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A/
ABSTRACT |
In current practice the parmeability of fractured media
can bc.modeued adequately for two extreme cascs celdom realized
in paturo: one, 1) when individual planar conductors, aueh.u
joints in rock, are so independent and infrequent that each may
de analyzed asaseparate channel, or, 2) vhen cggresates of frace
tures, &s in fault braccia, so resemble sedimentary pores that
the mediun is assumed to de & continuum. The object of thie
study £s to model a wide variety of fractured aedla, especially
Jointed rock.-vhoae geometry is betivreen the above extromes..
These media have plenar conductors varying in frequency, dise
persed in oriuntation, and distribtuted in aperture. Patallei.-
plate openinge are used to simulate real fractures. With this
{dealization, if there is flow along intersecting conductors,
the discharge of each i¢ proportional to the cube of its apers
ture and to the projection of & field gradient generally parallel
to no conductor. ' For & given gradicat, one a:ay &dd discharge
components of intersecting plane conductors or intergranular cone-
ductive bodies between them. The discharge of one planar cone
ductor or any set can be represented by a seeond-;:ank tensor. A
tensor therefore describes the perameablility of a continuous med-
fun giving the same discharge as fractured medium under the same
hydraulic gradients in laminar, incompressible flow situations.
Speclel cases of one, two, and three joint sets are modelled -
by epplying Monte Carlo sampling methods that-pair Fisher dig-

" tributions of orlentations and skewed distributions of apertures.

Rew gtatistics of the orientation pt principal axes and of prine
cipal permosdilities are developed. The model shows the causes
of anisotropy eand 1.:-4 vamtl.onq.

A field method for measuring anisotropic permeadlility is



Ay
proposed, 1t is derived from a general solution to the discharge
from cylindrical cavitiees arbitrarily oriented in saturated, ine
finite anisotropic media, utilizing pressure-discharge measuree
mente in drill holes colnclding with principal axes predetermined
by analysis of Joint orientation data,

The statistics of pressurc-test data from seven damsttes' on
crystalline rock indicate that the numbor of effective conductors
intercepted at depth by a drill-hole is distributed as & Polsson
variate, much smaller than the number that would be expected
from surface cxposures of joints. The mean and variance of tte
nunber of conductors crossing a given lensth of drill hole can
be estinated from the frequency of zero discharges encountered,
The computer model successfully duplicates the shapes of fleld
qzceharse frequency curves once the sample~size is made to vary
as’s Folsson. Aperture distributions cannot be determined from
permeability date but evidence susgests log normal or exponens
tial distridutions to de most likely. | '

In spite .ot indeterminate apertures, fracture porosity cen
be determined from anisotroplc permcability within a range of
about 10 percent of the true value, once the mean frequency of
conductors of each joint set has been detegins.ned.

Moy flow end potential distributions in eivil and petro-
leum engineering ;z- grounduater hydrology can be solved ultimate-
ly if fractured rock is evaluated as an anisotropic pemeai:le
mediun with heterogeneities reflected in statistically-distributed

measures. : .



SCOPFE, OBJECTIVES AND METHODS OF STUDY

thio investigation of basic aspects of fluid flov in frace
tured media was prompted by the writer's tnabtlity to comprehend
how 5oolosleai structures influence seepage and uplift of dams
on rock, or dfalnago to tunnels. In each caka, the lack of
quantitative tools to assess the influence of joint orientations,
apertures, and spacings led to the conclusion that conventional
ground water hydrology could not advance our knowledgé of the
permeability of fractured media until a model was devised to
combine cstatistically, ihe 1ndependént varlabies governing
dlreetlonal permeabdility.

%hp calient precursors to this 9ott.weto papers by Versluys
(1915) and Childs (1957). Versluys proved that any number of
capillary tubes’of arbitrary orientstion can be replaced by
three mutually orthogonal tubes giving the same vectorial dis-
charge. In this thesis, thé vriter has replaced the tubes with
parallel plates and streamlined the mathematics uvith tensorial
notation, Childs investigated the directional permeablility of
uniform, parallel Qets of fissures in soil, The present model
fulfille the nesd for orientational generality, and provides
flexibility to 4include other parameters.

Meny unsolved aspects of this brond, elwost untouched sube
Ject of fractured media have been treated here only heuristice
ally, in the hope ot'sttuulatiﬁg studies sequel to this thesis.

The object of this study is to develop an understanding of
the role of some of the geometrical variables controlling fluid
flov in fractured media. The varisbles include dispersion of
conduit orientations and apertures, the spacing of aggregates
of conduits, and :amplo,stio.' Since directional permeability



. . 3
is an attribute of fractured media, the theory of flow in aniso-

tropic e;ntinua is reviewed. When there 13 established a basis
for determining the properties of a conclnuum having utatistlc&t‘/
equivalence to a- fractured discontinuum, then established methods
of solving boundary problems can be applied to jolhtad roek, and
the errors evaluated. .

A method of measuring anisotropism is required before bdound-
ary problems can be solved. The probl@m of steady discharge from
an arbitrarily-oriented cylindtical eavify 15 an infinite, aniso-
tropic saturated medium is solvaed, and applied to pressure=testing
6! Jointed rock to determine the three principal permeabilities,

The reason that anisotropy exists.in fractured media and an
approach to its prediction are 1nvest13aca& with a'mathematlcal
model, evaluated by computer ptogfams. The model deseribes
directional bermoabillty as a second-rank tensor, or by its \\’/
equivalent principal axes and permeabdbilities. Individual cone
dﬁctors are liko'the openings between smooth parailel plates,
unifornly separ?ted thro&;hout their infinite extent, but orient-
ed in arbitrary sets dispersed at random about mean directions.
Apertures are distriduted according to various density functions,
A parameter to descride spacing or fracture density i3 devised.
Since vater flow problems are the main interest, incompressible
Foiseullle flow is assumed. Some aspects of random inhomogeneity
are considered, dut not the effects of systematic 1phomogeueity.
Some variables not studied include those of anisotropy or dis-
continuity of 1ad1vtdual conductors, compressibility, non-linear
friction, or multi-phase flow.

Ground-water, engineering, and mining literature is revievea”
for pertinent 1i£o:maélon dascribing the occurence of water in
Joints, faults, cleavage ané schistosity, and to descride thelr



geomatry,

Permeability distributions in real jointed rock medis ere
{nvestigated by re-analysis of pressure~test data obdtained
1srgely by others in oxﬁlor;toty dfili-holes at seven damsites
on crystalline rocks of California, The results indicated need
for en additional variable in the model; namely, a distribution
of joint densities, and showed the dominating effect of small
sunbers of conductore. '

On the basis of known average joint densities and known
geometry, acceptable approximations to secondary porosity may be

'eomputed from oeasured principal permeabilities. It is shown to

be impossible to esteblish from permeability data the distribue

tion of apertures or & precise measure of porosity.
Applicability of theoretical and model study results to

several practical problems in engineering is discussed, .
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Chapter 1
GERERAL DISCUSSION OF ANISOTROPIC PERMFABLE MEDIA

Since this investigation of seepage through fractured mediea
will lead ultimately to means of solving practical boundary
problems, & survey of pertinent literature on anisatropic cone
tinua will provide perspective to the Eucceedins chapters.
Force-Flow Reletionships

In the following treatment, potential is defined as the work
done-on & unit mass of flu;d in moving it to its position and
pressure from some reference eondttion.. Childs (1957.'pp. 39«
44) discusses definitions. naécy's l#w détlnos for isotropic
qo&ia the proportionality between a diccharge vector and a

‘pa:auel potential gradient vector,

g, = ; :‘_,i . (1-1)
The vectors represented in equation (l-1) are directional qusn-
tities having no directional distribution, As firit order ten-
sors, such vectors are invarient to rﬁtat:ion in the Mlum. In
other words, when there exists the condition .kmvn as icotropy,
the proportionality coefficient, k, iz a scaler, having the same

value for all directions.
More general equations have been derived for anisotropic

media, vherein the velocity and gradient vectors are noh-para llel.

If & medium has ‘directional properties, thc‘eoefﬂ.ctoné relating
discharge to gradient varies with orientation. A vector operator
defining such directional properties for all orlentations of a
medium is a second rank tensor. 'mmplos of some pr?perti.ea' thet
oay be anla.o'tmpl.e are: therml, eleetr!.eai or fluid conductivity,

dlelectric constants, elastic or thermaleexpansion coefficients.



‘hao general form of Darcy'!s law for fluid permeadility

oy :" (Ferrandon, 1948, p. 28)  (1+2)
degenerates to the familiar isotropic form when

K, ™ 7{ Si
vhere ;,_J 13 the identity, unit, or isotropic tensor,
Blsrorical Reveloomant

nxa notion of anistropy i.s old, Duhammel (1832) studied
anisotropic thermal conductivity by measuring the slliptie shape
of the melting front around a smn heat source imbedded in crys-
tals coated with parafﬂ.n. Munjal (1964) has recently applied
the methad to rocks,

Versluys (1915) was first to explain anisotropic por;:neabllo
ity by modelling tha_ conductors as arbitrarily-oriented bundles
of tubes. He proved that any four h:bltrary sets may be replaced
by three mutually orthaonal sets of conductivity K, Kys Kz»
such that the continuity equation leads to: the generalization :

X, ?:: + k) ’}—t kz a—fa = .' (1=3)

Versluys showed.thu four sets may be reduced to three (by solve
ing 6 similtaneous oqm:ionai 80 any number, taken four at a
time, may be reduced to three., The coefficlents, X, are the
principal pimabi.litiu of the system, assoclated vith the three
mutually orthogonal principal axes,

Ferrandon (1948) derived the tensor fora (Equation 1-2) from
the bundle of tubes model. The following treatment differs little
fron rerrandon's and the summaries 3i.von by Scheldegger (1954)
and Childs (1957).

The contribution to the flow q,, through a unit area normal
to ny, due to tudes oriented slong m, is proportional to the

-/




potential gradient alons the tubes (Figure le1),

1
Figure &-1. Definitions for Ferrandon's bundles «
of tubes model of enisotropic media.

The crossesectional area of tubes per unit area cutting across
solid end fluid phases of a porous medium is equal to the solid
engle dw at unit distance from some arbitrary point times a
proportionality coefficient, ¢ pertaining to that set of tubes,
In the following di.scusslon, subseripts 4 and 3 indicete 3 vector
components, subseripts a and m sisnify desiznated scalars., Ree-
peated indexes signify summation.

When the stad!.en::' is arbitrary, tixe component aloas the
tubes 1s 3 ¢ o -‘ . : | .
éa-t IR
The m-direction discharge of one bundle of tudbes is

e f» %% ;& e,

vhere £ s & conductivity coefficient and / 4s the vtseosu:y
of the fluid. The component of this flow in the nt-dl.recti.on is

proportional to the cosine of the angle "“1"’1" thus

., -~ -;{-MMTM Ydw

The dischazge of an asg:egat:e of dispersed tubes is obtatned by

sumation, each tube with its pecullar direction cosines my, -

and coefficients k and & depending on the tube diameters and

tuqﬁency.- We may define a new coefficient, . )
4€-‘- - (4¥)m, - dw ,
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a second order symnetric tensor that operates on the gradient

vector to give the discharge per unit of arsea normal to the Qo-

loelty.

L3 ‘5-" %E, ’ (1-2)
or the discharge thyrough an area mrzz_ml to Ny

. P é‘*‘ Jd | 4(1-6)

» “l' .
The dtéchargo' cootnciqne of each tude or tubee=set is a syme
metric tensor in an agbigrary coordinate system, and if all co-
efficlents are referred to the same system, the sum of symnetric
tensors is another symmetrie tensor.

An immediate consequence of the finding that pomeabuny
is a second rax:k tensor is that velocity is parallel fo the
gradient only along three mutually orthdgonal axes, the prineipal
axes or eigenvectors of the tensor, while olswhei-e, velocity 1s
nonparallel to the gradient., The eigenvalues of the tensor are
the priné.l.pal pormoabnltlos; Ry1s 22, k430

Tvo alternative definitions of directional permeability
have been offered by Scheidesger (1934). In one case, seepage
is confined to a d!.roéﬂ.on n, by cutting from th, medium a thin,
pencil-shaped, encased specimen, much more elongate than the
drillecores employed by Johnson and Hughes (1948) and Johnson
and Breston, (1951) to establish anisotropy of sandstones. With
such boundaries, the gradient is unknowvn, for equipotentials are
generally oblique to the core axis and to the principal planes

of permeadlility.
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The gradient along the axis 16

2 o, L

I ST
but in‘this case it is the gradient that is dependent upon the
velocity. | '

A L]

L =40

-‘ .
-L /"d' .,. ~”; ’. , .

. - * .l
vhere ki—.‘l 1 4 the inverse tensot [ 4‘.,- 4(,-‘ = J',-‘ )

The proportionality constant between the discharge and the grade

{ent in the flow direction is Scheideggerts first definition of
directional permeablility:

4" &/‘“/-gf = ,/'"J' l‘.‘:',‘"" . (‘-‘s)

. A second definition of dltectl.dnal: permeablility is derived
for the flovw through a specimen that is very wide compared t§ its
thickness, like & pancske, with constant potentials at the broad
surfaces, 7The mdlont is fixed, while the velocity !.s generally
oblique to the equipotentials and inelined to the principal axes
of pomablu.ty.

Designating ny the dtncti.on normal to ttxo equipotentiel
surfeces, and q, the discharge (per unit area) through it, it is
clear thac the scalar discharge 1is | '

fo =8
wvhere qq 1s the vector discharge (per unit ares) through the in-
terior of the specimen, Scheldegger (p. 77) applies equation
(1-2) for q, vhich gives
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:/‘M —-‘J (1-6)

A Jlj/ AT,
= /”‘ 4.'/'
Scheldogger concludad that the two definitions, 5) and 6) are

jidentical, because

-t
m‘ "‘-j ,”J. l""- “.’. A'I- =

4"‘- 4.. 4:,4". -] /9}‘ J,.‘ y)

v Y g =4,
s0
” 4‘). . =/ /. g (’).' ”"i
implyinz that the extra path length across the flat specimen 1is
compensated by decreased resistance. .

Marcus and Evanson (1961, 1962) investigated the twoe
dimensional aspece;‘of anisotropy, concluding that the two dafi-
nitions of Scheidegger lead to different values of directlonal
permeabilicy, .

When the direction of flow is knovn (at an angle S ), the
directional permeability at a general angle # is

K= cos ‘ g°,¢+ sind 3/04 (1.7)
Cos § cos @ . sing sind
Ka k)_

vhere the angles are defined by figure SR -2.

10
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1 .
Figure 3+2, General flow conditions in anisotropic
92?313 media (a€ter Marcus and Evanson,

When ¢ = § , directional permeability K ¢ 1s measured in the
flow dlreetton. as in the case of Scheidegger!s pencileshaped

boundaries. The equation ¢
_!_ cost § . 8:’:!‘[
k‘ s K‘ ’() ? (1 8)
is a centered ellipse with radius /K, s o ond semi-axes JK,

and r;o
| When the direction of the gradient is kmown (at an angle «<
from the x-axis), the directional permeability at a general angle

¢ 1is

. Kacosec cosd « Kysine sin g (1-95
K‘.' COS ec COSP ¢ SinecSing ° | ‘

When ¢ = « | directional permeability K. 4is measured in the
direction of the gradient, as with Scheidegger's pancake boundaries,

K = Ky cos’s 4G sinte | (1-10)

’




the equation of a centered ellipse with the radius 1/ /i, .
and semleaxes 17 [X, and 1/ f?, .

Marcus and Evanson show that R, 2 R, . TFor the same
gradient along the axis of test specimens, there will de a greatar
dischargo pér unit nt;aa with the pancake boundarias than with the
pencileshaped boundaries, Flouw takes tha path of least resise
tance In the former case, some other in the latter. The differ-
ence detveen directional permeadilities defined by the flow and
gradient dlreegions o::ceeds 10 percent if Es / R, < O.S,'and
b B 4 the flowr or gradient 1s inclined greater than 15 degrees from
a principal axis. Errors increase towards infinity for greater
anisotropy. | | .

Measurement errors were reported for various angles and
anisdtroples studied by electrical resistivity models having
boundaries of various widtheto-length ratios intermediate between
the extrewes posed by Seholc.!ogger. Such studles are appropriate
because conventional permeablility tests are performed on nearly
equant samples. Flow within the smpio interior 1is zm;-pcranel,
to the boundaries, It was concluded that the measurements of
Johnson, et. al. (1948, 1951) were correct for the wrong reason:
oundary conditions were ignored, but since the greatest aniso-
tropy was '7/&.: = 0,73, the errors vere xiesusl.ble.

Marcus and Evanson's two-dimensional expressions, and
Scheldegger!s tensor expressions should de consistant, since the
two-dimensional equations correspond to flow along the principal
plane = = a constant. A pubdlished explanation of the discrepe
ancy has not been found, nor 1s the reason readily apparent. The
problem is most pertinent to analysis of labaoratory test data, as
influenced by rectangular sample boundaries. Resolution of the
‘ inconsistancy will not be pursusd !‘nreher here because for ﬁ.elci



prodlexs, directional pomoahu.ley' may be considered synonymous 1
vith anisotropic permeability. Where the phrase is used in this
toxc. it implies only that there exist in the medium three prin-
cipal pomoabl.u.tloa corresponding to th:oe orthosoul pri.netpal.
axes. '
Rtentlal e2nd Stresm Punctions -

All probleas of slow, steady, incompreseible fluld flow in
previous medie depend on the applicability of the laplace equa-

tion

¥ V¢ L -
6 aa = 0 (1-11)
vhere hydraulic potential

b= C&L1p P19 2) 44

k' is the absolute permeability of the medium, as used by Miskat
(1937),

‘/t {8 the viscosity ot. wvater,
*/ 1s its density,

s is the 'aeeolmtlon 6! gravity, and

¢ 13 the pressure at a point at

2 elevation, all in consistent units.
k and b are lumped variables defined by the bracketed coefficients,
Solutions to the differential oqu.al:lon (1-11) forw an- otthoaonal

netvork of curves _ .
¢ = g constant, with lines ’f = & constant that are aolntions to

i N e I
TP M T (1-13)

Stream potential ? is related to ¢ by the Cauchy-Rieman

Squationss 9 . 14 and - 34 22‘

Y2NRY] BE TR
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The tvo types of potentials were devised to express for every |
posl.éion (x, ¥) the proportion ¢ of hydraulie potential lost in J
flowing to that point ac well as the pr;portion of the flux *p
1ying to one sida of the stream line passing through that point.
The four vafiables arc combined in the complex plane (2 = ¢ + iy),
(W= @9+:Y). The two orthogonal families of lines constitute a
flow net, a tool é_:f great utility for visuallzing and mcasuring
the distribdbution and gradients of hydraulic potential, the quane
tities and directions of flov. Methods are availadle for ob-
taining flow nets by analytical means (Muscat, 1937; Collins,
19613 long, 1961), by graphical techniques (Richardson, 19103
Forshelner, 1930; Samaloe, 1931; Dachler, 1936; Casag;arfda.
1937; Iwelker, 1958), by analogue studies {(Lee, 1943; Hanson,
1952; Opsal, 1955; Todd, 1958, 1959) and by relaxation (Chien,
19523 Uarren, Dougherty and Price, 1960; Dusinbderre, 1961; N
Schenek, 1983), to mention a few,

Coaputations of discharge depend on the validity of Darcy's
law to establish the proportionality with the gradlents obtained
by solving the Laplace equation. Darcy'’s law is applieabie to
water flow in most solls, but also mass air flow at low grade
ients (Musecat, 1937, p. 128, Carman, 1956). The simplest use of

a flou net is to get total discharge.

.. tpunber of flow channels
Q =4 ¢ (T or equal potontial drops )

vherse k 1s hydraulic conductivity, (LI°!), end
A¢ 1s the total head drop (L) detween doundaries and
Q is the volune per unit slice width per unit time (L’L""‘l""). N

For an:lk-o::opic media, the laplace equation must de ree
derived (Porsheimer, 1930, Maasland, 1957). Substituting



1b

ov.t{‘%% , N:-£J%-;.Ind m“-{‘&

into the continuity squation for steaily floswr -

M‘t_*"’ LS -.0

ix 3y =z
gives
3¢
it ‘ug e =0 (1=3)

Thies reduces to the laplace equation upon substitution of
7 ’
de(o )1, = Clll )y | el (118

(k. 1s an arbitrary eom:tant). giving
)

4 : ’

the laplace equation for isotropic flow in transformed aniso= -
tropic media, It i.s nacessa:y only to transform the geomatry of
probleam boundaries by applying equations(14) whereupon the new
figure can be treated by any of the available isotropic methods.
The coordinate expansions or contractions must be made along the
prineipal axes. Upon completing the flow net solution, the net, as
wvell as the boundaries, may be retransformed to the original syse
tem, thereby mapping the potentials throughout. In gemerel, the
i1ines ere non-orthogonal solutions to (1-3), _ ‘

‘ﬂ;o 1sot!:np1e permeability used for computing discharge
through transformed media is:

{= (Lo &y 4,740

This version s Maasland's (1957) mpdification of findings by
- Samsice (1931); Vreedenburgh (1936); end Muscat (1937).
Application of the foregoing thoory to fractured media was not
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che intention of the authors cited, with the exception of Childs

(1957). 1f Darcy'selsw coefficlents may be found that give the
same macroscopic discharges &s do aggregates of fractures, then
the numorous methods of prodbleme-solving in commwon use for inter-
grapular media may be applied also to fractured rock.

This thesis, theretbro, attempts to determine how the geo-
metrical parameters ‘govern the orientation and magnitudes of prine
cipal perdeabilities in fractured media, For a2 given nald_prob-
lenm, principal axes may be estimated by the orientations of the
planar coaductors (Chaptsr 5), dbut the magnitude of prinelpal
pexmeablilities oust be measured.



Chapter 2 17

STEADY FLOW FROM CYLINDRICAL CAVITIES IN SATURATED,
INPINITE ARISOTROPIC MEDIA

Introduction

Development of & method of pressure-testing jointed rock to
determine its anisotropic permeability is the object of tﬁlu chap=
ter. Continuum fluld mechanice are used here to establish prop-
erties of media that are dtstthc:ly discontinuous., Current .
practices of analyzlng tests neglect anisotropy and heterogeneity.
Solutions to boundety-value ptoblems. to eatabllsh flow or prese
sure distribution 1n Jointed rock, have thus far been attempted
by methods designed for tsot:qple, tptersranular. conducting med-
Notable examples include Stuart's (1955) drawedown tests for
predicting shaft drainage, Thayer's (1962) analysis of Oroville

puhp-test data and'kaota!e (1963) study of potential i{n the
| Rurobe 1V damesite. N; tatlonal baois of justifying the assumed
isotropy has been advanced, though cloce correspondence between
measured and theoretical potential or discharge values is some-
times found.

More commonly we observe anmomalous uplift pressures beneath
masonry dams (Richardson's 1948 report, p. 16, on Hoover dam, for
instance), vildly erratic pressure-test discharges (Lyon's 1962
teport of Oroville tos;s). or sporadic tunnel‘tnflltrafion (Wahle
strom and Hornback's 1962 report on the Harold D. Roberts tunnel,
‘Colorado). These are expressions of tho’ﬁotorosenelty charace
teristic of jointed rock, As opposod to tho‘nystcmnctc depthe
varying 1nhomoaenett§ demonstrated by Turk (1963), and epplied to
uito:wwell design by navta‘and Turk (1964), heterogeneous pere
meability encountered in jointed rock is believed due to the pro-
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cess of sampling a few elements out of a large population having
great dispersion of conductivity. It is better to attempt stae
tistical interpretation of jointederock permeability values than ~
it 1s to accept the pessimism of Terzaghl (1962), who said:

*Hater lavels in observation wells located in jointed rock

offect that fllling the reservoir will have on the pore.

water pressures in the gougo seams cannot aeven be estimated

1e. " one cannot tell vaich ones (Joints) are contimuus

‘over a large area.”

Paw fleld studies have demonstrated anisotropy for jointed
rock, due to lack of methods to measure it. Interactions bee
tween wells indicated a preferred direction (in plan only) of
permeability of the Spraberry oilfield (Elkins and Skov, 1960).
Sweep efficliency has bean proposed ss a means of determining
anisotropy (landrum and Crawford, 1960). Contours on & piezoe
netriec surface for water conducted in fractures of the crystale N
line basement at the Nevada Tect Site indicate high permeadility
in the direction of streamline convergence (Davis, 1963),

Inproved reosolution should prove anisotropy a general ate
tribute of fractured rocks, by reason of the 6riencaciona of plan=-
ar conductors. Diamondedrill explorations can be designed to
facilitate moasure;ont of principsl permeablilities that can then
be treated statistically to estsdlish medians, means, and dispere
sions of the three heterogeneous measures. For these purposes,
diill-holos should be oriented to nearly coincide vithiyrincipal
permeability axes, predetermined from study of joint orientations
by methods glven in Chapter 3.

To descride the orientation of three mutually orthogonal
4xes requires three independent parameters, and to describe the
corresponding perm.ablllttos, three addltional.. Since as many

measures as unknowns are required for a unlquo solution. observe i
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able orientation data is relied upon tor -:m. prodtet!.om. vhile

three orthogonal drilleholes are cuployed to measure the principal
permoabilities. Three orthogonal pressure=test holes can define
the principal permeabilities because the discharge from each long
cylindrical cavity depends hrsnlf upon the pormoaﬁillths in
directions not'ml. to the axis of the cavity, end but veakly upon
the permeabdility parallel to the axis.
Iheopetical Develooxent

Theory developed by Maasland (1957, pp. 218-284) for piezoe-
meter teste in anisotroplc soil is amplified and generalized here
for erbitrary packer test-hole orientations in anisotropic media,

The three components of macroscopic inl.ocity coinciding with
the principal axes of an anisotropic medium may be expresced by.
Darcy’s lev: .

N
e -= ‘u ‘_,’ .' .

vhere the repeated index signifies summation and the £ are the
terms of the hydi-aulte conductivity ten#or. cn/sec.,
¢ 4s the head, ca., and
¥%; are the coordinates,
When cubitt'tutod into the continuity equltton,' for steady state
or uncomprehensibdle flov,

dve .
d%; =0 4 ‘
there results ' .

¥rasland !.ntrodneos an arbitrary comstant, (,. into the equations
transforming the original Cartesisn eoordl.nntu to a system ident-

rified bty y:i.mu : . .
2 (R o2 (ateer Samsioe, 1931).  (2-1)
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This subatitution results in the Laplace cquation,

2 .
¢ = oc
v N
When boundary conditions are expanded or contracted by ’
equations (2-1) then potential theory for isotropic medla applies,
The hydraulic conductivity of this equivalent but fictitious

transformad medium,

‘ - ("n "_a; {;; /‘0)',‘ _ (2-2)

wvas derived by Vreedenburg (1936) and modified to the above form
by Maacland. Xickham (1945) gives a genaral equation for flow

from cavities delou the watar table:
Q= k Sy (2-3)

vhere Q 13 the flow rate, say in gallons per day,

k 1s the hydraulic conductl;ity, feet per day,

Y 13 the net hydraullce head, feet, and

S 13 a coefficlent of length units c__!opendent upon the geo~
mo.try of the cavity, and the boundaries. usuro 2=1 (b) iden-
tifles the boundaries and variables,

Maasland gives derivations and electric amlog.uo results ]
leading to Sevalues for various shapes, mchhr'(1936) called
this coefficlent the "Formfaktor®; Rvorslev (1931), the "shape
factor®; and Zanger (1953) calls S/2 the "effective ham:l.ai:heri-
cal radius®, S is a constant for plezoaeters having unchanging
boundaries, and a variable for auger-holes decause the Mriea
change with the waterelevel. In piezometer testing of ngriéul-
tural soils, the hole is cased to a certain level, leaving open - K
& cylindrical cavity of length w below, In rock pumping tests,
wvater 1s conducted through drill rods to a section of hole iso-
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lated by packers. Thus, the customary use of Sefactors derived
for cased holes vhose valls above and belov the paoping cavity
sre streamlines (o.g;. Thayer, 1962, p. 6) is at best an approxie
mation of the actual conditions. The plezomoter test could be
more faithfully duplicated Lif, at lesst, tests wvere confined to
the bottom of the hole, one packer only epplied at various stages
of completion of hole=drilling, Better still, the unneeded upe=
per part of the hole might be grouted closed above a drillebdle
abstructor. Heavy drilling mud might suffice to f£ill the hole
above the cavity and around the drill rods.

. No rigorous solution is knoim or expected for packer tests
as they are currently practiced, because. the hole above the eav'-
ity 1c either an equale-pressure surface if air-filled, equipotene
tial if vater-filled, or port one and part the other. WUater
levels vithin the hole are not custowirily measured durlng tests.,
In Figure (2-1 (a), schematically illustrating these tests, po=
tentials 1 and 3 differ froa the cavity potential 2, according to
the length and eonduet_;tﬂ.ty of fracture paihs ghortecirculting |
the packers through the roek. The performince of tests somotimes
discloses leaking packers .‘ | _

Figure 2-1 (b)‘ portrays the assumed geooetry that i3 used to
analyze packer tests, It corresponds to plezometer tests described
in the literature. The valls of the hole are no~flow boundaries
except et the cavity. It is further assumed that the qmnt:l.des
of water injected are so 'man that the vater-table remeins une
changed, | |

The packer test currently gives empirical measures of dise
charge, believed useful as criteria for grouting needs end grout
take estimation (Talobre, 1957, p. 153; Grant, 1964; de Mello,
1960, p. ?03), but the test gives & low-confidence measure of
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permeability. This e duc, in part, to the assumptions discussed

above, and in part, to the great variability of permeability .
found in most rock bodies. Improvement of methods and confidence -
4s one object of this im:k. ’ . '
' The dimensionless variables deseribing the cavity geometry
and determining the shape factor are expressed by:

s/ = £ (d/p ., w/D . 5/p). (2-4)

~ Frevert and Kirkham (1948) have established by electrical ana=

logues that there is very little effect of lovered water table
until d 4s less than one diameter, D, from the top of the cave
ity. The depth to an impermeable barrier, s, is seldom khown in
exploration, but ean usually be assumed large in coamparison to D,
S/D s an insensitive to s/D as it is to 4/D (Childs, 1952, p.
533). Thus, plezometer or packer tests are bos.t analyzed as
though in an infinite medium, provided that they are located be-
low the wvater table, In such casds.

/D = £ (w/D). - @25

. In part!.cu!.at. 4f the cavity is long (u/b r g 8)

S/pe 2T W/0 ed (2.6
ln(zw/0) (SIoTer. feporged by (2:6)

’
[ ]

- Since the derivations of n-dxl.;.', Samsioe and Glover ascume
a line source, they fail to satisfy the condition of uniform poe
tential over the surface of & cylinder. Hnatand has provided,
as al.tnngt!.w.' the shape factors for ellipsoids, | *

Evans ‘and Kirkham (1950) pointed out the analogy of the
shape factor to the cioct:ostattc capacity about an ellipsold in

an infinite medium: .

mnsor (1953) ropotn the derivation by Cormwell, but attributes
the equation to R. E. Glover,
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smythe (1939) shows that

2c= [(as/Lecti it ea]™
vhere O i3 a :a:.:léble of integration and «, 4 , and ¢ are
the seml-axes of an ellipsoid. For the ellipsold inscribed in
the cavity of a packer cavity, <= ¥ and /4 >« , giving:

- 2 7 As(At- )
s=8m (4% <) 1n(5555m)

whiech becomes .

o2 Ty fayp slovor-i] %y X
§ = 4n[Cor0)-1] /in[* /o~ lroP (27)

upon substitution of
« =0D/2 |, Azw/2 . .
Shape factor: computed by equation(2-7) differ by lass than 3 pere
cent fron those computed by equations (2-6)1if u)b > 3,0, As Maase _/
land has noted (p. 273), neither of these equations are correct |
for a circular cylinder, though they sre asymptotic to these vale
ues for large cavity lengths. |
" When a plezomater coincides with the extraordinary axis of a
two=dinencional anisotropic mediun (m_asland. pp. 275-280), then
4;,“‘,1'4, ind "ws",
The transformation equations are
2'=%, , et , FrmE, |
m belng (4,/4,)%. Circular sections remain circular in the
fictitious transformed medium, and the isotropic hydraulic con-

ductivity 1s
£ ({4 ‘(v)?‘.
Thus, the discharge is: )
0= (4,4)%s, 3 , (2-8)



wvhere: y 48 the net head anﬁ 2-5

Sa {s the anisotropic ahap; factor,
Se/p ~« £ (mw/p),
found by equations(2«6)or 2«20
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 coil
can be found if the principal directions are known to coincide
.wl.th the axes of two differently-shaped pleiometers. The combinae~
tion of a long cylindrical cavity for one, and an épen-ended disk
" source (mo cavity) for the other, is efficlent for soil (Measland,
Pe 279) but is inadequate tof rock because too few Joint conducte
ors (too small a sample) would commnicate with the end of a dritl
hole, Child?c two-trell system does not readily lend itself to

gock testing because large potential differences cannot be introe
duced by gravity. ' |

Macsland also developed & means of analyzing threeo-dinmensional
| anisotropy. His work served as a guide to the following but is not
repetted here becsuse we 40 not assume the axis of the plezometer
to coincide vith a (vertical) principal axis of conductivity.

A votation of the coordinate system {s first necessary vhen
the pl.ozohter hag an arbitrary orientation with respect to the
principal axes of conductivity. Assume a drill=holé with orien
tation Bt.. the direction cosines of its axis with respect to &
dgbt-béndod geogrephic cystem (south = x,, east = *2'0 up ® x,),
and throe principal axes of conductivity Ugge smutly'mtemc'ea.

Pigure 2-2 is a diegram of the unit vectors of three ecoor-
dinate systeas, two of thom labelled with their direction cosines
relative to the geographic exes x;. In éop:esenttng these, the
superseript © alén!.ues one of many possible coordinate systems
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FIGURE '2 COORplNATE SYSTEMS FOR PACKER TESTS N
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?
having an axis al"ona the eylinder; it has B; as 13 and xg {s in
the x,-plane, The x,’ systea coincides with the principal cone
ductivity axes, Uij, themselves being direction cosines in the
xy system. The origin is centered on the upper packer,

The equation of a rightecircular ¢ylinder vith axis along
the x3 coordinate axis is: i

0% 72? - et , raD/2 - (2-9)

18




.nd the test gection !.l 1imi ted to %7

21’ - "W

The equation for the cylinder must be ro_u,tﬂ fgom the x: systen

to the x; syetem. Each position vector is related, one system to

the other, by a transformation ’ . .

7." € d"l- 7:}
vhose matrix Ls defined as

(2-10)

cos(1% 1) cosfes, 2) cos(s*, 3°)

Y cos(2%,°) cos(2%2’) ces(2®, )

cor(3%4) cos(3% 2) ces(3° 3°)

Inspection of usurc 22 vill verify that the elements. o.t the
transforaation a:e: Ry

(s A e e ]

(2-11)
Ua! [u;: 3! - Ug) 80 . ) u” Ba ]
r. 8,‘ “h-g: G-t Ni-gt LJ fie?

[0.3.* uei*"uszl [Uu'ﬂ-‘UuBg*nuB;] [U,,B.*%;B,f%;&]

The matrix multiplication of equation(2-10)gives the original come
-ponents of a position vector i.n terms of the primed coordinates.
Equation (2-9) for the cylinder in the coordinate system parellel
to principol axes of the anhomf»tc medium becomes .

Can¥) + QX ¢ G5 %3 ) e (a0t ¢ € ¥l ¢ 6 1)) a ¢ (2-12)

To replece the medium by an imaginary isotroplic one, we pust
transtom 1inecrly eo & third eoo:dl.mto systeam sccording to:

: (4./{,) v,

. L . (2+13)
1‘. = (“/{‘J& z‘ . .
2 o (&4 /L,)" XS




wvhere again, ‘c 15 an arbitrary constant. mc‘ lu ago pﬂnclpois'
hydraulle eonductivity cosfficlents, proportional to the principal
permeabdilities K;,, and one of the factors listed in Tbdle 2-1. —

Tadle 2}

CORVERS1011 PACTOPS, PERMEABILITY TO
HYDRAULIC COMDUCTIVITY

To obtain conductivity in: mlttg{)ag;oluto cgs units
RE UNITS FACTOR )
Darcys cn? : 1.0132 x 108
‘ gal{day/ftz o
Meinzer, K, vater & 60°F 1.834 x 10
gal/da /ft2 9 .j
Fleld Units X, vater 1.344 S 107" = ‘
: ft/year
s water @ 60°P 0.9053 x 10!t
en/sec ' .
vater @ 20.2% 0.9772 x 10’ 7
metors/day ° 8
water @ 20.,2°C 0.861 x 10
1/mdn/m hole/Atmos 10
Ingeon Units ° over 10 min, - 0.6 x 10 (R. E. Geodman,
personal commi.-
cation)

One possibdle definition of the ardbitrary constant is
£y » (A, 430" (2-18)
vhich makes
1: 3 ("n/‘“)%x-.
’: ’(‘3‘./‘.)”1: .
1;‘ = [“g:‘/(‘n ‘...M LER /
To find how the length of the cavity is changed dy the transe
formation, identify the center of the distal end dy the vector '
¥y Ooriginally at

P (2-15)
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5."-’ ,:~= e , ’; 2 -w .

chen rotated to '
3:"4307; p 3;-’-'41:7; ’ 33"-":3,3. ,' |

‘and transformed to isotropy by substitution equations 215 end

J;' W, . . )

Y, ¢ ( ‘u /‘.)"4 Tt

2: = (‘n /‘3!),/'433 w

3= [, L)%/t ] 455w

The cavity length in the fictitious system is found froa

e % Y

vhich gives?

{~= [(‘a./‘.) a;, "(‘l’/‘ll) d” [(‘,,[u’}'(”fd,} &w (2‘16).'

Direction cosines of the axis of the cylinder are: .
Y. =% /¢,
The generel equation for the cylindrical cavity in the igotropic
system 1s -obtained by substituting eﬁuation 2-15. into 2-12,
¢hanging 4t to an oblique elupuc’eyundet.

[(4 /‘”) q"" "(‘“/",‘ R {‘uh/(ﬂ £1) ]4.;&] “'
[(4./4») % c({u/(,) QaaXs [{, Ve g‘f;q,,, x,] =r

A crossesection normel to its exis 4is also an ellipse, defining

p (2-17)

the aew cavity shape by {ts gemleaxes, To find them, we first
solve the o'buqu. section, equation 2-17, for its senleaxes,

then project them to the plene normal to the cylinder axis, 7The
expanded form of 2-17 is:

‘{ﬂ/‘ﬂi! E‘{‘”) .8 2(‘“‘0&"“‘!&3 zl' o Z({udn),‘(d,ﬁlﬁlyd . ”

el g A X

% "9(2-18)
+ ‘!gz ,‘g) ‘(sz du) Z( {lt,‘ﬂﬁ (da ‘a +Qy4d27) 1 .2' "
. ‘ +j‘ﬂ/(‘n (zﬁ(‘c "’QU‘, ' 1

rl



The eéo!!tetcncs of Xyx4, as arranged here, define & nymoeﬂ.eso
matrix after first dividing offedisgonal (is)) elements dy 2,
pshsomtxzatto‘n trasmfsforms the equation of the oblique elliptic N
section to a4 coordinate system parallel to the axis of that ellipse.

”

Figure 2-3, The originally circular directrix of a
cylinder is an oblique ellipse after
transformation. The true directrix is
found by projection along the axis Y,.

The diagonal matrixt |A O o , .
o B8 0 N
0 0 ¢

vill coatain only tvo mn-ioro terms, A and B, B and C, or A and_

C, wvhich are coefficients of the ellipse.
Avis 83 iscut =1,
The semi-sxes are, then, two of the following:
4,20/ L e (8% Ly (el
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The eigenvectors must next be determined, to define the orien-

cai:i.ons of the above semi-axos of the oblique elliptic section in
tgerms of the trensformed (iaot:opi;) coordinate systeam, Call
these axes 14, m,;, and n,, correcponding to the A, B, and C eigen-
values. Flgure 2«3 {llustrates the simple projection of t:hou;
eigenvalues to the plane normal to the cylinder axics:,

“zp, [1-(Y: L))"

£ e Lol -Cve o)1

re LU0y, -1
vhichever t'ro are pertinent.

The grectest possible ellipticity would arise Lf the circu-

lar gsection 4in the original anisotropic medium coincided vith the

plane of ku end k34. Then
wyp e (£y78,)"

We have described the elliptic cyu.nde: in the fictitious
{sotropic medium by the length £ and semi-axes, say « and # ,
corresponding to the length w and the radius D/2 of a right cir-
cular cylinder’ test section in an enisotropic mediun, The ends
of the cylinder are non-orthogonal after transformation., This
will influence' the shape factor when w ¢ D, but may be neglected
for pumping tests whm w is invsriadbly many times D,

The shapo taetor has been reduced to!

s/o=f[4., b, & fel) 0 S 408 ) il {..)74..}4,,? W/o] (2-19)

Masslend has studied the relation between ellipticity and the
shape factor (1957, p. 244). Rather than évalua:e the integral
for electrostatic capacity for <rAx ¢, he employed electric anae
logues. He found little influence, provtded that w/D > S and

1/3<</4<3, Thus,
Sa & §(4/0)
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alone. Sa is determinable by equation(2-6)with less than 4 per-

cent error, .
The limitation that k,,/kyq ba less thon 9 is serious only
vhen a single, necar-parallel joint cet is present or dominant,
because the orientation studies have indicated no cases of such
strong anisotropy vhen more than one set of joints, in adequate.
samples, is presont in the medium. The eircular-cylinder form
factor approximation is acceptable for two or three-set systems,

unless, for instance, one set consiats of large parauel.faul.:s,

and the other conductors are tight joints, 1In sore cases of

strong fnisotropy, problems may be solved by reducing to two die

mensions on the plane of symiotry.
D chould be the diamater of a circle having the same area as

the elliptiec section in the fictitious isotropic medium (}Rasland,
p. 288). )
7
0=2 (“/6) (2-20)
The Glover=Cormvell equation for the shape factor of lonx

cavities in an infinite ncdiun i3 suitable for packer tests in
roeck, provided that v 1s computed by equation(2-16) and D by

* equation(2-20% The conductivity must be determined by equation

2+2) and (214} Then equation (2=3)for the discharge is

P %2 2-21)
Qr[ch 408,17 S0y (
‘A computation of discharge for one hypothetical packer test
will exemplify the method. Suppose that the diagonalized permea-

bility tensor is
: 219 o o

K; * © L o x 10~% egs units

N



o = b w mpu——" e

and the matrix of direction cosines of the principal axes is %

032 =70 .08/ *

L&' e |.5C#%

631 .07 678

.

.386 =130

Suppose a 200=foot KX (D in equation 3-6 = 0,25 ft.) drill hole
1s inclined 45 degrees east (By = 0,0, .707L, .7071) with one
packer cet 50 feet from th. bottom (w = 50). The static water
table is 40 feet below ground and the temperature 60°F. Gage
pressure ¢ 75 psi (p = 40 + 75 (2.31) = 231 fcr.).

Bydraulic conductivities are obtained by applying a factor
from Table 2a1,
k.. = K;. (184 x i0 '-) galleas fday 7 £¢*

Y
dy= S50’ L 130 Koot [, c0.84 x po?
Next, ve compute the transformation matrix (equation 2-11),
that will rotate the drill hole B; to coordinateg parallel to the

principal conductivities.

a ¢, € K10 243 <=g3]

a;;-*|e, € 4y ~.(32 =564 =53

s Ya % -.Cor 789 =12/
The transformed test length has components

9" ==(duld, Vo, w = so4( ‘ozjs'oo €217 #t

and nmur!.y .
,t s '(‘ /(os) QgaW = . - =556
’l * '[(4 {Ll)k/". QW = /0.6

Direction cosines aro .

The test hnsth in the uotrop!.e nediun s given by equation (2+16),
(-[( 25‘4)"‘(- cod)ls (s '3)‘(789)‘ *

( (rlr)"(ul)% 34}(-121) ] (s0.0) = 6.0.5‘ ft.
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The matrix of the cross=zectional ellipse 18 found by equation

(2-18)
/1263 7S5 -058

¢4.0| 475 190 039

- 058 .039 .391
Upon dlagonalization (seo long, 1961, p. 23), to slide=rule pree

eision,
A o o 00 o0 oo
o B olz=|oo 92.4 oo )
o ° < vo oo 2.1},

The obliqua elliptie section has the equation,

.y 4 -2
92.4 X, » 24 X, =1

with semi=okeos:
Iy 2 .104, L= 218 feot .,

To project those semiecxes to the plane norm2l to the axis of the

&

cylinder, Y;, the coefficlent matrix elgenvectors must be deter-
ained. Thase are the directions of L, I, ond L,. For each

s aigenvaluo, 3 and C, there ars four simultancdus equations to

satisfy: .
(2263 =-A/6s0) 4, + ¥75 £, -.05¢ 4y =0

rs € v C190-Ma)l, 039 & =0
-oss ¢ » 039 £, +(391-Af4) £, = ©

VAR AR A

The solutions are direction cosines, the pertinent ones in this
case doing
Bs o = /67, .35¢, 920

Cs % = oo, 2.0, -999 ..-
The cylindor axis Y; oakes angles with the semi=axes of the oblique

ellipse hoving cosines




. ' 35
Yo o, «(.358) C/67) & (= 0:9)(.854) ¢ (.125)(. 920) = = 105"
Y. ®i.w (175709997 =z TS

The projection of the semi-axis, Iy, onto the plane normal to
0 gives the geml-axes of the directrix of the transformed cyline

der? 2.4
Az 10vlr=-1058°)% = 103 £¢

bz 2800-.0759% =18
end "/J = ,478. Were the test oriented to attain the maximum
ellipticity, then it would have been
2lr = (Rys /£,)" = 405
Since 1/3 <A < 3, & circular cylinder will.give a good approxie
mtt&n to the shape factor, if the circle diameter is taken to be:
De 2(A7)" = 298 .
Now we apply Glover's formula (2<6) for the éhApa fector of a

tong cylinder:

- z)?.é e 22X 6058 = g
tn220)  In[2(c0.5)/ 298]

The hydraulic conductivity of the fictitious .uotropic aedium is
. . 4 A
R~ L ) ) " (£ 8.) %, = 148 1 00® gutfuyte?
Then the discharge,
Q=4 Sa)
= 14§ (144.) 213.

Sa 4¢.

- = 45900 $sl./da,

or =32 3em. | '
Ihcee-hole pune geat for aplsotropic medle

If a pieiamtor or packer fest hole is oriented paral'le!. to
one of the ﬁ:&neipal eonducihdty sxes, the special case discussed
by Maasland (p. 283) leads to equation 2-21,

The shape factor depends upon which axi.': is Eollowed by the
hole, and cannot be determined at the outset since the conductivie
ties sre unknown. Maesland's method for determining the unknown .
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is adequate when the plane normsl to the axis of the hole is ong
of !.aoubpy, the hole following the unique axis. A more general
method is presented below, for the case of three different principel
conductivities of known direction, c

To replace the real anisotropic system vith a fictitious iso-

N

tropic one, a linear transformation only is :eantd, since the
hole already coincides with an axis. By equations similar to
(2-13} we transform -~
x" = [4. /t,‘)&xo
)',' 4 (40 /(;sl'a X,

1, 3((,/:{,,}'/’ Zy .
vhere the constant k, = (kuku)l’ 2. The circular crosa-section
becomes an ellipse with axial ratios |

Wy 2 (s RS, %fp = (Ryy AN o /0 = Chsl)®, '

depending upon which axis coincides vtth the hole, 1, 2, or 3 »
respectively. Before: generalizing, let us attend to an i-axls
hole. label this the zeaxis, with x and y normal to the bole and
A3 L, as)"‘ . Then the semi-axes of the elliptic sectlon in the
transformed medium are - :

a4 /)"0s2  and  b=(4./4)"D/2
The circular section having the same ares as the ellipse has di-

(2-22)

amater .
D's 2(ea4)% =0 (2+23)
The cavity length w' in the fictitious isotropic medium is

o’ 3(4. /1')74“’ = {(“ 6)&/{.‘(“. .(2'25)
The shape factor defined by Glover's cq.uauoa for a long cylin-

drical cavity gives a good approximation to that of an elliptical ]
cylinder cavity if 1/3 < a/b <2,
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Su/p' = 2Pw/D
In(2w/0')
Se/p = 2204, /.(ez% w/p (2-25)

/,,[—{_‘4__:)_4_;]. o] ]

5 - 27w (4, ():"/
[ 8 o I"[Ju(é! ’! £ "/a}

'm. discharge of such a p!.ezometer or packer test in an ahieso~

tropic medium under head y is

[ ]

2#&;({‘[)?‘ (2-26)

Yz -
(“l ‘{/l) SO.J l"[:w('ﬁlfa)//(/

lnterpretins fleld data, one can only assume isotropy and compute
an apparent conductivity, k,, by

Q=k, 5y,
vhere the shape factor is given by equation(2-6. Thus
Qs ‘ LTw .o (2-27)

ln(2w/p) 3
Equating 226 to 2-27,
Q7w = 77"“}(‘: 9)

{‘_W)’ /n QU(“{J/VV J

é. _{,2,'/:' o I (2w/0) + Inl(4a 4;)’/ £ '/‘] (2-2.8)
A /n (zw/o) |

W, In [(4s ‘;)"/( o]
Ke (1e€)= (£s £J} ;C= la(2w/0)

The error tera ¢ tends to zero for such large v/D as épply to

' most packer tests in rock., Thus, 4n apperent e:mductlvlty,_ com=
puted on the aesumption of isotropy, epproximates the geometric
mean of -the pr!.n'c!.'pa'l conductivities in directions norael to the



hole, Reeve and Kirkham (1951) have already observed that the 38

apparent conductivity depends largely upon the conductivity nore

sal to the piezomater, N
Table 2+2 gives values of the error e for 10 < w/D < 500,

"y ¢ kx/‘ﬁf < 10, and 0.1 < kzlky € 10. 1lnspsction shows that for

all w/D, k, underestimates (kxky)llz, 1,0, e >0, 1f the hole is

drilled along a minimum conductivity axis, and overestimates it

if drilled along a maximum conductivity axis. If vwe limit cone

sideration to media having kx/gy <9, then the elliptical cavities

can be adequately analyzed as equivalent circular cylinders, and |

ve will de within the range of Thblo-z-z.

We can retﬁrn to the notation of the X, coordinate systen,
and ladel LT kazi and kaz the apparent hydraulic conductivities
determined dy three orthogonal plezometers or packer tests, each
drilled parallel to a principal axis, 1, 2,.0r 3. As a first ap- U
proximation:

‘“z » 4., £u s ‘li: =k, 4y . {a: =4, LT
Solved simultaneously, ' '

£, ,‘4“-4’/{" , AL Ao, (“/(“ . (,,"“a: e Ao,
wlcﬁ these estimates, it is easy to find in Tadle 2-2 the errors.’
made in assuming Kk,y, k.i or k,4 to aéunl the geometric means of
conductivities normsl to each test hole. Corrected values of k,
ytold.lmptoved principal conductivities by equations (2-29), Two
or three consecutive corzections will converge on the true values,

A truly general ine-situ plezometer test is yet to be devised,
The present methods, as well as those of Frevert and Rirkham (1948)
Luthin and Kirkham (1949), Reeve and KRirkham (1951), Childs (1952) -
and Msasland (1957) require independent knowledge or assumptions i“//
of the principal directions of hydraulic conductivity. The assumed

uniqueness of the horizontal plaﬁo is usually justifiable for



. camatasndbiiad

sgricultural soils or certain stratified, unconcolidated depoeuasg
(childs, 1952, p. 527§ Maacland, 1957, p. 228), but even Child'e
twoevell system requires trial field arrangemente to find mexie
mun and minimum conductivity dLrectioqs tn'the horizontal plane,
In the goneral case of anisotropy, there are six independent
gmkmv.ms;. three to define the orientation of axes, and three to
define principal conductivities. A single determinative test for
those' variables wvould, in all likelihood, be too complox for prace
tical use. It is thought better to continue use of other crie-
teria for recognition of ,pri.nclpal. axes before applying tests for
the three conductivities. If discharge is all that ic measured

4n & flov test, three tests &re necessary to solve for the three

unknowac., |

Such a test is the three-hole arrangement described above,
also tho tuo=rell and short piezometer eon.:b!.nattton of Childs
(1952). In practice, a test with three holes uniquely oriented
wvill often prove inconvenient becsuse of terrain limitations.
Furtherwore, exploratory holes drilled primarily for purposes
other than Mrtesttng. oriented for convenience or econony bdae
tveen principal axes, would not be useful for analyses of this
sort. Usually, some 'lautudo of choice exists, because diamond-
drill explora_tl.bm are somevhat arbitrary in design, especially
{n preliminary stages, For purposes of .permeability testing,
they could be batter oriented than is customary, concurrently dise
closing other geologlcal unknowns, When seepage or potential dise
tribution is the prime problem, the entire leyout should be oriente
od according to ptodeteéﬁ.nod conductivity directions,

The geonmetry of the system of joint sets, tauic.s. shears,
foliation and bedding determined from surface exposures provides
the only initial indication of the orientation of prlnctp;l direc-’



glons. A stereonet plot of joint normals offers the bost tool 10

for vicualizing tho symmetry of systems, and for moasuring sverage
directions. The orlentation studles illustrated in Platos 1
through 15 of Chapter 5 can be put to direct applicstion in an

' important qualitative wvay., lbdels of caces where thore are one,
two, or thres joint sots of equal or different proporties, uill
find thelr ::pproxi.ml.;e counterparts in prototype situations,
APrincipcl axes follow intorseetions of planes of orthogonal sysae-
tens. A plane of iaompy lios normal to sets of a conjugate
system, or the approzimate angle o.‘.. a pﬁ.ncipal axis bdbetveen two .
unequal cotc acy be indicataed by thelir rolati.ﬁe spaeinsg, oriene
tation disporslon, surface texture or continuity. Progreossive

. analysicz of tests during the drilling proagram should normelly
give mprovod. definition of axes to improve hole orientations.

