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PRELIMINARY PERMEABILITY AND WATER-RETENTION DATA FOR
NONWELDED AND BEDDED TUFF, YUCCA MOUNTAIN AREA,
NYE COUNTY, NEVADA

By Lorraine E. Flint and Alan L. Flint

ABSTRACT

Measurements of rocke-matrix hydrologic properties at Yucca Mountain,
a potential site for a high-level nuclear waste repository, are needed to
predict rates and direction of water flow in the unsaturated zone. The
objective of this study is to provide preliminary data on intrinsic and
relative permeability and moisture retention on rock core samples and to
present the methods used to collect these data.

Four methods were used to measure intrinsic, or saturated permeability:
Air, Klinkenberg, specific permeability to oil, and specific permeability to
wvater. Two methods yielded data on relative permeability (gas-drive and
centrifuge), and three methods (porous plate, centrifuge, and mercury intru-
sion porosimetry) were used to measure water-retemtion properties (matric
potential compared to water-content curves). Standard measurements of grain
density, bulk density, and porosity for the core samples were included.

Results of this study showed a large range of intrinsic permeability
values among rock types and high variability within rock types. For example,
permeability values for samples from the tuffaceous beds of Calico Hills
(hereafter referred to as Calico Hills) were, on the average, three orders of
magnitude smaller than all others. The four methods yield intrinsic perme-
ability values that are different but are highly correlated (coefficient of
determination greater than 0.94).

INTRODUCTION

Yucca Mountain, Nevada (fig. 1) is being studied as a potential site for
a high-level radioactive waste repository. The U.S. Geological Survey is
responsible for characterizing the hydrologic flow properties of the unsatu-
rated zone matrix for the Matrix Hydrologic Properties program which is part
of study plan entitled "Percolation of the Deep Unsaturated Zone."

The objective of this study is to present methods used for measuring
intrinsic permeability, relative permeability, and water retention (matric
potential compared to water content) on samples of rock core; and to provide
data collected by these methods. Evaluations of these standard methods, most
of which have been developed for application in the petroleum industry, even-
tually will be coupled with additional methods currently being developed for
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Figure 1.--Map of southern Nevada showing location of study area.




\\—/ﬁse in unsaturated-zone studies. The prototype methods are techniques or con-
cepts commonly used in agriculture for soils, and the attempt is being made to
adapt them for use on rock core samples. As part of this study, samples were
collected from nonwelded and bedded tuffs. This report presents information
on the permeability and water-retention characteristics of these samples.

Purpose and Scope

The purpose of this report is to provide preliminary data needed for the
data bases used in the development of hydrologic models for the Yucca Mountain
project. The methods used for collecting these data, standard laboratory-
measurement techniques, also are presented in this report. Measurements of
core grain density, bulk density, and porosity were made because these measure-
ments are needed to define the characteristics of individual cores and supply
information needed for the calculations of the hydrologic properties.

Core samples were obtained from nine boreholes (fig. 2) that penetrated
various lithostratigraphic units of the late Tertiary Paintbrush Tuff and the
Calico Hills (fig. 3). These were chosen for measurement to represent the
possible range of permeability values that would be encountered. This would
help define the methodology required to establish the upper and lower limits
of permeability determination. The study was limited to samples of nonwelded
tuffs that have large porosity values and relatively large saturated hydraulic-
conductivity values compared to welded tuff,

Study Site and Sampling Locations

Yucca Mountain is an eastward-tilted volcanic plateau consisting of a
thick sequence of ash-fall tuffs, pumice-fall tuffs, and reworked tuffs of
late Tertiary age. Most of the ash~flow tuffs consist of welded, composition-
ally zoned, and compound cooling units, but nonwelded, compositionally homo-
geneous, or simple cooling units are also present. In addition, minor inter-
vals of bedded tuffs are located between ash-flow tuff members or formations
(Scott and Castellanos, 1984). Many of the tuffs also are diagenetically
altered, containing zeolites, clays, and other minerals of secondary origin.
In particular, smectite clays are closely associated with the zeolites in the
altered tuffs. These clay minerals might interact with water and affect the
permeability of the tuffs to water.

Seventy-three core samples were collected and analyzed. These samples

were used to compare measurement methods and are listed in table 1. Samples
were collected from boreholes (fig. 2) continuously cored using an air-coring
method. Original cores were 6 cm in diameter and undercored to provide 2.5-cm-
diameter vertical and horizoatal cores for the matrix permesbility tests.
These vertical and horizontal cores were analyzed at Core Laboratories, Inc.!,
in Aurora, Colo. Two and five-tenths centimeter core samples were also ana-
lyzed by the U.S. Geological Survey petrophysics laboratory in Golden, Colo.,
and were undercored from adjacent 6-cm-diameter cores.

\\_,/ 1The use of brand, trade, or firm names in this report is for identifica-
tion purposes only and does not constitute endorsement by the U.S. Geological
Survey, or impute responsibility for any present or potential effects on the
natural resources.

3
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Stratigraphic unit Tuff Hydrogeologic A;::;;):n;afte
(meters)
Alluvium ccae Alluvium 0-30
" Tiva Canyon
Tiva Canyon MD . 0-180
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Yuc’c\:da erhrﬁ‘g::\tam Paintbrush
NP, B nonwglded 20-100
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stratigraphic (geologic) units, lithology, and hydrogeologic
units (from Montazer and Wilson, 1984).



{"H" in sample ID indicates horizontally oriented core sample.

Table !.--Sample identifications, locations, and descriptions

All other samples are vertical. f

"P" indicates samples measured by U.S. Geological Survey petrophysics laboratory, Golden, Colo

All other samples measured by Core Laboratories, Aurcora, Colo.

represent individual core samples.]

Individual sample labels

Well or Depth
i::ﬁic borehole interval Geologic unit g:::r?;::::
(fig. 2) (meters)
1U, 1UH UsSw GU=3 432.36-432.51 Calico Hills Vitric
2U,2UH Usw GuU-3 456.96-457.20 Calico Hills Vitric
1P, 1PH UE-25¢ #2 405.08-405.20 Calico Hills Devitrified, zeolitized
2P,2PH UE-25¢ #2 426.17-426.48 Calico Hills Devitrified, zeolitized
3P,3PH UE-25¢c #1 462.17-462.50 Calico Hills Devitrified, zeolitized
20A,20AP USW G-1 487.86-488.02 Calico Hills Zeolitized
12A,12AP Usw G-1 $35.50-535.66 Calico Hills Zeolitized
13A,13AP USW G-1 546.29-546.45 Calico Hills Zeolitized
14A, 14AP USW G-t 573.12-573.27 Calico Hills Zeolitized
16A, 16AP USW G-1 589.03-589.18 Calico Hills Zeolitized
15A, 15AP Usw G-1 623.83-623.99 Calico Hills Zeolitized
17A,17AH, 17AP USW G-1 632.80-632.98 Calico Hills Zeolitized
18A, 18AH, 18AP usw G-1 660.99-661.14 Calico Hills Zeolitized
19A, 19AH, 19AP USW G-1 439.95-440.10 Calico Hills Zeolitized, partially
argillic
8A,38AP usw G-1 505.39-505.54 Calico Hills Zeolitized, partially
argillic
11A,11AP Usw G-1 518.16-518.31 Calico Hills Zeolitized, partially
argillic
1A, 1AP USW G-1 544.25-544.40 Calico Hills Zeolitized, partially
: argillic \\_’/
7A,7AP UE-25a #1 431.96-432.15 Calico Hills Devitrified, slightly
zeolitized
9A,9AH,9AP UE-23%a #1 470.92-471.10 Calico Hills Vitric
10A, 10AP UE-25a #1 $49.10-549.25 Bedded~-reworked tuff
4A,4AP UE-25a #6 40.75-40.87 Base of Tiva Caayon Vitric
Member
5A,5AP UE-25a #4 43.16-43.25 Base of Tiva Canyon Vitric
Member
2A,2AP UE-25a #1 65.07-65.23 Base of Tiva Canyon Vitric, partially
Member argillic
6A,6AP UE-25a #4 47.15-47.46 Yucca Mountaia Member Vitriec
3A,3AH,3AP UE-25a #4 47.79-47.98 Yucca Mountaia Member Vitric
Iv,1ve UE-25a 6 50.81-50.93 Yucca Mountain Member Vitric
5-2,5-2H UE-23 UZ 45 42.43-42.58 Yucca Mountain Member Vitric
5-18 UE-25 UZ #3 38.44-38.62 Yucca Mountain Member Vitric .
4-4,4-41 UE-25 UZ 34 72.97-73.12 Pah Canyon Member Vicric
4-5,4-5H UE-25 UZ #4 84.49-84.64 Pah Canyon Member Vitric
5-6 UE-25 UZ 78 70.65-40.33 Pah Canyon Member Vitric
5-7 UE-25 UZ #5 79.74-79.89 Pah Canyon Member Vitric
4-6,4-6H UE-2S UZ #4 93.94-94.06 Bedded~reworked tuff
4-7,4-7H UE-2S UZ #4 101.68-101.33 Bedded~reworked tuff
S5-1 UE-25 UZ 5 32.28-32.43 Bedded-reworked tuff
S=1A UE-25 UZ #5 346.29-34.44 Bedded-reworked tuff
5-3 UE-25 UZ 75 96.80-96.93 Badded~reworked tuff
5-9 UE-25 UZ #5 105.55-105.64 Topopah Spring Member Vitric
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Definitions and Relations Between Properties

The following section defines the properties that were measured for the
core samples. Relations between calculated and measured values also are
discussed.

Core Physical Properties

Physical properties are those defining mass and volume relations. Grain
density, ps, is defined as the mass of the solids, Ms’ divided by the volume

of the scolids, Vs. Dry bulk density, Py» is Hs divided by the volume of the
total sample, V (solids and pores together). Porosity is the relative pore

volume in the 5011 or core, or the volume of air plus water divided by V
Porosity, ¢, is calculated in cm®/cm? as:

6= 1= (py/py) )]

Porosity is the fractional volume of water and air that a given volume of soil
or rock can accommodate.

Intrinsic Permeability and Saturated Hydraulic Conductivity

\*—// Permeability (or intrinsic permeability) is the capacity of a porous
medium for transmitting fluid. Permeability is a property of the porous
medium and its pore geometry alone, which includes factors such as size,
shape, and distribution and tortuosity of pores. The measurement of intrimsic
permeability is a measure of the fluid conductivity of the particular medium.
If a porous body is not chemically inert and physically stable (nondeform-
able), there are matrix-water interactions such that fluid tramsmittance is
best discussed in terms of hydraulic conductivity. Saturated hydraulic
conductivity depends on the properties of the porous medium and the fluid.
Permeability, k, is related to hydraulic conductivity, K, by:

= Kn/pg, (2)

where n = dynamic viscosity of the fluid [Mass (M)/Length (L) * Time (T)],
p = density of the fluid (M/L3), and
g = acceleration due to gravity (L/T?).

Permeability measurements are necessary because attempts to establish
empirical correlations between permeability and physical properties have been
unsatisfactory. If permeability is determined using a specific liquid, such
2s the water occurring in the formation, then the specific intrinsic perme-
ability to liquid and the hydraulic conductivity should be the same except for
differences in the units of measurement. Standard techniques for the measure-
ment of hydraulic conductivity on rock core are based on Darcy's law:




where q = water flux (L/T), \_’/
Q = volumetric water flow rate (L’/T), _ \
A = cross-sectional area of core sample (L?),
K = hydraulic conductivity (L/T),
AH = change in hydraulic head (L), and
L = core length (L).

Darcy's law is valid only for fluxes low enough to ensure that viscosity
forces dominate within the pores and is assumed valid for the low fluxes
measured in this study.

Combining equations 2 aand 3 yiélds

= . 91 (L/AH)
k o3’ . (4)

The units of k are those of area; however, k is often given in units of
darcies or millidarcies (1 darcy = 9.87E-3 cm? for water at 25 °C). For the
above equations, it is necessary to express L in centimeters, A in square centi-
meters, AH in atmospheres, Q in cubic centimeters per second, N in centipoises,
and g in centimeters per second squared in order to obtaian k in darcies.

Relative Permeability

Given an incompressible porous medium at constant temperature and pres- \\_’)
_ sure, factors such as fluid density and viscosity, porosity, and pore geometry

can be considered constant under saturated conditions. However, in partially
saturated media, pore-geometry factors and water-filled porosity change and k
becomes a function of water coantent, when only the properties of the porous
media are considered. This functional relation defines the relative perme-
ability, kr' As the water content of a sample decreases, its permeability

also decreases as a function of the water poteantial (Richards, 1931). When
the viscosity and density of the fluid are considered, the fuanction is called
unsaturated coaductivity. Darcy'’'s law usually is assumed to be valid for
unsaturated flow coaditions, but it may not apply at very low flow rates
(Hillel, 1982). For a rock sample, Darcy's law can be written:

q = -K(9) dH/dL, (5)-

where 8 = volumetric water conteat (cm3/cmd), and
K(8) = hydraulic conductivity as a function of water content.

Water-Retention Curves iz

Another important rock matrix property is the water-reteation function,
P(8), which expresses the dependence of matric poteatial (§) as a function of
water content (9). Matric poteantial, ¥, is a measure of the energy with which
water is held in pores. Measurements of Y(8) are needed independently of K(8)
to predict water flow in transient conditions. As the water conteat of a
porous medium decreases, water is removed from progressively smaller pores, N4
and the water potential becomes more negative. At equilibrium, water content

8



\\—//is a function of the water potential. Water-retention curves obtained for
desorption (drying) and sorption (wetting) conditions are not identical because
of hysteresis effects. Hysteresis is attributed to: (1) The contact angle of
the wetting fluid being greater during sorption than during desorption; (2)
the geometric nonuniformity of pores (the "ink-bottle" effect, Hillel, 1982);
and (3) entrapped air that decreases the water content of newly wetted media
(Hillel, 1982). The water contents at various water potentials are a function
of pore-size distribution and geometry, which are a function of texture, poros-
ity, compaction, and structure (Hillel, 1982). The finer the texture, the
greater the water retention at any particular potential, and the more gradual
the slope of the curve. In a matrix containing a high fraction of large
pores, once these pores are emptied, little water remains within the matrix.

METHODS OF MEASUREMENT FOR PHYSICAL PROPERTIES,
PERMEABILITY, AND WATER RETENTION

Physical Property Measurements

Measurements of the static physical properties of the core samples were
made. These measurements were used in the calculations and interpretations of
the flow properties.

Porosity

\\_// Porosity was determined using air (or gas) pycnometry. Pycnometry is

based on Boyle's gas law, P; Vy = P2 V,, where the subscripts refer to initial
(1) and final (2) pressure (P) and volume (V) of gas. In a closed sample
chamber, the volume of gas in the system, Vz, after P; is increased to Pz, may
be determined with and without a core sample in the chamber. The volume of
solids and liquids in the sample is [V, (without sample) - V, (with sample)].
If this value is subtracted from the sample bulk volume, the result is the
volume of gas~filled pores in the sample.

Bulk Density

Bulk density, Py is determined by measuring the weight and volume of a

core sample. This is dependent on an accurate measurement of undisturbed
sample volume.

The volume of the core is computed from measurements of size and shape.
The core is ovendried and weighed. Then it is coated with a water-repellent
substance, weighed in air, then submersed again. By using Archimedes' prin-
ciple of volume displacement: :

ovendried weight of sample X P,

(6)

Py © (weight in air - weight in water)’

vhere P, = the density of water.

\\—’/ The value of Py computed by equation 6 is corrected for the weight and density

of the water-repellent coating using the method described in Blake and Hartge
(1986).

9



Grain Density \\_’/

"Grain (or particle) density, pp, is measured with a water pycnometer

(specific-gravity flask). A pycnometer is a glass flask fitted with a ground-
glass stopper that is pierced lengthwise and has a capillary opening. A known
weight of ovendried, crushed, or sieved media (maximum grain size <2 mm) is
added to the flask and then weighed. Water then is added to the pycnometer,
the stopper is inserted, and the flask is placed under a vacuum to extract all
air from the pores. The flask is reweighed, then cleaned, filled thh water
only, and reweighed. Calculatioas are made using:

ax pw
Pp = T 5oy’ o

where a = weight of ovendried sample,
b = weight of pycnometer with sample and water, and
c = weight of pycnometer with water,

and corrections are made for temperature (ASTM, 1985).

The submersion method uses Archimedes' principle in which surface water
is lightly wiped from a vacuum-saturated core sample, the sample is weighed in
air, and then suspended from a scale and reweighed while submersed. The calcu-
lation of pp is the same as that given in equation 6. In addition, any one of
the three properties--grain density, bulk density, or porosity--can be calcu- . /
lated using equation 1 if the other two properties are known.

Intrinsic Permeability Measurements

Preliminary measurements of permeability were made using four different
methods. These methods were: (1) Air permeability, (2) Klinkenberg perme-
ability, (3) specific permeability to oil, and (4) specific permeability to
water.

Air Permeadbility

Air permeability, ka’ is the coefficient governing convective transmis-

sion of air through a porous medium in response to a total pressure gradient
(Hillel, 1982). This measurement can provide information on the effective
sizes and the continuity of air-filled pores representing permeability with no
fluid-matrix interactions. Air permeability is a simple, inexpensive method.
Both constant-pressure (steady-state) and falling-pressure (nonsteady-state)
measurement techniques commonly are used. Samples are prepared by extracting
any hydrocarbons using cool toluene and leaching salts that may be present
from using methyl alcohol. The samples then are dried in a humidity-
controlled oven at 40- to 45-percent relative humidity and 60 °C until sample .
weights stabilize. Cores are placed in a rubber or latex collar, gas is
forced through the core, and air permeability, k » i3 calculated using the
following equation (Corey, 1986): N
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(n,)(q,) (dx)
ka = - d(pa) ’ (8)

where n, = dynamic viscosity of air (M/LT),

volume flux per unit area measured (L3/L?T), and

w0
"

dpa/dx

measured air pressure gradient (M/T2L).

Klinkenberg Permeability

Klinkenberg permeability measurements were performed to evaluate the
effect of nonideal gas behavior on air permeability measurements. Air perme-
ability for a dry medium is always larger than fluid permeability in water-
saturated conditions. Klinkenberg (1941) reported differences in permeability
between measurements using gas as the flowing fluid and using nonwetting
fluids. These variations were attributed to gas slippage. This effect can be
evaluated by measuring ka (permeability of air) at a range of mean pressures

and plotting gas permeability versus the reciprocal of the mean pressure, and
extrapolating the reciprocal pressure to 0 to estimate permeability at infinite

pressures. The value of k found by extrapolation equals the value of k
obtained with liquids that®do not wet the solid matrix.

Applying the slip theory to simple capillary models of porous media,
Klinkenberg (1941) derived the following relation between the measured perme-
ability and the mean pressure:

kg = ka/(1+b/§) =k -m (1/p), (9)
where ky = permeability of the medium to a single liquid phase component
filling the pores of the medium, computed,
ka = permeability of the medium to a gas component filling the pores
_ of the medium, measured,
P = mean flowing pressure of.the gas at which ks was measured,
b = n/k;, which is a constant for a given gas in a given medium,
=

slope of the curve of ka versus reciprocal mean pressure.

The constant, b, increases with decreasing permeability, ka' as slippage

effects become proportionally greater for smaller openings (Amyx and others,
1960). The term b/p is derived from the observation that the phenomenon of
slip occurs when the diameter of a pore approaches the mean free path of the
gas molecules, which is inversely proportional to the mean pressure, p, at the
surface of the sample. This method has the disadvantage of requiring many
measurements to calculate a final permeability value, which is time consuming
- and causes additional expense.

11



Specific Permeability to 0il

Specific permeability to oil, also a nonwetting fluid, is used to inter-
polate between Klinkenberg permeability measurements and water. Oil is used
because it does not have the polar properties of water. Cores were pressure
saturated with a light mineral oil that has a dynamic viscosity of approxi-
mately 1.5 centipoise at ambient conditions (room temperature and atmospheric
pressure). Fully saturated cores were placed into a hydrostatic core holder
at an effective overburden pressure of 67 bars and specific permeability to
oil was obtained in the same manner as air permeability. Measurements were
made at a confining pressure of 67 bars, which is representative of the
in-situ conditions within the formation prior to removal of core. This step
is needed because consolidation of the core due to in-situ overburden pressure
may cause as much as a 60-percent reduction in the specific permeability to
oil (Amyx and others, 1960, p. 95).

Specific Permeability to Water

Specific permeability to water is used to determine permeability to the
formation water. Cores were pressure saturated with a simulated formation
water containing approximately 276 ppm (parts per million) total dissolved
solids. The simulated formation water was prepared basad on analyses of
Calico Hills water samples and contained the following constituents:

Constituent Grams per liter
NaCl 0.01
MgCl, - 6H,0 .01
Nazso.‘ .04
CaCl, .04
NaHCO4 .19
KC1 .01

The viscosity of water with this composition is approximately 0.98 centi-
poise at ambient conditions. This is 50 percent lower than the viscosity of
the oil used in the measurement of specific permeability to oil. Cores were
placed into a hydrostatic core holder that maintained an effective overburden
pressure of 67 bars, and specific liquid permeability was determined.

Relative Permeability Measurements

There are four types.of methods by which relative permeability data can
be obtained:

1. Direct measurement in the laboratory by a steady-state, fluid flow
process; )

2. Measurement in the lab by displacemeant or nonsteady-statas processes;

‘3. Estimations of relative parmeability from water-retention curves; and

4. Inferences from field performance data.

In this data report, we discuss only the first two types.

12
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Steady-State Methods

hods all essentially depend on the same technique. A
cite or a pressurized rubber sleeve, and a high
differential is imposed across the core sample.
le are in contact with porous disks or test sections, or

.state methods
steady :s enclosed in lu

_.ge $89P :nd a large pressure

0w 13t he samp
& of t .
atb e:?smterials simi

lar to the sample to minimize capillary "end effects."

refer to pressure gradients occurring at the eads of the
End ¢ffect5f the saturation discontinuity at the outflow face of the
casple bec‘“:;i: face, all fluids are at the same pressure; yet, within the
1387 .M' ¢ to the sample face, the saturation of the wetting phase
d.l“ego ercent. A saturation gradient, therefore, is established in
d ithin the sample. For a theoretical development of the
use end effects, see Amyx and others (1960, p. 193). End
t be accounted for or minimized in all methods used.

{luid pbase ¥
les that ca

either mus

hases--gas-oil, oil-water, or gas-water--are injected simultaneously
Tbe { t end. Most tests start with saturated samples, which are desatu-

ot the m.: the measurement. The fluids are introduced at a particular ratio,

rated during h the core is continued until the outflow ratio is equal to the

throu
a:‘:e:::; gatio? thus, establishing steady-state conditions.

the
"f ;ﬂl.' |P
egfects

Percent saturation can be measured directly by core resistivity or tensi-
ametry. OCravimetric measurements of percent saturation can be made by weighing
"tbe core, and volumetric methods require measuring all fluids injected into

sod produced from the sample.

Once saturation has been determined, the relative permeability cam be
calculated. The injected ratio is increased, removing more of the wetting
phase, until steady-state conditions again are reached. The process is
repeated until a complete curve is obtained. A resaturation curve can be
obtained by using a core saturated with a nonwetting phase, which provides
direct measurements of hysteretic effects. None of the data included in this
report were generated using steady-state methods; however, steady-state
sethods will be compared at a later date.

Nonsteady-State Methods
A nonsteady-state method involves a sample in which only one fluid enters
the sample and two fluids are discharged. Such methods include gas drive and

centrifuge.

Gas-drive method

one e::e :_ample is saturated with the wetting phase, and gas is injected at
et (l; _nf;he core. In order to reduce the data, three conditions must be
me-“m 1 le flow rate must be high enough, and the pressure gradient across
I"'Satﬁr:u"se enough, to make capillary end effects negligible; (2) the
2oatal, th ou-pressure drop must be linear; and (3) the flow must be hori-
‘“"it;tio:a i:ore must'be §mall, and the test time short enough to prevent
iquid prode :edistnbuuon of fluid within the core. Gas injected and
constang ced over time are measured with pressures at inlet and outlet
» 3% indicated in the following equation:
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A T (10)
»
Vp (P, +R )

where G = cumulative injected gas as pore volume (cm3/cm3),
G, = cumulative injected gas at inlet pressure (cm?),
Vp = total pore volume of sample (cm3),
P, = inlet pressure (dynes/cm2), and
P = outlet pressure (dynes/cm?).

Cumulative fluid produced is plotted against fluid produced in pore
volume. The slope of a fitted line reprasents the fraction of the total out-
flow volume from the sample that is liquid at aany given time, which defines
the following:

£ = 4(s,)/46, (11)

where f = the fractions of the total outflow that is fluid, and
d(Sa)/dG = the slope of the line of gas saturation.

The air-to-water permeability ratio, or relative permeability of gas, ka' to
fluid, kw’ can be calculated:

1-f (12)

w| &
SIN
u
2]
-
~
P~
et
-

where n, and n, = viscosity values of the gas and fluid (water).

This particular value of the ratio applies at the gas saturation at the
outflow face. Gas saturation at the outflow face, o, is:

(Sa)° = Sa - Gf. (13)

Thus, relative permeability ratios are obtained as a function of saturation.
Actual values of relative permeability require that one of the phases be
measured for a saturated permeability value. The detailed calculations are
discussed in Amyx and others (1960, p. 190).

