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ABSTRACT

Surface water intake into a fractured rock system provides

water for downward percolation and transport of contaminants. This

study involves the measurement and simulation of water intake across

the atmosphere-earth boundary, for an exposed densely welded tuff, near

Patagonia, Arizona. Water and air intake rates were measured using a

fractured rock infiltrometer (FRI). Calculated fracture apertures

using water and air agreed Well. Fracture apertures determined using

water range from 1.0 to 33.7 pm and are shown to be log-normally

distributed.

Rainfall events are reconstructed in a model to simulate flow

across the atmosphere-earth boundary. As an example a ten-year simu-

lation resulted in a mean annual intake rate of 2.1 millimeters (mm),

and is shown to be more dependent on storm duration than intensity.

Developed methods provide a means of characterizing water intake rates

into a fractured rock surface based on rainfall characteristics.

i x



CHAPTER 1

INTRODUCTION

1.1 Description of the Problem

Fracture systems in consolidated rock are major contributors

to water flow, vapor movement, and contaminant transport, particularly

when matric permeability is low. A fracture is herein defined as any

discontinuity within a rock mass characterized by a small but open

aperture. Fractures may vary greatly in terms of aperture size,

spatial extent, and mode of occurrence. They may appear in a rock

mass as a result of single or multiple heating or geologic structural

events. Distinct joint sets are commonly apparent in large rock

masses and have a major influence on flow direction and velocity.

Highly transmissive but relatively nonporous rocks are often charac-

terized by spatially dense fracture systems.

Considerable interest in the flow behavior of fractured rock

systems has recently been generated by the search for appropriate

high-level nuclear waste (HEM) repository sites. These sites must

provide isolation of waste and its products from the environment for

long periods of time. Potential sites include locations in which the

fracture systems are unsaturated. The need for characterization, as

well as reliable simulation of such flow systems, is evident. Safe,

long-term storage of radioactive wastes in the unsaturated fractured

rock system is a function of the system's ability to transmit waste

1
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products. Accurate simulation of flow velocity and direction within a

rock mass relies on available methods of measuring fracture orienta-

tion, aperture, and spacing. In unsaturated rock, moisture potential

must also be considered; apparent hydraulic conductivity is not a

constant, but is a function of water potenial.

Little experimental data exist with regard to the relationship

between fracture aperture, aperture distribution, and conductivity.

Methods used to collect and analyze such data are not consistent.

Studies to date [such as Iwai (1976), Sharp (1970), and Snow (1970)]

are limited to characterization and modeling techniques applied within

the rock mass, not at interfaces. Conditions at the atmosphere-earth

interface associated with a fracture flow system govern percolation at

depth. Reliable prediction of flow through fractured rock requires

examination of the capability of this interface to transfer water to

the fractured rock system. This requirement is in part motivation for

this study. The assumption that matric flow is negligible compared to

fracture flow allows an observed fracture intake rateto serve as the

fundamental parameter governing flow through the atmosphere-earth

interface. Accurate measurement of surface water intake rates through

an exposed fractured rock system can provide information necessary for

the simulation of flow at depth.

An extensive search for a field site conducive to unsaturated

fractured-rock surface studies resulted in the selection of an outcrop

in the Gringo Gulch Volcanics near Patagonia, Arizona (referred to as

the Patagonia study area or study area throughout this report). The
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outcrop of interest is a fractured, welded tuff, exposed at the sur-

face. The climate at the study area is semi-arid. Field methods were

developed for direct measurement of water and air intake rates into

individual exposed fractures using a fractured rock infiltrometer

(FRI). An average fracture length per unit area was measured at the

Patagonia study area. This value (1.11 m/M2) is multiplied times the

water intake per unit length of fracture to yield an average fracture

intake for the entire study area. Performing a number of FRI setups

at different fractures on the outcrop surface provides for characteri-

zation of the study area in terms of a fracture aperture versus frac-

ture intake relationship. A model is developed to simulate flow

through the atmosphere-earth interface using parameters measured in

the field. Its output represents water intake through the atmosphere-

earth boundary at the Patagonia study area for a specified time period

of a particular storm intensity and duration.

1.2 Objectives and Scope of Work 

Principal objectives of this investigation include:

1)determination of water intake rates at the atmosphere-earth

boundary, characteristic of fractures in the welded tuff at

'the Patagonia study area;

2) development and improvement of field and analytical techniques

used to determine fracture intake and apertures;

3) classification of average fracture apertures at the study area

with regard to a statistical distribution, based on observed

data;
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4) comparison of results from the air and water methods of aper-

ture calculation; and

5)development and refinement of a model capable of simulating

surface water intake across the atmosphere-earth boundary,

considering a variety of inputs.

Successful design, fabrication, and field testing of the FRI

were important accomplishments. Numerous technical problems encoun-

tered during these processes required substantial time and ingenuity.

Hopefully, methods developed for data collection at the Patagonia

study area will serve as a guide for other site characterizations.

This investigation is limited to the study of flow through the

atmosphere-earth boundary in fractured welded tuff at the Patagonia

study area. Uncertainties with regard to applicability of governing

equations, assumed boundary conditions, and experimental error are

evaluated. Examination of surface water intake into numerous single

fractures provided data necessary to estimate the intake rate into

this fractured rock system of large areal extent. Historical rainfall

data are used as model input to illustrate possible interface response

under such circumstances. Output from this flow model can be used as

input for a three-dimensional unsaturated flow model. Only by charac-

terizing the boundary conditions at the atmosphere-earth interface can

the entire fractured rock flow system be simulated.
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1.3 Previous Work 

A comprehensive review of recent literature pertaining to rock

fracture studies and parallel plate studies is given by Schrauf and

Evans (1984). Previous work on flow through fractures is limited. No

known experiments have been conducted which directly measure water or

air flow through fractures at the atmosphere-earth interface. Tests

conducted in the laboratory with polished rock fractures or fractures

induced in core samples have produced varying results. Several

authors have examined the applicability of the cubic law to fractured

flow. The cubic law yields:

e
3
y dh

q	 1211 dz

where q = flow rate per unit width of fracture, e = average fracture

aperture, y = specific weight of the fluid, p = dynamic viscosity of

the fluid, and dh/az = the hydraulic gradient. Sharp (1970) compares

computed and experimental hydraulic conductivities of fractures using

the cubic law with good results. Iwai (1976) measured water flow

rates into a fracture as a function of fracture aperture. His results

confirm a cubic law relationship between flow rate and aperture.

Uncertainty with regard to the use of the cubic law for frac-

tured rock studies in the field has been attributed to the difficulty

of independently measuring fracture apertures in the relationship:

q = k e-y —
dh 

/ pf dz
(1.2)
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where kf = fracture permeability. The present study eliminates this

uncertainty by developing equations where fracture aperture, e, is the

only unknown. This is not to suggest that the cubic law is free of

inadequacies with regard to flow in natural fractures. Field data

under varying conditions of aperture size and fracture hydraulic

conductivities are insufficient to allow such a conclusion.

Roughness, waviness, and variable contact between fractures are argu-

ments against the use of the cubic law when examining natural frac-

tures. Schrauf and Evans (1984) concluded that existing data suggest

that the magnitude of roughness and waviness effects is secondary in

comparison with the effects of contact area between fracture surfaces

for fracture apertures under 200 to 300 microns.

For this investigation, the cubic law is assumed valid. The

agreement between aperture calculations for the water and air intake

methods suggests the applicability of the cubic law for natural frac-

tures at the Patagonia study area. Arguments in favor of the applica-

tion of the cubic law are that existing experimental data suggest it

yields reasonable estimates of observed results. The lack of avail-

able data necessary to formulate a better model is also a considera-

tion.



CHAPTER 2

DESCRIPTION OF THE STUDY AREA

This chapter describes the Patagonia study area in terms of

location, climate, vegetation, and geology. Special emphasis is

placed on the suitability of the study area with respect to study

objectives.

2.1 Location 

The Patagonia study area (Figures 2.1 and 2.2C) is located

approximately two miles southwest of the town of Patagonia, 3/4 of a

mile (1.2 km) north of Sonoita Creek, between Goat Canyon to the west

and Temporal Canyon to the east, Santa Cruz County, Arizona. Its

formal location description is the S.W. 1/4, N.W. 1/4, N.W. 1/4, Sec

14, T.22S, R.15E, as shown on the Patagonia, Arizona, U.S. Geological

Survey 17-minute quadrangle. The study area lies. on privately-owned

land bounded on the south by the Patagonia Bird Sanctuary and on the

north by the Coronado National Forest. Across Sonoita Creek to the

southeast are Alum and Flux canyons, the Red Mountain porphyry-copper

prospect area, and the Patagonia Mountains. The Santa Rita Mountains

are approximately five miles (8 km) to the north.

2.2 General Description 

The Patagonia study area is a flat-topped butte approximately

3.5 acres (1.4 hectares) in area, at an approximate elevation of 4,200

7
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Figure 2.1. Location map of the Patagonia study area
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feet (1,280 meters) above sea level. Climate at the study area is

semi-arid. Mean annual rainfall at Patagonia from 1931 to 1972 was

17.48 inches (440 millimeters) (Sellers and Hill, 1974). This rain-

fall varies seasonably, with the majority of rainfall occurring during

two periods yearly, namely July through September and December through

March. High intensity thunderstorms produce locally large amounts of

rain during the summer months, and frontal storms produce widespread

and light intensity precipitation during the winter. No temperature

data for Patagonia are published. However, summer temperatures typi-

cally range from the low-90's to low-100's (33 0C to 40°C) and winter
temperatures range from the high-20's to low-50's (-5°C to 12°C) in
degrees Fahrenheit. Sonoita Creek is a perennial stream in Patagonia.

Washes in Goat Canyon and Temloral Gulch, adjacent to the study area

(Figure 2.2C), are ephemeral. A local orographic effect produced by

the close proximity to the Patagonia and Santa Rita mountains is

likely to affect precipitation at the study area.

