm2/sec;
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2. Conductance of membrane is 2.64x10 -8 1/sec;

3. Transmissivity of a single fracture is 1.65x10 -3 cm2/sec;

4. Hydraulic conductivity of the rock matrix is 2.31x10 -6 cm/sec;

5. Applied pressure inside the membrane is 138 kPa (20 psi);

6. The suction on the boundary of the matrix is 10 cm.

Modeling water flow into the fractured media through impedance-

conductance layer by using Rasmussen's computer model (1988) shows that

the head distribution alone the canvas layer is relative constant (results

are tabulated in Appendix C, Table C-10). The results imply that under

the conditions assumed the conductance layer may be an important factor

which can contribute a constant head along the rock/membrane interface

when water flow is through a membrane and canvas into the fracture. Since

water which flows into the rock and fracture is driven by a low suction

for the matrix, the flow can be considered to be laminar viscous

incompressible flow. The flow in a single fracture has been recently

studied by many researchers. The most commonly accepted equation for flow

through fractures is based on the analogy of flow between parallel plates.

This equation, the so-called cubic law, first derived by Boussineq (1868),

is either directly or indirectly used in different conditions by

Witherspoon et al. (1980), Tsang and Witherpoon (1981), Tsang (1984), Wang

and Narasimhan (1985), Schrauf and Evans (1986), Kilbury et al. (1986),

Ranven et al. (1988), Khaleel (1989) and Pruess et al. (1990). The cubic

law for saturated steady-state radial flow is written as (Tsang and

Witherpoon, 1981):

2nye3exp 
CI! -

12111n( —2L)	
[2.24]

rnir
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where

Qi — the flow rate through the fracture (cm3 sec -1 )

A* — the suction difference in the fracture medium (cm),
e — the aperture width (cm),

y — the specific weight of water (g cm -2 sec -2),

p — the fluid viscosity (g cm-1 sec -I ),

re — the outer radius (cm), and

rmr — re — the borehole radius (cm).

For partially saturated fractures with parallel planar walls, the

hydraulic conductivity, Kf (cm sec -I), is computed by (Snow, 1965, 1969;

Wilson and Witherspoon, 1970; Witherspoon et al., 1980; Rasmussen, 1987;

Khaleel, 1987, 1989):

-	 12p.
	 [2.25]

If the flow is steady and isothermal, Equation [2.25] combined with

Equation [2.24] yields:

[2.26]

Equation [2.26] is similar to Darcy's law for saturated radial steady

flow.	 If the fracture is unsaturated and the unsaturated hydraulic

conductivity Kf (*) is a function of matrix suction *, Darcy's equation for

steady unsaturated radial flow can be given as:



2nt,*

Orin ( —
r,

)

Tf (*) = Kf (4r) e -	
rnu. [2.28]
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2n Kr (*) et.*
Qf 	

ln (-2L) [2.27]

The transmissivity of the fracture, T f (*)	 eKf(*) (cm? s -1) , can be

calculated as:

If water flow through the matrix can be ignored, flow through the

impeding membrane will equal the flow through the fracture, Op. Q.

Equation [2.27] combined with Equation [2.2] can be written as:

27:Tf (*)(II+* e )
Qin' Qf - Tr(*) 

+1n(	 )
r„ LC	 r

[2.29]

14 (CM) is the suction at the outer radius in the fractured media, and the

other notations are as before (see Appendix B).

Equation [2.29] is valid as long as the flow is steady-state radial

flow. The transmissivity of the fracture can be estimated by using

Equation [2.9] if flow through the membrane and Ilse with the outer radius

are determined.

For unsaturated multi-fractured media in situ measurements, we may

assume e as an average or equivalent aperture and Kf (*) is the unsaturated

hydraulic conductivity estimated from the sorptivity measurements using

Equation [2.20] or [2.21]. The aperture can be calculated by using
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Equation [2.26]. However, using the technique to estimate hydraulic

conductivity for unsaturated fractured rock is an acceptable method since

there is not a good and practical method for the measurements at this

time. A significant result from this technique for field measurement of

unsaturated fractured porous media is that a function of water flow versus

suction can be characterized when water flows into such media through

impedance-conductance layers in the borehole when the rock is nearly

saturated.
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CHAPTER THREE

CHARACTERIZATION OF HYDRAULIC PROPERTIES

3.1 Membrane Characterizations 

The membrane characterizations include both the conductance

variation of the impeding membrane at different levels of initial

saturations (saturated, moist and dry) and elapsed time, and the

transmissivity variation of the conductance layer with changes in

confining pressure and suction. Due to possible clogging and degradation

of the low permeable impeding membrane, the conductance of the membrane

may change with elapsed time. The initial saturation of the membrane may

also affect the conductance. The transmissivity of the conductance layer

may vary when the suction is changed, and when the confining pressure

applied to the membrane is different. To characterize these hydraulic

properties of the membranes, laboratory experiments were necessary.

3.1.1 Experimental Setup and Impeding Material Chosen

Three experimental setups for measuring the conductance of membranes

are shown in Figure 3.1, 3.2, 3.3a and 3.3b. From twenty different

membrane samples, setups in Figure 3.1 and 3.2 were used for choosing the

impeding membrane which has a conductance of approximately 10 -7 to 10 -8

sec -1 (see Table 2.1 in Chapter two). In the two setups (see Figures 3.1

and 3.2), membrane samples were placed in each sample holder, air pressure

was applied in the inflow reservoir to cause water to flow through the

membrane samples. The injection pressure was measured by a pressure

gauge, the outflow was measured by graduated pipette using an air bubble

movement, and the outlet of the pipette was open to the atmosphere (see

Appendix A for procedures). The setup in Figure 3.3a was used to measure
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the conductance variation of membranes changing with elapsed time and

initial water content, and Figure 3.3b details the setup in Figure 3.3a.

In this setup, a tubular membrane was placed inside of a rock cylinder and

water was injected through the water injection port through the membrane

(see Figure 3.3b). Inflow and outflow were measured using the water

reservoir and a graduated cylinder, respectively, and the injection

pressure was recorded from the manometer (see the detailed experimental

setup in Appendix A).

Selected data for three kinds of membranes using setups showing

Figure 3.1 and 3.2 are shown in Figures 3.4, 3.5, 3.6, and 3.7. The three

types were Teepak #2068569 T-6 Reg from Fibrous Marketing, IL; Zephyr W.

and C125 Cellulose from Viskas Corporation, IL. All the membranes were

soaked for 24 hours in water before being tested. Data in Figures 3.6 and

3.7 are measurements for the same kind of membrane but different setups.

Figure 3.6 data were obtained using the setup in Figure 3.1, and Figure

3.7 using the setup in Figure 3.2. The details of measurements and

calculations are reported in Appendix A, and the tabulated data are shown

in Appendix C. The conductances of the membranes are shown in Table 3.1,

including the conductance of the C125 Cellulose by the setup of Figure

3.2. These values satisfy the membrane conductance requirements in terms

of magnitude (see in Table 2.1), but the conductance of C125 Cellulose

membrane is the best for the requirements due to the conductance.

Therefore we choose this C125 Cellulose membrane as the impeding membrane

for the further studies.

Comparing the conductance results shown in Table 3.1, the result

using the setup in Figure 3.1 is one order magnitude less than the

conductance measured by the setup in Figure 3.2. The difference may be

caused by the different dimension of the filter holders, 25 mm versus 70

mm. Also, the frames of the impermeable meshes which were used to support
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Figure 3.4 Flux vs. injection pressure for Teepak #2068569
T-6 Reg. tubular membrane using 25 mm diameter sample
holders (see Figure 3.1).



49

-
'<1 5.00E-006 -

El
Q

..
-e4

a

4.00E-006 —

' 3.00E-006 -
M
Z

E4 2.00E-006 --:

0.00E+000
0	 25	 50	 75	 100	 125	 150

Inflow Pressure (kPa)

Figure 3.5 Flux vs. injection pressure for Zephyr W. tubular
membrane using 25 mm diameter holder (see Figure 3.1).



1.25E-005

1.00E-005

7.50E-006

o.

5.00E-006

0.00E+000

50

1111111i-1111111m 1 j

0	 25 50 75 100 125 150 175 200

Inflow Pressure (kPa) 

Figure 3.6 Flux vs. injection pressure for C125
Cellulose tubular membrane using 25 mm diameter
sample holders (see Figure 3.1).



4.00E-005

i 
3.00E-005 —

n'

El
-4

2.00E-005 —

_

0.00E+000 i	 i	 i	 1	 1	 1	 1	 1	 t	 I	 I	 I	 II	 1	 I	 i	 1	 1
0	 50	 100	 150	 200

Inflow Pressure (kPa)

Figure 3.7 Flux vs. injection pressure for C125
Cellulose tubular membrane using 70 mm diameter
sample holders (see Figure 3.2).

51



52

the samples account for about 25 percent of the holder's space, reducing

the effective cross section of the 25 mm membrane samples. During the

conductance measurements, flow restriction will increase as the injection

pressure increases due to confining pressure. For the 70 mm holder, the

membrane sample was supported by a highly permeable cloth mesh which

should not affect the cross section of the membrane sample even when a

high injection pressure was applied. Therefore, the setup in Figure 3.2

is suggested for conductance tests because of the effective diameter of

the sample.

Table 3.1 Conductances for different membranes.

Membrane	 Conductance (s -1 )	 STD (s -1 )	 CO. of Var

Teepak	 5.60x10-9	 6.16x10-1°	 11.00%

Zephyr W.	 4.45x10-9	 3.65x10-1°	 8.18%

C125 Cellulose 6.43x10 -9	9.21x10-1°	 14.34%

C125 Cellulose * 38.0x10 -9 	105.0x10-1°	 29.92%

* data from Figure 3.2 setup.

3.1.2 Membrane conductance at Different Initial Saturation

The membrane selected as an impeding material for the experiments

to follow is a flexible tubular membrane with diameter of 10 cm. The

setup illustrated in Figures 3.3a and 3.3b was utilized for measuring the

conductances of the membrane C125 Cellulose in saturated, moist, and dry

initial conditions. The sample pretreatment used to measure these

conductances was: (1) The membrane was allowed to saturate for 24 hours

and then measured for saturated conductance, (2) The sample membrane

after saturated measurements was air-dried for 4-6 hours and then directly
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measured for moist conductance, and (3) The sample membrane was then

allowed to air-dry for about 24 hours and then the conductance was

directly measured. The conductances for the three initial saturations

are shown in Table 3.2. Comparing the conductances of the membrane with

initial saturated, moist and dry conditions, the average conductance of

the membrane in saturated condition is 2.74 times greater than when the

membrane is in a dry condition, and 1.67 times greater than when the

membrane is in a moist condition.

Table 3.2 Summary of membrane conductance at different initial

saturations (see the tabulated data in Appendix C).

Saturation Average C (s -1 ) STD	 (s -1 )	 Co. of Var.

Saturated 76.2x10-9 17.5x10-9 22.9%

Moist 45.5x10-9 7.50x10-9 16.5%

Dry 9.51x10-9 1.71x10-9 17.9%

The variation of the membrane conductances at the different initial

condition appears significant, which could be caused by the variation of

the membrane saturations. So, if this is true, the membrane should be

prevented from drying when it is eventually used in the hydraulic

impedance technique.

3.1.3 Variation of Membrane Conductance with Time

Using the setup shown in Figure 3.3 for measuring the conductance

variation of the membrane with time, two sets of data from different

membrane samples are plotted as conductance versus elapsed time in Figure
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3.8a, 3.8b and 3.9 (see the tabulated data in Appendix C). Figure 3.8a

(first data), plotting the measured conductance versus time and the data

scatter at a given time is due to the different injection pressures.

Figure 3.8b (first data) and 3.9 (second data) are plotted as average

conductance at the different times. The two data sets were obtained using

the same setup and procedures with 24 hour initial soaked time. The

measurements were taken at a room temperature approximate 24° C. Figure

3.8b shows that the conductance of the membrane can rapidly drops before

100 hours, and approaches fairly stable constant value from 100 to 350

hours. The conductance can become unstable as Figure 3.9 shown, after 350

hours. However, the average conductance of the membrane after 350 hours

is close to the average conductance within 100 to 350 hours. This

suggests that the conductance after 100 hours is a constant. Experimental

error or temperature differences may have contributed to the instability

after 350 hours.

Since it is indicated that the conductance of the membrane may reach

a nearly constant value after 100 hours, a soaking time of 100 hours or

more may remove some of the variation among membrane samples. The data

from six membrane samples (C125 Cellulose) using the setup in Figure 3.3a

and 3.3b to measure conductance after the membranes had soaked for over 75

hours, are plotted in Figure 3.10. The Figure shows the conductance of

the membrane samples will reach a near constant after 75 hours. The six

samples were tested after different soaking times and each measurement

took about 10 minutes. Some samples such as samples 1, 2, 3 and 4 were

tested twice to measure the variation of the conductance at different

elapsed time. The average conductance for the six samples is 2.64x10 -8

sec-1 with a standard deviation of 0.343x10 -8 sec-1 . The measurement error

is 13%. As a precaution a biocide, swimming pool chlorinator (containing

65% available chlorine) may be added to the injection water and the soaked
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water to reduce deterioration of the membrane (see Appendix A).

3.1.4 Variation of Conductance Layer (canvas) Transmissivity with

Confining Pressure

As stated earlier, the purpose of using a conducting layer (10-pound

canvas) is to reduce the variation in pressure along the rock surface,

particularly when a fracture exists in the rock. For this reason, the

layer should have a high transmissivity in relation to the impeding

membrane conductance under a given confining pressure. The transmissivity

is a function of suction and the confining pressure.

To measure the saturated transmissivity of the canvas, a laboratory

setup design as shown in Figure 3.11 was used. One coil of the canvas

with dimension of 20 cm (length) x 5 cm (width) was placed around an

impermeable plastic core which was then placed into a Tempe cell. Outside

the canvas was a rubber bladder which was used to apply a confining

pressure to the canvas. Water was injected from the top of the Tempe

cell, and outflow was measured at the bottom of the cell. The transmissi-

vity was measured at different confining and injection pressures. The

results are given in Figures 3.12, 3.13 and 3.14. For each confining

pressure, inflow data were taken corresponding to different injection

pressures while the outflow pressure was fixed. In these figures, Figure

3.12 shows the transmissivity versus confining pressure. Figure 3.13

shows the inflow rate versus water head difference (injection pressure -

outflow pressure) and Figure 3.14 shows the transmissivity versus water

head difference. The transmissivity for the experimental setups was

calculated using Equation [2.23] in section 2.4.1. Figure 3.12 shows that

the transmissivity is an exponential function between confining pressure

and transmissivity.
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Figure 3.11 Experimental setup for saturated transmissivity of
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Figure 3.13 shows that the inflow rate versus water head difference

has a strong linear relationship for each confining pressure, 10, 20 and

30 psi (69, 138 and 207 kPa), respectively. The data plotted as

transmissivity versus the head difference in Figure 3.14 shows that the

transmissivity is fairly constant for each confining pressure. The

results show that the confining pressure imposed is a critical factor

affecting the magnitude of the transmissivity.

3.1.5 Variation of Conductance Layer (canvas) Diffusivity with Confining

Pressure and Suction in Unsaturated Conditions

The conductance layer may desaturate when water flows through an

impermeable impeding layer into an unsaturated fractured medium. The

partially saturated condition may be caused by suction in the unsaturated

fractured medium, the low conductance of the impeding layer, and the

confining pressure resulting from the injection pressure. However, since

the degree of saturation of the conductance layer is a remaining

uncertainty and should be measured. To determine any changes, the Klute

method (1965) was used to measure the water diffusivity of this layer

(canvas) under different suctions and confining pressures. This was done

in the laboratory using a coiled roll of the canvas material.

A setup for this measurement is shown in Figure 3.15. The dimension

of the canvas sample was 5 cm (width) x 72 cm (length). The sample was

rolled in a core-like shape and then placed in a pressure cell. An

inflatable rubber bladder was placed outside the core-like sample to apply

a confining pressure. The diameter of the coiled sample was 2.42 cm after

20 psi (138 kPa) of confining pressure was applied. Figure 3.16 and 3.17

show the saturated transmissivity and hydraulic conductivity of the

canvas, respectively (using the core-like sample and without the ceramic
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plate for saturated measurements). By regression analysis, the experimen-

tal relationships between the transmissivity, T(P) (cm -2 s -1 ), and the

saturated hydraulic conductivity, K(P) (cm s -1), versus confining

pressure, P(kPa), are given in the Figures 3.16 and 3.17, respectively.

For unsaturated canvas the same pressure cell was used but with the

porous plate in place. Pneumatic pressures of 1 and 10 kPa and confining

pressures as 69, 103 and 138 kPa (10, 15 and 20 psi) were applied. Due to

the outflow measurements, transmissivities and hydraulic conductivities

were calculated and tabulated in Table 3.3 included as the experimental

setup in discussed.

The exponential relationships for the conductance layer between the

transmissivity and confining pressure shown in Figures 3.12, 3.16 and 3.17

provide a saturated transmissivity parameter for modeling as discussed in

Section 2.4.2. If the transmissivity of the membrane is higher than that

of the fractures', and its hydraulic conductivity is higher than that of

the rock matrix and the impeding membrane, the head drop can be ignored

within the conductance layer. However, the layer should be taken into

account. From the results of computer modeling discussed in Section

2.4.2, the 10-pound canvas as a conductance layer can contribute a

relevant constant head along the rock/membrane interface.

The hydraulic conductivity transmissivity and diffusivity values in

Table 3.3 are some what questionable. When the inflow pressure of the

sample was fixed at 1 kPa and the confining pressure was varied from

68.9 to 137.8 kPa (10 to 20 psi), the hydraulic conductivity increased

(see Table 3.3), which is the inverse of what was expected. Theoretical-

ly, the hydraulic conductivity should become lower as the suction

increases. At high confining pressure measurements (137.8 kPa or 20 psi),

the hydraulic parameters (diffusivity, transmissivity and conductivity) in

Table 3.3 are irregularly changed such as the transmissivity is 3-orders
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Table 3.3 Diffusivity and unsaturated conductivity of canvas.

P	 Suction	 Diffusivity	 Transmissivity Conductivity

(kPa) (kPa) (cm2/s) (cm2/s) (cm/s)

68.9 1 1.11x10-3 2.22x10-7 3.07x10-6

103.3 1 1.75x10-3 4.31x10-7 6.64x10-6

137.8 1 3.00x10-3 5.46x10-7 8.16x10-6

68.9 10 6.67x10-4 6.91x10-8 1.03x10-6

103.3 10 1.66x10-3 1.44x10-7 5.23x10-6

137.8 10 1.00x10-3 7.36x10-8 1.10x10-6

lower than the saturated transmissivity. These unexpected phenomena may

be caused by the following:

a. The bladder made of rubber tube is used for confining pressure

application. Since the applied confining pressure is 10-20 times higher

than the injection pressure, at a low inflow pressure the outflow of water

in the sample may result from the confining pressure, rather than by the

inflow pressure or suction. So, a higher confining pressure can result in

a higher hydraulic conductivity for the canvas. Inversely, a higher

confining pressure can compress the coil sample resulting in a lower

transmissivity.

b. The experimental method used here is modified from Klute (1965),

but the sample is a cloth, not a soil. At a high confining pressure a

radial force will be formed in the sample which will affect the diffusiv-

ity of the sample, especially when the canvas is heterogeneously rolled,

or when channelling occurs. Hysteresis should be a factor because the

sample had been tested for several times in different conditions.
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c. The sample of canvas is initially saturated, and the assumption

of a negligible head loss due to flow through the porous plate may not be

valid in our case, especially when the sample has a water content

approaching saturation (Klute, 1965). The most important effect may be

the contact between the bottom of the sample and the top of the plate. If

the media are not in good contact with each other, and different size gaps

form due to the different setup for the sample measurements, irregular

outcomes for the hydraulic parameters can result. To have a good analysis

results for the outflow data, the Kool and Parker (1987) computer model

for analyzing one step outflow data is suggested for further studies.

3.2 Apache Leap Tuff Sample Characterizations 

To model water flow through the rock matrix and fractures as well as

through the conductance-impedance layers, the hydraulic parameters such as

the saturated and unsaturated hydraulic conductivity of the rock matrix

and the transmissivity of fracture are required. These were estimated

using two setup as shown in Figures 3.3a and 3.3b. Two rock cylinders

were used in the follow studies, one without a fracture and the other

prepared with an artificial fracture preparation.

3.2.1 Saturated Hydraulic Conductivity of Rock Cylinders

The saturated hydraulic conductivity of rock cylinder #1 (without

fracture) was measured to be 2.31x10 -8 m sec-1 (see Figure 3.18). Since

the wall of the rock cylinder #1 was too thin (2 cm) for fracture

preparation, a 4 cm wall rock cylinder was used for preparing the fracture

sample. The saturated hydraulic conductivity of the rock cylinder for

sample #2 (before fracturing) which was measured by using the setup in

Figure 3.19 is 4.94x10 -9 m sec-1. Inflow-rate versus injection pressure

for sample #1 and #2 is plotted in Figures 3.18 and 3.20, respectively.
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Figure 3.18 Inflow rate vs. injection pressure for
saturated rock cylinder #1.
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Figure 3.18 and 3.20 show that the flow has a linear relationship during

radial flow through both rock cylinders.