In comparison with steady-state methods described above, the gas-drive
method uses considerably less apparatus, is very simple, and can be performed
rapidly on small core samples. A disadvantage is that it cannot determine
relative permeability ratios at low values of gas saturation. End effects are
not important due to the high pressure gradients created across the core
sample (Cwens and others, 1936).

14
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\‘-’/Centrifuge method

Relative permeability can be determined by a transient outflow centrifuge
method (Hagoort, 1980; Van Spronsen, 1982). An advantage of this method is
the ability to obtain values at low gas saturations. First, cores are pressure
saturated with the simulated formation water. The core then is placed into a
centrifuge and spun at 11,750 rpm. The quantity of fluid produced versus time
is monitored continuously for approximately 275,000 seconds. The production
of fluid as a function of time usually is measured by taking photographs of a
transparent graduated collection tube using stroboscopic illumination. The
volume of water for each sample is used to calculate -the values of unsaturated
hydraulic conductivity. These values then are converted to relative perme-
ability by inverting equation 2, thereby taking into account the viscosity and
density of the formation water and acceleration of gravity. Example calcula-
tions are shown in the section on measuring water-retention curves with a
centrifuge.

The capillary end effects can be minimized by using a high centrifugal
acceleration; the centrifugal force on the liquid phases still will be small
compared with the capillary forces on a pore scale. If the centrifugal forces
on a pore scale become important, the end points and the shape of the relative
permeability curve change (Van Spronsen, 1982).

The advantage of the centrifugal method is that it works independently of
matric potential gradients. This can be important for unsaturated porous
\_/ media or rocks where matric potential gradients can cause gradients of water
content and conductivity, thus, introducing an often undesirable complexity
(Nimmo and othexs, 1987).

Methods also have been developed to measure unsaturated coanductivity
using steady-state outflow of water from an unsaturated sample spinning in a
centrifuge (Nimmo and others, 1987; Conca and Lane, 1988).

Water-Retention Measurements

' The quantity of water remaining in a porous medium at a specified water
content is a function of the gizes and volumes of the water-filled pores and,
hence, is a function of the matric potential. Water-retention relaticms,
expressing the dependence of saturation on matric potential, are needed to
establish a known matric potential for each core sample matrix of interest.

! Porouﬁ Plate Methods

Several methods involve using a8 porous plate, a type of membrane through
which water but not air will flow owing to pressure or vacuum. Such methods
include vacuum, pressure extractor, and submersible-pressure-ocutflow cell.
Porous plates usually are made of ceramic materials with pore-size distribu-
tions selected to retain water over various pressure or vacuum ranges. The
smaller the pores, the higher the pressure required, and the longer it takes
\__  to reach matric potential equilibrium.

15



Vacuum

In the vacuum method, a water-saturated core sample is placed in contact
with a water-saturated porous plate to establish a continuous water column.
The upper end of the sample is at atmospheric pressure. A pressure differen-
tial can be created across the core sample and controlled by applying a vacuum
at the bottom of the porous plate by using a vacuum pump or a hanging water
column. The pressure differential forces water out of the sample until a
known pressure is established, which, at equilibrium, is the matric potential,
Y, in the sample. The water released from the sample is measured, or the
sample is weighed to determine water content, 8. The disadvantage of this
method is that the lower value of matric potential is limited to about
-0. 8 bar (Klute, 1986).

Pressure extractor

In a pressure extractor, the sample is placed on a porous plate with a
sheet-rubber backing. An outlet through the plate keeps the bottom of the
plate and bulk water at atmospheric pressure. The range of matric potential
for pressure plates is determined by the safe working pressure of the chamber
and the pressure differential at which air will bubble through the pores in
the plate. Once water is pushed out of the saturated samples and allowed to
equilibrate at a given pressure, the samples ars removed from the chamber and
gravimetric water content is determined. Samples and plates are resaturated
to determine additional {(8) points in order to comstruct the water-retention
curve. Disadvantages of this method include problems with determining when
equilibrium is established. There also are problems because of changes in
core water potential when pressure is released from the extractor as a result
of backflow of water into the core from the plate or as a result of production
of air bubbles in the core, or both, causing redistribution of water into
larger size pores (Xlute, 1986).

Submersible-pressurized-outflow cell

A porous plate method that helps to solve some of these problems is the
submersible-pressurized-outflow cell (SPOC) (Constantz and Herkelrath, 1984).
This method encloses a single sample on a porous plate in a cell with a pres-
sure inflow port on top connectaed to a quick-release compression fitting.
Water outflow is through the bottom of the plate. The cell is then suspended
in a constant-temperature water bath and pressure is applied to remove water
from the sample. The entire cell is weighed, suspended in water, while
hanging from the bottom of a scale. The difference in weights is equal to the
quantity of water lost. Equilibrium can be determined by cessation of water
loss, and samples are weighed without pressure loss eliminating backflow and
bubble formations. Sorption measurements, which are complicated by the
presence of air under the plate in a pressure extractor that tends to break
the continuous water columns, are easily accomplished in a SPOC because water
flows directly into the sample through the porous plate that is in contact at
all times with the water in the bath.

16
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Centrifugation

Saturated core samples are placed on a permeable, wet membrane and loca-
ted in a holder in a centrifuge rotor. The water is expelled from the core at
increasing rates of rotation and is viewed in a chamber in the holder below
the core through a port with a stroboscope during centrifuge action. It is
essential to take readings of expelled water volume during rotation and to
increase the rate of rotation without any decrease, in order to prevent redis-
tribution of the fluid in the sample. The volume of water remaining in the
sample then is divided by the total pore volume of the samples. Calculations
of the water-retention curve are as follows:

1. The extracted volume reading, V (at each angular velocity) is converted
to average saturation for the core, Sc' using the total pore volume of
the core, vtoc’ by:

S =1~ (Vv

c tot)' (14)

2. Angular velocity, w, is converted to pressure, P, by:

P = [(pw-pg)w2/2] * (re?-r?), (15)

where P, density of water (g/cm),

density of gas (g/cm),

©
"

angular velocity (radians/second),
distance from the center of rotation (cm), and
radius of the core bottom (cm), calculated as

nrE
nun

- . 2"(rad/xev
w(rad/sec) = RPM #(s?/éaa% (16)

3. PSc is plotted against P. Assuming capillary pressure is equal to P,
then the water-retention curve can be generated from this plot.

4. The water-retention curve is derived from the curve in sﬁep 3 using:

y(e) = UBS=e) (17)

Good agreement between centrifugation and porous plate methods has been
found by Slobod and others (1951) and by Hoffman (1963). The porous plate
method may require weeks, whereas the ceatrifuge method may require only a few
days to complete. The centrifuge generally is nondestructive and provides
reproducible results. Both desorption and sorption curves can be produced
(Skuse, 1984).
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Mercury Intrusion Porosimetry

Because mercury is a nonwetting liquid, it will not enter pores by capil-
lary action. Mercury can, however, be forced into pores by intruding it under
the application of external pressure. The size of the pores that are intruded
is inversely proportional to the applied pressure (ASTM, 1985):

d = (4y lcos al)/P, (13)

vhere d = diameter of the pore (cm),

¥ = surface tension of mercury (dynes/cm?),

a = contact angle of mercury with the surface of the porous media (°),
and

P = absolute pressure (dynes/cm2?).

The volume of mercury injected at each pressure determines the nonwetting-
phase saturation. This is a very fast method that was developed to accelerate
the process of water-retention determination. Disadvantages of this method -
are (1) the difference in wetting properties between mercury and water, and
(2) the permanent loss of the core sample (Amyx and others, 1960).

Amyx and others (1960) claim that the porous plate method is superior to
other methods because it is closer to simulating actual wetting conditions and,
hence, is used as a standard method for comparison. This idea may have merit
for several reasons. The contact angle for mercury against rock surfaces is
140°, while that of water is approximately 0°, and the ratio of mercury capil-
lary pressure to water-air capillary pressure is about 5 (Amyx and others,
1960). Purcell (1949) showed graphically that the agreement of data between '\\,/
the two methods is good when corrected by this ratio. However, a question
exists as to whether the contact angle can be used as the only basis of the
pressure ratio [as used in mercury porosimetry standard methods in ASTM (1985)].
The mean curvature of an interface in rock is a unique function of fluid
saturation defining the pressure ratio as 6.57 rather than 5 (Amyx and others,
1960). Brown (1951) reported the correlating factor between the two methods
to be a function of the porous medium and defined the ratio as 7.5 for sand-
stone or 5.8 for limestone. Therefore, uncertainty about the value of the
correlating factor between mercury and water wetting properties introducas
doubt regarding the accuracy of the method.

RESULTS OF PHYSICAL PROPERTY, PERMEABILITY, AND
WATER-RETENTION MEASUREMENTS
The methods described were used to measure properties of 73 rock core

samples. There were both vertically and horizoatally oriented samples from
many of the borehole depth intervals.
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Core Physical Properties

Measured values of porosity, grain demsity, and bulk density for core
samples are summarized in table 2. Measurements for each property were made
at the U.S. Geological Survey petrophysicsé laboratory im Golden, Colo.
(USGS-P); or at Core Laboratories, Inc., in Aurora, Colo. (CLI), or both.
USGS-P used both Archimedes' principle and air pycnometry to measure porosity
and grain density, while CLI used only helium pycnometry. Bulk density was
measured by USGS-P using Archimedes' principle and the caliper measurement
technique.

Intrinsic Permeability

Measured values for saturated permeability using the air permeability
method and three types of liquid permeability methods are listed in table 3.
Air permeability values were obtained using helium pycnometry. Permeability
* to gpecific liquid was measured using the simulated formation water method
(detailed in the "Methods" section) and hence referred to as specific perme-
ability to water. The entry "0.00" indicates that the permeability was <0.01
millidarcies (mD). It was suggested by CLI that sample 2U may have developed
a2 fracture during testing and the measurement values may be considered
invalid. It also may be possible that the entire original section of core
from which the samples came may have been fractured. For this reason, data -
from 2U, 2UH, and 2UP were not used in analyses of permeability.

¢

Relative Permeability and Unsaturated Hydraulic Conductivity

Relative permeability and the corresponding calculated unsaturated
hydraulic-conductivity values are listed in table 4 for 10 samples; 9 samples
were analysed using the centrifuge method; and 3 of these 9 samples, plus an
additional sample, were analyzed using the gas-drive method. The conversions
for the unsaturated hydraulic conductivity calculations are as follows:

" Saturated hydraulic conductivity (cm/s) = saturated permeability
(mD) x 980 (cm/s) x 9.87 X 10712/0.01002 (poise); unsaturated hydraulic
conductivity (cm/s) = [saturated permeability (mD) X relative permeability
fraction] x 9.87 x 1022 x 980 (cm/s)/0.01002 (poise). Related graphical
representations are shown in appendix I.

Water-Retention Curves

Water retention, or matric potential versus water content, is listed in
tables 5 and 6. Volumetric water coatent at various matric potentials for
11 core samples is listed in table 5. All tests were run by CLI. Porous
plate (pressure plate) values were obtained using a pressure extractor.
Water-retention values listed in table 6 were obtained by USGS-P using
mercury intrusion porosimetry on nine vertical core samples. Related graphi-
cal representations of water-retention data are shown in appendix II.
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Table 2.--Physical properties of core samples: Porosity,
grain density, and bullk density

[All porosity and grain density measured by gas pycnometry unless otherwise
noted; A, value obtained by Akchimedes' principle; M, volume of sample
measured by caliper and calculated; cm3/cm?, cubic centimeter per cubic
centimeter; g/cm3, grams per cubic centimeter; --, no data)

Sample Porosity Grain density Bulk density
label (cm3/cm?) (3/cm3) (g/cn3)
1U 0.363 2.30 --
.364 2.30
1UH .387 2.30 --
.391 2.32
2u 351 2.29 --
.354 2.30
2UH .381 2.24 .-
1P . 145 2.30 -
.149 2.30
1PH .141 2.31 .-
2P .227 2.25 -
.231 2.25
2PH .266 2.25 .-
3p .362 2.32 --
.335 2.30
.336 2.31
3PH .347 2.30 -
20A .212 2.29 --
.228 2.21
20AP .260 A 2.29 A 1.69 A
‘ 1.71 M
12A 271 2.29 -
12AP .309 A 2.38 A 1.64 A
1.65 4
13A .333 2.29 -~
13AP .334 A 2.35 A 1.56 A
' 1.58 4
14A .324 2.29 -
14AP 349 A 2.21 A 1.44 A
1.44 M
16A .364 2.23 .=
16AP 333 A 2,23 A 1.49 A
1.49 M
15A .284 2.28 --
15AP .266 A 2.24 A 1.65 A
1.65 M
17A - .304 2.34 .-
.266 2.31
.280 2.26
17AH .276 2.25 --
17AP 274 A 2.29 A 1.66 A
1.67 ¥
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Table 2.--Physical properties of core samples: Porosity,
" grain density, and bulk density--Continued

Sample Porosity Grain density Bulk density
label (em3/cm3) . (g/cm3) (g/cm3)
18A 0.278 2.30 .-
.248 2.28
18AH .236 2.29 --
18AP 275 A 2.32 A 1.68 A
1.70 M
19A .363 2.35 -~
.272 2.25
19AH .283 2.22 .-
19AP .327 A 2.32 A 1.56 A
1.57 M4
8A .299 2.26 -
8AP .331 A& 2.32 A 1.55 A
1.57 M
114 .313 2.32 -
11AP .326 A 2.33 A 1.57 A
1.58 M
1A .228 2.61 -
1AP .277 2.58 A 1.87 M
TAP .287 A 2.27 A 1.62 A
.254 2.27 A 1.63 M
9A .285 2.35 --
.282 2.32
SAH .271 2.31 -
9AP .297 A 2.35 A 1.66 A
.274 2.29 1.67 M
10A .316 2.42 --
311 A 2.36 A 1.62 A
.291 2.31 1.64 M
4AP .431 A 2.41 A 1.37 A
.423 2.40 1.38 M
54 414 2.3 --
.416 2.33
427 ‘ 2.36
SAP 460 A 2.36 A 1.33 A
441 2.33 1.30 M
2A .510 2.34 --
.490 2.33
473 2.31
- .48S 2.34 :
2AP .504 A ) T 2.35A 1.17 A
.502 2.34 1.16 M

21



¥

Table 2.--Physical properties of core samples: Porosity,

grain density, and bulk density--Contiaued. NG/
Sample Porosity Grain density - Bulk density
label (cm3/cm3) (g/cm3) (g/cm3)
6A 0.364 2.33 ==
2.35
6AP 437 A 2.30 A 1.30 A
454 2.32 1.26 4
3A .443 2.33 --
e 441 2.34
443 2.34
3AH 440 2.33 --
3AP .440 A 2.33 A 1.31 A
.454 2.32 1.27 M
v 436 2.44 --
.405 2.32
1VP 419 A 2.34 A 1.36 A
.418 2.32 1.35 M
5-2 .321 2.28 .-
31 2.26
.326 2.29
5-2H .320 2.25 -
5-1B ‘ .423 2.33 . -/
4=4 .399 ) 2.37 .-
.408 2.40
4-4H 412 2.36 --
4-5 472 2.37 --
.482 2.40
4-SH .470 2.35 -
5-6 464 2.25 ~-
5-7 455 2.34 .-
4-6 .281 2.28 --
.287 2.29
4-6H .336 2.24 .-
4=-7 .355 2.27 .-
.362 2.29
4-7H .408 2.42 -
5-1 .396 2.31 -
5-1A 411 2.35 .-
5-8 .345 2.33 o=
5-9 .287 2.26 -
.308 2.23
.289 .2.28
N4
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Table 3.--Intrinsic permeability values for core samples

[All values in millidarcies; --, no data]

23

. Specific Specific
ia:p}e Ai;.l.t lenke:PiFg permeability permeability
abe permeability permeability to nonpolar oil to water
U 0.17 0.24 -- 0.01
.07 1.10
2.80 1.30
1UH 1.20 .26 0.35 .22
.25 .27
2U .35 30.50 - .01
.29 1.70
68.00 47.00
2UH 46.00 -- -- --
2UP .- .35 37.00 9.90
1P .00 .00 -- .00
.02 .00
.01
1PH .00 -- -- --
\\_// 2P .22 .03 -- .03
_ .18 .04 .04
.09 .03
2FH .30 .05 .02 .01
3p .26 .02 - .01
.36 .02 s .04
.53 .05
.20
3PH .25 .20 .05 .03
20A .02 .03 - .00
47 .00
20AP -- -- .- .07
12A .18 .04 -- .00
12AP - .- .- .02
13A .10 .02 .- .00
13AP - .- .- .02
14A .22 .01 - .01
14AP -- o= - .03
16A .20 .02 -- .02
16AP - .o - .03
154 .18 e - .01
15AP - -- -- .02



Table 3.-~Intrinsic permeability values for core samples--Continued \\_’/

, . Specific Specific
Sl il ket pemeaility  pemesbility
P v P 1ty to nonpolar oil to water
17A 0.06 -~ 0.01
.17 0.03
.08
17AH .09 .02 0.01 .01
17AP -- .- - .02
18A .03 .03 -- .00
.07
18AH .01 .01 .00 .01
.00
18AP -- -- _ -- .006
19A .19 -- -- .00
.14 .05 .00
19AH .28 .04 .02 .01
.07
19AP - - .- .02
8A .07 -- .00 .00
11A .06 .02 -- .00
11AP -- -- .- .02
1A .23 .04 -- .00 \"/}
7AP -- -- - .06
94 .05 .01 .- .00
: .00
9AH .04 .01 .00 -
9AP .- -- -- .00
.00
10A .09 .02 .00 .00
.12 .01
.05
10AP - -- -- .01
.005
4AP - - -- .02
' : .00
5A 132.00 - .- 41.00
142.00 100.00
SAP 129.00 - .- 159.00
2A 290.00 .- - 64.00
264.00 198.00
368.00 192.50
374.00 129.50
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Table 3.--Intrinsic permeability values for core samples--Continued
. . Specific Specific
i::gie ermﬁiz'lit Kl1nke;?;;g permeability permeability
P ity permeability to nonpolar oil to water
6A -- -- .- 242.40
3A 267.00 -~ .-’ 90.00
247.00 195.00
3AH 293.00 312.00 282.00 --
315.00 '
3AP - - -- 220.00
287.50
v 30.00 22.00 -- 14.00
34.00 17.00
1ve -- .- -- 19.20
5=2 5.50 3.21 -- 2.10
5.30
5.20
5-2H 9.50 9.16 6.90 3.30
5-1B 117.00 90.00 - .76
4-4 2.30 1.26 -- .86
4-4H 4.80 3.52 3.40 1.90
4-5 90.00 33.00 -- 20.00
92.00 89.00 51.00
93.00
4-S5H 111.00 111.30 94.00 74.00
5-6 35.00 33.00 -- 20.00
5-7 32.00 29.00 -- .69
4-6 53.00 58.00 -- 29.00
78.00
152.00
4-6H 29.00 23.40 19.00 8.70
4-7 21.00 21.00 -- .46
17.00
4-7H 27.00 3.00 -- 2.20
5-1 42.00 43.00 -- 14.00
45.00 -
5-1H .- -- .- 2.20
5-1A 247.00 210.00 - .67
5-8 2.40 .60 -- .46
5-9 223.00 308.00 -~ 140.00
362.00 184.00
350.00
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Table 4.--Relative permeabdility and corresponding calculated unsaturated
hydraulic-conductivity values '

[mD, millidarcies; cm/s, centimeter per second; relative permeability

(fraction), relative permeability to water, fraction]

Hydraulic Perme- Percent Relative Hydraulic
Sample conductivity ability - perme- conductivity
label saturated saturated sa%u ability unsaturated
(cm/s) {(mD) ration (fraction) {cm/s)
GAS-DRIVE METHOD RESULTS
5-2 5.31x10°8 5.5 100.0 1.0 5.31x10° %
88.8 .124 6.58x1077
87.0 .038 4.67x10°7
85.9 .069 3.66x10°7
84.9 .056 2.97x1077
82.7 .033 1.75%10° 7
80.7 .019 1.01x1077
79.0 .013 6.90x10™ 3
77.7 .0084 4.46x1078
76.4 .0050 2.65x10° 8
74.7 .0035 1.86x1073
73.2 .0019 1.01x107 3
71.8 .00073 4.14x1079
70.9 .00039 2.07x10°?
3P 2.90x10° 8 .03 100.0 1.0 2.90x10° 3
87.8 .541 1.57x10°8
83.7 421 1.22x10° 3
78.7 .300 8.69x107?
72.3 .162 4.69%x1079
68.4 .097 2.81x1079
65.6 .063 1.82x1072?
63.2 .040 1.16x1079
61.4 .026 7.53%x10 10
59.9 .017 4.92x10°10
58.3 .0097 2.81x10710
57.2 .0057 1.65x10~10
_ 56.4 .0036 1.04x10710
v 1.75x10° 3 18.1 100.0 1.0 1.75x10° 3
89.4 .075 1.31x1078
838.1 .052 9.09x10°7
87.4 .043 7.51x1077
86.8 .037 6.46x1077
86.2 .031 5.42x10° 7
84.8 .019 3.32x1077
83.5 .012 2.10x10°7
82.7 .0088 1.54x1077
31.5 .0062 1.08x1077
79.3 .0022 3.84x1078
78.4 .0015 2.62x10°3
76.9 .00066 1.15%10°8
76.1 .00038 6.64x109
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Sample
label

)

\\-’/ Table &4.--Relative permeability and corresponding calculated unsaturated
hydraulic-conductivity values-~Continued
Hydraulic Perme- Percent Relative Hydraulic
conductivity ability satu- perme= conductivity
saturated saturated . ability unsaturated
(em/s) (mD) ratien (fraction) (cm/s)
GAS-DRIVE METHOD RESULTS--Continued
9.65x10"° 0.01 100.0 1.0 9.65%10 9
76.7 .172 1.66x107°
74.2 .137 1.32x107°
72.5 .121 1.17x10°°
67.1 .070 6.76x10710
63.6 .037 3.57x10710
62.0 .029 2.80x10710 .
59.0 .017 1.64x10710
57.1 .010 9.65x10 1!
56.0 .008 7.72x10” 11
52.8 .0036 3.48x107 11
51.3 .0014 1.35x10711
CENTRIFUGE METHOD RESULTS
5.31x10° 6 5.5 100.0 1.0 5.31x10°6
72.0 .034 1.81x1077
71.8 .033 1.75%x10° 7
70.5 .024 1.27x1077
68.2 .020 1.06x10°7
65.5 .010 5.31x10° 8
63.0 .0061 3.24%x1078
59.9 .0034 1.81x10° 8
58.6 .0027 1.43x1078
57.2 .0017 9.03%x10°°
56.0 .0014 7.43%x107°
52.6 .00066 3.50x10™ %
51.1 .00038 2.02x10°°
50.4 .00034 1.81x10°°
46.3 .00016 8.49x10° 10
46,2 .000082 4.35x10°10
43.1 .000067 3.56x10710
42.9 .000061 3.24x10710
41.7 .000053 2.81x10710
39.4 .000028 1.49x10710
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Table 4.--Relative permeability and corresponding calculated unsaturated
hydraulic-conductivity values--Continued

Hydrauiic Perme- Relative Hydraulic
Sample conductivity ability Petcegt ‘perme= conductivity
label saturated saturated satu ability unsaturatad
(cm/s) (mD) ration (fraction) (cm/s)
CENTRIFUGE METHOD RESULTS-~Continued
2A 1.46x10" 4 151.5 100.0 1.0 1.46x10¢
86.0 .053 7.75x10°8
85.0 .046 6.73x10° 8
83.6 .033 4.83x10°8
82.6 .024 3.51x10°6
81.5 .017 2.49x1078
80.7 .014 2.05x10°%
79.5 .010 1.46x10°8
78.0 .0064 9.36x10~7
77.0 .0049 7.17x1077
75.7 .0034 4.97x1077
74.2 .0021 3.07x1077
72.9 .0012 1.75x10°7
71.8 .00068 9.94x1078
71.0 .00040 5.85x10" 8
70.2 .00021 3.07x107 3
69.5 .000072 1.05x10”8
18A 2.90x10° 9 .003 100.0 1.0 2.90x1079
97.3 .305 8.83x10° 10
96.4 .222 6.43x10° 10
95.3 .129 3.74x10°10
94.3 .079 2.29x10710
93.1 .031 8.98x10711?
92.1 .011 3.19x107 11
91.7 .0014 4.05x10712
4~5H 7.14x10° 3 74 100.0 1.0 7.14x10°3
64.1 .039 2.79%10" 8
62.4 .032 2.29x10°8
59.0 .019 1.36x1078
57.5 .014 1.00x10" 8
57.1 .013 9.29x10° 7
51.9 .0045 3.21x1077
50.5 .0031 2.21x10°7
49.9 .0024 1.71x10°7
49.0 .0020 1.43%x10°7
48.3 .0014 1.00x10”7
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Table 4.--Relative permeability and corresponding calculated unsaturated
hydraulic-conductivity values~-Coatinued

Hydraulic Perme= Relative Hydraulic
Sample conductivity ability Percent perme- conductivity
label saturated : saturated saFu- ability unsaturated
(cm/s) (mD) ration (fraction) (cm/s)