As an ezanmple of anisotropic testing orocedure, consider a
foundation rock whose surface expression of jointing reveals a
pattern such as is displayed in the stereonet plot of normels,
Plgure 2-4. Throe orthogonal but unequcl sets agre apparant. A
plot of /-lineations (31llings, 1942, p. 336) measured on all
surfacos would yleld a simdlar pattern. !X diamond-drill holes
are then oriented 45 degrees northwest and goutheast, and horie
zontally, NE < SW, so that each colneides most faithfully vith
the central tendency 6! & joint set. Pumping tests with packers
are then performed as drilling progresses. For each test, dise
_charge, static vater level and gage pressure are measured, packe
ers set at intervals of about 25 feet. Eydraulie conductivity 1s
computed for each test, assuming lsotropic conditions,’'and the
results for each orientation are averaged. lLet these be:

9 : L 4 2
4’-5/,‘ '/o’l. (‘132.1 X0, 4.,:3.’ Rr0" 3gel/d [/ f+ .

where subscript 1 refers to holes trending NJ, 2 for holes trend-

N4
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ins SE, and 3, horizontal. According to equations (2+29) 2

Ryt harfas/ta, 243 ; £ do, 4ylRhe2 25 5 Kag?He, & Mg L0 X 0"
clearly, the direction dipping A5 degreos I 13 moat conductive,
as might be guessed from the large number of jotﬁts parallel vo -
this directlon, and the horizoatal, NE=SW direction 1is least con-
ductive, cince fewast Joints trend or intersect along this line.

Now, we can enter Tadble 2«2 with w/3 = 25 / 0.25 = 100 ard
the above estimates,

(k.,:/!s,)f 2.5. / 1.0 = 2.5; (kz/ty),_‘a 4.3 /1.0 2 4,3
* (kx/l,)z’ 4.3 /] 1.0 = 4.3; (kzlty)f 2.3/ 1.0=2,5

(2 /%;)3= 4.3 7 2.5 = 1.7; (k,/ky)3= 1.0 / 2.5 = 0.4
The errorc that apply to the equation -

‘X, (1 +0) = (k)2
are obtzined by interpolation: 7

e = =,095; ey = -.616; ey = «109
Thus correctod, harmonie means of conductivities normal to each
hole alignment are:

Rap' =Xy (1 +6)) = 1.6 (1 = .095) = 2.40 x 10°

ka2’ = Kyp (1 +e)) = 2.1 (1 = .016) 22,0 x10°

k3" = kg3 (L + 03) = 3.3 (1 +.109) = 3.6 x 10°,
and by equations (2-29%

Ry = 52x10% k=216 x10% by 0.02 x 10%
Again obtaining cnlsot:bphles. errors, corrected geomatric means,
and principal eonduce!.v.i;:ies, ve find:

Another re-estimate gives )

Ry v 5.6 x 205 kpy = 2.6 320% kg, = 0.75 x 20,

vhich 15 adequate for most purposes, being close to the asymptotes

.-
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of the principal conductivitios,
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Chapter 3 4

PIAMAR GEOLOGLC STRUCTURES AND TXE OCCURREMCE
OF WATER 1IN FRACTURED ROCKS

n dyct

Chapter 1 reviewed theory for homogeneous, continuous aniso=
trople perveable media, and thpter 2 presented a method of mease
uring anisotropic permecbility in any mediun, Such idealized
media are distinctly different from fractured rock uvith its oce
caslonel conductive openings. Before ve develop in Chapter 4 an
analytical method of relating such discontiua to equivalent cone-
tinuous media, it is desirable. to scrutinize the literature for
definition of all types of planar teiéures of rock, to review
their geometrical chsracter and interrelationships, and particu-
larly, to a?ok 1n81cations of their hydraulie conductivity.

Much work remains before we can define comprshensively the
hydraullc characteristics of all types of planar structural ele-
nents of sedinentary, 1gﬂ§ou9,and metemorphic rocks. In the
analysis othdata enployed in Chapter 6,.namogy, vater=pressure
tests froa damsites on crystalline (metamorphic and 3ran1t19)
rocks, it ﬁas been found impossible to diseriminate between coe |
existing features, for instance follatlon, faﬁltins and jointing
~ in the sam;Arock body. Such features might be lumped under the
heading of "rock defects™, or simply called fractures, since
their orizins are hot‘clearly understood., (Terzaghi, 1946).

Full description of each fracture type avalt; refined methods of
1solating and measuring properties of coexisting structural fea-
tures, . '

Yet the observations in this chapter; treating all types fnd

aggregates of conductors, reveal certain fundamental differences

between types. Yhen several are present, the large-scale proper-




45
ties of the medium reflect only the major openings. For instance,

vhen joints having apertures of hundreds of microns cut folia have
\~,( {ng openings of tens of microns, the permeability is due to the
: jointing, since, under a given potenflal 3rad1;né. éﬁo discharge
ofrcach depond; on the cube of L{ts aperture (Chapter 4), There ie
no evidence for f(luid flow in intact cleavage, foliation or, as
wvill be spown in chapter 6, in moct.ot the joints that are cone
fined by ovetburdeh loads, Paults and ghear zones may be greater
or lesser conductors than joints, depending on the lithology of
the vallerock or other factors. Lacking flow dats to establigh
criterie that characterize faults as aquifers or aquicludes rela-
i tive to their cohntty'tockg ve can only infer feult characterise
»! tics from such observations as mineralization. While for ene
gineering purposes s& strong conductivity contrast between differe
ent types justttieq the neglect of all ﬁut‘tho majo: openings in a
rock body, thé mechanical, chemical and electrical properties may
i - depend upon the continuity of fluids filling all classes of open= |

ing.
Since thsre is interest in all types of planar fluid cone

ductors in rogk, vhether or not they exist as the only, or domin-
ant type in a given body, & classification and summary of the
literature on planar features is appropriate. Such texts es
Billings (1942) and de Sitter (1956) describe some aspects of all
types. o

Cleavace .

« JFracture gleavages are fine L!anos of dislocation, 1 to 10
.p‘t nilltmétor, oriented essentially parallel to ‘the axial planes
o of folds in metamorphic rock. Best developed in argillites, frace

ture cleavage is either absent, less closa-gpaced, or less con-

tinuous 4n nrénn;ooul beds of the same sequence, or occasionally

o, @ apa



present only at the axis of folds, When cleavage of !;ll orlon- |
gation is found to cut through beds of any lithology, it is called
glagy cleavaze. In both classes, weak recrystallization develops
smooth mica=covered surfaces, When coarser crystals form and the
bedding becomes indistinct, it 1s called [low gleavaga. de Sitter
reports (p. 98) cleavages that extend great distances in limee
stones,  sandstones and shales, but spaced gseveral millimeters
apart. Slaty cleavage 1s best developed in meta-shales, less per-
fectly in meta=sandstones, but 12 pyroclastics, conglomerates,
chert, msrl, levas, tale or even serpentine are present, they too
may show glaty cleavage. Sometimes there are two sets of fracture
cleavage planes intersecting at a small angle and parallel to fold
axes, The above types are believed formed always normel to the .
najor compressive streac, and accompanled by minute lateral dise
placements, expressed as shear folds in the original strats,
Schistocity is cleavage with clearly recrystallized micas and
quartz, both aions fracture planes and throughout the rock. 7The
original bedding is usually obscured, Breakage planes extend
across all rock QypeQ, individual surfaces following and alter-
nating between innumerable lnt;rctyotalline bdoundaries. The ori-
gin of schistosity is mechanical (Goguel, 1943), like cleavage

but more intense, and augmented by growth of flat mineral grains. -

Gneissic structure in granite rocks may be of similar compres=
sional origin, 2:}13;12&,1s.a descriptive nampe that avoids the
distinetion botwoén shear cleavage and schistosity. lMost cleave
age and schistosity is noar~vor§1ea1 in orientation, though
horizontal schistosity exists that may be 3cnot1clllj felated to
so=called’ concentric slip along bedding=planes (de Sitter, p.
104), Concentric shear surfaces, with mica, gouse or slicken-
sides, are consequences of the bending of successive laminse to
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JLfferent curvatures.

pluld sonductivity in gleavege
Cleavage does not conduyct water in quantities of engineering
significance, but vhether or under what circumstances does cleavage
concath continuous fluid-filled openings capable of tranimlcftns
changes in hydraulic potential remains an important unknowm,
pressure tests in metamorphic rock at Oroville damsite on the
Feather River, and McSwain damsite on the Merced River, Celi.
fornia, have eéch demonstrated (Chapter 6) a sufficient proportion
of zero-watorstake precords that the dblqulttoue cleavage crossed
by the drill holes cannot be significantly conductive when in
froesh, hard rock under overburden load, On exposure, however, &
few surfeces open, gccommdating strain. such as accompanies dee
compression around & tunnel. On prolonged weathering, elays’
transported into or developed in the eleavages'exp#nd seasonally
to extend end widen the openings, or to tnttiat; other fractures
nearby. Innumerablé folla open in the zone of gravitational
movenent, especially vhen there in creep. The surficiel cy?tem

of fractures, at least in crystalline rock, differs greatly from

" the system in buried, intect rock. Some foliation bresks in

fresh rock &t a tunnel heading are dls:lnctl} vater«wet though

not draining. This water probably does not exist there prior to
stress relief, but rather, is imbibed by caﬁ;llartty {n certain
openings eonnéeted to other fractures having sufficlient storage

_capacity or transmissibility. .

Jeints | ) .
Billings (1942, p. 1l11) defines & joint as a divisional plane

or surfece that divides rocks, and along which there has been no
visible movement parallel to the plane or surface. de Sitter
(1959, p. 122) cusguﬁ that all transitions exist, from gheapr
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joinga with no lateral movemont, through joints vith small movee

pent, to smull and then larpe faults, It seems ukoly that coue,
'namoly. the fonzion m;, fit the no-movement encogory, uhne
others hive moved 50 minutely that referenco marks on Oppoc!.te
sides ceex undicturbded. '
Genetic clacsifications of jointi heve deen advanced but
pone sa:ist.":etorlly oxplain all comploxities found in nature. It
i3 usually assuned thut joints and faults are closely related by
a comon orizin in formation by orogenie streases. Joints somee
times do, and other times don't, havo orientations the scrme as
feults in the same body. Another unresolved azpect i3 the remarke-
ably uniform spacing often observed in joints. This has supiested
tidal strcin (Tolmes, 1364) or earthquakes c3 propagating or trige
gering nechanisms for fzilure of 2 stressed erust, ‘
Clzasifications ixe 21so possible on the basls of the orien-
tation of 2 joint uith :oépec: to other joints, ond »ith rospoct
to fold cres or fault planez, 1t is widoly recognized that shear
joints sonetinzes cowe in conjusato palrs, the planes of a palr
interseéting ~lon3 a line pcrallel to the intermnediate of_-:hree
priﬁcipﬁl ztresses, and the blscector of the smalleat angle be-
tween :&o palr parallel to the major stress, The angls formed By
& palr :nries f:bm 13 Ato 90 dezrees, qualitatively agreeing with
Mohr?!s fallure theory, and depending, among other things, on rock
type. Plncus (l9§l, p. 118) found no such variation detwsen
gnelss and sediment3. Slezel (1950, p. 617) thinks anisatropy of
fadric explzins the co.ron adbsence of one get of a eonjug;te pair
(C. ¥eyer, persomal cocrmnicotien, 1956). Figure 3e1, :taken from
de Sitter (p. 124), interprots a 90 degree change in the orilenta-
tion of conjugate shear joints as a resule of anticlinal tension

and synclinal coxpression across tho axcs. while the stress
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I ,,gaun to the fold axes remained relitively unchanged from one 50

pogztion to another,

}elton (1929) spnd 2incus (1951) each found that the directions N
of joint normnals becr a gore eohststexi: relationship to bed;!l.ng
than to! geozraphic axes. The directions of joints are not re-
jated to foliation (Pincus, 1951, p. 115). Ring (1948, p. .lld)
deserited an orthozonal joint systom in sedlmanfs of the Guadae~
’xupe mountains, Ono set strikes parallel to the normal faults
But rotates to .maintain dips normal to the bedding., The set nore
msl to the -trike remains essentially vertical, normal to the
pedding. Ring found the frequency of joints to be greatest near
the faultc, | ‘ .

In siaply=folded raat.?ns. veary persistent g_eos;:éphlc direce
tions are solotinec mlntnined.' Pigure 32, fron Parkor’s (1942)
study of joints in .!ew York and Pennsylvania, shows the strike of
psired shecr joints (Set I) shifting slovly from M to I'NE as one

traces fald axe:s eastuward s&eross the map. The joint directions

change consistently with a reorientation of fold axas, tut inde-
pendaent of loccl fold orieatations. . ,

de Sitter (1956) cites cases from the literature demonstrate
ing parallelinity of joints to fault systems (\Slk, 1937) as in
Figure 3=3, and others vhere they are clearly unrelated (Kwantes,
1946). 1t is sometimes important to differentiate sets of- cone
ductors according to relative age, for jointing in some cases pre-
ceeds and porallels faulting in the same stress fleld, while sube
sequent jointing or faulting may be inconsistent w{:h the earlier.
Joints may be classified in Anderson’s (1951) scheme of fault ,
types: norinal, thrust and wrench, according to the orientation of ‘
prinecipal stresses. Reoriented sﬁss 'tioldo between faults, as
indicated by highereorder fault vsy::eas described by Moody and
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mil (1956)" are cause for the observed multiplicity and disper- 53
gion of joint gets, together with differences in rock strength
and changes of stress over geologlc time,

So=called tension joints are oriented either normal to the
ninor i:rtnel.pa.l et:roas.. or nornal to .tho direction that has acted
as major principal ctress in forming shear joints. Tension joints
are either vertical or horizontal, eeldom inclined. Siegel (1950,
p. 613) expressed the opinion that horizontal tension joints vere-
impossible because the overburden would always insure vertical
compression. If sheeting is not a tension phemmer;oa. it' e
cbused. by colum bending moments under compression tengential to
the ground curface. In Figure 3=1 are tension joints disposed
normal to the minor ctress, parallel to the ant!.eunal axis end
normal to the syncunal axis,

Hodgson's work (1961B) on Jo!.nctng in gently folded sedi-
ments of the Colorado Plateau is so thorough that it warrants
sumnarization a8 & definition of the occurrence of joints in
gsedimentary rocks. Prominent beddinge-plane discontinuities be-
tween tadbular rock bodies dictinguish sedinents from crystalline
rocks. Shear joints are apparently abcent in sediments. Hodge
son's analysis of sedinmentary joint structures must be transleted
to other environments only with care, |

His concept of & "gtructural rock unit® is importent in vise
valizing boundaries of homogeneous Jol‘.nt: systems: 4t is & "body
of rock bshaving nearly uniformly throughout its extent under ukg
stress®, - It may be & formation or units of 32&:0: or lessgser vole
une, | | . . :
Hetr and established terminology applied by Hodgson is wholly
descriptive. It will therefore require no ﬁodttiut;on vhen the
genesis of jointing is ultimately established. A folnt is &
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sfracture that traverses & rock and is not accompanied by any 3
discernadle displacement of one face of the feature relative to
che other® (p. 12),

Systematic joints occur in sats, parallel or sudparallel in
plan but not necoisn:ixy showing similar relations in section.
Systematic jolnts cross joints of other sets, They have straight
or gently algmoidal traces, a few inches to 400 feet in iength.
The traces decome irregular at the ends, curving towards a neigh-
doring joint, which it may join at right angles. These termini
are non-systematic (unoriented), often bifurcating. The surfaée
area of a systematic joint may be a few square inches, up to hune
dreds of square feet." Surfaces appear to be nearly aquidimensione
al in thick rock units, may be wholly contained in the unit, or
elongated 1f the unit is thin, but many individual thin beds may
bs cut by a single joint. Some systematic joints cross boundaries
between very different rock units, such as massive sandstone and
thin-bedded shale, but the joint spacing changes at the boundary:
wider in coarser, thicker bodlies, closer in fine-grained, thin
bodias. ?Brallelism depends on constancy of lithology, most per-
fectly daveloped in massive sandstones and some limestones, The
orientations of planes sre more dispersed in siltstones or flagsy
shales, inczeasingly so in lenticular, coarse-grained, poorly-
bedded units. A systematic joint saet occuples 8 demonstradly
linited geographic ares of ;.gcv square miles, o!cén overlapping
areag occupled by other sets. Angles of intersection between sets
are fairly constant vhen viewed in plan, bdbut dip orienghtions may
vary up to 25 degrees from the normal to bedding, so that one set
cannot be differentiated from another set if vieved in section.
The writer belleves that joints should be identified according to

sets after ploiting their poles in stereographic projection, not



in plan or sectional vieu, Hodgson reports no mutual tnterfer-58
ence or dlsloeation et {ntersections of two cysteaatic joints,
fon-systematic joints abut mormal to systematic joints, but

tm'n variable angles of intersection vith other nonecystematic .
joints, They are curved in plan, and either cuﬁod or straight in
section, depending on the thickness of the rock unit they cut.
Though they attain great dimensions in units, they are seldom od-
served in outcrop, for they wahthor and open by weathering less
readily than systematic joints. Cross=joints are a pl.cm.ut'.'~ variety
of mn-systcm;tic Joints, also terminating at bedding or system-

atic Jotn: surfaces. 1t aight be inferred from Hodgson's descrip-
| tion of non-cyctematle Jointe, that they have imperfect hydrauue
eontl.nu!.ty since they are tighter. Yet they are more rough and
4gregular than eystematic joints, so may provide important con-
.tu.nm:y in single-set systems. A significant continuity notion
is the %"joint zdx_m". Seen in plen, parallel systematic joints
often occupy a Barrow belt vherein individusl joints ore slightly
offeset from on¥ another (en echelon).* The frequency of {nter-
ruptions along & zone {s nearly & constant for a structural unit,
increasing with-the thickness of the unit., The individual joints
terminate utosuuﬂ.y, sometimes hooked inte and normal to each
other, Joint Zones are separated by a predominant spacing chare
nctod.stte of the set.

Joint sets have great aerial persistance and regularity in
plan and spacing. Up to six sets occur at eny one éueo. Vhers
Hodgson studied thea, systematic joints extend vertically through °
Peleozolic and Mesozoic formations. The c_ots' are unrelated to
© fold axes except by rotation about those gxo;.

exizin of Jolatias

The geometry of several co-exicting sets cannot be explained



by conventional tectonic shear or tensional origin, Hodgson do-se

gected no slickensided shear surfaces. He cites evidence that
joints form very early 15 the depositional history of a sedi-
ment: Jointing may oxiit in yduns unconsolidated soils, such as
lake Bonneville clafbeds, "wet"® Miocene claydeds in Maryland, or
iignite beds among soft gands. His hypothesis is that joints are
upward extensions of pree-existing fractures, formed as soon as
"the rock is sufficlently brittle to fail by tidal fatisue.
Platker (1964) gives further evidence of th; extension of joints
meintaining dbasement orientations, propagated upwards through
unconsolidated alluvium to control rectangular drainage and lake
shores in eagstern Bolivia,

The role of pore pressure as & contributing cuﬁao of joint-
ing has been neglected. fﬁo existence of high pore pressures
approaching the total overburden load at dipth has ‘been estabde
2ished from oilwell experience (Hubbert and Rudy, 1959). While
pore pressures ére insufficient e;uso for jointing, isotropic
excess fluid pressure (Terzaghi, 1925) results in low effective
or intergranula® rock pressures. FPore pressures are applied
throughout long periods of time, even in crystalline rocks of
yery low primary permeadility. Other stress sources, tectonic,
tidal or thermal, can therefore more readily trigger either shear
or tensile faildre. Total stress must be compressional in all di-
rections, dut need only fall bdelow the pore pressure by an amount

equal to the tensile strength for failure to ocecur, The marl

aquicludes shown in figure 3-1 would promote high fluid pressures

upder heavy overburden, making the 1imestones sensitive to flec-
tural reorientation of principal stresses. The so-called tension
Joints oriented normal to the axis of greatest stress are called

release, or extcntioh joints. In figure 3-2, the E-W joints are




of this type, thought to originate upon elastic release of eom~57[

pression. ' One cannot invoke isotropic remanent pore preseures
as their cauge, because as the.mnjor stress declines, tension
would aris; in the direction of aslso-declining minor stress.

The origin of steep-dipping "extension" joints remains enigmatic.

Tensfon cracking was mogeled mathematically by Lachenbzuch
(1961, p. 4286), who concluded that the common physical propers=
ties of rock should préclude tension joints below depths of
about 900 feet. Yet, there is t(oid evidence, cited in this
chapter, to indicate openings to thousands of feet, or more if
the btiﬂea desertbgd by Smith (1958) and White, Anderson eand
Grubds (1963) are indeed partly magmatic 1n.qustn. Fore prese
sure 18 possidbly the mechanism accounting for propagation and
preservation of such openings to great depths,

When failure tokes place, there would be an immediate dtop'
in pore pressure along a fracture, thus an increase (not a re-
leasge) ot‘eftective compression across & tension Jotnt. Joint
faces do not separate upon rupture, as they would if tension exe
isted in the solid phase. With correspondingly low fracture
conductivity, fluid pressure=-drops would be slowly transmitted
along a fracture, Adjacent rock masses would have unaltered neu-
tral end effective stresses for some time, during vhich succeed-
ing fractures form. Hodgson (1961) noted that the spacing of
systematic joints is uniform within a structural unit end varies
directly with coarcness of sediment grainesize, Speacing may logice
ally be related to rock permaaytltty. manifested by ;raln-stz;, for
vhen 1ntergtanu1§: permeability exceeds fracture conductivity in
transmitting & failure pressure-drop, the distance to adjacent
Jotntsvdgy be governed by ﬁha ttanste;c,." Pailure is unlikely in
the region ogfrolieved.pore pressure, éxtendtns lateraliy at a




rate proportional to permeability and inversely to porosity, ?8
The suggested role of pore pressure in Joint formation has

yet to be fully explored, but its inclusion as & component of

tectonic and gravitational forces may suggest a theory of joint=

ing consistent vu;'h such field evidence as Hodgson (1961) has *

collacted, ¥ ‘

Misxoscaple featuxes of joint surfaces

Surface texture' can be used in some cases to distingulsh ten-~

'li.on from ghear joints. When both types are present one can often,

but not mar’iably, show that the tension Joints are roush and ire
regular pullewaparts, while shear joints have relatively smooth,
sometimes fluted and polished, tight contacts. G:loﬂto, sericite
. or epidote coatings are sometimes found on shear joints (Moye,
1939, p. 26; Lyons, 1960). The textural contrast may depend upon

-/

confinement at rupture, since many joints of shear orientation are . /

rough and wholly lacking in evidence of lateral movement (King,
1948). D. G, Mye (personal eon:mnicatioxi, 1963, 1959, p. 26)
has noted a hydraulie distinction between the two ﬁypea, tension
Joines beins. the more conductive. Granular dedris is produced on
both fracture types m' laboratory rock tests, but the debris 1is
coarser in tension bdreaks than shear breaks., The writer has obe
served that on tough surfaces of tension Joints opened in tho
laboratory. there are dislocated dut attached grains as well as
free particles, Thus the faces never reseat within less than one
thousandth of an incb, as measured by micrometers attached before
separation., Griggs, (1936, p. 335) envisions ladoratory frace
tures as an integration of minute shear and teasile fractures,
thus having variable apcrture. Brace (1963, pp. 2-3&, 39) re~
ports that oblique shcar failure of confined spoci.una dcnlops
first a milkiness along an oblique zone, then little en echelon



An orthogonal system of continuous fractures

in massive sandstone: Smooth continuous

. (horizontal) bedding planes, rough, plumose
tension joints (facing viewer's right) and
smooth shear joints (von Engeln, 1961, by

peruission, The Cornell Univ. Press).
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srain boundary cracks that coalesce to form the rupture surfcco.°°
rine pulverized grains can de brushed from the iurfacon. The
size of such detrictis, or of dislocated grains attached bdetween N
the en echelon cracks, prodbably determines the minimum apertures,
Greater apertures may result from wedge action on the surface
1r£§3u1arltleu. Figure 3-4, taken in the western area of Pléker'c
map, shows the perfection and extensiveness of planar.jolnts'
gfound in some rocks and the textural contrast between smooth
shear and rough, feathered tension Joints..

Plunose surface structures consl;: of lowerelief joint marke
ings similar to the pattern made by two feathers in line, with
their butt ends joined. Woodworth (1897) called it feather frace
ture, Parker (1942) called éh§ features "plumes®, Radiating fea~
tures are deseribed also, by Woodworth (p. 166), Razgatt (1954)
and Hodgson (1961A, 1961B, p. 20). The plume strgetutos might de
descrided as sharp, irreguler ridges of amplitude and wave length- \‘T/
on the order of a few graln diameters arranged in conjugate fame

ilies of hyperbolas having a common directrix parailel to, and

superimposed on'the long axis of elliptical, concoidal ridges of
greater amplitude, longer wave length and smoother wave form.
(See Hodgson, 1961B, Figure 25). The directrix or long central
axis of the structure is usually parsllel, dut somoétmcs normal,
to the boundarios (bedqzng) of a structural unit, Opposite frace
ture faces are tisthficting until disturbded, and show no.evtdence
of transcurrent Movement., Similar tension and fatigue failure
surfaces have been observed in metals. The extremitles of the
elliptic pattern are coarser textured, terminating in:en Jchelon,
oblique "terminal offset faces™ (Hodgson, 1961B, p. 21). The
scale of the texture is proportional to the size of the joint
surface, snd thus to the thickness of the structural unit, The
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pattern is usually, but not always, centered in the unit, for 61

Joints normal to the bedding, Hodgson does not substantiate the
1dea that the center of the structure is the point \?here' failure
began, The writer feels that the en echelon offsots at the
periphery are éonstste;\t with Bracefs (1963) observations on
fallure, and that the plumes grow imvard from the dl.scon:!.ni:it!.ea.
Miscellaneous geometrical fypes of foints |

Joints vlt!} thrust fault orientations intersect bedding along
lines parallel to fold axes but at acute angles to the bedding
planes, since the major compressive etress tends to follow the
di.p. of the beds., Moderate~dipping conjugate joint sets in gren-
ite rocks may also be of this sort, arising vhen the overburden
pressure 4{s the minor stress. Whether or not. they are actually
shear joints is questionable, for they ere usually plemar, rough
and h.cklns lineation. de Sitter has plotted ell the possible
Joint directions relative to a fold exis, His stereonet {s re=
produced here as Figure 35, '

Short joints, normal to competént: beds of a hard-goft alter-
nating sequenee. are called potationa] foints, and are believed
due to the bedding plane shear developed on the limbs of folds,
Formal feults and tension joints are alcs found at the necks of

bouds.naged eoﬁpetent beds.

- Concentric stress systems developed around isolated intru-
sions are superimposed on horizontal regional stress systems.
The doming process (Wisser, 1960) results in radicl and t.ansem
tial tensile stresses, expressed in apical grabenc, gope-gheats
end gadiel fractuses or dikes (Billings, 1943; Anderson and Jef-
freys, 1936) over plutons or salt domes (Hanna, 1934). The de-
tails of such structures are important guldes to ores (Nevhouse,
1942) because experience has shown that mineral veins often form
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normal to tensile directions. An analysis of domical ltructurues

for theirunique arrangement of conducting fractures would help
mineral exploration, since ores are fluid-borne, Work on this

problfun may bo.attmu'ud soon by the need to engineer the p:;o-
dudtion of oc.;ﬁ and brine from similat structures.

Columnar gontraction joints of reguler pattern are common in
basaltic lava flows, and wore crudely formed in breccia ﬂ.ova and
velded tuffs (Gilbert, 1938). The model of permesble jotnted
media (Chapter €) is not designed for such discontinuous cone
ductors. t-. '

Sheeting is an important joint class, dominating the occur-
rence of water in some sreas, These are extensive, flat to gently
curved or unduleting seams or partings found in massive tocki.
especially granite (Jahns, 1943), but also in quartzite, limee
.toﬁe. a'nd probably in some metamorphic rocks. Sheeting is most
conspicuously developed near the ground. surface, conforming gene
erally to hills and valleys alike (Gilbert, 1904). PFrequency
decreaces with depth, for sheeting is seldom found below 300

feet. The lateral extent is generally hundreds of feet, where

" they abutt older steep joints or feults, or where they feather

out as neighdoring fractures converge. The fractures cut indis-
criminately across all primary structures, dikes, contagts, coun-
try rock, etc. The sheets of unjointed rock Botwoen seams are
under compression parallel to their extent, as evidenced by
"popping® (Terzaghi, 1946), or by sudden splitting or latersl
movement into quarty excavations. Watson (1910, p. 24) has ob-
served polished and striated joint surfaces in granite, possibdly
due to translstion upon surficial :o'h_'ue of stress. ‘hatever
the deepessated cause of stress, the sheeste=structures are believed

the result of relief from confinement by erosion of overburden, as




suggested by Gildort (1704), Matthes (1930), and Jahns (1943), 84
Bending of cheets imda;.' column loading accounts for sheet joint
openings of several inches (Matthes, 1930, p. 114). 3ome very
deop horizontal cracks are permeadble, for minerallzation has been
ceen on thenm (?aﬁnin, 1937, p. 626). Highly conductive, flat un-
dul.a.tory Joints in slate, metavolcanic and n. serpentine complex
at the Merced River damsite, are probabdbly of the same origin as
the more obviouc sheet structures in massive rocks. 1In the Southe
ern Steotes cre oxtensive horicontal joints (Watson, 1910, p. 24)
tarough granitic and motamorphic rock, to vhich LeGrand, (1949)
sttributes mo:t of the fracturc permeability of the reglon.

Terzaghl (1946), hes listed a3 guldes some joint character=
istics accoclated with different rock types. The more brittle
rocks tend to have clocer joint spacing than ductile rocks, For
example, rhyolite shovs more frequent, irregular jointing than
bas.:alt. Mazsive rocks tend to have less continuous joints than
tubular rocks, Sediments usually haveo three sets: the bedding,
and to others normrl to the bedding. Joints in limestone and
sendstone cre ‘conmonly soveral feet apart, shale much closer,
dotn to fractions of an inch, Rebound in shale produces slicken-
siding on minute, conchoidal fractures. fb_wter could be found
belou 500 feot in jointed Triassic shales of liew Jerssy (New Jer-
sey, date unknownm),

Spacing of fractures has attracted little attention of field
geologists., Ring (1968_) found that spacing is closest for rocks
of greatest deformation, but the more brittle rocks have eloser
specing under like circumstences. Pincus (1951, p. 92) found no
correlation vith degree of deformation in pre=Cambrian and Paleo-
zoic rocks of New Jersey. FHodgson's observations (1961B) are
described above. Changes of spacing vith depth have been sur-

N
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nised by Tolman (1937), Ring (1948), Miller (1933), and Pincus

(1951), The consensus is that weathering opens pre-existing weake
nesses., F!ns. (1948, p. ll4) noted vertical joints extending as
mseh as.lloo feet, in the vertical sense, down cliff faces,
Appleby (1942) found thet the pattern of fractures on dynamited
faces corresponds clocely to naturzl patterns. The writer's bee
lief, bused on analysis of pumpe-test data in chapter &, is that
porosity increages touvards any free face, both by increase of
fracture apertures cnd frequencies. The rock éround the drill~
hole is nore skin to the undisturbed state than that exposed in
anines, tunnels, or quarries,

Evidence of fluld conductivity of joints end faults

Joints ere the most Lmportant clcss of conducting fractures.
Thie {s because one type or another, or several types at once, are
present in prectically all consolidated rock types, Paults are so
1n§requent vithin the boundaries of most problem areas that they
can seldom be treated statictically. Cleavage is confined to
metamorphlics,

Tolmen (1937, pp. 261 to 313) differentiates decp-seated
frectures (faults end some ahacr'jolnts) f:om superficlel ones
opened by vecthering., Ye believed that the water teble limits the
zone of veathering. In Turk®s (1963) study of tell yleld varice
tion with depth, a veathered cone was &assuned to act as &n infil-
tration and atérage bed just as Tolmen suggested, but the continu-
ously varying velle-discharge mezsures did not support the notion of
e demarkctioh. Rather, a continuous varistion of permeability with
depth vae shown. Lewis and Borsy (1966) conducted vell-punping
tests in join;ed phyllite, Plots of the draw down = log cl&e
relationship proved never to be linecr in the way indicated by

theory and experience in unconsolidated hqutters. A continuous



decrease in permsability with depth is suggested by the con:l.nu-e
ous curvature of their plots. The statisties of pump tests re-
ported in Chapter 6 has proved that :h; preponderance of Joint§
visible at the surface are insignificant as conductors at depth,
’ The few conduétors existing below the water tadle, Tolman
considered largely unconnected. 1t is':he writer's belief, from
sone experience in dame~site exploration, that isolated water
bodles are more likely in the weathered 2one where clay deposits
plug some parts of wide openinzs, and leave other parts‘open,
Drill holes at MeSwain damsite, Merced River, California, pene-
trated many weathered joints, often filled with an inch or so of
red clay. Instantaneous bit advance, sudden loss of drilling
water, high punp test discharge and crystalecovered joint sure
faces on recovered core ehds indicated large open joints, connect-
ed to the rest of the systém. In other jolnts, apparently une
filled, no water_flaw devgloped, suggésting localized clay file
lings. ' '

There cre a ferr cases descrided in the literature (Townsend,
1962; Thayer, 1962; ‘bye, 1959; and Stewart, 1955), for example,
where drawvdowvn at & line sink produced recognizadble cones of de- .
pression, or other indications of continuity. These eases.suppo:t
the assumption made in designing a mathematical model (Chapger 6)
having wholly continucus intersecgins plano conductors. A worthy
topic of further research would be to ascertain at what length-to-
spacing ratio do discontinuities become important to the overall
permeabllity of such a model. )

The report of E, J; Daniel (1954) on the Persian Gulf oil
fields contains some of the best avalilable subsurface data on
fractured limestone. The Aln Zalsh field produces wholly from

fractures without solution enlargements, so continuous and inter-
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connected that a few cultably placed wells could drain the entire

reservoir. OLl moves ac much cs 2 milos distant from a well, and
botto.nshole precsure recovery ic rapld upon shutin, There is hye
draulic connaction botwween the First Pay and Second Pay, though
gseparated by 2000 feet of non-productive fine sediments (p. 778).
Open fracture:s without solution enlargements must extend over 3000
feet in depth. Joints and beddinze-planes are infrequent but vital
conduits, most of the production being in calcite-veined, highly
freetured (6-12 per foot) bodies of rock. It is not known how
much fracture permeability 45 due to traccure; that vere never ree
erystallized, versus fractures reopened by recurrent tectoﬁlsm.
The more brittle, cherty linmestonez are more {ntencely fractured.
Similar veinefrequency, wvater permeability relationships a:e-re-
corded in uining districts (See belov). The permeability in the
Afn 2alah structure i{s not restricted to teasion joint openings,
for there liave becn obﬁetved oll films on hair-thin broaks, sty-
lolites, slickencided fractures, ond fsces of ccleite erystals,
Sone undisturbed (?) joints cutting cores have openings of 0.1 to
0.2 m., carrying oil films,

The Kirkuk field produces from super-capillary openings so
continuous thot the entire tleld acts as a single pressure sink,
The maximun water-edge rise is 25 miles avay. Permeability is so
high that a single well can produce 30,000 bbl. per day vith only
3 to 4 psi d:aédown. Caverns (up to 14 feet), residual dolomite
sand and solution-opened planes provide storage (up to 30 percent
porosity), but joints and e few faults provide the interconnec-
tions. Even the tight, slickensided faults have oil films.
Joints are spaced 1-1/2 to 3 feet, eggengtally orthogonal, with
sintact® (?7) openings of 0.1 to 0.2 ma., Surface textures accord
with graln gizoes :ouaﬁ in coarse rocks, smooth if porcelainous



rocks. ' L1

large joint openings at great depth cre not pecullar to
limestones, but may be encountored in igneous and metamorphie
rocks also. T. Gross (personal communication, 1964) drilled horl-
zontal holes for water in the pre~Cambrian ecrystalline complex
wvest of Colorado Springs, a:tainlqs 50 gal, per m;nuto.dlscharge
and almost 1nstantane$us pressure recovory on shutin, Production
may be from one or more large openings (1 mm. or so)' of great ex-
tent (thousands of feot).

One of the richest mines of structural dase pertinent to the

occurrence of water in consolidatad rocks 1s Nowhouse's (1942)‘

- treatise on guldes to ore. Interrelations of faults, folds,

Joints and rock type have been investigated more thoroughly for

| vein deposits than would ever de econonically justified for water

occurrence. Tho preservation of structural detall dy mineralizae
tion in opening:, onco fluldefilled, is more advantageous for
present purpoces than would ever be a like 1hvest1gatioa of fluid-
filled openings that cre sensitive to disturdance. Progressive
opening of mineral veins upon successive refllling invclidatesany
quantitative measures that might be made on theém., "Book™ quertz
veins indic:te prosressive enlargement. Yet the conteation that
ores take great spans of time to form from dilute solutions 1ls re-
futed by the recent discovery of hot drine at Myland, California,
containing up to 300,000 ppn total dissolved solids, ineluding
remarkable retal concentrations (Vhite, Anderson and Grudd, 1963).
An 8~inch well discherge pipe at the surface closed to 3.1nches

by encrustation in 3 months of froe flow., Thus, veins could form
quickly, as reckoned by geologic time, and thelr thickness could
resemble tﬁe fluidefilled apertures, Caution dictates the assump-
tion that openings are formed progressively, no matter haf rapid,




for Newhouse, (1942), Wicser (1960), and other authorities lu'.wee9
demonetrated tﬁa: veins form concurrenf with otog:nie movement,
s;memral guides to ore are veluable guides to meteoric water
occurrence t‘.?!\?.thet or not mineralization has takon place, ‘K!.ne
waters tend to follow pafhs of prior mineralization, as observed
by the writer at Cerro de Pasco, Peru. (D. T. Snow, private re-
port, 1958) The best water ‘.;ell prospeéta in the California
Mother lode rocks, metamorphics of very low potmeabillcy; are the
quartz veins that have been refractured by postemineralization de-
formations, _

1f velin depocits are quautati.\fe indicators of watereconduit
geometry, it must be concluded that a model composed of uniformlye
spaced, paralleleplate conductors Jnly approximates the irregular,
pinching and cwelline, discontinuous features seen in mi.nes.
Fractured medla must have extreme inhomogeneity 4f the conductors
are as capriclous as veln deposits,

Mineral veins i.ndl.cat‘e open conduits at some time past. BHot
springs,,with or vithout accompanying zones of hydrotherzal altera-
tion, ere the surface expressions of similer rmodern permesble
structures, sum coxrunication to heat and mineral sources is
accidentzl, it {s inferred that meteoric water occurs in innumer~
cble reglons of high permecdbility just like the ore districts, Ore
guides froam Nechouse (1942) therefot;s constitute pertinent guldes
to groundvater, sumnarized here for fractures and faults:

_Veins form along fractures vhere norm:]l compression is low
compared to other orfentations or positions. Those showing no
relative movenent parallel to the plene of the break are conven-
tionally called tension fractures. These may ‘form part of a pate
tern, some of vhich sre fractures and some faults. Isol&ed ten~
sion fracture fillings pﬁove that the shear bi:eaks qust also be




permeable to a lessar degree, otherwise the tension velns could.To

not fill. Tenslon fractures may cross from one side of a fault

to the other, extending into one or the other of the walls,
"Peather™ fractures are inclined to a fault plane, intersecting
‘along & line normal to the slip and making an acute angle pointe
ing in the direction of relative motion (Billings, 1942, p. 124),
Wisser (1939, p. 301, 318) says that tension fractures are loe
cated along portions of a fault where the greatest, rather than
the least compression acts normal to the walls of the fault,
Varying contact pressures result from the ill tit upon dislocation.
of irregular fault surfaces,high friction there resulting in high
tensile stresses in a direction oblique to the feult., Figure 3-§
illustrates the location of feather fractures at fault deflections.
- Gouge is more apt to form than dreccla on faults Qubjec: to high
nornal stress. Thus feathers are often associated with gouge in

. fault zones.

« Feothars
-\\ QUARTZ DIORITE —
A}

Figure 3=6, Deviations on shear faults cause feather fractures
at loaded contacts, Hog Mountain Mine, Aladama
(after Wisser, 1935)

If a dip-slip fault changes dip with dip, feather fractures
strike parallel to the fault, If a dip-slip fault changes strike
wvith dip, feather fractures strike parallel to the éip. They are
more prevalent in the hanging wall, perhaps due to unsupported
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spans, 1

+« There are suldes for locating ehanses in the orientation of
faulta. end therefore, permeable vwallerock, but these eriteria
gre reserved for the p»tagraphs on fluid conductivity in faults,

The meotcanée of faults in predicting regions of high permece

"bility hoe long been recognized because joint frequency often ine

creasec toards faults (Terzaghi, 1946; Xing, 1948),

The peralleleplate model for f:actdred modic vas not in-
tended for feult systoas, solu:toh-onlargéd Joint syetemz in
limestone, or for primary openings in levas, but attempts to so |
epply it m~y be better than nothing. The scop2 of this sumarv
does not include all environzents, but of the three just mentione
eJ, faults *ill be discussed further beccuse of their clooe re-
lationshiips to jointe,

Hydgolopie:1ly girnific:nt features of faulting

Faylta "cre oiten open to ¢ greacec or less destroe...In
wany {nstances vhere & fault zone is developed with many sube
parallel énd soueclmeé branching 2nd anastomozing fissures, ese
peclally in herder cnd wore brittle rocks, large quantities of
vater vy be érﬁnsﬁltted..." (lLouderback, 1950, p. 129). ‘e
zay look to llerhouse (1942) for the more detailed critaerie for
detecting vhore and vhat faults will be aquifers or aquicludes.
Conmpletely aineralized faulte are aquicludas but even these are
subject to reopening upon‘redetivation of ‘tectoalsc.

More often ttm;\ not, foults are tabuluer zones of crushed
gock rcther than distinct single breaks., If uniform 4in cheorace
ter throughout thelr extent, they could be repleced by cingle
openings that uould conduct the sama‘fluid dischargc at the same

‘subecriticzl gradient. Devictions from uniformity cre believed

more serious in the case of faults than of joints, for the
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grsnulcrity or gouge-content of faults i{s notably variabdle, tho72

main conducting fractures forming an anastomosing pattern within
a zone of variable thickness and gouge content., PFaults ate best '\\T/
characterized a3 1phomosenoous-anisotrOplc planar conductors, }
but in the abdsance of specific or general research on the proper-

s
ties of faults, it can only be assumed that they are homogeneous

|

and isotrople. . i
Portions of .faults locally deviate in orientation towards

the plane of uinimum compression, so certaln portioﬁa tend to

open upon fault displacement. In the case of deflected joints,

" they my 9pen wider due to fluid pressure acting against lesser

rock pressuro., The cause of deviations 1s nsqally 8 contrast in

rock defbf:nbility. In geologtca} parlance, one rock 1s more '

ncospetent® than another if its strength or rigidity is greater,

failinz ~ore brittle than ductile. Just as laboratory compres- )

slon tests clo'7 follure at anzles more acute to the applied

' deviator ztress as the Rbhf's failurs envelope steepens, so too

do faults refraet towards the normnal dpon passing froa incompe~ |

tent to coapetent rock, SuSsequent relativo moverents along the

111-fittins surfaces result in load concen:ratlop on sSome areis,

and voilds else~here. Figures 1 to 14 of Newhouse (1943) illuse

trate general and specific cases. If tho geometry of the fault

surface and the net slip are known from aiploratiocn, the open

portions may be predicted. Tuﬁlo -1 1ists :59 circunstances

possible., Definitions of the terms msy be found in the AGI glos~

sary (lovell, 1960) or Billings (1942). .




Table 3-1 73
Fault Peraeudbility due to Relative Movement of . Irreguler Surfaces

gireunstoncas
1. 2ip clio Zeulss

a. Change of enpgle of 44
along the line of dip.

1. ilormcl faults

i 2. Reverse feultec

“
b. Chenge of ansle of aip
alons the line of strike,
1. lorxl fcults

| 2. "evorie faults

¢. Cu.n~vo of ctrike : iong
the 1ine of dlp.

L. "ol foults
2. teverse frults

d. Change of strike 2lons
the lins of ztriko.

e; Co—bin~tions of a., b.,
' Cey &nd 4,

II. 2trike Siie Faulty
S a, Qinge of dip zlons the

1iro of dip.

(ubstracted from llevhouse, 1943)

Where fault steecpens, competent
formations L{f flat contacts: in-
competent formations 4if steep
contacte.,

Uhere the fault flattons; income
petent fornnations if flat cone
tacts; competent formations if

. steep contacts, :

fhere feult steepens: competent
formations 4if flat contacts; in-
competent foruations Lif cteop
contecees,.

~ VYhere feult flattenc; incompetent

formations {f flat contacts; coue
patent formotionc if cteep cone
tacts.

tfhere changos fevorible to opone
ings, varlous possibilitiers due
to deflections touwards normal to
contacts vith more conmpetent
rocks, openingc on parts oriented
wore normal to 6lip direction.

‘o tendency to produce openings,

{fost common cCases,

Cg .

lo tendency to produce openings,




Table 31 (Continued) 74

cixeumstances thera openinas foxm
b. Change of dip along the thore a portion of a fault is out
line of utrike, of the gonoral plane of bearing

surface: flattar dipping hanging
wall moving over steep dipping
footvall, or ctaeper dipping
hanging wa!.l. mving over flat

fbotuall-
¢. Chonge of strike along Vhere a portion of a fault iz de-
the line of dip. flected out of the general plane

of dearing surface: bearing prase
sure on portions most normal to

clip direction, opening:s on pore
tions parellel or awvay from alip

dircction,
d. Qirnze -of strike clong Same as e.: fault crocsing steep
strike, econtaet, oreninszs in competent or

incompetent formations daponding
on onglec of incidence, and if°
right or lef:- teral sli:z.

Surface crecs of high and low bearing pre#sure ccn bo dice

crininated on the basls of subtle changes in feult attitude neer
Pigure =7 illvsirates case T HA.

contacts, snd knou:ledge of slip direction. A Svidenco from mines
favors openingc on fault: of call di-placecent, for if throv is
great, cro-s uf miifit confizuration are overpossod or zougee
fllled. Incding pattagns elso local.g.za subsidiary faults, froee
tures and trocciation in the ~a2ll roek &t positions of high
st:.;ess. thus, all rock peracability ic apt to be high adjceent
to fault cegments having lov permoability. ISkeoptions are found
;n position:s whare dridging is conducive to rrall fracturing in
tension. '‘all rock fr.;.eeures azsoclatod v:ith dip aslip faultz tend
to bde pars 11lel to the strike if the fault ehanges dip along the
dip, and conversely, frceturaez tend to be paridllel to :ha dip it
the fault chinges strilks down the dip. As will bo sean, {Chapter
S) 1f freeture orlentations ero knowm, principal 2xes of permose

hility oy be prediectod.

N4
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Figure 5-7

‘Fault deflection. Seven Thirty Mine, Silver Plume Dis- .
trict, Colorado. (a) Quartz monzonite porphyry; (b) granite.
(Spurr. U.S.G.S. Prof. Paper 63. Fig. 48)




Gouge ;n faults renders them relativoly mecrmoablo: !ho"s
presence of llmtmus rocks favors development of 30\35. so fore
pations having platy minerals, small grain size, lov strength or
high state of alteration tend to have relatively low fracture
perueadilicy. Oougé is prevalent in faults developed under high
normal compression, sueh as flat, normal faults, steep reverse
faults, or in faults of great displacehenc.

'thtéé 1s o debatable relationship betireen fracture permea-
dility, (or rather, ore occurrence) and position with respect to
folds. The blased data of ore occurrence suggest that antie
clines are mors drokon and open than syneclines, There is éulte
deklnitely 3reater fracturing near the crest of folds than near
the floaks. Mult deflections are more prevalent noesr fold axes,

The rock type 1: an indicator of comparative fracture pere .
=meadility. lLoeking pernegpgﬁity measuros;'ono oty be gulded dy
the gccurranco of vein otos.(Tablp 3=2) in contrasting rock types.
*Tovorotlo® and “unfavorable® rock: are equated, recpectively, to
relctively hi3h and lov porameadllity in the tabulation.(Feubouse,
1943, ;p. 41-43), Jfor the moat part the favoradle rocks are the
corpetent cnes, thus, the tablehis als0 & guide to fault deflec-

tions,




Table -2

The influornce of rock type in localizing vein deposits, an
- Axdieator of comparative fracture permcability.

fuvorabdle

Cignificant foae
turos remarked by
t

Unfavorable

Llsee 206k, ~2oeke
catnen ¢ Vyolite= Trachyte
Katherirne Ande:zite
Cistrict:,
Aricons
Georzic “oild Tord Srittle Soft rocks
Depocsicts rocks
London .tn, ratyey Shale:=
Ares, Tolae sillc, btrittle
zado. iinc:ctones &

quortaice
Silver I' L2g, Mabrze or
Cntarilo oth2r drittle

rochk
Tdrardse rittls sili-
Jalaat 1Lty cested Wonds
ie Yor'h: ir limectons

.

Siscac linn, J‘ranedlorite Tchictoce
Quateoc 12va flous
Weirttor: canalmaé:cte sina
dize, grained
Quebee tutfs

\
Cadill=e “opetant Soft
donnzhis, gocks schists
Quedec .

Aritctlencss or
ability to chattor
vas important face
tor.

Ore shoots are in
hard brittls rocks:
the surrounding
rocks arc soft and
flovw roadily withe

out fracturing.

Chales deforned |
plastically; othe
or rocks were
brittle, .

The brittle cili-
cated dbands in the.
licestone “ore
braecciatod during
flowage of the
limmctone. “or2
orc chioots related
to those bands,

Granodiorites more
brittle end Lonce
cora froctured,

Conglomerate wore
competent and une
dor stress ylelded
by fracturing more
thon did the tuff.

Ore bodies-cre in
persisteant fiasures
in tho competent
gtreta edjoining
the main shear zone.
The coft schists
were too incomnoe
tent to maintain
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Significant fea-
tures remarked by
co T

large or persistent
openings for vein
formation. lowe
evor at ths lapa
Cadillac mine pipe=
1ike ore bodias
contalining little
quarts dbut much
dizseninatad :zule
phide occur in a
wids 2ono of

Yeins in coxpatent
rocks. {~n) Single
veln fractures
usually pinech out
whent they pos=s
with diverzence of
strike into 2n ad-
joining incompetant
horizon. {3) ihe
miltislae fraecturs
zones .aay be in a
coupatent nenlar
batuaeen relatively
iaconnetent mece
sers, or in & conme
potent mecbar code
Joining an incoo-
petont rarLer,

Tha coapetant vole
ecanie rocks “rore
precciated and fraee
tured siving
channel-tiays for
solutions. The ine
competent slaty
tuffs in tha foot
wall vore & good
lubricant and fu-~
cilated brecciation
in the conxpotent
volcanics.,

Ore tands to bda
localized under a
hanging wall of
the rore consctont

ravorabdble Unfavorabdlo
Plage Socks | 2ogkz.
schist,
Porcupire, rozpotent Incoapatont
Ontario rocks, maselve rockec. Tuffs,
andecita or slates, 50ap=
dacite, Con= stone, pillow
aloarate lavie, cilore
° thick bods iza earbonite
araywvacke & selsts
porphyry bode
ias
Prictanio, Coxpatent Incoypatent
Sritich volesnles cloty tuffs
Colunbin
Yother Conatent or Zlate
Lode, rizld rocke
Califorala {2reenstone,
. grayvacko) :
in hanginz *

~vall, twith

or riglid rocks
where the foot wall
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3 Pavorable .