The order of magnitude between the saturated hydraulic conductivity

for the two rock cylinders was probably not caused by different setups for

laboratory measurement, but rather by the different sampling locations for

the samples. Rock cylinder #1 was taken from the western part of the

Apache Leap site (Superior, AZ, see Figure 1.1) which is about 100 feet

away from where rock cylinder #2 was taken from the northern part of the

site. It appears that rock cylinder #2 is more welded than rock cylinder

#1 by the Ks values and observed color.

3.2.2 Unsaturated Hydraulic Conductivity of Apache Leap Tuff

Using the laboratory Tempe Pressure Cell Method, Rasmussen et al.

(1990) tested 105 Apache Leap tuff cores originating at locations close to

the source of the rock cylinders to estimate the hydraulic conductivity of

the rock matrix at suctions of 0, 10, 25, 50 and 100 kPa. The relative

hydraulic conductivity (K, K(*)/Ks) and volumetric water content (8)

corresponding to the specific matrix suction (*) are shown on the left-

hand side of Table 3.4 and the relative hydraulic conductivity versus

suction is plotted on semi-log paper in Figure 3.21 which shows the a-

value changes with matrix suctions.

Recalling Equation [2.6],

K (40 = K9 e -E*

For the changing a-values, the hydraulic conductivities of sample #1 0(40

and #2 OW were estimated by using Rasmussen et. al.'s model (1990) as

modified from Kool and Parker's (1987), instead of using Equation [2.6].
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Table 3.4 The mean properties for 105 core samples collected at the

Apache Leap Tuff Site (Rasmussen et al., 1990) on the left-

hand side and the hydraulic conductivities of cylinder rock

#1 and #2 on the right-hand side.

*(kPa)	KT ai (cm-1) Kiti (cm/s)	 K#2 (cm/s)  

0 1.0000 0.1754 2.31x10-6 4.94x10-7
0.009972

10 0.3620 0.1672 8.36x10 -7 1.79x10 -7

0.007153
25 0.1213 0.1580 2.80x10-7 5.99x10 -8

0.002031
50 0.0723 0.1460 1.67x10 -7 3.57x10 -8

0.000948
100 0.0446 0.1220 1.03x10 -7 2.20x10 -8

The model can be expressed as:

Ki+1 = Kie-e(*.- */) [3.1]

where

i+1 = unsaturated hydraulic conductivity at the final suction,

Ki — unsaturated hydraulic conductivity at the initial pressure

(cm sec-1 ),

a i = slope coefficient at current suction step (cm -1 ),

* i4,1 = final suction (cm), and
* i — initial suction (cm).

Assuming a piecewise linear relationship between matrix suction and

water content, the saturated and unsaturated hydraulic conductivities  for

different matrix suctions are shown on the right hand side of the Table

3.4, in which the a-value is different for each suction interval.

Since the 105 core samples and the two rock cylinder samples were

obtained from the same Apache Leap Tuff site, the experimental water
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retention data from the 105 core samples (see Table 3.4) was used to

represent the retention curve for the two rock cylinders for estimating

their unsaturated properties (no retention curve was measured for the two

rock samples in this study). To estimate the unsaturated hydraulic

conductivity and diffusivity of the two rock cylinders and to fit the

experimental water retention data (from 105 core measurements, Rasmussen

et al., 1990), the computer program RETC.77 (Van Genuchten, 1985) was

used. Figure 3.22 shows the fitting of the experimental retention data

and predicted curve. For the fitting using these computer models, the

predicted retention curve of the rock matrix is given by

OH - OrO = e

r 

+ 

(	

) u rn
[3.2]

where

0 = the volumetric water content of rock matrix (cm3 cm-3 ),

O r — the residual water content (cm3 cm-3 ),

O s = the saturated water content (cm3 cm-3 ),

* — the matrix suction (cm), and

ay , n and m are empirical constants, m 1-1/n for Mualem's model.

Mualem's (1976) conductivity model is used to estimate the

unsaturated hydraulic conductivity for the rock cylinders #1 and #2, which

is given by

- [f (Se)1 2
=K Ke S: f (1) [3.3]

where
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e - or

- es - er
[3.4]

f (Se) =	
h(S)
	 [3.5]

Ks = the saturated hydraulic conductivity, and

= an unknown parameter, generally, 0.5 for Mualem's model

(1976).

By running the RETC.77 program, the empirical constants ay , n and

other parameters, are as tabulated in Table 3.5 and, the relative

hydraulic conductivity, unsaturated hydraulic conductivity and diffusivity

for both rock cylinders are plotted in Figure 3.23 (for details see

Appendix C). Figure 3.24 is the plot of the relative hydraulic conductiv-

ity and unsaturated hydraulic conductivity in different models, Mualem

(1976) and Rasmussen al. et. (1990).

The value of a in Equation [2.6] and [2.15] can be estimated by

plotting the relative hydraulic conductivity versus matrix suction of the

experimental data on semi-log paper (see the right-hand side of Table 3.4)

and Figure 3.21. Since the values of a i are not constant, but are variable

with varied suctions, we take the portion from 0 to 102 cm of suctions to

determine the a because the range of interested suction in this study is

about 100 cm. The value of a for the rock is taken as 0.008192 cm-1.

In Figure 3.24, the results from two different models, Mualem's

(1976) and Rasmussen et al. (1990), show that at the lower suction ranges,

the predictions agree well with each other but at higher suctions, there

is approximately one order of magnitude difference in the results. The
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Table 3.5 Empirical parameters for Apache Leap Tuff from a best fit

curve using Equation [3.2].

Correl. coeff.

0.0000
	

0.1718	 1.3998
	

0.0017	 0.9945

differences may be caused by the parameter emphasis in each model. For

instance, for Rasmussen et al.'s model, the hydraulic conductivity is

highly dependent on the slope coefficient at each pressure step, while the

hydraulic conductivity in Mualem's model is dependent on the experimental

retention curve, O versus * and the best-fit parameters for this curve.

Since consideration of the suction range in the rock matrix in this study

is lower, perhaps about 100 cm or less, the result from both models is

within this range.

3.3 Mineral Dust Characterizations 

In order to impose suctions at the outer rock surface using a

constant suction inflow-outflow device, fine porous mineral dust (called

bag-house dust by the manufacturer) provided by the Minerals Research and

Recovery Plant, Ajo, Arizona, was used as an unsaturated porous media.

The dust is a black powder with quite uniform distribution in size and has

a specific gravity of about 3.4. The dust consists of air cooled copper

slag (from a copper smelter) with a uniform chemical composition (from

personal communication with Mr. Chopra, Vice President of the Mineral

Research and Recovery Plant, 1990). The material was packed to a dry bulk

density of 2.0g/cm3 for the experiments to follow. Since the material is

used as a hydraulic medium, properties such as the saturated and



83

unsaturated hydraulic conductivity, and the water retention curves must be

characterized.

3.3.1 The Constant Suction Inflow -outflow Device

The constant suction inflow-outflow device is designed to impose a

constant suction in the unsaturated porous medium. The device consists of

three parts, Mariotte reservoir, outflow connector and inflow ceramic

porous cup (see Figure 3.25 and Appendix A for detailed setup). The

inflow ceramic cup is placed in a porous medium, and a suction is imposed

by changing the Mariotte reservoir position. If the suction inside the

medium is lower than the imposed suction, water in the medium will be

removed through the inflow porous cup to the outflow connector and into a

graduated cylinder until the suctions are balanced. If the medium is

desaturated, water will be withdrawn from the reservoir through the porous

cup into the medium until the suctions reach constant. Since the suction

is fixed by the device the inflow and outflow processes can be continually

changing until the suctions are balanced. By changing the imposed suction

by the device, the inflow and outflow processes will make the system reach

another balance. When the suction in the porous medium is equal to the

imposed suction, the water content can be calculated using the measured

inflow and outflow volumes with the sample initial conditions (see

Appendix A). This device is a useful apparatus for laboratory experi-

ments using unsaturated porous media, and is an important and critical

device for the study to follow.

3.3.2 Saturated Hydraulic Conductivity

Since the dust is used to induce a suction on the exterior of the

rock cylinder to keep the rock in an unsaturated condition, it should have

a hydraulic conductivity much greater than the rock cylinder and uniform
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particle distribution. The dust should has a higher air entry value

(about 100 cm), and its hydraulic conductivity should be higher than that

of the rock cylinders. This will insure a lower head drop while a suction

is imposed in the dust using the constant suction inflow-outflow device.

The setup shown in Figure 3.26 was used to measure the saturated

hydraulic conductivity of the dust. The dust sample is uniformly packed

into a sample tube over a fine sand layer to a dry bulk density of 2.0

kg/m3 (see Appendix A for details). Water at different heads was injected

from the top of the dust and the outflow and the inflow rates were

measured using a graduated cylinder and the inflow reservoir, respective-

ly. The measured water flux versus head gradient is plotted in Figure

3.27, and the saturated hydraulic conductivity for the dust was calculated

to be 4.794x10 -4 cm s -1 .

3.3.3 Water retention curves

The hanging column method was used to measure water retention curves

of the dust, and its setup is shown in Figure 3.28. A 200 g oven-dried

dust sample was uniformly packed in a 100 ml Buchner funnel cup for the

measurements. During measurements the sample was first saturated, than

incrementally desaturated (desorption), and finally, resaturated

incrementally (see Appendix A). The water retention curves for the dust

are plotted in Figure 3.29. Figure 3.30 is a comparison of the water

retention curves from measurements and from estimations using the RETC.77

program (Van Genuchten, 1985). The parameters in Equation [3.2] for the

estimated water retention curves for both desorption and absorption are

shown in Table 3.6. Upon comparing the data for the mineral dust in

Figure 3.30 with the estimated water retention curves, they are good

agreement in the measured suction range.
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Table 3.6 Empirical parameters for the Mineral Dust from a best fit

curve using Equation [3.2].

Type Or Os av Co.	 coff.

Despt.

Spt.

0.0000

0.0000

0.4984

0.5213

4.1382

2.4508

0.0045

0.0075

0.9922

0.9916

3.3.4 Unsaturated Hydraulic Conductivity

Knowing the water retention curve of the dust and the parameters of

Equation [3.2], we can use the RETC.77 program to estimate the unsaturated

conductivity of the dust in the considered suction range. Figure 3.31

shows that the unsaturated hydraulic conductivity, diffusivity and

relative hydraulic conductivity of the dust in desorption and absorption

processes.

The unsaturated hydraulic conductivity for the mineral dust was also

measured using a long-column version of the steady-state flux control

method modified from Klute and Dirksen (1986). This method uses a

constant flux of water into the upper-end of the column and a water

suction at the bottom to create a higher suction in the soil column. When

the upper portion of the dust column reaches a steady-state flux

condition, if uniformly packed, it will achieve a state of relatively

constant moisture content or suction. A unit hydraulic gradient will

thereby be established throughout this region. The laboratory experimen-

tal setup is shown in Figure 3.32. The dust sample was uniformly packed

to a dry bulk density of 2 g/cm3 as a 110-cm-long soil column in a plastic

cylinder. Microtensiometers were used for suction measurements, a spring

pump was used for inflow supply and a constant suction inflow-outflow
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Figure 3.32 Experimental setup for unsaturated hydraulic
conductivity of the mineral dust.
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device was connected to the bottom of the column. The tensiometer

connections shown in Figure 3.32 is convenient for air bubble removal from

the tensiometer system. The microtensiometers used in these measurements

were 1 cm (OD) x 0.75 cm (ID) x 8 cm dimension and have an average

saturated hydraulic conductivity of 1.81x10 -6 cm s -1 ( see tabulated in

Appendix C). The experimental data were taken when the column was in both

saturated and desaturated conditions. Suctions were directly measured

from each tensiometer and the constant suction inflow-outflow device, and

the considered length of the sample is from the up-end to the bottom.

The saturated hydraulic conductivity for the dust was also measured

using this setup by placing a constant water table at the bottom of the

soil column. The value of the average saturated hydraulic conductivity

for this mineral dust is 6.24x10 -4 cm s -1 . But, the saturated hydraulic

conductivity using the Figure 3.26 setup is 4.794x10 -4 cm s -1, The

different values of the saturated hydraulic conductivity of the mineral

dust using different experimental setups (see Figures 3.26 and 3.32) may

be caused by the non-uniform packing for the different dust columns. The

size of the dust column and measurement technique may also affect the

conductivity value. While the saturated hydraulic conductivity data from

the Figure 3.26 setup were taken directly after the dust had been

initially saturated, the data from the Figure 3.32 setup were measured

after the column had been saturated and desaturated for several cycles,

which may have influenced the values. However, the small difference

(23%) between these two measurements is insignificant for the purposes of

this study.

The unsaturated hydraulic conductivity versus suction is shown in

Figure 3.33. Figure 3.34 shows the comparison of the unsaturated

hydraulic conductivity from computer estimation and experiments. The a

value in Equation [2.15] and [2.6] was approximated using the measured



1	 1 I	 1	 I

150

( cm)

I	 I	 1
	

1	 1	 1	 1	 I	 1	 1	 1

0
	

50	 100

Suction

AA

Kr = e 
(-0.0315 If)

200

^

Figure 3.33 Experimental unsaturated hydraulic conductivity
for the mineral dust using the Figure 3.32 setup.

95



AA 	•	 •
A

Sb çpti on
•

96

1 0 • — — Estimation curves
AA AA Experimental data

• — — — —
475

AA!?
454 •

A MA2
A AR' \

A	 411141&\	
DesôRption

A
A 4144 •	 •

A 4/44441
4AatIAA

°I 1 0 -4 7--

C.)

10

10 -1 	

0	 50	 100	 150	 200	 250	 300

Suction (cm)

Figure 3.34 Comparision of the experimental unsaturated
hydraulic conductivity (using the Figure 3.32 setup)
and the estimated data using Mualem's model (1976).



97

data and plotting the relative hydraulic conductivity versus suction on

semi-log paper (see Figure 3.33). The slope of the linear regression is

the a value, 0.0315 cm-1 , and these data fit Equation [2.6] as

Kr = (-0.0315 *).

Figure 3.33 indicates the unsaturated conductivity of the dust, most

likely, is a exponential function of the suction for the experimental

suction range. As mentioned earlier, the estimated data for water

retention curves of the dust using the RETC.77 program fit the experimen-

tal curves, but do not fit for the unsaturated hydraulic conductivity (see

Figure 3.34). The disagreement may be caused by the sample packing and

the scale of the samples. In the two experiments, while the dimension of

the dust sample used for hysteresis curve measurements was about 5 cm

(diameter) x 5 cm (length), the column for the unsaturated hydraulic

conductivity was 5 cm (diameter) x 110 cm (length). Since the estimated

unsaturated hydraulic conductivity using Mualem's model (1976) Equation

[3.3] in program RETC.77 is based on the experimental water retention

curves, the scale of the sample is considered as a great affect for the

estimations. On the other hand, non-uniform packing may have occurred

when the dust was packed into the long plastic cylinder (see Figure 3.32),

which would cause a heterogeneous dust distribution along the column and

affect the properties of the dust.

With a saturated hydraulic conductivity of 4.794x10-4 cm/s -1 and a

higher air entry value about 100 cm (see Figure 3.29), the mineral dust is

suitable for use as a medium to impose suctions at the outer rock surface.

Because the Ks for the dust is two orders of magnitude higher than the Ks

for the rock, which should prevent water ponding at the interface of the

rock and the dust. Furthermore, while the hydraulic conductivity of a

coarse material with a lower air-entry value will be greatly decreased

during desaturation, the fine dust with a higher air-entry value can
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maintain a relatively constant hydraulic conductivity when the dust is

nearly saturated.
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CHAPTER FOUR

CHARACTERIZATION AND EVALUATION OF IMPEDANCE TECHNIQUE

In this chapter, radial-flow in multi-layered unfractured and

fractured rock cylinders in saturated and unsaturated conditions is

investigated. Different experimental setups for these investigations are

described and the results from the laboratory experiments are analyzed.

The setups considered in this chapter include:

1. Characterizing of flow through the saturated and unsaturated

multi-layered unfractured rock cylinder (cylinder #1).

2. The same for the fractured rock cylinder setup (cylinder #2).

3. Saturated hydraulic transmissivity and gaseous transmissivity

measurements for the rock fracture.

4.1 Radial Flow in Multi - layered Unfractured Media 

The impedance technique could be designed following the character-

izations discussed in the last chapter. The behavior of water flow

through multi-layered media consisting of a tubular membrane, canvas and

a rock cylinder was characterized under saturated and unsaturated

conditions. For the unsaturated condition, mineral dust was used to

impose a suction outside of the rock cylinder.

4.1.1 Saturated Flow

An experimental setup for characterizing saturated flow though the

multi-layered unfractured rock cylinder is shown in Figure 4.1. The rock

cylinder #1 combined with the tubular membrane and canvas was placed in a

plastic container. Different negative air pressures (P.) were applied by

a vacuum pump with the plastic container partially filled with water for
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maintaining negative pressures outside the rock cylinder. Water under

different positive pressures was injected into the cylinder causing flow

through the layers. While a constant negative air pressure was imposed

and by changing the injection pressure, the relationship between inflow

rate versus injection pressure was obtained and is shown in Figure 4.2.

Negative air pressures of 0, -20 and -60 kPa were imposed. Also included

in Figure 4.2 are the calculated curves using Equation [2.17], assuming a

membrane conductance of 2.64x10 -8 s -1 , and an infinite canvas conductance

and a rock conductivity of 2.31x10 -6 cm s -1 (see Appendix A for detailed

calculations).

The calculated curves using Equation [2.17] and the experimental

data for the saturated radial flow through the rock cylinder shows very

good agreement. As expected inflow rate is a linear function of the

pressure difference for the saturated, steady-state flow conditions. The

results suggest that the assumptions for the calculations are valid and

the experimental setup is good.

4.1.2 Unsaturated Flow

The purpose of this laboratory setup (see Figure 4.3) was to impose

unsaturated boundary conditions at both surfaces of the rock cylinder with

steady-state flow occurring. These boundary conditions can be substituted

into Equation [2.14] and [2.15] to calculate the suction distribution and

hydraulic conductivity of the rock.	 The same cylindrical rock used in

the experiment discussed above was also for this experiment with the low

permeability tubular membrane and canvas lining the inside surface.

Outside the rock cylinder a small pore-size mineral dust, as characterized

in Chapter three, was employed to apply suction to the outer surface of

the cylindrical rock.	 The dry dust was uniformly packed outside the

initially saturated rock cylinder, and the dust was then saturated with
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water. Three layers of ceramic porous cups at a 5 cm elevation difference

were buried inside the dust for measuring and applying the suction. In

each layer there were four ceramic porous cups which were connected in

pairs in a series arrangement (see Figure 4.3). One pair of ceramic

porous cups was used to apply a suction in each layer, and the other pair

was used to measure the imposed suction. The porous cups were connected

in series to remove unexpected air bubbles out of the system during the

measurements. In this setup, one constant suction inflow-outflow device

was used for the suction application and the measurement of flow rate.

The device was raised or lowered to adjust the suction (see Appendix A).

Since the constant suction inflow-outflow device can impose a constant

suction for each pair of cups continuously, with a 5 cm elevation

difference between each layer, the elevated suction difference was small

as indicated by the tensiometers during the experiments.

As a preliminary experiments, the inflow rate versus injection

pressure was obtained after the rock cylinder was partially saturated. The

results are plotted in Figure 4.4. Figure 4.5 shows the inflow rate

versus the estimated interface suction between the rock surface and

membrane, where the suctions were calculated using Equation [2.11] and the

membrane conductance of 2.64x10 -8 sec -1. The constant suction devise and

the ceramic porous cups were used to keep the rock and the dust unsaturat-

ed. However, suction was not measured at the porous cups for this

experiments because of the dry dust. The boundary suction at the

rock/membrane interface and the flow rate obtained from the unsaturated

experiments shown on Figure 4.4 and 4.5 indicate the flow rate increases

when the injection pressure increases and decreases when the suction

increases as expected. This is because the rock was unsaturated and the

hydraulic conductivity is reduced when the suction increases. For data in

Figure 4.4, the low suction applied outside the rock cylinder was to keep
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the rock and dust at a specified saturation. Since the flow was driven by

both the injection pressure and the suction in the rock matrix, the low

permeability membrane impeded the flow for a high injection pressure. The

flow rate versus the suction and injection pressure have a linear

relationship because of the saturation of the impeding layer.