CENTRIFUGE METHOD RESULTS--Continued

174 1.45x10°8 0.015 100.0 1.0 1.45x10°8
95.8 .578 8.37x107°

94.3 .506 7.33x107°

92.3 .377 5.46x10 9

90.0 .297 4.30%x107°

88.4 .221 3.20x10° %

85.3 .157 2.27x107°
80.2 .034 4.92x10710
80.0 .030 4.34x10710
78.8 .020 2.90x10" 10

77.0 .0061 8.83x10° 11

76.1 .0022 3.19x10 11
75.7 .00028 4.05x10712

5-9 1.78x10°° 184 100.0 1.0 1.78x10° S
76.9 .026 4.62x1077

72.5 .0097 1.72x1077

71.5 .0081 1.44x1077

68.9 .0053 9.41x10° 8

67.5 .0034 6.04x1078

65.8 .0028 4.97x10° 8

63.4 .0014 2.49%1078

61.3 .0010 1.78x10°8

60.1 .00047 8.35x10 9

59.1 .00042 7.46x10° 9

55.8 .00013 2.31x10°9

50.9 .0000077 1.37x10°10

1UH 2.12x10° 7 .22 100.0 1.0 2.12x10°7
81.4 .338 7.18x10°8

78.9 .292 6.20x10" 8

74.7 .218 4.63x1078

70.8 .164 3.48x10° 8

65.1 .099 2.10x10° 8

63.2 .077 1.64x10°8

. 60.1 .057 1.21x10°8
58.4 044 9.34x107®

54.2 .029 6.16x10"°

51.6 .016 3.40%1079

47.8 .0094 2.00x10°°

45.9 .0049 1.04x10°°
43.6 .0035 7.43x10710
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Table 4.--Relative permeability and corresponding calculated unsaturated

hydraulic-conductivity values--Continuead

Hydraulic Perme- P Relative Hydraulic
Sample conductivity ability erceat perme- conductivity
label saturated saturated satu= ability unsaturated
(cm/s) (mD) ration (fraction) (cm/s)
CENTRIFUGE METHOD RESULTS~--Continued
1UH--Continued 39.7 0.0014 2.97x10710
38.0 .00063 1.34x10710
37.3 .00056 1.19x10° 10
34.8 .00023 4.88x10" 11
34.7 .00021 4.46x10 11
33.8 .00013 3.82x10711
30.8 .000027 5.73x10712
4-6H 8.40%x10° 8 8.7 100.0 1.0 8.40x10°8
81.8 .061 5.12x10"7
81.2 .057 4.79%x10° 7
80.3 .047 3.95%x10° 7
78.3 .034 2.86x10°7
76.5 .020 1.68x10° 7
75.3 .017 1.43%x10° 7
74.5 .013 1.09%x10°7
73.9 .012 1.01x107
72.3 .0079 6.63x1073
71.6 .0067 5.63x10" 3
70.0 .0044 3.70x10°3
69.4 .0033 2.77x1078
66.9 .0017 1.43%x10° 8
65.7 .0014 1.18x107 8
64.7 .00094 7.89x10 9
63.7 .00810 6.80x10" 2
62.4 .00047 3.95x10 9
62.0 .00045 3.78x10° 9
61.9 .00033 2.77x10° 3
61.3 .00031 2.60x10°9
57.8 .000096 8.06x10 10
57.3 .000066 -5.54x10”10
56.7 .000050 4.20x107190
55.3 .000019 1.60x10" 10
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Table 4.--Relative permeability and corresponding calculated unsaturated
hydraulic-conductivity values--Continued

Hydraulic Perme- Percent Relative Hydraulic
Sample conductivity ability _ perme~ conductivity
label saturated ° saturated sa?u ability unsaturated
(cm/s) (mD) ration {(fraction) (cm/s)

CENTRIFUGE METHOD RESULTS--Continued

1v 1.75x10°% 18.1 100.0 1.0 1.75x10°5
95.3 .308 5.38x10°©
93.8 .230 4.02x10° ¢
g2.4 .193 3.37x10°€
g0.5 .126 2.20x10° €
88.7 .093 1.62x1076
86.6 .046 8.04x1077
85.8 .039 6.81x10° 7
85.1 .028 4.89%10 7
83.8 .021 3.67x10° 7
81.9 .0057 9.96x10” 8
81.1 .0045 7.86x10° 8
80.2 .0022 3.84x10°8
79.3 .0010 1.75x10°¢8

3P 2.90x10°¢8 . .03 100.0 1.0 2.90x10° 8
88.5 .588 1.71x10 8
88.1 .582 1.69x10 ¢
84.5 .443 1.28x10° 8
78.2 .248 7.19x10°°
75.2 .156 4.52x10°°
76.8 .152 4.41x107°
70.2 .096 2.78x10°°
66.6 .047 1.36x10 °
63.7 .033 9.57x10" 10
60.1 .014 4.06x10”10
58.5 .0078 2.26x10° 10
57.2 .0055 1.60x10° 10
54.5 .0016 4.64x107 11
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Table 5.--Watar retention for pressure plate and | /

[Water retention, in percent volumetric water content; matric

Sample Matric
laber  Method 87 0.14 0.28 0.3 0.55 0.89 1.03 1.38
v PLATE 0.93 0.91 0.86 0.76 == 0.66 ==  0.57  --

CENT. - 95 .87 <= 0.75 = 0.68 ==  0.61
CENT. - 1.00 .98 == 81 -- 69 -- --
24 PLATE -~ 1.00 .86 .67 == 63 == 60 -
CENT. -- 91 .77 -- 65 == 53 -- .41
4=5 PLATE -- 98 .98 .94  -- 61 -- 50 --
CENT. -  1.00 1.00 -- 58 == 40 - .30
4-SH  CENT. --  1.00 .90 ~- 60 -- 38 -- .28
4-6 PLATE -~ 1.00 1.00 97 - 94 -- 91 -
CENT. .- 1.00 1.00  -- 97 -- 92 == .86
4-6H  CENT. = 1.00 1.00 -- 76 .- 68 - .60
4=7 PLATE -- .97 .92 .82  -- K T 67 ==
CENT. -- 94 .78 - 69 == 63 == .55
4-7H  PLATE 96 .95 .91 .79  -- 59 - 50 --
5-9 PLATE -- .83 .16 .62  -- .58 == 55 --
CENT. -- 95 .87 == 63 == .53 .- .45
1U PLATE -- -- -- -- -- -- 78 -- .68
CENT. - 1.00 1.00 =  1.00 == 98 == --
1UH PLATE .98 .98 .96 83 - 71 - 63  --
CENT. - 1.00 1.00 -- 84 == 70 -- .63
5-2 CENT. - 1.00 1.00  -- 91 == 84 == .75
PLATE -- -- -- -- -- -- 59 - 47
CENT. -- -- -- -- -- - 1.00 - -
17a CENT. = 1.00 1.00 ==  1.00 == .98 == .97
CENT. -- -- - -- -- - 1.00 -- --
PLATE -- -- - -- - -- 91  -- .85
18A CENT. -- -- -- - -- -  1.00 == --
PLATE -- - -- -- - -- 98 == .93
3p CENT. -- -- -- -- - - 1.00 - --
PLATE -- -- -- -- -- -- 91 -- .78
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centrifuge methods on vertical and horizontal core samples

potential in bars; PLATE, pressure plate; CENT., centriufge; --, no data]

potential
1.72 2.41 2.76 3.45 4.16 5.52 6.90 8.28 13.79 34.48 68.97

- 0.47 -- -- -- - 0.41  -- -- .- -
-- -- 0.55 - 0.51 ~-- 48 -- - -- --

0.49 -- -- -- -- -- -- -- - - -
- .50 -- -- -- -- -- -- -- -- -
-- -- .32 -- 29 -- -- - - -- -
- .32 -- -- -- -- -- -- - - --
-- -- .23 -- 19 -- -- -- - -- --
-- .73 -- -- -- -- -- -- -- -- --
-- - .78 -- 76 .- - -- -- -- -
-- -- .50 -- .45 -- -- -- -- -- --
-- .61 - -- -- - -- -- -- - --
-- -- .47 - 46 .- -- - - -- --
-- 42 -- -- -- -- 37 -- -- -- --
-- -- 38 -- 33 -- -- -- -- -- --

-- -- .57 -- -= . 0.44 .42 0.40 -- -- -

-- .53 -- -- -- -- 45 -- -- -- --

-- -- .56 -- .52 -- -- -- -- -- --

-- -- .65 -- .58  -- 51 .- -- -- --
- -- .36 -- -- 27 .26, .24 -- -- --

-- - 92 == .89 == .82 == - .
1.00 - = 1.00 == == .75 == 63 .60 .33
- - 78 == == .70 .69 .68 == .

1.00 -- -~  1.00 -- - 1.00 -- 1.00 .65 .54
-- - 88 == -- .84 .82 .81 -- -- -

.80 -- -- 64 == e 58 == .46 30 .22
-- -- 66 - -- 56 .55 .53 == -- --
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Table 6.--Water retention for mercury intrusion porosimetry method

[Water retention, Gv, in percent volumetric water content; matric potential,

¢m’ in bars.

Tests done at U.S. Geological Survey petrophysics laboratory,

in Golden, Colo.]

Sample 20AP Sample 18AP
ev d'm eV tl’m
0.2594 0.055 0.2747 0.088
.2589 .061 L2742 711
.2578 .070 .2737 .984
.2574 .081 .2733 1.499
.2567 .103 .2723 2.399
.2559 112 .2718 3.816
.2548 .129 .2705 4.770
.2536 .141 .2695 6.315
.2531 .152 .2685 8.177
.2523 .165 .2676 10.900
.2514 .179 .2636 15.330
.2487 .191 .2619 20.440
.2375 .301 .2551 24.530
.2255 .436 .2431 29.980
,2194 .572 .2191 37.480
.2149 .708 .1848 44.980
.2079 .981 .1686 49.060
.2039 1.253 .1577 51.790
.2003 1.499 .1500 54.520
.1983 1.772 .1436 57.240
.1956 2.181 L1424 61.330
.1907 2.590 .1385 63.380
.1886 3.135 .1324 68.150
.1866 3.680 .1257 74.960
.1837 4.634 .1235 81.770
.1822 5.452 L1192 87.230
.1795 6.815 .1183 95.400
.1733 14.310 .1087 102.200
.1716 17.720 .1067 109.000
.1702 20.440 .1050 115.800
.1678 27.260 .1017 122.700
.1643 40.890 .0999 129.500
. 1604 51.790 .0982 136.300
. 1481 59.970
.1364 66.780
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Table 6.--Water retenifdﬁ for mercury intrusion poi"osimetry method--Continued

Sample 20AP
9v ¢m
0.1318 72.230
.1254 79.050
.1193 87.230
.1156 92.680
1114 102.200
.1090 109.000
.1066 115.800
.1043 124.000
.1026 129.500
.1012 136.300
Sample 8A Sample 13A Sample 19A
S ¥ 8 Wy 8 Y
0.3306 0.057 0.3338 0.130 0.3265 0.053
.3300 .122 .3335 .302 .3256 .074
.3299 .174 .3318 .438 .3249 .089
.3296 .193 .3300 .574 .3245 .104
.3280 .329 .3281 711 .3239 115
.3252 .452 .3254 .847 .3231 .126
.3224 .576 .3243 .983 .3227 .142
.3204 .710 .3215 1.256 .3218 .152
.3147 .996 .3176 .567 .3209 172
.3116 1.256 .3106 1.908 .3206 .182
.3088 1.499 .3057 2.290 .3168 .191
.3057 1.772 .2990 2.671 .3109 .301
.3031 2.072 .2962 2.889 .2950 .437
.3000 2.453 .2943 3.135 .2881 .573
.2972 2.862 .2900 3.544 .2836 .709
.2935 3.407 .2879 3.816 .2762 .845
.2905 3.952 .2842 4.361 .2694 1.363
.2865 4.770 .2820 4.770 .2628 1.935
.2836 5.452 .2798 5.179 .2592 2.453
.2798 6.406 L2771 5.806 .2561 3.135
2777 6.951 .2732 6.815 .2517 4.116
.2749 8.177 .2711 7.251 .2491 4.770
.2713 9.540 .2673 8.859 .26467 5.452
.2681 10.900 .2620 11.580 .2436 6.815
.2630 13.630 .2593 13.630 .2383 10.900
.2586 16.350 .2526 17.040 .2362 13.630
.2546 19.080 .2479 19.080 .2334 17.720
.2493 23.170 .2422 21.810 .2314 21.810
.2442 27.260 .2350 24,530 .2292 27.260
.2369 32.710 .2286 27.260 .2267 32.710
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Table 6.--Water retention for mercury intrusion porosimetry method--Continued

Sample 8A Sample 13A Sample 19A
ev d’m eV d’m ev d’ﬂl
0.2304 38.160 0.2181 30.670 0.2236 39.520
.2216 43.610 .2014 34.070 .2195 45.660
.2123 47.700 .1897 36.120 L2131 49.750
.2061 50.430 .1781 38.160 .2031 54.520
.1954 54.520 .1700 40.210 .1894 57.240
.1889 57.240 .1653 42.250 .1861 59.970
.1811 59.970 .1606 44.980 .1791 62.690
.1765 62.690 .1559 47.700 .1717 68.150
.1713 66.780 L1512 51.110 .1646 72.920
.1667 70.870 . 1466 54.520 .1599 78.370
.1620 74.960 " .1434 58.610 .1567 81.770
.1558 80.410 .1387 62.690 .1505 88.590
.1496 87.230 .1341 68.150 .1458 95.400
.1450 95.400 .1309 74.960 .1427 102.200
.1403 103.600 .1263 81.770 .1349 109.700
.1341 111.800 .1231 88.590 .1318 122.700
.1326 118.600 .1200 95.400 .1286 129.500
.1295 124.000 .1169 102.200 .1255 136.300
. 1264 129.500 .1153 109.000
Sample 14A Sample 16A Samplé 11A
eV l"ﬂl eV q‘m av K"ﬂl
0.3476 0.046 0.3287 0.189 0.3259 0.057
.3459 .055 .3259 302 .3253 .084
.3430 .070 .3230 438 .3250 .121
.3402 .086 .3200 574 .3246 .137
.3327 .103 .3172 765 3244 .154
.3284 .119 .3110 982 .3241 .159
.3257 .125 .3077 1.132 .3238 .179
.3215 .138 .3044 1.255 .3235 .193
.3179 .152 .3004 1.417 .3222 .329
.3153 .164 .2951 1.635 .3211 .438
.3125 .178 .2931 1.772 .3190 .574
.3101 .191 .2910 1.908 .3158 .710
.2989 .299 .2887 2.058 .3133 .847
.2886 .435 .2852 2.208 .3106 1.011
.2817 .571 .2817 2.453 .3081 1.174
L2771 .707 .2779 2.617 .3043 1.363
.2674 .979 .2747 2.753 .3001 1.635
.2625 1.1156 .2717 2.889 .2960 1.908
.2542 1.363 .2656 3.216 .2924 2.181
.2509 1.499 3.571 .2881 2.453

.2565
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Table 6.--Water retention for mercury intrusien porosimetry method--Continued

Sample 14A Sample 16A Sample 11A

&v Wm ev wm e.v wm
0.2477 1,635 0.2528 3.789 0.2858 2.726
.2409 1.908 .2482 4.143 .2817 3.135
.2339 2.181 .2467 4.416 .2778 3.544
.2295 2.453 .2407 4.770 .2732 4.089
.2239 2.726 .2333 5.343 . 2694 4.634
.2187 3.135 .2303 5.724 .2666 5.179
.2150 3.407 .2244 6.188 .2619 6.133
.2107 3.816 .2184 6.706 .2589 6.815
.2069 4.089 -2110 7.373 .2511 9.540
.2035 4.498 .2035 8.177 .2438 12.270
.1991 5.179 ° .1902 9.540 .2383 14.990
. 1948 5.997 .1693 11.580 .2330 18.400
.1905 6.815 .1619 13.630 .2270 21.810
.1818 7.496 .1530 17.040 .2195 26.580
.1790 10.220 .1455 20.440 .2099 31.350
1732 12.270 .1336 24.530 .1965 36.800
: .1689 14.310 1172 28.620 . 1826 40.890
_/ .1660 16.350 .1038 34.070 .1725 42.930
.1602 20.440 .0934 39.520 .1658 44.980
.1530 25.900 .0845 45.660 .1579 47.700
.1415 32.710 .0770 51.790 .1516 50.430
1271 37.480 .0726 57.240 .1453 53.150
L1127 40.890 .0666 65.420 .1422 55.880
.1040 43.610 .0636 72.230 .1375 58.610
.0982 46.340 .0607 79.050 .1328 61.330
.0910 50.430 .0562 88.590 .1281 65.420
.0867 54.520 .0547 95.400 .1233 69.510
.0824 58.610 .0532 102.200 .1202 73.600
.0795 64.060 .0502 109.000 .1155 79.050
.0752 70.870 .0487 115.800 .1108 84.500
.0708 79.050 -0487 122.700 .1076 90.630
.0680 87.230 .0473 129.500 .1029 98.130
.0651 95.400 .0458 136.300 .0982 107.700
.0950 115.800
-0919 122.700
.0887 129.500
.0872 136.300
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STATISTICAL ANALYSES OF INTRINSIC PERMEABILITY DATA

For comparative analyses of permeability methods, it was indicated by
using the Kolmogorov-Smirnoff test (Zar, 1984) that the intrinsic permeability
data determined from the four methods were log-normally distributed. Correla-
tions of the mean squared values and the variances squared gave coefficients
of determination (r?) >0.85. In addition, a fractile diagram of the data
presented straight lines. Both of these analyses indicate log-normally dis-
tributed populations (Warrick and Nielsen, 1980). This distribution is
skewed, as are the low-flow permeability data for all three methods. Deter-
mination of this distribution for these data indicates that the data are valid
based on the idea that physical phenomena and parameters typically are char-
acterized by distributions that are log normal. This is particularly true in
geological settings and was shown to be true for permeability (Hammermeister,
1978). The geometric mean (3):

(X)) % (Xg) x ... x x)IY?, (20)

weights the values so that one high value will not misrepresent the mean of
the whole population.

In comparative analyses of subsamples involving very small sample sizes
(n), arithmetic means (X) are used for comparison along with standard devia-
tions to illustrate the variation around the mean. In comparisons involving
large sample sizes, the geometric mean (g) and confidence intervals (standard
deviations cannot be calculated for log-normally distributed populations) are
used to compare permeability methods to more appropriately represeat the popu-
lations. Because of uncertainties in the true distribution function for the
data (for example, whether normal or log-normal), analyses based on the as-
sumption of both normal and log-normal distributions are provided.

The difference between Calico Hills samples and the remaining samples is
listed in table 3, which lists intrinsic permeability values for all samples.
Calico Hills samples are designated as low flow. Also, using air permeability
as an index, these samples exhibit a range of 0.01 (or 0.00) to 2.80 mD. This
division is reasonable because the Calico Hills samples tend to have larger
clay and zeolite contents and, therefore, probably have lowar macroporosity.
Also the clay and zeolites may interact with water and additionally coatribute
to the observed lower water flow rates. The oaly other sample indicating a
lower flow rate is 10-A (0.09 mD), which has bdeen classified as bedded-
reworked tuff. Lithologic logs of the borshole from which the sample was
taken describe this particular depth interval as argillic and zeolitic and
include it as part of the Calico Hills to 1,3835.7 feet. The remaining samples
are considered to be high flow and exhibit a range of air permeability between
2.3 and 374.0 mD. '

The permeability data listed in table 7 include means, standard devia-
tions, and coefficient of variation (CV) of specific liquid permeability to
water as a function of core-sample matrix description and provide a more
detailed examination of the permeability data. Most noticeable is that the
Calico Hills sample permeability values are, on the average, three orders
of magnitude lower than all other sample permeability values.

When analyzed separately, the five different rock-unit types within the
Calico Hills vary. This may indicate valid differences among rock-unit flows.
Note also that vitric tuff samples exhibit the highest permeability values.
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Table 7.--Specific liquid permeability means, standard deviations, and
coefficients of variation for core samples as a function of core matrix

[n, number of samples used in analysis; CV, coefficient of variation;
all analyses assume normally distributed populations]

Specific permeability

Geologic Core matrix to water
unit description n (millidarcies)
Mean Standard cv
deviation
Calico Hills Vitric 2 0.291 0.290 0.997
Devitrified, zeolitized 4 .030 .021 .690
Zeolitized 8 .016 .007 428
Zeolitized, partially 4 .006 .005 .428
argillic
Bedded-reworked tuff 1 .010
Base of Tiva Vitric 2 50.01 49.99 1.00
Canyon Member Vitric, partially 1 145.90
argillic
Yucca Mountain Vitric 5 92.20 105.64 1.15
Member '
Pah Canyon Vitric 4 17.59 19.35 1.10
Member
Bedded-reworked Y 5 5.89 7.09 1.20
tuff
Topopah Spring Vitric 1 162.00
Member

The high-flow data in table 7 show much more variability as indicated by
high coefficients of variation (CV), which is the standard deviation divided
by the mean. Values of two samples from UE-25a #6 (see table 1), 4A and IV,
although from samples in different formations, are much lower than the
remaining sample values. In addition, there are three very low permeability
values, two from UE-25 UZ #4: 4-4 from Pah Canyon Member and 4-7, bedded-
reworked tuff from UE-25 UZ #5. No explanation for these low values can be
offered at this time.

Statistical analyses of intrinsic permeability data are listed for four
methods in table 8, including low- and high~flow samples, and under the assump-
tion of both normally and log-normally distributed populations. The low-flow
data are as expected, with the air permeability method measurements represent-
ing higher flow than the other three methods. The large variation in the high-
flow data seems to complicate the arithmetic means, although the geometric
means probably represent both the high- and low-flow data more accurately.
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Table 8.--Intrinsic permeability mean and standard deviation values

[mD, millidarcies]

Air Klinkenberg Nonpolar Specific
.perme- perme- oil permeability
ability ability permeability to water
(mD) (mD) (mD) (mD)
LOW FLOW
Assumed normally
distributed
Mean (X) 0.199 0.043" 0.044 0.044
Standard .225 .056 .088 .124
deviation
Assumed log-normally
distributed
Mean (3) .129 .025 .007 .011
HIGH FLOW
Assumed normally
distributed
Mean (x) 40.41 84.76 81.06 53.79
Standard 111.78 105.55 105.76 76.99
deviation
Assumed log-normally
distributed
Mean (3) 50.08 30.32 25.97 7.13

The Klinkenberg method for determining intrinsic permeability requires
gas permeability measurements at each of several confining pressures. The
change in permeability over the range of confining pressures used on 12 cores
is listed in table 9. The values are related to core-matrix description. In
the first six samples, there is a large percent change in permeability, 66 to
83 percent, over the range of confining pressures induced on those cores. The
second six samples do not show large permeability changes. The integrity of
the core matrix under pressure may be questioned when considering the large
changes in sample permeability values. Zeolitized matrices occur in samples
within the range of permeability changes whereas the three partially vitric
cores all exhibited large changes in permeability with increased coafiaing
pressure. Differences in permeability values due to confining pressure may
not pose a problem because this method accounts appropriately for in-situ
overburden pressures.

Horizontal and vertical core intrinsic permeability values are listed in
table 10. Means and standard deviations indicate little difference between
data from vertical and horizoatal core. The data also were regressed, and
coefficients of determination (r?) are listed. Correlations are fairly strong
between the vertical and horizontal data for both the low- and high-flow
samples.
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Table 9.--Reduction in Klinkenberg permeability values as a function of
confining pressure for various rock matrix types

am—

Sample Depth ggﬁ:;ﬁ::g Ci:;;:nzn Core matrix
label (meters) range (psi) permeability description
14A 1,880.3 300-900 88 Zeolitized
2P 1,398.2 300-900 82 Partially vitric
16A 1,932.5 300-400 80 Zeolitized
3P 1,516.3 300-900 70 Partially vitric
1P 1,329.0 300-900 67 Partially vitric
14 1,785.6 50~200 66 Zeolitized, partially
argillic
13A 1,792.3 50-200 29 Zeolitized
11A 1,700.0 300-900 22 Zeolitized, partially
argillic .
174 2,076.0 300-750 19 Zeolitized
12A 1,756.9 300-900 17 Zeolitized
10A 1,801.5 300-%00 9 Bedded, reworked
18A 2,168.6 300-750 7 Zeolitized

Table 10.--Intrinsic permeability means and standard deviations, regression
equations, coefficients of determination, and standard error of estimate
for vertical permeability (y) for low- and high-flow core samples

{Values represent all cores that had both vertical and horizontal measurements
and include all determination methods; mD, millidarcies; n, number of
samples; r?, coefficient of determination; SEE, standard error of estimate
for vertical permeability (y))

Vertical Horizontal
permeability (y) permeability (x)
(=D) (mD)
Low flow Mean 0.15 0.13
Standard deviation .26 .25
n . 8
High flow Mean 40.96 42.78
Standard deviation 61.88 74.30
n S
Regression equations r? SEE
Low flow  y = 0.006 + 0.841 x 0.730 0.140
High flow y = =-3.161 + 1.122 x 0.873 28.230
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Regressions established between the methods of intrinsic permeability
determination for low- and high-flow samples are listed in table 11. Coeffi- \_,/
cient of determination (r2) values express the proportion of the total varia-
tion in the values of the variable y that can be accounted for or explained by
a linear relation with the random variable x. These values are very high for
all regressions, which implies little need for expensive detailed measurements.