Table 32 (Oonung;a) |

Significant fea~
tures remarked by

Unfavorable
Blage Jocks. Rocks
. glate foot
wall
Iittle long Arkose or Craywacke
lac Gold feldspathic
tdne, quarteite
Ontario
Thunder Dey, (1) ‘leak Competent beds
Ontsrio beds
General w0 (2) Conpe- ‘toak deds
Cacec -~ teat beds .
Sreclkearidzq artzite Shales
Colorado .
t
front Pange, Quartzite forphyry
Colorado Rorphyry Shale
‘ ' 4
Forphyry Schiat
Granite Forphyry
Hplite Coarse
grained
Boulder Creek
granite
Diabsse Boulder Creek
granite ,
Granite vith large masces
layars of tho of granite froe
less cozpe~ from cchict
tent motie genoliths
sorphic rocks
Cranite Sehist
Aplite

Schist

sontributons

of the vein is of
plastic and ensily
fractured slate,

The grayuvackes

above and below

the arkose were
gendered schistose
by shearing and ofe
forod fewer end less
continuous openings,

Fracturing may take
place in weak beds,
more competent beds
being unfractured,

Under more eittrems
conditions shear
2ones develop in
conpotent beds and

‘gones of schistose

ity in weck beds,
Thunder Bay gold
veins in this group.

ibre open ficsures
in the relatively
conpetent quertze
ites and conse=-
quently ore deposits
are in these rocks.

' codpetenco of quartee

{te much greiter then
that of schists and
‘haleao
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Significant feca-
tures romarked by

Favogadlo Unfavorable
b - m:u
Quests, Aldbite Schist and
New granite metamorphosod
Yexico sedimontary
rocks
ot Sprinne, :'®wcsive rocks
3arite Dice GQronite
grice, ‘orth Quartilte
Carolin:
Sheop Creo':, :uarfzite aand limectono,
Beitish wapd argile cechist
Columbi- lzcoous
quartzite:
Taka s Tuf¢ <nd shele
tdne, Joran vraeeceia
“outinrest Jandctone Shale
ArRkanza:
Sulck=ilver
Grancds !ing, Jonzlomorata  Gyenita
Quelze porplysy
Conper o= Andositic ihesive
tain, riti.: volecnile andasite or
Columbi- Srecelin finc=gqrainad
augite
andosite

The weak schisat
and sedimentary
rocks could not
maintain openings,

Darite in fracture
and brecela zones
along faults in
massive rocks,

The other rocks
wore mpade schiste
ose.

The soaller frace
tures disappear on
approachins the
1limastone or schise,
Stross was token up
in these rocks by
deformtion (flowe
ags) rathor than by
fracturing.

Veins pineh out in
chalo whiech: over-
lies the tuff and
drecelen,

chales flored while
the sandstonec ware
fractured and
broecclated.

Quart> voin in both
rocks, Cold neze-
1igibdle whore vein
is the more compe-
tent, porohyry due
to lack of post
quartz fracturing
before gold introe
duction.

Fracturins and-
schistosity in the
volcanic ‘braccia
coagse a2t the cone
tact uvith tho mase
sive andasito or
diorite. _
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Significant foae
turcs remarked by

, Favorable Unfavorable
Elace Rocks, Hockn
Erongo Ares -Sehist Quartrite and
Se W, Lfrica limestone
Pegmatites ,
Arakava dine, Shale Wparite
Japan NnEE (Rhyolitic
rock)
Beatcon dragnracke,
Mine,. glata, flinc
Alaska gock, cliilore
ite schist
Boise 3ncin, Orerodiorite Tlkes of
Idaho rhyolite
porphyry
Dikec of Grenodiorite
thyolito
porphyry
Barkerville, Interbedded  Fiscile eale
British quartcite caroous
Columbi:= cend arglile quartzite
1ite 600 1,000 fc.
ft. thick thlck. Mg
cive craile

1ite €00 ft,
thick

Pagnatites numerous
in schiects but ere
rare 4in the abune
dant quartzites and
cryctalline limae
stones,

Copper veins in
faulte thin out {n
1iparite.

Hoct rocks c:terted
1ittle control. All
rocks contain ore
but richer shipping
oro confinad to
chlorite schist,

Ore in well defined
and continuouc fise
sure lodes in
granodiorite. In
ghyolite porphyry
the lode bresks up
into minor scams
and stringers cone
merelelly worthlecs,

Ore in oblique sets

of tencion fracturay
related to horizone
t2l checring strese
gses in rhyolite
porpayry. The filse
surcs are tigxkt
vhere they pass ine
to granitic roclk__
genarally no conm-
marcial ore.

Tho ore bdbearing

‘ meabor heterogens

oous and franzible,

- and pexnt to a unit

that floved, failed
Lhouzands of
short fractures,

—
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Significant fea-
tures remarked by

LONRXANIRORS

Favoradle Unfavorable
Rlage Rocks
Codalte, Cobalt Quartzite,
Ontario Series, con~ Keewatine=
8lomarate, -=}ostly
graywvacke, basaltic lava
ackoce flows, schists,
a little gray-
wvacke, slate &
cherty iron
formation
Voods Point, Diorite Slates
Australilia dike
0.k, Moune Altered Stoek of
tain, andositic & serpontine
Rossland, basiec vole
Aritich canies
Colunbia
Libdy Sedinentary Hatadiorite
Quadrangle, pocks, dikes )
Montanc sandstone,
2rgililice,
shale .
Gunnar Mine, Unskoared Coarse
Manitoda ellipsoidal grained
andesite andesite
Sulphide Re= Parmeabdle Inpermaable
placenents laves, tuffs, rocks,
in Uestern flou dreceias dlorito,
Quebdec andesite,
syenite

porphyry

In places veins
pirnch or values
stop on going
from the Cobalt
Series into the
Keetratin but good
veins occur in
Reewvatin, Quarte
ites unfavorable.

Productive volns
confined to dike, -
they split and
disperse in slate.

Mssures in vole
canie rocks eithe
er die out con-
lot:hl.y on entego
a serpent
or contime as
gshear zones of
trushed rock and

gouge,

The faults and
veins are shorter
metadlorite dikes
than in the mors
brittle sediments
ary rocks,

Shear zones passing
from ellipsoidal,
fine gralned andese
ites to massive .
c0arse grajined
andasites generally
die out in tho late
ter rock.

Faults are closely
assoclated with
most of the depose
its.
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- Significant fese

tures remarked by

contributorn . ..

Favorable Unfavorabdble
Rlace Bogks Rocks
Chanareillo, fTure limse Tuff and fme
Ciile stone pure limostone
Kennecott, over 300 fe,
Alacka - of dolaritic

Uppor !1:s.
Valley Mee7n
Depocite

Tomdstone,

_ Axrizon:

linccstone beds
above bosel
nectone

Cre 41 dolo-
aites and
Limestones
ralated to
Sut not in
shaly layers

Jlnapetent

o Incompetont
Jocits )

tocks

Veing narrow and

with little silver
in tuff and impure
1imestone but wide

" en in pure limee

stone and appre-
cliadble quantities
of base metels and
gilver sdnerals

appear,

‘Favorable due to
‘phycicel and cheme

ical propertics,
Flssurea aro the
dominant localizers
vithin the favore
ebie dolomite deds.

tbre fracturing of
the dolomites and
1imestones noar the
shaly layers,

The Raleozoic limoe
stone and the
"novaculite®” or
cilicified shale,
vith conzlonerate
and quartzite at
the bece of the
Bisbee group toe’
gether vith the
Blue limestonc are
competent rocks
that fracturcd
roadily to fecili-
tate the mijration
of ore bearing
rolutions, The
incompetent sande
stones, shales and
1imeatones of the
upper part of the
Bisbee group tended
to close openings.



Tadle 3-2 (Continuecd)

Unfavorabloe

84

Significant fea-
tures remarked by
t

Favoradls
Placo Docks Socks,
Txi=State Incompetont Corzpotent bdeds
Zinc and relatively usually massive
Lead Dis~- thin-bodded
trict strata, con=

taining aune

erous stylolite

nartings.
Bisbee, Thickebedded Shaly limee
Arizons limestonas stona (!1ddle

*artin)

Central or Larogvar linee
Santa 2ite stone & ;ide
Mning Cis~ dle Blue
trict, Teu 1Lnestone
Mexico
Coxbdbinction Dure linne Shale, Shaly
line dtone beds linestone &

. sills
Cormwall, ™he more lon=chaly deds
Pernsylvenic  shely beds of limoctone

of limoe :

dtone
Gold Hill, A 3ingle
Utah aineralized

dMmoestono bed

Rickel Plcte
Mine, Redley,
British

« Colunbia

betiveen other
bods that are
,only slizhtly
altered

In many cases the
viaible chearing ic
confined to the in-
competent beds, its
trace in the compe=-
tent bed:s above and
balow being noarly
imperceptidle,

The shaly Addle
lartin was probably
an important factor
in intensifying thre
freeturing in the
overlying and under»
lying important ore
horizons.

flanover limectone is
pure, the 'dddle
Bluo has minor shaly
inpurity. These
1imastones are sep~
arated by a ded of
8“100

li
o

Cheniecal control.

Beliovod to be ro-

latsed to bedding

- plano faults,

Beds of certain
composition, impure
linestonas, ese

pocially, oxerted a
furthor control.




The intersections or Junétions of faults age often mntlongé
in the literature as the locus of ore deposition, but there are
other cases vhere intersections are barren while ore is found
elsevhere on the faults., Still, a tendency to greater breccistion
and more openings due to defloction of one of the intersecting
" faults apparently favors these places as regions of hlsrf foace
ture petmeabiut.y.'

Impermesble barriers are also studied in mining districts,
These include shales, gouge, and unfractured intrusive, dikes,
sills and plutons. Veln doposits :h&solves are aquicludes if
no further feult covesment hag occurred, During periodc of tec-
tonic quliescence vhen no new fractures are formed, channolling
moy take place because hydrothermsl alteration of the country
gock probadly clogses small fractures, vhile large condults are
progrésslvél.y enlarged. .

Froz cuch sources ac drill logs and tunnel or mine records
come mary reports of large natural openings undergroumd, but
their identity as joints or faults is seldonm reported, Purthers
more, the head i¢ celdom knowvn, much ;éss the transient deciine
in head, so quantitative measures of fracture eonduetl.vj.ty cane
not be ncde from étudy of the flterat\m. Only a few cases are
mentionod here to indlcate some extremo conditions.

Tolmen, (1937, p. 312) reports flovs from mineralized fise-
gures ct the OJualg‘ mné. m:énao. Mexico., A steady pumped dice
charge of 7500 g2llons por ninute from & drainnge tumnel érou!.ng
several flcsures prodfmed only 3 inches ¢f dravdovn in 20 months,
Yet the fistures age £0 remotely inter-connected, probably wia
the ovetly!.ns alliuvium, that the mine has been stoped out eleven
hundred feet below the water table s_'tmpl.y by following only one
fissure at g time, pm:ptns from the vorkings to an unused fissure.



The water table 1is sb 1ittlo offectad that only 10 percent is 88
estimated to return., Gignoux and Barbler (1955, p. 126) report
vertical ton;i.cn grottos at Castillon dam, France, 20 motars
high and up to 4 meters in aporture, oponed along the axial
plane of a 1imestons anticline. The surfacec are slickonsided,
not dissolved, nor is there evident any stratigraphic throv,

P. H. Jonos (lecturo, Univorsity of ullfomla, 1262) photoe-
sraphed a 3 inch planar opening in snoiss. The writer nas
drilled vedthored flat joints in slate having openings of about
ono inch, At Spi.tana@ dam on glaclated granite (Gignoux and
Barbl.ex", 1955, p. 291), one grout hole tool 1l poreceat of the
grout injceted into 81 holes, Similar sheoting fractures plags
t.:od,:he' conztruction of !Bmotl pool dam, California (B, Spolle
oan, address to Assoclation of Dng. CGeol., 1963), whore opene
ings up to 15 inches vere sncounterod {Terzaghi, 1952)., Ground
movement on ::.I.Opes 13 often the cause of large oponings such as
tho six=inch joints found in shale o3 much as 100 feet dehind
the abutments of lit. }orris Danm {tuxwell and Mbneymcker, 1950,
p.' 23). Uzuclly, only the e::tremt; flous or o;:en!.nas are ree
ported, distogting expectations. Unpadlished data accunulated
by the' California Dept. of Water Resourcos (R, C. Riecliter, pere
sonal coamnication, 1963) 13 one excaeption, 'i'hey have colleetod
many casc historios of tunnols cutting faults of high and lov
wvater production. Other sources of information ineludo many
engineering -rorks: Stini (1950); louderback (1950); Gignow:
and Barbier (1955); Calif, Dept. of llater Resources (1959), with
references to 99 tunnels; and (1962), a bibliozraphy on methods
of dete:zr;lnina tran.smiqsibiuty and storauge capacity, Xrynino
and Judd (1957); Terzaghi (1946); Sandorn (1950); Talotre (1957);
Leggett. (1952); Richardson ?nd tzyo (1941); and Ries and "atzon



(1947). Pertinent ground water studies include Bryan (1919);
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Elids (1906): Meinzer (1923), (192f')‘:' Johnson (1947); Rowve
(1943); Sxith (1958); plus innumersble leads 4in & host of U. S,
Geologlcal Survey Water Supply pepers. There are scattered re-

‘ports in the mining literaturet Nevwhouse's references (1946),

Stuart (1955), McKinstrly (1948, p. 520), An accumulation of
published 2nd unpublished reports of water-bearing feults or tis;
sures remoins an interesting pmjee: only, until there is devel-
oped a un!.tonly sound method of trenslating the obsemtlons
{nto meacurcs of transmissidility.

Since the thickness of an opening, sheared zone, fault sean,
brecciz zone, etc., is soldom known, conductivity units like
transmlseibi.—nty. Kb, independent of thickness, should be used,
that relates the discharge per unit lenzth to the gradient. The -
discharze per unit crossesectionsl area of a fracture, as used by
Maskat, (1937, p. '609) end Amx, Bacs and Whiting (1960, p. 85)
does not help assess the overall permeability of & voluve cut by
plenar conduits, since wvhat mmtters is the total discharge of
individuals end the gross cross=section transsected. |

The conclusion reached on even a cursory inspection of the
1iterature is that ope:nlnss in excess of & millimeter erc common
toaméa of crystalline and some sedimentary rocks. mése ocecur
not only in the weathered region, but contrary to philosophical
(Crosby, 1881) and theoretical treatments (lachenbruch, 1961) of
the maximun depth of fracturing, large openings are aleo at
depths to several thousend feet. Flous l.n such large channels
may exceed the limits of laminar flow near concentrated sinks or
sources, such as in tunnel drainage gppllatl.ons or close to pro-
ducing {eolls.

Por basesent rock elrculation under lov matural gradients,



(a fev f. per mile) lamihar flow s still a good assumption, 88 \

even with large openings. - .
There is .clocrly no explenation for anisotropic permeadility

to be found in the literature describing frectured rock, thus it

is desirebdle to aﬁow how anisotropy 1is dependent upon the ori.en-'

tations, spacing and spertures of fractures. The mathematlcs

of a model that combinés the effects of those three lndependent

-/

variables is found in the next chapter, How the additional, une
evaluated variables, such as discontinuity, variabdble apertures
and anisotropy of individual plane conductors effect the ideal-
ity of the model, must be left largely for future research,
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\ | Chapter 4§ 80
THEORY OF A RMARALLEL=-PIATE HODEL PFOR
\‘r ) AGGREGATES' OF INTERSECTING PLARAR OCNDUCTORS

lptroduction -
It is concelveble that all the geocmetrical aspects of rocl
ol fracturad rock media may ba describaed quan:ltatlvely. but to 1n-.
; elude a1}l voriables in some analysic of tho depsndent permeabile -
ity of re=1 media {e an objective inprobable of success,

This eh.;xpter trects the problem of predicting an&sotropy
fron geonetry of conduits 4in a mediun, or eomei:se!.y. of esti-
mating condult geomotry from moasured enlsotropy. Oonduits are
assuned to heve smooth perallel plene walle of tndeftniée Qxe

tent, vith arbitrary orlentations and variable spacing. The

' aperturs between conduit walls i3 also arbitrary. 1t is zesumed
\.1/ that orientations and 'ape:tutes aro distributed variebles. Be-
fore we proceed to the task of finding the combined iafluence of
.these Ldcalized properties t:ith their distributed values, the
conductivity of & single paralloleplcote opening must de known,
then perallel éeén. orientation-dispersed sets v:itk the same ap-

ertures, and finally cets vith dispersed oerientations and a':e:‘-

tures. Appendix B contans czcerpfafnm the literature 90
rouvgh fractures.

~phate flow |
The Kavier-Stokes equations (lamd, 1932, p. 577, Muskat,

1937, p. 126) for slow, non=turbulent flow of un incompresaible,
Newtonlan fluld saturating 2 medium may be abbreviated vith indf-

| cial notation (Jeftreys and Joffreys, 1956): .
\ ) T grad (Pew) s VS
vhere p iz the pressure, . . . (4=1)

« is the gravitstionsl potential,




Figure 4-1. PFluid flowing slowly between parallel »lates,
Section normal to boundaries and paralfcl. to
streamlines.

- 27 1s Rinematic viscosity anci
_ A4 1s the velocity vector.
By substituting the hydraulic potential, as defined in Chapter 1,

(4-1 Cont.)

for tho pregsure-and gravitational potential
¢ s P+,
ve reduce aquation (4-1) to the three equations:

X 2 ’
3—;‘3?V My (4-2)

Expanding to matrix form, with subscripts referring to the
Cartesian axes of Figure 41, we odtain

3 P, 3% Y

3%, 3x2 3x} h-f
21, 5 |3 ¥ g '

31, ¥z Az %

Py > 3, .
gL:: -g_/!i-g_‘ﬁ%_%‘ )

z, 3




1n the case of l.amaunr flow vith: coordlmces a8 g¢hown in Pisurg'I

4-1,
N, =Ny O

and
a'”g
L - o

dXa
because of incompreccible continulty. The x, plane is a plane of

syonetry, across which there ean be no chear, so .
Iva _
FX? =0
m matrix thus reduces to
k1.2 o ©° o
a;‘ [ ] .
d 3
%3 4 61:-
26
X, o o0 o

Hydraulic pocentl.al is seen to be constant elong lines noml to
the flov, mue the gradient in the flow direction is proportional
to tho rate of change of stgear; or the velocilty gradient, as one

moves aom:lto the boundary.

YRR N | |
m y a x“ (“‘3}

1
Since ¢ 1s mdependent of %y and Xq9 the left and right-hand
terms dopen& on different vartables. end each mist equal & non-

zero eos'tant. -?'..

SR T
iz K

and

Pz, - K
31, g

M successive integrations of this ust. vith boundcry conditions
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gi;l,owhen X,=0
s ’ —
and 30 m?en z,’.b .
give . y
} % “
A ACREDN (4=4)

shoving that voloeclity distribution may be reprezented by a pore=-
" bolie cylindar vhoce generators are parallel to the boundaries
and noruel to the flow. A third intagration baetween boundaries
] .
gives the discharge per wunit conduit width,
2 X, 3
i=3%°%

&

and the averago veloclity,

- L X .2
;}—yb,

LA (4-5)
et ~
i3 twvo-thirds the contral veloclty. _
N - ,
Substituting the potenticl gradient for = X and dropping
the now wuecassary sudbserlpti, w2 obtain ‘
?
-, b . 2 b .
= 37’61 v 35 7F 7 az (4-6)
per unit width along =;.
These claesic equations for parclloleplzte flov are glvon in
vagioua forn: in wony tonta (Yeleechavw, 13933 Laad, 1932, p.
583; long, 1261, pp. 135-137; Borgz, 1963, p. 246). It is do-
cirable to put the hydraulie potential gradient into dimension-
lo3s form of em (fluld coluoan) per em by redefining the potential
on a unit welght basis.
Then - = ‘S
e 'V' -3—' ? I
. 2 33 (4-7)
?ﬂJ 3 =_3.b?I ’
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per unit width of e ctngh. plane,
smooth conduit *

gucezpocition of flovs

It will be proved here that there can be no mutusl inter-
ference of flows at the intersoction of two or more planar cone
duits, proyvided that thoy are not diglocated, 1ntérruptod, or
othexwise changed at tie &n:qtsec:ton. Sven if there i3 ade

djtionel friction at an iatersection, it seems a good sssumption

‘that the locsl energy losses cannot be more then a fov percent

of the losses botween intersections. I1f there it no interfer=
ence batv.ieen conductors then tie discharge coaponents of each
inly be added. 3Secondly, it will do chorm .t!;uc the dreiving forco
acting on tie fluid in joints of various orientztisns may be rope-
res.ented b'y 2 gradient ficld voctor not nacassarily lyiang within
ths conduits but 3enera!.ly. croszing the colld, wvhether or not
there be continuous poree-fluld eonnectlori within tho solld.

Pizure 4-2a choi'c & uniform icotrople conduit plane vith
pormal n, crossing an impervious solid :ediua. There i3 cssumed
to be cn arbl&é:y gradient vector 1 acttns' in the plane, 2nd on
another plene, np, shoun in Flgurs 420, & gradient vector Iy,
generally not parellel to I,. Theze is & uiique vector 'I huving
1, end Iy cc projections, elserise along an intersection of the
twvo planes, such as i{n Figure &4+2¢, there trould to a different
gradient on each.Jo!.m:. The p:;l.s:nat:l.c volure clcemente are
dravn vith thelr .shortest axes parallel to I. The clides of the
elomente are not boundaries, h

On each conduit. ve can drav evenlyespaced equipotentizl
1ines normal to the gradient éectors. I, cnd I,. 1If the elexents
are si.ll enoush, the oquipotenticls will be parallel &nd the

e —— 2 i Teenallintttn il gl



FIGURE4-2 GRADIENTS ON INTERSECTING JOINTS
THAT CUT A SOLID VOLUME.
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gradients constant. Corresponding equipotential 1ines on tho

tvo eondu.ll:a,. ghown intercecting in'Iizure 4<2¢, may be imegined
connectod by surfaces crossing tho aolid phase of the omdiun.
Theso +il} apmach planar shape c¢s tho dimonsions of an ele~
ment decreice and must be normal to tho vector I. The broad
faces of tho elenents dravn in Flgure 4=2, and all intenmscdlate
planes parallel to ihem. wy be considered equipotentials. I ic
the flold gradiont. If the solid betwoan joints were parvio‘us
granular rock, the same gradient would éause intergranular flotv,
In Eis tvoedizensioncl model of fissured éou, childs (1957, ».
50) hac cizilerly treated gradients a5 projections.

Ths slement dravn 4n Figuro 4<2¢ 4s but one of an iafinite
nunber of identicol onoc csitucted on the infinitely exteasive Ln-.
tersoctiasn of tho to planes. If thore 4s an increacs or decrease
of the srodionts ot or adiceent t& tho intersaection, by rozson of
com0 mtua!. offect, then tho same expsnsion .o: contraction of
equipotenticl surfaces must upply throughout the extent of th
intasrsection. This 4c &mposcidblo, for then successive equipo.ten-
ticls rould become lnc:."e:su\gly none=planag cnd dissimilor,

dor c=n there b2 & variation of 3rad!.c;n:s +ithin any one
eleoent. The flot lines on any individucl conductor will, &n
general, b2 inclined to the linc of intersection, as shotm in
Figure &«2¢, Tio flov enters and loaves the intercection via the
chaded curfoces, flotr lines remaining orthogonel o oquipotane
tinls 4f thoy are isotropic. Suppoce, for example, that the
gradient vere t;aa-eased on the portion of & conductor lying upe
strecm of tac iatersection. USiace potential aust:de oqual at
coincident points, so too must tho gradient increase on the up-
otream portion of the other conductor. Gradients mast thon de~
crease on the dovnstroan.portions 4f the total drop‘across the

e
[ 4

T i it




elenent is to remain unchanged. But this is impossidle becaunge
more’ fluld would enter the intersection than would leave it.

It is concluded that gradients remain unaltered, either in
magnitude or direction, at intersections with other conductors,
provided that the intersections are not obstructed or enlarged,
Sinilar reasoning would show that no perturdations of gradlents
arise vhere three conduits intersect. If the condults are aniso-
tropic, flows will not generally parallel the gradients, but in
the same manner, we are assured by necessity of flow and potene
tial continuity that theﬁ 18 no perturbdation. |

.An imaginary field gradient of arbitrary orientation may be
1nposo& across any mass transected by arditrarily-oriented, uni-
form continuous conductors. Real gradients on the conductors
asy be computed as projections of the field gradient. The flow
on each may then be computed accogrding to its geometry, a:id '~
since no mutual mtértercnca takes place, the total flow through
the medium is the vector sum of the contributions of individual
eonduetors. -

mo foregoing does not say that the flow in & joint is in-
dependent of all others when boundary conditions are specitied.
for the addition of a joint will alter the directional permeabile
ity of the -mdl.um, and therefore the local fleld gradient and the
flov., Rather, it says that if one is given s certaln fleld *
" geadient, on each joint there will act a projected gradient ine
dependent 6!’ gradients on its neighbors. To establish properties
of a jointed rock medium, especilally the property of directional
permesadility, one mat start with either force or flow t:o be the
independent va:uble, then find the relation between then to
establish the unknown. Since in most applications the boundary
potentials are known, force has been chosen mebgndent_ in this




verk, and velocity dependent, :olatod through the thru-dmom!.o97

al anisotropic Darcy's law;

L]

2 I‘ (8-8)

‘. -K“.y

vhere !l. Ls the gradient vector, vy the velocity vacbo;.-. and
zu is the linking eoatt!.c!.e;xt. the directional permoablility
tensor. Versions of this formula have been published bty Vreed-
endurg (1936), Scheidegger (1954), long (1960) end Childs (1957,
p. 54). - o
Eaxellel-alate flov underx ¢ scneral field gxadient

Flgure &3 i.uua:rates en arbitrarily-oriented plane cone
ductor {n & Cartesian eootdinnte system, X1 Xop Xqe The orien-
tation of the eonductor is deofined by its mormal, with direction
cosine:z f;e Or by tio unit vectors in the plane, g4 and 11. the
.latttr Sein3 the directions of grextest and least conductivity,
An erbitrary hydraulic gradient, represented by 1,, ie Lmposed
on the xediom., Flowr along the conductor 1s proportionsl to the
projection of I ontp the plane, either J4s the normel projection,
or the two orthogonal components (1:81’83 and (z,_t,_nj. as
shova., The megnitudes of these orthogonal components are given
by: the doteproducts, in parentheses, and directions by the unit
axu!..vectors. 84 and l’. The i.ndtcial notation of Jeffreys
and Jeffroys (1956) is used here, vherein the repeated subseript
indicates summtion. For clarity we resort occasionally to mate
rix display (iylie, 1960, pp. 13-37 and Borg, 1963).

Am.sebt;tgo components are a
. G = £CL )y .
and L; = &L &) : per unit width,
The mximm end mintwum discharge coefficlente of the opeaning are
£ and ' respectively. These may differ from the value 2b°/3




FIGURE 43 PROJECT!ONS OF
ONTO A PLANAR CoNouiT AND UNSET),_ PROJECTIONS
OF THe GRADIENT ON THE pi

AN A’RB:TRARY GRADIENT
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AND THE ConouiT NORMAL.

GRADIENT
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doti_,vod above, by reason of directional toughness properties o£99

the surfaces. The resultant discharge s

=Gy ¢ L;
C% 4 ‘ . (4=9)

Q‘- -.-[.IJ;); ‘g‘la!.l] Ic'.
The .bracketed term i¢ & symmnetric tensor of second rank, rolate
ing the discharge to the gradient, It defines the discharge per

unit lensth, by components, for & unit gradient in any direction,
The tensor may be abbreviated
T ‘ll’q e Lty
wvhere
b =% Y nd g = L 1;
Represented in matrix form (Borg, 1963, .p. 56), this is:
* 95, Lhay| 4O 4e LY

T.»* A 928 %Nl Wil ¢ L&, ‘(gia L.

T 3

Jun s s e 44 64

A simpler equation can be deduced for discharge of an isotrople
conductor, 1f k = k = k'in equation (4-9), then,

Q,,‘ ed [(T& %) 9 * (T ’()lj]. (4-10)

Since the coefficient k ic defined for all directions of an iso-
tropic eonqu;t, any palr of orthogonal projections, or their ree
sultant, JJ, vill deterczine the discharge, If the vectorc acte
ing in the plone containing nj. 11, and 43 are considered it
becomes evident that J3 §{s the vector difference (Inset, Flgure

"§=3) ,
Tj 2L 8y = (Lo m)
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,S 1§ 15, the mnokgr delta, vanishing vhen 1#1 and unity vhen
I.-J. VOIoctty compomnu are proportional to the gradient come

ponents acting in the conductor plane,

. b3
’VJ'-?;J;’)

according to' the equation given on page « This expands to

, C1=*%) My w7,  (a-11)
b

J
LA -3'—;; -y, (I--O'”) -nq I;

R Y (”"u* I,

S

where mu s ninj.

The coefficient common to all terms of this matrix equation may
be considered te be the hydrsulic conductivity for s unit width
of opening, but not for the jointed medi.;n until it is modified
by applying 1t to an area across which the conduit discharges,
1t is not useful to pursue the line of reasoning (Muskat, 1937,
p. 246; Amyx, Bass and Whiting, 1960, p. 84) that the permea-
bility of a fracture is the discharge divided by the aporture,
for such a procedure neglects the influence of spacing between
conductorﬁ.

&%QT%S.ﬁcy of a non=conducting solid cut by smooth
parallel openings is readil§ calculated. The discharge of each _
is

€x) % "W(Zb)

The x, component is similarly expressed, while 2] vani.sﬁea.
Pigure 4-4 defines the dimensions.

The total discharge of N equal joints is N

Qu=-3PZnwt |




provided that the npeemrc 26, of uch eonduetor, and tho 101
spaeing detveen eonduetor planes are eonlunu ‘throughout the
mediun. If aperture differs, joint to joint, but remains cone
stant in all directions along each joint,

Q =~5Ewi sy (4-12)
The flov through an oqﬁtvalehé continuous medium L8 given by
barcy's Lov .

Qx, = ~K -_;';Wz-j-{ , (4-13)

Equating (4-12) and (413) gives

Zb

This eoottle!.ont ts called the intrinsic pomabtuey. to be
consistent with the recomnendations of the COmit:t‘oe on Terminde

-
C

12b

Pigure 4«4, A solid volume of dimensions W cut by
plnuot plane conduits.




. .
logy of the Soil Seclence Soclety of America (Richards, 1952)&'02
When this variable i3 applied to a physical prodlean, intrinsie
permeadility units (em?) may be converted to practical units by J
mul:lpi;ins by one or another of the factors tadulated in Chap-
ter 2, -
Intrinsic permeabllity, expressed by Rx: in equation (4-3)
will be used in a mathematical model for flow in jointed madia,
but with full cognizance that there is assuned no influence of
the fluid properties other than that due to viscosity. Childs
(1957, p. 49) has pointed out the invalidity of this agsumption
for soils containing ¢olloidal or organic matter, since the soil
structure is s:éonsly influenced by clay-water chemistry, Clay
coatings and partial fillings are comoon in wea:hei:ed nears
surface jointa; Thege are observed in fine &3 vell as large-
aperture openings in crystalline rocks, or in any fractures
argillaceous rocks, Therefore, the same objections to the use \~«/
of intrinsic permeability apply to jointed media as to soils.
Since interactions between the fluid and solid phases are not
the subject of investigation by the mathematical model developed
here, intrinslc permeadility will de retained to descridbe a prope-
erty of model media, keeping in mind that in application to praee
tical p:oblqu, corrections may be necessary, It may de advisablg
for example, to perform pumping tests on dam abutments using
regervolr vater if 1t differs chemically from the 3r6und watar or
local supply. There has bgon no known research done to assess

the unsteady chemical processes that may accompany conventional

pumnpe=in tests.,

—

The simple parallel-conductor model of Figurse 4-4 has other }\‘/)

propertiaes that we can characterize, FPorosity 1is
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e W

and
b ¥4
wWse = -
Then -

o sb C . ' .
K=3 5% L (4-14)

Under these special circumstances of twoedimensionally hotrople
Jointed media, a determination of pomeibtllty ard the averasa' .
spacing A ylelds a measure of the average aperture cubed, or

viceeversa, 1If apérturu wvere identicel, porosity would be

e = (3Kk)?c2Yay? . (4-15)

It is shown later that permeability can be used ss an indicator
of porosity but .ot precisely, for there is no method of detere
oining 2 b'/ Zb « Specific surface for this c!.nple’ model is

2Nw? 2N
S e —-W-s— ’ W = '—s'— s
tut the average spacing A =U/N, eo
2
S= .
- and L
we=NAa . |
Accordingly,
2L b : (&-16)
K=ET& '~ - . ~
Risperged Jointed ledis

The more general cage of joints dispersed in orientation and
position, requires a different approach, Unlike parallel joints,
vhich ere characterized by a unique repetition unit, the average
spacing, there is nd obvious unit describing the frequency of
dlspersed joints. 1t is shown below how specific surface fs a




frequency measuro that serves the same purpose as does .pgun’3°‘
for parellel syotems.

One possidle method of measuring joint orientations and
positions in ‘the field would entall bora-hole photog:aﬁhy (Hade
dock, 1931) t!u':oughodt a lensth of hole D, Each joint may bde
agssigned to 2 sot with tho aid of a atereonet plot of normals.
Preferadly, a set would de included within a cone .ot 120° or
less, and tho axls of the dore-hole ineclined np rore than 30°
frona the ceptral tendoncy of the Maveragze™ normal of any set.
Otherwise inadequate sampling may result. Sampling procedures
and discussion of orientation pareameters are in Chapter 5. |

* A saaple.hole orlantsd vithin the above limits may de image
1aed surrounded by.a eylindrical volume of unit base srea and
:auc.‘z lreger holsht D. Then eszentlally ~11 joint planes inter-
sected vilk slice across thae volume, cutting all generators of
the cylindor. The specific surface of the set of joiats is

-y ,
vhere n 13 the cosine of the angle between the axis of the hole
and the normal to each of the m planes. The coefficlent 2 1s
used 1f doth surfaces of joldts are counted, as is convention-
ally done for porous media. S has units of 1/L, and serves the
88z role discﬂbins density of joints as does A for pa:axldl
Joints.

Conversely, a joint set characterized dy its specific sur=
face and the orientations of all its members is assoclated with

' f J - (4-17)

0223 =+
siu"’ * .

a length depending 6n1y upon the dispersion and size of sanmple.
1f a jointed rock mass is drilled to a depth D, and all joints
crossed are included in the sample, then logically the repatite
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] fon unit is of dimensions similer to the volume occupled by ttt\: s

sample, The best that can be saild about the unsampled rock bee
yond the bole &s that it has the same digtribution of joints as
the part cravgtced. ,

Mgure 45 ghows a sampled conducting joint And an {denti-
cal, parallel joint (both shaded). The second is located at & °
distence, D, as meagured along the line of the central tendency
(D is not the spacing). If & uniform potential grodient field
is given, the direction of fluid flow can be computed, lLat each
Joint lie on the bisector of a cudbic element whoce faces ere:
parallel to the joint, parallel to v and normai to v, respective~
ly. The dizensions of the cube element W depend upon © and the
absolute value of the cosine of the angle between the central
tendency end the normal: )

' W e o[m-crl

The edges of the cudic element form 2 second eoérdtmte cysten,
designated below by primed varisbles. Components of discherge
from & jaint are: .
] [V
: e,V
4 I PO . .
vhere e is the ares availadle for flow througch each fasce., Cince

a, v ¢ 22W , ¢,70 s V'z0,

1 1V
!‘: T z;p,a- cr| V:
g; o .

i‘he same volune element can be evaluated as a continuun by Dare
cy's nm‘,'ustns the most general form of the coefficient, the
conductivity teasor in the primed systext
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Flgure 45, A joint conductor with normal n, and its
image distant D, the sampling length along
s fixed sazple line CTy. Each conductor

nakes the enclosing cube a permeabdle
Mm‘ . ¢
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T/ vlew' 2kl w k[T
. & Ky Koo Kis I;

1t 4is the potential gradient in the pr!.med system, The righte
-7 hand .sides of the above two equations may be equat_ed; then transe-
formed to the unprimed system, common to all joint conduits, A

is a trencfornation matrix,.

V! K. k. KJIZ
’ 'Cr'] . [} )
[} v (Dl" ’ ’ .
*[* 2opTmeny 7 [k K Kl
A_ 1 K, K Kyll L,
N
: v: r Il Z.,.
J N .q.cﬂ_g_ ot .
A Vij= -!W | A A A 2
v. .
: \ Jk ‘ I’
v, Ko Ky K,lII,
Dja-CT| 3
V| * ‘ab— Ky Ku Kufl. ¢i-18)
v Ko Koo Kyl Laf |
-~ This matrix equation leads to an expression of directional per-

meability more gemeral than that derived by Childs (1957). It



gives principal permeabilities and axos for any arbitrary gys-
tesy of dispersed planar condults having apertures uniform over
their areas, We can now gubstitute the veloeity vactor derived

previously, namely,

1.'3 - - *
Vv, ® -;- b2 (J;I ""g)fc s (4-11)
g0 that
(1-m,) -m, g1 1, 4, £.4, L

'§'5 oty (1-4ny,) oy [ 1, :D‘n-cfﬂ £, {“4” I,

T temilln] M 4 D]

cxearly, the eonduc:!.vlty tensdr for each jolnt 1s cymmetric:

" ‘(ts (Il " ".) i T
4a ‘;s (a) 3 : ’: eT]| "M (1793,) -, 3 (4-19)
‘u ‘); ‘”J -~ - g2 (1= ,) .

‘mo faclal area of the ropotition cube for a given joint,
as 11llustrated in l"isure 4«5, 1111 differ froa that of other
Joints having different o:!.entatlons, the dimensions boing nroe
portional to the cosine ot the angle defined. 7This poses no
prodlem, since discharge has been cranslated into permeabllicy,
& property independent ot the arca of & cross=section through a
contimnss, Thus the tensor pesrmeadlility con:rl.buuons of ell
Joints may be added to find the total. Each one i3 weighted by
i/|m-c7| , the absolute value of tho inverse cosine of their ine
clinations troa the everags orlientation, Tha unimportance of
intersection of joints has already been estadlished, and justifie-
.cation made for superposing flows. The location of any specific

108

NI

-
T
I
I



' 1
meaber of a joint scet i¢ ignored for present purpoees, the m-09

eunption being that inhomogenocities vithin the sample are duplie-
cated in successive samples and averaged out over the reglon
vithin probtlem boundaries distant several D,

He may a.n_-i.vo ot equation (4-19) without assurning homogen~
eity. 1f, in IMigure 4=5, cach conductor is unique in orienta=
tion, no second similar cuble element may be drawvn., A& cube of
tho saze dironzion,

we D]x-cT|
may be drarm contsining the conductor psrallel to & face at &
poeition other than the bisector. ‘mi.d deserides the erocse
gectioncl eroa, #2 to which the conductor contributes.

More thcn one cot of joints miy exist in our model, We can-
not consider a!.'!. Joiné: to cross the came cylindrical volumo about
a8 single seapling line 7, Rather, sepsriate lines Dl' Dy, etc.,
each vithin 30 degreces of the oxpected contral tendency, should
be drilled to obtain adequate samples of all seots. A differont
length zearling line for exch set ensures proportionstely dife
ferent nmii:-er: of joint set meabers.' coxpensated in equation
(4-19) by ._,:hg; édotuczenc 1/0. Permeability contridbutions of
individual: joints of severcl sets, rolated to sampn.na lines of
different lersth and orisntstion, can therefors be added to ob-
tedin the pefua:.btuw of the md!.m.-'lt is convenient to use
the central tendency of each set as & sampling line, and to fur-
ther sinplify ths problem by using D the same for each set, The
aumnber 6! Joints in e2ch,combined for computation of directione
el permeability, must then be proportioned according to the ase
signed spocific curface and orientation dispersion coefficient
(Fisher's K., coo Chapter 5).
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g2 by -4 3]
D‘D‘ D, ad’zolﬁ"-;t.zu? S. iu:'-i .
2 ! 2
It Dy=D,=Dy, + '(M)M £ (.:)m % Y (4-20)

The dracketed eooffi.eiont. average inverso cosine of the
angles botweon normls &nd central tendency, 1s readily coaputed

foy any given joint get:
¢ 9(".5) = _L z (o/c.so)

iy

vhere m 13 tha total flue: or nunder of joints in the j th sﬁt,
given by Pisher's dispsrsion of errors on a sphers (1953).

w2t ) (a-21)
i .

1n an element d (cos © ) about the central tendency, thera are
My Ceo. ces O .

dF = =2 e d(cos 6)
membera, so
o ’
¢= ) dF oes
o.r .[0 p "“3’ coso J(‘O’O) (‘.22)

s zr 3L ce x,_ e )

Unliks the vaeto:s of Fisher's distritbution, ehe mrmls
planes in spcce are iosheadsd., tHithin the reglon '2" 0K Ir , Ve
choase to raprejeant ony vector by 1ts regative, directed into the
reglon 0< e<32f » If a significant portion of 2 Fisher distridu-
tion lies ocutsides the hemisphore heving the central tondency as

vertex, an shnonnel flux eﬁncencrauon would 11e¢ near 8= 7/2,
- }bst natural Joint sats sre reasonadly toncsatrated (naher's
- Rg > 10, aaa SPlates 2 and 3 of Chcpter 5), and if jotnes‘ e
outside of 62 72, they would dbe identified with another set.
" The probability of a veetor lying in the resion 9)77’[2.19 only
+00067 for dispersions of Kg=5.0. 1f ve limit the definition

-/
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of a joint set to memdbors lying within e 120 .degree cone

(6aT/3), ve £ind a maximum probability of .006 that a vector
gonezsted by Figherts equation wl.‘u 11e outsideo these linits &f
Ke = 5.0 or greater.

The inproper tntegr}zl given above can therefore be cvaluated

over & prectical renge 1 Y086 71/2 for all values of K 25,0
. o

3 3
| K, Kecose . Ke'cos'e . k. cos’o
c s ‘ ‘”9 4 + ‘__‘ ® v a2
e . ;[4 ] 2(2!) 3(3!) e

The results of 2 short computer program to evaluate the integral
are grazhed in Plgure 46,

Gace D or the nunber of elemants appropriate to a sﬁcn
jol.ntz set t.s astablished, the tensor pormocbility contribution of
each ccn be determined by cquation (4-19). Simllar teasors for
each of the othar jo!.nl:.s may de added term by term, cince ve

‘have already 2scertained that no mutual interferenco tézt:es slaece,

The accuzulated tensors of all joint cots are then oddad to de=
fine the perzecbility temcor for the jotnte& gock mdlmﬁ.

ka- = Z“J. . [ (6.22A)
Then cny boundary prodlem nay be treated ac & homogencous .
anisotrozsic medium vith flowr conponents given by

9 623
Q=kKsjAg I . (4-23)

In socoe czses vhere boundary transformstions are inconvenient,
for i.n_ntt:nea if tvo or more adjoiring regions have d!.tfo.tent
pmb_iuty tenso:;s. the fully expended fom may be required
for each resion. end the prbb!em golved &n its original coordin=-
ate systea? ' N
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Q |Ke K K| 1] (4+24)
Q ‘A ;’: Kye Kaa K I‘ .
.C% K.n Kll K I'

All nine teras, six of which are different, are required for
referencs to an erbditrary coordinate gystom. .
Cocputer relanetion programs, such &c developed by Varren,
Dougherty cnd Price {1960) to solve transient boundary prodblems
in Lsotrople »edia, could de revised to caticfy continulty of
flov through & cubtcal.ot gadiel volune element when each dice
chsrge .conponent &s s function of all three gradient components,

i.e,

Q. :A‘;!;[Ko I+ Kula v K, I’] o otc,

tore cocmonly, prodlems are solved isotropically after
transforrdng coordinates. To obtain the transformation factors .
and the effactive conductivity of the fictitious medium (dise
cussed in Chapter 1), principal axes end pemeabtliittés age re- °
qQuired. 7o obtain these, it remains only to diagonalize the
sumeatry tensor of equation {4-24), ftndina the .pd.ne!.pal axes &s
eigenvectors, and principal permeabilities as elgenvalues.

Bquation (4-26) then becomes - '

.'.-

R, o “ol|L
| (4-25)
S, ‘.'A'; o Kt.s o I.

¢ . ¢
Q, o o kgLl ,
the prizes siznifying reference to a coordinate cystem pcrallel
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to the principal axes of the tensor. Equation (4-25) ia equi.v:).- !
ent to the familiar equations
Q,*AL K, 3¢ | -
Q: CAT %, T
Q,=AL Kk,
given by Juckat (1927 p. 226). Childs (1957, p. 63), and others.
It has tecn noted already that intargranular flowv may be
superposed upon model fracture flow, so that the permeability of
jointed, gronulare-porous media mey be determined, 1If the solid
of the medium has permeadility X , this valuo may be added to
each of the principal permeadbllitias determined for the joint
systen, 1f the solid is itself anisotrople, described by

va '%K;;Ii

then one may transform its tensor to the coordinnte systen used —/

to orieht the joints, add each tera to the tencor for the joint
éyatem referred to the same coordlﬁntes, then dlagonalize the
tensor sum, o _

. 1t con bdbe d;wnstrated that the tensor form reduces to the
equation given for parallel Joint sets. When all joints have
the samo orientation Ny

K,. "u "'l ('-"'") “ ol‘ -

2 <l - cwty) .
Kay ¥an Kyl = 3"5"2" s (1=m10) a3

K’. K" K’* -‘d’I -a" (' “,’)

If further, n; is also a ecoordinate axis, say the 3-axis, .

a7 TM, 30 dnd ”s s/,
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ku KO\. K!l / o o
. , \
. Ku Ku Kyl 35 Zb10 1 o (4-26)
Ky, Kso Ky o 0 o
Y
o 2 3 =0
K, = Kua © 355 b |, K=,
as puvzous'ly derived (p.103). J
Rorosity Estimotion '

It is possible to work in reverse, to obtain from permoa=
bility cnd geometry measurements, an approximate velue for pore
osity that is better than :he._ﬂ.rst egtimate shown on page .
because it includes the influence of orientation of the conduits,
Fileld testc have been daveloped to estadblish for a site the
principal permeabilities (Chapter 2) vhen principal axes heve
been determined from the geometry of tixo joint system (Chapter 5).
These axec -ehould be taken as & nev coordinate system. Joint
oriencatlo:is. obtained vith reference to geographical coordine .
ates (or othsr), should be tronsformed to ‘l;he nev axes., If aper-
tures vere alco knovn, the meacured directional permeabdility
could bs compared to the values computed by the present model,
theredby justifying use of the model a.s a subotitute for tests,

Deterxination of poree-size dictribution from flox’ data ob-
tained from intergranular porous medh requiresassunptions of
pore geonatry to interpret such tests as the caplillary-precsure,
Juter-aamra:!.on curve. Bundles of tubes and networks (Fatt,
1956, pp. 152=153) have been assumed. -The mecroscoplc nature of
fractured modle permits better definition of the geometry of its

conductorc, but there remsine auwbiguity becsusc we cannot cur -




- rently deterzine either the palring of aperturos and orienta"' 16

tion, nor the distribution of aperturos al.ono.. Ho mist be cone
tent, at thio t!.fne. to asgsume all apertures alike in magnitude,
In a later chapter the errors of porosity ostimation, made on |
the assunption of a;retasa ape:.?:urea throughout, are assessod by
ealculation of porosity from dlsporsed model modia containing
noroal, logc=normal and exponential aperture distributions.

let tha permoadlility tensor for a jointed rock madium dbe
known, Ss wall as the orientation dispersion for, say, three sets
of joirtz, but assune no dizperslions of aperturas., The summary
tensor ic co=posed of subetencors aricing from each cot (super-
setipt: 1, 2, and 3); ' |

’.

ke o of |4 4o &) |40 4u 4

J
€ %
41,

g ¢ I

K,
0 K of=|& 4L &) o|L & &l |2 (4-27)
o o ki & & 4l 14, 6. &) 16, §.8).

Ue cannot :colve fo? the eighteen unimotns on tho rizht (ecch
matrls dc Vsmtﬂ.c), ‘sinecs e cocn trite but sl different
sirulteneous squations from the cdove, The matricec must ﬁ.rct
be sinmplifled.

A sot of joints symmotrically dizpersed {say by Cicher’s
equation) adout a centrcl tendoncy can be replaced by a pcrallel
set of planar conduics plus & tudular cet. paranél to tho central
tendency of joint normnls. Tho ratio of pema.bl.uty of the cube
set to tha plane set depends on the anisotropy ehar"cte:i...tie of
the dispersion. It will be chovn m Chapter 3 thet the slso-
tropy of a dtapersod sot depends more sttonsly upon the orienta-
tion dispar-lon then on the dispersion of aperturez in the cet,

-
-
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Purther, it vill be shown that the tonsor for a cingle d!.cperé:&?
set has negative uniaxial cyme'try. that the extraordinary pere
meabllity, k min, ie alvays less than the ordinary permeablility,
k max (to bortpw. terminology from petrojraphy), the ordinary
being radially syn.znettl.c about the central tendency of the cet.
In other wo:dt;. the geomatrical interpretation of the permcabile
ity tenscor for sLns!.é dispersed sets is an oblate spheroid.

Thus k... and km!.n can be expressed as proportions of the
permoability, k;, of a parallel set of joints having the same
specific surfece and aperture dispersion:

baie™C by | L = by
A single joint or 2 get of parallel joints ic mathematically
equivalent to 2n 1sotropl.c continuum plus a tube with negati.ve ’
eondqct!.vtty lying along the noraal to the plane. This feet is
enploycd 4ir. the first matriz on the right of the following equae
tion, vheré the Lsotropic ( ‘13) end norm21 (mu) eom:;onent:s are
resolved,

‘“ "g ‘,, ’ ‘,."Ol) --0‘ "N" q' M‘L‘l’

3
{I.I ‘n,‘., s C‘ i-z_o Zb 'M“ ('-ﬂld -m.,“Q“"Zb "ﬂ q“‘ll

{u L1 ‘n S ey (1-amyy) 13 % "y .

The unique ute sets arising from the tuo ronlacenent stepa are

parellel, C:c additive as suovm telokr,

. [ ’
4y £ Ly & O o My ™ 1

‘u ‘Q;. {q < 3—23_ 26,‘ 0 C. 0 Q(C.,’C,)"'".u "llﬁ’ r

£, &se €5 e o ¢ “ “5 %y,



In this equation, n“ ® neny, vhere t\1 is the central tcndgnlcg

of one of the sets, Since there is an equation of this sort for
each J&!.nt sot, and their sum 1s given by equation (4-27), we N
may let
4 2 4 ,
4, =55 247,
Now we are ready to sum componentst .
dy 'S (‘.28)
] 2 2 a 2 2
k“ - (c‘. ’(C"-C'.)‘:'n] A’ + [C"(C‘ "C,)n'J{’ *[6,.0((" - ’.);.]‘:

L ’.t C'. 4 Cc.s 'c.:)""'zz]‘" > [ ct. “(c‘s‘c‘n)":n]jp 4[5,0(&' C'J .;,Zl] [;

k” ’c". ‘(CL- C.,) ‘l.), ] g" 5[& ’ (czl "C‘,) “"”] Z’*[é"(g‘ -C’JM”K“" .

These sre three of the six possible equations in the threo une
knowns &p. ip. ?‘p’ A unique solution for a&s many as six sets 1s
possibdle.

1t should ba clear after seeing in Chaptear S how anisompj
variles with orientation dispersion, how the coefficlents e and
¢, can be determined. By computing nunerous dispersions of both
orientation and sperture, forming each time the retlos of k.
and knd.n' :esﬁec:wety. to the peroeadllity of & similar parsale
lel set, ‘p' there vare obtained the relationships mp?od in
Figure 4-7,

If it 45 assunad that all conductors are identical in aper-
ture, 2d, then that aperture can de computed from t,. the per=
meability of the parallel set. [orosity can be computed froa
the first, single+~valued estimate, dut such estimated porosity,
or any other derived porosity, vill differ from the true values
according to the actual distridbution of apertures. m; purpose
of Chapter 7 is to find the magnitude of these errors, by com-

. parison of the identical-aperture value and certain distributed-
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aperture values. [Mor all distribution of aperture,

2 3
4 =355 2,

‘while for a unique constant aperture 5, ,
an 3
" 65
thus
a (_z_e. )7 (4-29)

An aperture estimate can de made for each set whose representa-

tive permaability-kp has baon determined. 1t 1s a function of

the nuxber of dispersed conductors travorsed by a sampling line
of length D following the central tendency (D is the same for

each set of the system), and k_. Secondary joint porosity in

P
rock enn de detter estimated by equation {(4-30) thsn by equation

(4‘13).