Vegetation at the study area is sparse. - Varieties found on

the butte are catclaw (Acacia greggii), Ocotilla (Fouqueria splen-

derus), prickly pear (Opuntias), and other small cacti, as well as a

small variety of grasses. Shrub oak (Quercus subturbinella), creosote

(Larrea tridentata), an occasional agave (Agave palmeri) as well as

other upper Sonoran desert plants are found immediately adjacent to

the study area.
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2.3 Geologic Description 

Geology of the local area has been studied in detail by Drewes

(1972). The flat-topped butte which comprises the study area is

capped by a Paleocene-aged (60-65 million years) welded ash-flow tuff.

This rhyolitic tuff, described as the basal unit of the upper member

of the Gringo Gulch Volcanics, is the unit characterized by this

investigation. It was deposited largely by airfall and fluvial pro-

cesses. The welded tuff is approximately 15 meters thick (Figure

2.2A). It overlies the lower member of the Gringo Gulch Volcanics, a

non-welded undifferentiated rhyolitic tuff, and is dissected by a

northwest trending fault (Dnawes, 1971). The Gringo Gulch Volcanics

unconformably overlie the Upper Cretaceous Salero Formation and lie

unconformably upon the Upper Cretaceous Josephine Canyon Diorite,

whose youngest phase is dated at 65 million years old (Drewes, 1972).

The welded tuff at the Patagonia study area is relatively flat

(Figures 2.3 and 2.4). Dips range from 5° to 9° striking an approx-
imate northeast to northwest direction. Horizontal fractures in the

tuff are evidenced by a series of terraces and ledges (Figure 2.3)

which produce an obvious bedded appearance. The tuff matrix is micro-

crystalline, dark blue-gray in color, and contains less than 10 to 20%

pbenocrysts of altered biotite and plagioclase. Flattened, sUbparal-

lel, aligned pumice fragments, with an estimated 15:1 length-width

ratio, are evidence of a high degree of welding.

Vertical fractures in the tuff are considered to be the major

form of recharge through the unsaturated zone. The large number of
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fractures present in the tuff is likely the result of the brittle

nature of the rock. No single dominant vertical fracture strike

pattern is apparent. It is likely that a combination of fracture-

inducing events, such as contraction due to cooling and tectonic

events, produced the random strike pattern at the Patagonia study

area. Large blocks of rock which break off the ledges near the

perimeter of the study area reveal the nature of the vertical fracture

planes at depth. These planes appear to be surprisingly smooth, free

of fracture waviness and abnormalities (Figure 2.5).



Figure 2.5 Photograph showing a vertical fracture plane at
the Patagonia study area
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CHAPTER 3

WATER INTAKE INTO A FRACTURE

This chapter presents the design, field and analytical proce-

dures, results, and a discussion of uncertainty related to the FRI

water setups. Appendix A contains the water intake versus time curves

for the 21 FRI water setups. Appendix B contains a complete deriva-

tion of the equations used to calculate fracture apertures. Fracture

apertures computed using Equation 3.3 are shown to be log-normally

distributed. An imperical relationship between steady state water

intake and fracture aperture is presented.

3.1 Field Procedures Water Setup

3.1.1 Fractured Rock Infiltrometer Design

A fractured rock infiltrometer (FRI) was built to measure

water intake rates into single fractures at the Patagonia study area

(Figures 3.1 and 3.2). The water setup incorporates a dual-chambered

system designed to minimize lateral flow at depth, allowing the as-

sumption of Vertical flow when measuring water intake from the inte-

rior chamber. Constant pressure head is maintained in both chambers.

The exterior chamber acts as a buffer, impeding horizontal flow at

depth. Boundary conditions at the rock surface below the FRI interior

pressure chamber are as follows (all references are to Figure 3.1):

16
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Figure 3.1. Cross-sectional diagram of the fractured rock
infiltrometer (FRI), showing the apparatus used
for water intake measurement
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Figure 3.2. Photograph of the fractured rock infiltrometer
(FRI) at the Patagonia study area

The barrel acts as an air reservoir for the air
setup; the inverted container acts as a water
reservoir for the water setup.

18



(A) Boundary C-D:

(1)H = h2

(2)Qw = 0

(3) Qw = flew, hl, h2 )

(B) Boundary C-F and D-E:

(1) No flow is assumed

(C) Boundary F-E:

(1)H = 0

(2)H = hl + h2

(3) Qw = flew, hl, h2)

0 < t < œ

t = 0

t > 0

0 < t<

t = 0

t > 0

t > 0
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where H = total head, hl = depth to wetting front, h2 = constant

applied head, Qw = water intake, ew = fracture aperture, t = time.

The top plate of the dual-chambered FRI is a rectangular 1/4-

inch steel plate. Attached to the underside of the plate are two oval

chambers, both of which are open on the bottom. The inner chamber

contains a 16-inch bicycle tube and the outer a 24-inch bicycle tube

(Figure 3.1). The bicycle tubes seal the interior and exterior pres-

sure chambers from each other and the atmosphere. During FRI opera-

tion, the tubes are inflated to approximately 241.3 kPa (35 psi). A

reservoir system was built to maintain the same water level in both

piezometers throughout each water setup.

3.1.2 Water Intake Measurement Procedure

The first step involved with measuring water intake into a

fracture is to select a fracture that can be accommodated by the FRI.
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A relatively flat rock surface is required. This requirement was a

major consideration when the search for a study area was conducted.

The Patagonia study area does have a number of large flat areas where

numerous exposed fractures could be tested (Figure 2.4).

After selecting a fracture, the FRI is secured to the rock

surface with anchor bolts. Holes for the bolts are drilled with an

electric hammer-drill (Figures 3.1 and 3.2). Critical to a successful

setup is insuring that water does not escape from either pressure

chamber to the other, or to the atmosphere. Numerous techniques and

materials were tested to solve this problem. The most successful

method is to use a material commonly referred to as rope caulk. This

clay-like substance is applied to the exposed surface of each bicycle

tube prior to securing the FRI to the rock. This method provides an

air-tight and water-tight seal throughout the duration of each FRI

setup.

Immediately after the FRI is secured to the rock surface, the

bicycle tubes are pressurized. Both inner and outer pressure chambers

are quickly filled with water through 1-inch plugs on the top surface

of the FRI. Stopcocks on the water reservoir are then opened to fill

the piezometers to a level marked as level A on Figure 3.1. Air

bubbles in each chamber escape through release valves designed for

this purpose on the FRI. As water infiltrates into the fracture, the

time interval required for the level in the piezometer to reach level

B was recorded. Water levels in both piezometers are then immediately

replenished to level A. This process is repeated until the time
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interval becomes constant. Because the volume in the piezometer from

level A to B is a constant, a volumetric flow rate is computed for

each repetition, referred to as water intake (c4d in cubic meters per

second (m3/sec). Water temperature in both pressure chambers is

monitored throughout each setup with temperature probes.

3.2 Water Intake Results 

Appendix A contains water intake versus time curves for 21 FRI

setups. Table 3.1 shows the steady-state intake values (c4d for the

21 water setups. Table 3.2 Shows the steady-state intake values (c4d
for the duration of FRI setup 17W. For the majority of the setups,

water intake is high at early time and progressively decays to a

steady-state value. Intake curves for setups 1W, 3W, 5W, and 17W

(Appendix A) show that at early time, intake is variable. This varia-

bility may be attributed to the presence of unconsolidated silt or

clay particles at the fracture entrance which may temporarily impede

or accelerate flow before intake is controlled primarily by the frac-

ture. Intake curve 1W exhibits two distinct trends. An increase in

water intake after approximately one-half hour of the FRI setup may be

due to the washing out of sediments or particles in the fracture.

3.3 Analytical Procedures 

3.3.1 Fracture Aperture Calculations

The mathematical technique used to compute fracture apertures

assumes the fracture is unsaturated prior to setup, and saturated as

the wetting front passes through the fracture. A complete derivation
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TABLE 3.1

Steady-state water intake (Qw), fracture aperture (ew),
final depth to wetting front (h1), and
fluid velocity (v) for 21 FRI setups

FRI Setup
Number

Water Intake

3Qw(m /sec)

Fracture
Aperture

ew
(pm)

Final Depth to
Wetting Front

hi
04

Fluid
Velocity

(m/hr)

1W 3.25 x 10-9 15.6 2.62 1.83
2W 5.00 x 10-9 21.7 7.47 2.02
3i4 5.00 x 10-10 7.8 1.61 0.56
4W 1.80 x i0 2.29 1.65
5W 2.50 x 10-10 6.9 1.48 0.32
6W 3.00 x 10 -11 1.9 0.34 0.14
7W 1.00 x 10-9 9.1 1.05 0.96
8W 1.90 x 10-11 1.5 0.17 0.11
9W 6.00 x 10-12 1.0 0.14 0.05

10W 6.00 x 10-10 3.0 0.43 1.76
11W 3.20 x 10-9 14.1 1.42 1.99
12W 1.10 x 10-9 8.8 0.72 1.10
13W 6.50 x 10-1° 8.1 1.14 0.70
14W 4.00 x 10-9 18.4 2.43 1.91
15W 3.00 x 10-8 33.7 2.53 7.82
16W 1.50 x i0 1.44 1.18
17W 1.90 x 10-9 12.4 1.18 1.35
18W 4.60 x 10-9 14.6 0.81 3.26
19W 1.60 x 10-8 27.6 2.73 5.09
20W 3.00 x 10-9 16.0 3.09 1.65
21W 1.40 x 10-8 26.0 2.60 4.73



TABLE 3.2

Water intake (Qw), depth to wetting front (h 1 ),
fracture aperture (e,,), and fluid velocity (vr for