Table 11.--Regressions of intrinsic permeability data for
four methods of determination

[Samples having data for all four methods were used, and all replicates
were included. All values are in millidarcies]

Methods R io Coefficient of Standard
regressed egression determination error of
(x versus y) equation (z?) estimate
Klinkenberg compared
to air .
Low flow - y = -0.014 + 4.291 x 0.995 0.02
High flow y = 17.247 + 0.861 x .973 21.19
Klinkenberg compared to
specific permeability
to water
Low flow y = -0.074 + 2,489 x . 945 05 - ‘
High flow y = <2.442 + 0.641 x .999 3.2
Klinkenberg compared to
nonpolar oil
Low flow y = -0.028 + 1.2387 x .983 .01
High flow y= 1.291 + 0.909 x .984 17.39
Specific permeability to
water compared to air
Low flow y= 0.121 + 1.632 x .944 .09
High flow y = 20.938 + 1.335 x .963 24.84
Specific permeability
to water compared to
nonpolar oil .
Low flow y = 0.012 + 0.498 x .967 .02
High flow y= 4.609 + 1,421 x .989 14.56
SUMMARY

The data obtained using four laboratory methods for the determination of
permeability in rock cores showed considerable variability within the popula-
tion. The variability probably was increased by the nature of sample selection
There was, however, a significant difference between sample values from the ) '
Calico Hills formation and all other rock units. On the average, Calico Hills —/
intrinsic permeability values were smaller by three orders of magnitude.
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The mean intrinsic permeability data for the four methods showed expected
trends. Air permeability values were highest because they are not affected by
fluid properties and interactions. Klinkenberg permeability values, which
demonstrate ideal fluid permeability, were the next highest mean values.
Nonpolar oil permeability values (which introduce the density and viscosity
factors of fluids) and specific liquid permeability to water (which shows
influences of formation water viscosity, density, and formation water-matrlx

interactions) were the lowest values.

There was virtually no difference between the means in intrinsic perme-
ability values of horizontal and vertical cores. Regressions of horizontal
compared to vertical core permeability values resulted in high coefficient of
determination (r2?) values.

SELECTED REFERENCES

Amyx, J.W., Bass, D.M., Jr., and Whiting, R.I.., 1960, Petroleum Reservoir
Engineering: New York, McGraw-Hill Book Co., 609 p. (NNA.870831.0014)

American Society for Testing and Materials, 1985, Standard test method for
determination of pore volume and pore volume distribution of soil and
rock by mercury intrustion porosimetry, D4404-84: Annual Book of ASTM
Standards, section 4, Comstruction, v. 4.08, Soil and rock: Building
stones, p. 860-867. (NNA.900710.0185)

Blake, G.R., 1965, Bulk density, in Black, C.A., ed., Methods of soil
analysis--Part 1, Physical and mineralogical methods, lst ed.: Madison,
Wisc., American Society of Agronomy, p. 383-390. (NNA.900208.0031)

Blake, G.R., and Hartge, K.H., 1986, Bulk density, in Klute, Arnold, ed.,
Methods of soil analysis--Part 1, Physical and mineralcgical methods, 2d
ed.: Madison, Wisc., American Society of Agronomy, p. 363-375.
(NNA.900227.0043)

Brown, H.W., 1951, Capillary pressure investigations: American Institute of
Mining and Metallurgical Engineers Transactioms, v. 192, p. 67-74.
(NNA.900710.0187) .

Childs, E.C., 1940, The use of soil moisture characteristics in soil studies:
Soil Science, v. 50, p. 239~252. (NNA.900710.0196)

Conca, J.L., and Lane, D.L., 1988, Determination of unsaturated transport
parameters in whole rock and unconsolidated materials: Battelle, Pacific
Northwest Laboratory, Chemical Systems Analysis Sectiom, Richland, Wash.,
6 p. (NNA.900710.0199)

Constantz, James and Herkelrath, W.N., 1984, A submersible pressure outflow
cell for measurement of soil water retention and diffusivity from 5 to
95 °C: Soil Science Society America Journal, v. 48, no. 1, p. 7-10.
(HQS.880517.2642)

Corey, A.T., 1986, Air permeability, in Klute, Arnold, ed., Methods of soil
analysis--Part 1, Physical and mineralogical methods, 24 ed.: Madison,
Wisc., American Society of Agronomy, p. 1121-1136. (NNA.S00227.0043)

Hagoort, J., 1980, 0il recovery by gravity drainage: Society of Petroleum
Engineers Journal, v. 20, no. 3, p. 139-150. (NNA.%00710.0189)

Hammermeister, D.P., 1978, Water and anion movement in selected soils of
western Oregon: Ph.D. thesis, Oregon State University, Corvallis, Oreg.,
270 p. (NNA.900710.0190)

Hillel, Daniel, 1982, Fundamentals of Soil Physics: New York, Academic Press,
Inc., 413 p. (nqs 880517.1776)

43



Hoffman, R.N., 1963, A technique for the determination of capillary pressure
curves using a constantly accelerated centrifuge: Society of Petroleum \~a/
Engineers Journal, v. 3, no. 3, p. 227-235. (NNA.900710.0191)

Klinkenberg, L.J., 1941, The permeability of porous media to liquids and
gases, in Drilling and Production Practices: New York American Petroleum
Institute, p. 200. (HQS.880517.1787)

Klute, Arnold, 1986, Water rstention--laboratory methods, in Klute, Arnold,
ed., Methods of soil analysis--Part 1, Physical and mineralogical
methods, 2d ed.: Madison, Wisc., American Society of Agronomy,

p. 635-662. (NNA.900227.0043)

Montazer, P., and Wilson, W.E., 1984, Conceptual hydrologic model of flow in
the unsaturated zone, Yucca Mountain, Nevada: U.S. Geological Survey
Water-Resources Investigations Report 84-4345, 55 p. (NNA.370519.0109)

Nimmo, J.R., Rubin, Jacob, and Hammermeister, D.P., 1987, Unsaturated flow in
a centrifugal field--Measurement of hydraulic conductivity and testing of
Darcy's law: Water Resources Research, v. 32, no. 1, p. 124-134,
(NNA.870729.0073) - :

Owens, W.W., Parrish, D.R., and Lamoreaux, W.E., 1956, An evaluation of a gas
drive method for determining relative permeadbility relationships:
American Institute of Mining and Metallurgical Engineers Transactions,

v. 207, p. 275-280. (HQS.380517.2815)

Purcell, W.R., 1949, Capillary pressures--Their measurement using mercury and
the calculation of permeability therefrom: American Institute of Mining
and Metallurgical Engineers Transactions, v. 186, p. 39-46.

(NNA.890522.0236)
Richards, L.A., 1931, Capillary conduction of liquids in porous mediums:
. Physics, v. 1, p. 318-333. (NNA.890522.0232) /
Scheidegger, A.E., 1957: The Physics of Flow through Porous Media: New York,

Macmillan, 353 p. (NNA.900710.0192)

Scott, R.B., and Castellanos, Mayra, 1984, Stratigraphic and structural
relations of volcanic rocks in drill holes USW GU-3 and USW G-3, Yucca
Mountain, Nyes County, Nevada: U.S. Geological Survey Open-File Report
84-0491, 127 p. (NNA.890804.0017) ‘

Skuse, Brian, 1984, Capillary pressure measurements in reservoir rock cores
using the centrifuge: Palo Alto, Calif., Applications Data, Beckman
Institute, Inc., 4 p. (NNA.900710.0193)

Slobod, R.L., Chambers, Adele, and Prehn, W.L., Jr., 1951, Use of centrifuge
for determining connate water, residual oil and capillary pressure curves
of small core samples: American Institute of Mining and Metallurgical

‘ Engineers Transactions, v. 192, p. 127-134. (NNA.900710.0188)

Van Spronsen, Engel, 1982, Three-phase relative permeability measurements
using the centrifuge method, in 3rd Joint SPE/DOE Symposium oa Enhanced
0il Recovery: Tulsa, Society of Petroleum Engineers, p. 217-240.
(HQS.830517.2394)

Warrick, A.W., and Nielsen, D.R., 1980, Spatial variability of soil physical
properties in the field, in Hillel, Daniel, Applications of Soil Physics:
New York, Academic Press, p. 319-344. (NNA.900710.0194)

Zar, J.H., 1984, Biostatistical Analysis, 2d ed.: New Jersey, Prentice-Hall,
718 p. (NNA.900710.0195)

NOTE: Parenthesized numbers "following each cited reference are for U.S.
Department of Energy OCRWM Records Management purposes only and should not be
used when ordering the publication. —

44




APPENDIX I

Graphs of Relative Permeability Determined Using

Centrifuge and Gas-Drive Methods
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APPENDIX II

Graphs of Water Retention:
II-1 through II-6. Centfifuge and Porous Plate Methods

II-7. Mercury Intrusion Porosimetry
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RESULTS OF THE USE OF THE POLARIZATIOR METHOD OF ~
VERTICAL SEISMIC PROFILING (PM VSP) IN THE TERRITORY OF

THE KRASRODAR REGIOR

Ye. I. Gal'perin, Yu. D. Mirzoyan, V. Ya. Oyfa.

The work was done for the purpose of analyzing the wave fields,
bringing out the various types of waves, and atudying the velocity section
on the basis of P and § waves and determining the elastic properties.

PM VSP observations were made under conditions of mediums of com~
plex constitution in the West Kuban depression (Kaluzh sector) and the
mountainous part of the West Caucasus (Ubinka sector), under conditionms
of diapir tectonics on the Taman' (Fontalov sectér), and also under plat-
form conditions (Kushchevek®ys sectar), and others.

1. Study of wave fields. The southern edge of the West Kuban dep~

ression. Deposits ffom Mesozoic to Miocene, inclusive, enter into the
make-up of the folds of the Kaluzh anticlinal zone on the southern edge of
the West Kuban depression. Reflections from horizons in the Oligocene-Neo-
gene complex are relatively stable and persistent over the sector. At
large times (Eocene, Paleocene, Cretsceocus) the record is complicated by
i agquds Lo

wave interference caused by the curvature of the reflecting boundaries &nd
by faults. Under these conditions the waves are not resolved by tradition-
al methods.

PM VSP observaticns were carried out in the Kaluzh #60 hole to a

depth of 2000 m, from two shotpcints4L500 and 900 m from the hole. The

vibrations were recorded by a three-point, three-component sonde with time-

pulse modulation. Polar-positional correlation, using an array of 23 seis-

28
wograms of fixed components, provided reliable distinction and tracing of

2.3\, 1.2.3
Encl. T
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direct (P and S) and reflected (PP and SS) waves.
In contrast to Z seismograms, the direct longitudinal wave P ig traced

on the records of the follow—-up components (P)-along the whole profile (Fig.

1). The direct S wave from both shotpoints was recorded at times of 1.2

and 1.5 sec, respectively. The § wave was most reliably distinguished om

'u.o
gseismograms obtained from blasting material 59?{fzi)

. " Y O 0-. :-: -'-."v-'-'y.'\u.‘"- n. ::... . —_
Fig. 1. Seismogram of ‘Ses=x components (Kaluzh #60 hole, I = 500 m).

Longitudinal reflected waves PP are characterized by relatively high
intensity. At times up to 3.8 sec, up to lq;;2 reflections are observed,
related to Neogene-Paleogene deposits. These waves, reflected from the
base of the lou-velocityw::;:; (or from the gurface). create an intensive

field of incident waves and numerous interference zones. Converted wvaves

*
(reflected and transient), transverse reflections, and lateral PP waves

also interfere with the distinction of PP waves. By using polar-posi~
tional correlation [PPC] it was possible to reduce the noise substantial-

ly and trace longitudinal reflections practically continuously.
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29
The regions of the follow—up components of PP waves are situated

Anoar A
in the ¢ = 30°, w = 270-360° saater (Fig. 2). Apparent P-wave velocities

"D

. ¢
Fig. 2. Sectors of follow-up waves of different
type (stereographic projection).

vary within 1900~-2400 n/s.  With a record of stable

Il Z.,---—M‘ e oadh
shape, thaysare easily Nlenci&ed_amfmg_&n-—-

nlvets(tcm\l;he different shot pointsl Lateral

wvaves with apparent velocities of 6700-7200 uw/s

are optimally recorded on the horizontal and incli-
ned components in a substantial range of times.

Converted reflected waves PS are extensively

represented in the wave field. On seismograms of

the Z component they are traced only in the begin-

nr : ning of the record to depths of 1300-1500 m. The

follow-up components for PS waves are mmly the _components Close to the
e

——————
ray plane. In most of them the PS waves are polarized as SV vibrationms.

Their maximm recording time at the surface is 3.8 gec (the record is
limited by the :‘Eth.-'“ éaco—the-compute:}, their apparent velocities increase
rapidly with depth - from 500 m/a (st the surface) to 950 mlbe (at the
bottom of the whole). The field of incident converted waves ig also inten~

ks A ?
sive,

Reflected transverse waves SS are recorded at times of 1.6 to 3.8 sec.
In this interval, up to 10 groups of vibrations are distinguished, related
to the contacts of various lithostratigraphic complexes in the seduence of

Cenozoic deposits, and deeper. Apparent SS-wave velocities vary within



N
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900-1100 m/s, and the apparent frequenc?é; are somewhat lower. Separation
of PS and SS waves on the basis of VH(;nd frequencies is complicated, but
it encounters no difficulties on the basis of the polarization criterionm,
as the regions where PS and SS waves are traced are different (Fig. 2).
SS waves are polarized as SV vibrationms.

The data obtained show that under the conditions of the highly de~
formed mediums of the West Kuban depression the use of PPC proggdea a re~-
liasle analysis of the wave field. The main types of waves are distingui-
shed and traced on v;f profiles — longitudinal (P and PP), converted (PS),
and transverse (S and SS), the joint interpretation of which can substanti-
ally enhance the precision and detail of investigations.

The data obtained on the Severskaya sector illustrate the possibili-
ties of PM VSP in analyzing the wave field in the upper part of the sectionm,
where it is very complex as a rule. Let us examine the combination of re-
corded components of vibrations in the region of the follow-up components
for various types of waves (Fig. 3). Despite the fact that the constitution
of the region is not complicated and the medium is esgentially axially sym-
wetrical, the wave field consists of a fairly large number of waves of dif-

ferent type and nature. The follow-up component of the first longitudi-

nal wave is the P component, the orientation of which coincides at every
point with the direction of the vector of displacement in the P wave and
varies along the profile, Longitudinal reflected waves are reliably traced

on the Z and R components, and whereas longitudinal reflections of ascend-

ing waves sre traced optimally on the inclined components at 0° azimuth,

———

downward-reflected longitudinal waves are traced on components with 180°

azimuth.

-
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Fig. 3. Data of FM VSP observations (garametric hole in the Severskaya
aector

a - examples of seismograms of’u componen:s. b -~ fields of follow-up
components of various types. [CGHB = hole, well] ——
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The direct transverse waves S; and S, are optimally traced oo com~
ponent 17, and reflected ascending and incident transverse waves on the
20th compoment.

Converted ascending reflected waves of PS type are traced on compo~
nents with 180° gzimuth (20th, 12th), and incident multiples on components:
with 0° azimuth (P, Z).

SP converted waves are traced on components close to Z and the Zoih.
The examples given showed the complexity of the wave field in.the upper
part of the section and the possibilities of separating it into individual

waves by studying the varicus components of the vibrations in space.

2. Study of velocities of longitudinal and transverse wave propaga=

tion. The possibility of simultanecus determination of P and S wave velo-
cities is an important feature of the polarization method. The use of PPC
in PM VSP made it possible to trace the direct longitudinal and transverse
waves continuously along vertical profiles. From the P and S waves that
are distinguished, traveltime curves of first arrivals are plotted, from
which velocities and the VP/Va ratio .are calculated.

The data obtained on various gectors indicate that the variation in
longitudinal and transverse wave velocities i:e intimately related to the
geology of the region and the litholegy of the rocks.

Depth has a considerable effect on P and S wave velocities, Gravita-
tional pressure of the overlying deposits leads to compaction of the rocks
and to an increase in their elas;icity and velocities. Thig is especially
noticeable for the easili compacted Neogené deposits, the porosity of which

is substantially reduced at low static pressures. As & result, an intensive

increase in velocity with depth is observed: from 400-600 to 900-1100 %,a
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in transverse and frem 1500 to 2700 qfh in longitudinal waves, with vertical
gradients of B, = 0.66-0.5 sec™! and BP = 0.75-0.54 sec~l,

An analogous regularity is observed in the Maykop deposits, where V,
and V, velocity values increase to 1300 and 2700 ﬁf' at a depth of 1800 m.
The vertical gradient is about the same for longitudinal and transverse
vaves and decreases from 0.55 sec™! to 0.35 sec™!, which on the one hand.
is due to compaction and on the other to a general increase in sandiness
in the Maykop beds.

The Paleogene deposits also react strongly to a change in depth.

As a result, due tq:izacic loadjg-of the overlying beds there occurs an
increase in S-wave velocities from 800 ﬂf‘ (B = 350 m) to 1300 mfs (H =
1850 m), and in P-wave velocities from 2100 to 3000 q/s. Transverse wave
velocities in the Upper Cretacecus deposits were studied in only two holes:
Cherkesskaya #3 and Mirnaya Balka #20. However, from the data of these’
holes also, an increase in V' velocity with depth is obsgerved, from 900~
1100 to 1700-1900 mfs at depths of 200-1200 m. Longitudinal wave veloci-
ties at comparable depths ';&h&h"zn 2550;‘:200 uys.

For the Lower Cretaceous deposits, the dependence of Vp and Vg on
change in depth is more strongly manifested than in the Upper Cretacecus
deposits. Here Vg velocities sewsa from 1000 to 2000 mfs in the 100-2600
n depth interval, and longitudinal wave velocities from 2400-2600 to 4200
ufh.

There ig little information on S—-wave velocities in the Jurassic;
they have been studied only in one hole, Cherkesskaya #3. These dats show
that the character of velocity variation with depth is much less clearly

expressed in the Jurassic deposits and the fluctuations are fairly sub-
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stantial in a relatively small depth range (1200 m), especially in longi-
tudinal vaves (Vp = 3500-4500 aﬁa. Vg = 1200-1500 mf;). and to a fairly
large extent are caused by the lithologic composition of the rocks.

On the whole it can be observed that the particulars of the geology
determine the values and range of variation of formation velocities. The
highest V, and Vg velocity values are obtained in holes in the mountzinous
part of the Caucasus, where the section consists of dense Cretacecus and '
Jurassic rocks.

Very low longitudinal and transverse wave velocity values are obser—
ved in the ur;:ﬁpe::‘o;s deposits of the Taman' and in individual sectors
under platform conditiocns (Il'inskaya, Kamenskaya, etc.). In sectors in
the marginal zones of depressioms, both longitudinal and transverse geismic
wave velocities are somewhat higher than on the Taman' and on the platform,
and are intermediate in value.

Differences in depth of rocks of the same age in different regions
of western Ciscaucasia also cause considerable variations in average velo-
cities of longitudinal and transverse waveg. .

The sandy-shaly Neogene-Paleogene deposits are characterized by low
values of Vegv* They increase slightly with depth -~ from 400-500 to 700~
800 mfn (Fig. 41. The Mesozoic deposits have a higher level of average
velocities ~— 750-1000 3£a in bedrock beneath the low-velocity layer and
1500-1600 9’3 dt dépths to 2500 m. For longitudinal waves, larger gradi-~
ents of Vay(H) are noted for the first 600 m, due to the great variability
of velocities in the upper part of the section. Deeper, the P and S wave
velocity variations become similar, and the V., (H) curves stabilize at

practically the same vertical gradients. The VP/V. velocity ratioc in the



0
”0o
1000
o
|
" o)
ad . . 3
N NI PN
LR

7000 2508 'Jﬁi"’?ﬁa’ >-VetA

- . I —

. Pig. &. Results of study of P and 8 wave velocities in 20 holes in western
Ciscaucaaia.

a - graph of average velocities of 8 (1) and P (2); b - dependence of V, ve-
locities on V,; c -~ dependence of the V,/V4 ratio on V (1 - Neogene-Oligocene
deposits, 2 = Paleogene~Upper Cretaceous, 3 = Lower Cretaceous).
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part of the section studied varies from 3.8 to 1.7 (Fig. 4c), which is

typical of t;i;;;;;:ua depositg on the whole. And for the Reogene-Paleoc~

gene deposits the range of variation of Vp/Vg is rather substantial — 3.8-

2.5, and for the Mesozoic formations iz:falls vithin 2.3-1.7 in the face of

a considerable increase in longitudinal wave velocity values. :
Analysis of the ratios of transverse and longitudinal wave velocities

(Fig. 4b) showed that there is a relationship between them which may approxi-

mate a linear dependence;:

for the Heogene~Paleogene v§+P8 = «0.45 + 0.6 vp,
for the Mesozoic Vs . = =0.62 + 0.666 V.
3s

The expressions obtained characterize the average values of Vp and

Vg velocities. Analogous relationships were cbtained im R. I. Yudina's
\~—/ work (1967).

The analysis that was made showed that the character of the variation
of Vp and Vg velocities is not the same in different mediums. Sharper dif-
ferentiation of the secticn iz noted in the transverse wave velocities. On
the whole the VPIV, ratio falls off monotonicaliy with depth for the sandy-
- gshaly Neogene-Paleogene deposits. For the dense Mesozoic rocks, places
.with anomalously high and low vplvs asre ohse:;ed, related to the lithologic
(1imestones, dense sandstones, salt, etc.) and tectonic (geosynclinal re-

gions, platform conditions, etc.) particulars of the regions investigated.

3. Study of elastic parameters. The elastic parameters depend on the

structure and composition, depth and degree of deformation of the rocks.
The set of elastic parameters and their correlational tracing can be &

o anmn———

o 2~

source of information on local variations in the geologic section in space.

\\_// The elastic properties on the whole are determined by any one pair of con-
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stants: Young's modulus E and Poisson's goefficient ¢, Lamé's constants
A and u, longitudinal and transverse wave velocities Vp and Vg, which are

related by the following funetiens.(A. K. Urupov, 1967):

e Vps= Aeix -/ .2(7-0) |
T PO*E)(1-28)
; “we [ 7
- -‘G'f,?'/;'m"

where p is the density of the rocks.

In PM VSP work, simultaneous study of V, and V4 velocities is pro-
vided, i.e. information is obtained on all the elastic properties of the
medium. .

From the data on Vg and Vg velocities, Poisson's cogzé;iégﬁi vas cal-
cula:eé, and in sectors where the density of the rocks had been measured,
Young'e modulus and the shear modulus u were also calculated; from these
graphs the variations in elastic parameters with depth were plotted. From
the o(H) graph for the sandy-shaly Neogene-Faleogene deposits of western
Ciscaucasia (Fig. 5), a systematic decrease in Poisson's coefficient with
depth can be seen. And in the upper part of the section (igO-BOO u interval)
the variation in FPoisson's coé%ggg;;nc is very substantial (0.45-0.40). Be-
low that, the o(H) curve stabilizes and ¢ has values of 0.40-0.39. The va-
lues obtained for Poisson's coefficient agree on the whole with the theore-
tical values for plaétic clays and fzll within 0.45-0.38.

In the Kaluzh sector, where the secti;n consists of interbedded clays,
sands and sandstones, several layers from 200 to 800 m thick are distingui-~

shed on the basis of P-wave velocities, related to various lithostratigra-

\\"/ phic complexes. On the basis of S waves the medium is more differentiated.
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Fig. 5. Generalized results of FM VSP based on
observations in 20 deep wells in yestern Ctscau-
casia.

On the graphs (Fig. 6) there is noted an increase

in Vg velocity and decrease in the V,/V, ratioc

ENR-NEOGENE

!“" }; and in ¢ on passing into the plastic clays of:
gi - l . the Maykop. Comparison of the Vp/Vg and o para-
,mg €H£§| | meters with the E and u elasticity moduli (depth
— Ev 1200~1950 m) shows that higher values of Young's
Kau

and the ghear modulus correspond to low values

of Vp/Vg and o, this being more sharply expressed for Young's modulus. Ob-
viously a decrease in porosity and demsity of the rocks occurs as overburden
pressure increases. Therefore_ in the o(H) graphs there is observed a gene- T
ral %Z§2=;E§=§i Poisson's é::géftiii: and increase in Young's modulus with
depth., In many cases the lithology of the rocks definitely affects the elas-
tic properties of the medium. It can bepointed cut that this is the reason
for the sharp increase in Young's modulug at the boundary of ;he Chokrak
and Maykop deposits. No abrupt cﬁanges in density are observed in this part
of the section. On the whole it should be stressed that the rangé of varia-
tion of the elastic parameters vpfv,. o, E and # is due to the particulars
of the real msdium.