05 (s 4,)”(:;”/0)"‘ . (4<30)

where

c s ” z 'n.cr/ 2
the eonatant dependent on the orientation disperslon of a set,

graphed in Figure 4«6, The estimated totcl porosity is the
sun of the po:néltlcs of the sets. 4
Deadeend pore space (Fatt, 1961) is not included in equae
tion (4-30) since pormea$111:y does not reflect stagnant voids,
Displaceable porosity is desired for such purposes as grouting,
but omlssion of dead-end volune may bde detfimental fér electrice
al conductivity studies or for flow of comprassibdle fluids,
Combined dispersion of orientation and aperture
By. letting doth orientations and apertures vary in thelr
valuac,'ue hAvo introduced a eomplieatiné‘difticulty, for 1t is
usually impossidle to determine analytically the distribution of

L 3
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' & variabdle dependent upon tvo or more distributed variables.

There Gre many engineering problems of this-sort that ean only
be solved by iterative techniques, and most handily on computers.
Fatt (1952) reported a statistical analysis of ml:tpic inde-

pendent variebles in electric log do.temi.mtlon of formation
saturation. Later.he determined saturationecapillary pressure
relationchips (1956) for distributionsof pore radius in random
netwvork locations. Discrete poree-size distributions facilitated
step=wisce computation of saturations corresponding to the extent
of irtvasion of a phase boundary upon increase of pressure. Dife
ferent pairinss of pore eizes and pore locations ga.ve negligible
dispercion of results, Bﬁd.the procedure yleléed significantly
different results eich time, & statistical analysis of the dige
tributed results would heave been necessary. Warren aixd P.:!.ce
(1961) reported ssmpling of various permeability as:ubquona
to charrcterice mdlvtduil volune elements occupying random po=
sitions in a heterogenoou{ permeable medium. From & finite num-
ber og couputer runs, the nost likely ova.rau permesability and
mosents of the distribution of permeabilities were obtained.
Other appllcstlons’havo been described by Meyer (1956).

fike the epplications cited, the praaént model of jointed
medie exmploys & general technique called Montee-Carlo sampling
(V. S. Mat, Bur. Standards, 1951). The proper method of obtain-
ing dependent distributed properties is to compute successive
solutions in bateches, each run in a batch baving rendom input
data sampled from large discrete or continuous populations of
lndepondent variables. Uhen batches are large in n:nnber of runs,
the centrsl linit théorem (Mood and Graybill, 1963, pp. 149 and
403) justifies the application of normsl error statisties for
enalyzing the resulting distributions of'answors. The theoren




states that if the sample size n (numder of ruiu. ina batf:h). :_.gg
increased without limit, the diatribution of sampling means !
| (average of a datch) lppr;aches pormal with mean equal to the U/
poyuiacion mean (average of an infinitely large batch of runs),
and with varisnce (of batch averages) equal to 1/n timea the
éopulntlon variance. If, inatead, a batch consists of only one
run (sanplec of size n31), the batch ansver 1s the one-run anse
wer and Monte Carlo sampling will generate a population that
need not be normal, nor need the mean or vartancé equal the
population parameters sought., For this reason, batchas of 49
tuns have been emplayed in this study, so that a datch may bde
necrly exactly reproduced, In Fizure 4-8 are graphiec results of
directioncl permeability determinations (described more fully
later). In this figure, two separate batches are superimposed,
each of thich 1s'a full computation of principal permeadilities
from the seme populations of orlentstions, apertures, and space
ings, bdut vith data reearranged to assure generztion of differe
~ ent randoz nunbers. The batch medizan’of each curve falls well
vithin the computed 93 percent confidence range of the corres-
ponding resrun curve, This eliminates the need for multiple
batches, since we can calculate the precislon of measures of a
singlo bateh, reducing computer rumning time to reasonable vale
ues,

In the frequency plots of Chapter 5, (bottom rov of Plafea
1=153), ecch run value has deen represented by a8 point on each
curve, Thece runs are samﬁlos of size n = 1 (as opposed to the
average of moge runs thah one), The curves represent.the de-
sired frequency distridbution of a population of permeabllities. \\,{
More or locs runs than 49 will not greatly alter the distribution,
but will effect the reliabdility, C

e amem—
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However, the central limit theorem operates on a lower lag:i

here al.a;a. for each run 1s a process of averaging the contribdue
tions m.conductors make to the sample permcability, 1f m were
infinitely large, all permsabdilities computed from a population
of orientations, ete, would be the sams, 1f m is small, only a
few rendom conductors are included and the permeadilities are
scattered, One object is to study parameters of this scatter
as & funetion of m, thus evaluating faqulremen:s of sample size
for replacement of discontinuous media by equivalent continua,
The speed 2t vhich the distridution of means approaches normaley
as m anreanés depends oa the shape of the distribution of the
population sampled, 1t App:oaehee.mnre rapidly near the mean
then near the tails, Figure 4-9 is reproduced from Mod and
Graybdill (1963, p, 152) to illustrate the changes of tho dise
teibution of means as sample size increases. If a normal curve
is not demonst:nt;d, normal error theory cannot be used to eval-
uate parameters of the ﬁopulation. The perrnoadlility curves dee
veloped by the model are estinmates of the population of permea-
bilities, dbut the parent form of the population 1s unknownm,
approaching normal only in the limit of larze samples, The ree
1iadbility of the parameters of a8 curve of unknown shape can only
be found by applying noneparametric methods (Mood and Graybill,
pe. 403-422), so éallod because with these methods tho functional
form of the parent distribution (describded by the mean and vari-
ance) dees not occur in the analysis. The basis of these methods
is a property Of ordered statistica: n values, ranked in ascende
ing order of megnitude,divide the distribution into 1/ (n+l)
ageas, which, on. the average, are equal, Thus, the 25th small-
.oat solution, out of 49, estinmates the median permeability.
.Confidence intervals on the median can be calculated from the

o)
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Figure 49, Illustration of the central 1imit th-om.'

showing the distribution of sexmpling means.
(a) The means of samples of sizen =1 is
the gopul.atton sampled (erpohentiel in this
cese). (D) Skewmnese decreases for n = 3

and (c) normalcy is approached for n = io. '
(After Mood and Graybill, 1963, p. 152).
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binomia]l distribution, since the probabdility of an observarion

£alling above or below the medisn is 1/2 in each case. The nore
mal approximation to the dinmdmial 1s good for samples u" lazge
as 49, The Harvard dinomial tabdles {Aitken, 1955) locate the 95
percent confidence interval about the median of A9 measures withe
in 7 odservations to either side, as does the normal approximae
tion, 1.96 J’E/z. If succeasive batches of 49 runs are executed,
and the 95 percent interval 1314 off about each medlan, 95 per-
cent of these internsls would include the median of the popula-
tion of batches.

1f datches of Tuns are made with smaller and smaller numbers
of conductors, thelr distributions are sonething eiosoly resende
1ing the distridution of apertures cubed., Almost any dlateibue
tion cuded is highly sketrod to thQ right, thus, any distridution
of means of small samples is also skewed, I1f the sample size
differs, from datch to batch, every batch of 49 runs 1s an esti-
mate of a separate population. Intuitively, the permeadility of
a 10=foot cube of jointed rock should wdel the same as- & sta-
tistically homogeneous lOO-foot' cube contalning it, yet it 1is
proven to de not so. Changes in median values of directionsl
permeadlility with change of sample size or volume are important
aspects of this study, for they indicate the trend of valves that
should be applied to beundary problems of different diménsions.

The zeader interested in the mechanics otth'o computer proe.
. srams built to implement this model will find a bdrief descrlp-
tion accompanying the prograzs in Appendix A, The flrst version
of the computer rodel listed there (several versions, not shown,
preceded this one) vwas meant solely to inviasnguo anisotropy
variations upon changes of the orientation ard spacing parae
meters. 7That is ihe subject of Chapter 3. Additional subrou-
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tines vere addod to make the second version listed, a tool for

inveatigating apexture dlatributions, pressure-tost discharges
and porosity, the sudjectes of Chapter § and Chapter 7,

There has.bean shovn a need for & moddl study that will
gulde the t_lo!d uottar to appropriaste identification of princie
pal axes of anmy given geomotrical systea of jointe, feults or
other planar conductors., The three-hole pressure-test arrange-
ment proposed im Chapter 2 wvac predicated on fore=knovledge of
the principal exes, without vhich principal permesbilities cane
not be msasured. While the. 14 model joint gystems reported &n
Chapter 5 may not fit any recl cyctem exactly, the varlety of
special ecces coverod should serve as guides to define, by com-
parison, the approximate otlentaucna of exes tor noarly all
cases. E Lt . *

The model rssults ore sl.gnlti.eant eviden& that froctured
andia ore gonmerally aniaotx'oplc. even more 80 1f real conductors

are individuclly aniasotropie.
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B INPLUENCE OF JOINT QRIENTATION
OR DIRECTIO.WL PERMEABILITY
Intxoduction
One of the more useful results to come from the parallel-
plate modsol is knovledge of tho influence on flow behavior of
the lpaelds and orientation of conductor planes tranceecting an

impervicus solid.
The fartule for the pernecbdility tensor elements

2 _4° - ’
Ky = F Bien (Su ™)

for a sinzle niforn planar condult of aperture 2b and orienta~

(4-19)

. tion n, can bo applied to 23 many condults as ono wishoes to ine
clude in & codol of intcorsecting elemente., A gelected seot of
apagtures, nalred with oriontations, may bde onvisloned as a
sample froo tore jointed rock medium, The dlrectiohal permeablle
ity of the =zsdoel, or 2n approximation to tho directional per-
meability of ¢ recl jolated medium, e2n de obtained by dlcgone
alizing the tonsor found of the sun of all 9 olements contributed
by each plancy con&uétor.

| In the adstrace, it is immatorial ‘:het_hér the conduetors
age favlts, joints, tc;.ua:!.on, sand seam3, or saw cuts, Lat us
czll then joints, since Joints are the most likely conductors ene
countercd. In Chapter 3, it was pointed out that to assuze &
conductor o be unifona =ad icotroplic throughout an infinito ex-
tent 1is ;:o donart consideradly from reality. Still, the model
sot up in Chepter 4, leading to equation (4-19) and the super=
position of flows, here finds utility in defining the principal
permaability .n::es of 2 mediua, in relation to the 3eo&m:ty of
icts joines, mbﬁsh the nastinpuons need refinement, improves
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ments made by future workers will prodably mot change the qunl.l-

X3

ftative tlnd!.n'gs of tﬁta part of the ct\idy.

Models of planar conductors, each of which is uniform,
fsotropic and cnncu:moun. msy de charecterized:: (1) by puid-
eters specifying orientations, (2) by parameters specifying the
frequency of occurrence in & volume, and (3) bty parameters dege
eribing the variation of the apertures of conductors. The dee
sired i.zistght int:o the péopertles of real jointed media can bde
obtained through study of these three classes of geometric vare
fables alone, before further complicating parameters age introe
duced in the future to describe continuity, noneuniformity or
apisotropy of individual conductivity.

If for every conductor, apaci.nt'l.y defined in position and
orientation, there is acsignéed a particular eperture, then there
yould be for the aggregcte of conductors one unique permoability
tensor. The addition of other conductors to the systea would
alter tha tensor in magnitude and direction. An arbitrary
gradient ic inplied in computing the directional permeadbility of
the model, and -the field gradient is assumed uniform over the
dinensions of the model (D in equzation 4-19),

Only ono distribution of aperturcs will be used in the
folloiring diccussion, but the etfe;:t of a variation in the dis-
tribution of apertures on porosity will be considered in Chapter
7. 1t &s cosuved that the aporture. distritutions are continuous
for all rock types; within the range of apertures roprosgnted.
any given vclue may be found by increasing the sample size sufe-

tomn e
. N

ficliently. . ' .
Thoush it mey be possible to. meisure and associate an apers

ture with ezch joint orientation observed in the field, the

procticel difficulties of atteining undisturbed conditions suge,




;«un thag it will never be done on a routine basis. Rather,

apctm distridbutions will prodbadly bde apptaxmted by indirect

noans anslogous to those used to estimato intergranular pore size _
distributions (Furcell, 1949; Burdine, st.al., 1950; Ritter and .
Drake, 1945). o
Qxientation Rictributiona ' .

. An ordorly natural grouping of rock joint orientations has
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been deconstrated by innumerable fleld geologlsts (see reforences
in Chapter 3). One subparallel group is called a set, and the
several cets at a site, a system, Individuals of a set are dise
'pe:aed agound a central or %average®™ orientation, Orientation
distribution 15 best envisioned by first translating aljl planes
of a8 set to intersect at a point in apeéo, then erect a vactor‘
noraal to each plane, lLet the points where these vectors plerce
a unit 3phere represent the orientation distribution. The resulde g y
ant of unit vectors representing a set of planes is the central
tendency. Joint- narmals are dispersed about the central tendency,

a3 illustratod by otereonet plots of real systems in Plate 16,

and for synthetic ‘systems in Figures 1 of Plates 1 to 15, The
theory, techniques and applications of stereographic representa-

tion of vectors in space have bsen presented by Ssnder (1948),

Donn (1958) and Goodman (1963). Real systems commonly show ia-
.pertec: radizl syumetry adbout a central tendency, uhem; the

computer-gensrated cynthetic systems are syumetric,

The generzted synthetic vectorial data are used as sets of
planee conductors that may exist or be approximated in nzture,
Generzted data has the advantage over natural dlspersions for | !
parameter studles, because & vector fraquency distribution can
" be reproduced quickly cnd consistently by gsaoctapion with o
disperzion coefficient. Real joint orientations can be used in
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the samo mannce as synthetic ones, by randomlizing the elements in

digital form, but the ansvers derived from them cannot be related
to welledefined dispersion cocfficlentc .\'

A mathomatical formulation of vector dispercions devised by
Pisher (1953), has baen used to genemte oynthotic joint cets,
Other formuletions, with or without significance tests, have been
published by Armold (1941), Creem-ood and Durend (1955a and 1955b),
Watson (1955¢c end 1956b), and “latson end YWilliams,(1956), but
thess are not used here,

' The froquoncy at cny point of & Fishor distribution is proe=

Kpco50
portionrl ta e *°°

» Where ¥, 15 called Fisherfs coefficlent,
and © 4s the contrcl angle betveon that point and the central
tandency. Iy vz:t:y!.ns !{f from 0 to infinity, the dispersion may
be chanzed froa uniform over the entire sphere, to ¢oncentrated
at tfze conterl :andency. Synthetic joint gets w!.t’h axial cypmote
Ty ¢an c*.er*fare be gencrated as decsired, cither dispersed or
augned in orientation, by verying K‘ and spec!.ty!.ng the oricne

tation of ttc ceatrsl tendency. A ring of width d® at © froa

the eecté:l terdency includes en arec of the unit sphere that is

dA = =21 d(ces ©) :

£0 the nuaber of vectors throush tho ring is proportionnl to
‘FI -2”’e“".‘ d{ ‘o) 1

The totzl tiwrouzh the cphera 4s pmporuona!. to
K cos O
F = '2”/ e J(coso)
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Fo-amg (e "_ ™) (5-1)

477 3114 k; *
Ky

The frequency is therefore

J F &, "f cos@ (5-2 )
B eawes J —b
I F 2aunk 4’, d(eas 0)

The flux tlhirough a cone of half-arslo © abdout the central ten-
dency is proportional to .

Kola 27, x
-Jﬂ/c re J{asa =-% (-
se ¢

Fisher'!s equetionc wero dasigned as an error law, for 1f the
vectors are rondoa, the probability thet ona lles withia an angle

KgCo3 -] ) (5-3)

© 13 the r=tio of exproczlions (5=3) to (S=-1):
Ky k,usa

e ~-e&
P(e, = clt c-f‘ . (5.4)

s .

All the cynthetic joint normal disperslona shovn in pletes
1tols vere 7 zroduced by taking prodabilitics botween 0 and L
fron & & rdoa unifora nuaber generwtor, equated zs in equetion
(5-4) cad .colved for © . hppondix &\ coatcing computor ~rograms
VECGE!! and VLCIOR, that use thils algabdra,

Rozl joint disporsion:s con also de descrided by a central
tendency oricntation, cnd tho dispersion coofficient best fitting
the set, 1%0 centrold of G set of noints on a stereanet can be
easily adteoincd alzebralcally if the sei 1 not split detueen
tvo Bords~t.orcs. & zaneral method is contained in sudzoutino
JOATA (A\ppandir A\), .’horeby c11 olaconts of 8 set are transformed
to orlent:tions diczpersad in thelr orizinzl relative pos &tions,
but around an satizrtod ceatral tendency, shiftad to the zanith
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of the plot. The conmputed orientations are indiceted in s

‘4

SEEEG Figuros 1 through ® of Plate 16. Plisher dlspersion co-
efficients can e estimated by eompedns 4 plot directly to the
sequence of oynthetic plots in Phces 2 and 3, 1If the set is
irregular or nasym'e:ric. en approximote Kt can be obtained by
calculating the vector atrength (Arnmold, 1941; Pincus, 1953)
and enterins a greph (Figure 5«0) relating K, to the strength.
Vector strength is defined esc the average coaponent of vectors

taken in the direction of the central tendency!

(STR) = -— Z(cos e);

N s .

(3-3)

The relationship of vector ctrength to !t' wag obtained as fol-
lovss: The totnl number of elements in a Plsher digtribution is

and in an elenent d(coso) there are

Kgcos 0

df = =arlre d(ces &)

oembers, SO
¢
61‘Q) [3 -A—,-fdf ces@

A’£
e&'c f;"““co:o dees o) .
-f .

Inte;ratton by pe:ta s!.vea

]
KpCosO lgcuo]
(ste) e‘* % e 5

’e

(l- E)Q 4(!4 —)e
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thiv sinplifies to 185 E

_ e +e o

. the funetion grn.phed in Mgure S5-0.
erientation of >rincioal axos end dictriburlon of prineipel °
lacking indications that there is any rolationship between
¢ Joint cperi:ure e..:id its oriontation relative to the wholo set, it
1s asouxad thst the eclemente of an aperture d!.strtbuti.on are

vkolly um'mcndent of the elementc of the orlentat!.on distribu-
tion. Thls nocessitates statistlesl evcluction of a four sceple
combinstions out of the infinite poscsible combinations of tvo ine
depondcnt coatinuous distributions,
. Tte qda:uter progran desigzned to implemont equations (4-19)
\./' and (4227) $s in Appendix A, togother uith a deseription. IDxe
anples of ézaph!.en!. output soerving to c!;brevi.at:c the voluainous
results of coaputctions are in 2lates L to 15, Once the teck of
ptogrcr::d.hs“ 1.'.: conplete, these machince-mado plots seve emuéh
interpratetion time to permit inclusion ot. an additioncl dimene
slon in xxroceter studies. lbre mescrous configurations of gpace
ing, oriantotion cmd 'cpe:m:e distribution have been studicd than
vere po:siblz by mcaucl procecssing of computor oufput. The plots
reproduced bere. bn: portion of the total nunber esecuted, in-
cluda 2648 cop..rate dcternin-tions of dircetioncl permcabilicy.
Each cozductor, meborins 20 to 2000 for each solution, requires
8 colutfon of oquation (4-19), agsrescting cbout 14,000, Each
b . sample of 49 colutions, leading to & c?m;;lete printe-out of aite
rices cnd-derived percoeters, ac {llustrated in Appendix A, plus
a pair of plotes, requires ebout 2 minuces of IBM 7090 computer

4




tine, Development of tho program required about 10 mt"wc .
hours in ptoéruol.v. e:zeﬁiution and debusgging over a span of &
year, :
Plates 1 through 15 1llustrate most of the special csses of
joint system geometries that might be met or approached in nature
The cystens modeled include up to threo sets. Plate 1 shows the
effect of sampla size for a single get with a given dispersion.
Plates 2 and 3 show in sequsnce the effect of decreasing orien=
tation disgersion, from Fishor's Re = G.to 60. Plate 4 treats
twvo equ~l, orthogonal sets, folloved in order dy other plates |
L1llustrating two orthozonal sets of different dispersion, two |
orthogon.l cats of differont spacing, two nr'm-ormogoml (4S5
degroes bat-sen central tendencies) sots of equal dispersion, -
two non=ortlhojontl, different sets, three ox‘t'hogoml.‘ sets of
equal dispersion, three qrthbsmal gets, one of which hasg dife
ferent :;x.'eim; than the other two, three orthogonal gsets, one of
vhich kre different dispersion, :hreo orthogonal sets, each with
differcnt dispersion, three orthogonal sets, each with different
spacing, t'o orthogonal sets and one non-orthogonal with equal .
diépersion:, cnd lasg, Plate 15, tliree non-orthogonal sets with
equal dizpersion,

Coxxxon te all computer solutions illustrated here is a fixede
paraometaer distribution of apertures, It was chosen somewhat are
bitrarily on the knovledge only that permeabilitied measured in
many placos in a jointed medium give skewed distributions with
frequencies ruch highsr in the low ranges than in the high: later
vork shoued this distribution’to be imperfect, a. fm;e frequency
at zero apertures deing impossidle, This is not a vital ;mr.
The ‘anyvors aro not serlously affected by the distribution of the
small elexents because .permeadilicy contributions depend on the
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cube of aperture, Figure 1 of Plate 2 &nd Figure 2 of all othlog7

plates describe the agsumed aperture distribution, plotted as a
density dlitribut;au for 1 micron classes of half apertures, and
as a cunulative percent curve, Tho computed arithmetic, geomete
ric, ond harmonic mocns are chown; also the median,

Figure 1 of all but Plate 2 ie an upper hemisphere stereoe
graphic projection of the pormals to joints forming the popula=
tion sampled. Computer programs VECGER and STEREO (Appendix A)
vere used to put a large number of these orientations i;nt:o digle
tal forn, the direction cosinec of !.ndtvtdua!.' elements of &
Ficher distribution of norml errors on & gphere (1953) and to
plot then as pointc on a stereogram., Samples of these -pbpu!.a-
tions, usuclly smaller in number than represented on r;xa stereo=
nets vere used to compute dircctional permeabilities, The cape-

tion of ecch plot identifies the spatial orientation of the cen-

tral tendoncy of the vector distribution, obﬂ.ous also by the
center of grevity of the points. This efficient repressntation
of vectors Lc not only a great lebor and spacingecaving device,
but also t_zctlfcafea mentil grasp .ot complicated aggregates 'o"t
nunbers. Ecch plot of 500 wectors required about 1 minute on .
the IRM 7090, after eppropriate programming end debugging, as op-
posed to 10 hours handeplotting 'forb $00 potnta.' Such a study as
this vould heve been tmpraetieal a few years ego, since the enore
@ous volune of data handled could mot be processed by one men in
years. The sequence of‘ plots, Mgures 3, 6 and 9 of Plate 2, and
Figures 1, 4, 7 and 10 of Plate 3,..ottero n'viaual._eoap&ttson
tool for eat!.mttqs the dispersion coofficlient of ;i.;nuarly dis-
played orientztion data obtained in tho field. Any one of the
Figures 1 of Plates 4 throush 15 may be used as reference approx-
imations of patterns of field data inmvolving one, two or three




sets, Principal permeadility axes may be ox:i.onfed l'pptoxlmt.*’sa
with the 8id of these idaealized solutions. The need'tor this vas
dexonstrated in Chapter 3, where a 3=hole pmpi.ng test was dg-
signed on the assumption that ares could be predicted from joint
data, ,

The second row of figures on each plate displays in stereoe
sraphic projection the pruicipal axe3 corresponding to the given
orientation, dispersion, and spacing parameters, In each figure
tho;.‘e appear orthogonal triplets of 'di.amondl, circles and crose
seg, corresponding to maximm, intermediate and minimumn permeas
bility axes. There are 49 such triplots, each a separate colue
tion computed from an independent random sampling of the given
population(s) of joint orientations and apertures. Ian this way
the ranze of possible solutions can de portrayed, for each
sanpling contains differently oriented conduits, paired with
different crertures., With co many solutions plosted togathor,
unique triplets cannot be identified easlly, dut it is the vwhole
renge ond concantration of solutions thet is of intercst. The
scctter of axial orlentations indicatad by the model refloct the
variations in prineipal axes that woul:d exist froa one place to
another in a jointed medium having geometrical distributions
1ike the codel. Eq_ch sampling of conducto:s. leads to the die-
gectionsl permeadility of a mediun having those specific cone
duits, vepcated over and over throughout the infinite space,
There i3’ iatroduced a random. orror because in protatype rocks,
adjacent volunes have different conduits, but the directional
permeadility srror decreases as a mean value is appmdlhod upon
. . increase of sample size or volume, Sinee ‘pazt of cur interest
is in the dispersion of the permeability statistics, our purpose .
es would be defeated by considering only mean values and large




sagples. One of the purposes of this paremeter study is tQ ‘1‘39

certain the size of sample required to get good representation
of a mediun, and to estimate the errors involved Lif small saa-
plos are used, | '

To this end, principal permesbilities are plotted in the
bottom row of figures. Again, .vo use diamonds, circles and
crosses to maintein eomapondeacé of permeadbilities and axes.
The data generated by the computer pmsum i{s seen to consist of
three principal axes and three priheipal pormeabilities for each
solution, the formor plottcd in stereonst form, the latter in
distridbution curves. OCumulative frequency is plotted on & probd-
ability scale, to bring out departures from normaley, Since the
permeadility date for each axie must be ranked defore plotting,
eomaponde'nce of exes ond magnitudes is lost, but a statistical
description of variable quantities is obtained. Only one of the

. principal permeabilities could be plotted cumulatively L{f mutual

identity between direction and permezbility vere maintained. If
two principal conductivities are nearly the same each ctﬁa. then
their axisal orientations are sensitive to changes in the same. .
ples. Since tny two oqual orthogonal vectors define a plane of
isotropy, ve expect and find in this casce that successive solu-
tions gcotter orientations throughout & great cirele of the

stereonct, The equatorial plane of Figures &, 6 and 8 of Plate

1 4s en example. The zenith, normal to the plane of isotropy, is
the oaly unl.qu‘_prl.nclpal axis. Curves of principal conductivi-
ties on the {sotropic plane, tor' exanplo; Figures $, 7 and 9 of
Plate 1, show slight separations, indicating that individual
solutions are slightly anisotropic. While cu:ghe agusot:qpy exe=
ists on the plane for each cauplé. the interaingling of dlamonds
and ci..r;loé on the girdle {ndicates statisticel fsotropy over &






large volume,  Subroutine HDL3 (Mervin, 1959) -plucuu'w“l .
such blas. This progrea computes the eigenvectors and eigervale
ves, alvays labeling the major axis, 1 the interwediste, 2; end
adnor, 3. These ladels detercine the use of dlamonds, cireles,
or crogses plotted &in the figures. Thus, in cases of pear=igo=
tropy on & plane, the curve of major permeadilities for example,
shown by diamonds, is actually & series of values for wvarious
sxes on the plane, mot for a unique axis. The leparatnu; of the
curves vaniches for larger samples.

Another consequence of cunulative plotting of three permese
bilities {5 loss of Ldentity of particular solution triplets. A
1ine parzllel to the abelssa does not .'tn:o:eap: threo principal
perweablilitics of a single colution., So to preserve the ine
éividucl relationships, there hes been plotted also the maxima
an!._aotrop les. These data are recorded by dots in the lover
o of figures, representing the ratio of minimxy permeadility
to maximom permecbility. As thie property varles with the ozge .
nitudes computod, 2 curulative distribation is genersted,

Different cemple sizes or volumes havo been used to evale
uate chanses {n dispersion of principsl axes and permozbilitics.
The lorer tvo rows of figsures should be read in pairs, 4 sterec=
net plot 6: cses and a cﬁzaxlattve tteque:;cy plot of permeabilie
ties describing all colutions for camples of a size stated n
the ccptions to the froquency plots. The size of samples in-

_credses from Left to right, eharpening the definition of anse

vers. From left to right on each-plate, (except 2 and 3),
there i3 also shown @ decrease of dispersion as si}gplo size ine
creases, These results are sumarized in Figure 2 of Plate 2
and PFiguro 3 of Plates 1 and & through 15, The heavy solid lina
connects conputed valuos of the median permesbility for various

PP .



sample dimancions or condult numbers, and by light or dagheal4?
lines, the 93 percent confidence ranges about the medians,

Plata 1 introduces the computation technique with the sime
plest geometry, & single, symmetrical dlspersion of planar cone
duits, (Figure 1). A_pe::uréa are dt;persed according to the
absoluts valuo of a normal distridution vith mean, .025 en, and
standard deviation, .035 em (Figure 2)., By changing the sign of
inproper nezative aperturaes, a skowed dia&imuon is formed
with higher arithmetic mean and modlan, and lower geometric mean
than pertains to tho nonetransposed normal distribution. The
first prodlem solved (illustrated by solutions in Pisuroc 4 and
S) was to find the diatribution of possible orientations of
prineipel exos of this jointed medium when only 25 ebnductm
are pressat in a 270-cu cubo, and to find the principal pormea=
biuflos that correspond to these axes., The (bnte Carlo sampe
l1ing mechanisa involves the pairing of a random orientation froam
the population of Figure 1, and & random aperture from Figure 2,
Its conductive contridution i3 stored as 9 terms of a sy:mmetric
permeablility tensof reforrad to the axss of Pigure 1. The sampe
ling proceeds vith the pairing and computing of terms, each tine
" adding then to tha tensor. After 25 samplings, the genersl tene
sor 15 e3-zleta except for a seale correction to account for
Joint spceing. :nxo tensor 13 then dlagonalized to yield three
scalar »rinecipel ponaecdilities ond :hrée voétors as principal
axes. Thoce are stored for the moment, while 25 more conductors

are campled giving & nev tensor solution of permeadilities and
' N
axes, somewhat different than dbefore since different joints are

included in th;a-sccond sample of 25 than were included in the
firat 25, In this oanner, 49 independent solutions of 235 cone

ductors esch are 3enetaqed and stored. .,,Sub:out;x;q STEREQ then
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cozputes, &s instructions to the Cal-Comp plotter, the xey coe

ordinates of the poles of vectors (the principal axes)in stereo-
graphic projection. One axis at a time is marked by appropriate
syabols. In one of the stereograns, Pigure 4, & eoneentiutton of
x's 1lies at the center, orienting the minimum principal permeae-
bility and dioplaying its dlspersion., It is approximately simie
lar to the plot of poles of conductor planes (Figure 1), since
onl.y small tl:bw components take the direction of the average
Joint normal. The axes of intermediate and major permesbilities
are plotted in turn, as circles and diamonds, forming a girdle
along the equator, dispersed 10° ¢o l.$°. to either side. One ore
ientation on such a plane of astatistical isotropy is as likely as
another, though an individual solution possesces slight enisce
tropy. The same statement may apply to notural jointed media,
Fote that gberrant orientations ere possible, &8 Lllustruted by
the intermedizte axis (circle) oriented nis"u. 30° from the ver-
ttcai. One lcrge op;ni.n.g at an extrene orientation vithin the
population will dominate the directional permocbility juet ec an
open or breccioted fault will dominate the flov in jointed rock.
For tho set of 49 golutione, fhere s produced tlso & fre-
quency plot of principal permeabilities, Pigure 5., The curve of
smallest magnitudo corresponds to the direction normal to the set
of condulit plones. The skewness of this curve is 50 slight that
one may consider the interval marked between the 16th and 84th
percentiles to epproximate two standard dwla.t.!.on'a from the mean
permeability. In general, however, the form of & g_enneabulty
distribution Lo unknown, therefore only aon-param&tc mothods of
{nterpretation ere justified. The medisn velue of & ranked stae
tistic (the 25th out of 49 in this case) is a useful measure be-
cause half the time, values will be greater, and half the tice,
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smaller than this value, ln offect, vhat has been done s to

generate 49 solutions to sssess the entire range of possibls so-
lutions under the given input parameters. Only & finite mumber
of solutlions are possidle, sven with a modern coumpater, So a
method of assessing the reliability is required., Confidence ine
tervals about the median have been computed on the basis of the
normal approximation to the binomisl distribution, Justified for
samples of size 49 (Mood and Graydill, 1963, p. 408), and includ-
ing 7 observations on sither side of the median at the 95 pore
cent level., Under tho caption to the correaponding stereonst
plot (Pigure 4), there has been printed the median principel per-
meabilitias and the confidence renges for all axes.

The median and its range are useful for predicting an ine
dividual value, say the permeabllity prediction for a single test
hole in a !:arga formation. On the other hand, the arig!unodc
mean, not shovn in these figures, would be desiradle for ut!.m-
tion of the most representative average permeabdblliity that v‘ul. be
encountered by individual drill holes in many parts of the for-
mation. Means are often inadequate for special purposes, for in-
stancg whore extremes govern design. For example, dam ‘foundation
treatment 13 usually tmdcéuken simply out of fear that loeal
erosion and progressive detarloration may occur at places vhere
extrens p&mabluetes occur, even :houah the water loss is
economically acceptadle. 1f we had data of such quality as in
these synthetic mediz, the eatrm;a éould be estimated froa the
distridution curves, bdecsusa the pceenugo points of rankod '
statistics are themselves estimates of the probablucy o! obuin-
ing a given value, Figure 5 of Plate L indicates & 2 percent
chance of exceeding a prti.nctpo!. permeability of 14.6 x 10~ cgs
units for s sample of 23 conductors with the given parametars.
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Confidence intecvals moy be computed on this estimate by applying

the binomlel distribution.
| Dispersion of principal permeabilities is also portrayed in
Figure 5. Yhile the minor permeability has & small absolute

range, it hag a larger percentage range than the major permeabil-

ity. The surpricingly lerge dispersions (3 £ K msx < 14) ob-
sorved are & consequence of the dependence of flow upon the cube
of aperture, & mechanicm clarifylng, qualitatively at this time,
the large observed variations in measured permeability in jointed
rocks, |

The dispersion decreases for larger samples, as the Central
Linit Theorem predicts (Hood and Graybill, p. 149). Pigures 6
ané¢ 7, then 8 and 9 are repetitions of the procedure using 100
and SO0 condults, respectively. Increases of ocanple size are ace
companied by changes &in glope of the .’.roquqnéy euﬁea. Rote also
the change in plotting secale used, a teae.tme butlt into the come
puter program to take best cdvantage of the dimensions of the
graph, The principal axes are also better defined for larger

- aamples concentrated within about 10 degrees of are and S degrees

of arc t’or the 100 and 500-element samples, tespecttve!.y. The
medien vnlue undorsoea & progressive shift as sample size ine
cresses, 8s shown in the sumary permeablility plot, Pigure 3. o
ue vhy, $imagine the distribution of one of the principal pemoa-
btuttes. 1f the samples were of size 1.0. It would reflect
closely ths assuned distribution of apertures cubed, being even
more skewed than the aperture i:opuhti.on. Mgure 2. The median
would lic far left of the mean. Kow as samples °.‘\.-2' 3 or more
are treated similarly, the skewness falle off rapidly (Pigure S),
and for lorge ssmples, (Figure 9) asymptotically App:oaehéh norme
&1, no actter vhat the aperture dl.ot:rtbt;ci.on, vhereupon the median
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and medn are identical, Therefors, all petmeadilities will bol

smaller for small samples i:han for .large samples. Inspection of

all such summary plots indicates that the permeadility of a model ~—
jointed mediun 1a fairly voll defined if 50 conductors are ine
eluded in the sample, and very vell defined for 100,

Plate 2 and Aits continuation, Plate 3, illustrates the of-
fect of decroasing dispersion of a single set of dispersed joints
Across the top row of figures ard the joint populations for
Fisher's Re = 6 to 60, and below each, the representation of
principal potambu‘luu for sample.s of size 92 to 106, varying
according to equation (4+20) to maintsin & sample dimenslon of
1035 en for a mass of inverse specific surface 10 em, As dis-

" persion decreases, there 18 & progressive reduction of dispere
sion of principal axes and permeabdilities, diminution of the
minor permeabdility, better approach to normal distribution, cone
vergonce 3f the two highest permeabilities and & marked increase
of anisotropy. Figure 2 sumarizes the convergence of permeas
bdbilities, wvhich change little in magnitude after !‘ = 30, Ire
regularities indicated for the permeadilities on the isotropic
plane are due to the ‘sample nizo, for vhen 500 conductors are ine-
c.l.uded in each, the treands are smoothed .(aoluuo_u are not shown
for 500)., Figure 2A i3 a summary plot of maximun anisotroples..
Dispersion eoefne!.eﬁts less than K, = 6 give principel permeae
dilities rapidly approaching isotropy, vheress adove K, = 20,

the snisotropies are quite large. The plotted range covers the
usual natural joint diipcrolons ancountered, The sheeted granite
oxponira shown in Pigure 3-1 indleates that a ;tnsle-;ot model
‘has & real counterpart in nature; vhether or mot aperturéc have
been vell represented remains unknoim,

The oimplest system of dispersed jon;n_' consists of tvo




oquil orthogonal sets, reprocented in Plete &, PFigure S.2 ohlo'::
& rock exposure that is eceentially a tvoe=set orthogonal systen.

The cholice of central tendenclos dipping 4S5 degrees WV and SE

s arbditracry. The stereonet plots of principal axes indicete
that the centrcl tendencies of the two sets lie on the plane of
isotropy, oven for smu.snmples. The uniquoe mnjor axis cone
tains tha central plane of Qaeh get, in other wo;ds. 1les parale-
lel to the predocincnt direction of intersections., The problem
of identifying two axes on a plano of isotropy, discussed sbove,

48 execplifiod in Pisure 3, the summary, as though there ¢ ale

wvays & sri2ll anisotropy on that plane, whereas the gcatter suge
gests that the tve lessor permeabilities eom&go to each other,
A pedium,cut by two -o::hogonal sots 6f no dispersion (percllel),
zust bo isotropic on :the plane normal to both, with pet'meabulfy
mctiy tulica that value in the dirccetion of the intersection.
Plate & cpproaches that conditfon. |

As soon €s the two gets differ, as they do in Figure 1 of
Plate 5, three unique :axos appoar, “one exis’porallel to each
central tondency, the major axic ogain colnelding with the &l
rection of joint interscction. The first ixprescion 48 of a°
plane of isotropy for small samples, but on closer inspection,
it i{s geen that the circles eénd crosces are not evenly iaternine
gled. At sacple size 200,. the axes cre distant. A cosll differ-
ence in principal permeablilitics eluays results in strong dispere
sfon of cxial directions zlong their cooron plane. MNote that
the minor axis follows the contral normal to the least ;ltoperud
set, for flow components are least in that direction.

A oiziler result can be obtained by varying the spacing of
tvo orthogon2l sets, &s shotm on Plate 6. The NI sot, FPigure 1,
s only half as frequent as the SE set., The intersection direce;
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tion is still the uJo.r axias, The lesgon to learn from thlq 1

. plate is that of tho_ tvo lesser axes, the stronger lies in the
plane of the more frequent set.

‘When tvo equal sets are not orthogonal, as in nm;ro 1 of
Plate 7, the principal axes coincide vith the axes of symmetry
of the systea: major axis on the intorsection, i.nt.emeduto bl
'uct!.ns the acute angle and the minor bisacting the odtuge angle
between condult planas (vice-versa the conduit normals).

I1f one of the two non-orthogonal sets is less dispersoed
than tke otl.mr. as in Figure 1 of Plate 8, ve get the samo ree
sults as in Flate 7, except that the minor principal axis shifts
closer to tho more dlspersed planes, or less dispersod norsmsls.

. 'xh;_x:‘aac common natural rock unit contains threo sets.
Mgure F3 illustrates a romarkadly perfeet, poralstent, orthoe
gonial cysten, Tires equal sets d_!.spoaéd orthogonally in a
pseudo~cuble pattern, as shotm in Flgure 1 of Plate 9, result in
isotrople permeadility for all sample sizes. The axes ar? scete
texred over all orlen:a.etona. and permeablilities converge slewly
with sc=zple sizo tovards. 2 single value., The significant aspect
here, a3 in other isotrupic conditions, is the randozness af axe
1al oriantation, even though each soldt!.on is snshtly anisotroe
plec. :

If t.o orthogonal sets are equal, thelr noroals 1ie on a
plane of iszetropy even though a thm’qrthogoml. gset exiats. 1f
that third set 1s weaker than the other tve, for instance vith
greater dispirsion, or greater spacing as in Pla:.e 10, then the
central tendsncy of the weeker set is tho major axis. If the ex=
traoxdinary éet is sfronser, by roason of closor spacing or less
dx'aperzi.on. as in Plate 11, ‘then that axis is the minor perzsae .-
dility dircction. In all such orthogonal canses weak qnieomp; E
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exists, 80 the axes are highly variable, comverging nl.ovxy vith

increasing sanple size towards unique axes.

1t all three orthogonal sets are different, by reason of
different dispersions, as in Plate 12, or by different lplelnsl..
as i{n Plate 15 the principal ares are still parauel to the
central tendencies of the sots, vith major axes parallel to the
poroals of the veakest conductors, and minor axis parallel to
the notmals of the strongest. OompAttooh ';f ‘Pletes 12 nﬁd 13
shovs that spacing is more important than orientation dispsrsion,
for the axes converge to thelr unique orientations for smaller
sample gizes &f it is° apaclns vather than oruncal:i.on disperslon
that vories. '

When the third set is not orthogonal to the other two ore
thogo:m., oqual sets, ae in Plate 14, then the m;ot axis lles
closest to the sreatest mber of 1nterse§t!.ona. Inspection of
Figure 1 revéal.a an axis in the B! quadrent containing the cone
trel plcne.of the vertical set and bisecting the central planes
of the hadzonul and 45 degreoc SE sst, so thig is the mejor
axis. The minor &xis is that havi.ng leagt intersections, in
this ease' bisecting the angle between the two closest normals,

Three n?n-ortboaonnl but equil seta are dispogsed at the
same angle from each other in Figure 1 of Flate 15, appearing as
though thoy belonged to & single, dlspersed get. The resulting
directionzl permeadbility hog the symmetry of 2 single set, dee
veloping 2 plene of isotropy and a unique minor axis qmu:rte-
ally centered betvesn the three mormis. N
Estimetinz pxinclops] dixections fxoan fiold data

A genercl case could easily be modeled, but to mo adivanuso.
Azy fiold data mot fitting these specisl cases would gerve as a
general example, Pigure 1 of Plate 26 (Fege ) is & storeonet
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FIGRE . . s
STEREICRAPHIC PROJECTION, UPPER HEMISPUERE
DWR OROVILLE, LET 3, Pv.l_"?'olo JOINT PATTERN:
P, 304759, -0 2994, 0 8276 F,+-02283, 09637, 01050
Pye -09323, 0089, 03540
K¢, 0130 Kgti20 Kpe 973

..

18§
PLATE 1s

FIGRE & .
STEREOGRAPHIC PROJECTION: UPPER MEMISCHERE
OWR PLATE 6. LET-2 LOC. JOINT PATIERN

P, #0000,-0258Q, 02635, P, ~02848, 03336, 087€0,
P, s -0 9474, -0 2463, 02070
K, *R23 K060 K e73

FICURE 3.

STERECCRAPHIC PROJECTION, UPPER MEMISPHERE

OWR OROVILLE. PLATE 10, CHANNEL JOINT PATTERN

§,¢0 2706, -0 1693, 09418, P s-0317| 09186, 0 238
P,e -0 $i76,-0 3549, 01790

Ke, o8O K2 120 KgpU7S

FICURE 2.

STERCOGRAPHIC PROVECTION. UPPER MEMISPHERE

OWR PLATE 9. L. ABUT GUICROP. JOINT PATTERN

P,s0 238, -0 2083, 09505, P, +C.398, 09003, 01760
Py s <0 8460, 505128, QU TO



: - 68
of joint norwals replotted from Oroville Damsite exploration ,l

data (lyons, 1960) by Sudroutine REPLTII, with its paramoters,
namely the central tendency of o.ncb set and the vector strength,
computed by Sudroutine JOATA, These axes differ by several de-
grees from the visz;nl. estimates used by the doesigners of the
Oroville powcr cavern. The axes are marked and the equivaleant
dispersion cocfficlents labeled. Figure S-0 was used to transe
late vector atrength to Ptshor's. coefficient. The angle between
central tendencies are, in degrees:

Set 1 K Set 2 = 72

Set 1 X Set3 = 80

Set 2 & Set3 = 71
. in this mneorthogonal system, thero is somo symmetry, atnés saet
2 15 alrost cquidistant from dess 1 and 3, dut it will be shown .
that th» zym:efry does mot hel§ locate the principal axes. The
relationships cre sketehed in Figure 2 of Plate 26. Judging by
the dispersions, (PMaure 1) sot 1 is the strongest and sat 3 the
wveakest, but none of fho sets are romarkadly different. The
model studies, in particular Plate 12, indicated a rather weak
dependence of £xes upon relative dispersion of the sets. A ree
port on tha jointing at tho Oroville site (Iyons, 1961) tabulates
obsarved properties of the three sats from tunnel oxposures:




Tadble Se1 167
Foature Joint Set 1 | Joint Set 2 Joint Set 3
Spacing . ¢
Range 0.02 = 5.0 0.05 « 5.0 0.05 = 6,0
Average 1.5 ftc 1.2 fc. 1.0 fc,
Regularity Planar Irregular Curved, less
' &/or commonly rege
‘ ular
Rature of Smooth, less Pough ‘Rough
Surface commonly .
rough
Width
Range 1/2 1 3/8 .
Tightness Tight Tight, & fov | Tight, & feuw
' nltghtly onen slightly open R
|
Stainins & Quartez, Quarte, epi- Quartz, cale
filling calcite, dote cale cite, less
soma iron cite, rare- common iron
cxide ly chlorite, . oxide, rare
’ pyrite, iron epldote,
oxide chloride,
. pyrite ’
Notos locally well Fegallel with tiell devaloped
. developed schistocity _
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Sowe qualitative conclusions cen be drewvn from these obser-

‘vations. The effsct of spacing makes set 3 strongest and 1 veake
est, Tho factor of spacing is more l.ntloontial in controlling
tolatln.imna.th o_f the sets than is the dispersion, factors
vhich arao partly compensating in th;s caso, All other factors
equal, rors nlanar conductors are less resistent to flow than
are irrogular onas, but the planar joints are dlagnosed as shear
failures vith smoother, tighterefitting surfaces. 1la this cage,
one night conclude from the i:nble that the tight, smooth set 1
1s a poor conductor coupared to sets 2 and 3, muciey. of irone
staining *‘oculd be indicative of little percolation, but all sets
&dke sean ellike in this aspect. An observer cannot obuin‘a
good meosure of aperture at the exposure. A shoar directlion *
complirantary to set 1 i3 not evident, vhile the roughness,
tightness, cpparent aperture and irregularity of sets 2 and 3
put then in the tension joint category, prodadly several times
as conduczZive ¢3s sat 1. Set 3, desides, is detter developed,
meaning mors continuous, A reasonabdle estimate of the permeadlil-
ity vith rospect to thege sets may be
Setl : Set2 3 Set3 =22 : S5 : 6

Since it i3 not sets 1 and 3 that are al!:te, the orientas-,
tion symnetry dce3d not help, Since a minor axis lles closest to
the norn=l of a strong conductive set, a falr estimation of the
orientation of the minor axis vhen several sets are conbined is
the rozultant of normels, weighted &ccording to thelr estimated
conductivities, Thus the resultant

2AT)*+S(Z)+6(3)

has direction cosines =,676, 541, .503, .
the minor pamabng.ty axis shotm in Migure 2 of Plate 26, The
other exes ere on the pl.aﬁo normal to the n!.hor axis. The major
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axis iz nesr to tho intersection of the 2 end 3-plencs, elightly

townrde tho leplane, a8 estimoted in the figuro. This defipes

the mtemdmro orthogonal as well,

Thoge axes, detennincd solely fron the geomatry of Jotm:s
and with qnlitative guldance from the nture of the trac_exmea.
apnlies anly to the jointed decomprossced roek noar tha exposod
surfaca, Soasvhot different condtﬁons may oxist in the unilse
turbeld rock. 1f only surface obdscrvations arce available, they
muct be used an guldes .tb tha undisturbod, despor mediuz. 1If
pressurc-tosting 4s boing dosigned, as recommended in Chopter 2,
surface orlentctions give the bSeat svaileblo indteations 6f prine
cinsl avec. Borinzs usually confirn (in ths writer's exparience)
the extrapalotion af surface joint gooaotry &2 dapth, But study
of the cars,bore=hale phatopgraphs and drillswater consusntion
nmust do nintzinad for continuad re-xvclucstion of thoe sz:rfaée-
date estincte, | .

" Gnrelng virizs ranidly with depth in =sny crystalline rocks.
Tho coct of 6onduct§.ns [ ] cophl:ticacéd' n=essura=test program is
28ttls vre than the coat of conventionsl methodc. . It seceams ..
advzsat!e. in cages vhere saepage or poteaticl dtsttibutlom is
eritical, ta susment prescure tests with data obtainod by tools
1ike the doree-twlo cxzera to deteraine joint orieatations, space
ings anéd weasures of htae apartures

There 4s evoilatle (Cs1lif. Dept. of ‘later Resomes. 1963).
for the 2raville site the rare sort of data necessary to estsbe
1ish the rolative conductive importance of joint sets at depth.
Flgure 3 of Plate 26 presents in storeogrephic projection the
geported oriontations of éﬁ major plansr features, 77 faults,
1-25 fect tide, and 7 schistose zones up to 7 :oe:_‘wl'dg'. A

vl T
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significant clustering of orientations occurs in the du«uo:l: 0

of set 2 of rig., 1, Plate 26,

. . Insofar as 90 porcent of the pumping test discharges (Thaye
er, 1962), could be attriduted to flow in shears instead of
Joints, it is appar.;enc that Fig. 3 more nearly indicates the
anisotropy of the foundation a.a a whole than deoes Mg, 2 vhich
is appropriate for near=surfaco (o.s8. the periphery of tunnels)
prodlens. _

The major conductors of Fiz. 3 fall nearly within a syme
metrical single=set dispersion of K, ¥ 15, Plates 2 and 3 were
used to ostimate this disperaion. The axis of minimam permeablile .
ity 1s ineclined 23 degreos westward, having about 1/7th the pere
meadility a3 enists on an icotroplic plane that strikes necrly
K-S and dips steeply.E,

Iaa effeck of sagele siza

One of tho foundations of ground.vatee bydrology is the ase
suoption that intergranular porous media may be treated as cone
tinua vithin recognizable geologic boundaries.

The cvercge velocity through & unit ares is the vactor sun
of tho discherzes of a larso nunbder of pors openings throush the
unit aroca (My, P. R., Locture, University of California, Fov.
17, 1961). mouah individual pore discharges are presumabdly
variadle in magnitude and direction, the mean of & large sample
is the neen of the entire population, with small dispersion abdbout

the mean for cuccessivo samples (cee Chapter 6).
Sinilar reasoning applies to fractured media (Muskat, 1949,

Pe 267) :

Mhen such fracturos are of limited extent and uniformly
distriduted throuzh the pay, they will give a resultant
offect equivalent to that of a homogenecus porous moede
iun, lotrever, when they are of extonded length and
1imitcd 4in number, they may de considercd separately as
lincar channols.”
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Sands and jointed rock do not qualify in detail as continuat

neither retain the same properties upon infinite subdivision,

Most boundaries of intersranuler flow problems inelude such

large nmunders of conductors, hovever, that the acsuaption of con-
tinuity 1s acceptadle. But since large numbdbers ‘of fractures cene
.not be assuned to lie within problem boundaries, en adequats murme
ber of condults (or edequate boundary dimensions) should be
spocified to give the desired precision of ansvers.