Another set of unsaturated flow data was recorded when the injection

pressure was set to zero and a suction was applied outside the cylindrical

rock in the dust through the porous cup arrangement. An oilless vacuum

pump was used to apply a suction at the porous cups (see Figure 4.6). The

inflow rate versus the imposed suction at the porous cups and the

estimated interface suction are plotted in Figure 4.7 and 4.8, respective-

ly. Figure 4.9 is inflow rate versus suction difference across the rock

cylinder. The suction difference was calculated from the Figure 4.7 and

4.8 data and the interface suctions were also calculated using Equation

[2.11]. The data were taken when the system reached steady-state flow.

The results in Figures 4.7, 4.8 and 4.9 show that the flow rate is

a linear function of the suction on the rock surface and outer surface of

the rock. In this measurement, the injection pressure was set to zero,

the sample was initially saturated and the flow was directly driven by the

changes in suction gradients within the rock matrix. For conditions near

saturation, a high imposed suction outside the rock cylinder requires a

high flow when water flowed through the membrane into the rock cylinder.

So, the flow will increase when the suction on the inside rock surface

increases. Figure 4.7 data show that the flow rate is non-linear at high

suctions, which may be caused by the property of the dust. By applying

a higher suction in the dust than its air-entry value, the hydraulic

conductivity of the dust will be lowered, thereby dropping the pressure

gradient resulting in a reduced flow rate.



Figure 4.6 Experimental setup for inflow measurement
when a vacuum pump was used to apply suction to the
mineral dust.
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4.1.3 Distributions of Unsaturated Conductivity and Metric Suction

By knowing the boundary conditions for the rock and the hydraulic

parameters of the rock and dust, the radial distribution of suction and

unsaturated hydraulic conductivity can be estimated for different

conditions by using Equation [2.12] and [2.14] which were developed for

steady-state unsaturated radial flow conditions. The boundary conditions

can be calculated by Equation [2.11] using the experimental inflow rate

and injection pressure. In the calculations using the 1-D radial model

Equations [2.11], [2.12] and [2.14], the parameters are taken as:

1. The radii of the rock cylinder are from 5 to 7.5 cm,

2. The dust radii are from 7.5 to 15 cm, a constant suction is

assumed along a cylinder intersecting the porous cup.

3. L, the height of the rock, is 19.5 cm,

4. The conductance of the membrane is 2.64x10-8 sec -1 ,

5. The saturated hydraulic conductivity for the rock cylinder is

2.31x10-6 cm/s and the saturated hydraulic conductivity of the

dust is 4.79x10 -4 cm/s, and

6. The values of a for the rock is 0.009972 cm-1 and 0.0315 cm-1 for

the dust. Flux, injection head and suction at the membrane/rock interface

for the results shown in Figure 4.10 and 4.11 are given in Table 4.1.

Table 4.1 Flux, injection head and suction at the membrane/rock

interface for the results shown in Figure 4.10 and 4.11.

Prediction	 Q (ml/s)	 H., (cm)
	

ilmr (CM)

1 1.6967x10-3 0.00 104.91

2 1.7533x10-3 16.00 92.41
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Since the flow is steady-state, continuity requires that the suction

at the interface between the rock and the dust be the same. The radius

corresponding to the suction must take from the two layer interface for

multi-layered radial flow when Equation [2.12] and [2.14] are used to

calculate the suction distribution, and a will take a different value for

each layer.

Figure 4.10 and 4.11 show the results of such calculations. Figure

4.10 shows matrix suction versus radius for the cylindrical rock and dust

which shows that the suction gradient in the rock layer is higher than

that in the dust layer due to the unsaturated hydraulic conductivity and

high a value and divergence of flow. Figure 4.11 shows the unsaturated

hydraulic conductivity versus radius for the rock and the mineral dust.

The 1-D radial-flow model not only can predict the suction distribution in

multi-layered porous media but can also estimate the radial distribution

of unsaturated conductivity. However, the cases examined are limited in

certain assumptions such as homogeneity and small scale, which may limit

the model for field application.

4.2 Radial Flow in Multi-layered Fractured Media

The following sections cover the preparation of a fractured rock

cylinder and water flow through the fractured rock as well as gas flow

through the fracture. The impedance technique is demonstrated for a

fractured rock sample.

4.2.1. Preparation of Fractured Rock.

To simplify the laboratory experiment and demonstrate the impedance

technique, a horizontal fractured rock cylinder with a small fracture

aperture is necessary. Since there was not a natural fractured rock

available and the thickness of the existent rock cylinder (#1) was too
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thin, rock cylinder #2 was used to create an artificial fracture. Rock

cylinder #2 was cut in half perpendicular to its length, and the cut

surfaces were polished (see Appendix A). In order to form an artificial

fracture of a known aperture, 4 pieces (2 mm x 3 cm x 25 Am) of metal

shims were placed between the two polished surfaces as shown in Figure

4.12, and 5-foot-pounds of torque was used to tighten the two cylinders to

the metal shims. The fractured rock then had dimensions of 10 (ID) x 18

(OD) x 18 cm (high) and the fractured aperture ranged from 25 to 75 pm as

measured by using 25 and 75 Am metal shims after the fractured rock

cylinder was tightened up.

4.2.2. Water Flow through the Fractured Rock

The saturated fractured rock cylinder was placed in a tank (see

Figure 4.13), and water was injected into the center of the rock cylinder

for fracture transmissivity measurements. During the test, the water

level in the containing tank was maintained just above the fracture. Two

inflow data points were taken for each injection pressure. Since the

injection pressure is low (from 0 to 100 cm), the flow through the rock

matrix can be ignored during the transmissivity measurements. Figure 4.14

shows the linear relationship of inflow rate versus head difference across

the rock cylinder, and Figure 4.15 shows the nearly constant transmissiv-

ity of the fracture versus head difference. The average transmissivity

for the fracture is 1.65x10 -2 cm-2 s -1 , with 7.4x10 -5 cm s

deviation and 4.47% coefficient of variance (see the calculations in

Appendix A). The results indicate that the artificial fracture in the

rock is stable and the aperture of the fracture will remain constant even

when the injection pressure is changed.
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Figure 4.12 Diagram showing fractured rock setup.
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4.2.3. Gas Flow through the Fractured Rock

Nitrogen gas was used to measure the gas transmissivity of the same

fracture. Injection pressure was measured using a manometer and the gas

inflow rate was recorded by Gilmont flow meters (see Figure 4.16), and

temperature was recorded at the same time. Water was added to the

container just covering the fracture, which gave a visual indication of

the gas outflow during measurements. Since the fracture was originally

saturated, the air entry potential can be calculated by using the well-

known height-of-rise equation for two parallel plates separated by a

distance b which can be expressed as (Evans and Huang, 1982):

2 cos()h -
by

[4.1]

where

h — height of rise from a free water surface,

n — surface tension,

0 — angle of contact of the air-water interface, and

y = specific weight of water.

In applying the equation to a rock fracture, it has been assumed

that the rock fracture is open, has smooth surfaces, uniform aperture size

and 0 — 0. The water temperature was at 20 °C, the fracture has a fairly

smooth surface, and the aperture of the fracture varied from 25 to 75 Am

as measured with metal shims for the 25 and 75 Am aperture, respectively.

The calculated air-entry value (h) is between 60 and 20 cm. Figure 4.17

shows the measured data for gas inflow rate versus pressure difference

across the fracture. The measurements were started after the fracture and

the rock matrix were saturated with water. Figure 4.18 shows the fracture

transmissivity versus matrix suction (see Appendix A and Table C4-6 in
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Appendix C).

The experimental data show that there was no inflow until the

pressure difference (injection pressure - outflow pressure) exceeded 20

cm, and the transmissivity is not constant until the pressure difference

reaches about 60 cm. The experimental results indicate the air-entry

value for the fracture is about 20-60 cm which agrees well with the

calculated values. The results also show that the air transmissivity of

the fracture is a function of the head difference within the 20-60 cm

range. Since the fracture aperture varied from 25 to 75 Am, and the air-

entry value is a function of fracture aperture, gas will start to flow

through the larger openings of the fracture when the head difference

reaches the minimum air-entry value 20 cm. Outflow from the fracture will

be from throughout the fracture when the head difference reaches the

maximum air-entry value of 60 cm. Within the air-entry value range, the

transmissivity will change with the variable fracture aperture.

4.2.4. Unsaturated Radial Flow in Multi - layered Fractured Media

The impedance technique is demonstrated by including the impeding

membrane and conductance layer within the fractured rock cylinder (#2).

Figure 4.19 shows the experimental design. In the design, the C125

cellulose membrane was used as an impeding layer combined with a permeable

10-pound canvas as a conductance layer. The mineral dust with ceramic

porous cups was also used as described earlier. The porous cups was

placed 3-5cm away from the outer surface of the rock cylinder and the cup

layers were separated each other about 5 cm in elevation. A by-pass plug

was placed on the top and bottom of the borehole to block direct water

flow up or down. The initially air-dried fractured rock cylinder and the

mineral dust were used for the setup and four tests as follows were held

by using this setup.
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Test 1.	 Soon after the experiment was setup, a low range of

injection water pressures was applied inside the membrane to determine

fracture flow. The injection pressure applied ranged from -10 to 250 cm,

and the rock and dust were initially unsaturated without suction being

applied to the porous cups. Two dimensional flow, radially and downward,

was assumed in the dust. The inflow data were taken within 10 to 15

minutes after each injection pressure was applied because the system came

very quickly to steady-state after the pressure was changed. Two weeks

were taken to complete the test. Figure 4.20 shows inflow rate versus

injection pressure for the fracture flow. For these measurements, the

interface suction, *.r , at the impeding membrane/rock interface was

calculated by using Equation [2.11]. After the interface suction was

estimated, the suction at the outer rock surface of the fractured rock

cylinder was estimated by Equation [2.12]. However, when the flow is

through a fracture as opposed to a rock matrix, the pressure drop for the

fracture is lower than the pressure drop over the matrix because the

hydraulic conductivity in the fracture is much higher than that in the

matrix when the fracture is near saturation (Wang and Narasimhan, 1985).

However, the canvas will tend to equalize the ilym, along the rock surface.

The calculated boundary suction outside the rock surface using Equation

[2.12] will be higher than what actually exists along the fracture

boundary, and it is a maximum suction along the outside rock surface. By

knowing the boundary suctions, the dimensions of the fractured rock

cylinder, inflow rate and ignoring matrix flow, the minimum unsaturated

transmissivities can be calculated using Equation [2.23] and [2.26] (see

Appendix A), which are shown in Figure 4.21 and 4.22. Figure 4.21 shows

the calculated minimum transmissivity versus estimated interface suction

IV.. and Figure 4.22 shows the transmissivity versus estimated suction

difference across the rock.
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Test 2. Finishing the above measurements, a range from 40 to 140

kPa injection pressure was applied for the measurements of inflow versus

injection pressure. During the measurement, the fracture rock and the

dust were partially saturated because of the previous measurements and the

duration for this test was about 5 hours. Since the system reached

steady-state in a short time (10-15 minutes), data were collected soon

after each pressure step was established. The measured data were plotted

in Figure 4.23.

Test 3. After the Figure 4.23 data were obtained, the rock and the

dust were saturated by filling water from the top of the dust and through

the porous cups. Water under the same range of the injection pressure for

the Test 2 was then injected through the membrane and conductance layer

into the fractured rock and the same procedures above were used for the

data measurements. No suction measurements were made with the tensiometer

in the last three tests. Figure 4.24 shows the inflow rate versus

injection pressure.

Figures 4.23 and 4.24 show that the inflow rate is a linear function

of the injection pressure even when the fractured rock is unsaturated,

this suggests that the impeding membrane dominated flow, other than the

rock fracture, when a high injection pressure was applied. Because the

pressure gradient across the saturated membrane is so large compared to

the gradient in the rock, as properties of the fractured rock has little

effect on the flow rate, i. e. the flow pattern is a linear function of

the injection pressure because the impeding membrane was always saturated

and Darcy's law for saturated flow applied.

Test 4. To further observe the fracture flow after the three tests

above, suction was applied in the saturated fractured rock and the dust

using a constant suction inflow-outflow device (see Section 3.3.1). The

device was used to remove or add water from the dust to maintain a
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constant suction, a zero injection pressure was fixed and suctions were

consistently applied within the dust through the three layers of porous

cups. The inflow rate and imposed suction were taken when flow reached

steady-state. Figure 4.25 shows the inflow rate versus imposed suction at

the porous cups, Figure 4.26 shows the fracture transmissivity versus

suction difference, measured suction with the porous cups minus the

estimated suction at the membrane/rock interface. The transmissivity was

calculated using Equation [2.28]. Figure 4.27 shows the fracture

transmissivity versus average absolute suction, the average of the

measured suction (14) plus the estimated suction (Ipmr). Figures 4.26 and

4.27 show that the transmissivity changes in three steps, as expected.

In explanation, recall the experiments described in Section 4.2.3 in

which the aperture of the fracture is not uniform but varies from 25 to 75

pm and the air-entry values were calculated to vary from 20 to 60 cm.

But, when the fractured rock cylinder was transferred to the tank (see

Figure 4.19) and the mineral dust was placed outside the rock, the dust

could have moved into the fracture reducing the effective aperture of the

fracture, resulting in the air-entry value increasing. Assuming that the

largest aperture still was 75 pm and the smallest aperture was less than

25 pm (about 20 pm), the air-entry value would be 20-75 cm. From

capillary theory, as the suction is increased from zero, drainage would

start from the largest openings, then from smaller and smaller openings

(Beer, 1972). In this case, drainage will start from the large openings

and progress to the 20 pm openings. So, at step 1 (see Figure 4.27), the

average absolute suction across the fracture is a range from 0 to 30 cm.

The flow drained starting from the vary beginning of the step. Transmiss-

ivity in this range should decrease as the average absolute suction

increase. Because, when the fracture started to drainage, at same time,

the supplied flux from water recourse could not meet the flux required to
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keep the saturated fracture flow because of the low conductance of the

impeding membrane and the high saturated transmissivity of the fracture

(1.654x10 -3 cm-2 s -1). Therefore, no saturated fractured flow and

transmissivity were indicated in the step. Apparently, the transmissivity

at the average absolute suction of about 20 cm may indicate that the water

drainage started from the 75 pm openings.

Water was continuously drained from larger openings until the

average absolute suction reached about 30 cm, transmissivity then remained

constant (see Figure 4.27 step 2). The average absolute suction at step

2 is from about 30 to 75 cm and the flow is for partially saturated

conditions. When the suction difference reached exceeds above 75 cm,

drainage started from the smaller openings and transmissivity began to

decrease until the suction difference reached about 80 cm. At the 80 cm

point, inflow essentially stopped (see step 3 in Figures 4.27), and

transmissivity became zero.

Possible reasons to explain why the drainage started at the very

beginning of the step 1 are given as follows:

1. The reliable data during the step 1, as shown in Figure 4.27

may have been caused by tensiometer measurement error since the

instrument is very insensitive at low suction.

2. Some openings larger than 75 pm may exist in the rock fracture.

3. The conductance of the membrane may be too low to keep saturated

flow for this fracture. The calculations in Table C-11 (see Appendix C)

show a range of 10 -3 to 10 -4 s  of membrane conductance is

required to keep the saturated fractured flow, which is 3 orders of

magnitude less than the membrane conductance used in this setup.

The largest unsaturated transmissivity data shown in Figure 4.26 and

4.27 is about 3 orders of magnitude less than the saturated transmissivity

(1.654x10 -3 cm-2 s -1) given in Section 4.2.2. The transmissivity drop at
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step 1 seems too big compared with the saturated transmissivity, which may

be caused by the geometric changes in the fracture. During the experimen-

tal setup, the fine dust filled in the fracture reducing the fractured

aperture. As mention earlier, the porous cups buried in the dust was

about 3-5 cm apart from the outer surface of the rock cylinder, the

suction drop caused by the radial distance had been ignored during the

transmissivity calculations, which could reduced the magnitude of the

transmissivity.
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CRAFTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusions 

5.1.1 General Conclusions

The laboratory experiments previously described show that the

hydraulic impedance technique is promising for the in situ characteriza-

tion of unsaturated hydraulic properties of fractured rock, such as

fracture flow and effective transmissivity as a function of matrix

suction. An estimated suction boundary condition at a borehole surface

can be imposed using this impedance technique and flow into the fractured

rock can be measured. Because the conducting properties of saturated

fractures are normally much higher than the rock matrix, an estimation of

saturated fracture transmissivity is possible. Then as the suction at the

borehole surface is increased, the fracture transmissivity decreases,

yielding information about the drainage characterization of the fracture.

The suction at which fracture flow becomes insignificant is critical to

understanding fracture versus matrix flow in fractured rock.

5.1.2 Technique requirements

Several characterization techniques were examined through this study

and are summarized as follows. These may be required for further studies

and applications of the technique in the laboratory or in situ.

1. The low conductance of the tubular membrane used for the

technique is to impose a suction at a borehole surface. This membrane

should have a lower conductance than the conductance of the rock matrix

and fractures and its hydraulic properties, such as the conductance,

variation of the conductance versus time and initial saturated conditions
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must be characterized in laboratory.

2. The highly permeable conductance layer used for this technique

is used to contribute a constant suction distribution alone the borehole

surface. Its saturated and unsaturated transmissivities as well as the

transmissivity variation with different confining pressure must be

estimated in laboratory before use.

3. The mineral dust was used as a medium to impose suctions outside

the rock cylinders for the technique evaluation in the laboratory. This

dust should have a high air-entry value and a high hydraulic conductivity

but lower than the conductivity of the rock matrix and fracture. The

hydraulic properties of the dust, such as the saturated and unsaturated

hydraulic conductivity and the water retention curves must be measured by

experiments and estimated by computer modeling.

4. The developed constant suction inflow-outflow device was used to

apply a constant suction into unsaturated media through the ceramic porous

cups.	 This device was used for several experiments and operates

successfully in this study. It should be useful for a range of experi-

ments dealing with unsaturated media.

5. The swimming pool chlorinator is used as a biocide to minimize

the membrane clogging.

5.1.3 Summary of the Testing Results

The properties for different testing materials are given as follows:

1. C125 cellulose tubular membrane was selected as the impeding

membrane and has an average saturated conductance of 2.64x10 -8 s -'.

Conductance of the membrane will decrease when the initial saturation

decreases. To minimize the variation of the conductance, the membrane

must be soaked for 100 hours or more before uses.

2. 10-pound canvas was selected as the conductance layer and
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transmissivity of the canvas is an exponential function of the confining

pressure expressed as T(P)=0.0274e -"296 . Transmissivity of the canvas

will decrease as the confining pressure increases and the saturation of

the canvas decreases. The canvas can contribute a relative constant

suction along the membrane/rock interface as the modeling shows.

3. The hydraulic properties of the mineral dust, rock cylinder #1

(without fracture) and rock cylinder #2 (with a artificial fracture) are

tabulated in Table 5.1:

Table 5.1 The hydraulic properties for the dust, rock #1 and rock

#2.

Properties	 Dust	 Rock #1	 Rock #2

Ks (cm s -1 )	 4.79x10-4	 2.31x10-6	 2.31x10-6

a (cm-1 )	 0.0315	 0.009972	 0.009972

Air-entry
value (cm)	 100	 20 to 60

Aperture (pm)	 25 to 75

Ts (cm2 s -1 )	 1.65x10-3

5.2 Recommendations 

1. Field experiments are needed to test the impedance technique.

Detailed design and testing is required before the technique is applied in

situ.

2. Since the technique is proposed for use in deep borehole to

characterize the unsaturated properties of fractured rock borehole,

according to the setup (see Figure 4.19) in the laboratory, some

suggestions are (see Figure 5.1):

a. The injection water reservoir is fixed about 1-meter water
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Figure 5.1 Diagram for an impedance technique setup in
borehole.
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head.

b. A transducer is used for inflow measurements.

c. Since the suction inside the fractured rock can not be measured

directly, relationship of inflow versus elapsed time can be

obtained for estimating the properties of the fracture medium.

3. The results from the material characterization suggest the

impeding membrane (C125 cellulose) and conductance layer (10-pound canvas)

can be chosen for the technique design using in field measurements, but,

more unsaturated properties such as unsaturated transmissivity as a

function of the confined pressure for the canvas should be tested in the

laboratory.

4. The 1-D radial flow model for an unsaturated medium is a good

model when knowing the boundary conditions from the technique in a small

scale condition, but it may work in the field using the modified 1-D model

because the steady-state in the flow system can be reached in minutes.

However, more experiments are necessary for proving the models.

5. The problem which no sorptivity data are obtained may be caused

by properties of the impeding membrane, as the experiments show that the

steady-state in the system is easy to reach and the conductance of the

membrane is so low, the sorptivity in the fractured rock can not be

detected from the impeding flow. For further study of sorptivity in a

fractured rock using the impedance technique, an impeding membrane with a

higher conductance may be necessary.