By Joxnt analysis of all the parameters, the section can be studied
and subdivided in sufficient detail and fully even under conditions of thin~
bedded constitution. The data obtained cn the elastic :gtameters of the me-

dium in the Kaluzh sector (see Fig. 6a) are typical of sandy-shaly forma-

tions and close to the theoretical parsmeters.
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Oa the Fontalov sector the section is less subdivided on the basis
of density and seismic velocities (Fig. 6b), inasmuch as the greater part
of it consists of a rélqtively homogenecus and thick sequence of Maykop
sediments. In such places the variations in Young's and the ahegr moduli
are more intensive (see Fig. 6b). Only v,/vp and Poisson's cﬁgég;EIEn:;
wvere ascertained for the Paleogene-Mesozoic deposits (there are no data-on
the density of the rocks). The values of V,IVP for them vary within 3.0-1.7,
and of o, frem 0.41 to 0.23, i.e. they decrease systematically with depth.

For the Cherkesskaya #3 hole the values of the elastic parameters are
determined mainly by the lithologic particulars of the section and react
well to variations in them. In particular, for the Paleogene deposits,
which consist of interbedded clays and sandstones, the values of the 4‘5‘3:5—)
ficieat o are 0.41-0.43. 1In the Upper Cretaceous limestones they increase
to 0.46, in the terrigenous clay packet of the Lower Cretacecus they dec-
rease to 0.40, and then increase to 0.43-0.44 in the dense rocks (marls,
sandstones, etc.) of the Lower Cretaceous and Jurassic.

Thus, the data obtained indicate that the use of the elastic parame-
ters of the medium can be an effective means of predicting the geologic
section, especially for studying the lithology of the rocks, their density,

etc.

CORCLUSIONS

Testing and results of the use of PM VSP in mediums with different

makeup in western Ciscaucasia make it possible to draw the following con-
= .
clusions: '
39
1. The observations made at internal points of the medium have con=

firmed that with the shots usually used in geismic surveying, transverse



-15-
vaves are stably generated in addition to longitudinal, and converted ref-
lected waves are produced on practically all nharp'bouﬁdAties. Their joint
study is of practical interest.

2. Use of PM VSP has made it possible to study the wave field under
conditions of complexly comnstituted nediumsfiiL distinguish longitudinalk,
transverse and converted waves related to boundaries situated at different
depths which are of interest in exploratiom.

3. The use of PPC in PM VSP has provided reliable distinction of di-
rect longitudinal and transverse waves and improved their tracing along the
vertical profile, and glso has offered the possibility of tracing reflected
waves directly to the reflecting boundaries, thereby increasing the relia-
bility and precision of the stratigraphic tie-in of the waves.

4, Joint study of the main types of waves distinguished (P, S, PP,
PS, SS) has made it possible to study the velocity characteristics on the
basis of longitudinal and tran;vetse wuvef)Land to obtain in.ormation on
the elastic parameters of the medium, particularly their variatioa with
depth and as a& function of the lithofacies particulars of the section.

Ye. I. Gal'perin
(IFZ AN SSSR).

Yu. D. Mirzoyan, V. Ya. Oyfa
(Krasnodarneftegeofizika" Trust)
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The wnsastursted volcasic taff benestd‘Tuccs ¥owaiain, Nevads, {s
beiag evaluwated by the U.3. Depertment of Knergy ss & host rock for o
petaatial ained geologic repesitoery for bigh-level radicactive wvasca.
Assessmeat of site suitadility meeds sa efficient asd focused investi-
gative program. A coacaptual kydrogeologic medel that sismlates the flow
of fluids through the umsaturatad zooe st Yuccs Mowstsis wes édeveloped te
gaide the program and Co provide & basis for prelimisary assessmant of site
o suitability. The study was aesde as part of the Beveds Fuclesr Vaste

: Storage Investigstions Project of the U.S. Departasst of Loergy.
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Yocca Mouatain consfats of a series eof sorth-tresding, fault-bleck
ridges composed of volcamic rocks that have am eastward tilt of sbout
$® to 10°. The camtral block of Tucca Nouatais, the primary ares being
evaluated for a potentisl cepository, {3 Dewmded by msjor staeply
dipping faults er {ault zones. The ceatral block {s less fawitad than
tha other blocks, but (s traasectsd by & fow sormal faults.

i e
N R

e )L
P RS

e g e .
IR TAHPIYE SRR E SR

Thickaess of the uasaturated zoms (s about 1,660 to 2,460 feet (300 te
750 mstars). BRased om physical properties, the recks ia the umsaturated
goae are growped (or the purpose of this peper {ate five {aforsmal bhydroges~
legic uaits. From top to bottom these umits asre: Tiva Cazyos welded usit,
Paiachrush noswelded unit, Topopeh Spring welded wait, Calico Nillas oca-
valded mit, sad Cratar Flat unit. VYelded units Dave a sssa fracturs
density of § to 40 [ractures per unit cebic metar, sess matrix porosities
of 12 to 23 percemt, matrix hydraulic coanductivities vith geometric sesas
ranging Crom 6.5 x 10°% to 9.8 x 10°® foot per day (2 x 10" ¢o 3 x 107*
artsr per day), and Dalk dydranlic cooductivities of 0.33 te 33 fset per
day (0.7 to 10 metars per dsy). The noowelded mmits hsve & mesn fracture
den.ity of 1 to 3 fractures per uait cubic estar, assa matrix pocoaities
ef 31 tn &6 percant, and gaturated hydraulic comductivitiss with ‘n-u’ic
srans. ranging from 2.6 x 10°% o 2.9 x 10° foot per day (8 x 10°* e 9 2
10°% seter per day).
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? sita

ssmmal precipitatien ot mtais 19 estimated to be
5.9 iaches (130 millimeters) per year; lese thaa 0.002 iach (0.5 willi-
aster) par yusr becamss recharye O the ssturated seas. Surface rumeff {s
{afrequent. aad of shert durstien, 8od we persanisl atreems exist (s this
ares. Precipitatiss ecturs durisg 8 {ew {atsase sterms. Vater Lafiltrates
priscipelly iste the Tiva Caayea welded wmait, but slse iste slluvisl
surficial éepesits, the Puiathruch somwelded mait, sad the Tepepad Spring
walded wait, vhare these dopeeits or @mits 4re expesed ot e laad surface.

Accecding te the coacsptumel esdel of flow {a the wmsaturated tems,
percelstise threugh the matrix priscipelly eccurs verticslly ia the welded
waits snd both laterslly sad vertically {2 the semvelded waits., Practuce
flov {s predomissat {a the Tiva Csayes walded mmit duriag {atsase pulses of
iafiltration sad ts fasignificsat ts the Topeped Spring welded wait, except
aser the wpper coantact and sesr the structuril festures. Tamperary develop-
seat of perched vatsr is pessidle sesr the structural festures vithia and
sbove the moowelded uaits. This water draiss iste tha structural features,
sad such of (L travels dicectly te the wvatesr tadle.

Iatroduction

Yucca Mewntsia, Nevada, is coe ef several sitss uader counsidecztion dy
the U.S. Department of Knergy ss the Natioca's {irst mined geologic reposi-
tory four staring bigh~level ouclear wastes. Tha U.S. Geelogical Survey has
been coaducting hydrologic, geelogic, and geophysical imvestigaviocas st
YTuccs Mowatais and the surrousding tegiom {a erder ta belp assess the
suitability of the sits for 2 rwpository. These investigatioas are part ef
the Nevads Nuclear Vasts Storage Iavestigatioms (MWWSI) Preject and are
conductad {a cocperatiom vith the U.S. Departmsat of Lnergy, Nevada
Operatiocas O0ffice, under Interagency Agreemeat DE-A108-785T44302.

Usnder curreat conceptual designs, tbe waste would de placed withis
the thick section of wasasturated velcamic tuff that underlies Yucca
feuntain. favestigatioas sre wadervay €3 evaluate the kydrologic com-
ditions, processes, iod propertiss of the umsaturated zome st this sits.
This ceport proposes & concsptual flow medel that has been daveloped {rom
prelimisary isvestigative results and from s geseral swaderitanding ef
principles of uasaturstad-zene flow.

e of & sitory {a the Unsatursted loas

The iaitial focus of the MAEI Preject ia the late 1970's vas ts
uluate the suitability of plsciag & repesitocy ia the saturated soes
‘emsath Yucca Mewatsia. lNowever, the coacept of storiag waste ia the
Wsaturated gene had bees noted {a the literaturs f{or sesrly a decade.

rad, 1972, 1974). Later, Visograd (1931) swmarized the sdvaatages
$seciated vitk thick uasaturated tomes, with special refereace te the
Sevads Test Site. Roscheen (1983) expocded ou the concept and propesed
@eign foatares that could esheace the fselstien petsstisl of this eaviree~
SR, At Yucts Meuatain, 4 an waderstasdiag of the kydrelegic system




begsa o davelep, sad o8 2 result of the urgisg by variows compesests of
the scientific commmmity, msre careful considersties wis givea to the
wasatursted zeae. [a 1982, isvestigstive emphasis vas shiftad ts the
sasaturated gtoae.

Oue of the festures of Tucca Newntsia that persits ceas{deraticn
of o repesitery {a the massturatad seme {3 the very desp wter table,
goasrally shent 1,640 to 2,460 R (308 to 730 @) belew land surfsce
(Robises, 1384). As prepesed, the repesitery weald de
the lover part of & demsely walded fractured taff, the Topeped Spriag
Hesber of the Eiocons Pafathrush Tuff. These recks sppesr to have gee-
eschaaical preperties that permit the cosstructiiea of stadle epenisgs sad
geochemical sad thermal pregerties that are suitsble for storage of wasty
(Johastooe et al., 1984). Ia additiom, these crocks have s fracturs denaity
(Scott et sl, 1983) that prodadly promotes rapid draisage of water. Neree .
ever, & vaste package and undergrowsd facility prodadly caa be dasigaed
to eshaace watsr drainige (ats the surrvunding rocks vith oaly aiaimal
coatsct of the vater vith the vaste package (Rosedoom, 1983).

Ay ?. o

At the Tuccs Mowstatin site, the uasaturatsd zose could be s aataral .
barzier ta radiocssclide migratiom that would add to the darriers that exist -+ B
fa the saturated-toas systam. The first composent of the casaturatadezose ™ X
barrier is the very slow flux of water that octurs st Yuces Moustais. "
Bext, & saquesce of seavelded perows tuff that everlies the peteatisl best K
cock probably forms & catural capillary barrier to ratsrd tha eatzancs of :
vater {ate the fractured tuff. A similar sequesce ef noawelded tuff .
wderlies the petestial bost rock. This wederlying ncewelded tuff lecally
coatains sorptive zeolites and clays that could De an additicasl derrisr &
the dovaverd traasport of radicanclides from s repesitory to the wetsr
table.

. Altbough the geasral conditions descrided abeve prodadly exist,
details of the kydeslogic processes, coaditions, sad propectises {(a tUw
ussaturated foad are uakaowve. These detiils oeed te De knoww to cherac
tarize the sits preperly. The current lack of knowledge {s the cesult off
(1) Lack of dats, becanse of the cevoess of the focus om the unsatursted
zone; (2) insdequacy of tha geseral state of understaadisg of the phyaics ¥
of {lov (s thick, fractured-rock wnssturatsd tomes ia arid eavirooseats; .3
and (3) lack of well-estadlished techaiques for testing and evaluatiag the
bydrelogy of such uasaturated zeees. To develop the {aformstica and * S
eaderstinding oeeded to assess the su{tability of the umsaturated teas o8- A%
Tucca Nountais witdia the time frame {mposad by the nstional site<se
effort, an efficient and focussed {avestigative program needs ts de con*
ductad, and preliminary cesults need ts ba obtained quickly. A
bhydrologic ssdel is needed to guide the progras aad to provide s basis (%6
useful prelixminary sssessasat of site iategrity. o

T nrvmaw, .
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faxy wacartaisties remiis ¢o be reselved csaceruisg kydrologic coadit{ons
sad precesses. As & result, most of the ceucrpts gresented {a this ryport
are istsatiocaslly descriptive and comjectural, with little quaatitative
basis previded. Howwver, for the saka of directaess aad sisplicity of
expression, the medel 13 presentad as Lf {C wvers s trws expresaien of the
facts. The sutdors recogaice, and the resder should be ewvare, that the

sedel prodadbly is mot the ocaly reasosable descriptiom that could
be made st this peiat, asd {t cartaialy {s subject ta cevisiea aad quaatie
fication as sere dsts decoms evailabla. HNewever, the framevork presexted
in this paper provides sufficiest flexibility for futare sdjuatasats of the
bomndary coaditioss sad, thereby, asdificatioan of the model.

Tuces Nowstaia liss ia sod west of the southwestera part of tie Nevada
Test Site (NTS) (fig. 1). The KIS, used priacipally by the U.S. Departe
mat of Loergy for usdergrouad testiag of mmclesr devices, is ia Wye
Couaty, Fevada, sbout 65 ef (105 tm) serthwest of Las Vegas. The part of
the mouatais of priscipal intarest {s {aformslly tarsed the ceatral block,
as outlised {a figure 1. The ceatral dlock sppreximately corresponds to
the arsa under consideratiom by the U.S. Departaent of Loergy for s reposti-
tory, or the primary repeository aresa.

Tucca Newataisa {5 is the Great Basis physiographic province. The
saximwn sititude of the ceatral block is 4,930 €t (1,509 ). Alcag the
Wighest ridge vithin the csatral bleck (Yucca Crest, fig. 1), sltitudes
gensraily ace between 4,806 and 4,840 ft (1,463 and 1,475 a). The crest s
about 1,510 ft (460 =) abeve Jackass Flats (fig. 1) to the east, and adost
190 £t (180 a) sdeve Selitaris Cacyom te the west. Topegraphy of the
Wsuatais {3 rugged. The mesatais comsists of & saries of perth-trending
fault-block cidges uaderlsin by velcanic rocks (fig. 2) that gesarally have
m eastward tilt of 5* to 30° (Scett sad Deak, 1984). Vashes, generslly
wderisia ¥y slluvimm, dissect the meuwatain. The mejer vashes ta the
serthessters pert ¢of the wewatiis are spprsximetaly parallel o & serthweste
Leendiag strike-slip fault systes ead draia seatdeastward te Fortyxile Uesh
(fige. 1 snd 3). The wpatress reeches of saet of the wvarias are persllel
ta the dipe of the wppermest strata of the memmtais.
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The ciimts of the Tuccs Nountais sres {3 arid. Oaly recastly Mawe
asesurvasets of precipitstion been made ot Tuccs Newstain itself. Average
en infevustisw presssted by Quirisg (1983). Bearly three-feurtis of the

occurs during the coel sesesen (Octeder-April),
gesarsily oo rainfsll resuiting {rem {reatsl systams seviag threugh the
regise, and ectisisnally ss saswfall. The altitude of Yuccs Mewmtais is
tee low foc sasw to persist fer mere thas & {ow deyu. WVarsesessca precipi-
tatien geserally ecturs a8 thanderstarme. Ue peremaisl etresms exist is
the Tucca lNewatsin sred. Surface rwmeff (s {aftequent sad of shert
duratien, eccurriag ealy as & dirsct cosult of iataase precipitatiss eor
rapid sammelt.

E

Geelegically, Tacca “oustaia {1 withis the Basia snd Reage province.
The aowataia {s waderlaia for the most pact by & thick sequence of gilicic
volcaaic tuff of Miocens sge (fig. 2). Ia the mmsaturated 2oae of the
ceatral block, tirse formaticas occur beaesth the alluvium. Io des
stratigraphic erder, these are: Paintdrush Taff (including the Tiva
Caxyva, Tacca Nouatain, Pah Casyca, sad Topepsh Spring Bemders), tuffaceous
beds of Calice Rills, aad Ccatar Flat Taff (iaclsding tde Prov Pass and
Bullfrog Nawber:). The Rataier Mesa Nember of the Timber Mowntata Tuff,
vhich everlies the Paintdrush Tuf{, alse occurs lecally ia topographic loews
B8ar. tha cestral block (fig. 2). Tha Painthrush Tuff is the oculy uait
exposed 2 the ceatral dlock (fig. 2). These formaticas and their com

possat ssmberz sre distinguished stracigraphically by thefr petrographic
characteristics.

s ot -
trher emies mmmas
N .

Tha physical properties vithia each formatioa vary cossidaradly,
vhick is largely dus te varistioms ia the degree ef welding of the cuff.
The physical-property boundaries de set correspoed to rock-stracigraphic
boundsries is east cases. Uecause the physical properties largely contral
the charactaristics of water occurrssce aad {lov (s the uasaturated tose,
the rocks have been grouped into hydrogeolegic usits, based principally ea
the degree of welding. Reoesth the sllevium, five hydrogeelogic units have
been {dentified: Tivas Canyva walded wait, Paiacdrush ncevelded unit,

Topopah Sprisg welded wait, Calice Hills seswelded wait, and Crater Mlat
wmie,

Ia detail, the structural geelogy of tha Tucca Nowstsia ares {s very
Cauplex, ss raflected is the geelogic mep (fig. 2) aad the bydrogeologic
Sactions (fig. 3). The velcaaic platsss of Tucca Mewatais {s brokea iato
Stractural blocks deunded Dy sajor nesth-strikisg and Vest-dipping sermsl
Lmlts with os smch ss 330 ft (100 @) of vertical separatiom (Scott et sl.,
1903). Berthwest-striking strits~slip fsults vith simer herizostal
peration form & second type of faulting. Twe dominsat sets of fracturss
®xar oa Tucca Momstsin; cne set striles serth-nerthuest, and the other
B Rtikes sorthenertdesst. Beth fractare sets have staep s verticsl dips.
R actare dessities sre snbstantislly greatar {a welded tuff thas {a sse~

; taff (Scett ot al., 1%43).
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Yable ).--Susmsry of hydrologic properties of hydregeslogic uaite
(nodifled Lcom Hontaner and Wilsea, 1984)
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legic festures thet probebly affact (lew sigaificsstly ia

mm:-.um::‘:-uumwthpwo!lnmn‘
asdie, layeced mits propartiss, aippilng wmits

- end & doop wetar tadle. These t;c.;-u nubobl;

result {8 the eccurrence of phonsmsaa ouch 00 fracture aad matrixz flow,

cetardation of flow Wy capillary barriers, iafiltratisa tate fractured
' senee, aad veper ssvemsst. All

|

The essnecr {2 vhich [low prodadly eccurs {a the wasaturatad szoee
ot Yucca Mowstaia {3 described bervsftar, based cma: (1) Kaovledge of
the bydrogeologic frasewerk; (2) spplicatiss of the principles of gasitue-
ratad flow, iscluding those described sheve; sad (3) {aterpratation of some
prelimissry data from eegeing (ield and laderatory isvestigatices. &
datailed descriptiea of tha couceplusl sedes 2f {lov is gives ia Momtazer
and Wilsoa (1984). _

. Aversge snmmal precipitation at Tecca Hewatsia {s estimated to de
i abeut 3.9 ia/yr (150 sa/yr). [Irom asalyses of the relstiocaships asong
precipitation, recharge, and sltitade, recharge to the saturatad zoce
is coaservatively estimated ta be sbeat 0.02 in/yr (C.5 mm/yz). This
i : valoe prodadly sppreximatss oet iafiltraties, but this assumptica may
u ot be valid if the travel time throwgh the recharging pachs (structural
features, for exsmple) {3 loager thaa the duratiom of msjor phases of
climetic cycles. Lstimates of flux distridutions are susmarized as follows
(Noataser and Vilsom, 1984): (1) From 0.006 te 2*ocut & fn/yr (0.1 to about
100 ma/yt) of wvertical [lux way be occurriag ia the Patatbrusk scowvelded
wait, bat the magnitude of vertical (lux depends oa the effectiveness of
the capillery barrier at the lower coatact of tiis uait; (2) the capacity
to traaseit lataral flux ia the Paiatdrush eccvelded unit is sere tdas 4
ia/yr (100 sm/yr), aad the potsstial lataral volmmetric flov rate {s sdout
twvice the maxisum estimsted volumetric iafiltratiom rats; (3) from 4 x
10°3 o 2 x 102 1a/yr (0.1 to 0.5 am/yr) of flux could de occurrisg ia the
astrix of the Toposad Spring velded uait, bat flux ia the fractures is
eaknova; (4) flux ia the Calico Rills coswvelded mait is variadle, but
prodbadly 1s limited to 2.4 x 107 ta/yr (0.006 ma/yr) ia the dovavard
dicection; and (3) results of anslyses of the geothermel hest-flux dats
show that abeut 1 X 1073 ¢o 2 x 10°% {a/yr (0.025 te 0.05 mm/yr) of wpward
flux eccurs 1a the Topepah Spring welded wait, possidly as & cesult of
upward-mevisg vapor-saturatad sir, but the resuits are uacsrtiia because of
pessidle slternstive interpratations of the data. These analyses indicate
that the distridution of the werticil percelation {s ncauaiform {2 the
wmsatucated zoee at Yucca Beumtaia. Ia the Paiatdrush comvelded mait,
percelation rates predadly are capid sad eccur beth vertically asd late
erslly; but in the Topopah Spring welded wait, rates prodadly sre extremely
slov or eves segative.
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The geaersl caacept of flew st Tucca Howntsis {3 (llustrated ia the
section, showm is f{igure 4. Flow tireugh the sasstarated system is {afti-

atad by isfiltratien of precipitstise st the laand sarface. Vater (afile

trates priacipeily {ats the Tive Ciayea welded wsit, but slse tate the

allevims, Painthruch ssovelded wnit, sad Topepah Spring welded uait vhere

they are expesed st the lsad surface. Watar that {s aet lest by evape~
trasspirstion sad iatarflow becomss ast {afiltritien sad ssves caprdly 1
dommacd theough fractures of the Tive Canyur welded wait. The cembinstieg
of tipping beds, permmedility layerisg, sad capillary-derrisr effects

results (s sigaificant lscarsl (lew vithia the Patathrush asewelded wmait

taverd the bemading stractursl festures. Mest of tha iafiltrated watar ig
trasenittad dovuvacd ts the vatar table aleeg stractural featuyres. Soms

flow ecturs through the mstrices {rom the Paiatdirash seevelded umit iats

the enderiyiag Topepah Spring welded mait, Mot & capillacy dacrier catards

flow iats the fractures of the Topopah Spriag welded waie,

At Tecca Mouatain, cosuaifors {afiltrstioa periodically producas
soderately iztease fluzes. Uoder such (luctmations ef itafiltratfoa fateg~
sity, a zeme of traasteat flux develops assr the upper part of the
wizaturated-toee profile. At depths grestar thaa a fev tess to hundreds of
feet this traasient flux dampens out, and flew teaches & mere or less
(quasi) stasdy-stats couditioa. Ja the shallow triasiest tose, the
pbeuomsas of hystsrwsis sad sir estrapaent are active. Ooe of the effacts
of these pheswasns ls to start fracture {lov is the Tive Catyos welded mit
such esrlier {s the wettisg cycle thas weuld le predictad by the draicage
curves. Tharefore, pulses of iatiltzotion mey cause capid percolatiocan dowm
throagh the Tiva Caxyou welded xait and ‘atd the Patatdrush acowvelded uait.
Nystaresis effects say occur ia the upper ps*t of the Paintdrush somwelded
wnit and cesslt in rejection of downvard percelating wvater such goceer thas
would Ve predicted by drainage curves. These effects result {in the start
of unsacuratsd lateral flow along the coatsct betwees the Tiva Camyva X
walaed and the Paintdrush acnwvelded uails. Depeading oa tha arsal extsst :.
of the infiltratioa pulse, this latersl flow amay reach etructural festures, °
vhare developmeat of perched ground vater is pessidle. Tiis tamperarily
perched growad vatar draias fats the structural flowpaths end such of it
travels directly ta the water table; sowme of this watar meves iato the
matriz of the Printhrush acowelded uait and other umits aleag the path.

oy
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Several factors indicate that the et flux ia the Topopah Spring
velded uait is very small. [Practare flov iate the Topopak Spriag welded #
unit {s ratarded by the capillacy barrier chat exists betwees Che Puiat® -
brush soewelded uait sad this welded wait. Limitad fracturs flov asy 6T
paar the upper coutact of the Topopah Spring welded umit; however, ‘
iats the matrix disinishes the extest of fractars flow in tie desper PSSV
of this wmit. Comsideriag tha poteatial for vaper traaspert wader ge¢~
thermel gradients, the aet flux ia parts of the Topopsh Spriag velded
sey be sseller thas the dovovard liquid flux. Probably caly s essll
of the mat iafiltration {s trazseitted threagh the Topepsh Spriag W
wmit. The excess sat {afiltratica probably flows latarally {ate the 8°F
tural features, vhich, tharsfore, trazssit the Ssjer part of the
tzatsd watar.
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Capillary Pressure Measurements
in Reservoir Rock Cores Using

‘the Centrifuge

By Brian Skuse

Introduction

Capillary pressure measurements are essential for the complete
characterization of an oil reservoir. A plot of capillary pressure
vs, saturation for a rock core, called the capillary pressure curve,
can be used either to calculate reserves or in reservoir-simulation
computer routines. These curves also provide data on the ir-
reducible water saturation of a reservoir rock and the entry
pressure of oil into a water-saturated reservoir or cap rock.
Three static (non-flow) methods of obtaining capillary pres-
sure curves are the porous plate, mercury injection, and cen-
trifuge methods. The centrifuge method compares favorably
with the other methods of preparing capillary pressure curves.
The porous plate method may require weeks whereas the cen-

trifuge can take only days. Any fluid combination (gas-oil, gas- ~

water, water-oil, gas-water-oil) can be used in the centrifuge. The
centrifuge method is nondestructive and the results are reproduc-
ible. Both drainage and imbibition curves can be produced. In-
terphase pressure differences up to 1000 psi can be developed in
an air-liquid system, extending the range of permeability down to
one millidarcy (md) or less. Unconsolidated samples can be
evaluated on a centrifuge.