Whether or not a discontinuous jointed rock can be treated
as a continuun depends on arbitrary confidence lovels one may
set. The vork of this chapter, in part, is to indicate the same -
ple size required for acceptabdle peocl.al.bn in permeability pre-
diction. Almost all flowr problems lie 4in & region botween the
extrenes indlected by Muskat, ¢ fegion vhere properties are evie
dent only after statisticel manipulation. The model p:opbsed
here 4c 2 tool for cimulating leturo's statistics of fractured
modis, ° . ) ‘

Hou to doteruins from test vclues the best permeebility to
apply to a lsrge=seclo boundery problem in jointed rock s an iae
portant cnd somevhet quoctionable prodiom, -Pet:olem engineers
have studle;! ¢, vith the abjce: 9f extrapoloting laboratory pere

- meability data obtalned from drill cores, to volumes having the

dinensions of a reservolr, tiarren cnd Price (1961) summarized

the litarature and preéented computer model results based on the
scsumption that small volunos of rock possess uniform permoability
and that the whole mecs Lo composed of many such volumes having
permeabilities dlstributed ao the laboretory test valves. This
lod thea (p. 160) to the conclusion that regardless of the dise .
tribution, the oversll permoadility is vell estimated by the gede

. sl metrie mean of individuel messures, Jointed or frectured rock




does not fAt this assuption of uniform discreto dlocks of dt}-
ferent pormoadlility, Individuel planar conductors extend larsge
distances. Soms die out with distance, overlapping otherp that '\4
commence at-an intermediate 'pou:!.on. The lmportant hdabl.o,
continulty of conductors, the::-eto:e, meneiy_roqulrea field and
model invostigation. Reeded is a prdcedure for estimating overall

permeadility from sample permesabilities, ono that lies betwvaeen
the methods of Warren and Price, and that of the writer,

1t is felt that most jointed rock is more closely duplicated
l::y the contiruwous-channel model than by the diamta-ele::;ent mode
el. The influence of discontinuitios dopends upon tho scelos ine
volved., 1t could perhaps de demonstrated that jo!.nta extend many
times tholr spacing, the discontinuities in the array will elter
* tho' permcability very -little, Hhog extont approaches spaeing, ,
permeability mey drop rapidly. Hueller (1933) and Hodgson (1961) ./
have atse=pted to odtain flald data on spaecing, [leld excminae
tion i: hanpered by the need to study conduits in exposures,
vhere thay ure seen in only one dimension, much disturbed fron
their intsct subsurface gtate.

one objac:;ve. fulfilled by the model 1s elucidation of the
dependence of permoability on sample size, or for given spacing,
on volune of :redla b@tuun boundaries, Inspection of Figs. 3 of
plates 1 to 15 shdu that with gowe geonetrical fracture systems,
all throo prinelipal ﬁemnbl.nnea. oinor, tateuedlate; and
major, increase with increasing sample size., More often one or
‘two incroase while the othor falls, Since it 1o the goometric
mean of th.a threo that serves as the isotropic petméabtltty' in \
discharze cozputations, it is logical ¢ Ln#estlgate the offect \J
of sample zize upon this -eitceti.n parmeability!?

- . - .
i s e N ¥
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Plgures 54 and S5 gummarire these relationships between the
goometric mecn (L{sotropic) pormeability and gample size, from
all e;mputer batches, Plates 1 to 15. All model systems dicplay
increacing permoabdility with eize, usuzlly bocoming assyaptotic
to an infinite sample-size value at about 200 conductors, though
a few eppear to 'tncrease without l1imit, Uncertainties within the
range of the 95 percent confidence limits may explain some of the
exceptions to asymptotic closure. The dl.fferénca betwveen ine
finite nediun permeadility ;nd small sample (20 to 30 conductors)
perueability vcries from one cysfem to. another, and doubtless
depondc clso on éhe parent distribution of eportures, fermede
bility chinges, from cmell to large scmples, are 5 to 25 porcent
of the infiniteesample values, It 1s concluded that whatever
aperture distributions are found in nature, the l.ntrequeney. of
‘l.argo cpertures (ses Chaptor 6) ‘wtu rasult in highly ckaved
aperturce=cubed distributions. Consequently, there is a trend qt
increaszinz bulk permeabdility with {ncreasing problem dimensions.:

1f hoterogeneity is as postulated by Warren and Prico (1961),
with the bulk coamposed of tndtvldunl'tmlfone. voluoe elements,
larger sanples would give smaller permeability. Fach of the 49
runs depicted in ecch frequency curve could be considered as the
permosbility of a volume elewment. The geometric mean of such &
distribution, skewed to the right, ¢ al.va.yo less than tho median
or mean.. {See Pig. 2 of Plate 1) . |

Tho ucefulnesas of the median perweadility for predicting

- flow in ¢ oingle installation, euch as a drill-hole in &n exten~

sive mediun, has been discussed, The median is readily obtained
by cunulative plotting of permecdility mecsures (see Chapter 6).




' 1.0
2 2 NORMAL SETS, DIFFERENT X
—_——— e - — 2 N0 ——
“DISPERSIONS — < /x—- = e *
A~
2>
- ‘\0@“/ ‘s 100-
V‘/ se‘_ -  Sum ==
SV s.no‘ﬁ'*" "7
Wo — - g—
v/ At RENT X
W °. — Ts DIFFER
o —=uaL SE IONS
= x/ o Zz 10“/.‘@3“ % OISPERS " 90-
/ _ // 2
R =
/ "
/ . o
- / ° 80
| oI FFERENT SPAcli®S e
gL et = >
|\
ore- L~
= > = 7.0~
% @
/7 =
X n
/ ’ -
L T
~ a. 6.0+
2
[y < .
tl
&
- O 5.0+
E
S
- 4.0~
_ L8 . X
x/
I N IR R KN 1 (I U I N T
10 20 40 60 80 100 200 400 600 800

NUMBER OF CONDUCTORS

FIGURE 54. - INCREASE OF GEOMETRIC MEAN PERMEABILITY,

YK K K, » WITH THE NUMBERS OF CONDUCTORS IN, THE
MODEL. DATA -DERIVED FROM ONE AND TWO-SET SYSTEMS,
PLATES | AND'-4-8. .o

AN




175

(9.0
'NT CPACINGS
;\‘FERE M e S

gﬁ‘j' -
)
L&
. 7

!
@
o
N g

N\

SICNS /7

se{ : O = X X /A

Q ."/!——x-i

/ . a— ‘
S L X

€ x— &

-17.0

~16.0

- \a Y
=93 NORM=t STipin
X |30|NF°F%R€‘“ o

3 NON-NORVAL,

l
o
o

gauaL _SET —a

GEOMETRIC MEAN PERMEABILITY x I0® cgs UNITS

| SPACED _x OIFFERENTLY
. b 5":3“'1 - X
-13.0 o
.
7
Y4
4
—12.0 /
X
|
’ ] y f ¢ 1.1 b et ,J' I i ¢ f 1 13
IO - 20 40 60 80 100 200 . 4;00 600 800

NUMBER OF CONDUCTORS

FIGURE 5-5. INCREASE OF GEOMETRIC MEAN PERMEABILITY,

YK K K, . WITH THE NUMBER OF CONDUCTORS IN THE

 MODEL. DATA DERIVED FROM TH<ZE ~€T J’/STES.
PLATES 39 =13,




Other paramotera must be determined from the shape of the 90217.8

meabdillity d!.stri.bnuon curves, namely the means and dispersion.
All mu-annp}e dletridutions shown in Plates L to 1S disclose
consideradle dispergton and skewvness, The ikmu devoloped
encourzged further model study because it resembdles the skeuwness
of foundction prossureetest discherges noted dy Turk (1963),
Disperszion cnd skewness decrease for larger sample sizes in the
model, =3 well as in tho prototype (Chapter 6). Other aperture
. distridutionc than tho comevhat arbitrary one employed here
vould irndicateo different rates of change of disporsion and skove
ness, but sinece little i3 ye.t knoun about actual distributions
of aperturc:, furthér study of such rates is urs’arranted,

Just as the 50th pe:cent{lo point i3 used to estimate the
population nedisn, so too may any other pohi: of ' aoneparamatrie
distritution be used 23 an estimate of 3 perceatile point of a
population. Then any interwal selected may de used as a mosgure
of the population dispersion. For & nomaal distribdution, the
16th and 84th percentile points enclose 2n interwel oqual to twice
the stendord daviation, centered about the mean, It is convenie
ent to use this interval even for skeved, non-norual distridue
tions., The 16th and 84th percentlile points are scored by horie
zontul 1linas on the-frequency plots of Plates : to 15, Figure
5+6 dicplays these Jlepers!.cna expressed as a percentage of the
median, verzug the number of conductor elements,’ .

The population of permeabilities obtained by sampling 30 or
less at a tine has very large dlspersion, 68 percent of tho mease
ures lying wvithin a reglon adout the mediza that measurés 60 to
" 140 percent of the n;ed!.an. The dispersion docreases rapidly to
the range 30 to 60 perceat at size 100, 20 to 40 percent at size
200, but thercafter closes very slovly, the range being 12 to 20é
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percent vwith gsamples of size 600, The minor axis has greater

percentags dispersion than the major axis, It is apparent that
1f reasonably accurate predictions are to be made from known \/’
aperturs and gooxetry diastridbutions, bamplos of 100 or more
should bde used, .

Azy boundery problem solution in frectured rock consists of
two partsi obdtalning a solution for the most likely properties,
and evcluating the variations that may arise because the proper-
ties ax..’a not. fixed. PFor the conditions modeled, the curves of
. di.‘sperston define one probability limit as a function of sample
.size, vithin vhich 68 percent of the trials will fall, TFor exe
aople, 1if ve meagsure permeabilities in drill holes with packercs |
set to bruckat 30 conductors, (small samples) of 3 sets, we ecan
define a distribution curve for that sample size, If & tunnel
section !.a_ to be left unlinad in the same medium, with a length
that will cut 300 conductors, we can use the sample permeablility
dispersion to cstimate tho dispersion in the fullesize instale-
lation., irst use ths model curve, Fig, 5«3, to estmté the
increasze of the expacted median according to the increasa of
sample size, froa 30 to 300; Then use the model curve, Fig,

56, to find the' percentage dispersion change, from size 30 to
300, and =pply that porcentage to the expected 300 median, Tske,
tof ex2aple, Fig. 3 of Plate 17, Chapter 6, displaying pump cest.
peraeadllity data from part of the o_rovi.nc'damito, with nedian
5000 gallonc/day and dispersion 130 percont of the median, A
testing prosraa designed on the dasie of Chapter 3 voul..d provide
three such curves for the three principal permeadbilities, vhose
geometriec moan, K -m', would characterize the medium, —§
The Oroville d:ta can only be interpreted as isotroplic., The

average pressure tent-longfh at Oroville vas 60 ft., vhich ve
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moy agsume to cut 30 eonc;ucto:a. on the average. [low, figure 179
8«8 ghovrs how the* midl.na changéo {n an 'or'thogonal Joint system

of three sets, not vory diffecrent from the aystem at Oroville,
The geomotric mosn of medienc, or for this Lsotrople example,

the medinn, 4s néer!.y constant above 200 conductors. The median
for 300 conductors 45 4.5 to 11 percent groater than at 30 con- . |
‘ductor cize, deponding on tho cause of odsott;apy. .Thus, the ¢
ekxpocted necica for thie tunnel section may be takon as 5400 gcl‘-'
lons/d:y, an & percent increase preodicted., The dispersion of .
the modol xdlaﬁc at sire 30 &ic about 100 percent, while at

300 4t L5 22 porcent. A proportionate docrease for the field
data would be froam 130 porcent at 30 to 29 percent at 300 con-
ductors. Thus, the aestimatad i:ez-.neabi.uty to be used in tunnel
discharps e&aputat!.on is .

Qs s4o0o x10” "}

-9
) ego units (scee Appen-
53 ee.4(ziyress” PP E aix A

PTESTI),
vith probability 0.68 that the experienced value will fall vithe
{n the ranze of .13 to .26 x 10~ cgs units. ¢

The arithrotic mean, or so=called expected value, cannot -
be ostinctcd by nonepcrapetric methods. It always 1lies to the
right of tho modlon for these skewed distributions. But the mod=
el indicotos that for numbers ef conductors exceeding 100, the

K=

. mean 1z vithin 10 percent of tho median as d!.stttbuti.ons approach

tho syonotric normal.
The codel-study results cennot be applied confidently to

- field mblm until they have been well tested by meaguremcnt of

3eomeu.-!.o.., agediction of anisotroples, and vorttleat!.on. Ye
need erlizhitened assictence of all agencies equipped and financed
for permocbility studlisc on damsites, ollefielda, tunnels, ,

* ce
]
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fesching €ields, waste-disposal or underground storcge, testing
these mathoda in all pban!.ble f.énctmd formations, Some suge

0

gestions to mothod ape advanced in Chapter 8. The sort of rock N

permosbility data now being employed in civil emgineering prece
tice is analyzed in Chepter 6. ‘

(3



Chapter 6 181

FRACTURE FREQUENCIES AND APERTURES SUGGESTED
BY PRESSURE TES?TS IN CRYSTALLINC ROCK

lantreduction . : | |

At thio vriting, no data is evailable to check the validity
of the relationships betveen orientations, cpacings, or aper-
tures predtéced by the model, but there are almost unlimited
sources of in-gitu rock penwceability date of varied quality that
can be used to gubstantiete at leagt the generel ghapé ot.the
perieablility frequency cuﬁe. and thercby to check some of the
assunmptionc ocxrployed in the model. This chapter.- undertakes an
snalyeis of pressure=test d‘l.ac.'u:trges from seven damsites on
crystalline rock. It interprets the data in terms of the fre-
quency of intorcected conductors, and frecture eperture distrie
butione that necy account for the obcez;ved poméablltttel.
Evidence of the misnitudo snd yarisbility of fractures in tock

Frceture cpertures, deep vithin a body of rock, are not as
directly meaguradle as ere plenar orieatations., While orientee
tions porcist from expozed extarior.to concegled interior, frace
ture aparturcs, opened by releese of conmpression and weathering
near the surfoce, are lergely closed at depth, This ic proved
below by enalysis of pressure tests in rock,

still, exposures furhi.ah qualitative indications that aper-
tures cre varisble, both along the surface of a fracture, and
from one individual to enother. Aerial varictions are indicated
by fractures that pinch out at their extromities, though abutting
fractures crs clso common (fbdgson, 1961). The d!.:;enuonl of
disturbod fracturec st exposed fcces in fresh rock (underground)
ere. uuéh that open orie3 end tixht ones o3y be distirgulshed,
Thit ti:is Lz-raal und not 2ppurant is m‘zgg.osted by the obuemruon
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that vater seeps out at only a few spots an rock faces excavated

bdelow the water tadle. The resson for this dellef is demonstra-
ted by the following analogy:
Suppose cépillary tubes of equal length, dut duurm’c diane
.eér, rise adbove a ;zlosed reservolr and standpipe as shown, Fig. G-l
Initially, (2) this dqu!.ponn:!.al system will have portions
below atmospheric presiure, ‘for there will be capillary rise, dee
pending inversely uﬁon the dismeter. Upon additlon of water (d)
at the etandpipe, potential throughout rises by dyy 4t which
time the finest capillary meniscus reaches the tap of its tubde.

All the menicel retain their relative heights and characteristic
contact anglea, 0, .

~ Adding more water (c) relses the potentisl and column
heights in all capillaries except the firest, because the latter
can only spill bdy reversing the curvature of its meniscus,
Rather, the first meniscus begins to flatten, until, at the mo-
nent the second column rezches the top, the first has a meniscus

L]
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. NMgure 6e1, A gubular enaslogy of capillary fractures at a free face.
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with the same curvature as the gecond, There is nov the same {:o-

tontul difference across both mnlsct. first and eecond, beeauu
they have oqual radu and tholr column heights are the same.
Purther filling of the standpipe ralsec successive columng to the
top, slotily decreasing the redius of all filled capillaries,
HYhen the ctandpipe hecd reachec the level of tho'tops of the
_tubes, sll menisel are flat and no tension existe emywhere in the

fluld, [lurther filling revorses the menisci, vhich rise vith
equal convexity upward, . The largest capillary therefore develops
the highest moniscus, While all meniocl decrease thelir radii of
eurvature, that of.-' the largeost tube obtainz e minimun, ¢ hemie
sphere centered on the top. Therecfter, .its radius just increesq,
giving ¢ drop &n prescure across the menlscus, now from only
the lorgest copillary therefore ensues, cll others remaining |
saturated to thelr outlets.

At rock exposurec, tha largest aportur2 spillc filrst, at
its moct open point, ¥JRurthermore, once the rough, exposed rock
gurface nocr the largect openinz is wetted, theo tt;uahneas davele
ops eapillcry tension in the uater fila, further decreasing the
potentiul et t:io -aperture, 'ms vetting oy spread to the v!.ctn!.ty
of other lesser capillaories, inducing some to flovu,

A prolinminary attampt to measure aai.sotx-opte conductivity .
of single fracturos, using water ac fluid in a permeameter, failed
beccuse of cuch caplillary irrogulerity. Water discharged at only
a fer points r.loni the periphery of the crack, &c opposed to the
expected continuwous distribution. ‘

in the rock boyond the decomprescion tons arouhd en excevie
tion (Telobre, 1957), there ere probodly voriations of apertures
akin to the vcriations evident at the fece, though only prossure=
. tests have boen made. to prove it so. Direct inwsitu measurement
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is not uouy ueeompuohod, dut if cho fractures ¢could first de .

preserved by grout impresnation, their in=situ apertures may bde
exposed witaout much disturbance., A loveviscosity, noneparticu-
‘lato grout, such as AM=9 (Anerican Cyanamid 80., undated) could
be introduced &t such pressures 8s to cause negligible wall

“

moveent., Dlemdad drill holes penstrating tho grouted rock msss
would iatsrsect the grout fillings, whose thickneas could ba dee
texrminod r..l.cro-eop!.cally on the core, or by scanning the wnlls
opt!.eauy. or {for 2 radicactive traccr added to the grout.
Iinercl volin deposits cennot substitute for grout as pree
sezvers of inesitu apegtures, because the timeepreassure history
of injcction iz unlmown., %Sook® quoertz (Fewhouse, 1942, p. 43),
3 alickenzided, lsyoreupon=layer structure, indicotes that some,
if not 0=t valn:s ars filled in stagaes consequent to repcated
fault —ovasent, ' ‘o
Sg7lof reoasarch on fractured medla (Gostop Lonin, 13962) hag
cone to the tritor’s attantion too lata fdr rsview in this the-
sia. . A Tolich group i3 appiyins the Russian method to oil raser-
volr studiez {J. A. Hitherspoon, personal «':a:nmnl.entlon, 1964),

Ca aﬁ:o*otl thinezactions cut from cores of ou-ptodueing cages
bonzte2, thoy ceasure the lengths and apogtures of uiero.copi.e

( ~10/ ) ercekks. loroalty 1sc a eo:\puted function of the sum of
langthe, soerturos and the araa of the flold of view, They find
fracturd porozity to bde 0.1 to 0.2 percent, seldom over 1 percent
in rocks vozo total porosity is about 2 percent, The Poles and
Soviets find 0.1 mn the mAximum fracture aperture in the sube
surface, 'Hno calculated porositiss correlate well !d.th the ¢ -
gamma=zxy loz, uhich suggeats that they ard neasuring elay lape
inse, or o;cnings dus to elay expansion on unloading., Thelr
positivo correlation of fracture poroeity vith permesbility of

a




the pay mny de because micro~fracturing 1o more intense vhmlas

tajor fractures arc frequant, rothar than dircetly rolated,
Stapdapdirotion of Precsuxe-gest Dot

A method of dotermining aportures indiroctly has been
sousht, since noi-situ data are awveilable. The hope was that
1f sll other geonetriccl varieblos could be measured, some Lﬁ-
formation atout the m.m apartures wight be derived from
measurcs of permecbility., Tho moct cbundant date, reflecting
geomatriccl variations at mhy"sl.tes, are rocofds of punp-tests
and vell éi:etcrgos. | | . '

Turk {1563) end Davio ond Turk (1964) havo applied pumnp=
teat and retar«ell dat;z to o search for syctematic inhomogens
eity in fractured rock. Thoy establistied statictically that
fractured rock: of diverse lithiolozy decroace logarithrmieclly
in poeroecbility as the logarithm of depth increaces. Thelr
histogra=s of well yleld and pump=tost discharge all show a
characteriztie shape, highly ckewved to tho right. The vriter
hac rorlotted the datc collacted by ’mrk_. plus similar data from

ether dazcités. .

Cunulative frequency distributionc of dicehargs are used bde-

- ccuse they cwold the cholco of elacs intorwvelc. Before plotting,

tho o dats 43 stondsrized on the acsusption thit oach test, of
different length betueon packers, 4s 4n o medl.m of uniform per=
mecbility. 1f all test lengths and nst preosureu were the same,
vhat would the dl-e!meae $0? In the notetion of Mpter 2,

@ =KSy y ’
gelatirg dl-ciarge to peraecbility, tho ohape of the plezomneter,
and tho herd, respectivoly. A 25-foot test length of NX hole, .
vith 100 p:i hood acting, has boen scloctad a3 stendnrd, to
vhich e11 otter tects uro roduced by 7 - ¢
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. s ,
Q standard * @ 8 =5 . '.\/

» .
vhero Q 15 in GPM, and y is in feet, corrected to the mid-soction
of .tho test, .

Band couputation 1is fgnsiblo_ for smll tabulnt!.oz;s. but for
large aggrogites of dota, computer hondling is deeirable, In
all, tho tritor analyzed 311 pump taests, using & few mlnutes of
conputer tlaye for a8 jod that would ordinarily de Abudgetad for a
total o!' ebout $100,000 in lador, bro rofined results aro obde
tained by Subroutines PIEST1l, PTEST2A, PTESTI, and PTESTA than
customarily employed, Ezch program was written for sometthat
- differcntly rccorded fiold data., Thao output consists of puached
cards containing the rev and stendapdized data, so that the ree
sults ecn be sorted by depth zonoz, length3 of test section, "
pressuraes, otc. Exch jet of data 1d thea fod to Sudbroutine . |
DISCIG, vhich plota esch cumlative, standagdized discharge
curve cad conputes paramoters of tho curve for comparative pur-
poses. Rriof program doseriptions and 1listings are in Appendix
A, )

Y 4

The dztz for Plate 17 vwas furnizhced tho vriter by the Cale
ifornis Department of Wetor Resources (Theyer, 1962), It ine
eludes Oraville, Csliforni: domsite tests froa KX holes in the
vtc';ni:y of tho underground poter civern. The eatire foundation
is amphibolito. In Figures 1, 2 and 3 of Plato 17, the tests
are grouped in ranges of depth bolow ground surface to the middle
of the tost length. 1In Figure 4, all the data of Mgures 1 o 3,
plus othor tocts outside thelr depth rangas, are combined.

The shapo of each cunulativo plot in Plate 17 1s chacactere
istic of all dischorgo diatridutions from pump teots in crystale
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1ine rock. There ic usually a finite zero=-frequoncy, a high polr-

'mtégo (about 70) bolow the moan, and & long tail. For no knoun
.mnon. the mean and standard deviation are nearly equel. Mo
commwon distribution function has this :ouftonahlp. though the
Chiegquarco, vith two degress of freedom, 'ﬂ.tl fairly well, '

The diichaorges ere recorded in gellons per dn{ under the |
standard 190 pai, 25«foot test length in KX holes. The Gbsolute
) permesbility .eorrespond!.ng to these discharges L5 ladeled at the
top in €33 units, ‘ ' , '

Date for Plate 18 were collected by the writer at twvo dame
sites on the jicrced Rivor, California under construction for the
Merced lrris-tion District. Figure 1 records pressure tosts in
. slate £nd natc«yolesnics in KX holes drilled 45 degrees to the
eteep clotey cleawvage, throush contacte and a piom!.nent set of
flat, opon cnd veathered joints. Pigure 2 records tests .ln ¢imi-
lar sletc encapt for one high discharge obtained in a quartzose
tadlt cono. The data t'or'!"!.sure 3 ineclude tests in Jointed
slate, chloritc and tale gchiet, serpentine end silica-carbonate
rock. The terced data vere furnished by WoodwardeClyde-Sherard .
and Ascocliotes, Ine., Oakland, Celifornia, |

| - Platec 19 and 20 record water tests conducted t:aut!.nel.} for
placement of & grout curtain in the jointed diebage foundations
of the Tirginia Ranch Dem, California. The data was not collected
by the triter, but previously anmilyzed by him for the designers,
- Woodward~Clyde-Shercrd and Agsoclates, Inc. All holes except the
check holes completed after grouting, Figure 4 of Plate 20, vere
approxicetoly 10-foot, wvertical, airedriven holes.  1f frectures
are clozged by euttuss; they do not geem to influence th; sﬁ:gg
of the discharge curves. . The short length of tested holes ‘Ln
high zeroefrequencies, in spite of an apparent joint spacing of

L
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about two faoot ot the curface., Such gtandardized pressure cos{'n94

serve fairly for anceasing the efficlency of grouting, In this
case, tho checkehole curve is hardly distinguishadle from the
pre=grout tosts, suggoesting that the small volumes of noat Coe
ment emplaced bloc;kod gather than filled the fine joint conduce
tors, Pormoodility was never a problem at this site,

Duca for Plates 21 and 22 wore assemdled by Turk (1963)
from soutees in tho U. S. Buroau of Reclamation and U, S. Ooeps
of ms!.n.osrs, for thrae Californla sites on mm-digrtte of the
Sierra l'oavoda foothills: rolcom &nd Auburn damsites, and the
Spring Crack Tunnol.
daolicssions of tho Thsoxved Rischarzes-IXoquency Cuxyes

The cuzulativo dischugpao (Skeved) graphs genoralizo the find-
ing ofﬁacnbuuon of permecdblility, and express what is common
exped;:nea to coyonoe uho hag punpetostod yrock: st flow neae-
sures ¢ra3 smll, but unusutlly large ones can bo expected anye-
where., Turlt {1963) conecludod fron dota standardized in a differe
ent way thot under given conditions, the moan yleld of vells is
about three tines tha medizn ylcld. Plates 17-22 confirm that
expreccisn of skomecs for standardized tests, vwith means that
age 2 t3 4 tizoc tho medicn., DTcavis and 'mrk {1964) éppued'
theso findirgs to the procticcl prodlems of plamning woll cy;-
taas, Thoy cancludod that the wvariation of .ytald decroasos at .
the same logarithnde rate vith depth for all rock types, include
ing granite, alate, phyllits, schist, amphibolite, quartzite,
greenstono cnd wotaerhyoclite. _

Systamitic:lly-varylng inhonogenoity 1s not considered &
factor in this poper, tnther; the variable of depth 1o cvoided
vhen possiblc by clas:sifying data according to depta zonaes,
VYariations in the pgfn.nogp:‘uq_ltyac arise ‘shen d{f!omt samples

-
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are taken froa populations of frccture orientations and apere 195

tures aro.considerod as cmollor-seale inhomogeneities than those
treated by Dovic and Turk, or dlternatively, as wariations along
e surface of uniform dopth bolow the ground surface. Sueh sampe"
lng inhomogorieities must alco be troated statistically; in fact,
tho sanpling probleac should be underctood before systesntic -varie
ations cre ccsessed, ) .

Oneo 4t 4: recognized thot permecbility Ls determined by
velues scmpled from distributions of orientations and apertures,
both in tie ficld and in tho model, then there is hope of devige
ing rationcl utilization of tha depondeant proporties. A given
voluna sf rock containe ¢ diserate nunber of planmsr fluld cone
dpetors, but since cll rozsoncble aperture values are poesible,
thie eatire population ic continuwous. Thus, permeadilithy waries
continvoacly clso, &nd p\nph\g-tosta. may be regeprded &g measures
of eombi.m;:z.ons of clenontsl conductors, sgapled'fm the entire
distribdbution in just the uay smployed in Chapter 5. Inhomogens
eity iz -scud due only to tho campling process. Mfurthormore,
ve an &scuno for tho comont thit jolint donsity in the mess 19

| sufficicntly constant that the numbor of conductors in a volume
camplod Lz the come ag in any other like ml@.

If the chove cosunptions hold, then the ckewvnoss offors &
clue to the distribution of frocture dportures. 'm cee hov,
tregine thot cll froetwwes penetrated by a hale aro parcllel,
and thet puspege induces flow 4n all of them. Tho totpl dlscharge
vould b the mean diachicrge of individucl froctures times their -
nunber, N Tho votted bore of ¢ ’msoanbly-n!.zcd vell is ea-
senticlly cn oquipotenticl, thu:, the.discharge is pm?ortlonal
to the =ein cubde of cperturas of 21l the fracturcc taken N ct o
tine. ™u ¢ froquency plot of the dischargos of mny wells or
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test-doles 13 proportionrl to the distribution of mean cudos of

apertures taken N at @ tirce, 1f N is known, then the mean and
weriance of the paront d!..c.tributlon of cubes can be obtained dy \4/
the Central LLndt Theorem. Unfortunately, it ls impossiblo to
obtain tho distribution of apertures, b, fsom the cube root of
discharse, for thors 1s no unique distridutlon of > giving a
knovn dictritution of dlacwrgo, {3, where the two aro rolatad by

.
< F IH

sod funeticn
Q=czy’,
for b AC Q/C)"’.
™a Contral i:it Ihcorem that operates to produce noraal
distritntis=- o thoe wodol (Ghapter 5) also operates im natural
- fock nxdir to 31ve word normal curves of smaller and soeller dige ’]

persisn 53 the sanples sizo incroanses. 1f exposures reveal the i
true joiat froquaney, then pumpetost gemples contain large nume |
bers of corduelors. An cvaroga tesf geection at the Oroville doa-
site wvas cdaut 50 fact long {Thayer, 1962; Tadle 6) and intere
gected =diut 150 joints, according to fhe 1.5, 1.7 and 1.0 -

foot spaelngs roported by Lyons (1960, 'hb#e 2). Yot thoe curves
are not narxl, so the aasuptions ~ust de ineomct. 'nther:.

1) the szznple 3lze 13 cctually suoll or, 2) the population of
aperturos 13 so highly skewed thot samples must de of huge size
to develop noril distribuytions of means., 1If it can be estabe
1ished that the frequency of zero apsrtures mist de zero, then &
caulative dictridution of apertures (b), must de sigmoidal in

fors. Io thlz eacze, one hundrad or nore elemenca,'as at Oro-

ville, conatituto & large stmplo, whose distribution of ne.ans

would ®9 very nesrly noroel.

Exeguonce of 2oRQ-Apepturas A o
Study of intergranuler porg 9129 d!.st:}butlono have ‘tcd
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petroleun englneers to the conclusion that as pore site in roulx-
volr rocks tends to sero in the limit, their frequency must vane
{sh (Fatt, 1., personal communication, ‘1964). Published experi-
mental evidence an this point i{s inconclusive, as indicated by
capillary pru'cure-l.mb!.bl.tton teats. 1f & minimum pore size
exists in & porous material, there should be & definite limit to
the amount of mercury that can be imbibed against incressing
capillery pressure., A ninimum pore sice is indicated by data of
Ritter and Drake (1945), and Drake and Ritter (194S5) for diatome
aceous earth, fritted glass, porcellaln, porous iron and flint
quartz, but other materials, such es silica-alunina gel, actie
vated alumina or clay, Fuller's earth, bauxite, &nd carbon all
showed continuous tmbtbttlot; to at least ten thousand psi
(214 2). Coatinuous poree-size di.scrlbutto.na to zero al:e'nto'

implied by Ritter and Drake's data, especially in such cases

07

(silice gel) vhere the pressure-volume curve {s linear, Tostects,

(1948) dete, obtained from absorption isothermals for gels, are

not interpretabdle of minimum size. Data of Purcell (1949),
Burdine, Gournay end Reichertz (1950), and Engelhardt (1960, pe,
87-123) on :ea.erjvol.r-tocks (sandstones, limestones) indicate, at
most, & continuously decreasing ‘pore volume, pore-size relation-
ship, suggesting & gero asymptote in :_o:"no size range beyond the
experimental limit, [ capillery imdibition tests are knowm to
bave been pheformed on fractured material, nor is it feasible to
separate primary from secondary porosity in the microsizes (see
Ritter and Drakeé, 1945, for definitions). The Griffith (1921)
theory usu:.nos a crack to have an elliptical crossegsection ap~

proaching zero eccentricity (ratio of minor to major axes; see ¢

also Perry, 1950, p. 378). Some aspects of the theory have been

verified (Perkins and Kern, 1961) but it is difficult to check
' . ‘ . . * P
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the assumption of a rounded, elliptic creck c:trdd.:y.. Savage

198

and Hasegava (1964) messured with an interferometar & minimum

aperture of 2 microns for cracks in glass, The practical diffie. J
culties of measuring the shape of crack extremities in opagque

s0lids sugsests that that part of the Griffith thboty mAy never .

be confirmed, Observations of Grigss (1939), Brace (1963) and

others already discussed, indicate initial failure by a multitude

of cracks that coallesce to form a single dedria-covered break,

4 further indication of a minimum aperture.

Hodgson (1961) noted

that many parallel joints of a systematic set deviate at thelr

extremities to abut: againat each other like

tvo cupped hands,

fingertips to palms, thus lacking fracture termini.,
in any event, the notion of a distridution of apertures ime

plies & sampling process, such as the cracks

encountered along a

straight line through ttie medium, The prodability of onc&untcr-

ing an edge is very small, All things considered, it is conclude —
ed that the likelihood of finding & zera frécture aperture is nil,
Alternative 2) is therefore rejected in favor of the argument of

small sample size,

e Irxequancy of Conducroxa Intersected by Drill-lioles

In saaples of equal drill-hole length, L, the musber of cone
ductors, li, mast be Folasson-distridbuted if the conductors are
randon-uniform in spacial location and if the samples are very
mn compared .:o the u.n ‘of the population, '!ho appropriate~

sess of this conclusien ‘Lo ul.uun:od w m tomoa-
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dinensional plot of points, locating the intersection of a line
and all plane conductors cutting & homogeneous volume of frace
tured material, PMor jointed rock, such a line must run éssen-
tially parallel to the ground, or be an assembly of & number of
lines c:ou!.tis a homogeneous layer of limited thickness. This
recognizes Turk’s (1963) findings of systematic depth inhomogen-
eity and the comparability of pumping yields for all places and
formations at & sivon depth, )

Let T be the total number of intersection points. in the .
length V. A fracture occuplies no apprecisble part of the line,
8o we can say that there is no crovding and the occurrence of
one has no effect on vhether or not another occurs in any small
sample, L, of the population. If the total number of conductors
in V {s T, then the average density % is .T/V. The sample, L, &
drillehole length, for instance, may be moved along (oé around)
at will, including a different number of conductors, N, at various
locations. The probability that K conductors (points) occur in L

is given by the bdinomial dénstty (Mood and Graybill, 1963, p. 71l):
N TN
' L\(,-Lt
PCN) '(U(V) (‘ 7 '

Let V and T become infinite while % = T/V remains constant. The

binomial can be rewritten:

.‘ ~(T-')(T.Z)""(T"N0l) u_ﬂ -1._‘: T-N
pewy » KLUT2 (v)(._w)

Vo) fi=N2Y), ,_ ,
pCN) ,_,('“%)‘ N-;;) (‘ T ‘)(f;,_) (,-?;.. T N.

T

As T becomes l.nurg.te, t'l‘xh appmcho.c
- L

NI{ ’.



the Folsson dcnaity; The expectation, or ;‘vorlso number, is 200
PL. P(N) is increasingly skewed for .7L doenutné below S,
vﬁcruo P(N) rnptdly‘approachu normal aboﬁ 5 (Parzen, 1960, p.
246). ,

The observed skewness of pressure=test dhciu:su can bde
accounted for LAf the usual sample length, L, is such that the
expsctation 7% L,-1s small. 1t will be shown that if pump test
samples contain large numbers of conductors, distribution of
yield would alvays de normal'.

. Some of the possible combinations of aperture and number
distributions are tadulated here for clarity, with explanation

following:

Table 6~}
Distribdbutions of Discharges Unger Various Sample and Aperture
Conditiong
Conduits In Sample Distribution of Apveptures Cubed
Constant Normal Skewed
lacge { Constant Constant - [Normal Normal
Numbers (, Normal Normal Normal Normal
. | §
Small l Skewed Skewed Skewved Skewed
Numbers Poisson Poisson Skewved Skewed

If the condulit donsity is high, umplo' wl&ml will 'either
contain conductors that vary in number from one to another, of
that have the same number throughout, Formal distribution is
likely dut not certain. Sample size could de Gamma-distriduted,
Bets,’ or any other, though the matter 1s immaterial. This is be-
csuse large samples, however variadle the nuamber or sperture dise
tribution, csnnot produce the skewed discharge distributions,

_having high zero frequencies, that are ;rrarlnf from field teste

138. ]
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For Lllustration, let us cicuru that the number of cone 201
ductors intersected by drillsholes of the same length plercing
the formation varies according to the Gaussian distribution. 1f
all apertures are alike (eonstanf) the discharge is distributed
aceordlng to the numbers Hi:

Q« NV, |
end 1€ b3 1s normel, so0 too s the discharge. If b Le skeved

(Chi=square would do), then closure to normalcy requires larger

_pumbers, but the discharge wvould never be like those observed.

The same may be said for large samples of constant size, Tepre~
sented in the upper row of the tabdle, bi.sehargea would be cone
stant, normal, or approaching normal if apertures are constant,
normal or skewed, respectively.
Apertuxe Platributions sre Obscured

If sample sizes are smll, the homogeneity aumpéton leads
inevitibly to a Pdisson distribution of sample sizes. I( aper=
tures are constant, the dtsehargo_dl.urlbutton must also be |
Poisson. The salient feature of & Foisson distribution is that
it {s defined by one parameter. The one parameter, A ', is ’
both mean and varisnce, The discharge plots, Plates 17 through
22, consistantly display a mean that is approximately equsl to
the standard deviation, instead of the variance, Accordingly, if
numbers of conductors are Foisson-distriduted, the aperturese
cubed must be either normal or skewed, It seems impossible to
follow this reasoning further, for the apertures-cubed may be
attrituted to any one of many possible skewed distributions of

_apertures, b: skewed normal, log nmormal, exponential, linear,

Beta, Gamma, composite, etc. Distributions unbounded to the nege
ative are impossible, thus eliminating normalcy. ITruncated (at0)
or transposed forms (such as used in Chapter S), are unlikely



because a finite frequency at b=»0 is not expected. l\mctloma 03

bounded in the larger sizes, including linear or Beta distridu-
tions, seem not to de represented in nature, th extreme apen=
ings, like the grottos at Castillon Dam (Chapter 3) are occase
fonally reported. m&-mml expdnential or Gama (< >0) dis~
t.rlbutions of aperturesecudbed, are most llkoly. vith log normale
cy favored until better informstion is available because other
natural distributions follow this law (grainesize, intergranu-
lar permeadbilicy). )
Another wvay of viewing the discharge distribdution is as the
sun of distridutions of many narrow classes of sperture, each
taken small omugh in range that less than one member, on the
average, appears in any sample, The total discharge is
Q=N b, '
wherein oae!:_ N, -1s distriduted as a Foisson with expectation
Age Such a sum of Foisson's is also a Folsson with expectation
A= EN (Parzen, 1960, p. 406).
A must be small, else the sum would de normally distriduted.
Unfortunately, there is no known vay of finding the A, that
wvould descride the entire aperture distridution. .
Desc:::ptlcn of real aperture distridutions, in jointed rock
or other media, will depend, ul.u;utoly, upon direcet measure-
ment, perhaps downethe~hole. The practical difficulties denand,
firstc, that other methods be exhausted., It might bo.pouiblo to
identify which ones are conductors, thereby fixing the number
per length of hole. In Chapter 8, a method of determining A
is suggested. Then the aperture-cuded mean and variance can ‘be
ascertained, for the m::u Limit Theorenm (Mood and Graydill,
11963, pp. 149-152) states that the sample means of any distridue
tion with finite varisnce < ". and mean /M are Apprbxmuly
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distributed as normal ﬁﬂdt‘.} with variance ‘a‘zll and mean /vo.a

vhere X is the sample site. Mtheméo. the discharge skevness
requires that the aperture=cubes are even more skewed., Good
representation of the distribution of apertures, and therefore
porosity, could be obtained if the general shape were known and
twvo parameters of each cubed distribution were measured.

One 1s not much ‘bec:e_: off dealing with some property of
fractured media that depends on lower powers of aperture, elecs
trical conducttvity. for instance. There are &s many possible
distridbutions of b that could give & certain sum, T b, as there
are giving a sunm, ibs. ;
~ Limjeation by the Assumption of & fomogeneous fooulation

In application to field problems, care must be .taken in
doefining the geological 11.:51:: of a joint popdlatlon. for there
remains reason to doubt that frectured rock in a given depth
range is homogeneous across fomtion boundaries, fault zones,
or other major structures. While the average joint density seems
uniform°throughout most of a rock body, and Turk?s (1963) data
suggested no dependeneo of fracture permeability on lithology, - -
the vicinity of a .tault s often more highly tuv:-turod. The
record of water flows into the Earold D. Roberts Tunnel, Colorado
(Wahletrom and Hornback, 1962), indicated that 90% of the totsl
tnsress came from about 1% of the 23 mile bore length. In such a
gone, expect a normal distridbution of pump-test discharges, vhile
in the country rock expect skewed distributions, simply because
of the frequency contrast, .

1f the homogeneity assumption is removed, the cﬁll-unplo
reasoning is changed but little. Suppose jotnts'lro gregarious,
clustering about fault zones or characteristically buncﬂod_ for
some other reason. Compsred to & homogeneous medium, vhose con=
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ductors are distributed throughout ého space in & unifornly :2-29
dom manner, expert non-uniform distridutions to yield even more \/
skeved dl.ct:lbuuono of sample size R than predicted by the
Folsson law for a given ucuso dansity, . As shown in Tabdle
6=1, all apermro-cutsed du:ributiom. including constant, would
produce skewed discharge distridutions for small samples.
Yerificasion of lodal-Predicted Relationshine

Plates 23 and 24 illustrate, by regrouping data from Plates
17 and 22, the chax;su in discharge distributions, first with
depth, and second with sample size as measured by test lengths.
Horizontal rows of figures represent mid-de‘ptb intervals coa-
sidered as stael.a:i.enuy'homsemuc volunes: 354 to 197 feet,
210 to 329 feet, and 334 to 448 fest at the Oroville damsite, |
The left~hand or 6dd nunbersd figures represent pressure test
discharges for short lengths between packers, and the right hand

-

-/
figures for longer ccie lengths at the same depth.

As a test of the 1ssue (Chapter 5) of the trind of permea~
bility with boundary dhnon_uon; or sample size, this data falls,
for in gsome cases the longer tests show greater mean and median
permeability, and in others smaller permeadility, To investigate
this aspect more thoroughly, more extensive data than avalladle
shauld de employed, so that vhen one dip:h zone at & site is
grouped according to length of test ucuon,' each group eonnhu.
numerous messures., .

Dispersion, expressed either by ’aundlrd deviation as & per~ |
ceatage of the mean, or the 84 to 16 percentile range as a per=

centage of twice the median, decreases for the longer test lengths O,

(Figures 1, 2, 3, 4) in accordance vith the predicted effect of
increased saample size (Chapter S). But when sample sizes become
very small at depth, as opposed to large and constant, (such as



.

used in the model for Plates 1 to 15). the percentage d!.lponfo%‘,
does not necesscarily decrease for longer test ldngthn (Plate 23,
Figures 5,6) because the median or mean tends to gero.

Rump test data from the Spring Creek Tunnel site are similare
ly grouped in Plate 24, th?ra!.on decreases with incressing test
lengths, in all depth ranges.
gonclusione from Pregsuxe-test Data

It is concluded that the distribution of ape¥tures in frece
tured medis, or porosity, for that métor‘. cannot be obtained
from permeability data alone. Except for direct mnn:’oinent of
the elements of an aperture population, the only promising ape
proach is to .detemlno the number of conductors. As will bo
shown in Chapter 7, porosity can bHe estimated from the tnqutnq.
of fractures, together vith permeadility statiestics, Pressure-
tests alone, as currently used, are inefficlent for such uses
as grout éako prediction. Grout take cbuld'm#uu vith fale
ling permesbilicty, so far as po:ouéy governs it, Skewed dise
charge curves constitute a statistical sudbstantiation of an
oftesuspected property of jointed rock: The preponderance of
the joints vigible at an exposure are closed at depth, or at
least, a mau' proporﬂ.on have significance ‘u hydraulic conduc-
tors.

To. substantiate the deductions from fleld pumping tests,
the computer mo'dol vas employed to find cu.:'undo: vhat conditions
would the characteristic field curves be topréduced. Yor this
purpose, Subroutines NUMBER, PIEZ0 ‘And ‘PUMPLT were added to the
program (Appendix A), ]

m:-:n_ has the purpose of selecting sample size -at random
from  pre-computed tables of the ?o!.iuon‘-dl.sgibutloa. ‘The ex-

. Btk g‘ &
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pectation ie read in with the other fixed paraasters, Each u”.‘."’

* & nev sample {s celled for, a random uniform number is genereted
@s & prodability level, NUMBER searches the table to find the
sample size closest to that probadility,

PIE20 duplicates the calculations described in Chapter 3,
for computing the ateady discharge of a cylinder drill hole, ore
lented in & fixed direction (read in) in a saturated {nfinite
pedium having the directional permeablility computed for'.- the sam~
pPle. Each of 49 computed discharges is stored, to correspond
with the 49 independent a.ampunsa of one or more given joint
aperture &nd orientation distributions.

Subroutine PUMPLT generates a cumulative frequency plot of
the discharges, in & manner analogous to tha operetion of i'asqpt..
It also computes the mesn and standard deviation of discharge,
oarking their absissas on the graph. |

When large or.mde:at'o sample sizes were used, all punp-test
distribution curves proved to be normal, as predicted., PFigures
1, 2 end 3 of Plate 25 displey one of the many trial solutions
obtained under a variety of conditions. In this cago, the simu- -
lated drill hole lay psrallel to the central tendency of one dise
persed set of conductors. The near-equality of the mean and
median dischsrge, and the symmetry of the cumulative curve gene
erated indicate that £f a drill hole intercepts S or more con-
ductors of any size' (and these apertures were quite varied), the
distribution of discharges will be nearly normel.

When small samples ere used, some of the samples have no cane
ductors at all, many vould have one or two, end z-u:ely would there
be as many as five, Figures 4,5 and 6 display & solution to &
tvo-get system of conductors.. Instead of one hole, three ortho-

. sonal ones have been.arrenged along:predicted .aversge principal
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axes, just as one would proceed in designing enisotrople field

testing, 48 per Chapter 3, The o?tpecution of joints on one

set was made 0.3, the other 1.0, totaling 1.5 per unpl‘i. All
the discharge curves in this case (Fgure §) are skeved, and the
statisticsl parameters shown on each plot agres well with the
observation from field data that the mesn and standsrd deviation
are of like msgnitude,

Notadle eonnmtm of the nn!.sotroptc punp test methods
of Chapter 3 1s that the test-hole following the axis of least
permeadility (Xesymdbols) gives the highest discharge, since it
cuts 2cxoss the densest set of conductors, 7The hole along ths
st jor permesdility axis discharges least boenut; it ué- nearly
parellel vith both sets of conductors.

The computer modael has succeeded in predicting discharge
relationships sizilar to those in Plate 23 for aperture distrie
butions that are normsl, truncated normal, log normal, and ex-
ponential, vith & wide variety of psrameters for each (see
Chapter 7 for aperture distributions). One, twvo and three-set
Joint systems have been studied,

Speculatlons ¢n the Bydeeulls and Mechenical Proceztise of

Hne Stmustures
The propexties of fine frectures, microjoints or fluld ine

cluslons are not disclosed dDy permeability tests. The mechanical
properties of rock magsses are prodadly influenced strongly by
such features, depending upon their ability to trenszlt pressure
changes, Ellls (1906) and Dale (1923) dlscussed rift and grein
in crystalline rocks, and identified such planes of trlctun wvith
planes of ntu:oseopi.c fluld inclusions, Wise (1964) zecognized

.ﬂpe the microjoints he studtoq age also :em:_rocted planes of
: ,;»nii,uogeogtq,‘!l\gq,,_};_xélmzqm,.‘ Composition and VT relationships
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Y of the flulds of either Lsolated primary inclusfons, or phno%ll
- of secondary ones, are discussed by Roedder (1962). Wise found
\ d.m:dnu in grenite, migmatite, gnelss, schist, amphibolite,
- and basalt, but best developed in the mi't muin rocks,

Thelr presence may be an important universal attribute of crystale
1ine rocks. . .. . '
Wise believes that common joints developed later ‘nnd Sgenie
tndependent® (p. 296) of the microjoints. This seems unlikely
from Hodgson's observations (1962) that joint sets have no mutual
effect upon intersection, and from Wise's ovm findings: At a
glven gite there my'b'o found a zmicrojoint orientation not repe
gesented there in the common joints. The “unrepresented® get
‘often appeaps 48 & common joint set neardy. The hd: of a meage
ure or property of fine fractures to define & lover size limit to
comnon jointe, or an upper limit to miecrojoints, leaves rooa for
\/‘ ' speculation that‘,'&mjotnta and common joints, [fluld inclusion)
eonsci.tuce a continwous, evolutionary specles. The common
. joints may be opened microjoints, which, in turn, are predetere
mined by planes of fluld 4inclusions which formed by cementation
of earlier joint pi,lms. Joints are probadly ;rcna.lent conduce
tors throughout the geologic history of a rock body. gepeatedly
opening and resealing during cectonl;c end quliescent periods,
Analysis of transient pressure tests may mot jln evidence
of the nature of fine interconnected fractures vhen larger ones
are present, bacsuse a moving water table may mesk any chinges
that could uke puea with time i{n a truly tnflnl.tu medium,

. Though tho structure of wvater at crystal l.ntertaeu is vir-
L/ tuslly unknowvn (M2rtin, _1960). it behaves as an i.mpettoet solid
B (Rosenquist, lecture at University of Californis, Sept, 28, 1960)
capable of creep by dislocations,..The strensth.of vater decreases
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avay from solid boundaries, sbsording (influeneing) up to 10 313 |
layers (53 R) distant from silicete ninerels, Thus, water in
ecacks opened less than 100 R 1s largely held vater,

Continuous interconnected lluld um in fine fractures
larser than 100 & must come to hydraulie and physicoschamical
equilibrium with nearly free ground water, 1f sufficlent time
has elapsed during steady condlﬁlcm. On the other hand, unopene
ed joints, recognized by entrapped fluld inclusions, cannot re-
flect the mobile hydraulic regime. Roedder (1962), says that
‘4t 13 easy to spot by eoaéouuan. the rare fluld inclusions
that have leaked, Different planes of inclusions often have
durer.ent. but uniform, fluid m;:otitlon. evidence that they
formed at 4ifferent times, and at diffevent pressures,

.Disczete inclusions nnd open I:aem:en 1solated by erynul-
l!.zat!.on are known to eontain fluids under hlgh pressures, sven o/
in thin sections, Roedder (1962) has verified 1000 psi pressure
" in some containing CO, and drine, by observing the gas expansion
upon the releage of pressure. Composition and PVT :elaei.ansh!..pa
can bo‘dete:mined by hoat!.ns' or freezing fluid inclusions cone-

‘taining two or three phases, observing the changes under &

nicroscope. Residual fluid pressures result from geologlic or
excivation unloading, Across the solid bridges of a plane of

fluld inclusions, there must exist high tensile stressas, Nure
thermore, when rock 18 strained, the confined flulds must impose
stress concentrations influencing the mechanical properties of

the rock under static exterior loading, blast lmpnét or drilling
pressures, This promising line of research seeas no; to have \)

been exploited, ]
The mechanical influence of pore fluids cannot be digcounted

- even. for:porvioua rocka such as. sendatones, for individusl greins

/
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sre stressed by ocontained inclusions. Hydraulically closed
| % fractures extending more than & few grain diameters are unlikely
./ in a sandstons, but rehealed frsctures, marked by planes of ine

' clusions, constitute planes of weskness, Mey this sccount for
“ Sae® ruptures vhen strain might otherwise be accommodated along
| ®old" fractures?

o pus.sure tests have been antlysed from formations having
intergranular permeability as well as fracture pemoabulty. in
Chapter 4, Lt vas 's'hmm that intergranular permesbility is super-
posable on fracture permeability, Therefore, in jointed sande
[ stone, _:he cumulative discharge curves should shift to the right

of the gerov absclssa, but the skewed shape should resemble curves
. feom c:ya:alune rocks. |

Zeld discximination of plensg mms.
We cannot always forecast which of the many planar features

.
\ of a rock mags will prove to be hydraulic conductors., We must
drill, and measure or pressure-test each joint to charecterize

i {t. The sporadic appeerance of geeps at an exposed fsce might
be accounted for by noneconductivity as well as caplllarity.
Certain weathered, wet joints can be identified definitely as
conductors, but unweathered, apparently tight joints camnot be
called noneconductors upon inspection alone. We only l:nov that
the density of conductors in a volma is small compared to the

density apparent &t outcrops. tns:oad of one conductor per foot
or so, the evidence from p:ouuro tests indicates an expectation
of one to five per 100 feet., For example, at mytlle; the space
ing of effective conductors may be 20, 40, or mr; feet, instead
b‘ of inches. Pumpetests of known shears, fracture gones and
schistose zones there suggested to the geologlsts (Thayer, 1962,
P. 2) that the shears are the mein conductors and that only 10
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pesrcent of the permeability is contributed by joints, The u:i:-
saaple statistics of pusp tests wou_ld be consistent with rejece A
tion of u_uathuy all joints st Oroville as conductors, 1

A geologist should discrinminate carefully the features ode |
served on drill core: Unless a fracture changes the drill-water |
e¢irculation, shows staining, deeompostt!.bn. trensported fillings
or drusiness, it is probadly s machine-break of no origindl cone
sequence as & conductor. JFor practicsl foundation lnvestigations,
At 1s the directional and spacial statistics of the larger open~ .
ings that need attention, not the small openings.