FRY setup 17W
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Time	 Water	 Depth to	 Fracture	 Fluid
(hours)	 Intake	 Wetting Front	 Aperture	 Velocity

hi

(rn /sc3Qw	 070-	
(e	 v1.1

(rn/hr)
x 10-

.023 4.173 0.11 7.7 4.76

.050 3.608 0.19 8.9 3.68

.080 3.178 0.26 9.6 3.10

.116 2.665 0.33 10.0 2.60

.152 2.665 0.41 10.4 2.44

.190 2.547 0.47 10.7 2.28

.228 2.528 0.54 10.9 2.18

.270 2.294 0.61 11.1 2.01

.319 1.979 0.67 11.2 1.79

.368 1.935 0.75 11.3 1.72

.415 2.050 0.81 11.5 1.73

.465 1.946 0.87 11.6 1.64

.514 1.946 0.94 11.7 1.66

.565 1.903 1.00 11.8 1.58

.616 1.883 1.07 11.9 1.55

.665 1.968 1.13 12.0 1.56
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of the equation used to compute fracture apertures is presented in

Appendix B. Application of Darcy's Law to the FRI flow geometry

(Figure 3.1) yields:

ho
h 1 + h2 [1n(h1+h2 

)] = Kt (3.1)

where h1 and h2 are distances from the rock surface to the wetting

front and constant head level, respectively; K = fracture conductiv-

ity; and t1 = time. Application of parallel plate theory and the

cubic law gives:

e
2
y

K = w
12u

(3.2)

where ew = average fracture aperture, y = specific weight of water,

and p = dynamic viscosity of water. By substitution and solving for

ew, we obtain:

ew

h
2 

h l +h 2 [ 1 n[ h 	]]
1 2 

yt 1 /12p

(3.3)

and h1 =V/Wewr where V = volume of water infiltrated into the frac-

ture and W = fracture length which is a constant (0.41 meters). Fluid

velocity (v) is defined as:

v = Qw / Wew 	(3.4)

where Qw = water intake.



and

X

w v
Re = 

e p

S 2ew

(3.7)

(3.8)
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The capillary force, hr , operating at the wetting front is

considered. It is defined as:  

2T
h
r 

=
ye'  

(3.5)

where T = surface tension. Equation 3.3 can now be written as:   

h 2+h
w	

r 	1 I
hi+(h 2+h)[ln[ +h 	JJ

1 2 r
(3.6)  

yt1/12p   

Louis (1969) developed a flow regime chart (Figure 3.3) which

defined five distinct flow regions. The cubic law was found to be

valid for Reynold's numbers of less than 2,300 and a surface roughness

index of 0.033. Reynold's numbers and roughness index are defined as:

where p = fluid density,	 dynamic viscosity, and X= mean height of

surface asperities.

3.3.2 Analytical Results

Water intake, fracture aperture, depth to wetting front, and

fluid velocity were calculated for the 21 water setups at steady-state

conditions (Table 3.1). Cumulative volume, fluid velocity, and depth

to wetting front versus time graphs for FRI setup 17W are presented in
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Figure 3.4. These graphs illustrate expected relationships. As cumu-

lative volume and depth to wetting front increase with time, the fluid

velocity approaches a constant. Calculated fracture apertures and

depths to the wetting front for the 21 water setups considering capil-

lary effect (Equation 3.6) are presented in Table 3.3. The capillary

effect produces an approximate 5 percent increase in depth to wetting

front for each setup compared with those comluted using Equation 3.3

(see Table 3.3). Fracture apertures calculated using Equation 3.6 are

slightly lower (approximately 5 percent) than those computed using

Equation 3.3. No conclusion is made with regard to the best method of

calculating these fracture apertures and depth to wetting front.

Reynold's numbers computed using Equation 3.13 are well below

2,300 and within the range of laminar flow (Figure 3.3). For example,

Re values computed using fluid velocities for setup 17W range from

0.01 to 0.03. Velocities in the order of 10-2 meters per second

produce such low R values. Values of S are largely uncertain; X, the

mean height of surface asperities, is difficult to measure in the

field and any estimate of X is speculative.

3.3.3 Distribution of Fracture Apertures

A 169-probability plot of apertures calculated using Equation

3.3 reveals a log-normal distribution (Figure 3.5). A Kolmogorov-

Smirnov goodness-of-fit test was performed on the 21 aperture values

computed using the FRI water method. The test fails to reject the

hypothesis that the distribution of apertures is log-normal at the 5%

( a= 0.05) level of significance. The critical test value was 0.8750.
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TABLE 3.3

Comparison of final depth to wetting front and fracture
aperture considering the capillary effect (h 	 e)
with values camputed not considering the capillary

effect (h1 and ew )

FRI
Setup
Number

h i
Deptfi to

Wetting Front
(m)

11-;
Deptfi to

Wetting Front
(m)

e
Fracture
Aperture

(Pm)

Fracture
Aperture

(4m)

1W 2.88 2.62 14.1 15.6
2W 7.82 7.47 20.8 21.7
3ii 1.97 1.61 6.3 7.8
4W 2.69 2.29 8.1 9.6
9fi 1.94 1.48 5.3 6.9
6W 0.40 0.34 1.7 1.9
7W 1.29 1.05 7.4 9.1
aw 1.01 0.17 0.3 1.5
9W 1.04 0.14 0.1 1.0

10W 0.71 0.43 1.8 3.0
11W 1.62 1.42 12.3 14.1
12W 0.92 0.72 6.9 8.8
13W 1.43 1.14 6.5 8.1
14W 2.68 2.43 16.8 18.4
15W 2.67 2.53 31.9 33.7
16W 1.70 1.44 9.4 11.2
17W 1.37 1.18 10.6 12.4
18W 0.94 0.81 12.5 14.6
19W 2.91 2.73 25.8 27.6
20W 3.41 3.09 14.5 16.0
21W 2.78 2.60 24.3 26.0



1   I	 I	 1  
0.01

100—

30

/'
/

/•
 Fracture Aperture

•	 (e,,)

0'.5 II 2 ; 1 '0 20 '	 '40 60 80 90	 99	 ' 99.99

PROBAB/L/TY

Figure 3.5., Log-probability plot of fracture apertures computed for
the FRI water method

/
t
/



31

The test did reject the hypothesis that the distribution of apertures

is uniform, gamma, or a Weibull distribution. This result agrees with

Bianchi (1968) who found that 256 exposed fractures in the Pike's Peak

granite in Colorado are log-normally distributed. Also, Snow (1969)

concluded that apertures measured on outcrops by photographing frac-

tures treated with a fluorescent dye penetrant are log-normally dis-

tributed.

3.3.4 Uncertainty of Analytical Results

Uncertainties which may affect aperture calculations computed

using Equations 3.3 and 3.6 arise from uncertain boundary conditions,

the validity of applying the cubic law to natural fractures, and

experimental error. As stated earlier, the vertical boundary extended

into the fracture below the rock surface between the interior and

exterior FRI pressure chambers (Figure 3.1) is assumed to be a no-flow

boundary. However, if a horizontal flow component ensued during FRI

setup, W, the fracture length, would increase with depth. This situa-

tion would decrease fracture aperture and wetting front distance

calculations in Equations 3.3 and 3.6.

The validity of the application of the cubic law here is not

fully established. However, the fact that calculated apertures com-

pare with other studies is significant. Trautz (1984) measured four

apparent fracture apertures in the Apache Leap Tuff near Superior,

Arizona, using a nitrogen gas injection method, and found apertures

ranging from 9.0 to 19.7 microns, a range similar to that determined

in this study (1_0 to 33.7 microns). Agreement between apertures
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calculated using the FRI air and water methods of intake measurement

also supports the assumption that the cubic law provides a reasonable

estimate of the aperture of natural fractures.

Sources of experimental error include:

1)accuracy in measuring the amount of time required for a spe-

cific volume of water to flow into the fracture;

2) the fact that flow into the fracture continues for a fraction

of a second to several seconds while the reservoir system

replenishes the piezometer (Figure 3.1);

3) change in fluid properties during the FRI setup due to tem-

perature changes;

4) possible undetected leaks in the FRI;

5) accuracy of reading piezometer miniscus levels; and

6) possible variability in h2, the constant head level, due to

assuming that h2 is located at the midpoint of Ah, the head

differential (Figure 3.1).

Temperature variation for the FRI water setups was typically

less than two or three degrees Celsius during setup. This variability

was not found to change the fluid properties in Equations 3.3 and 3.6

to the extent that aperture calculations are affected. The variabil-

ity in h2, and the fact that flow continues while the piezometer

system is replenished are considered to be highest in order of impor-

tance.



CHAPTER 4

AIR INTAKE INTO A FRACTURE

This chapter presents the FRI design, intake measurement and

results, and fracture aperture calculation procedure for the FRI air

setups. Appendix C contains air intake curves for 14 FRI setups.

Appendix D contains a detailed derivation of the equation used to

calculate apertures. No conclusion is drawn with regard to a repre-

sentative statistical distribution for fracture apertures computed

using the FRI air method due to the limited number of measurements,

but aperture values do agree well in magnitude with those computed by

the water method.

4.1 Field Procedures-Air Setup

4.1.1 Fractured Rock Infiltrometer Design

The purpose of the FRI air setups is to augment the water

intake investigation by providing a secondary means of determining

fracture apertures. Separate field and analytical procedures are

developed td determine fracture apertures using air. Figure 4.1 shows

the FRI configuration and flow geometry for the air setup. Design for

the air setup is comparable to that of the water, except that the air

setup incorporates a manometer and air reservoir system (Figures 4.1

and 3.2).

33
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The dual-chambered pressure chambers act as one chamber for

the air setup. As in the water setup, 24-inch and 16-inch bicycle

tubes are used to seal the chambers from the atmosphere. The air

reservoir provides the volume of air necessary to maintain sufficient

manometer pressures such that the time required for that particular

volume of air to travel through the fracture is large enough to

measure.