The seminal work on the centrifuge method is the 1945 paper -

of Hassler and Brunner. ' Slobod et a/.* demonstrated in 1951 the
virtues of simplicity, reproducibility, and speed in the centrifuge
method, and its good correlation with the porous plate method.
They also indicated the very high pressure differences attainable
between the phases. Marx* discussed the use of the centrifugeina
gravity drainage investigation. Hoffman’* performed dynamic
(time-dependent) measurements of saturation in core samples us-
ing a constantly accelerated centrifuge, with considerable time
savings. Donaldson* used the centrifuge for capillary pressure
measurements in a study of wettability. Szabo’ extended the
method to include imbibition capillary pressure curves. He also
used the centrifuge to measure electrical resistivity as a function
of saturation. Samaroo and Guerrero® used a centrifuge to
measure the effects of temperature on drainage capillary curves.

Hagoort” and Van Spronsen™ have used the centrifuge to
make two- and three-phase rclative permeability measurements.
In this application the centrifuge method mitigates both the
capillary end effect and the viscous instability of gas displacing
liquid.

Principles of the Method

We discuss here the principles of obtaining and interpreting cen-
trifuge data for the case of a drainage capillary pressure curve
and illustrate for the air-water case. A fully water-(brine)-satur- .
ated core sample is placed on a2 water-wet semipermeable mem-
brane located in a holder in a centrifuge rotor (see Figure 1). This
arrangement permits one to measure the volumes of water ex-
pelled from the core and replaced by air in the pore space. The
first data point is obtained at a low centrifugal ficld by selecting a
low rate of rotation. The expelied water volume is measured until
it no longer changes. The volume of water remaining in the core
is divided by the core’s total pore volume to give an average water
saturation value, S,.. Subsequent points are obtained by a series
of increasing rates of rotation.

At hydrostatic equilibrium the capillary pressure at every posi-
tion is equivalent to the difference in hydrostatic pressure be-
tween the phases, i.e.,

P(r) = AE& (ri = r) M

where r represents distance from center of rotation, r. the ra-
dius of the core bottom, Ap the difference between the density of
the phases, and w the rate of rotation in radians/second.

For each value of P.(r) there is a corresponding value of water
saturation S.(r) at each radial position r, and both may vary
substantially from one end of the core to the other. The essential
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Figure 1. Cross-Section of Type PIR-20 Rotor.

problem one must solve to get a capillary pressure curve is to
relate I, to its appropriate S,

Hassler and Brunner proposed a method for doing this in
19458, ' and we will illustrate their method here. They compute the
capillary pressure and saturation at the top face of the core
(r = r,). Using their nomenclature,

-

@

Pur) =z = 21 -y

and

S.(n) = S,(2).

The water saturation at the top face of the core is obtained
from the relation

S.(2) = 5; (25,.(2)] ®

Hassler and Brunner indicated that this is actually an approxi-

mation to the correct value for S,(z), accurate enough for
r/r, & 0.70, and proposed an iterative technique to improve

the approximation, not discussed further here.

The Hassler-Brunner theory rests on several assumptions that
should be kept in mind whenever interpreting data. The model is
one-dimensional. Centrifugal acceleration and fluid flow are
assumed to be parallef to the axis of the core. The assumption
that S, = 100% at r = r, is necessary, and the theory is
based on the “bundle of capillary tubes’’ model of the porous
medium.

Experimental Results
Measurement of Water-Air Capillary Pressure

The cores used in this study were 1 in. in length, | in. in diameter
and of 1000 md permeability. They were cut from a single block
of Berea sandstone obtained courtesy of Stanford University,
Petroleum Research Institute. To determine porosity, the cores
were dried 12 hours at 85 °C, weighed, vacuumed at 10 microns
of mercury for § hours, flooded with deaerated brine, and
weighed again. The weight difference between saturated and dry
cores determines porosity.

A Beckman Model LS-50P Rock Core Ultracentrifuge was
used for the measurements. This instrument is equipped with a
strobe light assembly in the rotor chamber and a viewing port in
the chamber door. The strobe flashes once during each revolu-
tion of the rotor, so measurement of extracted volume can be
made without stopping the centrifuge. The strobe can be ad-
justed to shine through a slit in any one of the rotor buckets. The
extracted water collects in a tube or reservoir (sce Figure 1).

The 100% water-saturated cores were loaded into a Type
PIR-20 rotor. Approximately | mL of dense fluorocarbon oil
{specific gravity 1.7 g/mL) had been placed in each collection
tube to form a false bottom which facilitated readings. The run
began at the lowest speed used, around 500 rpm. (The speed
selected was very low because of the high permeability of these
cores.) The rotation rate was held constant until the extracted
volume stabilized. The speed was then changed to the next higher
rotation rate. (It is essential to change each time to a higher rota-
tion rate without ever fowering the rate. Redistribution of the
fluids [hysteresis) would occur if the centrifuge were slowed or
stopped. Thus, the subscquent values calculated for water
saturation would be too low.)

Calculation of Capillary Pressure Curves

The raw data (see Table 1) were in the form of extracted volume
readings, V, vs. rotation rates in rpm (see Figure 2). Each
volume reading was converted to an average saturation 3.,
using the total pore volume of the core, V,.:

N 4 @
Sw ! Ve

The total pore volume for the Berea core No. 12 was 2.7 mL.
Each rotation rate, rpm, was converted to a pressure, Z, using

z = —E-Az ~(rz = &)

For the case of air-water, Ap = 1.0 g/mL; thus, for a 1-in. long
core run in the Type PIR-20 rotor (where r, = 8.6 cm),
z = (2.96 psi)( RPM /1000)%

The next step wasto plot z5,, vs. z (see Figure 3). Using Equa-
tion 3, where P, = z, the capillary pressure curve (Figure 4) is
generated from the data of Figure 3. The slope of the 28, vs. =
curve (Figure 3) was taken graphically.




b Table 1. Experimental Data for Berea Sandstone Core No. 12.

The estimated accuracy of the volume readings is + 0.02 mL.
The extracted water volumes were obtained from the yolume
readings by subtracting the 0.92 mL of fluorocarbon oil used to
form the lower meniscus.
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Figure 3. 2z 5,vs. 2. The dara of Figure 2 was reduced through

the procedure described under Calculation of Capillary Pressure
Curves. .

Centrifuge Yolume Extracted Sw z
Speed Readings Water Volumes )
(rpm) (mL) {mL) {psi)

437 1.10 0.18 0.93 0.565
7 1.08 0.16 0.94 0.854
683 L2 on 0.88 1.262
768 1.52 0.60 0.78 1.732
860 1.74 0.82 0.70 2.189
970 1.91 0.99 0.63 2.785
1078 2.08 1.16 0.57 3.4
7S 2.20 1.28 0.53 4,087
1275 2,28 1.36 0.50 4.312
1380 2,34 1.42 0.47 5.637
1477 2.4 1.49 0.48 6.457
1578 ‘2,48 1.56 0.42 7.343
1680 2,52 1.60 041 8.354
1865 2.60 1.68 0.38 10.296
2000 2.65 .73 0.36 11.840
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Figure 2. Extracted Water Volume vs. Rotation Rate for Berea Core

No. 12. The estimated accuracy of the volume readings is 0.02 mL.

Figure 4. Capillary Pressure Curve. This is the derivative of the line
plotted in Figure 3. Note that the irreducible water saturation of 30%
is attained at a very low capillary pressure. This correlates with the
high permeability of the core.
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DETAILED INVESTIGATIONS OF GEOLOGICAL STRUCTURES BY
SEISMIC WELL SURVEYS

Abstract

Seismic refiection observations in wells improve the
results of detailed study of complicated geological
structures. These are carried out to provide three-
dimensional interpretation.

Observations below the weathering zone increase
resolution and signal-to-noise ratio. The multi.
component registration with special regard to wave
polarisation allows onec to realiss the optimum
space-time systems for processing.

As a result of observations in wells, signal spectrum
is substantially broadened thus providing sure detec-
tion of the frequency change absorption caused by the
presence of oil and gas deposits.

Examples of a study of complicated geological
structures are presented: the cross-sections and the
contour maps, anomalies of absorption over deposits.

Résumé
L'étude des réfiexions sismiques dans les p

puits-
améliore sensiblement les résultats des étudeszdes:

structures géologiques compliquées. Les eanregistre-
ments sont réalisés de fagon 4 permettre l'mterpréu
tion en trois dimensions.

Les mesures faites en-dessous de la zone lltéréc,

augmentent le pouvoir de résolution et le rapport. .

signal bruit. L'enregistrement A plusieurs composantes:
compte tenu de la polarisation des ondes, a permis de
réaliser des systémes spatio-temporels optimals pour
le traitement.

Les mesures dans Jes puits ont permis d'étendre
sensiblement le spectre de signaux, ce qui & garanti la
détection siire des changements de la composition de
fréquences et de [I'sbsorption provoqués par la
présence de pétrole et de gaz.

A titre d'exemples d'études de structures géolo-
giques compliquées, on présente des coupes sismiques,
des cartes de structure, des anomalies d'absorption
au-dessus des gisements. ‘

——

by E. V. KARUS,
All-Union Research Institute of Nuclear Geophysics and
Geochemistry, Moscow, U.S.S.R.
L. A. RYABINKIN,
Gubkin Moscow Institute of Petrochemical and Gas
Industry, U.S.S.R.
E. I. GALPERIN,

1. INTRODUCTION

The earliest surveys were made for the determination
of average velocities and subsequent analysis in major
exploration areas. Later, suggestions were made to use
borehole surveys to locate geometrical positions of
geological boundaries.!? The industry began to usc &

Institute of Physics of the Earth, US.S.R. Academy of seismic method of exploring configurations of con-

Science, US.S.R.,
V. A. TEPLITSKIY,
All-Union Research Institute of Petroleum Geology,
USS.R.,
Yu. B. DEMIDENKO,
Ukrneftegeofizika, Ministry of Geology of the
Ukrainion S.S.R., US.S.R.,
K. A. MUSTAFAYEYV,

cealed geological bodies of & complex shape by
recording first arrivals of waves travelling between
boreholes.® Further research resulted in development
of a method of vertical seismic profiling (VSP).2~¢
The evolution of the method and the related references
have been reported in & paper submitted to the 8th
World Petroleum Congress.!

In the first place, the VSP method has made a great

Azerbaijan Branch of All-Union Research Institute of contribution to the studies of acoustic properties of

Geophysical Exploration, U.S.S.R.,
and M. B. RAPOPORT,
Gubkin Moscow Institute of Petrochemical and Gas
Industry, US.S.R.

geological media by seismoacoustic methods, which
have long since been made in the USSR and which
recently have become particularly successful.® The
development of the acoustic log? has made it possible
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to survey uncased and cased boreholes with simul-
taneous recording of wave patterns, phase-correlation
diagrams and interval time curves. This has greatly
increased reliability of velocity determination under
such complicated conditions as intensive absorption
and high interference of the casing, and has allowed
determination of shear velocities and effective
attenuation.

Special research has been made, which proved the
absence of geometrical and three-dimensional dis-
persion of velocities in a broad range of frequencies.
This means that velocity data obtained from acoustic
logs may be used in the work with seismic
frequencies.

Thus, favourable conditions have been created for
combined application of acoustic log and wvertical
seismic profiling providing & more accurate velocity
section which is a very important requirement for
detailed investigations of crustal geological structure
by seismic methods.

The successful application of the VSP method has
also initiated the appearance and development of
several prospecting modifications designed for de-
tailed exploration of complicated geological structures
rather than for studies of acoustic characteristics of
geological media. Recording of seismic waves in

boreholes at 2 remote distance from the low-velocity

zone and the ground surface has many significant
advantages which will be discussed in detail in the
sections that follow. These advantages served as the
basis for a rapid development of several prospecting
techniques which allow exploration of deep-seated
complicated geological structures with high accuracy.
The most developed and most widely used in the
USSR is a method of reverse reflection observations
(RRO),?! in which multichannel detector sondes are
lowered into the available or specially drilled bore-
holes and seismic energy is generated near the ground
surface with a preselected spacing along a line. The
resulting time (or depth) sections are corrected in
accordance with a modified shot-geophone arrange-
ment as compared with & conventional one. All the
known techniques of wave selection can be applied in
processing.
Another modification is a method of offset vertical
rofiling (OVP),!? in which & detector sonde is moved
ong the bore of & deep well and seismic energy is
generated at different points offset from the well
mouth. Large shot-to-detector distances permit CDP
stacking using an - algorithm different from the
conventional one.’® On field records obtained in
boreholes by the RRO and OVP methods, waves of
different types and classes vary in apparent velocities.

Figure 1 shows an OVP record in which one can
casily distinguish waves of different mature each
having its own apparent velocity. This facilitates
selection of the reflections characterising the structure
of subsurface formations.

08 ]

LY
-.-.:-::e —

1,04

[
.3
:'"‘.o.-ft

e

y——
STV

ey

;‘-'td-,"". Qiad
S

" "'
e

1841

Gy T
e
b3
o

(&
/ i '{{" 7

o (G
Fig. 1—A seismic record of offset vertical profiling
(OVP). Seismic waves: P,, head wave: PP,, reflection;
P,, direct transmitted wave; PP,, multiple reflection,
transmitted; PS,, exchange wave; PS,, exchange
transmitted wave (from the results of G. E. Rudenko).

In RRO and QVP data processing, seismic records
are transformed into vertical time sections of the same
type as thosc obtained from conventional refiection
or CDP surveys. Processing of OVP records is
accomplished using two types of waves: those re-
flected upwards, and those reflected and travelling
downwards from & single boundary.? The resulting
time section shows the positions of reflecting boun-
daries in the space near the borehole and facilitates
identification and analysis of primary and multiple
reflections. An example of such a section is shown in
Fig. 2. The portion to the left of the vertical line
x = 0 was plotted using the fronts of primary upward
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reflections and that to the right using the extensions
of the fronts of the same waves travelling downwards.

Transformation of OVP records into time sections
helps to eliminate the effect of noise on correlation of
line-ups when they are traced to form seismic hori-
zons. It also substantially increases the area of the
boundaries surveyed.

hx 15 10 05 O OS5 1..0 ﬁs hxX

Fig. 2—Seismic section of offset vertical profiling
(OVP) plonted from upward reflections (left) and
nwltiple transmitted reflections (right).
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2. BOREHOLE INVESTIGATIONS

If with a borehole depth of 3 km the area investi-
gated by upward reflections is 34 km, the usage of
exteasions of the fronts of these waves reflected
downwards enlarges it to 4-5-6 km3.

Successful application of borehole modifications of
a reflection method is greatly favoured by appropriate
features found in the spectra of the recorded waves
owing to the location of seismic detectors below the
Jlow-velocity zone which filters low frequencies.22 Qne-
of the typical examples of numerous frequency
analyses of the waves recorded in reverse reflection
observations (RRO) is shown in Fig. 3. .

Figure 3(a) shows a P-wave velecity curve alongside
the geological columna of the well in which. the
measurements were made. The data recorded in the
well were used for calculating the spectra of one wave.
The base of the low-velocity zone is at a depth of 20 m.
Figure 3(b) shows the spectra calculated at depths of
6 and 42 m. Characteristic values of cut-off and
maximum f{requencies at a2 0-7 level are marked by
dots. One can easily see the difference of frequencies
of the spectra maxima from 20 to 70 cm/sec. Figure
3(c) shows a relationship of the above-mentioned
characteristic frequency values versus the depth of the
well. Figure 3(d) shows a frequency response charac-
teristic of a space between the points at which the
frequency spectra were measured. One can sz¢ &
substantial slope of high frequencies suppression.

Thus, seismic detectors lowered into a well and
pressed to the walls of 2 hol: record signals which
have not yet lost the most in >rmative high coasti-
tuents of their spectra.

Another advantage of recording seismic waves in
boreholes is the fact that the detectors appear to be
compiletely protected against surface waves which are
most inteasive in conventional seismic prospecting.

However, borehole surveys possess some specific
features, one of which is recording many waves of
equivaleat intensity which arrive at the detectors from
various directions (Fig. 1). Differentiation and
identification of these waves requires application of
all available procedures of digital processing. Of great
help here is multicomponent recording which can be
easily performed in borehole surveys. It ailows
examination of wave polarisation which is carried out
under more favourable conditions than at the
surfaces.

The greatest success in the analysis of polarisation
of the waves recorded in the subsurface has been
achieved in scanning complex combinations of
various waves, in picking and following reflected
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Fig, 3—Amplitude-frequency spectra of a direct wave
recorded in a borehole: (a) lithological cross-section and
layer velocities; (b) direct wave spectra at depths of 6
and 42 m; (¢) curves of cut-off and maximum fre-
quencies; (d) frequency response characteristic of the
low-velocity layer: 1, loess; 2, loam; 3, low cut-off
Jrequencies; 4, maximum frequencies; S, high cut-off
Jrequencies; 6, spectrum at a depth of 6 m; 1, spectrum
at a depth of 42 m.
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events and in mapping such subsurface structural
features which cannot be detailed by conventional
shooting from the surface (slopes of salt domes,
diapirs, reefs, intrusions, fault zones and others).

In the case of a complex structure of subsurface
formations the directions of wave iocidence do not
only deviate from the vertical but also greatly vary
along the line of shooting. In this case, the commonly
recorded vertical component which is not related to
the direction of wave propagation loses its specific
sense which it has in surface observations.

Accuracy of identification and resolution of com-
pressional and exchange waves arriving from different
directions are increased by using a polarisation
positional correlation the main essence of which is as
follows.2?

At each recording point, three components of

8 ? 9 sec
2 3“ PRsimas -«;‘Lﬁ;@;t@ "*f

waves are repeatedly projected on to a series of

directions with different azimuths and dips. Thez for

every point and every wave we select those projections

which provide the best correlation. Figure 4 illustrates.
the possibilities of this approach. For comparison the

figure shows two records, one obtained from vertical

projections and the other from the projections selected

with the above-mentioned optimum technique.

Along with a three-component set-up, use is also
made of a uniform symmetrical array .of inclined
geophones, which has substantial advantsges-es
compared with the conventional X, Y, Z set-upx® 33

In multicomponent borehole surveys it is required
to know the actual orientation of the set-up which is
measured with the help of magnetic or gyroscopic
$ensors.

In the case of highly intensive noise, the latter is
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Fig. 4—An example of polarisation positicnal correlation of three-component borehole recording: (a) records from
vertical projections; (b) records from optimally selected projections.
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 subtracted using & technique of energy analysis of the

waves. A multi-step processing procedure of detecting
seismic events recorded in the subsurface has receatly
been worked out.®» 19

The prmcxpa.l methodological characteristic of the
procedure is a possibility of quanutatxve control of the
effectiveness of every procasmg step and an ability to
perform feedback operations.

3. ENERGY ANALYSIS

The basis of the multi-step procedure is an energy
analysis of waves which is performed both at the
initial and subsequent steps of processing.

The energy analysis consists of interpretation of
estimates of a signal-to-noise ratio p(t, ¥,) which are
obtained in a time window (¢ — T, ¢z + T, where ¢ is
a current time and 27T is an averaging interval for a
preselected set of apparent or effective velecities (V).
Regular waves are identified from the maximum
values of p(‘, V').

The estimate of a signal-to-noise ratio is obtained
as a ratio of estimates of a signal energy and 2 noise

energy:
_Em V)
V) =g vy

where estimates of signal and noise energies are

£ =55 | {[ > nte + 5]

=S nite - ug e @

k=i

{v Z W+ VD)

)

En(’v V) = NN - l)[:-f

[... S st + r.(V.»] }dx ®

Here, »(¢) is a kth trace of & VSP record, whose
model is

W=D =N+ @

where f(t — (V) is an ith regular wave with a
velocity V,, tu(V) is a delay of the ith regular wave at
the kth trace, and §,(¢) is a random noise.

It is shown that if a random noise wave {, (1) is
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normally distributed with zero mathematical expecta-
tion with a space-time correlation function of noise

Ry, {tsy 82) = M, (2,) - E{¢t2) (5

decreasing not slower than exponentially with in-
creased |k — I or |t; — ¢,), then estimates E(¢, V)
and E\(¢, ¥) arc consistent estimates of actual
energies of & signal with a velocity ¥, and of all the
other signals.

In order to determine the sigoal-to-noise: ratio of
cach wave, the estimate (4) is calculated fordifferent
values of velocity V;. A set of functions obtxined for a
given set of velocities ¥, or for & given set of traces
y() is here referred to as an energogram.

Regular noise is suppressed using a technique of
multiple subtraction. Having subtracted. the= noise:
from a set of traces y,(1) we obtain a new set of traces
Y(¢) using a recurrent procedure:

2O = () = Z W + (v,
Y& 1sP<P-1

Here, 7, (V7) is a defay of the arrival time of & Pth
noise wave identified from the results of the energy
analysis.

The effectiveness of suppressing the noise waves
with velocities ¥, is controlled by calculation of the
estimate of a signal-to-noise ratio for traces y,P+3(r)
and comparison of the ratios obtained with those
resulting from using initial traces y,(0).

Arrival times and move-outs of the waves recorded
in boreholes allow effecuve application of two
versions of the energy analysis.

In the first version. estimates of a signal-to-noise
ratio are sequentially caiculated for overlapping
groups of traces and one velocity. In this case, having
a set of functions p(t, V), one can follow regular
waves with a velocity ¥ on a length of & vertical

e,

In the second version, the estimates of a signal-to-
noise ratio, grouped into one energogram, are calcu-
lated for one group of waves and several different
velocities ¥, Having such an energogram, one can
separate several regular waves with different velocities
¥V, and evaiuate for every wave a signal-to-noise ratio,
a ratio of the energy of this particular wave to the
total energy, and a share of the noise in the total
energy.

An example of an energogram of the second type is
shown in Fig. §, which shows the result of processing
of an OVP record obtained from a remote shot point.
Such energograms resemble sum records of the CDR
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subtracted using & technique of energy analysis of the
waves. A multi-step processing procedure of detecting
seismic events recorded in the subsurface has receatly
been worked out.® 10

The principal methodological characteristic of the
procedure is & possibility of quantitative control of the
effectiveness of every processing step and an ability to
perform feedback operations.

3. ENERGY ANALYSIS

The basis of the multi-step procedure is an energy
analysis of waves which is performed both at the
initial and subsequent steps of processing.

The energy analysis consists of interpretation of
estimates of & signal-to-noise ratio p(¢, ¥,) which are
obtained in a time window (¢ — T, ¢ 4 T), where ¢ is
a current time and 27T is an averaging interval for a
preselected set of apparent or effective velocities (¥).
Regular waves are identified from the maximum
values of p(t, V).

The estimate of a signal-to-noise ratio is obtained
as a ratio of estimates of a signal energy and a noise

energy.:
é(" Vl
V)= £ V) O)

where estimates of signal and noise energies are

T t:{[ i e + "‘(V'»]z

k=i

£,(l , y!)

=3 ne+ vpbde

k=

1 +v7 K
£ V)= MV—1) I:-r {N :.Z. 13 + (V)
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Here, ,\,(t) is a kth trace of a VSP record, whose
model is

WY=L =N+ @

i=}

where f(t — t(V})) is an ith regular wave with a
velocity V,, t(V) is a delay of the ith regular wave at
the kth trace, and ¢,(¢) is &8 random noise.

It is shown that if a random noise wave §,(1) is

normally distributed with zero mathematical expecta-
tion with a space-time correlation function of noise

Ry ((t1s 82) = ME(ty) * ¢ (t2) ®

decreasing mot slower than exponentially with in.
creased Jk — /| or |t — ¢,l, then estimates Eft, V)
and EJ(t, V) arc consistent estimates of actual
energies of a signat with a velocity ¥, and of all the
other signals,

In order to determine the signal-to-noise-ratic of
each wave, the estimate (4) is calculated for-different:
values of velocity V. A set of functions obtained fora:
given set of velocities ¥; or for a given set of traces
J(#) is bere referred to as an energogram. :

Regular noise is suppressed using a technique of
multiple subtraction. Having subtracted the. noise-
from a set of traces y,(¢) we obtain & new set of traces
»(¢) using a recurrent procedure:

nrH @) =30 —— z 7 + o (V7)),
Vi 1sP<pP—1

Here, 1, (V") is a delay of the arrival time of a Pth .
poise wave identified from the results of the epergy
analysis.

The effectiveness of suppressing the noise waves
with velocities ¥, is controlled by calkulation of the
estimate of a signal-to-noise ratio for traces 3,2+ (1)
and comparison of the ratios obtained with those
resulting from using initial traces y,().

Arrival times and move-outs of the waves recorded
in borcholes allow effective application of two
versions of the energy analysis.

In the first version, estimates of a signal-to-noise
ratio are sequentially calculated for overlapping
groups of traces and one velocity. In this case, having
a set of functions p{¢, V), one can follow regular
waves with a velocity ¥ on a length of a vertical
profile.

In the second version, the estimates of a signal-to-
noise ratio, grouped into one energogram, are calcu-
lated for one group of waves and several different
velocities V. Having such an energogram, one can
separate several regular waves with different velocities
¥, and evaluate for every wave 8 signal-to-neise ratio,
& ratio of the energy of this particular wave to the
total energy, and 2 share of the noise in the total
energy.