Saxmesbility nesg Expasures and in Indiatuxbed Rack
It follows that we should leok for a vholly different mediunm

_vwithin the decompression zane surrounding an underground opening

than exists in the undum:!_nd rock mass., If the visidle joints

are conductors, the decompression zone possesses grelatively high -/
permeadility. Coasequently, low hydreulic gradients there favor
stabdility of the opening becsuse the intergranular stresses are
high. Llseman'’s observations (1958) indicate that the zone of
fracturing is 4 to.25 feet thick around mine vorkings, the extent
daéeodms upon the time ohyud since excavation and the depth
below the ground surface. Lutch (1958) measured a 4 to 10 foot
thickness of frectured wall rock under similar conditions.in the
Witwvatersrend mines. 1t is notewvorthy that around shallow wvorke
ings, the joint system reflects the ruck fadrie, vhereas agound
deep woﬂ.:inss. "singestress® and "sladbing® frectures (leeman, |
1958) dcielop more prominently, in relation to the geometry ot
the excavation. ﬁamublltty axes would tend to have constant
orientation around shallow workings, and radisl symnetry at depth.

1f the computer madel is given eandue‘tor- distriduted as the

observed 'Jo!.nu., it should serye vell for predicting permeadility

l\~/‘
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axes in the decoupressed reglons of high frecture density, !bt-ls
similar volumes, it msy fail in undleturbed rock because the
boundaries nebﬁpno few significent conductors.

Figure 1 of Plate 26 shows the attitudes of measured joints
replotted from data collected at the Oroville dapsite (lyons,
1960) and Flgure 2 shows the axes of principal parmeabilities ine
terpreted from it by the vriter's methods. This ie an estimate
of the directional character of rock periphersl to underground |
openings such &s the power caveran under construction, Compare
those with Figure ), descriding the mmjor conductors of the entire
foundation area (Calif. Dept. of Water Resources, 1963), a steres
grephic plot of faults, chean. and schistose zdnes. Also on i
this figure are the estimated permeablility axes for the foundae
tion as a whole, vhich may be used to analyze potential distritu-
tion in the gock betwesn the reservoir and the vieinity of the
power cavern., Whereas the analysis of exposed joint orientze
tions and observations of the ippare:_at spacing, texture, contine
ulty and openness suggested that sets 2 and 3 are nearly equally
conductive, (Chapter S) the analysis of the mejor shears throughe

* out the site shows that set 2 dominates. s Since these shears ace

counted for most of the pump test discharges, set 2 at the oute
crop may likewise control the anisotropy around the openings., Ine
terpreting Figure 3 of Plate 26 as & single set with dispersion
Ke 16 ‘leads to differeat anisotropy, strongest on & plsne
dipping steeply odct. and adbout ll?:h as strong normal to that
plane of Lisotropy.

The fractured zone induced by explosives and Seeonpteni.on
ercund unlined tunnels seems to be of similar permesbility in all

" hard rocks, as suggested by the decsy or absorption of water-
" hammer (J. Barry Cooke, lecture at muvpgumog,cémqm. Moy
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21, 1961).

gazele $ize Required for Accepteble Anfsotropy Estimetes
One of the objoettvo'o of the model study was to estimate
the size of sample needed to defins adequately the dl;:ecttom of
principal axes vhen only one sample of joints is obtained. Plates
1 to 15 of Chapter 3 show unacceptable scatter of sxes when 25
or fewer elements are in the model, and principsl permesbilities
are too dispersed to be considered acceptadle approximations of
an equivalent continuum Lf there are less then 50, 1f several
sazples of jolnt orlentations are made, and axes are estimated
from each, the dispersion of axes will aarrov the fleld of un-
certainty. If the joint system is bomogeneous, one may ag well
comdline samplings into one sample of adequate size, say 100
Joints per set.
The major planar structures at Oroville (Figure 3 of Plate
'26) include about 20 nbeart from the vi.e!.n!.ty of the power cavern
(Thayer, 1962)., Por assessing the anilsotropy of the undigturbed
rock between the reservoir and the cavern, it is better to assimile
'ato shears from the entire site into one sample characterizing a
tectonically homogeneous medium (Figure 3), than to rely on a
few zendom shonéa neardy.
Orientation of drill holes for anisotroplc pump-testing
- should also be based on adequate ianples. .otherwise on 'eombi.ned
sazplings from the entire ares. Geologicel boundaries and differe
ent joint systems may indicate that distinct areas should be
tested and analyzed individuslly. In cases vhere an insufficient
sample size {s unavoldsble, the few mafor eondue:;rs should bdbe
tested aepatatcti. and the bdoundary prodlem solved for those
specific conductors, neglectins all minor festures, Computer

 progrems such as the TRAN (Warren, Dougherty, and FPrice, 1960)
—_ |
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or others discussed by Schenck (1963), ere availadle for oolvfng
pany complicated boundary prodlems by relaxation and finitee
difference oquivalents of the 8iffusion or Laplace equations.
Conductor planes within the boundaries, representing specific
feagtures, can be !;\d.lt into such models. The Oroville power
cavern site 1s a typlical situation in céystal.l!.ne rock whose
permeabdllity is governed dy a few shears, As an alternative to
the statistical approach, solve for the potential distridution
along such conduits, then apply them as boundary conditions for
smallescale problm.'lﬁ.ns vholly between mejor conductors.

~ The principal axes and permeadilities of rack bodies betveen

major conductors would be detesmined from joint orientations and

pressure tests. Both parts of the solution would be tha impore
tant for design of drainage or rockwsll stadility, ‘nu; twoe
stage, method presupposes _thlt major and minor eonductori my'bo
distinguished early in the exploration. 1t recognizes that the
potential distridution and, thus, the flow, depends almost ene
tirely upon the largest eéndue:on. but that the loecal potential
distribdution, say in a tunnel wall, depends also on the fine.
stTucture,

An mdeuni.to renge of smalle-aperture fractures will undergo
prolonged transient adjustment to the potentiald on the ujor
features. The oll films odserved on shear surfaces ia the Aln
Z2alah fleld, Persia (Daniel, 1934), indicate slov movezent in
many fractures that contribdbute little to permeadility.

Since the effective conductors in crystalline tock are ine
frequent, some randomly-plsced wells will often 1lack ‘communicae
tion td.r.h the openings, s0 giving insignificant yleld. A dcy
‘'woll might be made to ptodueo by shooting or hydrofracing, es~
pecially 1f the well is oriented parellel £o the predoatatnt

W QNAT Tk Frven b g e
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joint set. Similarly, the difference between wet and &ry tune

nels 4n crystalline rock lles ot in the peripheral conductivity,
but in continulty with preexisting open joints nearty,

. ~ In this chapter, ve have used the notions gained by modeling
fractured media to try to understand why permeadility of fractured
rock varies as it ilou, and conversely, ve have conveyed interpre-
tations from discharge data to the model for its improvement, .
Without more cﬁtieal field data, ve mmy not be able to learn

| much more. The measurement technique proposed &n Chapter 2 should

yield further subgtantiation of anlsotropy and the gtatistics of

' ite variations,

We have learned lictle about aperture distributions, and suse
pect that we cannot do so without direct mezsurement, which would
be ditficule, | | |
- - 1n Chapter &, there was presented a possible determination of
\/ porosity, assuming all apertures alike, So to see 4if it {s :odi.ly
important to know the aperture distributions, Chapter 7 has been

written,
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. ‘ Chapter 7

ESTIMATION OF POROSITY PROM THR PERMEABILITY AND "
GEOMETRY OF FRACTURED MEDIA -

dnkxeduckion .
The nead for a method of estimating the secondsry porosity

of frectured perﬁoable media is clear from the many practical
problems depending on porosity. Forosity is reflected in storage
capacity, in density, neutron abeorption, thcr:.n-.!. or electrical
conductivity, elasticity, compressidility and strength, Civil |
and petroleum engineers could employ knawledse of fracture porose
ity in fluld displacement problems. There ie interest in the
bulk volune impregnated by & unlt voluma of displacing chemicsl
grout, or in oil resesvoir water flooding, Prediction of the
vector average particle velocity of flulds moving in fractured
media depends on a knowledge of porosity and the aversge macro»
scopie or continuun velocity, S
Prctoxa Governing Forosity . |
Forosity in fractured media depends upon the spatial froe
quency of conductors, their orientations and the distribution
of their apertuies. Orientation is the only roédlly accessible
variable, but it may be the least important, The spatial free
quency was found to be small and variadle, as indicated in Chape
ter § by analysis of pressure tests. LEven 1f the exact frequency ;
is knovn in a given case, porosity cannet be determined precisely ;
from permsadility, because permeability depends upon the sum of
cubes of aperture and the same sun could be obtained from eny of
many possible distribution functions. A
In this chapter we have studied the influence of three dife
ferent aperture distribdution functions, to see if by averasing
the divergent porosity values computed from meny samples, an h
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acceptable precision cean be odtained,

In Chapter 6, a significant property of fractured medis i
establishedt punping test discharge values ¢an only de explained
Lf the apatiol frequency of conductors is smell compared to free
quencies disclosed in natural or excavation exposures. Somee
thing like one fracture in a hundred potential ones {s effective
a8 a wvater conductor in undisturbed rock. For purposes such as
displecement, it is only the large openings that matter, while
total fracture porosity may have & large inaccessible coamponent,
For & given permeability, & small number of conductors leads to
omuch smaller porosity than when meny occur, since discharge de-
pends on the third pover of aperture. It will be etsier to iden-
tify conductors in the fleld than it will ba to devise methods
of measuring their apertures, so it will be more fruitful to
measure frequencles than apertures in future research,
Qomputation of Foreslty whth Yarious Aperture Rlstribtutions.

In Chapter & thero was presented a set of simultaneous equae
tions (4+28) to deteruine the pe:ﬁeabluty‘ of fictitious sets of
parallel conductors having the same asperture distridbutions as
the actual orientationedispersed sets, The porosity due to the
parallel sets and thit of the medium cut by dispersed ut‘i can
be estimited on the assunption that all apertures sre equal, An
evaluation of the errors introduced by the uniformity assumption,
vhen aperem.s are actually distributed, facilitates trenslation
of permeability into porosity. | |

An object ot‘:ha computer model studies has been e‘_g find
out hov important 4s the form of the distribution function that
defines the apertures, when orientations and spatisl frequencies
ere knowm. To attain this objective,.porosity is computed in two
vays for any given set of goometrical variadbles, The uﬂt ie by
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summing the vold space per unit volune as the apertures and ore

{entations are genereted, 90 giving true porosity. The second
method assunes uniformity, and computes an equivaleat porosity ,
froa the anisotropic permaabdlility derived from each specific ,
ssople of the aperture and orientation distridkitions., The fre-
quency of conductors in the volume DELIA is taken alwsys to be 1
the specified Foisson expectation, ' '

The results presented below indicate that quite acceptadle
estimates of secondsary (fracture) porosity can be made from pere
meadility measures, provided that the average fracture frequency
is vell known. Accozding to equation(4«31) porosity depends on
the mumber of conductors in the volume, taken to the two-thirds
pover,

A method of field determination of the frequency of effective
Joint conductbrs 1s suggested in Chapter 8. ‘dut since it remains . —
untested, the importance of this psrameter suggests that it be
‘given priority in further research on fractured media, It has
been suggested that pre-exploration grouting de uséd to maric cone
ductors. Alternatively, one could use a8 statistical approach
(Chapter 8). On the walls of tunnels or drill holes, or on re-
covered cores, ono msy identify veathered, drusy or opened frace
turas a8s conductors, &s opposed to fresh fractures of relatively
unlikely conductivity.

, In the model, average joint frequeacy is specified, but each
saaple has & different number for the same volume, the numbers
eatisfying a Poisson dlstribution. When the sverage frequency is
used to coapute porosity from permeadility (b? the n&nd oethod),
large sampling errors sre encountered in the porosity values, '
‘which are themselves, Polsson-distributed, Dsch of these porosity
measures iy compared to the actual porosity of the sample, quane .
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tities preclisely known by sumning the dpertures, modified by 23

their orientation (by the second method). Subroutine EQFOR,
given I.n Appendix A, conputes the porosity from the generated
anisotroplc permeability and constants of the orientation dige
tributions, then discloses the ratio of computed to actusl vale
ues. The average ratio is close to one. The exampls below fol-
lous the development of equations (4-27)to (6-31.?; somewhat simplie
fied by use of only two seta of conductors with orthogonal cene
tral tendencies, s0 that only two simultaneous equations need be
solved, .

Exch joint set has a !‘uhe-:‘s dispersion cosfficient,
K = 20. One hag a ecentral tendency along

= 5 .6, 107,

aend the other
.‘.s-,too, ".389‘ 0699. ’
[ 3

The coefficlents corresponding to dispersion Ky = 20 (FMigure

§«7) are

Kmas. = o Kparattet , G =-95€

K.fﬂ. - C; A’nnllel ’ _
Fothing s known of the epertures or the number of elements ine

cluded in a sample, but it is assumed that average frequencles
bave been deduced by some mesns for the medium, se vell as orien-
tatfons. The first set in this example has reciprocal specific
suifaeg of 2 meters, vhich azounts to a specing of one conductor
etch 22& centimeters along the centrel tendency line. The ueom'l
set bas reciprocal specific surface of one meter, or one psr 112
centimeters along its ceatral tendency. ’

- * -One of the random um{:le: of conductors from these sets pro-

duces principal mblutles, computed to be

C‘ :.'oo »




-3 .
K, ®» 3.6T R 70 e9s aunils ' J
. Ky s 263 X 107

K', -.9_46 X lo.’.

Were thase data odtained in the fleld, principal axes would have
to de approximated from the orlientations of the entire join: -7
system, Since the particular example stm‘he:c 1s computer-
"gcno:ate;!, the directlon cosines of the axes are known,

The een:rall tendenclies must do rotated to a_eoordh;uo syse

tem parallel to the prineipal nxes,' by applying the trangformae

tion | . )
A‘f’.' - q!'/' %A , . |
vhere ay 4 15 the marrix of principsl exes, The transformation is:
452 =73/ k1Y) 5 : 600
a' =] .¢o8 ~078 12415 o . .
§67 .678 464|.70m

| . , or by .69 ,
for the first and secand sets, respectively. These are?

) J
w4 = .222, 206, .953

4§. = .370, =887, -.276

Two of the possible simltanecus equations (3+28)ave :
| | | = A
K = [6rces-8)a, A]2) o[ 0cei-C) o, w4,

Kea * [6, +(€. =) M, "] {; +[¢, .(C:.é),,,‘; ,‘,;] 4:
3.67=[. 966 -.“’6(.?49)] L" +[9¢6 -. 85¢(.137)] ‘;a'-'

-2.63 3[.956 - .356(.041)] {" ;L.gge -, 85'6(.78‘)3 4

% ) -

2 -$
4, 2 )72 X110 -

] - -' .-
- X 10 .
L, z.zz‘ L.
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The aversge aperture is obtained by
be\/34, 0720
b, » [3t2.32)12./2¢ 0591 =, 009

'l:,‘,.[3(:.72,/::2./2((414}:{’5 = .006,
Porosity of a get is , ) -

. / V
© = c(34,)3(2n/0)",
where ¢ 18 a correction for specific surface given in figure 4§,

" relating the parallel cage to the dispersed case.

©, = /06y [_3(2.1z)/0"]"’[2(0.51_/:'3-]% =.,000087

&, =1.061 [2(1.72) 10°%] % [?.(l.o)/cn.]'/‘ =.000t25
The total permeability=equivalent porosity,

. &= .0002:12
could not be verified 4f the permeadility data were obdtained i(n
the field, but gince every conductor of the sample model has
known aperture and orientation, a precise porosity is knovn, in
this case: . '

© sctuat =.0007%90,

The "equivelent® porosity is «544 of ghe true. Other samples
give & scattering of retios, greater or less than unity,.
fexoaity for oemmel, log-poxmel end exeonsntial epertune distrd-

The porosity ratios generated by the model provide an oppore

tunity to investigate the importance of the various distritution

functions that are likely descriptions of joint aperture in real
7=1 '

8 summarizes the results of 39 model

studies of 49 samples each, captcy].ag absolute (or transposed)
normal, loge=normal anéd exponentiel distridbutions of ap&tu:m.
but with all other paremeters constant, such as conductor fre-
quency and orientation dispersion. The example celculated adbove

is one of the samples. ‘l{:o distribution functions descriding the .
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aperture populations sampled are displayed in Plates 27, 28 and

29, Warren and Price, (1961, p. 158) tabulate properties of,
several other useful functions, ; L el
In the tables, the first column indicates the mean of sper-
tures employed in the distributions, including ,005,..02S and
+125 centimeters, Standard deviations vhr; selected to include a
range of 0.2 to 10 times the mean, In éht. wvay, various degrees
of skevness (the third moment was not computed) were developed,
some with and some without appreciable nearegzero frequencies,
Subtoutlné‘AP;R, found 15 Appendix A, generates the distributions,
. The ::lﬂ?boaed normal distridutions, of the type employed in
Chapter 5 and plates 1 to 15 therein, are derived from Caughran's
(1963) generator of random normal deviates, RARDEV, (having mean
gero and standard deviation 1), modified by
B = | o (RANDEY) + 2| ,
where B is the half aperture,
J is the desired standard deviation, and
/# 1s the desired mean, Ayyoluto values sre taken to maine
tain positive apertures and to introduce skewness..
1log=normal distribdbutions (Atfhchinon and Brown, 1957) vere
formed from the Caughran rendom normal deviates by )
l.,(,,) = 2 6" (RANDEV)
Exponential distridutions employed a generator of rsndom de-
viates, UNIRAN, uniform between 0 and 1, modifled dy
In (%)‘ Z (2LvNIRAN]-1)
Tables 8-1, 2 and 3 list, in column order, the mean and dise-

G I rne ¢ Ay o AR oo et oin Lt

persion measures ( ~ and & , as defined in the above equations), R
then the principal permeabilities averaged from the 49 samples.

The true porosity is computed from the actual apertures included
in all 49 samples., The next column reports equivalent porosity,
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computed in Sudroutine POREQ, by the same method employed in

EQFOR and in the illustrative example given in this chapter,
but employing the ayeraze parmeablllétco,lc & measure, and the
central tendencies of the two joint sets as predicted principal

axes. The tabulated ratios of equivalent to true porosity assess

the reliadility of using average permeabilities to predict the
true porosity. |

Porosity computed from average permeabilities ranges from
0.7 to 1,0 times the true porosity averaged over all samples
from a normal distribution. The more skewed the aperture dise
tridbution, the higher decomes the retio of computed to true pore
osity. This is because permeability depends on the cubdbe, and
pornaify on the first power o} apertures aﬁd the mean of skewed
distributions increases faster for cudbes when sample size ine
‘ctaaaos. Note in eachAtablo the progressive increase of the ra-
tio, as dispersion of apertures and skewness increases from top
to bottom of colum 8, ' The normal distridbution 1is least sensi-
tive to such changes, suggesting that if porosity is computed
from average pormeabilities, and this distridution is proved to,
represent jointed rock, then true porosity may be estimated by

©O= /)2 Ceeo-potul $rem average k)

Forosity computed t:om.avotaae permeabilities ranges fronm
«73 to 1.1 times the true porosity vhen exponential aperture
distridbutions are assumed, A correction fnctor'ot_l.os may be
used to estimate true porosity, .

Forosity computed from average permeabilities ranges from
«85 to 2,9 times the true porosity when loge-normal cp;rturo dis-

tributions are asguned, The skewmess is apparently more signifi-

cant for this type than for the normal or exponential, and pre-~

cdmably, even greater errors might de made if skewvness exceeds

N
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that studled here, 233

Forosity ou:tmacton from & series of anisotropic permeadil-
ity wsmm,nu may be improved by cllcuut!.ns oquinlcnt porose
ity for each permeability meagure, assuming a constant fracture

| frequency even though it is known to vary from test to test. The

{individual porosity meagures will be dispersed, but the averege
of all porosity measures approaches the true porosity for the
medium as & whole, with érrors. of at most 10%. The next to last
colunmn of the tables reports the sverage porosity as & gatio to
the true. The last column shows the standard Jevi.atton of the

‘distribution of aversge porosity ratios, generally about 0,5,

Relacive Iapoctence of Frequency end dcexture Rlstxibution

A porosity estimate is mo better than the estimate of frace
ture frequency because © s<(N/ D)%. This emphasizes the in-
portance of determining, either for field or reauréh problems,
vhich fractures observed are conductors and which are mot. Supe
pose that a (téecurad,rock is refrectured t'o that a new conductor
is formed, equal and parsllel to every originasl one., [Fow halve
the apertures of all of them, so that porosity is as before.  Un-
der the same gradient, the fractures will transmit 1/8th their
original discharge. The permeability is thus 1/4 the original
value, vhile porosity i.; unchanged. The results of the model
studies of permeability-porosity relationships suggest that the
exact form of the aperture distribution is not critical for these
purposes. The insensitivity of porosity measurements to aperture
distributions encourages investigation of more crucial properties
of fractured rock. )

The above methods of computing porosity from permeability
data can, and should be field-checked, After predicting ponbu:y
from pt:hptns tests, sesk confirmation by u_utr!-ns grout impreg -



234
nation. The volume of rock mex_-unaud must occupy an irregular

duldbous, region around an injection point, . The extent of 3r$uc
may be determined by s series of check holes, Only those conduc- \4
tors which are hxdraﬁllcally effective would bde groute-filled,

AM«9 chemical grout would dbs ideal for these purposes boeluu‘i.t
has aqueous properties, while neat cement is a non-uniform fluid

suspension. .
Forosity determination 1s bu}: one of the possidble applica-

tions of the fracturede-media model, 1Its role in defining permeas
~ bility leads to useful applications where the flow of fluids or -
the hydraulic potential d&stri.bu'uon is needed, Chapter 8 cone
tains a few'mgseatcd“areu of interest, and some suggestions
regagding techniques of application. ‘
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Chapter 8 286

SUGGESTED APPLICATIONS TO FLOW AND POTENTIAL PROBLEMS
Introduction

Rumerous immediate or eventually feasible applications may
be anticipated, either as direct results of the theory and teche
leues'advanced in the preceeding chapters, or consequent to
logical sequels to this thesis, . ' .

The applications may be grouped into cateso:tes.that are
geological, petroleum engineering, civil engineering or ground
water hydrologic in nature, with tnevttablevovarlap of the cate~
gories,

Geolory RProblems

The oricin of joints remains just as obscure as was the
origin of thrust faults prior to popularization of the notion
that pore tiutd pressures can account for the low apparent slide
ing resistance of rock on rock (Hubbert and Ruby, 19595. The
mechanics of rupture of materials containing confintd fluids
vould be an even more significant contribution, not only because
of ite implications for initial and-rejuvenated Jointing, but for
statie and dynamic breakage in materials engineering, excavation
stability, explosive or drilling technology. " Dynamic aspects of
tectonic structures may also be clarified by analysis of fluid
potential distribution adjacent to initial fallure surfaces,

- Recognition that individual planar conduits may have aniso-
tropic érapotties by reaeoﬁ of tgxcural ltheacton suggests appli-
cations to ore-finding. First of all, measurement of anisotropy
of individuals could digeriminate faults from joints, or detect
the direction of slip on faults. If condulit anisotropy proves
significant, 4t is a further vattabl.e (with orientations, spacing
and apertures), controlling the overall anisotropy of a fractured



rock mass. 2386

Anlsotropy of a fractured medium may facilitate reconstruce
tion of the history of ore implacement from migrating solutions,
theredy pointing to undiscovered ore. Simllarly, u;:dern ore~
forming structures that are po;én:lal producera'ot stean, brine
and metaliferous juvenile fluids would be amenable to analysis
of the f:actuéo systems characteristic of domal structures (Wis-
ser, 1960). Indeed, the success of such bdbrine well operations
may depgnd upon analysis to locate productive slites that will
promote flow of juvenile waters versus meteorlc waters, Knowe
ledge of the mechanics of the doming process by vertical tecton-
1cs and fluld pressure distribution would de a bysproduct of
singular ixaportance to economic geology.

Mine drainage is an important engineering problem in the
mineral industry. Anal.ysi.s of bdoundary ;;:oblema on the baa.i.s of
isotropy should bdbe preceedéd by testing for anlso.n'op!.e permeas=
bility, leading to ai:proprlate boundary :tanstomtl;:ng.

Grouting, blasting and tunnel support technology, discussed
in later paragraphs, also have applléat!,om in mining.

The design of leaching projects to exploit low grade vein
deposits by injection of water and withdrawal of solutions via
vells or tunnels may be i.xnpmved' by better knowledge of statise
tical permeability properties of the open vein system. Leaching-
fiold design is a boundary prodlem similar to that of mine draine
age. A rationmal pred!.euon may be made ot flow paths and avail-
adle surfaco area, and one might detect, by pump=test mathods
proposed in Chapter 2, features that diminish leaching efficlency
by ermnhouxxs.

Rotroleun Enzineerint Problems

Petroleun exploration may be guided in a manner snalogous
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to ore exploration, by knovledge of the anlsotropy and poroeity -

of fractured.media serving as conductors from source to reservolir,
and as fracture permeabdility traps, . . .

Though d!.gectioml drilling for measurement of principal
permeabilities is not feasible at great depths, the theory of.
Chapter 2 may be modified for short packer=tests conducted in the
bottonm of & vertical Qeu as delilling progresses in fractured
rock, theredby permitting statistical analysis of dat'a‘otdtnatuy
obscured by overall well behavior. Such tests Qe:o suggested by
Pe A, Witherspoon (personal éommmxcatlon. 1964). Tests should

- be complimented by study of the orientation and spacing of jointe

to estimate principal axes. Knowledge of reservoir anisotropy
would be valuadle tor. plenning well fields. Smonda'ry porosity
estimates (Chapter '7). baced on fracture permeadility, would be
equally useful, to predict yleld and optimum production rates.
Rnowledge of reservoitr anisotropy end porosity would contridbute to
the design of secondary recovery schemes, including water spreade
ing, and combustion drive., UNew interest in fractured media is
@nins froa the application of ground water hydrology for ase
sessing the integrity of aquifers for underground gas storage pure .
pbses (Witherdpoon, Mueller end Donovan, 1962). Fractured cap )
rocks will eventually be tested for permeability, possidly by
methods akin to thosce proposed here, aided by mlyds of fracture
geometry.
ground Jater [vdrolory Ixoblems

The importance of planar conductors in governing the hydrol-
ogy of & bssin may not be limited to the crystalline basement
rocks, but may contribute aise ta the conductivity of unconsolis
dated basin sediments, where jointing is recognized (Plafker,
1964) dbut so fer not introduced into conventional aquifer enalysis.

-
.
P
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Fracture permeabdility, modified by solution enlargement, is coer-

tainly dominant in carbonate formations. Undereseepsge through
basamant rocks 1s usually neglected though recognized as & limie
tation on calculations of basin-wide water balance, 1In negative
groundwater areas, underlain wholly dy crystalline rocks and their
weathering products, frﬁe:ure permeability determines well yield.
lmportant for

The atatistics of such media are well planning (Davis and Turk,
1964). Reglonal flow analysia is being employed tq predict the

. distribution of radionuclides in ground water (Davis, 1963), move

ing past atomic explosion sites. ‘These often involve fractured
basement rocks of unknown anisotropy that e6uld bs estimn:ed by -
the methods proposed here., Tests may establish the frequency of
effective watorebearing joints, and determine which set is cone

ductive vhen more than one is present. Well hydraulics in a

discontinuous-anisotropicenonhorogeneous jointed medium may bde
improved upon consideration of the variadles governing anisotropy.
The importance of sample size (Chapter §), and well étien:ation
(Chapter 2) with respect to principal axes (Chapter 5), may de
included in a statistical analysis of yleld based on media transe
formed according to measured anisotropy. The wellepumping test '
results of Lawis and Burgy (1964) showing drawdoumetine :;rées
concave upward instead of downward, more likely result from vere
ticsl inhomogeneity of the rock than from the sampling scaiiatiea
treated here,
Civil Ensineerina Brobloms

The assumption of isotropy customarily made in solving bound-
ary pfoblems in foundation engineering can de avolded if prinecipal
permeadilities arp determined and oriented in the manner suggested
in Chapter 2. thereas the anisotropy of fractured rock may bde

weak, 88 would be the case for three near-orthogonal and near~
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equal sets, other situations may prove highly anisotroplic.

Such s the cagse of the apparent dominance of & single dis- .
persed set of faults cutting the Oroville Dem foundation (Figure
3 of Plate 26). Apparent permeadbility measured in unoriented
drilleholes {n this medium LsAconsidetably {n error because the
£« prineipal permeability is about 1/7 the other two. PFurthere
more, the distribution of fluld potentials obdtained by the de-
signers using en isotropic electrical analogue could be obtained

more precisely afcer transformation. A naturalescale model was
used, with contours on the reservoir bottom as one bdundary and
underground openings &s the other, submerged i{n a tank of electro-
lyte. Drainage holes in great numnbers and of similar length have
been desisned to perforate the wallerocks around the power cavern,
It can bé ceen, without graphic proof, that the transformed mede
{un expanded ZeW by a factor of .r72 will'hgva the.ppproxinately
circular cylindrical opantng of the machine hall expinded td an
elliptic cylinder, with flow lines concentrated at the east anq
west walls and equipotentials crowded to these walls. Retrense
formed to'the natural scale, the anisotropic flow net, no longer
equidinensional nor orthogonal, would retain htﬁh 3radlents.to-
wards the valls., Only by elongating the leteral draineholes
may pore=pressure distribution be made radially ;yunnxrical. to
the opening. longer horizontal drains than va::tcal would im-
prove the stability of the excavation.

Similar analysis of anisotropic permeadility can be used in

~ other potential distribution problems in hydro-engineering, in-

cluding prediction of uplift distribution peneath masonary damg,
and pressure distribution around penstocks or power caverns, Ime
perfect correlation between prediction and observation.would ree
flect the random variations in permBability a:tilns because the
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scale of the prodleam, the bese of the dam, for instance, may de

only a few times the average eondue:of-aplctns. This condition
of least pradictadility is unfortunately the condition most erite \-4/
ical for desisn, }oadins to the highest and most erratic pres=
sures (Terzaghi, 192§). ' _ ,

The portions of unlined tunnels mosg sensitive to rock prop~
erties are those with shallow cover, as in the Appro;ches to pore
tals. Lleakago and landsliding are the hazards, JPortal areas
vhere investment 1s concentrated (penstocks, powsrhouse), are
usually protected by steel linings. A more rational approach to
potential distribution in these areas, made possidle through ime
proved exploration, festing and analysis, but no more costly than
eurreﬁtly employed, would lead to safer, more economlcal instal- .

lations.
| Predictions of flow betweon complicated dboundaries of aniso-
tropiec media must ordinarily de dased on the potential distribu-
tion, 1.e. the flow net. Thus, the trensformation methods dise

N

cussed in Chapter 1 can be advantageously applied to the predice
tion of foundé:icq leakage under dams or through reseévuté rims,
or to estimate water 10ss or water make to tunnels., The storage
of flulds in subterranean caverns poses ina'losous problems in leake-
age evaluation,

" Underground disposal of 1liquid wastes, be they industrial
chemical wastes, atomic refinery wvastes, or unde;l:able fractions
fron geathe:mal wells, may gain importance as fractured media
becoms better understood., Directional permaailltcy and porosity
are the most significant properties needed to design ‘injection ]
vell systeas and to predict displacement in an aquifer. The ene A

tire subject of dispersion of solutes in fraqtured madia vnirants

] mdyo
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Transient pressures, not treated in this thesis, are often

. very meor:ant in engineering as well as other fields. Anisotropy

plays a significant role at all times of flow, cuch.an during
pressure teotn, fhe subject needs more research, along lines
pursued by Goodman, et, al.(1964).

The loading of foundation rocks during the construction of a
dam is & transient condition if the foundation permeability is so
low tha; & series of steady-state conditions do not exist, Such»

may have been the case of the Waco, Texas dam failure, a foundae

tion slide 4in shale (R. Bean, Lecture at University of California,
June 26, 1963), where 100% excess pore pressure, in other words,
full construction load, had developed in underlying shale, Ihoush
other explanattons have been advanced to explutn the failure,
strong anisotropy in the hotlzoncal beds could also have contribue
ted. The expectabdle htsh lqce:al petmeabtltty compared to the
vertical permeabllity would lead to low lateral gradients, extend=
ing the high pore pressures over a latsg slide~surface area,

A more rapld pressure transient is water-~hammer in pressure
tunnels. watqr-yamme: has never caused gock falls, even though
gapid decllnlné pressure must result in tunnelward 3rgdtents in
the walls, A marked increase in fracture permeability in the
diaturbed-decoqpraaston zone around the opening may be the factor
providing safety by minimizing gradients.

Gas flow 4in preexisting and induced fractures around exploe-
sives detonated in rock constitute more complex hydraulic phenoe
mena than considered here, but involve.the same media. Apploby'u.
(1940) observations that dynamited faces have the same fracture
patterns as n#tu:al faces lends otreq;ph to the notion that aniso-
tropy estimated from orientations and'pump}testé can elso indicate
the anisotropy in the field qt gas expaﬁston near & tunnel or
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quarry face, 1t follows that more efficlent orlentations of shot

holes, or more effective spacings or patterns might bde devised, .
- The influence of jointing modifying the radial syﬁﬁafryfaf in
underground nuclear detonation might be analyzed as well,

The anisotropy of mechanical propoerties of fractured media
may be shovn ultimately to be correlative with anisotropy of fluid
conductivity., Take, for instance, the possibility that a rough
fracture, such as & tension joint, has high peréeablllty conpared
to smooth shear joints, while its shear at:ensthleearly in the
inverse., Developed into a working theory of rock strength,pres-
sure testing eou;d serve as a tool to explore the diréctional
strength nroperties of rock slopes or dam abutments, Pressure po-
tential is also an important factor in the analysis of the sta-
bilicy of slopes cut in fractured rock,

Foundation srouting 1s a subject that stands to improve by
application of the proposed methods of testing, and by analysis
of anisotropy and porosity. Current practices are largely eme
pirical; The plight of the art is well voliced in discussions of
deMello’s *°(1960) paper and by similar complaints (lambe, 1957):

"It is seldom on any grouting jod that one can obtain suf-
ficient information on the soil or rock conditions involved to
assures that the grouting work will dbe successful. In rock groute
ing, for exampla, it is alnosat inpossidle to know in advance the
degree of continuity batwecn volds and cracks, aven if these
voids and cracks were originally found by core drilling at the
site or by observations.of seepage,.®

An easy answer to all rock grouting prodlems is not to de
found in this thesis, but rather, a seemingly agduous scheme of
measurement and-palcula:ion leading to answers that have only
statistical validity. But variability is the well-demonstrated
characteristic of t?e medium, agd any rational approach to definie

tion of the means and variations of the proﬁer:ies is more promis-

ing than refined empirical techniques (e.g. Grant, 1964 ).



e
N

It seems that the design of & grout curtain may taks two 843

alternative courses, the first more practical, the second more
elegant: 1. 1If the scale of fracture spelcing is on the order

of a fraction of the curtain depth ox; dimensions of a dam, then
umplea:‘eonduetou cutting & grout :\olo will &{nclude o;.ach & nunber
that the rock may be replaced by::squi.valent continuous anisotropic
mediun., In this case, design should asgsume impregnation of all
openings in certain volumes around each drill hole. Alternatively,2.
¢ conductors are sparse, then exploration sh.ould define the lo=
cation, continuity and sperture of each plane, with grouting de-
signed to seal individual openings to form & water=-barrier by
compartmentation of the foundation, rather than by impregnation

of & massive curtain, ’ '

In practice, it will be rare that a suitably-located, fullye
connected Virginie fence ot‘open conduits can be‘deaisned vith
confidence. 1f effective conductors are so widely spaced that
the volume of influence around a drill hole contains fewer than
one open conduit per $ t-oe:. then no aléez:natl.ve exists dbut to  °
use the proposed statistical approach to {mpregnation grouting,
even thouzh the sample size is lnadequaté to assure reasonable
confidence in the sgtatistical measures.

Resezrch on grouting should approach the simplest situation
firstibyastuning dimmiscible displacement of water by AM-9 Chemi-
cal Grout (1.2 centipoises). Miscible displacement in anisotro-
pie fractured medis is apparently & dispersion problem entailing
tensor relationships between the potential gradient and the move-
pent of a diffuse front. The complications of unsaturated flow
above the yra.cet-:able. and the non<homogeneous fluid properties
of cement grout in saturated and none-saturated incdj.a may be -

: troafed subsequently, -
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A more optimistic aspect of rock grouting is the implication

of a favoradle modility ratio for grout in wvater, 1{miting the dee
velopment of viscous fingering.in single fractures if not the ag-
gregate system of fractures. Unlike injection into sand, however,
there 15 a declded tendency for the majority of the grout to cone
fine its travels to one or more major openings, Suppose, for exe
ample, that two parallel fractures are grouted at once through a
drill=hole crossing them, énd that one has twice the aperture of
the other, The large one will convey 8 times the discharge of
the smaller,.tilllns it to twice the radius. In general, the
radil to frontal positions under equal gradients will bde nearly
proportional to tho apertures (in consequence of equation 4-8),
If individual planar condults are pressure-tested by isolating
them with §aeke:s, the areal distridution of individual grout
tlilinss may be egtimnated., Uniformi:y of aperture over the area
of a single fracture should be studied, Such relationships for

a few prominent planar conduits 1o a fpundatlon would serve as
the bagls for design of a grout hole pattern for a compartmentae
tion curtain. _ ‘

iIn the usual situation, numerous conductors of unkﬁawn chage
acter are encountered in a hole, and pressure test discharges ree
flact their .varlabdle apertures and numbers, Mass impregnation
grouting should then be the odbjective, for which effective poros~
ity is the salient variable needed to plan hole spacings, injece
tion volunes and gellation time.

Average fracture frequency must be known to estimate porosity.
from numerous permeadility measures by the methods outlined in
Chﬁpter 7. To d;te:mlnc-:h; frequency, a method suggested 1s to
progressively shogten the separation between packers until a fair
proportion of the pressure tests yleld no flow. According to the
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reasoning developed in Chapter 6 for non-aggregating joints, the

distribution of small numbers of trneéurou in the uniform test
length, occupying many poeitions dawn.tﬁsﬁpolc, should be Polsson,
One need only consult a table of the Folsson distribution (Crow
and Gardner, 1959, or abbreviated tables in any good text) to
agcertain the expectation giving & frequency of zero measures
equal to the #hzarved pcopoftlon'ot no=f1low tests. For example,
1f 14% of a geries of 1d-£oot-lons prescure tests give no dise
charge, the mean number or expectation of conductors is 2.0 in
ten feet. This would be the total expectation for all sets inter-
sected by the hole, and nothing can substitute for bore=hole
photogrephy, television, or at 1eaacveore inspection to apportion
the total frequency to the lndlvidual sets,

light portable pressure-testing equipment should be devised

.'to: operation by & lone geologist thhJLc tying up a drill rig,

for such extensive testing as here proposed as :oug}ne vill never
be attractive et the cost of idle-time for conventional drilling
rigs. . |

Average porosities of the joint gets, conmputed a§ tndlcated:
in Chapter 7, maf then be utilized for estimating the rock volume
grouted per unit volume of chemical grout (not cement).

The shape of a displacement front around a point source,
idealized as gharp :Athat than diffuse, would be e spheredn an
igsotropic mediun. In Chapter 1, it was indicated that an aniso-
tropic mediun may be transformed to Lsotropic. The true front
position £§ tound.by retransforming after ascertaining the iso-
tropic configuration. Thus, the front forms &h ellipsold of

semi-axes?
_ %o . LR .
V,:Va:Vg = K:‘ : Koz ¢ Ky .

The volume of rock impregnated {s found from:
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where R, is the 1ntermediaee axis of the ellipsoidal front.

)
R‘ - ‘Jﬁ 3~ k&x , ‘6
e A= 417‘(“2”‘33)6
©y VA | ' (8-1)
=) Re |

K:ijhfz
Kaa - '
Equations (3-1) define the shape of a buldb of grouted réek, in
terms of its seml-axes along the prtnqlpalidirectibnn, based on
the prosﬁmptlon that the front maintaians its smoothness as though
all conduits had the same aperture. In actuality, the ellipsoid-
a8l buld cannot be realized as it 1is in sand,.because the number
of conductors does not form an adequate statistical sample as do
the numerous intergranular pores of a sediment, Rather, some
large openinss will de filled to several times the computed
radius, nhzle smaller ;nes will remain water-filled, dut poisibly
isolated bty srouted openings. The shape of any given displace-
ment dbody Ls & randome=dimensioned figure that we can define only
in average terms. The conduits that extend beyond the design
front will, in sowe cases, truncate paths of ground-water move=
ment not otherwise intersepted, but the unsealed finer openings
may leave othbar paths uninterrupted. It is suggested that 2 to 4
times the calculated grout volume be pumped in order to atggin
radil of 1.25 to 1.6 times the half-spacing between drill holes.
Unlimited iaprovisation is possible when Anlso:ropy'ls
properly determined. More efficlent cut-off can be provided if

it 1s knovn vhich joints are effective as conductors, For example,

—_—ewe w
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the Oroville system of three sets would conventionally be treated

with vertical grout holes, Yet the evidence on Plate iﬁ.msutn
that set 2 is most significant., Since its members are nears
vertical and trend up-end-dovme~stream, Lt is likely that mn}
conduits will be missed by vertical holes. The most efficient or-
fentation of holes would be inclined about 45° towards the vest.
Longer inclined holes would be required to attain design depth,
but probably a lesser footage vou;d suffice, In other circume
stances, tnclined curtains or novel patterns or allignments may

be devised in accordance with the determined enisotropy, analysed
by transformed models. |
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CONCLUSIONS AND RECOMMENDATIONS 2

There 1s a clear need for, and advantage in pursuing fure
thdr this inquiry into the permeable properties of fractyrad ' \\4/
media, Chanzos in the thoory presented are expected upon ree-
finooent of .tha assumptions.

It s concluded that! ' K

1. The laminar discharze of paralleleplata openings is propor-
tional to tho cube of aperturas, '

2. then roushnoss height exceedh the aperture, higher apparent
friction mist result from increascd fluide-particle path lengths
and decreased aperturaes betiveen crystal faces inelined to the -
frecture nlane, .

3. Individual fine fractures are expected to have dlreégibnaf'
permeabllity, becruse surface textures reflect follation of

rock fabdrie. . N,
4. The znlsotrople permeadility of intersecting aggregates of
fine, rough fractures rmst differ froa that computed as though
the fractures vere parallel plates. :

5. When a mediun contains both coarse and fine openings, it 1;
énly the cocrse ones that influence anisotropy because of the
discharze, anertureecubed relationshin.

6. 1f thero is flow on each of two (or more) interseccting parale
lel=plate openings, there is a unique field gradient of hydraulle
conductivity genefally not lyins in either plane, whose projece
tionson the planes cause the flow there and in the pores of an
intergrenular-conducting medium lying between the fractures,

7. One may sun the discharge components of intorsecting frace
turos And tho solld medium. . -/
8. The discharge of & single por:llelenlate oponing can be ex-

pressed =3 A syawtrie socond-renk tensor, and if the conduit is
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Ltself anlsotropic, the tensor hae two symmetric components,

9. The dlscharge of any aggrogate of intersecting parallele
plate openings is a symmetric second-rank . tensor. |
10. A mediun cut by parallel fractures has infinite anisotropy.
The permoability'patnllel to the conductors is proportional to
the average of cubes of apertures and inversely to the avorage
spacing betircen conductors, |
11. Speeific surface eerv;s to define the spacing of plane con=_
ductors dispersed in orientation.
12, The perncebility of a dlsﬁersed set of plane conduits is a
symnetric seconderank tensor, tho contributing terns from each
individual conduit welghted eccording to the invoerse coeine of
ite 1nc11naélon from the average direction.
13, 1If sevrral sets of dlspe:sed eonduc:ots exist, the frequency
of each must be weighted according to Ghntr speeiflc surface and
orientation dispersion.
14, The tonso:-perméabiltty of jointed, sranulareporous media
mey be obtrined by superposition of components due to the frace
tures &nd due to the permeable solids; i.e. primary and gecondary
' perméabiltty $s cumulative 1t-exptessed tensorially. .
The assuaption that each parallel plate conduit is uniform
over its infinite extent is obviously {ncorrect for real fractured
media, and an assessment of the 1mp5ttnnce of discontinuties and
aeriel uniformity is needed. Models could be bullt to ascess
the influence of extent-to-eﬁactns ratios, or to mpdel fractures
that "lens out."™ Conceivadbly a distribution of apertures, from
one member to another, 2lso may resemble a dtqctibutlon of jJper=~
tures over & slﬁsle fracture area,.
On the assumption of infinite uniformity it is found that:
1) The anisotropy of & single dispersed set has the symmetry of
eoblate spheroid, flattening as fracturc alignment Limproves,



and with a plane of isotropy paralleol to tho average eonduecog
plane,
2) Tvo orthogonal sers of equal properties devolop anlsotropy
with the symmetry of a prolate spheroid, with a maximum parasllel
to thelr 1n:orsection having twice the paermeability on an isotro-
plc plane normal to doth gets.
3) Three equal, orthogonal sets form an isotropic medium,
4) Three unique prineipal axes occur in all cases of lower
conduit=orientation symmetry, with the maximum alonz the most
frequent direction of 1nt;rsoctlons, the least tending to lle -~
normal to the set of greatost conductivity.
5) The principal arzes of any arbitrary system of conductors can
~ be approximataed from inspection of a sterconet plot of normals.
Fleld pressure-test data cannot define the distridution of
fracture cpér:uros at any given site, dut other lines of roason-
ing suggest that they must be skerved in shape, Direct aperture
measurements, insitu, may de required eventually. The fleld data
does indicate that: ° |
1) The frequency of effective hydraullec conductors in undise
turded roek is much smaller than exposures of jointing would ine
dicate, parhaps by a factor of 100,
2) The number§ of conductors per drill-hole length is distridue
ted as a Foisson.
3) The gxpectaelon'ot the Polsson distridution at a site cen be
estimated from the propoé:lon of zero=discharge pressure tests,

. Current flield practice does not produce measuros of prin-
eipal permcabilities, so a method has been devised, based on the
finding that: |
~1). The discharze of a long cylindrieol e5§£cy is largely depen-
dent upon the geonmetric mean of permeabilities normal to the
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cylindor axis,. -
2) The threcu principal puramesbilitiss can be detuced Iro ape
parent, permoabilities obtained by prescure teetingtkhree ortho=
gonal drill-holes folloving prineipal axes.

wﬁlla porosity éovld appear to be indaternite Lif apertures
cannot be asgessed, an approximation assuuing 211 apertures
alike can be made from knowledge of mesasured princinal permes-
dbilities, frequencles and the dispersidn of crientations. The
model studies show that:
1) 1t poroslty is coleulated fron . ¢h measure of princinqel

. permeabilities, the average is within 10 percent of the true

porosity. :
2) 1If porosity is computed fron single values of princijpal

periccabilities averaged from 21l measurcs, the crror miy be os
much asf80 percont. ‘
The properties of frcctured mediz, and perhaps intergranue
ler porous media es well, &re more coapletely defined by nuwars
ous tests ol §m=11 volunes, with statisticcl cevaluction 3f re-
sults, than by single larges~volume tests that averagse &nd con=

ceal the variacions.
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APPENDIX A 269

COMPUTER PROGRAMS

- brosxen Uged for Orientation Studies, Ghapter §

‘The folloving program models medie, 'eontal.q'!.ng infinite, uni-
form isotropic conductors in one to five dispersed sets having
different, or equal aperture distributions, but eonat.ant .eample
size for each get, Some further comments” on the operation and
results obtained by this progrem are contained in Chapters 4 end
S.

The following description of operations, together with come-
ment statemonts in the several subroutines, explains the principal
features of the program. M\IN reads the basic input data cards
definins the (1) joint gets, and for each set, the number of ele- -
ments, M (1'), the three direction cosines specifying the orienta-
tion of the central tendency CT1 (N), €12 (N), CI3 (K), the or-
{entation dispersion co-eftici.ant. AR (R), two paremeters defin-
ing the aperture frequency distribution, STD (N), CENTER (N), and,

L

‘lastly, the joint frequency is given by the sample dimension
DELTA. L ' .

When - £1l perameters of the joint eets are in storage, MAIN
executes & 49-cycle loop, L, transferring to subroutine CNIROL,
vhich conputec and stores the permeability tensor. CNTROL calls
two other brief subroutines, VECTOR and APER, described later,
vhich furnish & Pul.r of random orientations and aperture values
to describe a conductor. CHIROL computes 9 tensor eélements from
them, os well es the median, mode, and the arithmetic, geometric
and harsonie neans of the aperture distribution generated for
each set, As many &s S sets may each have up to 500 joints.
CNTROL 2150 furnishes a ‘check on the o:!.entat:ton d!.s:rlbution by
computing the vector strength, (Pincus, 1953) a measure of di.a-



. : 370
persion somotimes employed in geological statistics and relat-

able, by Fisure 5-0, to Fisher's vector dispersion coefficient
Kge Once CNIROL has obtained all the required memders of a nlnsléf‘f
Joint sot and has computed and added the tensor contributions of )

Joint sets, each with distinet orientation and aperture dispersion |

all conductors Bt the sot, it repeats the procedure for other

parameters. Before tranaferring results to OUTPUT, CNTIROL divides
the swmmary tonsor by DELTA, weighting the tensor according to
the d;mcnslons of the volume that would contain the gample. Use
ing DELTA the same for all sets requires that the numbder of elee
ments of each set be proportioned according to its specific sure
face and orientation dispersions, as degcribded in Chapter 4, .
OUTPUT utilizes Merwin's (1959) sudprogram M1 HD13 for matrix
diasonaltéatloa. ™vo resulting 3 x 3 matrices are stored, one,
the dlagonal mateix of eigenvalues, (the prinekpal permaabllitlea)\‘/)
the other, the matrix of eigenvectors, (the principal axes), The
ratio of mdnimun o maximum eisenvgluep'TINSQ 1s stored to record
the maximum anisotropy. . d ‘ *
then all 49 independent solutions have been obtained and
stored, !AIX calls, in order, STEREO and FREQPL, subroutines dee
signed to gonerate point coordinates for the Cal-Comp Plotter,
which draws finished ink graphs with frames, scales, ladbels and
captions, )
Subroutine STEREO displays the prineipsl axes of all solue
tions on an 18 an., upper hemisphere, conformal stereographic
projection. Details of the seamot:y and techniques of stereo~
graphiec projection of vectors may be found in Donn (1958), or . .
Goodman (1963), A circle with 10-degree ticks framos the plot. §~,}
Geographic cardinals, two lines of captton; built in, end one’ |
1ine of caption, read in, are lettered defore’dats plotting
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Each eolution furnishes 3 orthogoml vectors, identified by

\|/ diemonds, etrcleu. and crosses for the axes of maximum, intece

| mediate and minimn permeability, respectively. The simple trigo-

| nometry converting direction cosines to x-y coordinates is in

statements 22 to 13 of STEREO. Should lower hemisphere plots be

desired, change the signs of components by reordering the transe

fers in the lPF gtatement preeeedl.ns gtatement 12, .