4.1.2 Air Intake Measurement Procedure

The FRI air setup, like that of the water, requires a rela-

tively flat rock surface. Usually the air setup was completed before

the water setup was performed on the same fracture. In addition,

several air setups were performed immediately after the water to

investigate the effects that the presence of water in the fracture

would have on fracture air intake. The results of these experiments

are reported in section 4.5 of this chapter.

After the FRI is secured to the rock surface, the tubes are

pressurized to approximately 241.3 kPa (35 psi). Like the water

setup, rope caulk is recommended as a sealant between the bicycle

tubes and rock surface. Air is then pumped into the air reservoir

using a bicycle pump (Figure 4.1), until the manometer level rises to

a level marked as level A. Air temperature within each chamber is

recorded throughout the duration of each setup. As air infiltrates

into the fracture, the time required for the manometer to reach level

B is recorded. This process is repeated until the recorded time

intervals appeared to be constant. However, most air setups exhibit
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initial steady-state conditions; initial time intervals were usually

comparable to those recorded after several repetitions (see Appendix

C).

4.2 Air Intake Results 

Appendix C contains air intake versus time curves for 14 FRI

air setups. Each air setup was performed under different applied

pressures; individual fractures vary with respect to the amount of

pressure required for the manometer level to rise to level B. Conse-

quently, air intake	 for each setup is standardized using the

ideal gas law. As expected, air intake into fractures is signifi-

cantly higher than that of water. Air intake (CW typically ranges in

the order of 10-5 m3/sec while water intake w ranges in the

order 10-9 m13/sec (see Appendices C and A). The air intake stan-

dardizing procedure is outlined in the next section and explained in

detail in Appendix E.

4.3 Analytical Procedures 

4.3.1 Air Intake Standardization and Aperture Calculations

The ideal gas law procedure is used to calculate the air

intake volume md at standard temperature and pressure conditions for
each air setup. The volume of air flowing through the fracture at

standard conditions is given as:

2V 1 Ah T
s

P s T 1
(4.1)V
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where Vi = total volume of the FRI system, Ah = head differential

(Figure 4.1), Ts = standard temperature, Ps = standard pressure head,

and T1 = FRI system temperature. Temperature variation of 2 or 3

degrees Celsuis during FRI air setups is considered small enough to

discount; this variation does not have a significant effect on com-

puted volumes. Fracture air intake	 is computed as:

Qa = V s/t
	

(4.2)

where t = time. Air intake versus time graphs for 14 FRI setups are

presented in Appendix C. As stated earlier, examination of these

graphs reveals that air intake is typically steady with time. Small

variation is attributed to experimental error.

Schrauf and Evans (1984) examination of parallel plate gas

flow reveals that the application of the cubic law for gases produced

similar conductivities as those for an incompressible fluid. The

equation used for aperture calculations is derived by combining the

cubic law, an equation of state for compressible gases, and a

pressure-related potential expression derived from the FRI flow

geometry. This equation yields:

6Q.J1(1+/-1) 1
3 	d 

-a -
	

P a K/K'
(4.3)

where ea = fracture aperture, Qa = air intake, p = dynamic viscosity

of air, n = cv/cp = 0.71 [the ratio of specific heat at constant

volume (cv) and constant pressure (c1)1 1 Pa = pressure, K/W =



38

constant related to FRI air intake geometry. A complete derivation of

this equation is given in Appendix D.

4.4 Analytical Results and Comparison 

Table 4.1 shows the fracture aperture (ea) calculations for 14

FRI air setups. They range from 10.0 pm to 37.2 pm which is compar-

able to the range (1.0 pm to 33.7 pm) calculated using the water

setups. This general agreement provides additional confidence with

regard to both methods of aperture determination, and to the applica-

tion of the cubic law for flow in natural fractures.

Figure 4.2 shows the agreement of air (ea) and water (e94 )

aperture results for fractures for which both methods are performed.

The line of slope equal to one represents perfect agreement. The

general cluster of data points near the line indicates relative agree-

ment of both methods of aperture calculation. A log-probability plot

of apertures calculated using FRI air and water methods on the same

fracture is shown in Figure 4.3. The 20 data points representing 10

fractures exhibit a straight-line trend on the plot, suggesting a log-

normal distribution. The low number of data points, however, prevents

a conclusion with regard to a representative distribution. The

Komolgorov-Smirnov test rejected the hypothesis that the distribution

of apertures calculated using the air method is either a uniform,

gamma, Weibull or a lognormal distribution. As stated earlier, the

log-probability plot of all 21 FRI water setups (Figure 3.5) exhibits

a log-normal distribution, based on results of the Kolmorgorov-Smirnov

goodness-of-fit test.
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TABLE 4.1

Fracture apertures (ea) for 14 FRI air setups

FRI
Setup
Number

ea
Fracture
Aperture
(In)

la 28.0

2a 14.3

3a 10.0

4a 32.1

5a 17.8

6a 29.2

7a 37.2

8a 35.5

9a 20.9

10a 23.3

lia 18.2

12a 26.5

13a 14.1

14a 30.0



O

8
4,1

0
0

D

D
0 8

(50Y3LW I.Onme

40

\
\

\e4

\
\ 4

-

\
4\\ .

\
\

4

4

4

-

\4

\
<\
\
\ 4

-

1 I I

\
\
\

1

\
-

\



2 50
w
cr
n
I-
x
w
Q-
4
w 10
(r
D
I-
t.)
45
CC
u_

1
0.01

-_
rm

WO

m

_
NO

O Fracture aperture (e a )
calculated using the
air method.

• Fracture apertures (e w )
calculated using the
water method.

g

oo
o	 ••

O 0 • •• •

100

41

il	 Ill	 1	 I	 I	 mil,	 .1	 ill
	

t ,

	

1

0.5 I 2 5 10 20 40 60 80 90	 99	 99.99

PROBABILITY (%)

Figure 4.3. Log-probability plot of fracture apertures computed using
the air and water methods on the same fracture



42

4.5 Effect of a Wetted Fracture on Fracture Air Intake 

Sequential FRI setups were run on the same fracture to examine

the behavior of fracture air intake after a water setup had been

performed. First, an air setup is completed, then a water setup, then

another air. Figure 4.4 illustrates the results of the sequential FRI

setups. Curve A is the results of the first air setup. The air

intake w is shown to range from 1.0 x 10-5 to 1.5 x 10-5m3/sec.

This air intake curve is shown in Appendix E (FRI setup 9A).

The FRI water setup (Figure 4.4, curve B) exhibits decay of

water intake (cv to a constant intake value of approximately 1.4 x
10-9m3/sec (the same as Appendix A, FRI setup 16W). Immediately

following the completion of this water setup, an air setup was run.

Results are shown as curve C (Figure 4.4). Air intake values shown on

the early portion of the curve are substantially lower than those of

the air setup completed before the water setup (curve A). Over the

setup period of approximately 2.5 hours, air intake steadily in-

creases, approaching the air intake values of the previous air setup.

This phenomenon can be interpreted as the effect of the air expelling

moisture from the fracture until the previous moisture condition is

achieved.
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CHAPTER 5

SIMULATION OF WATER INTAKE AT THE
ATMOSPHERE-EARTH BOUNDARY

This chapter presents a description of a model developed to

simulate flow across the atmosphere-earth boundary into a fractured

rock system. The theoretical basis, assumptions, inputs, calibration,

simulation results and verification are discussed. Appendix F pre-

sents the model code in BASIC computer language.

5.1 Purpose and Development of the Model 

5.1.1 Model Purpose

The purpose of developing a model is to provide a means of

simulating flow across the atmosphere-earth boundary. Estimation of

surface water intake across this boundary for a specified areal extent

will provide information necessary for the simulation of flow through

the underlying fractured rock system. The model is designed to pre-

dict water intake for any selected fractured rock outcrop. For this

study, rainfall events characteristic of the Patagonia study area are

reconstructed and applied as model input. In this manner, water

intake through the atmosphere-earth boundary, characteristic of this

particular area, is simulated.

44
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5.1.2 Assumptions and Theoretical Basis

Model input is in part based on water intake data collected at

the Patagonia study area. Therefore, all previous assumptions with

regard to FRI field and analytical methods for water intake are held.

Daily rainfall, storm duration and storm intensity data are lacking

for the Patagonia study area. This information is obtained by using

data for locations near Patagonia, which are assumed to experience

similar climatic trends. Principal model assumptions include:

1) the cubic law is valid;

2)matric flow is negligible in the fractured rock system;

3) no horizontal flow components exist; all flow is vertical to

measured wetting fronts;

4) storm durations and intensities are log-normally distributed;

5) daily rainfall probabilities for the Patagonia study area are

characteristic of those for Tucson, Arizona, and are based on

the previous day's rainfall condition; and

6) climatic conditions, such as seasonal storm duration, found at

Walnut Gulch, near Tombstone, Arizona, are characteristic of

those for the Patagonia study area. A description of the

climatic conditions characteristic of Walnut Gulch and other

Southwestern rangelands is given by Osborn (1983).

The cubic law is the theoretical base for the model, which is

given as:
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)(We 3
w dh

12d z
(5.1)

where qw = water intake per unit length of fracture, y = specific

weight of water, W = fracture length, ew = fracture aperture, p =

dynamic viscosity of water, dh/dz = hydraulic gradient. Surface water

intake (cv is calculated using apertures derived from the log-
probability plot of fracture apertures computed for the FRI water

method (Figure 3.6).