6. As discussed in Chapter two, the saturated hydraulic conductivi-

ty of the rock cylinder #1 was used as a parameter for Equation [2.4] to

determine a conductance range for membrane selection. This may has been

resulted in a low conductance selected because saturated hydraulic

conductivity of the fracture is much higher than that of the rock #1.

Therefore, determining a range of conductance magnitude when a membrane is
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selected for field testing should be based on the laboratory fracture

transmissivity of fractured rock samples obtained from the field site.

7. With a high injection pressure in this technique, the unsaturat-

ed properties of fractured rock can not be illustrated by the experimental

results (see Figures 4.23 and 4.24). So, high injection pressure is not

suggested for use in field testing.
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DETAILED PROCEDURES
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PROCEDURE 1
PREPARATION OF TEST ROCK CYLINDER FOR EXPERIMENTATION

A. Rock Cylinder without a Fracture
B. Rock Cylinder with a Fracture

EQUIPMENT
1. Drill press and Big core drill.
2. Rotating drill assembly, with hose connection to water source.
3. Longyear diamond - edged coring bits, 10 cm (4 in) OD, 15 cm (6 in) and

19 cm (7.5 in) OD.
4. Levels.
5. Wood block, planks, shims or similar support and wedging implements.
6. Diamond saw with water as cooler.
7. Diamond grinder.
8. 0.2 x 1 cm, 25, 35, 50 and 75 pm metal shims.
9. Rock from for fractured rock cylinder, made of two 3 cm thick PPC

plastic, with vertical rib and nuts.
10. Torque.
11. Centering ruler.
12. 10 cm ID drilling center.

PROCEDURE

A. Rock Cylinder without a Fracture

1. Move rock sample obtained from the field to the Big core drill.
Position the rock so the 15 cm OD coring bit is directly over the
intended part and than turn on the drill until the rock is cored.

2. Use the diamond saw to cut the two ends of the core. The saw are
perpendicular to the core during cutting.

3. Polish the two ends of the core by a diamond grinder.

4. Mark a center on the top and bottom sides using the centering ruler.
Place the drilling center on the top of the core and than transfer to
the drill press with 10 cm OD diamond bit.

5. Level the rock core and drill, with water, until the bit through the
core.

B. Rock Cylinder with a Fracture.

6. Replace a 19 cm OD diamond core bit into the Big core drill and
repeat Procedure from 1 to 5.

7. Cut the rock cylinder from median after Procedure 6 using the diamond
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saw, with water. The cutting faces are perpendicular to the length of
the rock cylinder.

8. The cuts on each part are polished by the grinder.

9. Place the rock cylinder in the frame. Four 25 pm shims are placed on
the surface between two parts and tighten using a torque. Five feet-
pound torque is applied for each nut (see Figure 4.12).

10. Measure the openings of the artificial fracture using the 25, 35, 50
and 70 pm metal shims.

PROCEDURE 2
MEMBRANE CONDUCTANCE MEASUREMENT

A. Version I
B. Version II

A. Version I

EQUIPMENT

1. Pressure cell.
2. Ring stand for holding pressure cell.
3. Nitrogen tank.
4. Large clamp, 30-cm.
5. Ring supporter for pressure cell.
6. Tygon tubing, 6.4 mm (1/4") ID x 3.2 mm (1/8") wall, Nalgene 800.
7. Tygon tubing, 6.4 mm (1/4") ID x 9.5 mm (3/8") OD x 1.6 mm (1/16")

wall, R-3603.
8. 6.4 mm (1/4") OD Nalgene "T" connectors.
9. 6.4 mm (1/4") OD Nalgene "Y" connectors.
10. 25 mm filter holders, Nuclepore filters.
11. 1-ml graduated pipet (100 graduations) for each filter holder.
12. 6.4 mm (1/4") OD Nalgene Quick connecters.
13. 7 mm rubber septums.
14. 250 ml beaker.
15. Pressure gauge, range from 0-200 kPa (0-30 psi).
16. small host clamps.
17. Meter stick.
18. 10 ml syringe.

SOLUTION

1. Milli-Q water containing 0.005M CaSO 4 and lg/liter (lower case) Calcium
hypochlorite to reach 3 ppm available chlorine.
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PROCEDURE

1. Connect pressure cell (see figure 1) with pressure tank by using quick
connector and thick wall tygon tubing.

2. Use "T" and "Y" connectors and thick wall tygon to connect pressure
cell to pressure gauge and 25 mm filter holders.

3. Attach filter holders to flow outlet by using "Y" and "T" connectors
and thin wall tygon tubing, pipets are placed in the middle of filter
holders and outlet. Three pipets or filter holders are placed in
parallel. Three "Y" connectors in front of each pipet's inlet are
used to introduce an air bubble into each pipet during operation.

4. Cut membrane into 25 mm diameter circles and soak them for more than
24 hours in solution. Place the soaked membranes into each filter
holder. Make sure no leakage from the holders occurs.

5. Connect pressure cell with solution to the nitrogen tank and set
pressure to 140 kPa (20 psi) letting the water flow though the
membrane samples for 10 minutes and then inject a small air bubble
into each pipet from each rubber septum by using a syringe.

6. Measure outflow volume of solution from each pipet (distance bubble
moves) and record travel time.

7. Release the pressure and change inflow pressure from 35-140 kPa (5 psi
to 20 psi) and record outflow volume of solution and travel times.

CALCULATIONS

1. Conductance of a membrane can be calculated from outflow rate divided
by cross sectional area of the sample. Conductance of a membrane can
also obtained from a slope of plotting flow flux vs. pressure
difference.

2. A membrane conductance can be determined by averaging conductances
from three membrane samples.

B. Version II

EQUIPMENT

1. Pressure cell.
2. Ring stand for holding pressure cell.
3. Nitrogen tank.
4. Large clamp, 30-cm.
5. Ring supporter for pressure cell.
6. Tygon tubing, 6.4 mm (1/4") ID x 3.2 mm (1/8") wall, Nalgene 800.
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7. Tygon tubing, 6.4 mm (1/4") ID x 9.5 mm (3/8") OD x 1.6 mm (1/16")
wall, R-3603.

8. 6.4 mm (1/4") OD Nalgene "T" connectors.
9. 6.4 mm (1/4") OD Nalgene "Y" connectors.
10. 70 mm ID pressure chamber (middle part is cut into half and cloth mesh

is fixed in the bottom half) for holding a membrane sample.
11. 1-ml graduated pipet (100 graduations).
12. 6.4 mm (1/4") OD Nalgene quick connectors.
13. 7 mm rubber septums.
14. 250 ml beaker.
15. Pressure gauge, range from 0-200 kPa (0-30 psi).
16. small host clamps.
17. Meter stick.
18. 10 ml syringe.
19. 68 mm ID and 72 mm OD rubber rings.

SOLUTION

1. Milli-Q water containing 0.005M CaSO 4 and 1g/liter (lower case) Calcium
hypochlorite to reach 3 ppm available chlorine.

PROCEDURE

1. Connect pressure cell (see figure 2) with pressure tank by using a
quick connector and thick wall tygon tubing.

2. Use "T" connector and thick wall tygon to connect pressure cell to
pressure gauge and pressure chamber.

3. Attach bottom part outlet of pressure chamber to system outlet by
using "Y" and "T" connectors and thin wall tygon tubing, pipet is
placed in the middle of pressure chamber and system outlet. One "Y"
connector at front of the pipet's inlet is used to introduce/withdraw
air bubble into/from system during operation.

4. Cut membrane into 7.4 mm diameter circles and soak them for more than
24 hours in the solution. Place a soaked membrane sample into medium
of pressure chamber, one rubber ring is put on the top of membrane
sample and one on the other side to prevent solution leakage. Make
sure no leakage from the holders occurs).

5. Connect pressure cell with solution to the nitrogen tank and set
pressure to 140 kPa (20 psi) letting the water flow though the
membranes for 10 minutes and then inject a small air bubble into the
pipet from the rubber septum by using a syringe.

6. Measure outflow volume of solution from each pipet (distance of bubble
moved) and record travel time.
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7. Release the pressure and change inflow pressure from 35-140 kPa (5 psi
to 20 psi) and record outflow volume of solution and travel times.

CALCULATION

1. Conductance of a membrane can be calculated from outflow rate divided
by cross sectional area of the sample. Conductance of a membrane can
also obtained from a slope of plotting flow flux vs. pressure
difference.

PROCEDURE 3
ROCK CYLINDER HYDRAULIC CONDUCTIVITY AND TUBULAR

MEMBRANE CONDUCTANCE MEASUREMENTS

EQUIPMENT

1. 1000 ml graduated pressure cell (200 graduations).
2. Nitrogen tank.
3. Tygon tubing, 6.4 mm (1/4") ID x 3.2 mm (1/8") wall, Nalgene 800.
4. 6.4 mm (1/4") OD Nalgene "T" connector.
5. 1000-ml graduated cylinder.
6. Millipore filter, 0.22 pm rated pore size, MPGLO4SK2.
7. Three 6.4 mm (1/4") OD metal quick connecters.
8. Rubber cylindrical rings.
9. #12 rubber stoppers drilled with three 6 mm diameter holes for each.
10. 10 cm (4") ID, 15.2 cm (6") OD plastic spacers with top and bottom

surfaces polished.
11. 10 cm (4") ID, 5.2 cm (6") OD gasket rings.
12. 10 cm (4") ID, 5.2 cm (6") OD rubber rings.
13. #2 rubber stoppers.
14. tube of seal adhesive.
15. 10 cm ID x 15 cm OD x 19 cm height with top and bottom surfaces

ground Apache Leap tuff rock cylinder.
16. 28 cm (11") diameter x 1.6 cm (5/8") thick plexiglass plates, Six

1.6 cm (5/8") hole are drilled in each plates for all-threaded rods
and the top plate have two 0.8 cm diameter holes with threaded for
water injected and air outlet.

17. 12 mm diameter x 45 cm long all-threaded rods and 8 nuts and 4
butterfly nuts.

18. 14 mm ID x 35 mm OD washers.
19. 30 cm ID x 31 cm height plexiglass container.
20. Several small host clamps.
21. Meter stick.
22. Pressure gauge, range from 0-30 psi (0-207 kPa).
23. Vacuum grease.
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tOLUTION

1. Milli-Q water containing 0.005M CaC0 4 and 1g/liter (lower case)
Calcium hypochlorite to reach 3 ppm available chlorine.

PROCEDURE

1. Connect pressure cell (see figure) with nitrogen tank by using a
quick connector and thick wall tygon tubing. Use "T" and quick
connectors and thick wall tygon to connect pressure cell to pressure
gauge, millipore filter and water injection port (this whole
congregation is called high pressure inflow device).

2. Use nuts and washers to attach the bottom plate to the four all-
threaded rods and the nuts and washers are tighten on each site of
the plate. Install a metal quick connector and a small tubing on
the top plate (this whole assembly is called the support frame).

3. To saturate the rock cylinder, put the rock cylinder into an oven at
110°C for 24 hours and then remove it from the oven and transfer
into a vacuum at 90 kPa suction for another 24 hours by using a
vacuum pump. After 24 hours, fill the solution into the chamber
(the solution must cover the whole cylinder) and apply a same
suction until the rock is saturated.

4. Remove the rock cylinder from the disc, place one spacer on the top
of the rock cylinder and one under the bottom. Set a gasket ring
with some seal adhesive in the medium between the spacer and rock,
and put a rubber ring coated some vacuum grease on other side of
each spacer.

5. Transfer the whole setup (rock and spacers with rings) on the bottom
plate and then put the top plate on the top of the setup. Tighten
them with washers and butterfly nuts and put them in the
plexiglass container with the solution.

A. Measurement of rock cylinder hydraulic conductivity:

1. Open the air outlet port on the top plate and connect the pressure
cell with solution filled to the nitrogen tank and water injection
port. Set pressure about 35 kPa (5 psi) allowing solution to flow
inside the cylinder rock and letting air in the cylinder come out
from the air port. The air port is not closed until the air is
cleaned out.

2. Change the pressure to 140 kPa (20 psi) and let system flow for
several minutes (air will be forced out from rock, if the rock was
desaturated). Release the pressure and reset pressure from 14 to
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140 kPa (2 to 20 psi) and then record inflow or outflow volumes and
elapse time.

B. Measurement of conductances of tubular membranes:

1. Cut 10 cm (4") diameter tubular membrane into 30 cm long and soak it
for more than 24 hours in the solution. Put a #12 rubber stopper
into end of one side of the soaked membrane and cover with a rubber
cylinder ring on the outside of the membrane (in which there is a
rubber stopper). Insert the side without the stopper of the
membrane through the cylinder (the cylinder now consists of three
attached parts, bottom spacer, rock sample and top spacer after rock
hydraulic conductivity measurements) and push the stopper against
the inside wall of the spacer. Use another #12 rubber stopper and
rubber ring to setup other side of membrane and spacer.

2. Transfer the whole assembly (rock and spacers with membrane) on the
bottom plate and then put the top plate on the top of the setup.
Several #2 small stoppers are placed in the space between each #12
big stopper and the top and bottom plates to support the big
stoppers against spacers preventing from leakage. Tighten them with
washers and butterfly nuts and then put them in the plexiglass
container with the solution.

3. Open the air outlet port on the top plate and connect the pressure
cell with solution filled to the nitrogen tank and water injection
port. Set pressure about 35 kPa (5 psi) allowing solution to flow
inside the cylinder rock and letting air in the cylinder come out
from the air port. The air port is not closed until the air is
cleaned out.

4. Change the pressure to 140 kPa (20 psi) letting system flow for
several minutes (air will be forced out from rock, if the rock was
desaturated). Release the pressure and reset pressure from 14 to
140 kPa (2 to 20 psi) and then record inflow or outflow volumes and
elapse time.

CALCULATIONS

A. Saturated hydraulic conductivity of cylinder rock:

r
Ks -

2n L(11,- Ho )

where
K. — rock hydraulic conductivity (cm s -1 ),

[A.1]
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Q — inflow or outflow (cm3 s -1 ),
L — length of rock cylinder (cm),
ro — external radius (cm),
ro — internal-borehole radius (cm),
He — outflow-external pressure (cm) and

— injection pressure (cm)

B. Conductance of tubular membranes:

c - Q 

27tLr0 lCs (H„-H0) - Qroln( r. er

where:
C — conductance of membrane (s -1 ),

— radius of tubular membrane (cm),
To,	 ro ;
Other parameters are the same as above.

2. A average conductance of membrane can be determined by averaging the
conductances of the membrane calculated from every pressure
measurement.

PROCEDURE 4
CONSTANT SUCTION INFLOW-OUTFLOW DEVICE SETUP

PURPOSE

This device is a very useful apparatus for maintaining constant
inflow or outflow suction in experimental porous media, especially in
unsaturated porous media. When a suction must be applied in a unsaturated
porous medium, the suction at a desired range can be maintained. If the
suction in the unsaturated porous medium is higher than the desired
suction, fluid in the burette will flow into the medium; if the suction in
the medium is lower than the applied suction, or when the medium becomes
more saturated causing the suction in the media to be lower than the given
suction, fluid will move from the porous medium through the system outlet
into the collection cylinder.

EQUIPMENT

1. One burette, size from 50 ml to 250 ml.
2. One rubber stopper according to fit the burette.
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3. Syringe needle with 1.3 mm (1/16") OD.
4. Tygon tubing, 1.3 mm (1/16") ID x 2.5 mm (1/8") OD.
5. Tygon tubing, 6.4 mm (1/4") ID x 9.5 mm (3/8") OD x 1.6 mm (1/16")

wall, R-3603.
6. 6.4 mm (1/4") OD Nalgene "Y" connectors.
7. 6.4 mm (1/4") ID glass "T" (three-way) connectors.
8. 7 mm rubber septums.
9. 10 ml syringe.
10. 25 ml graduated cylinder.
11. Burette holder.
12. Ring stand.
13. Several tubing clamps.

PROCEDURE

1. Plunge the needle in through the rubber stopper for about 2-3 cm and
carefully insert the point side of the needle 2-3 cm into a piece of
small tubing, called the air inlet tube. The length of the tubing
should be equal to the distance from the top of the burette to the
end of graduated mark on the bottom of the burette (see figure).

2. Connect the burette and the 3-way connector (one end open to air,
one end connected to the outlet of the device and one end connected
to the burette) as "Y" shape by using the large diameter Tygon
tubing and "Y" connectors. The top "V" of the "Y" shape is
connected with the burette and the 3-way connector respectively and
the two pieces of Tygon tubing 15 cm (6") long are linked with a
"Y" connector on the other ends. A "Y" connector with a rubber
septum covered on one of its outlets is placed 2-3 cm away from the
outlet of the burette.

3. Place the burette and the 3-way connector on the burette holder,
fix to the ring stand and then place the 25 ml graduated cylinder
underneath the outlet of the 3-way connector to collect outflow
solutions.

4. To use the device:
a) Disconnect the tubings, close to the 3-way connector and the end

of the "Y" connector without a septum using clamps and fill the
burette with water. Place air tube into the burette and cover
the burette with the rubber stopper.

b) Withdraw some water from the burette through the septum by a
syringe until air comes in from the open end needle and replaces
the water in the air tube.

c) Remove the clamp on the side of the 3-way connector. Move the
burette up or down until the end of the air tube in the burette
is the same level as the water level in the flow outlet in the 3-
way connector (called the system or device outlet).
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PROCEDURE 5
WATER RETENTION CURVE

A. Hanging Column Method
B. Constant Pressure Hanging Column Method

A. Hanging Column Method

EQUIPMENT

1. Aluminum foil.
2. 150 ml ASTM 4-5.5 Buchner funnel with porous plate, TYREX, U.S.A.,

NO. 36060.
3. Tygon tubing, 6.4 mm (1/4") ID x 3.2 mm (1/8") wall, Nalgene 800.
4. Tygon tubing, 6.4 mm (1/4") ID x 9.5 mm (3/8") OD x 1.6 mm (1/16")

wall, R-3603.
5. 6.4 mm (1/4") OD, two parts (male and female) connectors.
6. Burette with stopcock, least division no more than 0.1% sample

volume.
7. Small clamp (10 cm) for holding Buchner funnel.
8. Burette holder, PAT. No. DES. 188,563, PRECISION.
9. Ring stand.
10. Three-meter 1.5 cm diameter metal rods.
11. Permanent marker
12. 50 ml graduated cylinder.
13. Balance.
14. One-meter scale ruler.

SOLUTION

1. De-air Milli-Q water.

PROCEDURE

1. Install the 3-meter rods in a vertical position and fix the burette
on the ring stand by using a burette holder. Connect the burette to
one end of a length of 3 meter long thin wall Tygon tubing and
insert a male side connector into other end of the tubing (see
figure).

2. Mark the Buchner funnel on the outside of the funnel using the
permanent marker by filling the funnel with 100 ml solution using a
graduated cylinder.

3. Remove air from the porous plate by allowing de-aired water to pass
continuously through it for 24 hours.

4. Insert one end of a 20 cm length of thick Tygon into the flow-outlet
of the funnel and put a female side connector into other end of the
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tubing.

5. Fill the bottom part of Buchner funnel, the two pieces of tubing and
the burette with solution making sure that there are no air bubbles
underneath of the porous plate and in the two pieces of Tygon
tubing. Connect the two ends of the Tygon tubing and then fix the
funnel on the rods with a clamp and close the stopcock.

6. Weigh 200g of oven dried mineral dust sample and transfer into the
funnel. Pack the material into 100 ml volume defined above. Judge
the middle of the sample as the same as level of the bottom of the
meniscus of the water in the burette and record the initial level of
the water in the burette. Open the stopcock and cover the funnel
and burette with the aluminum foil. After 2-3 days, when the sample
is saturated or the water flowing from the burette to the sample has
ceased, close the stopcock and record the water level in the burette
(the volume of water removed in the burette is the volume of the
water the sample has absorbed).

7. Raise the funnel with the sample a small increment to about 10 to 15
cm (center of the sample to the water level) above the water level
in the burette. Open the stopcock. The sample may begin to
desaturate, and the drainage will flow into the buret. When
drainage has stopped, close the stopcock and record the water level
in the buret along with the vertical distance from the bottom of the
meniscus of the water in buret to the middle of the sample.

8. Repeat the procedure 5 in a stepwise manner until the maximum
tension desired is reached. A reversal of the process is used to
gather data on the wetting behavior of the sample.

CALCULATION

1. Saturated moisture content (volume percent) is calculated as
follows:

039-14'
5
 -14'41 100%

17713 .,
[A.3]

where
— saturated volumetric water content (% cc/cc);

M, — mass of sample saturated (g);
Md = mass of sample, oven dried to a constant weight (g);
VT = volume of the sample (cc); and
p, = density of the water at temperature when saturated mass was

determined (g/cc);
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2. The quantity Vi 	(M, - M.,1)/pw is the volume, in cubic centimeters, of
water initially contained in the sample volume.