Subroutine FREQPL displays the cumulative distribution of

eigenvalues, the same dlamonds, circles, and crosses applying to
the major, intermedicte, and minor directional permeabilities of
| each solution. Similerly, maximum anisotroples are displayed
with dots. To plot cumlatively, the 49 values of each variable
] are orgenized i{n ascending order of magnitude, The ordinate has
' the probaﬁillty scale of cumilative percent, vhose plot coordine-
\[/ ates &re read into the program at tt}e beginning of MAIN., tThe
' abcissa varies from plot to plot, different scales selected to
i spread over most of the graph the range from least minor perme;-
bilicy to éte&test major permeability. Integral acale factors
are used to retain the usefulnecs of the O.leifich scale marks.
P:;lnced computer output permits subsequent manusl labelling of

the abelissa, ,




¢ MAIN CUNTROL PROGRAM, D.T. SNUW, DEPT. MINERAL TECHNOLOGY —(
CCMPUTATION OF DIRECTIUMAL PERMEARILITY WITH DIFFERENT SETS OF '
CCNOUCTING JOINTS HAVING OISTRIBUTED APERTURES AND OQRIENTATIONS. FIFTY
‘CCNSECUTIVE RANDQ¥ SAMPLES OF THE DATA GIVE THE DISTRIBUTION QF ANSWERS.,
CUNTINUOUS CHANGE UF THE SAMPLE SIZ2E IS USeD TO EVALUATE THE
CCNTINUUM=EQUIVALENT VALUME UF ROCK. ALL RESULTS. ARE PLOTTED,

CCMPUTED SMALL-ELEMENT TENSORS STORED FOR POSSIBLE INCLUSION IN LARGER

DIMENSIUN MTQTIB)»Q(3,3,50),CTLI5),CT2(5),CTI(5),AK(5),5TD(5),
LCENTENIS) oPU393),E1393),4(3),CL3),AVBLIS) MUS)HI3,3),HHI3,5)),
X113, L1 3,3),UU03,3,53),AA1015),8884),CC11001,00112),FFl4),
JﬁG(lZioIlNSCl$C!9V|4).H(B’puul2,'DDD(lZ'uEE(Z'oYF(IS"YV(49lo
AVAVB 15,500, SUMCOSI5) ,COSSUMIS,5J)

COMMON DELTA M CTY1 CT2,CTI AKX STOSCNTEN LyP Q AVEMTNTLELA,CyH,
1HH U UU;AA383,CCoCO»FF GGy TINSQ VoW W yDDDyNMAXLEESYF, YV, VAVY,
25UMCOS,COSSLM

CALL FTNMUPT12,327567,5608)

REWIND 6

CCORDINATES OF PRCBABILITY SCALR READ ON.
READ 680G YFUIL)oYFL2)sYFI3 D4 YFLA) s YFIS),,YFLS) »YFLT7) o YFLB)
READ 88C,YFLI) o YFILQ)YELILL),YFUL12),YFL13),YFL14),YFL(15)
660 FORMAT(8F9.))

READ 681oYVIL) o ¥VI2),YVII)»YVIL ), YVIS) o YVIB) o YVLIT)

READ 6615YVIB) s YVII) o YVILIOQ),YVLL]) o YVI12),YVI13),YVLIL14)

READ 881,YVILS),YVI186),YVILT)»YVI1B),YVI19),YVI20),YVI21)

- READ B8861,YVI22)sYVLIZ23),YV(24),YV(25),YV(28),YVI27),YVI28)

READ 581,YVI23),YVI30),YVL3L),¥YVI32),YVI33),YVLI34),YVI35)

READ 681,YVI38),YWIAT)YVI38),YVI3IF),YVI40),YVIAL),,YVI42)

REAVD 681, YV(43IoYV(Q#’,YV(ﬁSleV(#b"YV(QT"YV(QB)gVVIQQI

661 FORMAT{I7F10.5)

CLEAR CUMULATING PARAMETERS.,
291 00 212 Nal,S
210 MTOT(N)=C

N2Q

DO 292 L=1,59

00 2C2 I=1,13

00 2€2 J=21,3

202 GllyJyL)20,0
00 292 M=21,3
COSSUMIN,L)I=.0
292 VAV3{NsL)20.0
6086 NaN»} ’
READ 652+ IMIN)sCTLEM) 2CT2IN)ICTIINDI JAKIND »STDUIN) ,CENTENIN)HDELTA
PRINT 672:MU ) pCTIIN)CT2UN) »CTIIND JAKIN) ySTOUIN) JCENTENIN) »OELTA
052 FORMATITIIF12:892F1l3e8sF5.2:3F10.5)
472 FORMATI15,3F20.83F5.293F15.5)
MTOTIN)=MTOTIN)+NIN)
IFLL=-MIN)) 836,161,8
8 NMAX=2ii=-1
PRINT 680,NMAX,MTNT{1),VAVEI1,1)
830 FORMATI2110, F2u.5)

00 205 L=1,50

LaL
. GALL CNTRM.

275 CONTINUE

CALL STEREQ
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CALL FREQPL

N=Q.

GO fQ 6v6
161 IF(DELTA) ZCI.Zsl 162
162 CALL NOPLOT -

ENOF ILE ¢

ENDF ILE 6

CALL REWUNLILS)

CaLL EXIC

END

. LIST
L LABEL
e FORTRAN '
SUBROUTINE CNTROL
OIMENSICN MTOT(S)4Q(3+3,50)sCTL(S)CT2(5)4CT3(S)AK(5),STOLS),
lCENfEV(Sl.P(3'3’35(3'3’gﬁ(3,ou‘)'.lVB(S'lH(S)tH(503"HH(3|5~'l
CXCEIP4LQU3T4LL343DoUUI343:50):88115)483C44CCELIN00(L2),FF(%),
3GG(IZ'QTIVS~(50||V(6,0H(8,QHH(Z’ODDQ(IZ’o:E‘Z'qYF(lS’.YV(49lo
QVAVB (S¢50]) ¢« SUMCUS(S5) ¢COSSUMIS5,50)
COMMON 0L TA M CTL4CT2,CT34AKySTO,CENTEN L P UAVBMTOTsE¢ACsH,
IHHo U oUU, AL BBy CCoCOsFF oGO o TINSQ o VoW oW DDD ¢ iMAXECsYF YV VAVE,
2SUMCOSCUSSLM
00 220 I=1,1
00 229 J=1,3
220 PUI¢J1=2Q(lsJeL) '
CCHPUTE MATRIX OF TIANSFORMATIUON BETWEEN ZENITH AND
CENTRAL TCONDENCY CF SeT.
DO d13 N=l AMAX
DENOQM=SURTF(L1.0=-CT2(N)eCT2(NI}} -
E(ls1)2CTLEN)CT2(N}/DENOM
€ll,2)==0ENCN )
ECLs 30=CT2(NIeCTIIN)I/DENM
E(2,1)=CTLIN)
€(2,21=CT2(A)
E(2:31=CT3(N)
E(3,11=CTI(NI/DENOM
E(3,3)1=2<CTLINI/VENOM
CONSTANTYS OF DISPSRSION COMPUTED.
FlacXPF(AK(N]) )
GlaF 1=EXPF(=AK(N}])
AVBINIsVAVS(N,L)
SUMCOS(N)=CCSSUM(N,L)
CALL A UNIFURM RANDUM NUMBER GENERATOR TO DEFINE A PROBABILITY, THEN
CCHPUTE COSINE THETA DEFINING A CIRCLE ABCUY THE CENTRAL TENDENCY AC-
CCRDING YO AKy FISHER'S COEFFICIENT OF OISPERSION OF VECTORS ON A SPHERE
CALL AGAIN A RANDCM UNIFURM GENERATOR TO 2GSITION THE VECTOR ON THE
CIRCLE.
KM=M(N)
00 813 MTIMES=]l MM
HlsF]1=-RANDOM({X1)2G)
COSTH=LUGF({F1)/7AK(N)
SUMCOS(N)=SLMTOS(NI+COSTH
SINTHaSWRTF(1.0-COSTHeCOSTH)
PHI=RANDOM(X]1)¢6.28318
AlL)=SINTHeSINF(PHI)
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Al2)sCOSTH .
A3} sSINTHeCOSFLIPHIT >\_/‘
CLINSELLs1)0AL1)¢E(2)1)0A(2)0E(3,1)0A(3)
Cl2)=2E{1,2)0A11)+E(2,2)0A(2)
CU3ISELL ) 0AlL)¢E(2,3)0A(2)¢E13,3)0A())
IFICL3)) 221,224,224
221 DO 222 J=1,) ,
222 ClJI)==CtlJ:}
CALL RANDJOM NORMAL NUMBER GENERATOR AND MCDIFY IT ACCORDING TO THE
CELECTED PARAMETERS OF THE SET.
224 B3aAASF{STDIN)IORANDEVIX1)*CENTENIN))
AVB{N)2AVYB8IN) B
CALCULATE PERMEADILITY OF EACH JOINT, THEN ELEMENTS OF TE:NSOR.
PERY=250666586.65670H00)
EN=AASFICOSTIH)
Pllse1)3Pll,1)ePERM®(1,0=-C(1)2C(1))/EN
Pll,212P11,2)¢PERMe(=Cl1)2C(2))/EN
Pl1:s3)3P11,3)ePERM2(=Cl1)2C{3))/EN
Pl2:2)13P12,2)¢PcMe(1,0=-C(2)eC12))/EN
Pl2:3)3P12,3)ePtRMe(=C(2)2C(3))/EN
T PL3s3)2PL393)PERMe(L1.0-ClI)eCLI)I/EN
313 CONTINUSE
Pl2,1123P11,2)
PiI,1)3PLl1,3)
Pl13,212P12,))

CAUSE APERTURE MEAN, SAMPLE SI2E AND VECTUR STRUNGTH TO BL PRINTED OUT, -

DO 2C7 N=]l,\MaAX \\J/
BAVGsAVIIN) /FLCATFIMTOTIN))
STRaSUMCOSIN)/ZFLOATFIMTOTINY )
VAVBIN,L)=AVB(N)
COSSUMIN,L)25uNCasSIN)

207 PRINT 857,8aV3,MTOTIN),STR

857 FORMNATIF20.3+110,F20.8)
00 244 131,13
00 20~ J=1,12

CARRY SANPLE TENSSR TO NEW ARRAY FOR STORAGE,

Qtl,J,L)3Pl1,d) .

20% HUIJ)2P11,J)/DELTA
CALL WTPUTY

RETURM
END

* LIST

L LABSL

. FORTRAN

SUBROUTINE STEREO
CALCULATES COORDINATES AND PLUTS THE STEREOGRAPHIC PROJECTION OF M VE

CIORS ON THZ UPPER HEMISPHERE OF AN 13 CM NET OVERLAY
DIMENSION ‘Iﬂfl5)o°(3v3959)vCTl(5loC72|b3chS(5,'QK15’0570‘5):-
1CENTENIS)sPU3+3)9E1393),A03),C13),AVBI5)MIS)HIIHI),,HHII,5,), ‘ .
2X03),13030,L13,3),UU13,3,50),AA(15),88(4%),CC(10),00(12),FFl4), ./
SGGIlZ,oTIVSC|50):Vl#)v“l&’oHH(Z'tDDDilZltEElleYF(lS),VV!§9’p

AYAYA 15,59)
COoM40N DELTA, 10"11C'2:Cr3levSfDoC‘NTEYOL!PtaoﬂVBtHTOTvaAuC He
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1HH.U LU AL, BB.CC.UDQFFQbG.TlNSQlVo" WWoODDyNMAX s EEoYFo YV, VAV
VEl) =3H]LIKN
V(2) =23HLKS
Vi3) =3H1Mw
Vié) =3IMH]IHE -
WHll)=6HIRFIGU
WH{Z2)s6HRE
Wll)=bHG2HSTE
Wl2)=s6HRcNGRA
W(3)=6HPHIC P
W(6)=6HROJECT
W(S)=6HION, U
Wi6)26HPPER M
W{T)=6HEMISPH
W{8) =3HERFE

11 CALL GRAPH (1Je0¢7e84l.1)
READ 7, (90CtJ)ed=1412)

7 FORMAT(1246)

CCORDINATES AND LETTERING DONE.

CALL
CALL
CALL
CALL
CALL
CaLL
CALL
. CALL
CaLL
CALL
CALL
CALL
CALL
CALL

THETA=Q.v

XLN
XLN
XLN
YLN
YLN
YLN
LTR
LIR
LTR
LTR

(0e¢23¢0e3743:9,40.9)
(3¢804eCe3:990.9)
(7.6347¢5743.9,0.0)
(0e23¢20e¢3743:940.9)
(3¢804¢0¢3.9,0.0)
(7¢6397.5743.9,0.0)
(0el203.8042¢14VIL))
(T7e¢83¢3.800241,VI2))
(4eC)eQPe020241eVI3))
(4e0)e7¢6842¢14VISL))

LTR(Ba293el g0l o)
LTR(Be€oUeCel2sloNW)

LTR

(9¢0¢0e42¢1,000D)

CURVE (2¢1v020C5=3:9¢10¢0¢=3¢9¢10eC¢1)

15 PHI«THETA/57.295
XX=3.53¢COSF{PHI)
YY23.53eSINF(PHI)

CALL PLOTPT(XX,YY)
THETA oTHETA ¢ 1.0
IF (THETA~ 36243115415,999
999 DO 10 [=143
CHOSEN SYMBOLS ARE DTAMONDS FOR K11 AXISs CIRCLES FOR K22 AXIS, AND
CROSSES FUR THE K33 AXIS.
IFLI=2) 16419429

l6 CALL CURVE (3'1.‘.00‘309.1000"3(90iﬁcO.l’
GO 10 22
19 CALL CURVE (S¢lele0¢=3:¢9¢10e0¢=3¢9¢1C.0,l}

GO Tu 22
20 CALL CURVE (Telele09¢=3:¢9¢10:0¢=3.9¢1Cc0¢l)

22 00 10 L=l,5¢

CCMPUTE X-Y COORDINATES FROM OIRECTION COSINES.
RE2I53eSQRTFI{L1.C=UU(3,E4L)}/ (1. O*UuticlnLill

SaUU(24LeLI/VVULL,IsL)
XX=2R/SQRTF( L« 3¢SeS)

IF(UUtLs oL}

12 XXs=XX

12¢213,13

N



13
10

758

CCNOV
CCNDY

YYsXXe§

CALL PLOTPTIIXX,YY)

ENOFILES

ENOF ILES

RETURN

END

LIST

LABLL

FOQRTRAN

SUBROUTINE CutlPurt

DIMENSIUN MTOT(5),Q€3+3,3C)CTLI5),CT2(5),CT3(5),AK(5),5TO15),
LCENTEN(S5)sP1393)98(3431,A103),CU3),AVBIS) MIS),HI3,3),HHI3,5)),
2X13),1Q030,L103,30,UUL353,52),2A115),8B8(4),CCL10)+00812),FFLa),
3GGLL12), TINSQUS30) sVI4) o W(B) e WW(2),000(12),CE(2),YFL15),YV(49),
4VAV31(5,50)

COMMO'l DELTAIM)CTL,CT2,CT3,AK,STD,CENTENILsP yU AVB MTINT,EZACyH,
l:H;U.UU.AA.BB;CCpCDaFFosﬁnTlNSQvVthHH.DDD.N"AX'EE'YF'YV'VAVB

=

IEGEN3Q
CTIVITY MATRIX 1S DIAGUNALIZED TO GET THE PRINCIPAL
CTIVITIES ANC AXES OF THE SYSTEM CCNOUCTIVITY TENSCR

CALL HOTAGIM N, IESENU»{R)

PRINT B1790(HLTJ)pJ2153),121,3)

PRINT 817.,01ULJ91)5J31,3),121,3)

817 FORMAT(1P9EL12.4)

CCOorRD

160
762
765
CAUSE
790

183

L
*
®

CLMUL
caprT}

INATES OF AXES PUT ON UPPER HEHISPHERE
DO 765 [31,)

IFIUL3,1)) 269,785,765

00 762 Ja2l,3

UtJd,i)s=utJy, 1

CONT INUE

SOLUTIUN TO BE SINRED FOR LATER PLOTTING.
D0 783 [=1,3

HH{I L )3H(T,1)

00 783 Js31,3

UULJ 1L )3ULJ, 1)
HHINSMINIF(HH(lnL‘oHH!ZoL’oHH(3oL'l
HMARSMAXLIF{RHITI L) oHHI2,L ) oHHI3,L))
TINSQEL ) SHMIN/HMAX

RETURN

END

LIST

LABEL

FURTRAN

SUBROUTINE FREQPL
ATIVE FREWUENCY CURVES PLOttED FOR EACH PRINCIPAL CONDUCTIVITY
ONS AND LABELS STORED.

DIMENSION N'OT(5)’Q‘3:3:50)val(S)oC'le)0C73‘5)’AK(5”SYD(5’Q
LCENTENIS)»P(323)9E13,3),A(3),C03),AVBI5))MI5)2HIIN3)HHI3,52),
X103 1QU3)oUC343),UUL323950)AA(15) 814} ,CC110),00(12),FFt4a),
36GUL2) s TINSQU30) sV (4) W(B) o WHWI2),00D(12)+EEL2)YFI15),YVI4T),
4VAVE1595C ) SUMCUSIS),COSSUM(5,50)

COMMON DELTA 4 CT1,CT2,CT3,AK,STD,CENTENILIP IV AVBIMTOT ,E9ACyHy
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310
il

e7?

I1HHsUUU,AA, BG.CCcCD|FF'Ge'flVSQOVQV|NH|DDD.MNAxlEEQYF.YV:V&VS.

2SUMCUS +CUSSULM
AA{l)a3H]HL
AA(2)=3HIH2
AA(J)=3HINHS -
AALG )s4H2HL G
AALS J=4H2H2Y
AALSE)=4H2HI )
AALT )=4HZHAS
AALBI=GH2ZHS S
AA(9)=6H2HEQ
AACL1OV=4H2HTY
AA(L11)84H2HEY
AALL2)=6H2HSD
AACL3)=26H2ZHSS
AAC]4)=4H2HSE
AALL1S)=4H2HSS
BB{1)=s6H18HCUM
B88(2)s6HULATLY
BB(3)26HE PERC
88(4 )= 3HENT
CC{1)=23H55H
CC(2)26HFIGURE
CCli)=6H « P
CC(4)s6HRINCIO
CC(S)=z6HAL COU
CCt6)=6HDUCTIY
CCLTIsE6HITIES,
CC(8)=6H X 10
CClY9)=6H CGS U
CCLLOJ=4HNITS
EE(LYa4H2HL S
EEC(2)o4ri2HB4
FF(l)=6H]18HMAX
FF(2)=6HIMUNV 4
FF{3)=6HNISCIR
FF{6)s3HUPY

CCUORDINATL.S AND Lc"ER“G DONE »
CALL GRAPH(ScJ)e640¢2495)
CALL FRAME(C.leV.C)

CALL XUN(D¢&eFelele77,0)
CALL XLN(0.Qe¢94U93:¢92¢0.5)
CALL ‘LN(Q.Q'90C0‘023OC'
CALL XLN(5:¢95¢9¢C1642¢0.5)
CALL XLN(9.Cs0eQ0¢0:0¢=Ce5)

00 310 Js=i1,15

CALL XLN{JeCodelsYFLJI) eI}

00 311 J=1,15

CALL XLN(BeSe70:YFLJI] ()

D0 21 J=1.,15
YYsYF{J)1=0al5

SCALES PLUTTEOD.

CALL LTR(=0.3,YY,140:AALJ))

CALL LTR(=0.5¢4067+291483)

CALL LTR(De19le?2¢1¢0¢EL(L
CALL LTR(CelobelBeleOsEEL2
CALL LT21=1e3¢=140:2,0,CC)



CALL LTR(5:998:449299:FF) B

READ 7,1GG(J),Jal,12) <
CALL LERESIoTr=144720+GG)

READ 7,(00(J)sdals12)

CALL LTR(=0.,4,-1.84290,00)

7 FORMAT(12A8) -
CCNOUCTIVITIES ANC ANISOTR0OPICS ARRANGED IN ASCENODING OQDER.

38
32
49

39

00 32 I=1,1)

00 32 L=1,45

LPlal+l

DO 32 J=LP1,5)
IFCHH{ Lo L)=MH{1,J)) 32:32:38
TEMP3HHLI,L)

HHL I L )2HH{T1,))

HH(L »J)3TFMP

CONT INUE

DU 39 L=1,45

LPlaL+]

00 39 J=LP1,59
IFCTINSQIL)-TINSQ(J)) 39,139,444
TEMPsTINSQLL)
TINSQIL)=2TINSHLI)
TINSQUJI)=TENMP

CONIT LiUe

CCMPUTE FACTOR TO MAXKE PERMEAUILITY CURVES FIT PLUT, POSITION CURVES.

61
62

63
13
64
83
a1
303
306
399
69

31

XMINSMINLIFINHL Lo 1) oHHE2 41 ) 5itHI3 41} ) ,
HP31.JE-C2 N
HSsAMINsHO

IFIHS=1.0) &3,84,564%

HP3HPe (.

GO 10 62

HP=2HP/1G.C

HS=2XMINOHP

XMAXaMAXLIF{HH(1250 JoHH(2,5. J,HH{3,50 ))
HLsXMAXeHP

EF(HL=-HS=8.0) 6%59485,73

IF{HL-HS=-C.8) 83,563,381

X232/ (HL=HKS)

GO TO (69,659303569,899306930696993C099569),1IX
[X=2

GO 10 &9

IX=5

GO 10 69

IX=8

XIs=tX

HPaHPeX]

PRINT 310‘"!“0!"AXO!‘

FORMATI1P2E2V.8,14)

IXMINaXMINe P

XMINsIXMIN

CCMPUTE FACTOR TO MAKE ANISOTRUPY CURVE FLT PLOT, PUSITION CURVE.

92
93

Psyu.1

TOIFaTPe (TINSA{SO)=TINSUI(1))
IFITDIF=Q.2) 93,9494
TP=2TPelG.0

GO 10 92
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96 TSerINSU(Ll)eTP
1Ol ITSaTS
TSe[ TS
PRINI 31y TINSQUL)oTINSI(50),1TS
CLRVE IDENTITY ESTAALISHEDAND STANDARD DEVIATION CALCULATED
42 DO 35 I=1,3
HACTaHHI1,425)e) LE=-C6 .
OEVH=(HH(l,42)=HH{],8))¢]),0E-06
PRINT 350.0DEvH
35 PRINT 36+HP ¢HACT (I TINSJ(25])
DEVI=TINSQU42)~-TINSQU8)
PRINT 390, Cevl
36 FORMAT(IP2E2..8414, E20.8)
350 FORMAT(F2C.?)
CLMULATIVE FREQUENCY CURVES PLOTTCD

00 18 [=1,3
CHOSEN SYMBOLS ARE DJAMTNOS FCR Klle CIRCLES K22, CROSSES K33,

IF(LI=2) 964594100 .
36 CALL CURVEL 3 4lalsC o0 e0C39.045¢046.041)
GO [0 289
99 CALL CURVE(Sslolote.eDDe9e0g0e046.041}
GO 10 289 _
100 CALL CURVE( 73191 ¢C0ue00:¢7¢040.046.0¢1)°
289 DO 17 L=l 45
XVesHHUT 4L ) eHP=XM %
17 CALL PLOTPT(XV,YVLIL))
18 CONTINUE
CALL CUKVE(l4lsleCe06009¢04ded¢be0el)
D0 217 L=l,443
XVsTINSU(L)eTP=TS¢6.0
217 CALL PLOTPT(Xv.YVIL])
ENDF ILE 6
ENDFILE o
RETURYN
END



of Iorooity
The following program includes revisad editions of the above- \\*/
descrided oubroutines with additional sudroutines to vary the size
of samples, to compute the discharze of simulated pressure tests,
to plot the resulting discharges, and to compute porosity by two
methods from the geometry of joints and the computed anisotropy.
WWithin the portions of the program that model jointed media
and compute an equivalent anisotropic-continuum permeability, the
| ‘principal innovation is Subroutine NUMBER, Upon first call from
HAIN, NUMBER sets up a table of probdabilities of obtaining cer-
tain small lnfesral nunders (3, 1, 2, 3, 4, ate.) of conductors,
calculated according to the folsson distribdution with a specified
expectation (1/10 of M (K)). A separate table serve$ each set,
so that differcnt frequency distributions are possible,
When M\IX exccutes the 4%ecyele L-loop, calls to NUMBER -/
get a random sample size from the tables. To do so, random uni-
forn nunbers are generated as prodabilities, which are then
matched with the closest value in the probadility table, so
identifying a saxple size,
Subroutine VECTOR sets up a eooghinata'transtormatioh on
the first cell, and for each subsequent call furnishes a randoaly
orientoed vector according to the reade=in direction of the central
tendency, and the Fisher dispersion. One reason for separating
the vector sampling from the control routine is to permit sube-
stitution of different vector subroutines. For ingtance, fleld
joint orientation data could be read into storage and sampled at
randon, or in thelr entirety. This progédura was not used because\‘;J
thers is not yet a field method for datermining in-situ apertures

to palr with each measured orientation. . -



81
Subroutine APER gonerates on each call a8 randon number to

represent the aperture of a conductor, Alternative subroutinee
APER listed below &include ttanaposed'(absolute value) normal
distributions, log=normal and exponential distributions. Other
density funcéion generators could be cédpiled:

Corrosponding to each caﬁpllns of all the sets, there is
computed the permeability tensor as described for the simpler
version of the model, To test the model's ability to duplicate
fleld pressure~test data, there is computed in PIEZO the dise
charge that would occur under standard conditions for three holes
of spocified orientation (read in at MAIN). The program dupli-
cates the matrix manipulations derived in Chapter 3 foé cylinders
of arbitrery orientation in anisotropic media. Each call to
P1EZO gives different results because successive samples produce
media of different anisotropy. The discharges are stored for
plotting efter completion of the 49 samplings.

Subroutine PUMPLT differs operetionally froa FREQPL only in
that the ordinate is arithmetic instead of probability sccle, and
the computed-s;a;tsttcal parameters of the pumpedischarge distri-
bution are mafkéd on the élof.

Subroutine BQPog.was develoned to learn whether or not the |
everage of porosities, calculated from varying permeabllities and
knovn spaeing and orientation, does or does not approach the true
porosity, based on the assumption that each sample contains the
average nunber of conductores, and that they all have the came
aperture. Since the samples have nunbers defined by the Foisson
distridbution, and apertures and orientations defined by various

dispersions, the sample porosities vary by several hundred cercent

. from the average. To compute porosity, EQPOR sets up a new co-

ordinate system parallel to the computed (OUTPUT) principal axes,



. . e
288
following the procedure of Chapter 4, then sets up simultaneous

‘oquations (4-28) to dotermine tho permeability of parallel sets,
kﬁ, :ﬁa:‘would develop the same anisotropic permeadllity, then by U/
(4-31), with corrections for the orion:a:ton_dlapeiaion. it con~
putes porosity anﬁ the ratio of computed to true porosity. Unlike
real media, the model porosity is precisely known dbecause each
aperture gencrated in APZR is added in CNTROL. The program is
specifically compiled for one system of joint orientations, de-
vaeloping the data of Table 7=1,

Subroutine bonsq does the same service of computing porosity,
but does so only once per jod, using the average of all 49 per-
meabilities and principal axes predetermined for the specifie
- joint system., Output from POREQ 1s the ratio of computed to true

porosity.
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. DECKS

. LABEL
@ LIST

. FORTRAN

C KIJ MAIN CONTROL PROGRAM, D.T« SNUW, DEPT. MINERAL TECHNOLOGY
CCMPUTATIUN OF .NIRECTIONAL PERMCARILEITY WEITH OIFFLRENT SETSe NUMBERS Ui
CCNOUCTING JOINTS HAVING DISTRIBUTED APERTURES ANU ORIENTATIUNS. 69
CCNSECUTIVE RANDOM SAMPLES OF THE OATA GIVE THE DISTRIBUTION OF AYSWER:
ODIMENSION MUS)sCT1(5)4CT2(5)¢CTILS) AKLIS)(STOUIS) +CENTENLS)
IPU3o3)sEC3s3)eHIZ3)oUl343) i HHE3450)eX(3)4IQI3),0UL343,50),
2TINSQUSC ) s AVB(S) s SUMCOS(S) ¢HARM(S) (GEOMIS) 4 2(500),A(3),C(3),
JAALLS) sBBLG) yCCULO)sODIL2)4EEL2)FF{4) GG(12):0PDIL2)eVI&d, ril(8),
GWNWE2D s YFULS ) YV(4) PP (2) 4CUSINVIS) sURC3ICUBELS) 4MPTS(S0,S5),
STRU3¢3)sAX1343),Q08(5043)4CACL1) GAC22)40ALL2),PRESQsSIoRALLLY,
6CP(4 ) ORHOL(343)¢FALGIoUTES43)eYTI310AL(Y} CKU3} PURAT(50])
COMMON MeCTL24CT24CT3,AK STOJCENTEN;AVE s SUMCUSHARM(GEOQM,DELIA,
LLePEoAsColgHH U UU AA BB ¢CCoNDEL o FF oGS o TINSQoVoni o wW,DODyNMAX Y
YV NeNOWsBe ZsPP,COSINVENgWAJDIAM HEADCUBE JMPTS ¢OR(CKy FReAX
3QACAsGA DA MM,PRyRA,CP, FA.ORHOL0P0RUS:PGRTUY|PORAT.
6HlULf|HZULTcHSULf
CALL FTMUPT(2,32767,606)
REWIND 6
CCORDINATES OF PRCOABILITY SCALE READ IN
READ 66Cs(YFIL), I=]1,15)
660 FORMAT(UEF9.3)
READ 661s(YVIL)l21,449)
661 FORMAT(TF10Q.5)
CELECT HOLES [N ORDER, PARALLEL TO MINDR, INTERMEDIATE AND MAJOR
CCNDUCTIVITY AXES. CAN THEN SCALE PUMPPLT TO MAX OISCHARGE.
CCSINES OF THxcE CRTHUGONAL TeST HOLES AND TEST CONOITIONS READ %M.
00 1157 MN=1,3
1157 READ 661,(0RMOLIMO¢J0)¢J3=143) ¢ WA,DIAMHEAD
* 201 Ns=0 '

606 NsNe¢l ' '
CCNSIUVER M(N) AS 1) TIMES THE EXPECTATION OF THE POISSON DISIRIBUTION
CCNSIDERED AS THE SIZE OF SAMPLE
Cl ARE THC DIRECTIUN COSINES OF THE CENTRAL TENDENCY OF SET VECTORS
CCEFFICIELT AK IS THE FISHER VECTOR OISPERSION, DELTA SAMPLE LENSTH
CENTEN AND STD ARE PARAMETERS OF THE APERTURE DISTRIBUTION

REAV 652« H(N1|C71(N30CTZ(NIcCTS(N!cAK(NIvSfD(NlQCENTEN(N’QDELTA
PRINT 6T2,MIN)¢CTLIN) ¢CT20N) oCT3(NI JAKIN) s STOINI JCENTENIN} 40CELTA
652 FORMAT([3:Fl2.8,2F10e84F5.243F10.5)
672 FORMAT(IS5¢3F2)e6¢F5.243F15.5)
CCURDING TO M VALUES READ, ELIHER COMPUTE, PICK UP NEXT JOINT SET, OR
CAN EXAMINE DELTA
[F(l1=M(N]) 606!!61!
8 NMAKsN-]
CALL FIRST PART QF SUBROUY!VE NUMBER TO SET UP A PROBABILITY ARRAY
NON s}
00 2100 N=]1NMAX
N=N '
2100 CALL NUMBER
PORTOl=L.C
HIUL T20.0
H2ULT=20.0

H3ULT=0.0
CYCLE THRUUGH 49 SEPARATE PERMEABILITY DETLRMINATIONS
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D0 2C5 Lsl,49 ‘
LatL .
CCMPUTE A FRESH TENSORIAL ANSWER EACH TIME CNIRUL IS CALLED
CALL CNTROL
CCMPUTE PIEZOMETER NDISCHARGE CORRESPONDING TO TENSOR DEVELQGPED
CALL PIF20
CCMPUTE PUROSITY FRUM PERMEABILITY
CALL zQPUR '
CUMULATE PRINCIPAL OERMEABILITIES
HIULTaHIULT 1L, 1)
H2UL T3H2ULT +H(2,2)
H3UL TaH3IULT*H{ 3, 3)
205 CONTINUE
CALCULATE AVERAARE PRINCIPAL PERMEABILITIES AND POROSITIES
HIULTsHIULT /43,0
H2UL T3H2ULT/49.0
H3ULT3HIULT/Z4%.0
PRINT 2393,HIULT JHQULTH3IULT
2393 FORMAT(49H) AVERAUE PRINCIPAL PERMEABILITIES X 10 ES €GS = 3L20.5)
PORUS=PURTOIZ49.0 ,
PRINT 2394, PORUS
2394 FORMAT(25H0 AVERAGE TRUE PQORQOSITY= F15.9)
CCLLECTED ANSWERS OISPLAYED I PLOTS
CALL STGCREN
CALL FREWPL
CALL PuMPLT
CALCULATE AVERAGE PJRE RATIO, EQUIVALENT /73U
TOTPOR 20,45 .
00 2375 L3l,49
‘2375 TOTPORaTOTPCR#+PORATIL)
TOTPOUR=2TUTPLR/49.0
PRINT 2395, TOTPUR . :
2395 FORMAT(24H2 AVERAGE PORE RATIO =2 F20.5)
CALCULATE STANDARC QEVIATION UF PURE RATIG
DEVPUR3( . &
DO 2376 L=21,43
23786 DEVPORsDEVPCR* (TOT"OR=-PORAT{L))ee2
DEVPOR=SQRTF{DEVIPOR/49.4)
PRINT 2396, DEVPUR
2396 FORMAT{I3THO STANDARD DEVIATION- OF PORE RATIO= F25.5)
CALL POREQ
GO To 221
CCOROING TO DELTA VALUE, PICK UP NEW PROBLEM UR EXIT IF DONE
161 IFIDELTA) 2¢1,2L61,162
162 CALL NOPLOT
ENDFILE &
ENDF ILE 6
CALL REWUNLL(S)
CALL EXIT
ENO




s

220 P(leJ)ava o

2911 MUD=(
2312 DO 295 %=}, NH&X

LIST

LIST

LABEL

FORTRAN

SUBROUTINE CNTROL

DIMENSION MIS)4CTL(5),CT12(5)CTILS) AKISIsSTOES)CENTENIS),
1PC343046€343)eHI303)4Ul343))HHII50)oX(3}elRI32,UUL343450),
2TINSQIES.) sAvE(S) SUMCOSIS) (MARMIS) ¢SEOM(S) 215G AL3),C(3),
JAALLS)4DBC4)CCLLIO)sDDIL12),EEL2)4FF (&) 4S6GL12),40NND(12),VI&) W IB),
SUWL2) e YFLLIS )oYV L4Y) PPL2)yCUSINVIS)IURI3ICUBEIS) MPTS(50,5),
STRE3Is314AXE34303WwA(S0,3)4CACLLIGALL2EDALLZ2T4PRISCHSILRALLLYD,
6CP(G)oORHOL L33 FALG)+UCI343)eYT(3),4LC3),CK(3)

COMMON M, ,CT1,CT2,CT3,AKsSTOyCENTEN,AVB , SUMCUS HARMGEOM,DELTA,
ILePoEsACoHgHH U UULAA BB yCCsDDsLE s FFoGG o TINSQoV oW WR¢DDODyNMAX, YF
2YVeNegNONoB g Z PP COSINVIENgWAJDIAMHEAN CUBEsMPTSsORyCKy TR AX,
30A,CAsGA DA MM PRyRA,CPFA,O0MOL ,PORUS

00 220 Isl,2

00 220 J=l,1

PORUS=C.U
IF (1-L) 2912,2911,2911

NaN
NON=0

CALL SUBRUUTINE NUMBER TQ DETERMINE SAMPLE SIZE MN FOR IHIS soLutioN

altl

CALL NUMBER

IF (MM) 293,293,2111

CALL VECTOR

AVB(N)=( .0

CUBE(NI=Ged

HARM(N) =( .0 )
GEOM(NI=0.0 *
SUMCOS(NI=0.2

COSINVINI=0.L
ELEM=FLOATF (¥M])

D0 813 MTIMES=l, MM
MYIMESsSMTIMES

CALL FOR A RANDOM JOINT ORIENTATION

CALL VECIOR

CALL FOR A RANDUM APERTURE TO PAIR WITH ORIENTATIUN

CALL APcR

CLMULATE vOID VOLULME FUR CCNDUCTORS PENETRATING THRCUGH TH VOLUME
CENTERED ABOUT THE DRILL HOLE

PORUSEPORUS¢2,CeB/ABSF(CI1)oCTIINI+CL20eCT2CNI¢C(31eCTI(N))

CCNTINUE INCREMENTING STATISTICAL PARAMETERS

AVB(NI=AVR(N} 8
GEOM (N} =GEOQM(NI+LOGF(B) .
HARM(N) =HARM(N]+1.0/8

CCLLECT APEARTUKRES [N AKRRAY (£

Z(MTIMES ]} =8
B=afee)
CUBE(N)=CUBELNI)+D

CALCULATE PERMEABILITY OF EACH JOINT, THEN ELEMENTS OF TENSOR.

CCNSERVE SIGNIFICANCE nY RAJISING BY FACTOR OF MILLION

PERMS666666.667¢0




288 }
Pll,1)2P {1, 1) #PERMe(1.C=CULIoCIL)I/EN '
Pll92)3P(1,2) #PERMO(=C(1)oC(2))/EN </
PLL143)2P(1,y3)¢PERMO(=CIL)oCI3)I/EN '
Pl2,2)2P(2,2)+PCRMS(1.0-CL2)8C(2) ) /EN
PU2,3)2P(2,3)+PLAMS(=C(2)9C(3))/EN
PL3:303P (3, 3)4PEXMS{1,0-CI3)0CL3))/EN
813 CONTINUE
PL2,112P(1,2)
P13,113P11,3)
P13,2)20(2,))
CALCULATE VECTOR STRENGTH, STATISTICAL MEANS OF APERTURE DISTRIBUTION -
BAVG3AVBIN) /ELEM
AVCURE=CUBE (N) /ELEM
STR2SUMCOS(N)/ELEM
BGEUM=EXPF(GEQMIN) /ELEM)
BHARM3ILLEM/HARMIN) '
CAUSE APERTURE ARRAY [0 BZ OROERED
MN3MM-]
00 275 LLsl,MN
LPlaLL+]
DO 275 J’L”l."”
IFLZILLI=ZUJ)) 275,275427%
274 TEMP=2(LL)
ZILL)az(y)
ZUI)3TEMD : ,
275 CONTINUE .
CITE MEDIAN vaALuS A
M2=MM4/2
IFINM=204) 231,291,292
291 BMED=(ZIMZ)+Z(ML+1)) /247
GO 10 293
292 BMED=2(MZ+1)
CCHPUTE MOOE FROM ORDERED ARRAY AT CENTCR OF OENSEST OF 55 CLASSES
293 IFINUD) 231,230,230 .
230 IF(1-\) 231,2230,2230
CLASS INTCRVAL ESTIMATED BY GuTTING EXTREMES OF A SAMPLE OF 25 APERTURL
2230 BTOP2=1.0E2C
B8OT= 1.CE2¢
MyDa-1
00 2939 121,23
CALL APLR
BTOPaNAX1IF(BTOP, 1)
2909 BBOT=MINIF{BBUT,B)
BCLASS3{870P-3807)/5C.C
PRINT 2979, 8CLASS,810P,880T,A
2979 FORMATU 11HZ INTERVALs 4E12.5)
CLASS FRELUENCIES ZERUED
DO 232 Na),NMAX
DO 232 LMs1,%)
232 MPTSILM,N)3C ] ﬁ
BSTOP3B8BUT=-BCLASS/2.0 o
CCUNT FREJUENCIES IN CLASSES AND ADD EACH SULUTIOW \\J
231 BENO=HSTOP
LMa)
IFtMM) 2110,2110,2118
2118 DO 283 LL31,84




L
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\T

287

IFCZILLI=REND ) 280,281,281
281 LMaM¢]
BEND=BEND¢ACLASS
280 MPIS(LM NIZVPTS(LM,N)¢]
285 CONTINUE
CLASSES AND FRECQUENCIES PRINTED OQUuT FUOR L&ST SAMPLE ONLY
IF (L=49) 233,234,234
23& BEND=3STUP
CLMULATIVE APERTURES DISTRIBUIION MODE FOUND
MAXDEN=0
00 236 LM=]1,5)
CENTER ABCEISA ON MINDLE OF INTERVAL
ABCLISA=BEND~-RLLASS/2.0
PRINT 288, ABCISAMPTSILM,N)
288 FORMATIEZ22.S5,11V)
IF (MPTSILM,N)} =MAXDEN) 236,237,237
237 MAXDEN=MPTS (LM, N) dd
BMODE=ABCISA
2386 BEND=3END+BCLASS
233 COS3uM=COSENVIN)ZELEM A
CCNSIDER ONLY 49Th PRINTING OF MODE TO BE -CORRECT *
2110 PRINT 658
658 FORMATEITHY PROPERTIES UF APERTURE OISTaIsurioNn )
PRINT 657,M¥, STRyCOSSUM,BAVG¢3GEOM,BHARM,3MED8MODE, AVCYBE
657 FORMATIBOHO ELEMENTSy STRENGTH, (1/CIAV.ARITH MEAN,GEOM MEAN,HARS
1 MEAN, MENIAN, "0051 AVSG BCUBE /E1047FL1C.641PELY.3)
295 CONTINUL A
CCRRECTS TeNSOR ELE“EVTS' WEIGHTING THEM ACCOROING TO JOINT DENSITY
00 204 l=zl,.3
D0 204 J=],3
236 HUL J)=Pl[¢J)1/70LLTA
CALL AUTruT
CCNPUTE AND PRINT QUT PORISITY THIS SAMPLE, VOID vCL/TOTAL vOL
PORUS=PURUS/DELTA
PRINT 2599, PJIRUS
2599 FORMAT(23IH) PIROSITY OF SAMPLE = FlueS5//)
RETURN .
END

LISt
LABtL
FORTRAN

SUBROUTINE NUMBER
OIMENSION M(5)4CTLIS),CT2(5)+CTILS)¢AKI5)¢STO(S) CENTENIS),

1P(3¢33eC 0303 eHIIe3 U3¢ gHH{3450)eX{3DoIUu(34VUL343,50),
2TINSQ(S. l.AvulSl.SUMCOS(S).HARM(S)chOH(Sl.llSQ?l.A(3).C(Bl.
JAAL15)483C4),CCULG)s0DIL1219EEL2)¢FF (&) s3G(12),0NO(L2),VI&I (8],
QHU(Z'QVFtls‘Q'V(quOPP(Z'oCOSlNV(siQDR(J,lCUBElS]cﬂPYS(SDQS'l
STR{3,3):4X(3,3), QALSO,3)ecAl11),GAC120,0AC12)PRES0,5)RA(LL),
6CP("IORHOL‘]|31cFA‘k’QUu"I"OYf"’ AL(3).CK(3)

COMMON *oClI.CthCt}oAK.STD.CEN!EN.AVB-SU*COS.HARH.GEDH.DELYA.
1L ePeEeAeCoHMHsU LU AL BB ¢CCeNDEEIFF 65 o T14SQe VoW oW DDDNMAX,YF,
2YV N "0“;8Ql|PPQCUQ!NV'tQ.HAnDtAH.H:AO:uUBE."PTS|OR|CK TReAX,
30“'CA|G“'“A|"|PR.RA.CP.'AQORHOLCPORUS ’
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IF (NON) 208242002,2000
CCNSIDER M(N) AS 1) TIMES THE POISSON EXPECTATION FOR THE NTH SET o
CALCULATE A SUFFICIENTLY LARGE TARLE OF PROBARILITIES OF OBTAINING
CERTAIN INTEGRAL NUMBERS OF JOINTS IN A SAMPLE

2C00 IMAX=2(32M(N))/Z1O+5
UMM (N)
"'uﬁll\-.- .
PRINT 231%C,1MAX,UM
2310 FORMAT(I40,F13+5)
CLASS 2ERO FR:SQUENCY 1S SIVEN BY INDEX 1 CUMULATIVE FREQUENCY 1 3Y
CLASS INDEX 2, 2 BY 3, ETC.

POISIEXPF (=LM)

PRU1s)2POLS

0O 2001 122,1MAX

Alal-1

POIS=P0ISsuN/A]

2001 PRUIs¥)3PR{I=1,0)+PIIS
RETURY
CALL A RANDOM UNIFORM NUMHER bEVERATOR TO SET A PROBABILITY LEVEL
2022 PROJS3UNIRANIXY)
CLOSEST CUMULATIVE PROBABILITY IN TABLE PRU1,N) DCFINES SAMPLE SIZE.
sl
DIFF13PRCH
2101 DIFF23A35F(PRNB=PRII,N))
IF (DIFF2-DIFF1) 2430,24006,2102
2400 DIFF1aDIFF2 |
[=]+1 : .
G0 10 2101 N—
2102 MMal-1
RETURN
END

L LIST
- LABEL
. FORTRAN
SUBROUTINE VECTAOR
DIMENSICN Nl))onll5’on2l5’:CT3(5’|AKGSIQSTD(5)stVTEV(510
1PE393)9BU8353)oHII930Ut353),HHI3,80),X13),10(3),UU13,3,50),
2TINSQUS5:) ,AVBIS5) »SUMCOS(I5) yHARM(B) 4 GEUMIS) y21500),AL3),C(3),
3AALL5),8DL4)CCLLI)»ODIL2),EE(2)9FF(4)GG(12),0ND(L2),V(4),4(8),
AWHL2),YFIL15)oYVI4I),PPL2),COSINVIS) 0R(3),CUBE(S5) MPTSL50,5),
STRU393)9AX1353)9QA150,3),CAL11),6GA(12),0A112),PR(50,5),RA111),
SCPLA)ORHULL393)»FALS)UCTI3,3),YTI3),AL13),CKL3I)
COMMON M,CT1,CT2,CT3,AK,STD,CENTEN,AVA ¢ SUMCUS HARM,GEON,DELTA,
ILoPsEsAsCoHyHHIUIUU AL BB sCCHODIEEFF G2 TINSQs VoW ywi, 000 NMAX, YF,
YV N NONBe29PP s COSINVIENI WA DIAMZHEAD JCURE yMPTS y0R,CKy TRy AKX
3QA,CA,GA,DAJMM,PRyRACPyFAORHOL » PORUS
IF INON) 462,401,431
CCMPUTE MATRIX OF TRANSFORMATION BETWEEN ZENITH AND
CENTRAL TENDENCY CP SET.
401 DENUMaSQRTF{1.0=-CT2IN)oCT2(N)})
EB(l,2)03CTLINDICT2IN)/DENOM
Et1,2)3=-DENCM
Et11,3)sCT2IN)*CTIIN)/DENOM




289

, E(2,11=CTLIN)
. €L2,2)2CT2(N)
P,/ EL2,3)2CT3N)
E(3,1)8CT3I(N)/DENON
EC3,3)2=CTL(N)/NENOM
CCNSTANTS OF DISPERSIUN CUMPUTED.
FlsCXPFLAKIN))
Gl=Fl=-EXPF(=-AKIN))
NON=NON-=1
RETURN
CALL A UNIFORM RANDOM NUMAER GENERATOR TO ODEFINE A PROBABILITY, THEN
CCMPUTE CJUSINE THETA OCFINING A CIRCLE ABQUT THE CENTRAL TENOLNCY AC-
CCRDING TO AK, FISHER®*S CUEFFICIENT OF DISPERSINN OF VECTORS UN A SPHERE
CALL AGAIN A RANDCM UNIFORM GENERATOR TO POSITION THE VECTOR ON THE
CIRCLE.
l 460 Hl=Fl=UNIRAN(X1)eG]

COS FH=LOGF (h1 ) /AKIN)
EN=ABSF(COSTH)
SUMCOS(N)=SUMCOS (N)+COS TH
COSINVIN) «CCSINVIN)+1.C/COSTH
SINFHESURTF (1.0=COSTHeCOS TH)
PHI=UNIRAN(K1)®6.28318
ACL1=SINTH SINF (PHI)
A(2)sCOSTH
A(3)=SINTHeCOSFLPHI)
’ CALISS(Le1)eA(LD4E(2,1)eAl2)4E(3 1) eA(3)

/ : C2)=E(1,2)eA(1)+EL2,2)0AL2)
\\,/ CU3)=E(Le3)eAlR)+E(2,3)0A12)4C (3,30 0A(3)
IFLCE3)) 221,224,224

221 00 222 Js=l43

222 C(Jie=ClJ)

224 RETURN
! END

i . LIST
. LABcL
L FORTRAN
SUBROUTINE APER
DIMENSION M5 ,CTL(S)CT2(S5),CT3(5)AK(S),STO(S5),CENTENIS],
1PC3¢3)¢E(303)eHI343VoUC323) o HHTII oS0 e X334 IQE3)oUUL343,5C),

; QVINSQISC) s AVB(S) ¢SUMCOS(S) JHARMIS ) ¢GEOM(S)+21500),A13),C13),

: JAACLS) 4BBL&ICCULGI 400121 ¢EE(2)sFF(4)GGLL2),000(12):VI4)eniB),
GUN(2) s YFULS5) o YV(4O)PPL2),COSINVIS) OR(3),CUBE(S]) MPTS(50:5),
STR{3:¢3).,AX(2 .1!.0A(50.3l.uhtlll.G&llZ).0A(lZ).PR|50-Sl.K&(lll.
6CP (&) qORHOL(343) 4FALL)qUC(I¢3),YT(314L13),CKII)

COMMUON M,CT1, CTZ.CT3-AK¢STO-CENtEN.AVB.SUHCGS.HARN.GEOH.DELFA.
ILsPoEsAsCoHoHH U UV AA 88 4CCyDDEEsFF oGO TINSQeV oW oWW DODNUAXYF
2YV NyNONsB o ZyPPsCOSENVIEN WA DIAM HEADCUBE s MPTSsORCKo TRoAX,

S 3QACA;GA; DA MM PR RACPFA,ORHOL ; PORUS

+  CASE ONE, ABSCLUTE VALUE OF NURMAL OISTRIBUTION OF APERTURES
BaABSF{STDIN)eRANDEVIXY)+CENTENIN?)
CALL RANDOM NURMAL NUMBER GENERATUR AND MODIFY IT ACCORDING TO THU
CELECTED PARAMETERS OF THC SET.