For model operation, a specified area of one hectare (1 ha =

10,000 m2) is used. The average length of fracture per square meter

(1-11 m/m2) was measured in the field. This value is equivalent to

1,110 m/ha for the model operation area of one hectare. Ten fracture

aperture (Ev values chosen at probability intervals of 10 percent
from the log-probability plot of fracture aperture (Figure 3.5) are

given in Table 5.1. Each of these fracture apertures are substituted

into the cubic law (Exam 5.1), a water intake per unit length of

fracture value (qw) is computed, and multiplied by a tenth of the

length of fracture per hectare. The resulting number represents the

water intake for one of the ten selected fracture apertures (see Table

5.1), over a tenth of a hectare. The above procedure is repeated for

all ten selected apertures and cumulated to produce the total water

intake for the operational area of one hectare.
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TABLE 5.1

Fracture sets, percent probability, and fracture
apertures (ew) taken from the log-probability plot
of fracture apertures (Figure 3.5).

Each fracture set represents a tenth of
the area used for model operation.

Fracture	 Probability	 ew
Set	 %	 Fracture

Number	 Aperture
(Um)

1 5 1.0

2 15 2.0

3 25 7.0

4 35 8.5

5 45 10.5

6 55 12.5

7 65 14.5

8 75 17.5

9 85 23.0

10 95 34.0
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5.1.3 Model Logic and Input Description

A flowchart (Figure 5.1) outlines the major sequential steps

used to reconstruct rainfall events and compute surface water intake

in the model. Transition probabilities are used to decide if a par-

ticular day is wet or dry. The model water year begins on the first

of October. Figure 5.2 is a schematic diagram which shows the three

major seasons and their associated transition probabilities used to

predict the occurrence of rainfall: a winter season, a drought sea-

son, and a wet season. Rasmussen (1984) analyzed 88 years of daily

precipitation from October, 1894, to October, 1982, for Tucson,

Arizona. His analysis resulted in the separation of the three dis-

tinct seasons, with their appropriate transition probabilities (Figure

5.2). P 	 the probability of going from state i to state j where

the state is defined as being either a wet or dry day. The integers 0

and 1 are associated with wet and dry days, respectively. Other

authors (such as Roldgn and Woolhiser, 1982) have also acknowledged

alternating intervals describing sequences of wet and dry days for

other locations in the United States. In this study, the effects of

elevation on daily rainfall probability are ignored; Walnut Gulch and

the Patagonia study area both are located at an elevation of approxi-

mately 4,200 feet (1,280 meters).

Hershenhorn (1984) analyzed 23 years of summer (July and

August) storm durations at a point source at Walnut Gulch, near

Tombstone, Arizona. Mean and standard deviation of the data are 41.1

minutes and 1.0 minutes, respectively. She also concluded that storm
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Figure 5.1. Conceptual flow chart for the model used to simulate
flow across the earth-atmosphere boundary at the
Patagonia study area
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duration during those months at Walnut Gulch is log-normally dis-

tributed. Data collected at Walnut Gulch are assumed representative

of rainfall characteristics at Patagonia. Both locations experience

climatic seasonal trends typical of southeast Arizona. Osborn (1984)

stated that a good estimate of winter storm duration in southeast

Arizona would be twice that of summer durations. Mean summer and

winter season storm durations are estimated as 40 and 80 minutes,

respectively, for this model application and particular area, based on

information provided by Hershenhorn (1984) and Osborn (1984).

After it is decided if the present day is wet or dry, a

counter advances to the next day (if dry) or determines the rainfall

intensity for each time step if the day is wet (Figure 5.1). A time

step of one minute was chosen. The variable RAINDEPTH is the amount

of rainfall for each time step computed using a log-normal distribu-

tion (see Appendix F). Next, the potential fracture intake is com-

puted for each of the ten fracture sets using the cubic law (Equation

5.1), minus evaporation losses. These 10 values are totaled and

considered to be the maximum potential water intake for each time

step. The maximum potential intake is then compared with rainfall

intensity for each time step. The simple case is where rainfall

intensity is not greater than potential intake. In that case, all

rainfall is considered to be intake into the fracture system, intake

due to ponding above a fracture is estimated and added, and then the

model considers the next time increment.
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In the case where rainfall intensity is greater than potential

rainfall per time step, the intake into the fracture system is con-

sidered to be the potential intake, ponding intake is computed, and

excess rainfall is considered to be runoff. As in the previous case,

the model then considers the next time step, and checks to see if the

storm is over. For both cases, at the end of every storm, water

intake into the fracture system is totaled. The model then advances

to the next day and the process described above is repeated.

5.2 Model Calibration, Results, and Discussion 

5.2.1 Model Calibration

Model calibration involved simulating intake at the Patagonia

study area for a sufficient number of years necessary to examine

simulated annual rainfalls with confidence. A period of ten years was

chosen. If simulated annual rainfalls were significantly above or

below the observed value of 440 mm reported by Sellers and Hill

asrm, the variable RAINSCALE was adjusted accordingly. This process

was repeated until simulated mean annual rainfall matched the observed

value within a tolerance of 5 MIE4 This simulated mean annual rainfall

for a 10-year simulation period is 442 NUT4

5.2.2 Simulation Results and Discussion

For each storm, the storm day (1 through 365), storm precipi-

tation (mm), storm duration (minutes), intake into the fractured rock

system in cubic meters per hectare (m3,41E), and cumulative annual

intake are printed (11n3/10). Table 5.2 presents a sample output for
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TABLE 5.2

Sample output of surface water intake at the
Patagonia study area for simulation year one

Storm	 Precipitation
Month	 Day
	

(mm)

Storm	 Water	 Cumulative
Duration	 Intake	 Water Intake

(re/ha)	 (m3/ha)

October	 6	 1	 7	 0.16	 0.16

	

7	 7	 59	 0.42	 0.59

	

8	 13	 115	 0.69	 0.28

	

9	 11	 98	 0.61	 1.90

	

10	 10	 81	 0.50	 2.40

	

17	 4	 34	 0.30	 2.71

	

18	 12	 109	 0.66	 3.37

	

28	 3	 20	 0.23	 3.61

	

29	 4	 37	 0.32	 3.93

	

November 37	 3	 27	 0.24	 4.17

	

40	 2	 16	 0.21	 4.39

	

42	 12	 125	 0.69	 5.08

	

43	 7	 61	 0.43	 5.52

	

44	 4	 29	 0.28	 5.80

	

45	 8	 68	 0.44	 6.25

	

51	 3	 29	 0.24	 6.50

	

December 65	 4	 37	 0.31	 6.81

	

66	 8	 74	 0.50	 7.31

January	 93	 20	 167	 0.93	 8.25

	

94	 12	 105	 0.64	 8.89

	

105	 4	 45	 0.36	 9.25

	

106	 6	 48	 0.37	 9.63

	

108	 6	 49	 0.37	 10.00

	February 125	 12	 110	 0.67	 10.67

	

129	 3	 19	 0.22	 10.90

	

130	 7	 47	 0.37	 11.27

	

131	 3	 21	 0.23	 11.51

	

132	 11	 104	 0.64	 12.15

	

145	 23	 222	 1.18	 13.34

	

146	 12	 119	 0.71	 14.05
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Table 5.2--Continued 

Storm
Month	 Day

Precipitation
(mm)

Storm
Duration

Water
Intake
( 711-3/ha)

Cumulative
Water Intake

(m31'ha)

March	 153 3 34 0.30 14.35
168 12 96 0.60 14.96

April, May, June -- no storms

July	 275 13 56 0.41 15.37
280 5 29 0.28 15.65
281 3 11 0.18 15.84
287 3 18 0.22 16.06
288 9 37 0.32 16.38
289 5 29 0.28 16.38
291 8 28 0.27 16.94
293 6 20 0.23 17.17
294 7 27 0.27 17.44
295 27 120 0.71 18.16
299 5 16 0.21 18.37

August	 300 7 22 0.24 18.62
301 19 89 0.57 19.19
305 13 61 0.43 19.63
306 5 29 0.28 19.91
307 5 28 0.27 20.18
308 2 6 0.16 20.34
309 7 42 0.34 20.69
323 106 479 2.34 23.03
327 2 14 0.20 23.23

September 335 10 52 0.39 23.62
337 13 45 0.36 23.98
340 5 25 0.26 24.24
342 5 26 0.26 24.51
351 19 88 0.56 25.07
360 1 7 0.16 25.24
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the first year simulated, where storm day 1 is the first day of

October for that particular year. Table 5.3 presents a summary of the

10-year simulation. Mean surface water intake into the fractured rock

system at the Patagonia study area is calculated as 2.1 mm for the

period simulated. This value represents only 0.50 % of the average

annual rainfall (442 mm), meaning that over 99% of rainfall runs off

or is evaporated.

Examination of model input and output for simulation year one

(Table 5.4) shows the climatic variation at the Patagonia study area.

Worth noting is that storm duration seems to play a more important

role than total precipitation with regard to surface water intake for

a particular period. Although total precipitation in the wet season

(310 NMI) is 11% higher than that of the winter season (250 mm), only

41% of total annual surface water intake takes place during the wet

season, compared to 59% for the winter season. This conflict may be

explained by the fact that rainfall intensities for a particular storm

are likely to be orders of magnitude greater than potential fracture

intake for the study area. This also accounts for the observation

that intake is less than 1% of precipitation. Regardless of the

intensity of a particular storm, steady-state fracture intake rates

remain constant. Consequently, high-intensity storms of short dura-

tion characteristic of the wet season at the Patagonia study area are

likely to result in less surface water intake than the low-intensity

storms of longer duration characteristic of the winter season. The

storm event on day 323 in late August (Table 5.2) produced 9.3% of the
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TABLE 5.3

Annual totals of the numbers of storms, precipitation,
mean storm duration and surface water intake into the

fractured rock system at the Patagonia study area,
for a 10-year simulation

Year Number
of

Storms

Precip.
(Prim/Y0

Mean Storm
Duration

(min)

Fracture
fltake

(nj/Yr/ha)

Fracture
Intake
(rrin/Yr )

1 58 559.6 62.3 25.24 2.5

2 53 492.5 61.5 22.95 2.3

3 56 449.2 50.8 21.46 2.1

4 57 441.2 51.7 21.99 2.2

5 61 418.5 46.6 22.04 2.2

6 61 503.5 51.3 23.48 2.3

7 67 513.7 47.6 24.56 2.4

8 40 274.2 48.7 14.88 1.4

9 40 307.6 47.3 14.62 1.4

10 61 464.3 50.0 23.14 2.3

Means: 53.4 442.4 51.8 21.44 2.1

Standard Deviation:
8.2 89.8 5.6 3.70 0.4

Coefficient of variance:
15%	 20% 11% 17% 17%
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TABLE 5.4

Model input and output distributed into three
climatic seasons characteristic of the Patagonia

study area, for simulation year one

Winter
(Oct. 1 to
April 1)

Drought
(April 1 to
July 1)

Wet Season	 Annual
(July 1 to	 Totals
Oct. 1)

Number of 32 0 26 58
Storms

Number of
Storms per 5.3 0 8.7 4.8
Month

Average
Storm 69 0 54 62
Duration
(min)

Precipitation 250 0 310 560
01m0

Total
Fracture 1.49 0 1.03 2.52
Intake
(ma)
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surface water intake for that year and 106 mm (4.2 inches) of rainfall

in approximately eight hours. That's an extreme event.