An example of an energogram of the second type is
shown in Fig. S, which shows the result of processing
of an OVP record obtained from a remote shot point.
Such energograms resemble sum records of the CDR
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Fig. 5—A set of energograms calculated for different
apparent velocities (the second version of the energy
analysis of seismic waves recorded in a borehole).

technique (controlled directional reception). They help
to separate overlapping waves with a high level of
random noise. One can easily recognise the most
intensive events at times of 0-88 and 125 sec (velo-
cities ¥, and V,) and less intensive at times of 0-77
and 1-44 sec (velocities ¥, and V). The eveats at
0-77 and 0-88 sec were resolved only because the
procedure was repeated for different velocities V. -

4. DIRECT INDICATIONS OF OIL AND
GAS

The advantages of borchole surveys (primarily
noise suppression and broader frequency spectrum)
are also very contributory in solving lithological
problems. One of them is a problem of direct oil and
gas finding. Among the direct indications of oil and
gas pools reported in a paper to the 7th World
Petroleum Congress,2® numerous observations have
proved a relationship existing between oil and gas
pools and zones of abnormally high absorption of
seismic waves. It has also been discovered that at Jeast
in some cases not only pay formations produce this
effect but also their aureoles detected by mud logging.

Figure 6 shows curves of amplitudes corrected for
divergence of a direct wave recorded in a well (No.
982) drilled near the margins of a pool at different
depths from two shot points, SP-1 and SP-2. The
seismic rays from the second shot pass through the
pool and non-productive hydrocarbon accumulation
(aureole) above it. One can see a rapid decrease of
amplitudes in the pool where their attenuation
marked by a rate of the curve rise is one order higher.
The rays from the first shot (at the left) do not
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penetrate through the pool, and direct waves slowly
attenuate with depth.

Zones of high absorption caa be distinguished by
two mdependently determined effects, spectral and
energetic. The former implies lowering of frequencies
owing to the increase of attenuation with frequency,
and the latter general attenuation of energy with time.
The former, most widely used, allows arbitrary
amplitude control during recording permitting the use
of old records, and the latter requires specially
controlied amplitude regulation.

In order to determine absorption parameters: &
seismic record is divided into time intervals-of a
sufficiently large duration T (as compared. with
a duration of a pulse). With some assumptions and
a linear absorption versus frequency relationship an
absorption decrement g can be estimateds from-
averaged power spectra for pairs of adjacent intervals
i, fi -+ Lt‘. 18

Power spectra are calculated with the help of
either rapid Fourier transformation or autocorrelation
functions B(r) depending upon the technical means
available. To avoid errors, it is essential that the spectra
should be averaged for a large aumber of traces (a
seismic record or several common depth points).

In correlation analysis the amount of calculation is
much smaller if a bell-shaped cosine function with a
visible frequency @, is adopted as a model:

B{z) = exp (—a? - t3) - cos (w0, * 1) ©

For the next interval (f 4 1), having considered the
absorption, we obtain

By 1(7) = exp (—a? - 12) - cos (@0, 1417)

The shape of an envelope as a low-frequency function
did not change, and the visible frequency is

atyey ~— 1) 2¢
4

where #, are times of the centres of the intervals.

We see that the absorption decrement g is propor-
tional to variation of visible frequencies (or visible
perieds) of an autocorrelation function. Therefore, the
simplest parameter qualitatively characterising the
absorption is a relative variation of visible periods

ﬂETo.pl-’Too (8)
T (1}
where To, = 2n/wg, is a visible period of auto-
correlation function of an interval /, which charac-
terises the average period of seismic waves in this
interval.
Owing to its simplicity, parameter g is widely used

)

o, foy = Wgq,; —
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Fig, 6~ Attenuation of a direct wave amplitude in a hydrocarbon pool:]1, amplitudes measured from SP-1; 2, same
Jrom SP-2; 3, averaged amplitude curves used for calculating attenuation.

in practice. Using a computer, a decrement estimate
can be obtained without any significant additional
effort using characteristic points of an autocorrelation
function, for instance its first maximum. A magnitude
of the maximum B{(T,,) is measured at this point

(tr = T,,), and according to equ. (6):

To?  BiTa)
Using eqn. (7), we obtain an absorption decrement g:

2 Tojer—=Tor, Tos 1 B(T,))
EZ wvan ¢ . *in 10
T Tt =t Teres " B 9

Having obtained the first maxima of autocorrelation
functions B{T,,) for intervals with the centres ¢, and
tisys We can estimate a decrement value from the
measurements for each pair of intervals.

The same data are used to determine attenuation:

- Tt B(O)
¢ tiey — 8 B4 ,(0) (n

Attenuation can be determined without correlation
analysis, from time variation of amplitudes.

The above-mentioned assumptions of the subsur-
face layering and stationarity of waves within every
interval become unnecessary if acoustic logs are

B TP
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available for the considered depth intervals.1€ In that
case the effect of noise in the layered earth can be
taken into account using synthetic records. This
increases the accuracy of absorption estimation and
makes it possible to analyse small time intervals,
which increases the resolution.

5. CONCLUSIONS

Borehole seismic surveys are capable of delineating
the outlines of hydrocarbon pools by placing geo-
phones at the surface and making explosions beneath
the pools or the other way round.??- 12 Zones of high
absorption produced by the pools are recognised from
decreased amplitudes and frequencies of direct waves.
The displacement of 8 seismic shadow by changing
depths of shot points (or reception points) allows
estimation of the depths of pools.

If applied in producing wells, a seismic survey can
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locate internal and external boundaries of every
productive formation in a multizone reservoir. In
non-productive (dry) wells a survey can detect a pool
near the well and cutline its boundaries.

Borehole modifications of a seismic reflection
method are widely used for detailing structures in
wildcat and exploratory drilling.2? An important
application of OVP and RRO surveys is mapping
reflection interfaces in the vicinity of wildcat and
exploratory wells, particularly in deep horizons not
yet explored by drilling.

The RRO surveys are generally made along & line of
wells. They are designed to explore the boundaries in
the lower sedimentary layers hidden beneath thick
salt-bearing or carbonate formations. Applications of
an RRO method were highly successful in mapping
recfs gituated beneath salt formations in the south of
the USSR. Reflections were recorded at relatively
small depths (400-500 m) below the upper marker.
The surveys were made both in the available wildcat
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Fig. 7—Mapping of a reef beneath salt formations by reverse reflection observations (RRO): (a) RRO seismic
section; (b) geological section; 1, salt; 2, anhydrite; 3, porous reef limestone; 4, impermeable limestone; §, seismic
boundaries from RRO recording.
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wells and in specially drilled ones along extensive
lines. A high resolution of the method resulted in
reliable identification of reflections from the boundary
between porous reef limestone and compact enclosing
rocks. Figure 7 shows an example of locating a reef by
seismic data and 2 comparison with an actual geo-
logical section from drilling data. The comparison
shows & high accuracy of the RRO method.

The RRO surveys were made in wells along a line
of 7-5 km running across the strike of a structure. Two
deep wells were available and three structural wells
were purposely drilled. The distance between the
wells was 1200-1500 m. The shot points were spaced
100 m apart. A multi-geophone sonde was lowered.to

a depth of 350400 m below the base of the upper
strong limestone marker. The RRO cross-section
clearly shows a boundary of a salt formation wedged
into a space between the reefs.

Figure 8(b) shows another example of locating 2
reef beneath a salt formation in which & gas deposit
is found at & wing of a larger anticline. In this case the
measurements were made in specially drilled shallow
wells (not deeper than 300 m). The detectors were
lowered below the first marker boundary. The reef was
found to be situated between two closely spaced
reflection interfaces. The slopes of the reef-body are
well defined due to a contact of the enclosing salt-
anhydrite formations and porous limestone.

e e Ny
T — e 5 - =

Fig. 8—Mapping of a reef beneath salt formations and ecaluation of its oil and gas content: (a) absorption anomaly
along a profile; (b) RRO seismic section.
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Figure 8(a) shows an example of the application of
the above-mentioned correlation technique of direct
oil finding. The figure shows a curve resuiting from
processing the RRO data (Fig. 8(b)) obtained along 2
profile crossing a known gas deposit as was mentioned
above. Two intervals of the analysis 0-5 sec each were
chosen so that one of them (1-2 + 17 sec) was directly
above the reef and the other (1-7 4 2-2 sec) included
the top of the reef. A distinct absorption anomaly has
been obtained consisting of two maxima reaching
B = 10%. The anomaly agrees with the position of
the reef. The maximum values correspond to the ends
of the reef. This effect is also often encountered in
hydrocarbon deposits situated in terrigenous rocks.
The absorption anomaly is not very large and there-
fore could not be detected from surface shooting. It
was Jocated only by processing the data recorded in &
borehole.

The examples repomd here, though small in
number, clearly demonstrate the effect of seismic
information recorded in boreholes for mapping reefs
beneath salt formations. They reduce the amount
of drilling and save time required for estimation of
deposits. As to the application and improvement of
seismic well surveys, their future success and perspec-
tives can be predicted with certainty bearing in mind
the above-mentioned advantages of seismic recording
in the subsurface,
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Figure £(2) shows an exampie of the apphication of
the above-mentioned correlation technique of direct
oil finding. The figure shows & curve resulting from
processing the RRO data (Fig. §(b)) obtained along a
profile crossing & known gas deposit as was mentioned
above. Two intervals of the analysis 0-5 sec each were
chosen so that one of them (1:2 <+ 1-7 sec) was directly
above the reef and the other (1-7 4- 2-2 sec) included
the top of the reef. A distinct absorption anomaly has
been obtained consisting of two maxima reaching
A = 10%. The anomaly agrees with the position of
thered' The maximum values correspond to the ends--
of the reef. This effect is also often encountered in
hydrocarbon deposits situated in terrigenous rocks.
The absorption anomaly is not very large and there- -
fore could not be detected from surface shooting. It
was located only by processing the data recorded ina
borehole.

The examples reported here, though small in
number, clearly demonstrate the effect of seismic
information recorded in borecholes for mapping reefs |
beneath salt formations. They reduce the amount
of drilling and save time required for estimation of
deposits. As to the application and improvement of
seismic well surveys, their future success and perspec-
tives can be predicted with certainty beanngmmmd
the above-mentioned advantages of seismic recording
in the subsurface.
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Three-Hole Pressure Test
for Anisotropic Foundation Permeability
By
David T. Snow*
With 4 Figures

Summary — Zusammenfassung — Résume

Threc-llole Pressure Test for Anisotropic Foundation Permeability. Solutions to fluid-
distiarge or pure-pressure distribution problems in pervious foundations need not assume
irotropic permeahility if anisotropy is measured in the field. To devise a pumping test
arrangement that will measure anisotropy, @ procedure for computing the steady discharge
from. or scepage to eylindrieal cavities is derived. The eylinder analyzed may be arbitrarily
oriented with respeet to the principal permeability directions of an infinite, saturated,
anisatropic rock mass. Independent water-pressure tests in three orthogonal drill holes,
oriented along predetermined principal axes, will” theoretically measure the three principal
permeabilities. since discharge depends nearly upon the geometric mean of permeabilitics
normal to cach test hole. An equation for the errors permits closure on the correct values.

Conventional exploration-hole lay-outs can often be modified to give pressure test
data that can be analyzed for anisotropy, applicable especially where scepage, uplift or
remedial drains or curtwing are to he designed.

AbpreBversuche in drei Bohrlichern zur Bestimmung der Durchliissigkeitsanisotropie
im Baugruad. Bei der Beantwortung von Fragen ither Strimungsvorgiinge und Porenwasser-
driicke in cinem wasserdurchliissigen Daugrund dar{ dieser hinsichtlich sciner Wasserdurch-
lissigkeit keineswegs als isotrop angenommen werden, falls schon bei der Geliindeaufnahime
eine Anisotropie festgestellt wurde. Um die Anisotropic mittels eines Pumpversuches er-
mitteln zu konnen, wird ein Verfahren zur Beredinung eines gleidmiBigen Durchstrémens
oder cines Durdisickerns za zylindrischen Hohleiiumen  hin entwidkelt, Bin Zylinderhohl-
raum kann beziglich der Hasptdurdilissigkeitsrichtungen in ciner unbegrenzten, wasser-
gesiittigten und  anisotropen Gesteinsmasse  beliehig orientiert werden,  Theoretisch kann
aus unabhiingig voueinander vorgenommenen  Wassesdrudkuntersudingen in dreei normal
zucinander stehienden Bohirlidiern, die nads den zuvor bhestimmiten Hauptachsen ansgerichtet
sind, die¢ Grile der drei Hauptdurdhlissigheiten bestimmt werden, da das AusfllicBen in
ctwa vom geometrischen Mittel dee Wasserdurchliissigkeiten normal zur jeweiligen Bobrloch-
achse abhiingig ist. Fine Korrekturgleichung erlaubt die Anniherung an die richtigen Werte.

Die herkimmlichen Anoednungen von AufschluBbohrungen sollten 6fters abguitndert
werden, um Daten diber die Durchlissigkeitswerte zu erhalten und damit cine Bestimmung
der Anisotropie zu ermiglichen; besonders geeignet ist diese Methode, wenn Sidierungen
und Aaftrich bestimmt und behellsmiiBige Drainagen und Injektionsschinne entworfen wer-
den sollen. )

Essal de compression 4 la presse dans trois trous de forage pour déterminer I'an-
isotropie de perméabilité au sous-sol. Pour résoudre les probiémes d'éeoulement ou de
distribution de pression dans les fondations perméables il n'est pas nécessaire de supposcr
que F'on & unc permiabilité isotrope si 'anisotropic est mesuréo sur place. Lo systtme de

_* David T. Snow, Assistant Professor of Geology, Colorado School of Mincs, Golden,
Colorado, USA.
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pompige a ntiliser pour mesurer Fanisotropie est deteeminge & Paide d'an proedduee de

. enlenl basé sur un conulement wmilocie dins des envites exbndviguis, Le exhindoe anadysé

. clre oeienté arbitrsirement par rapport anx divections promeipades de permeatubing
e masse rochease illimitée, saturce cb anisotvope. Des omesares independantes de Ia
Pression dean dans trois trous de forage & angle droit, orientes suivant des axes prineipanx

- chaisis d'avance, déterminent theoriquement les trois perméabilités prineipales, ear Fécoules

ment est presque fonction de le moyenne géometrigque des perméabilites normales & chacan
des trous de mesure. Les éenrts des valeurs vendes dies aux erreurs sont corvigees a Uiide
d’une équation, :

Des forages conventionnels d'explorstion peuvent étre modifics de (agon & fournir des
doanées de pression, lesquelles peuvent Stre analysées en fonction de Panisotropie: cect
s'applique spécialement duns le ens de fuites, de sonlevements, ou dans le cas de construe.
tion de drains ou d'écrans d'étancheité.

Introduction

A method of pressure-testing jointed rodk to determine its anisotropic perme-
ability is the object of this paper. Current practices of analyzing tests neglect
nisotropy and heterogeneity. Solutions to boundary-value problems, to determine
flow or pressure distribution in joinuxl rodk, have thus-far been attempted by
methods designed for isotropie, intergranular-conducting media. Notable examples
include Stuart's (1933) drawdown tests for predicting shaft drainage, Thuyer's
(1962) analysis of Oroville pump-test duta and Yokota's (1963) study of potential
in the Kurobe IV dam-site. No rational basis of justifying the assumed isotropy has
been advanced, though adequate correspondence between meusured and theoretical
votentizl values is sometimes found.

More commonly we observe anomalous uplift pressures bereath masonry dams
(Richardson’s 1948 report on Hoover Dam, for instance, p. 16), wildly erratie
pressure-test discharges (Lyon's 1962 report of Oroville tests) or sporadic tunnel
infiltration (Wahlstrom and [lornback’s 1962 report on the Harold D. Roberts
Tunnel, Colorado). These are expressions of the heterogencity characteristic of
jointed rodk. As opposed to the systematic depth-varying inhomogeneity demon-
strated by Turk (1963) and applied to water-well design by Davis and Turk
(1964), heterogencous permeability encountered in jointed rock is believed due
to the process of sumpling a few clements out of a large population having great
dispersion of conductivity. It is better to attempt statistical interpretation of
jointed-rock permeability values than it is to accept the pessimism of Terzaghi
(1962), who said: )

“Water levels in observation wells located in joinmted rodk can vary over short
distunces by important amounts and the effeet that filling the reservoir will
have on the pore water pressures in the gouge seams cannot even be estimated
in advance ... the pattern of scepage is likely to be erratic ... one cannat tell
which ones (joints) are continuous over o large arca.”

‘This puaper is part of a broader work (Snow, 1965) maodeling arbitrary joint
scts with their orientations, apertures and spacings as statistical parameters, and
leading to statistical evaluations of permeability. ‘The mathematical model succeeds
in reproducing the distribution of discharge obtained by ficld tests in crystaltine rock.

With a theory to badk it, refinement in methods of interpreting pump-tests is
possible, but the data must be collected to reflect interpretable parameters of the
medium. The model study predicts three different principal permeabilities and the
oricutations of principal axes, depending on the geometry of the system. For present
purposcs, it suffices to note the finding that an orthogonal joint system should
have principal axes parallel to directions of joint intersections, with permeability
magnitudes related to the spacial frequency of intersections.
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Few field studies have demonsteated anisotropy for jointed rock, due 10 lnck
of methouds o measure it fitéractions hetween wells indieated o preferved divestion
(in plan only) of permenbility of the Sprabeery oillicld (Klkins and Skaov, 1960),
Sweep efficieney has been proposed as a means of determining anisotropy (Land-
rum and Crawford, 1960). Contours on a piezometric surface for water condueted
in fractures of the crystalline basement at the Nevada Test Site indicate high
permeability in the direction of streamline convergence (Davis, 196G3).

Improved  resolution of anisotropy  should prove it a general attribute of
fractured rocdks. by reason of their oriented planar conductors. Diamond-drill ex-
plorations can be designed 1o give measures of principal permeabilities that can
then be treated statistically to establish medians, means and dispersions of the
three heterogencous measures required. Orientation of the drill-holes must nearly
coincide with principal permeability axes, predetermined from study of joint orient-
ation. Another publication treats directional effects more fully than is possible
here (Snow, 1967).

To deseribe the orientation of three mutually orthogonal axes requires three
independent parameters, and 1o deseribe the corresponding permeabilities, three
additional. Since as many measures as unknowns are required for @ unique solution,
observable orientation data is relied upon for axial predictions, while three ortho-
gonal drill-holes are employed to measure the principal permeabilities. Three sub-
orthogonal pressure test holes can define the principal permeabilitics because
a discharge from cach long cylindrical cavity depends largely upon the permeabilities
in directions normal to the axis of the cavity, and but weakly upon the permeability
parallel to the axis.

Theoretical Development
Theory developed by Maasland (1957, pp. 218~284) for piezometer tests
in anisotropic soil is amplified and generalized for arbitrary orientations of packer
test-holes in anisotropic media. Introductory theory is summarized from his work.

The three components of macroscopic velocity in an anisotropic medium may

be expressed by Darcy's law: 5
vi = —kij 'a‘:—,’

where the repeated index signifies summation. If the tensor is oriented along
principal axes, then k;; arc the principal hydraulic conductivities, cm/sec,

@ is the head, cm, and
z; arc the coordinates.

\When substituted into the continuity equation,

dvy,
95, =0
there results 2
ki -dTT; = ().

Maasland introduces an arbitrary constant, %,, into the equations transforming
the Cartesian coordinates to a system identified by primes:
2 = (ko/kis)" z; (after Samsioe, 1931). (1)
This substitution results in the Laplace equation
pte =0.
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When boundaries are expanded or contencted by equation (1), then potential
theory Tor isotropic medin applies. (Reviews of boundary problem methods are
found in sudh texts as Collins, 1961, or Scheidegger, 1960.) The hydraulic
conductivity of this equivalent but fictitious transformed medium,

k= (kyy Fogg loxy! ky)™, (2)

was derived by Vreedenburg (1936) and modified to the above form by Maas-

land.
Kirkham (1945) gives a general equation for flow from cavities below the

water table:
Q=kSy, (3)

where @ is the flow rate, say in gallons per day,
k is the hydraulic conductivity, feet per day,
y is the net hydraulic head, feet, and

S is a cocfficient dependent upon the geometry of the cavity, the boundaries
and unit conversions. Fig. 1 (b) identifies the assumed boundaries.

Maasland gives derivations and eicctric analogue results leading to S
values for various shapes. Dachler (1936) called this cocfficient the “Form-
faktor”; Hvorslev (1951), the “shape factor”; and Zangar (1953) calls §:2
the “effective hemispherical radius”. S is a constant for piezomcters having un-
changing boundaries, and a variable for auger-holes because the boundaries change
with the water-level. In a piczometer, the hole is cased to a certain level, leaving

Water Tobdle

b

impermegble S
8oundry

Permaabdie =
Boundary ~~*=:

Fig. 1. (s) Common conditions of packer pump tests in rodk. (b) Conditions of piczometer
assumed in analysis of padker tests’ conducted in drill holes

a) Allgemeine Bedingungen beim AbpreSversuch in Bokrlodiabschnitten, b) Schema vines
Piczometers zur Analyse von abschnittweise vorgenommenen AbpreSversuchen in Bohrlichern
a) Condmons gz.ncrnlcs a un essai de comprcssxon duns la rodhe. b) Sdumu d un puaomvtrc

-aciee amaloilo ca A ~~———— N P tmmeem V. Camiien o e
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open a cxlindrical cavity of length w0 below, In rock pumping tests, water is
conduetod through drill rods 10 an open lengih of hole isolated by packers. Thus,

the customary use of S-factors derived for cased holes, whose walls above and below
the pumping cavity are steeamlines (e g, Thayer, 1962, p.6), is at best an
approximation of the actual conditions. The piczometer test could be more fuithfully -
duplicated if tests were confined to the battom of the hole, as is done in the Snowy
Mis. Hydroeleetrie Authority, one padier only applied at various stages of com-
pletion of the hole. Better still, the unneeded upper part of the hole might he
grouted or mud-filled above a drillable obstructor.

No rigorons solmtion is known or expected for packer tests, as they are
currently practiced, for the hole above the cavity is cither an equal-pressure surface
if air-filled, equipatential if water-filled, or part one and part the other. \Water
levels: within the hole are not customarily measured during tests. In Fig. 1 (a),
schematically illustrating these tests, potentials 1 and 3 differ from the chamber
potential 2, according to the length and conductivity of fracture paths short-circuit-
ing the packers through the rodk. The performance of tests sometimes discloses
leaking padiers.

Fig. 1 (h) portrays the assumed geometry that is used to analyze padker tests.
It corresponds 1o piczometer tests deseribed in the literature. The walls of the hole
are no-flow boundaries except at the eavity. It is further assumed that the quantities
of water in j(‘cl('d are so small that the water-table remains unchanged.

If the test is applied above the water-table, there is displacement of air and
water in a partially-saturated medium. Resistance and saturation increase with time.

The padker test currently gives empirical measures of discharge, believed useful
as criteria for grouting needs and grout-take estimation (Talobre, 1957, p. 153;
Grant. 1964: de Mello, 1960, p. 703), but the test gives a low-confidence
measure of permeability. This is due, in part, to the assumptions discussed ahove,
and in part, to the great variability of results common to most sites on rock.
Improvement of methods and confidence is one ohject of this work.

The dimensionless varighles describing the cavity geometry and determining
the shape factor are expressed by:

S/D = f(d/D, w/D, S/D). €3]

Frevert and Kirkham (1948) have established by eclectrical analogy that
there is very little effect of lowered water table until d is less than one diameter,
D), from the top of the cavity. The depth to an impermceable barrier, s, is scldom
known in exploration, but can usually be assumed large in comparison to D. S/D is as
insensitive to s/D as it is to d/D (Childs, 1952, p. 533). Thus, piczometer or packer
tests are best analyzed as though in an infinite medium, provided that they are
located below the water table. In such cases,

S/D = f (w/D). (5)
In particular, if the cavity is long (10/D > 8)
2xrw'D :
S/ID= Tn_%rz—lfv.bT (Glover, reported by Zangar, 1946)*. (6)

Since the derivations of Dachler, Samsioe and Glover assume a line
source, they fail to satisfy the condition of uniform potential over the surface of
a cylinder. Maasland has provided, as alternative, the shape factors for ellipsoids.

¢ Zangar (1953) rcports the derivation by Cornwell, but attributes the equation
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« Evans and Kirkham (1950) pointed out the analogy of the shape factor
k/ the clectrostatic capacity about an ellipsoid in an infinite médium.

§=4aC.
Smythe (1939) shows that

2/C = {‘Tw/[(u? LAY (A28 ()]

where € is a variable of integration and &, § and y are the semi-axes of an ellipsoid.
For the ellipsoid inscribed in s padier cavity, « =y and ff > a, giving:

v | B G =)
S=8x (f*—a)/in (i: = Gy )

which becomes
. gy [0+ (DY =1]"s
S =4a[(w/D*—1]"/ln ( wiD - (/DY = ll'-)’

(7)

iupon substitution of
a=D/2, f=1w?2.

Shape factors computed by cquation (7) differ by less than 3 percent from thase

computed by equation (6) if /D > 3.0. As Maasland has noted (p. 273), ncither

of these equations are correct for a circular cylinder, though they are assymptotic
\'/ to these values for large cavity lengths.