3. The drainage is subtracted from the initial volume of water and then
divided by the sample volume to arrive at the moisture content in
percent volume at the given value of tension.

h 	V
	 [A.4]

where
Oh . moisture content at the values of tension h (% cc/cc);
Vi - initial volume of water (cc);
VD = cumulative volume of water drained from sample (cc); and
VT = volume of sample (cc);

This gives then a paired set of values of tension, or pressure head,
versus volumetric moisture content.

B. Constant Pressure Hanging Column Method

EQUIPMENT

1. Aluminum foil.
2. 150 ml ASTM 4-5.5 Buchner funnel with porous plate, TYREX, U.S.A., NO.

36060.
3. Tygon tubing, 6.4 mm (1/4") ID x 3.2 mm (1/8") wall, Nalgene 800.
4. Tygon tubing, 6.4 mm (1/4") ID x 9.5 mm (3/8") OD x 1.6 mm (1/16")

wall, R-3603.
5. 6.4 mm (1/4") OD, two parts (male and female) connectors.
6. Burette least division no more than 0.1% sample volume.
7. Small clamp (10 cm) for Buchner funnel.
8. Burette holder.
9. Ring stand.
10. Three-meter 1.5 cm diameter metal rods.
11. Permanent marker.
12. 50 ml graduated cylinder.
13. Balance.
14. One-meter scale ruler.
15. 6.4 mm (1/4") OD stopcock.
16. 6.4 mm (1/4") OD Nalgene 'Y" connectors.
17. 6.4 mm (1/4") ID glass "T" (three-way) connector..
18. Small rubber stopper.
19. Small Tygon tubing, 2.5 mm (1/8") OD x 1.3 mm (1/16") ID.
20. Spring needle with 1.3 mm (1/16") OD needle.
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21. 7 mm rubber septums.
22. 10 ml syringe.
23. 25 ml graduated cylinder.

SOLUTION

1. De-air Milli-Q water.

PROCEDURE

1. Setup the constant suction inflow-outflow device (see procedure 3) and
connect the device with a stopcock using the tubing. Connect the
other end of the stopcock with a 3-meter long thin wall tubing and
place a male connector into other end of the tubing.

2. Install the 3-meter rods in a vertical position.

3. Mark the Buchner funnel on the outside of the funnel using the
permanent marker by filling the funnel with 100 ml solution using a
graduated cylinder.

4. Remove air from the porous plate by allowing de-aired water to pass
continuously through it for 24 hours.

5. Insert one end of a 20 cm length of thick Tygon into the flow-outlet
of the funnel and put a female side connector into other end of the
tubing.

6. Close the stopcock and position the device (see procedure 3). Fill
the bottom part of Buchner funnel with tubing and the length of 3-
meter long tubing with solution making sure that there are no air
bubbles underneath of the porous plate and in the two pieces of Tygon
tubing. Connect the two ends of the two pieces of Tygon tubing with
the male-female connector and then fix the funnel on the rods with a
clamp.

7. Open the stopcock and clean up the water in the air tube in the
burette from the rubber septum using a spring until the water remove
from the tube. Place the 25 ml graduated cylinder underneath of the
system outlet of the device to collect outflow solution and close the
stopcock.

8. Weigh 200g of oven dried mineral dust sample by a scale and transfer
into the funnel. Pack the material into 100 ml (volume defined
above). Judge the middle of the sample as the same as level of the
device outlet record the initial level of the water in the burette.
Open the stopcock and cover the funnel and the space between the fluid
outlet and the graduated cylinder with aluminum foil. After 2-3 days,
when the sample is saturated or the water flowing from the reservoir
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to the sample has ceased, close the stopcock and record the water
level in the burette and the graduated cylinder if it has water. The
volume of water removed in the burette subtracted the volume of water
in the cylinder (if it has water) is the volume of the water the
sample has absorbed.

9. Raise the funnel with the sample a small increment to about 10 to 15
cm (center of the sample to the device outlet) above the device
outlet. Open the stopcock. The sample may begin to desaturate, and
the drainage will flow into the graduated cylinder. When drainage has
stopped, close the stopcock and record the water level in the buret
and the cylinder along with the vertical distance from the meniscus of
the water in the device outlet to the middle of the sample. The net
water drainage from the sample is equal to the volume of water in the
cylinder subtracted the volume of water disappeared in the reservoir.

10. Repeat the procedure 5 in a stepwise manner until the maximum tension
desired is reached. A reversal of the process is used to gather data
on the wetting behavior of the sample.

CALCULATION

1. Saturated moisture content (volume percent) is calculated as follows:

e s- Ms Md 100%
	

[A.5]

where
e s — saturated volumetric water content (% cc/cc);
M. — mass of sample saturated (g);
Md = mass of sample, oven dried to a constant weight (g);
VT = volume of the sample (cc); and
pw — density of the water at temperature when saturated mass was

determined (g/cc);

2. The quantity V i — (M. - Md)/N, is the volume, in cubic centimeters, of
water initially contained in the sample volume.

3. The drainage is subtracted from the initial volume of water and then
divided by the sample volume to arrive at the moisture content in
percent volume at the given value of tension.
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[A.6]

where
Oh moisture content at the values of tension h (% cc/cc);
Vi — initial volume of water (cc);
VD = cumulative volume of water drained from sample (cc); and
VT = volume of sample (cc);

This gives then a paired set of values of tension, or pressure head,
versus volumetric moisture content.

PROCEDURE 6
MEASUREMENTS OF HYDRAULIC CONDUCTIVITY OF MINERAL DUST

A. Saturated hydraulic conductivity
B. Unsaturated hydraulic conductivity

A. Saturated hydraulic conductivity

EQUIPMENT

1. 250 ml graduated burette.
2. 50 ml graduated burettes.
3. Tygon tubing, 6.4 mm (1/4") ID x 3.2 mm (1/8") wall, Nalgene 800.
4. 6.4 mm (1/4") OD Nalgene "T" and "Y" connectors.
5. 50 ml graduated cylinder.
6. #7 rubber stopper drilled with a 6 mm diameter hole in center.
7. #2 rubber stopper.
8. Meter stick.
9. Aluminum foil.
10. 7 mm rubber septums.
11. Syringe needle with 1.3 mm (1/16") OD.
12. Tygon tubing with 1.3 mm (1/16") ID x 2.5 mm (1/8") OD.
13. Electric balance.
14. 15 ml syringe with needle.

SOLUTION

1. Milli-Q water.



162

PROCEDURE

1. Put the syringe needle though the #2 rubber stopper, and connect the
needle with 1.3 mm tygon tubing called air inlet tube. Place the
tube on the top of a 50 ml burette called water supply reservoir.

2 Setup a Mariotte-like constant head system using the reservoir and
another 50 ml burette connected by tubing, "Y" and "T" connecters
(see figure 3.xx). A rubber septum as a cover is inserted into a
outlet of the "Y" connecter using for outlet of air withdraw.

3 Place some coarse sand into the bottom of the 250 ml burette to block
the mineral dust flow out with water during experiments.

4 Weight 400 mg oven dry sample of the mineral dust, and transfer the
dust into the 250 ml burette. Dry bulk density of the dust should
keep at 2000 kg/m3 , and the sample should homogeneously packed into
the burette.

5. Place the #7 stopper on the top of the 250 ml burette and then
connect the burette with the Mariotte-like system.

6. The bottom of the sample burette is connected with a piece of 6.4 mm
Tygon tubing. The 50 ml graduated cylinder is placed underneath of
the outlet of the tubing to collected outflow.

7. Fill water into the water supply reservoir saturating the sample with
water for 24 hours. Let water flow though the sample for few hours
when the texts are started.

8. Fill water into the reservoir, and cover the stopper. Withdraw air
from the air tube inside the reservoir by using a syringe from the
septum. Set a injection head (h1) and outflow head (h2) for the
system.

9. Record the volume of the inflow or outflow and heads as well as time
elapse. For more sets of data, change the heads and record volumes,
heads and time.

B. Unsaturated hydraulic conductivity

EQUIPMENT

1. 11 mm (3.5/8") OD x 7 mm (1/4") ID x 10 cm long, ceramic finger
tensiometer.

2. 110 cm x 5 cm (ID) plexiglass tubing.
3. #11 rubber stopper drilled with 5 cm diameter hole.
4. Tygon tubing, 3.2 mm (1/8") ID x 6.4 mm (1/8") OD x 1.6 mm (1/16")

wall.
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5. A constant head inflow-outflow devise (see Procedure 3).
6. Tygon Tubing, 6.4 mm (1/4") ID x 1.6 mm (1/16") wall.
7. Syringe pump.
8. 1000 ml beaker.
9. 500 ml beaker.
10. 25 ml graduated cylinder.
11. Electric hand driller.
12. Electric balance.
13. Glue adhesive.
14. Adhesive tape.
15. Tubing clamps.

SOLUTION

1. Milli-Q water.

PROCEDURE

1. Cut off the ends of the ceramic tensiometers and glue Tygon tubing
at two ends of the tensiometers. One end of the tensiometers is
glued by 10-20 cm Tygon tubing for filling water, and another end
is glued by 100-200 cm Tygon tubing for suction measurements.

2. Drill five 11-cm holes on top part of the plexiglass tubing in 10
cm interval and pass the tensiometers though the plexiglass tubing.

3. Insert a tensiometer, glued with Tygon tubing at the opening end,
into a #11 rubber stopper and than put the stopper into the bottom
of the plexiglass tubing, taping by the adhesive tape.

4. Weigh the oven dry sample of the mineral dust and homogeneously
pack into the tubing from its top. Dry bulk density of the dust
should keep at 2000 kg/m3 .

5. Connect the syringe pump with Tycon tubing. A #11 rubber stopper
with a small hole is covered on the top of the sample tubing to
prevent evaporation.

6. Saturate the sample by pumping water through the top of the tubing
for about 48 hours. Fill the tensiometers with water and than
clamp up.

7. Set the outflow suction to about 100 cm to decrease the fingering
effect for the mineral dust, a lower permeable sample.

8. After saturation of the sample, Decrease the rate of water flux to
desaturate the sample for a desired suction in the dust. The rate
of water flux can be fixed by changing a pumping rate of the
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syringe pump.

9. When the water level shown at each tensiometer reaches a steady
state, record the suction and the inflow rate. Reset the flux to a
lower rate and record the suction and flux when the suction reaches
steady again. The same procedure can be repeat until a desired
rang of suction and its flux obtained.

10. Since the experimental measurements will last about several weeks,
air bubble may be trapped in tensiometers. To release the air
bubbles the tensiometers should be refilled.

CALCULATION

Darcy's law can be used to calculate the saturated and unsaturated
hydraulic conductivities of the dust, which is expressed as:

K = - QAL

AAh
[A.7 ]

where
K - Hydraulic conductivity cm s-1 ,
A - The cross area of flow cm2 ,
Ah h2 - hl , h2 and hl are the elevation of the fluid levels from

the manometer cm, and
AL - the distance between the manometer intakes cm.

For this experimental setup, the suction at the bottom can take to
be h2 , and the suction at manometers connected with the tensiometers. On
the other hand, we may assume the top of the sample is saturated and has
a zero suction (h1 - 0).
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PROCEDURE 7
MEASUREMENTS OF RADIAL FLOW THROUGH

ROCK CYLINDER WITH MULTI-LAYERED MEMBRANES UNDER DIFFERENT
INJECTION PRESSURES AND OUTFLOW SUCTION

A. Saturated condition
B. Unsaturated condition
A. Saturated condition

EQUIPMENT

1. 1000 ml graduated pressure cell (200 graduations).
2. Nitrogen tank.
3. Tygon tubing, 6.4 mm (1/4") ID x 3.2 mm (1/8") wall, Nalgene 800.
4. 6.4 mm (1/4") OD Nalgene "T" connectors.
5. Millipore filter, 0.22 pm rated pore size, MPGLO4SK2.
6. 6.4 mm (1/4") OD metal quick connecters.
7. Rubber cylindrical rings.
8. #12 rubber stoppers drilled with three 6 mm diameter holes for each.
9. 10 cm (4") ID, 15.2 cm (6") OD plastic spacers with top and bottom

surfaces polished.
10. 10 cm (4") ID, 5.2 cm (6") OD gasket rings.
11. 10 cm (4") ID, 5.2 cm (6") OD rubber rings.
12. #2 rubber stoppers.
13. Some seal adhesive.
14. 10 cm ID x 15 cm OD x 19 cm height with top and bottom surfaces ground

Apache Leap tuff rock cylinder.
15. 28 cm (11") diameter x 1.6 cm (5/8") thick plexiglass plates, six 1.6

cm (5/8") hole are drilled in each plates for all-threaded rods and
the top plate have two 0.8 cm diameter holes with threaded for water
injected and air outlet.

16. 12 mm diameter x 45 cm long, eight 12 mm diameter x 60 cm long all-
threaded rods and 24 nuts and 12 butterfly nuts.

17. 38 mm ID x 35 mm OD washers.
18. Suction gauge, rang from 0 to -100 kPa, MARSHALL TOWN.
19. 30 cm (12") ID x 32.5 cm (12 6/8") OD x 50 cm (20") height PPC pipe

with small hole for a flow outlet at 30 cm high from the bottom.
20. 50 cm (20") diameter x 1.6 cm (5/8") thick plexiglass plates, eight

1.6 cm (5/8") hole are drilled in each plates for all-threaded rods
and the top plate have three 0.8 cm diameter holes with threaded for
a suction gauge installed, a water injected port and a suction applied
inlet.

21. 29 cm ID x 34 cm OD rubber ring.
22. 4 mm diameter x 5 cm long threaded nails.
23. Hand driller with a 4 mm drill bit.
24. A tube of STIX-ALL adhesive.
25. Several small host clamps.
26. One meter stick.
27. Pressure gauge, range from 0-30 psi (0-207 kPa).
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28. One tube of vacuum grease.
29. Some 10 cm (4") ID tubular membranes.
30. A 10 cm (4") ID x 20 cm long tubular canvas membrane ( the tubular is

sewed by sewing machine).
31. Millipore no-oil vacuum-pressure pump with a self-made protection

bottle device.

SOLUTION

1. Milli-Q water containing 0.005M CaC0 4 and lg/liter (lowercase) Calcium
hypochlorite to reach 3 ppm available chlorine.

PROCEDURE

1. Glue the PPC pipe to the big bottom plate, dill eight 4 mm hole (even
distance) from the bottom of the plate through the wall of the pipe
about 5.2 cm deep by a hand driller and tighten them together with the
nails (check no leakage from the bottom of the pipe). Combine the
all-threaded rods to the bottom plate with the washers and nuts (see
figure). Install a suction gauge and two female side metal quick
connectors (inlet of one connector faces to inside of the plate for
the water injected port and other side of this connector is connected
by a 10 cm long thick wall tubing with a female connector, another
connector's inlet faces to the outside for the suction applied port)
on the big top plate respectively. Glue a small brass tube with a
piece of tubing into the outlet on the PPC pipe. This whole
congregation is called suction tank.

2. Use the same high pressure inflow device, support frame and sample of
the cylinder rock which were used in hydraulic conductivity of the
cylinder rock and membrane conductance measurements (see procedure 2).
Release the support frame into parts after rock hydraulic conductivity
and membrane conductance measurements. The cylinder keeping in
solution for preventing desaturation has consisted of three attached
parts, bottom spacer, rock sample and top spacer.

3. Cut 10 cm (4") diameter tubular membrane into 30 cm long and soak the
membrane and the tubular canvas for more than 50 hours in the
solution. Place the canvas inside of the cylinder rock, the canvas
must fully cover the inside wall of the rock.

4. Put a #12 rubber stopper into end of one side of the soaked membrane
and cover with a rubber cylinder ring on the outside of the membrane
(in which there is a rubber stopper). Insert the side without the
stopper of the membrane through the tubular canvas in the cylinder
and push the stopper against the inside wall of the spacer. Use
another #12 rubber stopper and rubber ring to setup other side of
membrane and spacer.
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5. Transfer the whole assembly (rock and spacers with membranes) on the
bottom plate of support frame and then put the top plate on the top
of the setup. Several #2 small stoppers are placed in the space
between each #12 big stopper and the top and bottom plates to support
the big stoppers against spacers preventing from leakage. Tighten
them with washers and butterfly nuts and then put them in the suction
tank with the solution. Make sure the up edge of rock sample, the
solution and the outlet of the suction tank are at same level.

6. Open the air outlet port on the top plate of the support frame and
connect the pressure cell with solution filled to the nitrogen tank
and water injection port. Set pressure about 35 kPa (5 psi) allowing
solution to flow inside the cylinder rock and letting air in the
cylinder come out from the air port. The air port is not closed until
the air is cleaned out.

7. Change the pressure to 140 kPa (20 psi) letting system flow for
several minutes (air will be forced out from rock, if the rock was
desaturated) and then release the pressure.

8. Disconnect the water injection port and connect it to the water
injection port inside the top plate of the suction tank by a 20 cm
thick wall Tygon tubing with a male metal quick connector in each
end. Place the big rubber ring on the top of the PPC pipe and cover
with the top plate and then tighten them with washers and butterfly
nuts.

9. Connect the pressure cell with the water injection port in the top
plate. Set the injection pressure from 14-140 kPa (2-20 psi) and
record the volume of water injected and elapse time.

10. Release the pressure and close the outlet in the tank. Apply a 20 and
60 kPa constant suction into the tank by the vacuum pump individually
and the injection pressure is changed from 14-140 kPa (2-20 psi) for
each suction. Record the volume of injection water and elapse time
for each measurement. During the measurements one may stop the vacuum
and check the solution level in the tank (make sure the solution just
covers the up-edge of the rock sample) by disclosing the outlet
allowing the over-covered solution flow out.

CALCULATIONS

1. Assume the flow is in saturated and steady-state condition, the inflow
is equal to the outflow and the flow rate (cm 3s-1) can be calculated
by a injection volume divided by its elapse time.

2. Plot flow-rate (Q) vs. pressure differences (11„-H.) for each suction,
where	 is injection pressure from 14-140 kPa and he is outflow/
external pressure, 0, 20 and 60 kPa individually.
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Cr„ 
+1n( -21) [A.8]

3. Calculation results for Q vs. H.j He are given as:
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where
Q - the flow through the membrane into the rock matrix (cm 3/s),
K. - the saturated hydraulic conductivity of the rock (cm/s).
C - the conductance of the membrane (sec -1 ),

- the injection pressure inside the membrane (cm),
He - the hydraulic head at external surface (cm),
L - the length of the bore hole (cm),
ro - the radius of the bore hole (cm),
r. - the external radius of flow (cm), and
rmr ro , the radius at membrane/rock interface (cm).

B. Unsaturated condition

EQUIPMENT

1. 1000 ml graduated pressure cell (200 graduations).
2. Nitrogen tank.
3. Tygon tubing, 6.4 mm (1/4") ID x 3.2 mm (1/8") wall, Nalgene 800.
4. 6.4 mm (1/4") OD Nalgene "T" connectors.
5. 1000-ml graduated cylinder.
6. Millipore filter, 0.22 pm rated pore size, MPGLO4SK2.
7. 6.4 mm (1/4") OD metal quick connecters.
8. Rubber cylindrical rings.
9. #12 rubber stoppers drilled with three 6 mm diameter holes for each.
10. 10 cm (4") ID, 15.2 cm (6") OD plastic spacers with top and bottom

surfaces polished.
11. 10 cm (4") ID, 5.2 cm (6") OD gasket rings.
12. 10 cm (4") ID, 5.2 cm (6") OD rubber rings.
13. #2 rubber stoppers.
14. A tube of seal adhesive.
15. 10 cm ID x 15 cm OD x 19 cm height with top and bottom surfaces ground

Apache Leap tuff rock cylinder.
16. 28 cm (11") diameter x 1.6 cm (5/8") thick plexiglass plates, Six 1.6

cm (5/8") hole are drilled in each plates for all-threaded rods and
the top plate have two 0.8 cm diameter holes with	 threaded for
water injected and air outlet.

17. 12 mm diameter x 45 cm long all-threaded rods and 8 nuts and 4
butterfly nuts.

18. 14 mm ID x 35 mm OD washers.
19. 30 cm ID x 31 cm height plexiglass container.
20. Several small clamps.
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21. Meter stick.
22. Pressure gauge, range from 0-207 kPa (0-30 psi).
23. A tube of vacuum grease.
24. Millipore no-oil vacuum-pressure pump with a self-made protection

bottle device.
25. 7 mm (1/4") ID x 11 mm (3.5/8") OD x 9 cm (3.5") long, ceramic finger

tensiometers after ends cut.
26. Tygon tubing, 3.2 mm (1/8") ID x 6.4 mm (1/4") OD.
27. Tygon tubing, 6.4 mm (1/4") ID x 9.5 mm (3/8") OD, R3603.
28. Tubing clamps.
29. Four constant head inflow-outflow devices.
30. 26 kg mineral dry dust.
31. 10 ml spring.
32. Glue adhesive.
33. 2000 ml beaker.
34. Electric balance.
35. 25 ml graduated cylinders.
36. Aluminum foil.
37. 10 cm (4") ID x 20 cm long sewn tubular canvas membrane.