No known study exists which examines water intake through the

atmosphere-earth boundary for a particular fractured rock system.

Consequently, the results of this study could not be compered with

others. The value of 2.1 mm of annual surface water intake determined

by simulation can be equated to 30 cubic meters per year (m/yr) of

intake for the 1.4 hectare welded-tuff outcrop at the Patagonia study

area. If the annual yearly intake were assumed to discharge con-

tinuously through a spring below the study area, discharge would take

place at a rate of 3.4 liters per hour. These values seem reasonable.

Results produced by this simulation may be supported by other FRI

studies at sites with similar geologic and hydrologic characteristics.

Tracer studies, borehole studies, rainfall simulation experiments, and

water budget studies performed at the Patagonia study area may be

useful for verification of results found in this study.



CHAPTER 6

SUMMARY AND CONCLUSIONS

The siting of a HLNW repository within the unsaturated zone

requires a thorough examination of the fractured rock flow system.

Contaminant transport through this flow system is in part a function

of water intake rates through the atmosphere-earth boundary. A pri-

mary focus of this study is the direct measurement and simulation of

surface water intake rates. Air and water field methods of intake

measurements were developed using a fractured rock infiltrometer

(FRI). Water intake through the boundary was shown to decay to

steady-state values in the order of 10-12 to 10-8 m3/sec. Air intake

typically appeared to be steady over time and averaged in the order of

10-5 m3/sec (see Appendices A and C).

Separate analytical techniques were developed for both field

methods of intake measurement to calculate fracture aperture for each

FRI setup. Results showed agreements between calculated apertures for

both methods (Figure 4.2). Fracture apertures calculated using the

FRI water method ranged from 1.0 in to 33.7 411; apertures calculated

using the air method ranged from 10.0 In to 35.5 4m. A Kolomogorov-

Smirnov test performed on the 21 aperture values calculated using the

FRI water method provided evidence that fracture apertures measured at

the Patagonia study area cannot be rejected as log-normally dis-

tributed. A log-normal probability plot of these apertures reveals a

59



60

straight-line relationship indicative of the log-normal distribution

(Figure 3.5).

The result of air intake into a previously wetted fracture is

examined (Figure 4.4). It is revealed that air intake is decreased

due to the presence of water in a fracture, but increases with time to

eventually approach previous dry air intake conditions. The welded-

tuff outcrop at the Patagonia study area consists of a sequence of

horizontal fractures which give the outcrop a bedded appearance

(Figure 2.3). This situation raises the possibility that perhaps

other FRI setups measured intake representative of undetected fracture

intersections. However, if intake is simulated assuming all calcu-

lated fracture apertures represent one fracture, no error is intro-

duced into the simulation. Aperture values used in the model to

calculate intake through the boundary are representative of observed

steady-state intake values measured in the field. The fact that they

are apparent apertures representative of multi-fracture flow, or

actual flow attributed to singular fractures, is inconsequential to

simulation at the atmosphere-earth boundary. If these calculated

aperture values were used to estimate contaminant travel times, the

assumption that they represent single fractures provides a safety

factor. Fracture flows, and thus travel times computed for a single

fracture, would be over-estimated for the case when the assumed single

fracture is actually intersected by secondary fractures.

In addition, the fact that transpiration of water by plants is

not accounted for also creates a safety factor with respect to the
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amount of water available for percolation at depth. Water not avail-

able for deep percolation due to transpiration is difficult, if not

impossible, to measure in the field. The annual water intake esti-

mated in this study may be an over-estimation because plant transpira-

tion is not considered. This over-estimation is desirable when

considering the siting of a waste storage facility, as is the case

with multifracture flow discussed above.

Water intake at the earth-atmosphere boundary through the

fractured rock system at the Patagonia study area was simulated.

Input into the developed model consisted of log-normally distributed

storm durations and intensities (Figure 5.1). Transition probabil-

ities representative of three distinct seasonal climatic variations

found in southeast Arizona were used to predict rainfall events

(Figure 5.2). Observed fracture apertures were used in the cubic law

to predict surface water intake for a 10-year simulation period. The

simulation resulted in an average annual water intake of 2.1 mm

through the atmosphere-earth boundary at the Patagonia study area.

Improvements to the FRI water intake measurement procedures

should include design alterations which would provide continuous

replenishment of water to the system during setup. As stated earlier,

present design requires momentary interruption of intake measurement

while the system is replenished by the reservoir (Figure 3.1). This

inadequacy, however, may or may not alter results within common ex-

perimental error produced by the human eye when reading piezometer

meniscus levels, or by errors associated with the measurement of time
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intervals. Perhaps a flowmeter could be incorporated into the system.

Such an addition would also eliminate possible error associated with

the assumption that the constant head level, h2, is located at the

midpoint between points A and B during FRI setup (Figure 3.1). As the

water level in the manometer declines, actual constant head should be

estimated at the midpoint between the water level and point B, not

points A and B.

Field conditions with regard to FRI setup procedures require

that (1) a sufficient number of fractures are exposed, (2) the exposed

rock surface is relatively flat, and (3) the exposed surface is free

of soil or other unconsolidated material. If these conditions are

met, it is possible to use the field, analytical, and modeling pro-

cedures described in this study to characterize water intake into any

fractured rock system, provided the rock matrix is impermeable.

The emphasis of this study is the development of field and ana-

lytical techniques to measure water intake and fracture apertures of a

fractured rock system. The 14 air and 21 FRI setups completed for

this study are considered minimal if emphasis is placed on specific

study area characterization. General improvements to FRI intake

measurement procedures should include the suggestion that the greater

number of FRI setups performed for a particular area, the better the

chances that observed data will truly represent site conditions. It

is also suggested that other methods of atmosphere-earth boundary

intake measurement be pursued in order to verify observed as well as

simulated intake values. These may include a variety of techniques
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such as tracer studies, borehole injection studies, well instrumenta-

tion studies, rainfall simulation-water budget experiments, and sur-

face ponding experiments.

It is concluded that the cubic law provides a reasonable

estimate with regard to fracture aperture measurement for this study

based on the observed agreement between the two methods presented.

Fracture apertures measured at the atmosphere-earth boundary at the

Patagonia study area were found to be log-normally distributed. Simu-

lation of surface water intake into the fractured rock system,

although not fully verified provided a reasonable estimate of intake

characteristic of the boundary conditions at the Patagonia study area.

Surface water intake into the fractured rock system at the study area

is shown to be quite small (2.1 mm/yT), less than 1% of annual pre-

cipitation, and is found to be more dependent on storm duration than

intensity.



LIST OF SYMBOLS

I. FRI Water Method Symbols

English Letters:

A = fracture area (n2 )

e, ew, eW = fracture aperture (an)

hl , 111 = depth to wetting front (m)

h2 = constant elevation head (m)

hr = height of capillary rise (m)

Ah = elevation head differential (m)

H = total head (m)

kf = permeability ( n2 )

K = hydraulic conductivity (m/sec)

cliqw = water intake per unit length of fracture (m2/sec)

Q, Qw = water intake (m3/sec)

Re = Reynold's number (dimensionless)

S = roughness index (dimensionless)

t, t1 = time (sec)

V = intake volume (im3 )

= fluid velocity (m/hr)

W = fracture length (m)

z = vertical flow component (m)

64



Greek Letters:

p = fluid density (kg/m3 )

y = specific weight of water (kg/M2 *sec2 )

x = mean height of surface asperities 00

1.1 = dynamic viscosity of water (kg/m.sec)

T = surface tension (kg/sec2 )

H. FRI Air Method Symbols

English Letters:

ea = fracture aperture 00

ha = atmospheric pressure head (m)

hc = constant pressure head 00

= pressure head differential for air setup (m)

k = permeability (m2 )

K/K1 = dimensionless constant

m = r/ro (dimensionless)

n = C /C = 0.71 [the ratio of specific heat at constant volumev p
(Cg ) and constant pressure (C )] (dimensionless)

n i , nf , n = moles of air

Pa = ambient pressure at ambient temperature (Newtons/m
2 )

Po = standard pressure at ambient temperature (Newtons/m2 )

P P Ps = pressure head (m)

Qa = air intake (m3/sec)

Qa = air intake per unit fracture aperture (m2/sec)

R = gas constant (m4/moles • K)

r, ro = fracture half-length 00
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t = time (sec)

T1, Ts = temperature ( °K)

V V2 , Vs = volume (m
3 )

Greek Letters:

y
o 
= density at ambient temperature and standard pressure (Kg/m3 )

p = dynamic viscosity of air (Kg/m•sec)

= pressure-related potential (Kg/m•sec)

e = density-related potential (m2/sec)

p = density (Kg/m3)



APPENDIX A

WATER INTAKE VERSUS TIME
GRAPHS FOR 21 FRI SETUPS
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APPENDIX B

DERIVATION OF FRACTURE APERTURE EQUATIONS
FOR THE WATER METHOD OF FRACTURE INTAKE MEASUREMENT

This appendix contains the derivation of equations used to

calculate fracture apertures using the FRI water setup data. Two cases

are derived. The first case ignores height of capillary rise and is

given as Equation 3.3 in the text. The second case considers height of

capillary rise and is given as Equation 3.6 in the text. The FRI flow

geometry used to derive both equations is illustrated in Figure 3.1.