When a vertical piezomcter coincides with the extraordinary axis of a two-
dimensional anisotropic medium (Maasland, pp. 275-280), then the hydraulic
conductivity

kx=k, =k, and k, = k,.

The transformation equations are
’ L4 14
Ty Ty Ty =Ty Ty S=MZTy,

m being (ki/k.)"®. Circular sections remain circular in the fictitious transformed
medium, and the isotropic hydraulic conductivity is

’ k = (kh ky)"'.
Thus, the discharge is:
Q= (knky)"S.y, (8)

where y is the head difference

and S; is the anisotropic shape factor,
8./D = f (mw/ D),

\/ found by cquations (6) or (7).

Maasland reports equations for shapes other than the long cylindrical
cavities considered here. It is noteworthy that the principal conductivities of a two-
dimensional anisotropic soil can be found if the principal directions are known to
coincide with the axes of two differently-shaped piczometers. The combination of

& long cylindrical cavity for one, and an open-cnded disk source (no cavity) for
. fo2 ~mit Manelnand. n. 279) but is inadequate for rock
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because oo few joint conductors (oo small o sampley would communieate with the
end of a drill-hole. Childs' two-well system does not readily lend itself (o rod
testing because large patential differences eannot be introdueed by gravity.

Maasland also developed o means of analyzing three-dimensional aniso-
tropy. His work served as a guide o the following but is not repeated here beeause
it is not assumed that the axis of the piczometer concides with a (vertical) principal
axis of conductivity,

A rotation of the coordinate system is first necessary when the piczometer
has an arbitrary orientation with respect to the principal axes of conductivity.
Assume a drill-hole with orientation specified as By, the direction cosines of its

e '] -0, Xs
Xg (m‘p o, ﬂ.—.{
Xy = (Vg Ugp Uy

X3ui8,.05.8;)

X8 (U Ugllig) _ o foms > Ka
- - - - \
PRINCIPAL -, Y AL
rc::‘tslmul/ ~ 1 Axf ety UpgUsy
~ *t‘ /
‘.’
u’“‘:o\-‘ o / :
¢ s
Q o
"ﬂ P 8 82 Y 8, 8
L) b A ﬁ‘} s Vi-83 #,_':

Fig. 2. Coordinate systems for packer tests in anisotropic media
Roordinatensystem beim AbpreBversuch im anisotropen Medium
Systeme de coordonnées & un essai de compression dans un milicu anisotrope

axis with respeet to a right-handed geographic system (south = z,, east = z,,
up = ry), and three principal axes of conductivity with general orientation Ujj,
similarly referenced.

Fig. 2 is a diagram of the unit vectors of three coordinate systems, two of them
labeled with their direction cosines relative to the geographic axes z;. In representing
these. the superseript © signifies one of many possible coordinate systems having
an axis along the cylinder; it has B; as z;° and z,* is in the z,-planc. The r;” system
coincides with the principal conductivity axes, Ug; themselves being direction
cosines in the z; system. The origin is centered on the upper padeer.

The equation of a right-circular cylinder with axis along the z,° coordinate
axis is:

2,V +z, =1 r=0D/2 (9)

and the test section is limited to

0=z =—w.

The equation for the cylinder must be rotated from the 2° system to the z,” system.
Each position vector is related, one system to the other, by a transformation

= =anz/, (10)
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whose matrix is dofined by

eon (1% 1) cox (1 2)  cos(1%,1)
cox (2% 1) cox (2" ") cos (2°,3) [.
cos (1% 1) cox(3%2) cos(i",3)

aj; =

Inspection of Fig. 2 will verify that the elements of the transformation are:

U, B, U.B,B,
- Y1 =8+ --..
[Vx—n " Vi-8 ]

U __UaB, ]
i-87  Yi=an
(U B+ U,s B, + Uys B

U., B, B, 2 B
2 g T8 + =
[Vi':lw = ! ll-B“]

aq;= Uy B __Un B ] (11)
Uy B, + U,; B, + Uy Byl
U;" B B U:S B" BS
- U, Vl B,*

hzﬁﬂ " +w-wJ
| [m&_ha ]

- V-8 Vi-&-
i (Us, B, + Uy, B, + Uy, By)

The matrix multiplication of equation (10) gives the original components of a position
vector in terms of the primed coordinates. Equation (9) for the cylinder in the
coordinate system parallel to principal axes of the anisotropic medium, becomes

(ayy 2"+ ayg 2" + 4y 232 + (asy 2, + aus 31'+ a..;, ) =1 (12)

To replace the medium by an imaginary isotropic one, we must trnnsform
linearly to a third coordinate system according to:

= (k‘,/l‘-_ag)"' z‘...'. (13)
Z. t” = (ko:"k:m)"" 3':|'v

where again, k, is an arbitrary constant. The k;; are principal hydraulic conductivity
coefficients, proportional to the principal permeabilities K;;, and one of the factors
listed in Table 1.

One possible definition of the arbitrary constant is

ky = (ky, kn)'l'- (14)
which makes )
| = (kyy/ "z:)' ‘31”-
("zz”‘u)u 3: ’ (15)

[":a i (kyy Kag)"] 25"
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Table 1. Converxion Factors, Permenbility to Hydraulic Conductivity

To obtain conductivity in: Multiply absolute cgs units (cm?®) by:
Name Units : Factor
Darcys em? 1.0132.10°
Meinzer K, gal ‘day. (12
water at 60°F 1.844.10°
Field Units X, gal-day/ft?
water at f° 1.844.10" . 60/u f
ft/year
water at 60°F . 0.9053 . 10"
cm sec
water at 20.2°C 0.9772. 10¢
meters/day
water at 20.2°C 0.861. 10*
Lugeon Units I/min/m hole/Atmos
over 10 min 0.6.10" (approximately) -

To find how the length of the cavity is changed by the transformation, identify
the center of the distal end by the vector y;, originally at

ylo = .'/'.'o =0, ys" = -—w,
then rotated to
.'It' = a3, y5* .’!:' = Gy .’!s°- 3{:' = a;s .'Izov

and transformed to isotropy by substitution into equations (15) with yg% = —w.

y'n = —(k-:z/kn)l/‘ ay, w,
.'h” = —(k, xl’kzz)'l‘ Ggq W,
.’I:" = “[U‘u ku)""l'k::"'] Qy3 .

The cavity length in the isotropic system is found from

B= yl” y‘n’
which gives:

U= {(kys k) 2 ay,® + (ky TRse) " azg* + { (Kyy kn)v‘/"a:} a3,"] "o, (16)
Dircction cosines of the axis of the eylinder are:
Yi=y"/l

The general equation for the cylindrical cavity in the isotropic system is obtained
by substituting equation (15) into (12), changing it to an oblique elliptic cylinder:

(LN fku)l ran 2+ (ke ku) a1 7" {0 Ry an) b @i 270+ (17)

9w o gty e, AV - 4 !'l‘..."'/‘kot k-h)}."‘,' [/ X% 2:",]' = f’.
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A cross-scction normal o its axis is also an ellipse, defining the new cavity shape
by its semi-axes. To find them, wo first solve the oblique section, equation (17),
for its semi-axes, then project them to the plane normal to the cylinder axis. The
expanded form of (17) is:

(18)
(Ry/hy)llay 2 +ay,D)  11q , 200,683+ a0, a,,) 2R’k (i asdaga) 4w
18/ #qa r,u o 1 z]”l+__l!_li;i___“ﬂ___1_zl”z=” + s " 11 .r,':r,
+ (k::/kn)v'::'u’"'“n_? I:" 1. ?_‘_kns{kn)',' "::."n +“-:f_’."-'?). ,.." J‘,'”

-}- Vhaa /(R k::)":j‘ (“I_S’.f“'ﬂg) :3”2 = 1.

The coefficicnts of z;z;, as arranged here, define a symmctric matrix after first
dividing off-diagonal (i==j) elements by 2. Diagonalization transforns the equation
of the oblique elliptic section to & coordinate system parallel to the axis of that

ellipse:

A 0 0
0 8 0
o o ¢

The disgonal matrix will contain only
two non-zero terms, 4 and B, B and C,
or A and C, which are coefficients of
the ellipse

Az,"*+Bz,"*4Cz,"*=1.

The scmi-axes are, then, two of the
following:

Ly=(1/4)"" L,=(1'B)'*, L, = (1/C)".

The eigenvectors must next be deter-
mined, to define the orientations of the
above semi-axes of the oblique elliptic
scction in terms of the transformed (iso-
tropic) coordinate system. Call these axces
l;, m; and n;, corresponding to the 4, B,
and C eigenvalues. Fig. 3 illustrates the
simple projection of these eigenvalues to
the plane normal to the cylinder axis:

e=[ [1—(Y; ',
= L, [l —(Y; m;)’]".
Y=Ly [1 —(Y;n)?]",

whichever two are pertinent.

8, "

Fig. 3. The originally circular dircctrix of

a eylinder is an obligue ellipse after trans-

formation. The true directrix is found by
projection along the axis Y;

Umwandlungsfaktoren zur Cmrechnung von

Durdhliissigkeit in hydravlische Leittabig-

keit. Der urspriingliche  Kreisqueeschnite

cines Zylinders wird nach Transformation

zu ciner Ellipse. Der wahre Querschnitn

wird durch Projektion in Richtung der Y-
Adchise gefunden

Facteur de transformiition pour convertie

la peemcabilité @ la conductibilit¢ hydrau-

lique. La seetion cireulnire dorigine d'un

cylindre est transformée 3 unc ellipse. La

scction vraic est obtenue par projection en
direction de t'axe Y;

The greatest possible ellipticity would arisc if the circular scction in the
original anisotropic medium coincided with the plane of 4,, and ky. Then

a/ﬁ = (ku lku)'h-

We have described the elliptic cylinder in the fictitious isotropic medium by

Fo Y AN
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radius 12 of a right cireulur eylinder test section in an anisotropic medium, The
ends of the eylinder are non-orthogonal after transformation. This will influence
the shape factor when w <), but may be neglected for pumping tests whore w .
invarighly many times ).
The shape foctor has been reduced to:
(19)
AL

S D -y desas foag, oo Ry, ) @ya? | (e lese)' P @ |- [(Ky, k.,,)'-"-,'lc.,,,] ay,® )" wi D).

Maasland has studied the relation hetween ellipticity and the shape factor
(1957, p. 244). Rather than evaluate the integral for clectrostatic capacity for
a=pFr, he employed clectric analogues. lle found little influence, provided
that «/D > 5 and 1/3 <af/f <3. Thus

Ses=f (/D)

alone, S, is determinable by equation (6) with less than 4 per cent error.

The limitation that k,,/kyy be less than 9 is serious only when a single, near-
parallel joint set is present or dominant, for the orientation studies have indicated
no cases of such strong anisotropy when more than one set of joints, in adequate
samples, is present in the medium. The circular-cylinder form factor approximation
is acceptable for two or three-sct systems, unless, for instance, one set consists
of large parallel faults, and the other conductors are tight joints. In some cases
of strong anisotropy, problems may be solved by reducing to two dimensions on the

plane of symmetry.
D should be the diameter of a circle having the same area as the elliptic section

in the fictitious isotropic medium (Maasland, p. 284). -
D=2(af) , (20)

The Glover-Cornwell equation for the shape factor of long cavities in an
infinite medium is suitahle for padier tests in rodk, provided that w is replaced by !,
equation (16), and D by equation (20). The conductivity must be determined by
equation (2) and (14). Then equation (3) for the discharge is

Q = [(’C‘| kﬁ)."’/k;m]",' Sa y- (2 1)

A computation of discharge for one hypothetical packer test in a medium of
known permeability will exemplify the method. Suppose that the diagonalized
permeability tensor is ,

l 279 0 0
Ky=y 0 71 0 1.10"%cgs units
o o s

and the matrix of direction cosines of the principal axes (row vectors) is:

0.632 —0.770  0.081
0.564 0.386 —0.730 |.
0531 0507 0.678 |

Uy=

Suppose a 200-foot NX (D in equation (6] = 0.25 ft.) drill-hole is inclined
45 dogrees east (B; = 0.0, 0.7071, —0.7071) with one packer set 50 feet from the

bottom (i = 50). The static water table is 40 fcet below ground and the temperature
SR 1 I :..-=.m4-.75 2.311 = 213 f{t.).
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Hydraulic conductivities are obtained by applying a factor from Table 1,
\/’ kit - K (184, 10") gallons day, ft2,
ky =8.15.10% kyy = L3LL10Y £yy - 0.85. 108

Next, we compute the transformation matrix {(cquation [11]), that will rotate
the drill-hole B, to coordinates parallel to the principal conductivities.

ﬂ" 6" “|: 0.487 01243 ‘-098:’7
ay=|08n @n -ay|=] —0632 —0564 —0531 |
4, Gy G —-0.601 0.789 —0.121

The transformed test length has componcents
" == (ks 'ky)" a5 © = 0.710 (0.601) 50.0 = 21.2 ft.
and similarly,
¥ == (kyy/kss)"" @y 0 = — 55.6,
ys"” == ((ky; kes)"/k33"] @43 w = 10.6.

v The test length in the isotropic medium is given hy equation (16) or

1=[(21.3)*+ (55.6)% 4- (10.6)%]'* = 60.1 ft.

Direction cosines are

Y;=0.354, —0.924, 0.176.
The matrix of the cross-sectional ellipse is found by equation (18):

1.268  0.475 —0.058
0475 0190 0.039
-0.058 0.039 0.321

64.0

Upon diagonalization (sce Long, 1961, p. 23), to slide-rule precision,

4 0 o 0.0 0.0 0.0
0 B 0]=]00 824 0.0 |
¢ o Cc 0.0 0.0 21.1

The oblique elliptic section has the equation

\_ 92.4Z, 42115 =1,
with semi-axes:

L, = 0.104, L, = 0.218 feet.

To nroiect these semi-axes to the plane normal to the axis of the cylinder, Yi. the

S
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lg. and Ly For ewh cigenvalue there are four simultencous equations to satisfy,
such as:
(102“3 - (' -'“".") ll i (,-"75 !* —"."58 l: < "’

04751, | (0.190 — A/600) L 1 0.0394 =0,
=0.0581{, } 0.0391, | (0.321 — A/64.0) ly =0,
L L)Lt =1

The solutions are direction cosinces, the pertinent ones in this case heing

= 0.915, 0.353,—0.036,
=0.029, —-0.177, —0.984.

The eylinder axis Y; makes angles with* the semi-axes of the oblique ellipse having
cosines
Yim; = (0.354) (0.935) - (—0.924) (0.353) +(0.176) (—0.036) = 0.001,

Yin; = (0.354) (0.029) 4+ (—0.924) (—0.177) +- (0.176) (—0.984) = 0.001.

When such angles differ from 90 degrees, the projections of the semi-axis, L;, into
the plane normal to Y, give the semi-axes of the directrix of the transformed
cylinder. In this case,

£ =0.104 ft.

r=0.218 -

and

and f/y = 0.478. Were the test oriented to attain the maximum ellipticity, then
it would have been .
ﬁ,’r (Feggikey,)"® = 0.406.

Since 1/3 < f/y<<3, a circular cylinder will give a good approximation to the
shape factor, if the circle diameter is taken to be:

D=2(87)"*=0.301.
Now we apply Glover's formula (6) for the shape factor of a long cylinder:

2al 2760.1

Se =n@ID) ~ [Zeo.1y0801] — 1450

The hydraulic conductivity of the fictitious isotropic medium is
(k“ kgz k:q/kg).,' (ku kg-.)' ‘ k;-;.” = 1.49. 10‘ gal./daYIft’.

Then the discharge
' Q=kS.y,
= 1.49 (145.0) 213.0,
= 45 850 gallons/day or
= 32 gallons/minute.

b aamasntatiana canld he need for steadv tunnel or power cavern seepage.
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Thiee Hole Frescane Teat fon Npsastoogne Formmelntsom Permnladity i

Three-llole pump test for anisotropic medin

Il u pivzometer or packer test hole is oviented paradlyd to one of the principal
conductivity nxes, this specinl ease, discussed by Maaslond (1957, p. 283), lewds
to equation (21).

The shape factor depends upon which axis is parsllel to the drill-hole. 1t
cannot be determined at the outset sinee the conductivities are unknown, Maans-
land’s method for determining conductivities is adequate when the plane normal
to the axis of the hole is one of isotropy, the hole following the unique axis.
A more general method is presented below, for the case of three different principal
conductivities of known direction. .

To replace the real anistropic system with a fictitious isotropic one, a lincar
transformation only is required, since the hole already coincides with an axis. By
equations similar to (13), we obtain

z,/ = (k%) "z,
T = (ko/kss)'* 2s, (22)
2y = (ko/bea)"* 25,

“where the constant kg = (k;q kss)"*. The circular cross-section becomes an ellipse

with axial ratios
Bl = (kss/kya)"*, &'y = (ksa/kyy)'* or @/B = (kyy. Kyy)'?,

depending upon which axis coincides with the hole, 1, 2, or 3, respectively. Before
generalizing, let us assume that the hole follows the 3-axis, with 1 and 2 normal
to the hole and kg = (kj; k). Then the semi-axes of the elliptic section in the
transformed medium are

a = (ko/ky;)"* D/2 and f = (ky/k,,)"" D/2.
The circular section having the same area as the ellipse has diameter
D'=2(af)"=D. (23)
The cavity length »’ in the fictitious isotropic medium is
10’ = (kalkss) ™ 0 = [(ly i)y (24)

The shape factor defined by Glover’s equation for & long cylindrical cavity gives
& good approximation to that of an elliptical cylinder cavity if 1/3 <a/f<3.

, _ 2aw/D
S./D’ = In(2uw'iD)’

2 7 (ky/k,,) " w!D
1 (2300 2a) v o) '

&/D:

(25)

23wk, k)" k"t

2w (ky, kyy)hy't |
'n( D _)

Se=
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The dhdmrgc of such a piczometer or padier test in an anisotropic medium undor

head y is
Q = Uy kegy hoa'ly)'* Suy = - (MW(&" CulelZ .

2w

Interpreting ficld data, onc can only assume isotrooy and compute an apparent
conductivity, kes, from
Q=ks Sy

where the shape factor is given by equation (6). Thus,

2w
Q=kes THiTwmy ¥ (27)

Equating (26) to (27),
ke 27w = 2awy(k, ki)
3 ln(2w/D) - ( )
In "'—(kn Rys)' Ryt

(kyy ) _ In@w/D) + o [(Ry, kye)" ko]

v In € wiD)
p ) 1n [(k,, £.,)"*'k e
ks (I €3) = (kg kas)™; € = “".nmlm)" L
and similarly,
v, . _ 10 [(kolk, e
kay(1te) = (hkyakyy) 6, = 15(‘“,/1))) ] ’ (28)
ko (1-1-23) = (kyy k33)'"; €2 = lnh[!(l::!.::;;))) ol

In cquations (28), the logarithms may be taken to any base. The error term e
tends to zero for such large /D as apply to most packer tests in rock. Thus, an
apparent conductivity, computed on the assumption of isotropy, approximates
the geometric mean of the principal conductivities in directions normal to the hole.
Reeve.and Kirkham (1951) have already observed that the apparent conductivity
depends largely upon the conductivity normal to the piczometer.

Inspection of equations (28) shows that for all w/D, k. underestimates (¢ > 0)
the geometric meun if the hole is drilled along a minimum conductivity axis, and
over-estimates it if drilled aslong a maximum conductivity axis. If we limit con-
sideration to media having k&, /kws <9, then cavities that arc elliptical in the trans-
formed medium can be adequately analyzed as equivalent circular cylinders.

We can label kqyy ke, and kqg the apparent hydraulic conductivities determined
by three orthogonal piezometers or packer tests, each drilled parallel to a principal
axis, 1, 2, or 3. As a first approximation:

k." = kyg Kyss kaz' = kiy kysi Kag® = kyy Kgse

Solved simultancously,
. vt v I . L =L, k-./kn-: kno——-kl! le/klﬂ' (29)
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With these estinudes, one ean find by (28) the errors mude in assuming by, &,y
kay W equal the peometrie means of conductivities normad 10 each test hole, Cor-
rected values of Kk, yield improved principal conductivities by equation (29). ‘Two
or three conseeutive correetions will converpe on the true values.

A truly general in-situ piczometer test is yet to be devised. The present
method, as well as those of Frevert and Kirkham (1948), Luthin and Kirk-
ham (1949), Reeve and Luthin (1957), Childs (1952) und Maasland (1957)
require independent knowledge or
assumptions of the principul dirce-
tions of hydraulic conductivity. The
assumed uniqueness of the hori-
zontal plane is usually justifiable
for agricultural soils or stratificd,
unconsolidated deposits (Childs.
1952, p. 627; Maasland, 1957,
p. 228), but even Childs’ two-well
system requires trial ficld arran-
gements to find maximum and mini-
mum conductivity directions in the
horizontal plane. :

In the general case of aniso-
tropy, there are six independent un-
knowns, three to define the orien-
tation of axes, and three to define
principal conductivitics. A single
determinative test for these vari-

ables would, in all likclihood, be
too complex for practical use. It is
thought better to continuc use of
other criteria for recognition of
principal axes before applying a test
for the three conductivities.

Such a test is the threc-hole
arrangement described above, also
the two-well and short piczometer
combination of Childs (1952). In
practice, a test with three holes
uniquely oricnted will often prove
inconvenicnt hecause of terrain limi-
tations. Furthermore, exploratory
holes drilled primarily for purposes

Fig. 4. Stercogruphic projection, upper hemi-
sphere. Three novmal  joints sets with same
spucing, different dispersions: Ky = 6, dip. 45
deg. SE; Ky = 13, dip. 45 deg. NW and K, = 30,
dip. 90 deg. SW; K/ is Fisher's (1933) dis-
persion cocflicient
Stercographische Projektion, obere Halbkugel: drei
Kluftscharen mit gleichen Abstiinden und versdhie-
den starker Streuung: Ky = 6. Fallen 43¢ SE;
Ky =135, Fallen 43* NW, und K, = 20, Fallen
90 S\WV; Ky ist der Streuungskoeffizient nach
Fisher (1953)
Projection stéréographique. hémisphére supéricure,
Trois familleg de fissures normales & distances
égalés avee dispersion différemment grande

other than pumptesting, oriented for convenience or economy between principal axes,
would not be useful for analyses of this sort. Usually, some latitude of choice
exists, for diamond-drill explorations are somewhat arbitrary in design, especially
in preliminary stages. For purpose of permeability testing, they could be bhetter
oriented than is customary, concurrently disclosing other geological unknowns. .
When scepage or potential distribution is the prime problem, the entire layout
should be oriented according to predetermined conductity dircctions.

The geometry of the system of joint sets, faults, shears, foliation and bedding
determined from surface or tunnel exposures provides the only initial indication
of the orientation of principal directions. A sterconct plot of joint normals offers
the best tool for visualizing the symmetry of systems, and for measuring average
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A principal plane lies normal to two conjugate joint sets, and the approximate
angle of a principal axis between two unequal sets can be determined by their
relative spacing, aperture distribution or orientation dispersion. Progressive analysis
of tests and bore-hole photographs during the drilling program should normally
give improved definition of axes to improve hole orientations.

As a hypothetical example of anisotropic analysis procedure. consider
a foundation rock whose surface expression of jointing reveals a pattern such as
is displayed in the stereonet plot of normals. Fig. 4. Three orthogonal but unequal
gets are apparent. VX diamond-drill holes are then ideally inclined 43 degrees
porthwest and southwest, and horizoatally, NE—~SW, so that each coincides most
faithfully with the central tendency of a joint set. Pumping tests with padiers are
performed as drilling progresses. For each test, discharge, static water level and gage
pressure are measured, with packers set at intervals of about 235 feet. Hydraulic
conductivity is computed for each test, assuming isotropic conditions, and the results
for each orientation are averaged. Let these be:

Kay = 1.6.10%; keg = 2.1.10%; keg = 3.3.10% gal.'d. ft?,

where subscript , refers to holes dipping NW, , for holes dipping SE, and 4, hori-
zontal.

According to equations (29),
Fuy = oy kagllay = 4.3} kay = Kag¥as/keg = 2.5; kg3 = kay kag kag = 1.0.

Clearly, the direction dipping 435 degrees NW is most -conductive. as might be
guessed from the large number of joints parallel to this direction. The horizontal,
NE—SW direction is least conductive, since fewest joints trend or intersect along
this line.

Now, we can enter equations (28) with w/D = 25/0.25 = 100 and the above

estimates. The errors that apply to

keg (1 4e5) = (kyy ko)™, ete.
are obtained
e, = —0.026; e; = 0.026; ¢s = 0.112.

Corrected, harmonic means of conductivities normal to each hole alignment are:
ey’ = kay (1 +¢;) = 1.6 (1 — 0.026) = 1.56 . 10°.
key' = kag (14¢,) = 2.1 (1 +0.026) = 2.15,
ket =kes (1+€3) =3.3(140.112) = 3.7
and by equation (29):
kyy=5.1; kyy =2.7; kyy = 0.91. 10

Again obtaining anisotropies, errors, corrected geometric means and principal
conductivities, we find:

k" =§.2; kgz =2.7; k33 = 0.90. 104

Further re-estimates are unnecessary, since these values are close to the asymptotes

Al ha nrinninal aanduntivitiac
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