SOLUTION

1. Milli-Q water containing 0.005M CaC0 4 and 1g/liter Calcium hypochlorite
to reach 3 ppm available chlorine.

PROCEDURE

1. Cut each end of the tensiometers and connect every two tensiometers in
series using small Tygon tubing and the glue adhesive (see figure).
One end of the series tensiometer combined with tubing is used to
apply a suction. Open other end of the tensiometers connected with
tubing make one easy to purge the air out from the tensiometers during
operation.

2. Use the same high pressure inflow device (same device as the saturated
condition measurements), the plexiglass container which was used in
hydraulic conductivity of the rock cylinder and membrane conductance
measurements (see procedure 2).

3. Release the pressure after saturated condition test and Remove the
sample with membranes and the support frame tighten into the
plexiglass container. Use 1000 ml graduated cylinder to transfer
water into the container, record the volume of water which the
container (with the sample inside) can be filled and mark each 1000
ml line on the container (the volume of the container is 13000 ml by
this measurement). After the volume estimated, empty the water from
the container.
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4. Weigh 26 kg mineral dust and homogeneously pack it into the container
by a scale and 2000 ml beaker. Four tensiometer are horizontally
placed in the dust in three levels, one at top and bottom of the rock
respectively and one in the middle of the rock. Aluminum foil is
covered on the dust after the package finished. Note: To identify
the bulk density of the mineral dust for 2.0 g/cm3 , 26 kg mineral bust
should be weighed and transfer into the container.

5. Two tensiometers in series connected in each level are connected to
the minometer and other two are connected to the constant head inflow-
outflow device. Fill the tensiometers with Milli-Q water and lower
the devices to 100 cm for applying a uniform suction (about 100 cm)
into the bust, outside of the rock, and then close other ends of the
tensiometer with the tubing clamps.

6. Open the air outlet port on the top plate and connect the pressure
cell with solution filled to the nitrogen tank and water injection
port. Set pressure about 35 kPa (5 psi) allowing solution to flow
inside the cylinder rock and letting air in the cylinder come out from
the air port. The air port is not closed until the air is cleaned out.

7. Change the pressure to 140 kPa (20 psi) and let system flow for more
than 24 hours to saturated the dust until the suction in dust is equal
to the applied suction in tensiometers (the suction can be show in the
manometers for each level). And then, release the pressure and
disconnect the pressure cell from the injection port.

8. Connect a Mariotte's reservoir with solution to the injection part as
a constant head inflow reservoir. Change the injection pressure from
0-100 cm and record the inflow volume, time and suction in the dust.

9. Set a 100 cm suction into the dust, change the injection pressure from
14-140 kPa (2-20 psi) by the injection high pressure device and record
the inflow volume , time and suction in the dust.

10. Disconnect all tensiometers from the manometers and constant head
inflow-outflow devices and connect their one end together. Set a
injection pressure as 0 cm by the Mariotte's reservoir with solution
and apply a set of step suction in the tensiometers (10, 20 and 30
kPa) and then record the inflow, time and suction for each
measurement.

CALCULATIONS

1. Assume the flow is in steady-state condition, the inflow is equal to
the outflow and the flow rate (cm 3s -1 ) can be calculated by a injection
volume divided by its elapse time.

2. Plot flow-rate (Q) vs. pressure differences (11,„-He) for each suction,
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where H. is injection pressure from 14-140 kPa and he is outflow/
external pressure, 10, 20 and 30 kPa individually.

PROCEDURE 8
TRANSMISSIVITY MEASUREMENTS FOR THE ARTIFICIAL FRACTURE

A. Air Transmissivity
B. Hydraulic Transmissivity

EQUIPMENT

1. Manometer.
2. Gilmont flow meter, range 0-250 and 0-12500.
3. Nitrogen tank.
4. 500 ml graduated cylinder.
5. Plastic container, with 2.5 feet diameter by 3 feet deep.
6. Level.
7. Stop watch.
8. Mariotte bottle (setup using 100 ml burette).

SOLUTION

1. Milli-Q water containing 0.005M CaC0 4 and lg/liter (lower case) Calcium
hypochlorite to reach 3 ppm available chlorine.

PROCEDURE

A. Air Transmissivity

1. Place a plug in the bottom of the fractured cylinder and a by-pass
plug is placed in the top of the cylinder (see Figure 4.16).

2. Transfer the fractured rock with holding frame (see Procedure 1) into
the plastic container. Water is filled and just covered the fracture
in the container.

3. Connect the inlet to the manometer, flowmeter and Nitrogen tank.

4. Turn on the pressure tank and judge the inflow rate from the valve at
the flowmeter. Record the flow rate and the inflow pressure. Inflow
is injected at a low pressure range to indicate the air-entry value
for the fracture. The outflow is indicated by bubbles at the outside
fracture openings.



T = Ke -
2 E (H„-H.)

(21n(-L')
ro

[A.9]
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5. Increase the pressure step by step until the fracture is completely
taken place by gas and record the inflow rate and injection pressure
for each step. Temperature is recorded during the experiments.

B. Hydraulic Transmissivity

6. Disconnect the inlet port from the flowmeter and pressure tank.
Connect the inflow port to a Mariotte bottle and fill the inside rock
cylinder with water.

7. Increase the injection head and than record the inflow, outflow vs.
time. Injection head is increased to about 100 cm.

CALCULATIONS

1. Assume the flow is in steady-state condition, the inflow is equal to
the outflow and the flow rate (cm3s -1 ) can be calculated by a injection
volume divided by its elapse time.

2. Correct the gas inflow rate with the pressure and temperature changes
against standard condition using the Equations given by Gilmont
Instruments, Inc. (come with the manus).

3. Both the air and hydraulic transmissivity are calculated by using
following equation:

where
T transmissivity of the fracture (cm 2/s),
K - conductivity of the fracture (cm/s),
Q - inflow rate (cm 3/s),
Hv - injection water head (cm),

outflow head (cm),
ro - radius of the borehole (cm),
r. - external radius of rock cylinder (cm), and
e - fracture aperture (cm).

3. Plot flow-rate (Q) and transmissivity (T) vs. injection pressure
(head).
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PROCEDURE 9
MEASUREMENTS OF RADIAL FLOW THROUGH

FRACTURED ROCK CYLINDER WITH MULTI-LAYERED MEMBRANES UNDER
DIFFERENT INJECTION PRESSURES

EQUIPMENT

1. One 1000 ml graduated pressure cell (same as above).
2. Nitrogen tank.
3. Constant suction inflow-outflow device (see Procedure 3).
4. Tensiometers (same above).
5. Plastic container, with 2.5 feet diameter by 3 feet deep.
6. Level.
7. Stop watch.
8. Mariotte bottle (setup using 100 ml burette).

SOLUTION

1. Milli-Q water containing 0.005M CaC0 4 and lg/liter (lower case) Calcium
hypochlorite to reach 3 ppm available chlorine.

PROCEDURE

1. The connections and operations of the porous cups and the constant
suction inflow-outflow device are the same as in the last experiments
(Procedure 5).

2. Use the same high pressure inflow device (same device as the saturated
condition measurements), the plexiglass container which was used in
hydraulic conductivity of the rock cylinder and membrane conductance
measurements (see procedure 2).

3. Place the artificial fractured rock cylinder into the tank after air
transmissivity measurements. Fill the mineral dust outside the
cylinder with 2000 kg/m 3 dry density. Three layers of the porous cups
are placed outside the rock boundary (see Figure 4.19). For each
layer, one set of the cup is connected with the constant suction
inflow-outflow device and anther is connected to the manometer as a
tensiometer.

4. The inflow vs. injection pressure under three conditions,
unsaturation, fully saturation and desaturation, are measured using
this setup.

1) Connect the injection port to the pressure inflow cell and increase
the injection pressure. Record the inflow with time and pressure.

2) After releasing the injection pressure, saturate the dust with water
for 24 hours from top of the tank. Increase the injection pressure
and record the inflow with time and pressure.
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3) Replace a Mariotte bottle (a constant head device) with the pressure
inflow cell. Set the inflow water head at zero and desaturate the
mineral dust using the constant suction inflow-outflow device.
Record the inflow with time in hours interval (10-24 hours) and
measure the applied suction (*.) outside the rock surface by the
tensiometer.

CALCULATIONS

1. Assume the flow is in steady-state condition, the inflow is equal to
the outflow and the flow rate (ces -1 ) can be calculated by a injection
volume divided by its elapse time.

2. Calculate the suction (*.- r) on the membrane/rock surface:

Qm
	 — Hw
2it r °LC [A.10]

where
L — length of membrane (cm),
C = conductance of membrane (l/s),

— flow through the membrane (cm 3/s),
• — injection water head (cm),
mr — suction at membrane/rock surface (cm), and

ro — radius of the borehole (cm).

3. Calculate the fracture transmissivity:

T= Ke-
PrIll(:E!)

ro [A.11]

2t (* 0 -11r) 

where
T transmissivity of the fracture (cm2/s),
K — conductivity of the fracture (cm/s),
Qf flow into the fracture (cm3/s), assuming Q. Qf,
117, suction at external rock surface measured by tensiometers (cm),
4mr = suction at membrane/rock interface (cm),
ro — radius of the borehole (cm),
ro — external radius of rock cylinder (cm), and
e — fracture aperture (cm).

4. Plot flow-rate (Q) vs. applied suction (4r o) and transmissivity vs.
applied suction and average absolute suction ((iirm_r + 110/2).
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APPENDIX B
EQUATION DEVIATIONS

The mathematical solution for two layer steady-state radial flow is
derived following the assumptions:

1. the porous medium is assumed homogenous and isotopic,

2. flow is saturated radial and steady-state, and

3. flow is governed by Darcy's law (see Figure Bl for radial flow
diagram).

Darcy's law, as extended to saturated radial flow, is

Q=— 2 Tc.L,K1n(-) (H2 — H1 )e 

where
Q - the flow rate through the rock matrix

(cm3 sec _1),
H2 , Hi = the hydraulic head (cm),
L = the length of the bore hole (cm),
re = the radius of the bore hole (cm),
re = the external radius of flow (cm), and
K — the matrix hydraulic conductivity (cm sec -1 ).

Water flow into the membrane is expressed as:

Qm = 21c. r oLC(H, — Hatr )

[B.1]

[B.2]

where
Q. — the water flow through the membrane (cm 3/s),
C — the conductance of the membrane (sec -1 ),
• — the injection pressure inside the membrane (cm),
• the water head at the membrane/rock interface (cm), and
Since the membrane is very thin, radius of the membrane is taken as

the radius of the borehole.

Water flows into the rock cylinder:



kg ln	 (H -110 )
r

C -
r 0 (4- H,, )

[B.5]
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OP,=.2nLlan(-1E) (H - 1()re 	ALL	 er
[B.3]

where
Qx - the flow through the rock matrix

(cm3 sec -1 ),
He - the hydraulic head at external surface (cm), and
rmr	the radius at membrane/rock interface (cm).

Assuming the flow is radial, no loss from the flow system and at
transient infiltrations, the flux through the membrane, q(t), should be
equal to the flux to the rock matrix and than the flow through the two
layers can be given as:

- 2nLK,(11,-H.)
 Tr	

-5 +1n(-Et)
Cr,,,

[B.4]

where
Q = the flow through the membrane into the rock matrix (cm 3/s), and
K. = the saturated hydraulic conductivity of the rock (cm/s).

Assuming Darcy's law is valid for unsaturated flow, when the system
approaches steady-state infiltration, the suction (*mr) at the mem-
brane/rock interface and the suction (14) at external surface may become
constant, where 14, *mr(t) > O. The conductance of the membrane is
constant and hydraulic conductivity of the rock matrix, K(*), is a
function of the suction in the rock matrix. Therefore, Equations [B.4]
and [B.5] can be rewritten as:

27cLIC(i1r) (4+11 re )
Q 	

iLt1.+1n(t)
Crgir

[B.6]
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k(#) ln ( -z) ) (4re-t,,,).r.
C -

ro(H+ #,)
[B.7]
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APPENDIX C

SELECTED DATA



Table C-1 Testing data for different membranes

Cl-a:	 Testing data for Teepak #2068569 T-6 Reg membrane
using 25 mm holders.

Inflow Time Pressure Inflow rate Conductance
(ml) (sec) (kPa) (ml/s) (1/s)

0.055 9278 29.26 1.21E-06 4.05E-09
0.050 9278 29.75 1.10E-06 3.62E-09
0.055 9278 30.24 1.21E-06 3.92E-09
0.100 7828 43.34 2.60E-06 5.89E-09
0.105 7828 43.83 2.73E-06 6.11E-09
0.100 7828 44.32 2.60E-06 5.76E-09
0.170 10217 57.45 3.39E-06 5.79E-09
0.170 10217 57.94 3.39E-06 5.74E-09
0.165 10217 58.43 3.29E-06 5.52E-09
0.115 5397 71.62 4.34E-06 5.94E-09
0.110 5397 72.11 4.15E-06 5.65E-09
0.110 5397 72.60 4.15E-06 5.61E-09
0.055 1980 85.62 5.66E-06 6.48E-09
0.050 1980 86.11 5.14E-06 5.86E-09
0.055 1980 86.60 5.66E-06 6.41E-09
0.135 4757 99.63 5.78E-06 5.69E-09
0.135 4757 100.12 5.78E-06 5.66E-09
0.150 4757 100.61 6.42E-06 6.26E-09
0.130 3777 113.63 7.01E-06 6.05E-09
0.120 3777 114.12 6.47E-06 5.56E-09
0.125 3777 114.61 6.74E-06 5.77E-09
0.160 4276 127.59 7.62E-06 5.86E-09
0.150 4276 128.08 7.15E-06 5.47E-09
0.155 4276 128.57 7.38E-06 5.63E-09
0.105 2625 141.48 8.15E-06 5.65E-09
0.095 2625 141.97 7.37E-06 5.09E-09
0.095 2625 142.46 7.37E-06 5.08E-09
0.145 3283 141.48 9.00E-06 6.24E-09
0.120 3283 141.97 7.45E-06 5.14E-09
0.130 3283 142.46 8.07E-06 5.55E-09
0.210 4851 141.51 8.82E-06 6.11E-09
0.190 4851 142.00 7.98E-06 5.51E-09
0.190 4851 142.49 7.98E-06 5.49E-09
0.260 6044 141.48 8.76E-06 6.07E-09
0.240 6044 141.97 8.09E-06 5.59E-09
0.245 6044 142.46 8.26E706 5.68E-09

AVG 5.60E-09
STD 6.16E-10
MAX 6.48E-09
MIN 3.62E-09
CO.of VAR 11.00%
No. DATA 36
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Table C-1 (continued)

Cl-b: Testing data for Zephyr W. membrane using 25 mm
holders.

Inflow Time Pressure Inflow rate Conductance
(ml) (sec) (kPa) (ml/s) (1/s)

0.025 4391 29.24 1.16E-06 3.89E-09
0.030 4391 29.73 1.39E-06 4.59E-09
0.030 4391 30.22 1.39E-06 4.52E-09
0.035 3758 43.55 1.90E-06 4.27E-09
0.040 3758 44.04 2.17E-06 4.83E-09
0.045 3758 44.53 2.44E-06 5.37E-09
0.085 6188 57.65 2.80E-06 4.76E-09
0.100 6188 58.15 3.29E-06 5.55E-09
0.090 6188 58.64 2.96E-06 4.96E-09
0.070 4182 71.73 3.41E-06 4.66E-09
0.070 4182 72.22 3.41E-06 4.63E-09
0.070 4182 72.71 3.41E-06 4.60E-09
0.150 7663 85.69 3.99E-06 4.56E-09
0.145 7663 86.18 3.85E-06 4.39E-09
0.160 7663 86.67 4.25E-06 4.81E-09
0.060 2642 99.75 4.63E-06 4.55E-09
0.065 2642 100.24 5.01E-06 4.90E-09
0.065 2642 100.73 5.01E-06 4.88E-09
0.101 4226 113.72 4.87E-06 4.20E-09
0.105 4226 114.21 5.06E-06 4.35E-09
0.115 4226 114.70 5.54E-06 4.74E-09
0.080 2928 127.65 5.57E-06 4.28E-09
0.080 2928 128.14 5.57E-06 4.26E-09
0.085 2928 128.63 5.91E-06 4.51E-09
0.065 2264 141.55 5.85E-06 4.05E-09
0.070 2264 142.04 6.30E-06 4.35E-09
0.065 2264 142.53 5.85E-06 4.02E-09
0.130 4282 141.55 6.18E-06 4.28E-09
0.130 4282 142.04 6.18E-06 4.27E-09
0.135 4282 142.53 6.42E-06 4.42E-09
0.150 5245 141.58 5.83E-06 4.04E-09
0.150 5245 142.07 5.83E-06 4.02E-09
0.155 5245 142.56 6.02E-06 4.14E-09
0.230 7703 141.58 6.08E-06 4.21E-09
0.220 7703 142.07 5.82E-06 4.02E-09
0.225 7703 142.56 5.95E-06 4.09E-09
0.275 9232 141.55 6.07E-06 4.20E-09
0.275 9232 142.04 6.07E-06 4.19E-09
0.285 9232 142.53 6.29E-06 4.33E-09

AVG 4.45E-09
STD 3.65E-10
MAX 5.55E-09
MIN 3.89E-09
CO.of VAR 8.18%
No. DATA 39
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Table C-1 (continued)

Cl-c:	 Testing data for C125 Cellulose membrane
using 25 mm holders.

Inflow Time Pressure Inflow rate Conductance
(ml) (sec) (kPa) (ml/s) (1/s)

0.115 7377 43.02 3.18E-06 7.24E-09
0.120 7377 43.51 3.31E-06 7.47E-09
0.125 7377 44.00 3.45E-06 7.69E-09
0.155 9780 71.28 3.23E-06 4.44E-09
0.155 9780 71.77 3.23E-06 4.41E-09
0.165 9780 72.26 3.44E-06 4.66E-09
0.250 10489 106.48 4.86E-06 4.47E-09
0.250 10489 106.97 4.86E-06 4.45E-09
0.275 10489 107.46 5.34E-06 4.87E-09
0.470 10587 141.27 9.04E-06 6.28E-09
0.465 10587 141.76 8.95E-06 6.19E-09
0.500 10587 142.25 9.62E-06 6.63E-09
0.345 7760 141.27 9.06E-06 6.29E-09
0.345 7760 141.76 9.06E-06 6.27E-09
0.380 7760 142.25 9.98E-06 6.88E-09
0.100 2092 141.39 9.74E-06 6.75E-09
0.100 2092 141.88 9.74E-06 6.73E-09
0.105 2092 142.37 1.02E-05 7.04E-09
0.170 3679 141.39 9.41E-06 6.53E-09
0.185 3679 141.88 1.02E-05 7.08E-09
0.185 3679 142.37 1.02E-05 7.06E-09
0.285 6161 141.39 9.42E-06 6.54E-09
0.280 6161 141.88 9.26E-06 6.40E-09
0.320 6161 142.7. 1.06E-05 7.29E-09
0.320 6862 141.39 9.50E-06 6.59E-09
0.315 6862 141.88 9.35E-06 6.46E-09
0.355 6862 142.37 1.05E-05 7.26E-09
0.355 7684 141.39 9.41E-06 6.53E-09
0.350 7684 141.88 9.28E-06 6.41E-09
0.400 7684 142.37 1.06E-05 7.30E-09
0.500 10545 141.42 9.66E-06 6.70E-09
0.490 10545 141.91 9.47E-06 6.54E-09
0.555 10545 142.40 1.07E-05 7.38E-09
0.560 11993 141.42 9.51E-06 6.60E-09
0.555 11993 141.91 9.43E-06 6.51E-09
0.630 11993 142.40 1.07E-05 7.37E-09

AVG 6.43E-09
STD 9.21E-10
MAX 7.69E-09
MIN 4.41E-09
CO.of VAR 14.34%
No. DATA 36
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Table C-1 (continued)

Cl-d:	 Testing data for C125 Cellulose membrane
using 70 mm holders.

Inflow Time Pressure Inflow rate Conductance
(ml) (sec) (kPa) (ml/s) (1/s)

0.700 1997.50 28.07 3.50E-04 3.18E-08
0.920 1291.54 42.57 7.12E-04 4.26E-08
0.400 333.07 56.98 1.20E-03 5.37E-08
1.000 664.19 71.16 1.51E-03 5.39E-08
0.230 915.63 28.37 2.51E-04 2.26E-08
0.300 1159.32 28.41 2.59E-04 2.32E-08
0.400 1481.49 28.27 2.70E-04 2.43E-08
0.300 572.55 42.65 5.24E-04 3.13E-08
0.460 1119.98 42.65 4.11E-04 2.45E-08
0.500 574.32 56.91 8.71E-04 3.90E-08
0.360 607.32 56.91 5.93E-04 2.65E-08
0.450 359.04 71.08 1.25E-03 4.49E-08
0.470 551.75 71.08 8.52E-04 3.05E-08
0.500 326.08 85.17 1.53E-03 4.59E-08
0.700 681.76 85.17 1.03E-03 3.07E-08

AVG 3.50E-08
STD 1.05E-08
MAX 5.39E-08
MIN 2.26E-08
CO.of VAR 29.92%
No. DATA 15
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Table C-2 Testing data for membrane conductance at
different initial saturations.