This derivation makes use of the following assumptions:

1) Darcy's Law:

Q = KA dh/dz = dV/at (B-1)

2) hl = V/A = VieWW ( 3-2)

3) dV/dhl = A ( 3-3)

4) dh/dz = (hl	 2)/h1 ( B-4)

where Q = flow rate, K = hydraulic conductivity, A = area normal to

flow, dh/dz = head gradient, dV/dt = change in volume with respect to

time, hl = depth to wetting front, h2 = constant applied head, ew =

fracture aperture, V = intake volume, and t = time.
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Combining Equation B-1, B-3, and B-4, we get:

dh l 	(hi+h2)Q = A cr-t	 - KA	 h 1 	j

which reduces to:

(B-5)

11	 1(	 1 dh l = K dt (B-6)u11.1.h 2j

Evaluating the integral:

h lf
o

gives:

h l tldh l = f	 K dt (B-7)( h 	)
1	 2

hl	 t 1h l + h 2 - h2 ln(h 1+h 2 )] 0	 = Kt] o

yields:

(B-8)

h 2h 1 + h 2 [1n[ h = Kt (B-9)
+h 

j]	 11	 2

The cubic law is given as:

K = 	/ 12p (B-10)

where y = specific weight of water, p = dynamic viscosity of water.

By substituting B-10 into B-9, we get:
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2h,) e_ yt,
h 1 +h 2 [111( h 1+h 2

) 
] = 	 12p

(B-11)

Solving for ew yields:

I h,)
'In{	 `	 11 +h 2 [	 h +h ] j

ew	
h

. 	 1 2 
yt 1 /1211

(B-12)

Considering capillary flow, where the capillary height of rise, hr , is

given as:

2Th r -
ye'

(B-13)

where T = surface tension, y= specific weight of water, and el; =

fracture aperture. Since h2 and hr are constants, let:

h = h'2	 2
	 (B-14)

where h2 = h2 + hr . By substituting B.14 into B.12, we get:

h'
h 1 +h'[ln(h +h' )]

2 
2 1 2

yt 1 /12p
e =w

(B-15)

This equation represents fracture aperture considering the

capillary height of rise. The following table coordinates equations in

the appendix with those in the text:
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Appendix B	 Equations in
Equations	 Text

B-9	 3.1
B-10	 3.2
B-12	 3.3
B-13	 3.5
B-15	 3.6



APPENDIX C

AIR INTAKE VERSUS TIME
GRAPHS FOR 14 FRI SETUPS
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APPENDIX D

DERIVATION OF THE FRACTURE APERTURE EQUATION FOR
THE AIR METHOD OF FRACTURE INTAKE MEASUREMENT

This appendix contains the derivation of the equation used to

calculate apertures using the FRI air setup data. The FRI flow geome-

try used for this derivation is illustrated in Figure 4.1. A photo-

graph of the FRI air setup is shown in Figure 3.2. This derivation

combines the cubic law, an equation of state for compressible gases,

and an expression of the pressure-related potential (), which is given

by Miyamoto, Warrick, and Bohn (1974) as:

kyoP : Pa

=	 (1+n) (D-1)

where k = permeability, yo = density (at ambient temperature and stan-

dard pressure), Pa = ambient pressure (at ambient temperature), p =

dynamic viscosity, and n = Cv/Cp = 0.71 [the ratio of specific heat at

constant volume (cv and constant pressure (C )]. An appropriate
equation of state for a wide range of compressible gases, given by

Muskat (1946) is:

P = YO (P a /P 0 )

	
(D-2)

where p = density and Po = standard pressure (at ambient temperature).
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From the cubic law:
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2
k = ea /12

where ea = fracture aperture. By substitution:

we define:

and:

	kpPa	 e
2 pPa	 a 

	= p0-77-1-n	 12p(1+n)

2ea Pa

4)1 = p	 12p(1+n)

(D-3)

(D-4)

(D-5)

	Q; = Qa/2ea 	(D-6)

where Qa is air intake (see Appendix C). A conformal transformation

procedure results in the following relationship (Warrick, 1984):

	

Q;bp' = K/K'	 (1)-7)

where K/X 1 is a constant related to the FRI air intake geometry. K/K 1

is a function of m2, where m = r/ro (see Figure 4.1). Harr (1962)

gives the relationship of m2 and K/W in table form. Substitution of

Equations D-5 and D-6 into D-7 gives:

Qa /2ea
	 -K/K'
e a
2 P a /12p(l+n)

(D-8)



Solving for ea yields:

110

ea =

3j
6Qp(1+n) 

Pa K/K I
(D-9)

This equation defines fracture aperture in terms of fracture air in-

take, fluid properties, system pressure, and flow geometry. Equation

D-9 is given as Equation 4.3 in the text.



APPENDIX E

STANDARDIZATION OF AIR INTAKE
MEASUREMENTS USING THE IDEAL GAS LAW

Individual FRI setups measured air intake into a fracture under

fracture-characteristic pressure conditions. These pressure conditions

were a result of varied pressures required to push a known volume of

air through individual fractures. In order to compare air intake

curves for individual FRI setups and provide for a uniform method of

aperture calculation, an ideal gas law procedure was used to convert

air intake to standard conditions. The flow geometry incorporated into

this procedure is given in Figure 4.1.

This procedure assumes that air has been pumped through the air

reservoir input (Figure 4.1) so that the outside manometer level has

risen to level A on the manometer. The initial number of moles of air

(n i) is given by the ideal gas law as:

P 1 V 1n RT1

where:

(1)P1 = system pressure = 10.13 meters (m) + 2(hc - ha).

(2)hc = constant pressure (m).

(3)ha = atmospheric pressure (m).

(4)V1 = system volume = 0.121 m3 .

(E-1)
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An = n. - n -1	 f	 RT 1	 RT 1

P 1 V 1	 P 2V 2 (E-3)

An -	 RT 1

V
1
(P

1
-P

2
)
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(5)R = gas constant (m4 14Moles °K)

(6)T1 = system temperature (°K).

The final number of moles of air (n/), after the manometer

level has fallen to level B, is given as:

n f - RT 1
(E-2)

where:

(1)p2 = system pressure = 10.13 m + 2(hc - ha) - 2Ah.

(2) h = head differential (m).

(3)V2 = system volume = 0.121 m3 - Ah r 2 .

(4)T1 = system temperature ( °K).

(5) R = gas constant.

The number of moles of air flowing through the fracture is:

Let V1 = V2 by assuming the quantity glnr2 is negligible compared

to total system volume; we then get:

(E-4)

by substitution:

An = V 1 [(l0.13 m + 2(h c -ha )) - (10.13 + 2(h c -h a ) - 2Ah)]



which reduces to:
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2AhV 1An = RT 1

At standard temperature and pressure (STP):

P V
s sAn 

= RIS

where:

(1)Ps = standard pressure.

(2)VS = volume.

(3) R = gas constant.

(4)Ts = standard temperature.

Equations E-5 and E-6 are equated as:

PV S 	2AhV 1 sAn -
RTs - RT 1

Solving for Vs , the volume of fracture air intake at STP, we get:

2V 1 AhT= sv s	 P s T l

(E-5)

(E-6)

(E-7)

(E-8)

Dividing Vs by the time (t) required for the manometer to drop from the

initial level A to the final level B (Ah), we get:

Qa = V s /t	 (E-9)
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where Qa is the fracture air intake at STP. Equations E-8 and E-9 are

Equations 4.1 and 4.2 in the text, respectively.



APPENDIX F

COMPUTER PROGRAM USED FOR THE ATMOSPHERE-
EARTH BOUNDARY FLOW MODEL

(Interpretive Microsoft Basic)
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10 REM
20 REM -	 Program
30 REM
40 REM
50 REM - Start dimension of
60 REM
70	 OPTION BASE 1
80 REM
90 REM - dimension variables
100 REM
110

	

	 DIM FRACTUREVOLUME
APERTURE(10), AREA(10)

120 REM
130 REM - Open output file
140 REM
150	 OPEN "richout" FOR
160 REM
170 REM - Print Logo
180 REM
190	 GOSUB 2130
200 REM
210	 CLS
220	 PRINT "

********** ":PRINT:

116

to Calculate Water Intake at Rock-Air Interface

variables at xx(1) instead of xx(0)

(10), YEARVOL(10), POND(10),

OUTPUT AS #1

********** Output Results

230	 PRINT " Day	 Depth	 Duration	 Intake Volume
Cumulative Intake"

240	 PRINT "	 (mm)	 (min)
(m-3/hectare)	 (m"3/hectare)": PRINT
250 REM
260 REM - Read in a few more constants
270 REM
280	 MILLION = 1000000#:	 RAINSCALE = 8000!
290 REM
300	 FLUIDITY = 737! * MILLION:	 TENSION = 7.1 / MILLION
310 REM
320	 LENGTH = 1110!:	 DENSITY = 1000!
330 REM
340	 EVAP = .1 / MILLION:	 MAXPOND = 0! * DENSITY
350 REM
360 REM - SWITCH turns capillary forces on (1) and off (0).
370 REM
380	 SWITCH = 1!
390 REM
400 REM - Input observed fracture aperture distribution
410 REM
420	 FOR CRACK% = 1 TO 10
430	 READ APERTURE(CRACK%)
440	 APERTURE(CRACK%) = APERTURE(CRACK%) / MILLION
450	 AREA(CRACK%) = APERTURE(CRACK%) * LENGTH
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460	 NEXT
470 REM
480 REM - These are the apertures
490 REM
500	 DATA 1.0, 2.0, 7.0, 8.5, 10.5, 12.5, 14.5, 17.5, 23.0, 34.0
510 REM
520 REM - Repeat simulation twenty times
530 REM
540	 FOR YEAR% = 1 TO 10
550 REM
560 REM - Reset totals
570 REM
580	 YEARTOTAL = 0!:	 TOTALDUR = 0!: DAYS = 0!: YEARDEPTH = 0!
590 REM
600 REM - Begin on October 1 (previous day was dry)
610 REM
620	 PROBOFRAIN = .1:	 AMTRAIN = 1! / RAINSCALE: 	 DURRAIN =80!
630 REM
640 REM - Loop through year, day at a time
650 REM
660	 FOR DAY% = 1 TO 365
670 REM
680 REM - Find probability and then duration of rain
690 REM
700	 IF	 (RND > PROBOFRAIN) 	 GOTO 1720
710 REM
720 REM - Use exponential distribution with mean DURRAIN
730 REM
740 REM	 DURATION = INT(- DURRAIN * LOG(RND)) + 1
750 REM
760 REM - Use log-normal distribution with mean DURRAIN
770 REM
780	 MEAN = DURRAIN
790	 GOSUB 2260: GOSUB 2340
800	 DURATION = INT(EXP (MEAN + NORMAL * STANDEV))
810 REM
820 REM - Increment counters
830 REM
840	 DAYS = DAYS + 1
850	 TOTALDUR = TOTALDUR + DURATION
860 REM
870 REM - Find wet day transition probability
880 REM
890	 PROBOFRAIN = .4
900 REM
910 REM - Reset arrays
920 REM
930	 TOTDEPTH = 0
940	 FOR CRACK%=1 TO 10
950	 FRACTUREVOLUME(CRACK%) = AREA(CRACK%) / 100!
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960	 POND(CRACK%) = 0!
970	 NEXT
980 REM
990 REM - Loop through storm at minute intervals
1000 REM
1010	 FOR MINUTE% = 1 TO DURATION
1020 REM
1030 REM - Find rainfall depth using exponential variate
1040 REM
1050 REM	 RAINDEPTH = - AMTRAIN * LOG(RND)
1060 REM
1070 REM - Find rainfall depth using log-normal variate
1080 REM
1090	 MEAN = AMTRAIN
1100	 GOSUB 2260: GOSUB 2340
1110	 RAINDEPTH = EXP(MEAN + NORMAL * STANDEV)
1120 REM
1130	 TOTDEPTH = TOTDEPTH + RAINDEPTH * 1000!
1140 REM
1150 REM - Go through all fractures one at a time
1160 REM
1170	 FOR CRACK% = 1 TO 10
1180 REM
1190 REM - Find total forces on water column and then compute gradient
1200 REM
1210	 FRONT = FRACTUREVOLUME(CRACK%) / AREA(CRACK%)
1220	 CAP	 = SWITCH * TENSION / APERTURE(CRACK%)
1230	 HEAD = RAINDEPTH + POND(CRACK%) / DENSITY
1240 REM
1250	 GRADIENT = (FRONT + CAP + HEAD) / FRONT
1260 REM
1270 REM - Find potential intake based on Poiseuilles's Law
1280 REM
1290

	

	 POTENTIALINTAKE = FLUIDITY * AREA(CRACK%) *
(APERTURE(CRACK%) ^ 2 / 12!) * GRADIENT

1300 REM
1310 REM - Calculate intake volume after evaporation losses
1320 REM
1330

	

	 EXCESS = (RAINDEPTH - EVAP) * DENSITY + POND(CRACK%) -
POTENTIALINTAKE

1340 REM
1350	 IF (EXCESS > 0!) THEN INTAKE = POTENTIALINTAKE
1360	 IF (EXCESS < 0!) THEN INTAKE = (RAINDEPTH - EVAP) *

DENSITY + POND(CRACK%)
1370 REM
1380	 FRACTUREVOLUME(CRACK%) = FRACTUREVOLUME(CRACK%) + INTAKE
1390 REM
1400 REM - Excess rainfall is added to pond or, if pond is exceeded,

runs off
1410 REM
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1420	 IF (EXCESS < 0!) THEN POND(CRACK%) = 0!
1430	 IF (EXCESS > 0!) THEN POND(CRACK%) = EXCESS
1440	 IF (EXCESS > XPOND) THEN POND(CRACK%) = MAXPOND
1450 REM
1460	 NEXT CRACK%, MINUTE%
1470 REM
1480 REM - Storm is over, half of pond runs off
1490 REM
1500	 TOTAL=0!
1510 REM
1520	 FOR CRACK% = 1 TO 10
1530	 FRACTUREVOLUME(CRACK%) = FRACTUREVOLUME(CRACK%) +

POND(CRACK%) / 2!
1540	 TOTAL = TOTAL + FRACTUREVOLUME(CRACK%)
1550	 YEARVOL(CRACK%) = YEARVOL(CRACK%) +

FRACTUREVOLUME(CRACK%)
1560	 NEXT
1570 REM
1580	 YEARDEPTH = YEARDEPTH + TOTDEPTH
1590	 YEARTOTAL = YEARTOTAL + TOTAL
1600 REM
1610 REM - Print out daily totals
1620 REM
1630	 A$ = " ###	 ####	 #####	 ####.###	 ####.###
1640	 PRINT USING A$; DAY%, TOTDEPTH, DURATION, TOTAL,

YEARTOTAL
1641	 IF (YEAR% = 1) THEN PRINT #1, USING A$; DAY%, TOTDEPTH,

DURATION, TOTAL, YEARTOTAL
1650 REM
1660 REM - Storm is over, jump to end
1670 REM
1680	 GOTO 1840
1690 REM
1700 REM - Dry day transition probabilities depend on season
1710 REM
1720	 IF (DAY% < 183) THEN PROBOFRAIN = .1
1730	 IF (DAY% < 273) AND (DAY% > 182) THEN PROBOFRAIN = 0 1
1740	 IF (DAY% > 272) THEN PROBOFRAIN = .3
1750 REM
1760 REM - Depth and duration of rainfall depends on season
1770 REM
1780

	

	 IF DAY%<183 THEN AMTRAIN = 1! / RAINSCALE ELSE AMTRAIN =
21 / RAINSCALE

1790 REM
1800	 IF DAY%<183 THEN DURRAIN = 80! ELSE DURRAIN = 401
1810 REM
1820 REM - day is over
1830 REM
1840	 NEXT DAY%
1850 REM
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1860 REM - Print out yearly totals
1870 REM
1880	 A$ = "	 ##	 ###.#	 ####.##

####.###"
1890 REM
1900	 CLS: PRINT: PRINT "	 * * * * *	 Annual

Totals * * * *
1910	 PRINT: PRINT "	 Storms	 Rainfall	 Mean

Duration	 Total intake"
1920	 PRINT "	 (#)	 (mm/yr)

(min)	 (r^3/yr)"
1930	 PRINT USING A$; DAYS, YEARDEPTH, TOTALDUR/DAYS, YEARTOTAL
1940 REM
1950	 PRINT #1,	 * * * * *	 Annual Totals

* * * * *”
1960	 PRINT #1, " Storms Rainfall Mean Duration Total intake"
1970	 PRINT #1,	 (40	 (Inm/Yr)	 (min)	 (m"3/yr)"
1980	 PRINT #1, USING A$; DAYS, YEARDEPTH, TOTALDUR/DAYS,

YEARTOTAL
1990 REM
2000 REM - Go to next year
2010 REM
2020	 NEXT YEAR%
2030 REM
2040 REM - Close output file
2050 REM
2060	 CLOSE #1
2070 REM
2080	 PRINT: PRINT: PRINT "	 Bye for now ...": END
2090 REM
2100 REM
2110 REM - Print logo
2120 REM
2130	 CALL TEXTFONT(2): CALL TEXTSIZE(12): CALL TEXTFACE(1)
2140	 WIDTH 80: CLS: B$ = CHR$(217): C$ = "**********"
2150	 PRINT: FOR I=1 TO 25: PRINT USING " & "; B$;: NEXT I:

PRINT: PRINT
2160	 PRINT: PRINT: PRINT: PRINT: BEEP: BEEP: BEEP: BEEP: PRINT

TAB(5)C$, TAB(40)C$
2170	 PRINT TAB(5)C$, TAB(16)"Rich's Infiltration Model",

PTAB(353)C$
2180	 PRINT TAB(5)C$, TAB(40)C$: PRINT: PRINT: PRINT: PRINT:

BEEP: BEEP: BEEP: BEEP
2190 REM - Draw face
2200	 CALL PENSIZE(4,4): X = 215: Y = 73
2210	 CIRCLE(X,Y),30: CIRCLE(X,Y),20„2.9„2„8
2220	 CIRCLE(X+10,Y-10),3: CIRCLE(X -10,Y -10),3
2230	 INPUT "	 - Press RETURN to continue

- ", A$: CLS
2240	 RETURN
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2250 REM
2260 REM - Set up normally-distributed random variable
2270 REM
2280	 V1 = 2! * RND - 1!: V2 = 2! * RND - 1!: W= (/1"2 + V2 -'2)
2290	 IF ( 01) GOTO 2280 ELSE NORMAL = SQR(-2! * LOG(W) / 14) * V2
2300	 RETURN
2310 REM
2320 REM - Compute mean and variance of lognormal distribution using CV = 1
2330 REM
2340	 MEAN = LOG (MEAN * .7071)
2350	 STANDEV = .6931
2360	 RETURN
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