C2-a:	 Testing data for membrane conductance at saturated
condition.

Inflow
(ml)

Time
(sec)

Pressure
(kPa)

Inflow rate
(ml/s)

Conductance
(1/s)

25 2491.27 13.08 1.0035E-02 1.3755E-07
25 2178.31 20.60 1.1477E-02 9.6708E-08
25 1442.52 28.22 1.7331E-02 1.0752E-07
25 1259.11 35.53 1.9855E-02 9.7011E-08
25 1127.88 42.85 2.2165E-02 8.9232E-08
25 926.74 50.15 2.6976E-02 9.3082E-08
25 904.02 57.43 2.7654E-02 8.2616E-08
60 1877.69 64.61 3.1954E-02 8.5017E-08
25 837.57 64.61 2.9848E-02 7.9025E-08
25 795.85 71.69 3.1413E-02 7.4693E-08
25 702.22 78.98 3.5601E-02 7.6983E-08
25 680.81 86.14 3.6721E-02 7.2535E-08
20 561.27 93.27 3.5633E-02 6.4576E-08
25 600.37 100.37 4.1641E-02 7.0473E-08
25 556.79 107.44 4.4900E-02 7.1017E-08
25 547.39 114.49 4.5671E-02 6.7600E-08
25 533.85 121.58 4.6830E-02 6.5137E-08
25 524.60 128.63 4.7655E-02 6.2518E-08
25 493.78 135.67 5.0630E-02 6.2996E-08
50 989.16 142.68 5.0548E-02 5.9639E-08
15 1935.27 13.45 7.7509E-03 1.0028E-07
15 1215.06 20.95 1.2345E-02 1.0277E-07
15 911.92 28.33 1.6449E-02 1.0114E-07
15 829.34 35.75 1.8087E-02 8.7133E-08
15 731.74 46.62 2.0499E-02 7.4972E-08
15 680.27 53.87 2.2050E-02 6.9473E-08
15 546.96 61.12 2.7424E-02 7.6604E-08
15 545.36 68.27 2.7505E-02 6.8309E-08
15 492.95 75.46 3.0429E-02 6.8373E-08
15 450.20 82.63 3.3319E-02 6.8376E-08
15 463.07 89.71 3.2393E-02 6.0844E-08
15 433.14 96.82 3.4631E-02 6.0245E-08
15 411.25 103.93 3.6474E-02 5.9049E-08
15 367.42 111.00 4.0825E-02 6.2036E-08
15 358.36 118.08 4.1857E-02 5.9676E-08
15 339.52 125.13 4.4180E-02 5.9423E-08
15 324.52 132.16 4.6222E-02 5.8836E-08
15 328.45 139.20 4.5669E-02 5.5014E-08
15 283.54 142.73 5.2903E-02 6.2547E-08

AVG 7.6180E-08
STD 1.7511E-08
MAX 1.3755E-07
MIN 5.5014E-08
Co.of VAR 22.99%
No.of data 39
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Table C-2 (continued)

C2-b: Testing data for membrane conductance at moist
condition.

Inflow
(ml)

Time
(sec)

Pressure
(kPa)

Inflow rate
(ml/s)

Conductance
(1/s)

15 327.86 142.58 4.5751E-02 5.3794E-08
15 745.6 71.76 2.0118E-02 4.6724E-08
15 470.75 107.27 3.1864E-02 4.9626E-08
20 4240 13.35 4.7170E-03 5.9496E-08
15 2072.35 20.70 7.2382E-03 5.8858E-08
15 1515.72 28.23 9.8963E-03 5.9028E-08
15 1453.49 35.53 1.0320E-02 4.8477E-08
15 1267.19 42.78 1.1837E-02 4.6087E-08
15 1193.83 50.10 1.2565E-02 4.1614E-08
30 2081.56 57.35 1.4412E-02 4.1701E-08
15 736.68 64.60 2.0362E-02 5.2794E-08
20 969.53 79.00 2.0629E-02 4.3395E-08
15 703.58 86.10 2.1320E-02 4.1068E-08
15 650.22 93.20 2.3069E-02 4.1050E-08
15 634.27 100.31 2.3649E-02 3.9035E-08
15 518.13 114.46 2.8950E-02 4.1983E-08
15 501.16 121.53 2.9931E-02 4.0838E-08
15 472.92 128.59 3.1718E-02 4.0905E-08
15 455.95 135.64 3.2898E-02 4.0196E-08
15 464.14 142.70 3.2318E-02 3.7447E-08
15 740.96 107.45 2.0244E-02 3.0980E-08

AVG 4.5481E-08
STD 7.5002E-09
MAX 5.9496E-08
MIN 3.0980E-08
Co.of VAR 16.49%
No.of data 21
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Table C-2 (continued)

C2-c: Testing data for membrane conductance at dry
condition.

Inflow
(ml)

Time
(sec)

Pressure Inflow rate Conductance
(kPa)	 (ml/s)	 (1/s)

20 1904.64 142.58 1.0501E-02 1.1913E-08
15 6436.68 35.45 2.3304E-03 1.0621E-08
15 2817.97 71.70 5.3230E-03 1.2010E-08
15 2170.51 107.39 6.9108E-03 1.0395E-08
15 2055.5 142.65 7.2975E-03 8.2486E-09
15 2033.02 142.52 7.3782E-03 8.3480E-09
10 8773.12 20.67 1.1398E-03 8.8946E-09
10 5496.64 28.10 1.8193E-03 1.0459E-08
10 4836.56 35.53 2.0676E-03 9.3924E-09
10 3030.98 42.85 3.2993E-03 1.2461E-08
15 3671.99 50.21 4.0850E-03 1.3175E-08
15 4789.17 57.39 3.1321E-03 8.8038E-09
15 3356.91 64.63 4.4684E-03 1.1176E-08
10 2767.06 71.81 3.6139E-03 8.1132E-09
10 2541.13 79.00 3.9353E-03 8.0307E-09
15 2496.35 86.10 6.0088E-03 1.1282E-08
15 2475.97 93.26 6.0582E-03 1.0494E-08
10 2170.99 100.33 4.6062E-03 7.3972E-09
10 1782.16 110.92 5.6112E-03 8.1557E-09
15 2182.99 121.56 6.8713E-03 9.1211E-09
15 2114.91 128.65 7.0925E-03 8.8945E-09
20 2848.08 135.68 7.0223E-03 8.3458E-09
10 1237.73 142.74 8.0793E-03 9.1337E-09
10 2341.62 100.43 4.2705E-03 6.8482E-09
10 2245.37 107.49 4.4536E-03 6.6714E-09
10 1573.52 114.56 6.3552E-03 8.9505E-09

AVG 9.5129E-09
STD 1.7065E-09
MAX 1.3175E-08
MIN 6.6714E-09
Co.of VAR 17.94%
No.of data 26
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Table C-3 Testing data for membrane conductance at diferent
soaked time.

Inflow Time Pressure Inflow rate Conductance Soaked time
(ml)	 (sec)	 (kPa)	 (ml/s)	 (1/s)	 (hours)

25 481.69 142.65 5.1901E-02 6.1384E-08 0
25 486.94 142.67 5.1341E-02 6.0678E-08 24
20 496.86 142.67 4.0253E-02 4.7032E-08 24
25 2453.2 13.55 1.0191E-02 1.3462E-07 24
15 1075.5 20.97 1.3947E-02 1.1746E-07 24
15 911.38 28.35 1.6459E-02 1.0121E-07 24
15 731.22 35.70 2.0514E-02 1.0008E-07 24
20 846.84 43.02 2.3617E-02 9.5243E-08 24
15 603.76 50.27 2.4844E-02 8.5029E-08 24
15 439.47 71.89 3.4132E-02 8.1437E-08 24
15 306.99 86.18 4.8862E-02 9.8625E-08 24
15 363.35 107.44 4.1283E-02 6.5021E-08 24
15 318.78 121.60 4.7054E-02 6.5509E-08 24
15 280.74 142.72 5.3430E-02 6.3261E-08 24
15 318.86 142.62 4.7043E-02 5.5371E-08 48
25 566.75 142.62 4.4111E-02 5.1763E-08 48
15 602.72 57.27 2.4887E-02 7.4088E-08 48
15 492.97 64.46 3.0428E-02 8.0943E-08 48
15 509.23 78.84 2.9456E-02 6.3126E-08 48
15 437.1 93.13 3.4317E-02 6.2213E-08 48
15 375.22 100.20 3.9977E-02 6.7662E-08 48
15 380.85 114.38 3.9386E-02 5.7927E-08 48
25 675.41 128.51 3.7015E-02 4.8054E-08 48
15 368.6 135.56 4.0695E-02 5.0172E-08 48
15 394.02 142.60 3.8069E-02 4.4403E-08 48
25 645.12 142.52 3.8752E-02 4.5258E-08 96
15 431.87 142.52 3.4733E-02 4.0396E-08 96
15 376.39 142.52 3.9852E-02 4.6594E-08 96
15 2344.05 13.22 6.3992E-03 8.3164E-08 96
15 1720.96 20.61 8.7161E-03 7.1995E-08 96
15 1380.89 28.15 1.0863E-02 6.5314E-08 96
15 1215.46 35.48 1.2341E-02 5.8543E-08 96
15 1034.72 42.78 1.4497E-02 5.6959E-08 96
15 855.98 50.12 1.7524E-02 5.8864E-08 96
15 799.18 57.30 1.8769E-02 5.4965E-08 96
30 1411.79 64.61 2.1250E-02 5.5200E-08 96
15 662.62 71.75 2.2637E-02 5.2854E-08 96
15 638.79 78.92 2.3482E-02 4.9711E-08 96
20 716.84 86.06 2.7900E-02 5.4375E-08 96
15 555.73 93.19 2.6992E-02 4.8332E-08 96
15 453 100.29 3.3113E-02 5.5427E-08 96
15 515.32 107.39 2.9108E-02 4.5108E-08 96
15 470.01 114.48 3.1914E-02 4.6448E-08 96
15 393.96 121.51 3.8075E-02 5.2472E-08 96
15 404.07 128.59 3.7122E-02 4.8170E-08 96
15 393.54 135.63 3.8116E-02 4.6837E-08 96
15 379.57 142.65 3.9518E-02 4.6145E-08 96
15 477.63 142.55 3.1405E-02 3.6395E-08 120
25 699.07 142.55 3.5762E-02 4.1628E-08 120
15 513.05 142.55 2.9237E-02 3.3807E-08 120
25 718.82 142.55 3.4779E-02 4.0444E-08 120
15 496.02 142.64 3.0241E-02 3.4981E-08 144
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Table C-3 (continued)

25 838.22 142.64 2.9825E-02 3.4486E-08 144
15 1840.74 20.90 8.1489E-03 6.6036E-08 144
40 3517.61 35.65 1.1371E-02 5.3463E-08 144
15 811.96 57.48 1.8474E-02 5.3885E-08 144
20 947.86 71.80 2.1100E-02 4.9068E-08 144
15 750.27 93.28 1.9993E-02 3.5375E-08 144
15 579.59 128.67 2.5880E-02 3.3136E-08 144
20 637.44 142.71 3.1376E-02 3.6318E-08 144
25 934.35 142.60 2.6757E-02 3.0851E-08 168
15 475.03 142.60 3.1577E-02 3.6587E-08 168
15 1784.23 35.65 8.4070E-03 3.9048E-08 168
20 1051.39 71.68 1.9022E-02 4.4131E-08 168
15 617.04 107.39 2.4310E-02 3.7427E-08 168
15 612.82 142.60 2.4477E-02 2.8157E-08 199
30 1022.02 142.60 2.9354E-02 3.3934E-08 199
15 1494.05 35.75 1.0040E-02 4.6811E-08 199
15 737.28 71.80 2.0345E-02 4.7239E-08 199
40 1674.12 107.42 2.3893E-02 3.6755E-08 199
15 581.59 142.60 2.5791E-02 2.9709E-08 226
15 627.78 142.65 2.3894E-02 2.7460E-08 226
15 1589.58 35.81 9.4365E-03 4.3802E-08 226
30 1772.14 71.85 1.6929E-02 3.9007E-08 226
20 808.94 107.47 2.4724E-02 3.8057E-08 226
15 515.19 142.62 2.9115E-02 3.3646E-08 249
25 2607.79 35.78 9.5867E-03 4.4564E-08 249
15 643.41 107.47 2.3313E-02 3.5818E-08 249
15 570.51 142.74 2.6292E-02 3.0271E-08 249
60 2097.01 142.67 2.8612E-02 3.3036E-08 271
15 550.97 142.67 2.7225E-02 3.1390E-08 271
15 1433.33 35.80 1.0465E-02 4.8795E-08 271
15 550.83 107.42 2.7232E-02 4.2080E-08 271
15 545.59 142.53 2.7493E-02 3.1739E-08 290
25 906.09 142.53 2.7591E-02 3.1855E-08 290
15 1325.63 35.55 1.1315E-02 5.3341E-08 290
30 1390.48 71.76 2.1575E-02 5.0257E-08 290
50 2150.33 107.34 2.3252E-02 3.5765E-08 290
15 530.79 142.71 2.8260E-02 3.2608E-08 312
20 682.11 142.71 2.9321E-02 3.3869E-08 312
35 3414.83 35.59 1.0249E-02 4.8049E-08 312
60 2440.96 107.39 2.4580E-02 3.7858E-08 312
35 1315.91 142.54 2.6598E-02 3.0675E-08 336
30 1091.74 142.54 2.7479E-02 3.1720E-08 336
15 1503.1 35.49 9.9794E-03 4.6865E-08 336
20 1043.03 71.79 1.9175E-02 4.4422E-08 336
25 1128.99 107.39 2.2144E-02 3.3993E-08 336
15 547.27 142.54 2.7409E-02 3.1637E-08 363
15 1717.07 35.18 8.7358E-03 4.1193E-08 363
25 1172.91 71.71 2.1315E-02 4.9659E-08 363
15 625.38 107.39 2.3985E-02 3.6912E-08 363

AVG 5.0329E-08
STD 1.9347E-08
MAX 1.3462E-07
MIN 2.7460E-08
Co.of VAR 38.44%
No.of data 105
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Table C-4 Computer modeling input and output data for four flow
domains.

5

1

2

17

2.0E-3

INPUT DATA FILE

CANVAS LAYER - Domain 1

0. 0.0 -3 1. Connected to fracture

0. 0.0001 -5 16. Connected to matrix
0. 0.0002 -5 15.
0. 0.0003 -5 14. (All nodes connected to
0. 0.0005 -5 13. restricting layer)
0. 0.001 -5 12.
0. 0.003 -5 11.
0. 0.01 -5 10.
0. 0.03 -5 9.
0. 0.1 -5 8.
0. 0.3 -5 7.
0. 1. -5 6.
0. 3. -5 5.
0. 10. -5 4.
0. 15. -5 3.
0. 19. -5 2.
0. 20. -5 1.

1 17 RESTRICTING LAYER -Domain 2

0 2.64E-8

0. 0.0 0 20. All nodes are constant head
0. 0.0001 0 20. on one side, connected to
0. 0.0002 0 20. canvas layer on other
0. 0.0003 0 20.
0. 0.0005 0 20.
0. 0.001 0 20.
0. 0.003 0 20.
0. 0.01 0 20.
0. 0.03 0 20.
0. 0.1 0 20.
0. 0.3 0 20.
0. 1. 0 20.
0. 3. 0 20.
0. 10. 0 20.
0. 15. 0 20.
0. 19. 0 20.
0. 20. 0 20.
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1	 17

2	 5.0E-5

FRACTURE - Domain 3

0. 0. -1 1. Connected to canvas

0.0001 0. -5 17. Connected to matrix
0.0002 0. -5 18.
0.0003 0. -5 19.
0.0005 0. -5 20.
0.001 0. -5 21.
0.003 0. -5 22.
0.01 0. -5 23.
0.03 0. -5 24.
0.1 0. -5 25.
0.3 0. -5 26.
1.0 0. -5 27.
1.5 0. -5 28.
1.9 0. -5 29.
1.99 0. -5 30.
1.9999 0. -5 31.
2. 0. 0 -10. Constant head

1	 17 FRACTURE - Domain 4

0	 1.

0. 0. 1 0. Connected to fracture
0.0001 0. 1 0.
0.0002 0. 1 0.
0.0003 0. 1 0.
0.0005 0. 1 0.
0.001 0. 1 0.
0.003 0. 1 0.
0.01 0. 1 0.
0.03 0. 1 0.
0.1 0. 1 0.
0.3 0. 1 0.
1.0 0. 1 0.
1.5 0. 1 0.
1.9 0. 1 0.
1.99 0. 1 0.
1.9999 0. 1 0.
2. 0. 1 0.
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1	 60

1	 2.31E-6

MATRIX - Domain 5

0. 20. -1 17. Connected to canvas
0. 19. -1 16.
0. 15. -1 15.
0. 10. -1 14.
0. 3. -1 13.
0. 1. -1 12.
0. 0.3 -1 11.
0. 0.1 -1 10.
0. 0.03 -1 9.
0. 0.01 -1 8.
0. 0.003 -1 7.
0. 0.001 -1 6.
0. 0.0005 -1 5.
0. 0.0003 -1 4.
0. 0.0002 -1 3.
0. 0.0001 -1 2.

0.0001 0. -3 2. Connected to fracture
0.0002 0. -3 3.
0.0003 0. -3 4.
0.0005 0. -3 5.
0.001 0. -3 6.
0.003 0. -3 7.
0.01 0. -3 8.
0.03 0. -3 9.
0.1 0. -3 10.
0.3 0. -3 11.
1.0 0. -3 12.
1.5 0. -3 13.
1.9 0. -3 14.
1.99 0. -3 15.
1.9999 0. -3 16.

2. 0.0001 0 -10. Constant head surface
2. 0.0002 0 -10.
2. 0.0003 0 -10.
2. 0.0005 0 -10.
2. 0.001 0 -10.
2. 0.003 0 -10.
2. 0.001 0 -10.
2. 0.03 0 -10.
2. 0.1 0 -10.
2. 1. 0 -10.
2. 3. 0 -10.
2. 10. 0 -10.
2. 15. 0 -10.
2. 19. 0 -10.
2. 20. 0 -10.



1.9999 20. 1 0. No flux surface
1.99 20. 1 0.
1.9 20. 1 0.
1.5 20. 1 0.
1.0 20. 1 0.
0.3 20. 1 0.
0.03 20. 1 0.
0.01 20. 1 0.
0.003 20. 1 0.
0.001 20. 1 0.
0.0005 20. 1 0.
0.0003 20. 1 0.
0.0002 20. 1 0.
0.0001 20. 1 0.
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d	 n x h

SIMULATION RESULTS

CANVAS LAYER

y

1	 1 .000 .000 -9.687 -9.687 -.16 0.00E+00 0.00E+00
1	 2 .000 .000 -9.687 -9.686 -4.45E-07 -7.83E-06 1.57E-08
1	 3 .000 .000 -9.687 -9.686 4.63E-07 -7.83E-06 1.57E-08
14 .000 .000 -9.687 -9.686 -9.22E-07 -7.83E-06 1.57E-08
15 .000 .000 -9.687 -9.686 -3.46E-07 -7.83E-06 1.57E-08
16 .000 .001 -9.687 -9.686 -3.52E-07 -7.83E-06 1.57E-08
17 .000 .003 -9.687 -9.684 -3.65E-07 -7.83E-06 1.57E-08
18 .000 .010 -9.687 -9.677 -3.61E-07 -7.83E-06 1.57E-08
19 .000 .030 -9.686 -9.656 -3.62E-07 -7.84E-06 1.56E-08
1 10 .000 .100 -9.686 -9.586 -3.62E-07 -7.87E-06 1.56E-08
1 11 .000 .300 -9.685 -9.385 -3.63E-07 -7.94E-06 1.55E-08
1 12 .000 1.000 -9.683 -8.683 -3.67E-07 -8.19E-06 1.51E-08
1 13 .000 3.000 -9.676 -6.676 -3.75E-07 -8.94E-06 1.40E-08
1 14 .000 10.00 -9.658 .342 -3.96E-07 -1.16E-05 1.03E-08
1 15 .000 15.00 -9.651 5.349 -4.04E-07 -1.36E-05 5.67E-09
1 16 .000 19.00 -9.648 9.352 -4.07E-07 -1.53E-05 2.26E-09
1 17 .000 20.00 -9.648 10.352 -4.06E-07 -1.57E-05 3.77E-10

Mass balance:

d	 n

-1.5661E-05

h

MEMBRANE

1:1

21 .000 .000 20.000 20.000 -7.84E-07 0.00E+00 0.00E+00
22 .000 .000 20.000 20.000 -7.84E-07 -7.84E-11 0.00E+00
23 .000 .000 20.000 20.000 -7.84E-07 -1.57E-10 0.00E+00
24 .000 .000 20.000 20.000 -7.84E-07 -2.35E-10 0.00E+00
25 .000 .000 20.000 20.000 -7.84E-07 -3.92E-10 0.00E+00
26 .000 .001 20.000 20.001 -7.84E-07 -7.84E-10 0.00E+00
27 .000 .003 20.000 20.003 -7.84E-07 -2.35E-09 0.00E+00
28 .000 .010 20.000 20.010 -7.84E-07 -7.84E-09 0.00E+00
29 .000 .030 20.000 20.030 -7.84E-07 -2.35E-08 0.00E+00
2 10 .000 .100 20.000 20.100 -7.84E-07 -7.84E-08 0.00E+00
2 11 .000 .300 20.000 20.300 -7.84E-07 -2.35E-07 0.00E+00
2 12 .000 1.000 20.000 21.000 -7.84E-07 -7.84E-07 0.00E+00
2 13 .000 3.000 20.000 23.000 -7.83E-07 -2.35E-06 0.00E+00
2 14 .000 10.00 20.000 30.000 -7.83E-07 -7.83E-06 0.00E+00
2 15 .000 15.00 20.000 35.000 -7.83E-07 -1.17E-05 0.00E+00
2 16 .000 19.00 20.000 39.000 -7.83E-07 -1.49E-05 0.00E+00
2 17 .000 20.00 20.000 40.000 -7.83E-07 -1.57E-05 0.00E+00

Mass balance:	 -1.5661E-05
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d	 n x h

FRACTURE

y

3	 1 .000 .000 -9.687 -9.687 .16 0.00E+00 0.00E+00
3	 2 .000 .000 -9.687 -9.687 4.63E-08 7.83E-06 -3.92E-10
3	 3 .000 .000 -9.687 -9.687 -1.14E-07 7.83E-06 -3.92E-10
3	 4 .000 .000 -9.687 -9.687 6.99E-08 7.83E-06 -3.92E-10
3	 5 .000 .000 -9.687 -9.687 5.97E-09 7.83E-06 -3.92E-10
3	 6 .000 .000 -9.687 -9.687 8.96E-09 7.83E-06 -3.92E-10
3	 7 .003 .000 -9.687 -9.687 9.08E-09 7.83E-06 -3.92E-10
3	 8 .010 .000 -9.688 -9.688 9.43E-09 7.83E-06 -3.92E-10
3	 9 .030 .000 -9.691 -9.691 9.01E-09 7.83E-06 -3.92E-10
3 10 .100 .000 -9.702 -9.702 8.54E-09 7.83E-06 -3.92E-10
3 11 .300 .000 -9.734 -9.734 7.43E-09 7.83E-06 -3.92E-10
3 12 1.000 .000 -9.843 -9.843 4.21E-09 7.84E-06 -3.92E-10
3 13 1.500 .000 -9.922 -9.922 2.82E-09 7.84E-06 -3.92E-10
3 14 1.900 .000 -9.984 -9.984 -1.33E-09 7.84E-06 -3.92E-10
3 15 1.990 .000 -9.998 -9.998 2.33E-08 7.84E-06 -3.92E-10
3 16 2.000 .000 -10.000 10.000 8.12E-08 7.84E-06 -3.92E-10
3 17 2.000 .000 -10.000 -10.000 -.16 1.89E-14 -3.92E-10

Mass balance:

d	 n

1.8933E-14

h

FRACTURE CENTER

4 1 .000 .000 -9.687 -9.687 0.00E+00 0.00E+00 0.00E+00
4 2 .000 .000 -9.687 -9.687 0.00E+00 0.00E+00 -.16
4 3 .000 .000 -9.687 -9.687 0.00E+00 0.00E+00 -.16
4 4 .000 .000 -9.687 -9.687 0.00E+00 0.00E+00 -.16
4 5 .000 .000 -9.687 -9.687 0.00E+00 0.00E+00 -.16
4 6 .001 .000 -9.687 -9.687 0.00E+00 0.00E+00 -.16
4 7 .003 .000 -9.687 -9.687 0.00E+00 0.00E+00 -.16
4 8 .010 .000 -9.688 -9.688 0.00E+00 0.00E+00 -.16
4 9 .030 .000 -9.691 -9.691 0.00E+00 0.00E+00 -.16
4 10 .100 .000 -9.702 -9.702 0.00E+00 0.00E+00 -.16
4 11 .300 .000 -9.734 -9.734 0.00E+00 0.00E+00 -.16
4 12 1.000 .000 -9.843 -9.843 0.00E+00 0.00E+00 -.16
4 13 1.500 .000 -9.922 -9.922 0.00E+00 0.00E+00 -.16
4 14 1.900 .000 -9.984 -9.984 0.00E+00 0.00E+00 -.16
4 15 1.990 .000 -9.998 -9.998 0.00E+00 0.00E+00 -.16
4 16 2.000 .000 -10.000 -10.000 0.00E+00 0.00E+00 -.16
4 17 2.000 .000 -10.000 -10.000 0.00E+00 0.00E+00 -.16

Mass balance:
	

0.0000E+00
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d n

canvas surface

h

MATRIX

51 .000 20.000 -9.648 10.352 4.06E-07 0.00E+00 -1.99E-15
52 .000 19.000 -9.648 9.352 4.07E-07 4.06E-07 2.51E-15
53 .000 15.000 -9.651 5.349 4.04E-07 2.03E-06 5.54E-15
54 .000 10.000 -9.658 .342 3.96E-07 4.03E-06 1.12E-14
55 .000 3.000 -9.676 -6.676 3.75E-07 6.72E-06 1.48E-14
56 .000 1.000 -9.683 -8.683 3.67E-07 7.47E-06 1.90E-14
57 .000 .300 -9.685 -9.385 3.63E-07 7.72E-06 2.03E-14
58 .000 .100 -9.686 -9.586 3.62E-07 7.79E-06 2.07E-14
59 .000 .030 -9.686 -9.656 3.62E-07 7.82E-06 2.08E-14
5 10 .000 .010 -9.687 -9.677 3.61E-07 7.83E-06 2.09E-14
5 11 .000 .003 -9.687 -9.684 3.65E-07 7.83E-06 2.09E-14
5 12 .000 .001 -9.687 -9.686 3.52E-07 7.83E-06 2.09E-14
5 13 .000 .000 -9.687 -9.686 3.46E-07 7.83E-06 2.09E-14
5 14 .000 .000 -9.687 -9.686 9.22E-07 7.83E-06 2.09E-14
5 15 .000 .000 -9.687 -9.686 -4.63E-07 7.83E-06 2.09E-14
5 16 .000 .000 -9.687 -9.686 4.45E-07 7.83E-06 3.63E-13

fracture surface

5 17 .000 .000 -9.687 -9.687 -4.63E-08 7.83E-06 7.01E-13
5 18 .000 .000 -9.687 -9.687 1.14E-07 7.83E-06 8.36E-13
5 19 .000 .000 -9.687 -9.687 -6.99E-08 7.83E-06 8.36E-13
5 20 .000 .000 -9.687 -9.687 -5.97E-09 7.83E-06 8.36E-13
5 21 .001 .000 -9.687 -9.687 -8.96E-09 7.83E-06 8.36E-13
5 22 .003 .000 -9.687 -9.687 -9.08E-09 7.83E-06 8.36E-13
5 23 .010 .000 -9.688 -9.688 -9.43E-09 7.83E-06 8.36E-13
5 24 .030 .000 -9.691 -9.691 -9.01E-09 7.83E-06 8.36E-13
5 25 .100 .000 -9.702 -9.702 -8.54E-09 7.83E-06 8.36E-13
5 26 .300 .000 -9.734 -9.734 -7.43E-09 7.83E-06 8.36E-13
5 27 1.000 .000 -9.843 -9.843 -4.21E-09 7.82E-06 8.36E-13
5 28 1.500 .000 -9.922 -9.922 -2.82E-09 7.82E-06 8.37E-13
5 29 1.900 .000 -9.984 -9.984 1.33E-09 7.82E-06 8.37E-13
5 30 1.990 .000 -9.998 -9.998 -2.33E-08 7.82E-06 8.37E-13
5 31 2.000 .000 -10.000 -10.000 -8.12E-08 7.82E-06 8.33E-13
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dust surface

5 32 2.000 .000 -10.000 -10.000 -4.31E-07 7.82E-06 3.47E-13
5 33 2.000 .000 -10.000 -10.000 -4.03E-07 7.82E-06 0.00E+00
5 34 2.000 .000 -10.000 -10.000 -3.86E-07 7.82E-06 0.00E+00
5 35 2.000 .000 -10.000 -9.999 -4.15E-07 7.82E-06 0.00E+00
5 36 2.000 .001 -10.000 -9.999 -1.39E-07 7.82E-06 0.00E+00
5 37 2.000 .003 -10.000 -9.997 -9.30E-07 7.82E-06 0.00E+00
5 38 2.000 .001 -10.000 -9.999 -1.22E-08 7.82E-06 0.00E+00
5 39 2.000 .030 -10.000 -9.970 -4.14E-07 7.81E-06 0.00E+00
5 40 2.000 .100 -10.000 -9.900 -3.59E-07 7.79E-06 0.00E+00
5 41 2.000 1.000 -10.000 -9.000 -3.67E-07 7.46E-06 0.00E+00
5 42 2.000 3.000 -10.000 -7.000 -3.74E-07 6.72E-06 0.00E+00
5 43 2.000 10.000 -10.000 .000 -3.95E-07 4.02E-06 0.00E+00
5 44 2.000 15.000 -10.000 5.000 -4.04E-07 2.03E-06 0.00E+00
5 45 2.000 19.000 -10.000 9.000 -4.06E-07 4.06E-07 0.00E+00
5 46 2.000 20.000 -10.000 10.000 -4.06E-07 -1.16E-10 -2.49E-15

top surface

5 47 2.000 20.000 10.000 10.000 0.00E+00 -1.36E-10 -9.11E-13
5 48 1.990 20.000 -9.998 10.002 0.00E+00 -1.36E-10 -9.15E-13
5 49 1.900 20.000 -9.982 10.018 0.00E+00 -1.36E-10 -9.39E-13
5 50 1.500 20.000 -9.912 10.088 0.00E+00 -1.36E-10 -9.38E-13
5 51 1.000 20.000 -9.824 10.176 0.00E+00 -1.36E-10 -9.38E-13
5 52 .300 20.000 -9.701 10.299 0.00E+00 -1.36E-10 -9.39E-13
5 53 .030 20.000 -9.654 10.346 0.00E+00 -1.36E-10 -9.40E-13
5 54 .010 20.000 -9.650 10.350 0.00E+00 -1.36E-10 -8.99E-13
5 55 .003 20.000 -9.649 10.351 0.00E+00 -1.36E-10 -6.83E-13
5 56 .001 20.000 -9.649 10.351 0.00E+00 -1.36E-10 -5.09E-13
5 57 .000 20.000 -9.649 10.351 0.00E+00 -1.36E-10 -5.03E-13
5 58 .000 20.000 -9.649 10.351 0.00E+00 -1.36E-10 -5.48E-13
5 59 .000 20.000 -9.649 10.351 0.00E+00 -1.36E-10 -6.61E-13
5 60 .000 20.000 -9.649 10.351 0.00E+00 -1.36E-10 -1.28E-11

Mass balance:	 -1.3641E-10



Table C-5 Experimental data for flow into unsaturated
fractured multi-layers.

197

41.
(cm) (cM371) 10m-r	 * e grin-r 	T	 (*e+100,-,)/2 ile+111.-r

(cm)	 (cm)	 (cm2/s)	 (cm)	 (cm)

2.25 7.00E-06 0.87 1.38 4.90E-07 1.56 3.12
4.88 2.10E-05 2.60 2.28 8.86E-07 3.74 7.47
5.15 2.10E-05 2.61 2.54 7.98E-07 3.88 7.76
8.60 6.10E-05 7.41 1.19 4.82E-06 8.00 16.01
9.65 6.50E-05 7.87 1.78 3.43E-06 8.76 17.52

10.25 5.80E-05 7.05 3.20 1.71E-0 68.65 17.30
15.75 7.70E-05 9.35 6.40 1.13E-06 12.55 25.10
22.00 5.40E-05 6.62 15.38 3.34E-07 14.31 28.62
23.15 6.60E-05 7.96 15.19 4.07E-07 15.56 31.11
24.10 9.40E-05 11.41 12.69 6.98E-07 17.76 35.51
24.70 8.50E-05 10.36 14.34 5.60E-07 17.53 35.06
25.25 1.20E-04 14.52 10.73 1.05E-06 19.89 39.77
26.20 9.00E-05 10.95 15.25 5.57E-07 18.57 37.15
29.70 8.90E-05 10.84 18.86 4.46E-07 20.27 40.54
33.65 7.50E-05 9.07 24.58 2.87E-07 21.36 42.72
34.75 1.29E-04 15.64 19.11 6.35E-07 25.19 50.39
35.75 1.62E-04 19.58 16.17 9.40E-07 27.67 55.33
37.10 1.65E-04 19.99 17.11 9.07E-07 28.55 57.09
40.75 1.46E-04 17.64 23.11 5.92E-07 29.19 58.39
42.25 1.28E-04 15.49 26.76 4.49E-07 28.87 57.74
44.65 1.25E-04 15.19 29.46 4.00E-07 29.92 59.84
46.35 1.46E-04 17.70 28.65 4.79E-07 32.02 64.05
46.85 1.20E-04 14.48 32.37 3.47E-07 30.67 61.33
48.90 1.38E-04 16.65 32.25 4.01E-07 32.77 65.55
54.75 1.60E-04 19.37 35.38 4.25E-07 37.06 74.12
59.35 1.12E-04 13.59 45.76 2.31E-07 36.47 72.94
59.45 9.80E-05 11.88 47.57 1.94E-07 35.67 71.33
59.65 8.80E-05 10.61 49.04 1.68E-07 35.13 70.26
61.90 1.04E-04 12.61 49.29 1.99E-07 37.25 74.51
66.05 1.05E-04 12.77 53.28 1.86E-07 39.41 78.82
68.20 1.12E-04 13.52 54.68 1.92E-07 40.86 81.72
68.50 8.60E-05 10.43 58.07 1.39E-07 39.46 78.93
69.50 1.02E-04 12.39 57.11 1.68E-07 40.95 81.89
72.80 9.00E-05 10.87 61.93 1.36E-07 41.84 83.67
76.80 1.04E-04 12.60 64.20 1.52E-07 44.70 89.40
79.20 1.00E-04 12.10 67.10 1.40E-07 45.65 91.30
80.50 1.16E-04 14.07 66.43 1.64E-07 47.29 94.57
82.30 1.32E-04 16.00 66.30 1.87E-07 49.15 98.30
83.90 1.13E-04 13.64 70.26 1.51E-07 48.77 97.54
84.60 9.70E-05 11.79 72.81 1.26E-07 48.20 96.39
85.45 1.09E-04 13.20 72.25 1.42E-07 49.32 98.65
85.60 1.23E-04 14.94 70.66 1.64E-07 50.27 100.54
88.35 1.10E-04 13.29 75.06 1.37E-07 50.82 101.65
92.40 1.24E-04 15.01 77.39 1.50E-07 53.70 107.41
94.15 1.08E-04 13.05 81.10 1.25E-07 53.60 107.20
98.80 1.25E-04 15.17 83.63 1.41E-07 56.99 113.97

103.45 1.19E-04 14.42 89.03 1.26E-07 58.94 117.87
104.60 1.34E-04 16.21 88.39 1.42E-07 60.41 120.81
104.85 1.20E-04 14.55 90.30 1.25E-07 59.70 119.40
105.15 1.56E-04 18.82 86.33 1.69E-07 61.98 123.97



Table C-6 Experimental data and estimated conductance.

Suction
(cm)

Inflow rate
(cm3/s)

Suction Diff.
(cm)

Conductance
(1/s)

2.25 7.2275E-06 1.38 4.4427E-04
4.88 2.1560E-05 2.28 2.4585E-04
5.15 2.1662E-05 2.54 2.7294E-04
8.60 6.1457E-05 1.19 4.5170E-05
9.65 6.5294E-05 1.78 6.3466E-05

10.25 5.8487E-05 3.20 1.2741E-04
15.75 7.7540E-05 6.40 1.9232E-04
21.25 4.2420E-05 16.14 8.8588E-04
22.00 5.4918E-05 15.38 6.5220E-04
23.15 6.6036E-05 15.19 5.3568E-04
24.10 9.4689E-05 12.69 3.1200E-04
24.70 8.5929E-05 14.34 3.8869E-04
25.25 1.2048E-04 10.73 2.0736E-04
26.20 9.0811E-05 15.25 3.9117E-04
27.10 7.5817E-05 17.96 5.5170E-04
28.35 4.5697E-05 22.84 1.1641E-03
29.70 8.9888E-05 18.86 4.8875E-04
31.55 2.0137E-05 29.12 3.3680E-03
33.65 7.5274E-05 24.58 7.6034E-04
34.75 1.2972E-04 19.11 3.4314E-04
35.75 1.6246E-04 16.17 2.3174E-04
37.10 1.6585E-04 17.11 2.4022E-04
39.00 9.0636E-05 28.07 7.2136E-04
40.75 1.4633E-04 23.11 3.6780E-04
42.25 1.2846E-04 26.76 4.8519E-04
44.65 1.2599E-04 29.46 5.4458E-04
46.35 1.4681E-04 28.65 4.5451E-04
46.85 1.2015E-04 32.37 6.2735E-04
47.35 9.5644E-05 35.82 8.7219E-04
48.90 1.3810E-04 32.25 5.4390E-04
54.75 1.6066E-04 35.38 5.1292E-04
59.35 1.1277E-04 45.76 9.4493E-04
59.45 9.8568E-05 47.57 1.1239E-03
59.65 8.8042E-05 49.04 1.2971E-03
61.90 1.0460E-04 49.29 1.0974E-03
66.05 1.0592E-04 53.28 1.1715E-03
68.20 1.1215E-04 54.68 1.1355E-03
68.50 8.6494E-05 58.07 1.5636E-03
69.50 1.0282E-04 57.11 1.2935E-03
72.80 9.0182E-05 61.93 1.5992E-03
76.80 1.0455E-04 64.20 1.4299E-03
79.20 1.0040E-04 67.10 1.5563E-03
80.50 1.1673E-04 66.43 1.3253E-03
82.30 1.3274E-04 66.30 1.1632E-03
83.90 1.1315E-04 70.26 1.4461E-03
84.60 9.7835E-05 72.81 1.7330E-03
85.45 1.0947E-04 72.25 1.5370E-03
85.60 1.2397E-04 70.66 1.3273E-03
88.35 1.1029E-04 75.06 1.5848E-03
92.40 1.2449E-04 77.39 1.4477E-03
94.15 1.0823E-04 81.10 1.7452E-03
98.80 1.2588E-04 83.63 1.5472E-03

103.45 1.1965E-04 89.03 1.7328E-03
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Table C-6 (continued)

104.25 1.2267E-04 89.46 1.6984E-03
104.60 1.3451E-04 88.39 1.5302E-03
104.85 1.2069E-04 90.30 1.7425E-03
105.15 1.5611E-04 86.33 1.2879E-03
108.70 1.2725E-04 93.36 1.7086E-03
110.50 1.4201E-04 93.38 1.5314E-03
111.20 1.3442E-04 95.00 1.6457E-03
113.15 1.3661E-04 96.68 1.6481E-03
115.95 1.2571E-04 100.80 1.8673E-03
118.15 9.8874E-05 106.23 2.5021E-03
120.75 1.3193E-04 104.85 1.8507E-03
122.80 7.3166E-05 113.98 3.6279E-03
127.40 1.6340E-04 107.70 1.5351E-03
129.20 3.9035E-05 124.49 7.4272E-03
129.85 1.2300E-04 115.02 2.1778E-03
133.60 7.8626E-05 124.12 3.6764E-03
141.65 6.3314E-05 134.02 4.9294E-03
145.85 8.5373E-05 135.56 3.6978E-03
151.35 8.6644E-06 150.31 4.0399E-02
151.50 1.3562E-04 135.15 2.3207E-03
155.65 1.0876E-04 142.54 3.0521E-03
159.30 3.1049E-05 155.56 1.1668E-02
160.20 1.1416E-04 146.44 2.9872E-03
162.20 1.4556E-05 160.45 2.5669E-02
163.15 2.0555E-05 160.67 1.8204E-02
163.35 1.1462E-04 149.53 3.0381E-03
163.75 6.3694E-05 156.07 5.7063E-03
164.50 3.6174E-05 160.14 1.0310E-02
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