3901 RETURN <
END _ \—1

CAN SUBSTITUTL ALTERNATIVE STATELMENTS AS FOLLOWS

CASE TwQ, LOGNORMAL DISTRIRUTION OF APERTURES
BaCENTENINIvEXPF{1.4242STDIN)ORANDEVIX]) )

CASE THREE, EXPCONCNTIAL DISTRIBUTION OF APERTURES.
3900 B2CENTENINI®EXPF{(2.00UNIRAMIXLII=1.5)05TD(N)/2.D)

CASE FOUR, LINEAR OISIRIBUTIO OF APERTURES.
3J00 B23.00CENTENINI®11.0=SQRATF{1.0=-UNIRANIX1))) '
IF (B=1.0) 3J331,3001,3CC0 \,,/

° LIST
* LABEL
® FORTRAN

SUBROUTINE PI1E20 ’
CCMPUTES THL DISCrARGE OF A PIEZOMETER NF ORIENTATION ontt». LENGTH NA,

CITUATED BELON THE wWwATER TAHLE OPERATING UNDER HEAD. ANSHER IN GALLONS

CADA DAY, THE SHAPE FACTOR 1S OBTAINED FRGCM THE PRINCIPAL AXES AND TH:

CCHOUCTIVITY UF ThE FICTITIOUS ISATROPIC MzNDIUM DERIVED FROM THE 3AMPLL.
OIMENSION MES5),CILES5)oCT2(5),CTILS5) yAK{5),STD(S5),CENTENLS),
1P1393)9813,3)sHE33)Ul393),HHLI50):%X83),2213),UU13,3,59),
2TINSQISC ) AVELS) »SUMCOSIS) sHARMIS) »GEUMIS) »Z1500),A13),C(3),
3AAL15),0814),CCLLC)s00122),EEL2)FF(4),GGIL12),D0DL12),VI4),niB),
AWWI2),YFL15)¥YVIS49),PP12) ,COSINVIS) 0R13),CUBEIS)yM2TSI50,5),
STRU393)AX1353)9UAlS50,3)sCAL11):GA122),0A112),PRI5G»5)RALLL)D, |
SCPUIA)IRHOLE393)sFALA),UCE3,3),YT13),ALI3),CK({3)
COMMON HoC'lthz’Cr3olestDo£EVTEV.AV3’SUHCOS’HARQ.GEON,OELfly
L sPIEsACoH o HH U UUAA BB yCC9yDDHEE ¢ FF 9GGy TINSUQ s Vod s Wiy DDDyNMAX, YF y
2YVoNyNONsB 92 yPPoCOSINV 9 EN WA DL AMHEAD y CUBE »MP TS 3IR»CK» TRy AX,
3QA,CAGASNA MM, PRHRAHCP FA,0RHOL »PURUS

00 1105 [31,3 ) o
1105 CKUI)=HHII,L)*1840.u .
00 1159 MOsl,) . o,

IF {PORUS) 1132,1192,1193
1192 SA=u.3
GO 0 1153
1193 00 1158 JO=1,3




RY

go1

1158 URtJO)=QRHOL (40, 40)
CALCULATE ELEMENTS NF IRANSFORMATION MATRIX
OENOMaSQRTIF(1.0-CR(2)e0R(2))
TRIL el I={UCELICORMIL)ICULIL)e0R(3L)OUR(2I/ZDENUM=U(2,11eDENOM
TREZs11=2CUCLo10200R(3)1=U(3,10¢0R(L))ZDENUM
TRE3I4UI=UCLo1)e0RELICUL2,L)ONRI2)eULt3,2)e0R(3)
TRUL 212Ut L, 20¢CRELICUL342)¢0R(3))eUR(2)/0ENCM=UL2,2)¢DENDM
fRE2:21=CULL,20eCRU3I=UL3,21¢0R(1I)I/DENUM
TRE342)2UC142)00R11)¢UL202)e¢0R(2)4UL(3,2)e)R(3)
TREL3M2C(UlL o 30c0RILICULILIISORIIIISORI2)I/DENOM=UL2,3) ¢DENOM
TRE2¢312(UTL3)e0RI3)=UL3,3)*0R{1)}/0ENDM
TRU3I3)=UM1,31e0RIEI*UIZ,3)00RE2)¢UI3,3)e0RL 3)
CALCULATE COMPUNENTS OF PACKER TEST LENGTH o FICTITIOUS ISOTROPIC MEDIU
YTil)z (CKU2)/7CKEL))esQ.25eWACAUSFITRII, 1))
YTU2)s (CKOL)/CK{2))eaC 250 WARABSFITRIZ,2))
YTi{3)2 (CK(LIeCK(2))ee0.,25/SQRTFICK(3))eWACABSF(TR(3,3))
CCMPOSE RCESULTANT LENGTH
WISURTFEYEELIevFCL)eYT(2)eYT{2)¢YT(3)eYTLY))
PRINT 75, unl
75 FORMAT(F6C.S)
CCSINEGS OF THL CYLINDRICAL AXIS ARE
YL avTLLI/N]
YT(21=YT(2)/ul
YTL3lsyYTL ) /el
CCEFFICIENT MATRIX JF ELLEIPTIC SECTION [S CALCULATED
ARSUS(0IAM/2,0)002
AXCLlol)2tTR(Le1)ea2¢TR(2,1)ee02)/7ARSSeSQRTIFICKILII/CKIZ2))
ll(lnZi‘(‘R(loll‘TR(I.Z!QTR(Zol,'TﬂlzoZ’lllRSO
AX(Ro312(TR(Lo2.oTREL,IICTRI2,110TR(2,31)1/4RSQ *SQRTFICKI3)}/CK(2))
AX{2:2)c(TRIL,2)022+TR(2,2)002) /ARSCeSQRIFICKIZ)I/CKIL)
AX(2e315({TRELe2)0TRIL4IVeTRI2+2)eTRIZ2,3))/7ARSY eSQRTIFICKIZ)/ZCKILY)
AXC3,3)2sCTR(1s3)2002¢TR(2,3)062)/74RSQeCK(3)/SQRTFICKLILI)ICCKIZ))
CCEFFICIE\TS OF RCTATCD ELLIPSE COMPUTED .
IEGEN=Q ..
N=3
CALL HD!&G(IKQ&tIEGCNDUCoVRD
PRINT Tue((AL(Eed)oad=lod)el=l,e)
PRINT TLoellLCCJIel)ed=le3)¢ln]l,3])
10 FORMAT(9H: ELLIPSE 1P9EL12.4]
00 1106 La=l,)
CLEAR AXES UF THE RIGHT SECTIUN ELLIPSE
AL(LAY = ¢
CCMPUTE NuUN -=ZERQC RKESQ AL. OF 0B8LIJUE ELLEIPSE
IFCAXCLALAT=I.01)1106,1106,1104
1106 ALCLAI=SCRTIFL1.C/ZAXILA,LAY)
CCMPUTE AXES UF CIRECTRIX, ALy PROJECTING OBLIQUE 5!55 fO A PLA\E
CROSSING THE CYLIANDER AT A RIGHT ANGLE
lL(LAllALlLll‘SQRTF(loO‘(YT(I)GUCIltlﬁ)071(2’0UClZcLAlOYf‘3)'
LUC(3sLA) )ee2)
1106 CONTINUE _
CCMPUTE DIAMETER CF CIRCLE OF ESUIVALENT AREA
00 L1178 LK=]l,2
LPl=aLKel
00 1178 MK=lLPl,3
[FLAL(LKI=ALINK]) 117811178 vz
L1LTT? TEMP=ALILK]
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ALILK) sAL {NK)
AL{MK)=TEMP
1178 CONTIUE '
DISUS2,LeSQRTIFLAL(2)0ALI3))
CCANNELL=-GLOVER SHAPE FACTOR 1S COMPUTED
SA26,2832*WI/L0GF(2.02W1/0150)
PRINT 76,0150,524
78 PORMAT(2F30.5)
CCMPUTE DISCHARGE
1139 OA!L.HD)*SADHEAO'SQRTF(CKI)D'SQR!F!CK(l)'CK!Z)i)
PRINT 77, (QA(L,MO)MU=1,3)
77 FORMAT{ 3F20.5)

RETURN
END

. LIST

b LABEL

. FORTRAN
- SUBROUTINE CUuTPUT

DIMENSION M(S5)sCT2U5),CT215),CTI(5),AK(5),5TNL5),CENTENIS),
190353 )b 8303 oMl 3)oUl303)sHHE3,30)9X(3),1Q13),U0UL3,3,50),
2TINSQISC) s AVHLS5) ySUMCOSIS) yHARMIS) ,GEOMIS) 4 21500),A13),C13),
3AAL15),8814),CCLL0),0D112),EEL2)FFL4),0G112),000(22),VE0),4(8),
AWNI2)3YFLL1S),YVIAI) yPPL2)+COSINVISY ORI JCUBE(S) MPTS(50,51
STRUI IV sAXUI9I)sUALS043),3AL11),GAL112),DAL12),,PRISG, 5):RA(11':
SCP LAY ORHOL I3 3D oFALAIUC13,3),YTI13),ALL13),CKID)

COoMMON HOC'I'CTZ'Cf’0AK.570,CE"‘EN;AVBQSUHCUSoHARHtGEOHoDEL'Ao

LLsPeEBsAsCoH HH U UUAA 3B ,CC 30D EE L FFyGGa TINSQ VoW ) WHDODyNWAX,, YF,

2YVeNsNUN9BS24PPsCOSINV TNy WA DIAM)HEAD yCUBE yMPTS»OR 3 CX TRy AX,
3°A.CAvGA|DA MM PRyRACPFAL,NRHOL ,,PORUS
758 N=3

JEGEN=C
CCNOUCTIVITY MATRI! -1S DIAGUNALIZED TU GET THE PRINCIPAL

CCNOUCTIVITIES ANEC AXES OF TH: SYSTEM CONCUCTIVITY TENSOR
CALL HDIAGINM,"yIEGE"1HUNNR)
PRINT 81751 tHIEsJ)933193),131,3)
PRINT 817,(tUtlJeldsdnly3)el=l,3)

317 FORMATL1PIEL12.4)

CCORDINATES OF AXES PUT 0 UPPER HEM]ISPHERE
00 765 l=1,1
IFtUt3,1)) 789,768,768

760 DO 762 J=l,)

762 UlJel)3=UlJy])

765 CONTINUE

CAUSE SOLUTION TQ 8E STORED FOR LATER PLDITING-

780 DO 783 1=1,)

HHLL L) sHIL, 1)
DO 783 Js1,)

783 UULJ,1,L)3ULD, 1)
HMINEMINLFIRHITI L) yHHI2,L) s HHI3, L))
HMAX2MAXLFIHHT L L) o HHI2oL ) yHH(3,HL))
TINSGIL )HMIN/HMAX
RETURN
END
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LEST

LABEL

FORTRAN
SUBRCUTINE STEREC

CALCULATES COCROINATES AND PLOTS THE STEREUGRAPHIC PROJECTION OF M VE
CTURS ON THE UPPER HEMISPHERE UF AN 18 CM NET OVEXLAY

. DIMENSION MIS) CTIIS)CT2(5)CTI(5) AK(S)STD(5)CENTENIS),
IPE393)eEl3¢3)eHIIeI)qUL3¢3)eHMI3e50)4XT3)4IQC3)VU(3,43,450),
STINSQUSO) ¢AVBIS) s SUNCOS(S) ¢ tARM(S) 4 GFOMIS) 4 2(SV0),A(3),CL3),
JAA(L1S5) 40884 sCCULG)sODLL2)oCELR)sFF(4)GGIL2),0ND(12)9VIG)4w(8),
CUNI2)sYFLLIS) o YVILI)PPC2)COSINVIS) OREI)JCUBRE(S)IeMPTS(53,45)
STRUIe3)eAXTI393)e0ALS50,30,JACLL)GA(L22),0A012),PR(50,5),RA(1L1),
6CPL&) e I2MHOLE343) o FALGIUCEI93)oYT(3)eALL3)CKI3)

COMMON MoCTLlesCT2,CTI 8K oSTOCENTEN,AVB s SUMCUSsHARM,GLOM,DELTA,
LLoPoEeAeCoH el gU UV AN 3B ¢CCyODECsFF oGO e TINSQo VW e WWsDODsNVAXYF,
YV eNDii B e Zy PP COSINVEN o WA DIAMGHEAD sCUBE ¢ MPTS ¢ORCKy TReAX
3QA,CA¢GA DA MU PRyRA+CPFAoURHOL ¢ PORUS

V(1) s3H]HN

V(2] =3H]LHS

V(3) =3H]1lHNW

V(4) =3IHLIHE

WHil)s6HIHFIGU

WWi2)=6HRE e

WELl)=6HA2HSTE

W(2)=6HRENSRA

W(3)=6HPHIC P

Wi4)=6HROJECT

W(S)=6HICN: U

WNE6)=6HPPER H

NlT)=6HEMISPH

W(B)=3IHERE

11 CALL GRAPH {13eCeTedslel)

READ T4 (0DC(J)oJd=l,el2)

T FORMAT(12A6)

CCORDINAT:ES AND LETTERING OONEe.

CALL XLN (0e23¢0e3743.9,043)
C‘LL xLN ‘3.30‘.0".900‘0'
CALL XL (T7a43¢7¢57¢3:49¢049)
CALL YLN (0¢2300e37:03.94262)
CALL YLN (3.8¢%eveIe?¢0.0)
CALL VLN (7.4347:5743.940.)
CALL LTR (0e12¢3.8C42:1,VI(1))
CALL LTR (7.83¢3.8Ge2¢1,VI(2})
CALL LTR (4¢904Ca0242¢1leviIl])
CALL LTR (4eudeTeb6852¢1,VIL])
CALL LTR(8e203c0¢24lebN)

CALL LTR(BebsJeus2slov)

CALL LTR (9+7¢0eTs2¢1,000)
CALL CURVE (24104090 0=3e9¢10e0¢=3:9¢10:0Cel)
THETA=0.2

CCMPUTE 367 DEGREE-POINTS ON AN 18 CM CIRCLE. MARKING EVERY LJTH OEGREE

15 PHI=THETA/S57.295
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XX=23,532COSF(PHI) ;

YYa3.,530S5INF{PHL) ’ \ 4

CALL PLOUTPT(XX,yYY) |

THETA sTHETA ¢ 1.9 '

" OIF (THETA= 383.0115,15,399
999 00 10 [=21,) |
CrUSEN SYMAOLS ARE DIAMCNODS FUOR K11 AXIS, CIRCLES FOR X22 AX!S, AND ’
CRUSSES FUR THE X33 AXIS.
IF{1=2) 16,19,2) ’ !
16 CALL CURVE (39191309=3e9910609=3:.991C.0,1)
GO T0 22
19 CALL CURVE (5919190930991 3:09=3:49910.0,1)
GO 10 22
20 CALL CURVE (75151509=3:9,10, 0.'3 9:1C.0,1)
22 00 10 L=1,4S
CCMPUTE X-Y CUORDINATES FROM DIRECTION COSINES.

R23,53eSCRTIFI(1.0=UU(3,1,L))/(1.00UU(3,1,L)))

SaUUl2: 1L /70LULL,1,L)

XX3R/7SQRTFL1.)¢5e5)

IFtUULl,14L)) 12,13,13

12 XX3=XX
13 YYaXXe$S
10 CALL PLOTPTIXX,YY)

ENDF ILES

ENOF ILES .

RETURN ’ ‘

ENO : '
. LIST —/
L LABEL
° FORTRAN

SUBROUTINE EQPOR .

DIMENSIUN HlﬁlnctllsloC‘ZQSioCT5(5)pAK(5'n5fD(5’oC£NT:N(5)o
1P(393090L0393)oHI323),UL353)HHTI3,50)4X(3),13(3),UU(3,3,50),
2TINSQIS5.,)AvBL5) 3 SUMCOSIS) s HARMIS) ,GEOMIS) y2(5GC)A(31,C(3),
JAALL15),BBL4),CCL10),0DIL2),EEL2),FF(4),35(12),000(12),VI4),4413),
GHWIL2) s YFLL15),YV(49)PP(2),COSINVIS)ORI3),CUBELS)MPTSISL5),
STRU3+3),AX13,3),390150+3)0,24011),531121,DA112),PR{5C5)RA(11),
S8CPU4)ORHOLE393)oFALS),,UST3,3),YTI3),4L(3),CK(3),PORAT{5D)

COMMON MoCT1,CT2,CT30AK,STO,CENTEN,AVB » SUMCOS +HARM,GEUM,DELTA,
1LsP s EsAsCoHoHH U UUAA BB CCoDDIEEsFF GG TINSQy VoW Wiy DODINMAX,YF,
2YV N ION B9 2sPPyCOSTNV Ny HADLAMGHEAD yCUHAE JMPTS yOR,CK, TRy AKX,
3QA,CA GA DA P PRIRAHCP ,FALORHOL s PORUS ,PORTUT,PORAT,
4HIUL ToH2ULT ,HIUL]T

CCMPUTES PORUSITY FROM THE P=RMEABILITY ASSUMING THAT THERE ARE
CCNDUCTORS OF EACH SET BWQUAL IN NUM3BER TO THE POISSON EXPECTATION
CCRRESPONDING IO M(*1)/710 AND ALL WITH THE SAME APERTURE.

IF (PORUS) $321,9801,98u9
CCEFFICIENT RATIOS BUILT IN FUR SPECIFIC DISPtRSlUN KFs 29

$809 CMAX130,9562

CMIN230,90973 .

COREF=s 1,061 TN
CENTRAL TZNDENCY OF ONE SET AT A TIME RUTATED TO COORDINATES ALONS PRK\
CIPAL AXES ~/

CTNI’U'R.I)'CTIIl)’U(ztI)DCTZIIl’U(Ssl)'CTJ(l’.

CTN23U11,2)8CTLIL)#UL2,2)0CT21122U(3,2)2CT3(1)

AlC13CMAXI+*{CMIN2=-CMAX]))eCTNLCTN]




ALC2sCMAXL¢(CMIN2=-CMAX])eCTN2eCTN2
CTINLaU(L41)eCTLI2)¢U(2,01)eCT2(2)¢Ul3,1)eCT3(2)
CTN2=U(]142)eCTLL2)¢Ul2,20eCT2(2)4U(3,2)eCTIL2)
A2C1=CMAXL+ (CMIN2=CMAX]1)eZTNLeCTN]
' A2C2=CMAX]L¢(CYMIN2=-CMAX]1)elTN28CTN2
CCMPUTE PERMEABILITY OF AN EQUIVALENT PARALLEL SET 4 KP.
P2Ks ({A2CLleH(Lls1)=A1CLleH(2,2))/7(A2CLleA1C2-A1Clel2C2)
PIK=(H(l,1)= ALC20P2K)/A2C]
PlKe1l,0E=-6¢P1K
1 P2K=1.0E-6%P2K
CCMPUTE PUROSITY CF OISPERSED SETS HAVING UNIFORM APERTURE.
GMNLl=4(1)
GMN2=zM(2)
POREGSCUREFe(3,0ePIK) 08, ¢333e(0.2¢GMNL /DELTA) S0, 66T¢
1 CUREF®(3,ueP2K)eey,3330(0.2¢GV¥N2 /DELTA)ee(, 667
PORAT{L)=POREJI/PORYS
PRINT 9805, POREQ,PORATIL)
I ' S80S FORMAT(56H0 PIROSITY EQUIVALENTY TO PERM, RATIO TO TRUS POURUSITY =
I 2F1G.S)
PORTOF=PORTCT+PORUS
S801 RETURN
END

1 ' o
U

\ , LI LIsr
\‘/ . LABCL
e FORTRAN
| SUBROUTIEINE FREQPL
' CUMULATEIVE: FREQUENCY CURVCES PLOTTED FOR EACH PRINCIPAL CONOUCTIVITY
CAPTIUNS AND LABELS STOREV.

OIMENSICN H(biqul(S’vCTZ(SlcCT3‘5!oAK(5icSTD(5'vCE?TENislt
1P(3s3)4E0303)eHE3:43)4UL333) o HHI3,50)¢X{3),4EQ(3)sUU(343,50),
2TINSQISUL) s AVBIS) ¢ SUMCOS(S) JHARMIS) GENMIS) 2 2(SC0).A{3),C(3),
JAACLS) eBUIG)CCLLID),0D(L2)4EEL2)4FFL&)GGIL2)4000(12)sVIG) n(8),
GHHI2) s YFLLS) o YVI4T) PPI2)¢COSINVIS) UR(3I}LCUBEIS)MPTSI5045),
STRE3¢3)sAX(393)s0AIS0¢3)sSALLY) GALL2)DALL2)+PRISO¢S)IRALLL),
6CPLG)sORHOL(3¢3)4FALGI UC(3,3),YT{3),AL(3),CK(3)

COMMON M CTL CT2,CT34AKSTO+CENTEN AVE SUMCOS¢HARM,GEOM,DELTA,
ILePeEsAsCoeHenHeUsUUsAA4BRCCoNDJERsFF GG TINSUgVend e MWW DDODyNMAX,YF,
2YVeNeNON B¢ ZoPPyCOSINVeINGWA (DIAMHEAD yCUBE ¢ MPTS¢OORCKe TRy AKX
3QA¢CA¢GAOAMMoPRyRACPFA,URHOL ¢ PORUS

AA{l)s3H]lH]

AA(2)=3HLHZ

AA(3)=23HLHS

AA(4 )=4H2KHILS

AA(S)=24H2H2C
AALO)s4H2HID

AA(T)n4aH2H4C

ot AA(B )=4H2HS(

AA(9}34H2HE6D

AA(L1O)=4H2HTS

AACL11)=4H2HES

AALL2)=64H2HSI

AA(13)=26H2HSS



CCORDINATES AND LETTERING DONE,
GRAPH‘qulboG'ZQs’
CALL FRAME(Z.15069)

CALL ‘LN(0043’00'2.57'0’
CALL XLN(CeC 9305934005 Ce5)
L CALL XLN{De4924033.43,0)
CALL XLN(5:5,9:usbevsle’)
CALL ALN19:CJeU900v9=0.5)

26 CALL

310
311

21

?

CCNDUCTIVITIES AND AQISOTROPIES ARRANGED IN ASCENDING QORDER.

38

32

AAL14) 34H2HS
AALLS) =&H2HS)
BBI1)abH]1BHCUA
BB12)a6HULATLY
BB{3)s8HE PERC
BB8{4)=23HENT
CCl1l)=3H55H
CCl2)36HFIGLRE
CClI)sHH « P
CCta)asHRINCE?
CCU{5)=46HAL PER
CCla)sHMEABIL
CCL7)sbHITIES,
CCly)abH X 1)
CCU{9)26H CGS V
CCL10)=a4HNITS
FF{1)asdH]1BHMAX
FFEL2)36HIMUM A
FFL3)3a6HNISCTR
FFl4)33n0PY
PPL1)=26HEHIS )
PPL2)32H/0

00 310 J=2l,1S
CALL XLN(D.8y)
D0 311 Jal,15

CALL xLN18.9.7.UpYFIJ)' )

00 21 J31,15
YY3YFlJ)=CWC3

s19YFLJS)42)

SCALES PLOTTED.

CALL LTRI-0, 3.YYoleoAAlJll

CALL LTR{=0:590.7:2,1,88)
CALL LTRI=1.3,=1.0,2,0,CC)
CALL LTR1S:.5,8:422:FF)
CALL LTR{8.,892:7511,PP)
READ 7,(GGLI),J31,12)

CALL LTRI=D:479=1:492:0,G6G)
READ 7,100(J)yJ21,12)

CALL LTR{=0:69~1.8,2+,3,00)

FORMAT(12A8)

00 32 Is1,3

DO 32 L=1,48
LPlalel

00 32 J3LP1,49

IFIHHET L) -FHIT,J)) 32,32,33

TEMP3HH(1,L)
HHU1 L) 3HHLT,J)
HHUL 9 J)=TENP
CONT INUE

2986
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297

o 00 39 L=1,48
\ ' LPlslLel}
\‘T/ 00 39 JaLPl,4?d
IFCTINSQILI=-TINSQ(J)) 39,139,490
40 TEMP=TINSCIL)
TINSQILI=TINSQULS)
TINSQ(J)=TEVY
39 CONTINUL
CCMPUTE FACTUR TO MAXKET PERMEABILITY CURVES FIT PLOT, POSITION CURVES.
1 XMINSMINIF(HMEL ¢ 1) s HHE291 ) oHHLE3 4 1))
61 HP=)l JE~-i2
62 HS=sXMINSHP
[IFC(L.0E-38 ~M3) 6G.64,64
60 [FIHS=1e%2) 63¢66,66
63 HP=HPe]l . .2
GO 10 62
T3 HP=HP/11.0
I HS=XMINeHP
646 XMAXSMAXIFIMHIL 49 ) oHHIZ2 949 JosHH(3,49 ))
HLsXMAXeHD
[F(HL=HS=8.,C) 65465,7)
65 IF(HL-HS=%.8) 63,63,81
8l IX=2g8.0/(HL=-N1S]
GO TU (694695303:69:69¢3060306469¢359:691,1X
303 IX=2
- GO TC 69

- 306 [xX=5
\\T/ GO TO 69 :
309 [Xed -
I
|

69 Xli=[X
HP=sHPeX]
PRINT ll'XH!VQXHQKQIK
31 FORMAT(1P2E2%48,14)
IXMINsXM]‘teHP
XMIN=IXMIN
CCHPU'$ FACTOXK TO MAKE ANISOTROPY CURVE FIT PLOTC, POSITION CURVE.
P=Ce.l
92 TOIF=TPe(TIASQ(&9)=-TINSU(L1]}]
IF(TODIF=Ce2) 93494494
93 TP=TPell .2
G0 10 92
96 TSsTINSU(L)eTP
101 (T7S=TS
IS=[TS
PRINT 31, TINSQUL),TINSQU49),ITS
CLRVE [DENRTITY ESIABLISHED
42 D0 35 1=1,3
HACT=HH( [ 425) 2} . CE~CH
CCHPUTE AND PRINT 95 PERCENT CONFIDENCE INTERVAL ON MEDIAN AND MAX ANISC
DEVHa(HH(I432)=HH([s171)9]1.0€E=-05/2.3
A PRINT 350,0EVH
> 35 PRINT 36,HP HACT,I,TINSC(25)
DEVIsTINSQ(32)=-TINSQ(17)/2.3
PRINT 35v,e DEVT
36 FORMAT(1P2E2V.8¢14y C20.81)
350 FORMAT(IPE2246)
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CUMULATIVE FREQYUENCY CURVES PLOTTED )
DO 18 1=1,) « J
CFRUSEN SYMBULS ARS OIAMCNOS FUR K11, CIRCLLS K22, CROSSES K33,
IFL1=2) 96,999,109
96 CALL CURVE(3+3121901940C194050.0+6.0,11}
GO 70 2u9
99 CALL CURVE(Ss1919010e0019:09C20156.0,1)
G0 10 289
100 CALL CURVELT91919C93e0039:090.0256.0,1)
2839 DO 17 L=1,45
XYsHH{ I L) oeHP=XMIN
17 CALL 2LOTPT(XV,YV(L))
18 CONTIUF
CALL CURVE(1¢15190:5¢099:.090.096.Cs1)
00 217 L31,49
XV3TINSULL) 8 TP=TS5¢6.0
217 CALL PLOTPT(XV,YVIL))
ENDFILE 6
ENDF ILE &
RETURN
END-

L4 LIST

LABecL )

. FORTRAN '
SUBROUTINE PUMPLT —/
DIMENSION H())’C‘l(s’tC‘2(5,oCTB(S)oRK(5ltSTD!5'oCEVTEN‘S',

1P035 305803, 3)oHT393)sUl353)oHH(3,53),XU13),1Q833,UU(3:23,»50)
2TINSQUISG ) AvB(S5) 2 SUMCOSIS) +HARMIS) ,GLOAMNES5),2(500),A13),C(3),
JAALL15),8804),CCLLC)DDU12)+EEL2)yFFLA)53G(12),00D812),VI4)out3),
ANHE2) ,YFI15),YVI49) PP 12),COSINVIS) 03I ,CUBELS)IyMPTSIS5G,5),
STRU353),AX13,3),0A(50,3),2A4(11),6GA112),0A112),PR(3G,5),RA(11),
6CPIS ) ORHOL1393)oFALS)UCEI,3),YTLI3),ALL3),CKLI)

- COMMO MeCTL,CT2,CT3,AK,STOCENTEN AV, SUMCOSHARM,GEOM,DELTA,
ILoPEsAsCoH HH U UU S AAZHB sCC 9D SEE s FF 9GG o TINSC s VoW g WW, DDD NMAX L, YF,
2YV N sNON 89 23PP 3 COSINV 2N WA DIAMNHEAD yCUBE )MPTS 3Ry CK» TRy AX
30A,CA,GANAMM,PRyRA 1CPFALORHOL » PORUS

CLUMULATIVE DISTRIJUTION OF PUMP TEST DISCHARGES PLOTTED
RAL1)33H1HO
RA{2)s4H2H]S
RAL3)=4H2H2%

RA(4)=284H2HI

RA1S)=24H2HA]

RALH)=24H2HSS

RAL7)34H2HAS

RALJ)=4H2HT

RAL9)34H2HEE

RAL10)34H2HSL

RA(11)=5H3H109 K SN
EEL]1)36H4AH-SIS .
EEL2)36H4H+SIG . N
EE13)a86HAHMEAN

FA({1)=3H]16H

FAL2)36H95 C/)

L



CCOROINATES AND LETTERING, SCALES DONE

21

L4

FA(3)e6H CONFI

FAl4)=]H-

CP{1)=3H]19H
CP(2)=6H DENCE
CPU3)e6H ON ME
CP (4 )=4NDIAN
CACL)=3HS3H
CA(2)=6HFIGLRE
CAt3)s6H ST
CAl4)=26HANDARD
CA(S5)=6HIZEC P
CAl6)=6HUMP TE
CAL7)=6HST CIS
CA{8)=6HCHARSE
CA(9)=6H, GALL-
CA(LC)=6HONS/DA

CA{ll)alHY

CaLL
CALL
CALL
CALL
catL
CALL

GRAPH(S¢Jebele265)
FRAMF(CaleCeb)
KLidl0eZ98eS5¢3:2040.5)
XLNthQUQQO.C-OU-G-S'
KLN (Ceve9auslelbel)
KLN (06009400 3.84,40)

YYa=0,05
00 21 J=l,11

CALL

LIR(=043eYYsledsRA(I))

YYzYY+D.6

CALL
CALL
CALL
CALL
READ
CALL
READ
CALL

LTR(=045¢04752¢1,88)
LTR(=1:3¢=1.042,0,CA)
LTR (8.65¢1.9%¢1¢1,:FA)
LTR (B8.85:148541¢1:CP}
TelGA(D) e Jd=],412)
LTR(=0eTo=1e492:0,GA)
T:(0A0J)eJd2],12)
LTR(=0¢60=1e8¢2+04DA)

FORMAT(1246)

00 1617 MO=},3

CCMPUTED TEST DISCHARGES ORDERED,
00 1239 L=],48

LPl=Le+]

00 1239 J=LPl,49

IF(QALLMOI=QALJI4MO)) 1239,1239,12645

12640 TEMP=QA(LMC)
QA(LMO)=CQA(JyMO)
QA(JMO)=TENP
1239 CONTINUVE

CLMULATIVE CURVE FITTEC TU PLOT DIMENSIUNS

1061
1062

1060
1063

1073

IF{MO=1) 1061410611176
HPal,0E~-v2
HS=swA(l4MO) eHP

IF(1.0E=35-HS] 1C60+106441064

[FIHS=1.0) 1063,41564,1064
HPsHPely O
GO 10 1062
HP=HP/10 0

ASCENDING

2900



"800

HS3QA(1,MO) srp . |
1964 HL3QA(49,M0)oHP \ J
. IB(HL=HS=8.,C) 10485,1G85,1073 . ;
Lu65 IF(HL-HS=C.8) 1C6391083,1081
luBl IX=23,0/7(HL=-KS).
GO TO (1089910699,1303,91303,1069,1306,1306,1306,1306,1369),1x
1303 Ix=2 _ '
GO TO 1.49
1306 IXxs5
1469 XIslX
. HP=sHPeX]
. PRINT 31, QA(L.HUN»QA(4I,M0) 51X
31 FORMAT(LIP2E22.8, 4}
IXQ=2QA( ]l ,MO)enP
QMIN=[XQ
CCMPUTE 95 PERCCNT CONFIDENCc INTERVAL ON MEDIAN Q
1176 CONU=2QA(32,MT)=0A(L1T,M(1))/2,9)
CCMPUTE M:EAN
QMEAN=QA(1,MJ)
00 1670 X32,49
1970 UMEAN=QMEAN+UAIK,MO)
] QMEAN3UMEAN/49,.9)
CCMPUTE STANDARD CIVIATION OF DISCHARGE
DEVI=0.v
DO 25(0 K31,4%)
2300 DEVISOEVUS( MEAN=GA(KsMO) ) 002
DEVQs3SQRTIF(CEVQ/49.0) - _ : U
PRINT 103
1333 FORMATI(55H CISCHARGE MEAN, MEDIAN , STO DEV, 95 PERCENT ON MEOIAN)
PRINT 1.34, <MEANy JA(25,MU) ,DEVC,CONT
134 FURMATI//1P4212.4) _
CLMULATIVL FREGQUENCY CURVES PLOTTLD
CrOSEN AXc3 AxRc DIAMONCS FOR K11 AXIS HOLE,s CSIRCLES FOR X22 AXIS HOLE,
CRJISSES FJIR K33 AXIS HOLE '
IF{MU=2) 1171,1172,1173
1171 CALL CURVE (79190 9999¢C134070:.045643,1)
GO0 10 1174
1172 CALL CURVE (5919.9990¢0194093:0956.0,1)
GO Tu 1174 .
1173 CALL CURVE 139150G1090:0:9:.070.0,46.9,1)
1174 YZ=2,.12
D0 1177 L=1,49
XQsQA(LyMO) eHP=QM]IN
CALL PLOTPT (XQ,Y1)
1177 vIs¥2+C.12
C0SSES, CIRCLES AND DIAMONDS MARKED ON APPROPRIATE MEAN AND STOD DEV LIN
IFtM0=-2) 1131,1182,1183
1181 CALL CURVE(7919230050099:090+996.92,1)

GO 70 1134
1182 CALL CURVE(S5911150100099:0+0405640» 1)

GO TO 1184 : ) S
1183 CALL CURVE(3919190:Ce099.0, 0-3960-01, ‘ {

1184 XMEAN3QMEANPHP=QMIN

: XSIGMM3 (QMEAN=DEVQ) sHP=JMIN
XS1GPH3 (QMEANSDEVQ) *sHP-GMIN
IF (XSIGMM) 2517,2517,2518




|
‘,

301

2515 CALL YLN(S5¢C91S5e¢3 s XSIGMM,0)

CALL PLOTPTIXSIGMM,5,15)

XSIGMM=XSIGMM+0,.0S

CALL LTK (XSIGHMMS<354191,EE(L1)})
2517 CALL YL (Na7,1eLsXSIGPM,0) . \

CALL YLN{Oe«?sleDsXMLAN,)

CALL PLUTPTIXSIGPMy2.85)

CALL PLOTPTIXMEAN, +.85)

XMEANZXMEAN¢).0S

XSIGPMzXSIGPM+0. S

 CALL LTR (XSIGPM4Ge2941¢14ECIL2))

CALL LTR{XMEANs (e2.¢lslsEE(3}]
[J17 CONTINUE

ENDF ILE®

ENDF ILES

RETURN

END

« * LIST
] LASEL
L] FORTRAN .
SUBROUTINE POREG
DIMENSION MUS)oCTLLS)CT2L5),CT3(5)AKIS)STO(S) ,CENTENIS],
IP(3¢3)4E0303)eHUSe3)qUI343 s HHI3,S0)eX(3)eIQ13)4UUL3,43,5010,
CVINSQISC ) AVHIS) SUMCOS IS ) JHARMIS ) 4GEOMIS) ¢ Z(SO0)AC3),C L33,
JAA(L1S) ¢58(4)CCLL2)sDDI12)¢ES(2)FFL4)56G(12),000(12)4Vi&),n(B),
GuRE2Y s YFLL1S) g YVIGT)PPL2)¢COSINVIS) OR(3),CURELS) MPTS(S045),
STRE3¢3)sAXE393)4QA150:3)eCALLL)GA(L2)sDALL2) PRISO,S)RA(LL),
6CP(S)qORHOLE3¢3) oFA(4L)UCE3¢3)sYTI3DeAL(3)CK(3),PNDRAT(S¢])
COMMON MeCTLoCT2¢CT34AK¢STD,CENTEN,AVB,SUMCCS HARM(GEOM,DELTA,
LLePeEsAsCeH o HH U UV AA 8B ¢CCsDNGEEsFF GG e TINSQeV Mo WNCODyN1AXsYF,
ZYV'NQNONgﬂ'lnpp CUSINV,CNosHdADIAM,HCAD, CUB:.MP'SQORQCKQ‘R A('
30A,CAGA DA MM, PR,RA,CP,FA, NRHOL ¢ PORUS o PORTOT  PORAT,
HIUL T HZULT HIULT
CCMPUTES POROSITY FROM THE PER"EAE!L‘TY ASSUMING THAT THERE ARE
CCNNDUCTORS UF EACH SET EQUAL IN NUMBER TO THE PJIISSON EXPECTAIIO!
CCRRESPONJING TI0 M(N)J/Z10 AND aLl WIFH THE SAML APtRTURE.
IF(PORUS) B8331,88%1,8809
CCEFFICIENT RATIOS BUILT IN FUR SPECIFIC OISPERSIUN KFs 20
€809 CMAX]1=0,956C
CMIN2=20.0975
COREF= 1,061 :
CENTRAL TENDENCY CF ONE SET AT A tlHE RUTATED TU COORDINATES ALONG PRIN
CIPAL AXES
CINL=ORHOL 3,1 1eCTICL)¢ORHOL(342)eCT2C1)¢ORHOL(3,3}eCT3(1)
CTNZ2=ORHOL (2,1 1eCTI (11 ¢0RMOL(2¢2)eCT2(1)¢0RHOL(2,3)eCT3(1)
AlCL1sCMAXL+(CMINZ-CMAX]1)eCTNLIsCTNI
A1C2sCMAXL¢#(CMIN2-CMAXL)eCTN2eCTN2
CINL=ORHOL(3¢1)eCTLL2)¢0RHOL{3,42)eCT2(2)¢0RHOLGIL3)eCT3(2)
CTN2=0RHOL(2¢1)eCTL(2)¢0RHOL(24210CT2(2)¢0RHOL(2,3)eCT3( 2]}
A2C1sCHAXLI+(CMIN2=-CMAXL )eCTNLeCTN]
A2C2=CMAXLI¢+(CMIN2-CMAXT }eCTN2eCTN2 .
CCMPUTE PERMEABILITY OF AM EQUIVALENT PARALLEL SET 4 KP.
P2K=(A2C1eHIULT ~A1C1e¢H2ULT )/(A2CL1eALC2-A1C1¢A2C2)



PIKs({HIULT = A1C23P2K)/742C1
PIK=]1,0L=60P1K
: P2Kal,0E=-60P2K .
CCMPUTE POROSITY CF OISPERSED SETS HAVING UNIFURM APERTURE,
GMN13M(1)
GMN2aM(2) '
POREV=CUREF#(3.,UsPIK)®e ,3338{0,20GMN]L /DELTA)#20.,867+
1 SOREFe(3,0P2K)220,3330(0.2°G¥N2 /DELTA) 20,5667
PORAT{5.12PUREQ/PIRUS
PRINT 880G5,PUREWPORATI(50)
8895 FORMAT(56H) PORCSITY EQUIV MEDIUM PERM,y RATIO TO TRUF POROSITY =
‘ 1l 2F10.5)
8891 RETURN
END -
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' | 808
Auxiliory Prorrom YECQGEN, Qonegxatine Yector Rfspersions

Synthetic data are generated by VECGEN juat es is done by
VECTOR. First, VECGEN computes elements of a matrix to transform
e vector from coordinates including the central tendency of & set
as axis, to coordinates includinz the geographlic vertical as axis.
" Coefficlente depending upon the specified Fisher's K, operate on
& rendom uniform nunbor to defino & probability, then the central
angle corresponding to that probablility end dispersion 4s come~ .
puted, The location on fhe circle of equal probdability is speci-
fled by anothor random uniform number between zero and 27 , The
resulting vector is then transformed to geographic exes ebout the
specified central tendency. Up to 500 vectors can be produced,

gstored, printed and punched for rouse or plotting by STEREQ.



- . e s i -

' ' 804
Auxiliorye Proaran REELT 1 fox Repxoducing Stersoners af Fleld '
Oxdentation Data |
-/

The wide variety of vectoral display used by other authors

to represent joint orientations has nccessitated several programs

to manipulate punch=card data produced on the Gerber Digitizer.
Strike and dip data eould also be programmed for dizitizing into

useful forz. hile only eonformal nots are used here, tho plote
ting program could be modified to produce equalearea plots.

REFLT 1 reads Gerber Digitizer punehed cards of fixed-point
X and Y coordinates relative to an orisin =t the 5 of center,
distant fz" tines the original plot radius. The prozram rescales
the coordinetes to the desired slzo, and computes direction cose
ines of the voctors represented, Each is assigned a uniforn ran-~
dom nunder f£or¢ later shuffling. The direection cosines of the
central tendoncy are computed, also the vector strength and co- U
efficient of specifie surface, c.

Subroutine RZPLT-2 processed the Oroville data given in
Plate 1G. 1In addition to Jerder coo?dlya:es on innut cards,
each polnt may be identiflcd by the set of jolnts to which it ba-
longs. The ?adtus and the computed angles in the projectlon are
then converted to directisn ecosines, and punched on eards for
manual sorting and decisions of which vector delongs to what set.
The readied deck of orientations ean be resubmitted for analysis

of parcmeters by JDATA.
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PACK
LIST
LABEL

FORPRAN
UNEF VECTORS NISPCRSED UN A SPHERE ACCORDING TO FISHERS EQUATIUN AR

CCMPUTED, THEIR OENSITY BUING F=E TO THE K CUS THETA JTHE PROGRAM GIVES
CCSINES OF EACH VECTOR, PRINTLED AND PUNCHED OUT AFTER TRANSFORMATION 10 T
CENTRAL TENDENCY GIVEN IN THE INPUT .

54
$s
sl
S7

60
$2

21

- 2§
93

<8

DIMENSIUN A¢(3), BE3)y C(3), E(3,3)

READ 5S4y AK N

FORMAT (FlQa5:114)

PRINT 595,4K

FORMAT (26MC NDISPCRSION COEFFICIENT X /F10.S)
READ Sls(BLI)y [21,43)

FORMAT (3F13.5)

PRINT ST, (BLL)y [=21,3)

FORMAT (4JHC NDIRECTION COSINES JF CENTRAL TENDENCY //3F15.5)
DENUMaSGRTFI1.0-8(2)eB(2))
E(l.1)=8(1)e8(2)/DE"IOM

E(l,2)==DENCM

Etl,3)s8(2)e8(3)/DENUM

E€2eL)=06ll)

El202)=L(2)

El2.31s8(3)

E(3,1)=A(3)/70ENOM

E(3,3)==8(1)/0ENUM

PRINT 6L CtECTodde [=2193)ed=l,3)

FORMAT (31H3 TRANSFURMATION FACTORS E(l.J4) //(3F20.151)

PRINT S2
FOAMAT(LUIHS OIRECTION COSINES OF PCLES OF PLANES DISPERSED ABOuT

11 AZIMUTH AND HADE EQUIVALENTS 1171

FeEXPF{AK)

G=F-EXPF(-AK])

STR=2Q,0

00 31 [=1.N

P=RANDOM(X)

HeF~-Pe(

CASTHaLOGF(+17AK

SINFH = SQRIF{lei= COSTHeCOSTH)
PHI=RANDOM(X)e6.28318

STRaSTR¢COSTH ,

A(L)=sSINTHeSINF(PHL)

At21COSTH

A(3)sSINTHeCUSF(PHI)
ClLISE(LlolleA(1)¢E(2s1)0AL2)¢E(D,42]2AL3)
Cl21=E(1,2)0A(1)¢EL2,2)¢A1(2) '
CU3)=E(Lled)eA(L1)eEL24))0A(2)¢E(3,3)eA(])
IF (CL3)) 214264424

00 22 J=1+3

ClJ} = =C(J]

PUNCH S3¢(ClJI)od=ledlel
FORMAT(3F20.7¢15X,s[5)

ANGLE = ATANZ2F(C(2).C(1)}

AZIM = 180.5 =S5T.29% * ANGLE

HADE =2 57.255 ®AFANF(SORTIF(1.0=C(3)eCl3)1/C(3))
PRINT S8,(CLE), E=l,3), AZIM, HADE
FORMAF(3F20.8¢ F23¢5¢ Fl2.5)
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31 CONTINUE

ANaN

STRsSTR/AN

PRINT 81,51
81 FORMAT(17HO VECTOR STREGTH // F1J.6)
33 CALL EXxIT

END
. LIST
* LABEL
. FORTRAN

SUBRUUTINE RePLTI
CCNVERTS STcRLOPLOTFS T0 OIGITAL FNRM, COMPUTES DISTRIBUTION PARAMETERS
DIMENSICN U3, 1u00)
COMMON UMy »T0T
CCRRECT DATA~-==THEM=] IF UPPER, 3=1 [F LURER HEMISPHERE PLOT MEASURED
CCRRECT SCALE~=< C3NIAMETGER IN INCHES NET MEASURED, MaNUMJER OF PIINTS
9 READ 13, IHEM,D\M
IFtM) 79,70,7
10 FORMATI(I1%,F1J0.8,11.2)
CCNVERT GERBEK CACRNINATES TO FLOATPOINT
T M1sMTOT ¢ |
PMsMTOT+M
00 37, I3M],MM
READ 11,1Y,17
11 FORMAT(2119)
XslT
Yaly
CHANGE TO SCALE OF NEw PLOT, URIGIN AT CENTER
Xs{X/713Ce3=C/2.4)87,05/70
¥Y3({Y/10C.J=0/2.0)27.05/70
IFLIHEM) 2,13,)
2 Xs3=-X
Ya=-Y
3 XSQaxeX
YSQaYey
PSQ34.J81XSq*YSY)/(DeD)
Ul3,1)2{1.0=P54d)/711.0¢P33}
IF tX) 25,35%,2%
23 Uégcl"SQR’F‘ll.ﬁ‘U(3rl3'U(3vl1)I(I-G’YSCIXSC))
YOP3-Y
THETA=ATAN2F(IX,Y0UP)
I1F {THETA) 32,35,31
32 Ul2,1)2=412,1)
31 Utl,1)=Y0PebLi2,1)/7X
GO U 37
33 Utl2,1)22.0
Ull,1)3SQRTF(1.0-Ul3,1)0U(3,1)})
IF (YY) 37,317,136
36 Ull,1)2=Ull,l)
37 CONTINUE
00 38, I3M] MM
RAND = RANODCM{X)
IRAND = RANC#30%.5
Lel=-MTUT
38 PUNCH 12,(UlJs1),J31,3),1RAND,L
12 FORMAT(3F20.3,112,13)
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CALCULATE DIRECTICN COSINCS OF CENTREL 'cNDENCV
Viey,.0
V2sy.u
Viay 0
DO 58 [sMl MM

"CCNVERT EACH veCTCR BY OOUBLING ITS ANGLE WITH FHE 3-AXIS,

CENTERING THERE ThE EXPANSION FROM HEMI- TO SPHEREICAL OISTRIBUTION
CCMPONENTS ADDEN
VisVieU(l, )
V2=v2+¢U(2,8)
58 V3isvie2 ceU(3sl)eUtd,1)=1,0
CALCULATE AVERAGE OIRECTION CUSINES
AM = M
Visv]/AM
VesV2/AM
Vi=v3i/aM .
CCNVERT DISTRIBUTEION BACK TO HEMISPHERICAL DISTRIOGUTION
V3aSQRTIF((1.2¢V3)/2.0)
CCMPYUTE veCTOR STRENGIH TO CORRELATE WITH FISHERS K
STR=2G.)
CCEFFICIENT DCTERWINING SPECIFIC SURFACE AND OISTANCE FOR THE SQHPLC
C=20.0
00 68s [=M] MM
ANGeU(Llel)ovieul, I ev2eu(3 l)ey]
STR=STR¢ANG
CesCel 07ANG
STR=STR/AM
68 C=C/AM
PRINT [3¢V01eV2¢VIgMSTR(C
13 FORMAT(3F1S.5¢[542F15.8)
MTOT=MTCTeM
GO 10 9
70 RETURN
END
PACK
LIST
LABEL
FORTRAN
SUBROUTINE REPLTZ
CCNVERTS DEPT wATER RESOURCES PUOLAR JUINT PLOT TO NORMAL SfLREUNET
DIMENSIUN U(341CL0L)
COMMON U MMIOT,DIN
CCRRECTS SCALE, OIN=QUTER, DOUT =QUTER DIAMETER o M= NUMBER OF POINTS
CCRRECT OATA===~[HEM=] IF UPPER, ==1 [F LUWER HEMISPHLRE PLOT MEASURED
CCNVERT GERBER COCROINATES TO FLOATPOINT AND TRANSFURM TU NEw COURDINATL
CCLUMN 30 WILL CONTAIN 2 IF Il IS OOUBTLESS WHICH SET A JNIMT IS
CCNTAINED INe UR A 1¢ 24 OR 3, ETC. [F ASSIGNED TO THAT SET , 8UT
CCRRESPONDENCE IS DOUBTFUL ,
9 READ 10, tHEM, DINy OOUT, M
10 FORMAT(I10:2F105,110)
IF(M} ToeT047
7 Ml=sMT0OTe1
MMesMTOT ¢M
00 37 [=M] MM
REAU LL,IYelX, [QUEST
11 CORMAT(3(131) -
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XXsD0UT/2.0-FLOATFLIY)Z100.0
YY2=00UT/2.S+FLOATFIIX)Z13V,.0
ANGL =ATAN2F LYY, xX)
ReSQRTF(YYaYYeXX0XX)=DIN/2,0
PHI23,14159*R/(D0UT~-DIN)
CALCULATE DIRFECTICN COSINES OF EACH VECTOR
Ut3,1)2COSFIPHIT)
ULllsCOSFIANGL)
RATIOsSINFUANGL) /UL ,
UEle ID)aS5URTFIlLeu=Ul3,1)0U(3,1))/7(1.0+RATIO=RATIO))
IF(ULL) 33,59,99
98 Ull,1)2=Ull,l)
99 U(2,1)3Ull,[)*RATIO
IFLIHEN) 191,1C1,102
101 Ul3,1)==ul3,I)
Ul2,1)3=Ul2,1}
Utl,l1=2=ull,!])
102 PUNCH 12y (L(Js1)9J=2143),1,IQUEST
CAN SCRT FOR 1y 29 3y ETCy TJ REMCVE QUESTIONABLE CARDS AND REPLACE
CCRRECTLY 1IN SET 1OICATED BY STEREONET. M IS ALSO CHANGCD.
12 FORMATI3F2D.8,112,13)
37 CONTINUE
MTOTaMTOT M
GO fU 9
70 RETURN
END
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gation Paga

Subroutine JOATA detormines parematers of a vector dispere
sion. The disconforting aspect of many plots of dispersion s
that they are split between the upper and lower hemlspheres.
leaving aany of the two=headed vector orientations ambiguous,

In this ecase the controid of the dispersion {s obscure. JD\TA
thercfore. transforms them &ll so that the estimated centrold is
et the tenith vith all eloments around it, The resultant vector
is retransforacd. to the original system and reported as the cene
trel tendency. Using comporents of the vectors, the strength
(Chapter &) cnd the coefficlent of specific surfaée, c, &re com=
puted. Flshert's dispersion is reclated to these paremeters by
Flsurequ-ﬁ and Flgure 46, ECach punched output card giving
directlion cosinesalso hags a random numnber assigned by the pers
mutator (without substitutions) 3C RAFDY (Krasnow, 1960), e
subroutine {alrielized by the input nunber XL\RT.




. LIST
. LASEL .
] FORTRAN . N

CJOATA D T 3NOW, DEPT OF MINL TECH MAY 19845 ‘

CCMPUTES CEMNTRAL [TENDENCY OF JNINT SETS, VECTOR STRENGTH AND SPACING

CCEFFICIE TS, RANDUMIZES SEQUECNCLE OF JOINTS IN OUTPUT DECX UF DIRECTION

CCSINES.

OIMINSICN UL 100U LL102010),L2(122120,413,3),8(3)
READ 14, XLAST
14 FORMATIGLS)
MTOT = ¢
CCSINES OF cSTIMATEND CULNTRAL TENOENCY AND NUMBER OF JOINTS IN SET READ
9 READ 10, My {8tI)s1=21,3)
10 FORMAT(ILIC,3F2G.7)
IFLM) TCo7C,7
7 M13MTOT » )
: MMsMTOT N
CLMULATING PAREMATERS ZEROED
STR2{ .0
€C=20.C
Visjeo
V2s2ed
V3=25.0
AMsFLOATFIN)
CALL SETRANILLI,LZ2,N)
CALL GENRANIN My J,XLAST)

CCMPUTE TRANSFURVATION MATRIX
DENOMsSQRTFI1.0-812)2812)}) .
Al1,1)2813)70EN0M ‘ N—i
All,3)3=-0{1)/7DEMOM
Al2,1)2R11)0312)/72ENOM
At2,2)=-0DCNCM
Al2,3)2a12) 031 3) /DENOM .

At13,1)=01(1)
Al3,2)=B12)
Al3,3)2813)

CCSINES OF VECTORS READ
00 37 1aMl,MN
READ 12, (NUtJs1),Jd=1,3)

12 FORMATLIF20.3)

CCNVERT EACH VECTCR TO COORDINATES HAVING B AT 3-AX1S
VIlaAtleldeUilsl)*ALL,3)20U(3,1)
VT23A12,100U11,1)00A12,2)0U12,1)2A(2,3)eUl3,1?
VT33A13,1)00L 1510040 3,2)2U(2,1)2A13,3)0U(3,1)

CrOOSE ONLY UPPER HEMISPHERE ENDS
IF 1VT3) 21,244,254

21 VTla-yT]
VT2s-vT2
V732=-vT3

CLUMULATE COMPONENTS

24 Viav]levrl
V23V2+VIi2
V3ay3+Vl3

37 CONTINUE

CALCULATE DIRECTICN COSINES OF CENTRAL TE\D:NCY. THE RESULTANT DIRECTIUN
VMAGaSURTFIvieVlev2ay2ev3ev])

VT1aV1/¥MAG
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VT2aV2/VMAG
VI3sVi/VMAG
CCNVERT CENFRAL TENDENCY BACK TQ ORIGIN‘L COORDINATE SYSTEM
VisAt{lollevileAl2,1)evT2¢A(3,L)0VI]
V2sA{2,2)eVI2¢A(3,2)0VT3
V3sA(1e3)eVIleAt2,3)0VT20A(3,3)evVT]
IF (VI3) 4l,44,446
41 VTl==vTl
Vi22=VT2
VIi3dz=VI]}
CCMPUTE ANGLES EACH VECTOR MAKES WITH THE CENFRAL TENDENCY, ALSO
CCEFFICLET DFTFRIMENING SPECIFIC SURFACE AND DISTANCE FOR THE SAMPLE
44 DO 58 [=Ml,MM
CALL RANDUM PERMUTATOR TO LABEL cACH CARD
KLsl=M]¢]
KsLl(KL)¢]
PUNCH 1S, (LS, lioJ'l.3loloK
1S FORMAT{3F29%.6,112,18)
ANG=ABSFLUCLl E)avieut2ollaV2eU(3,4 2ev]]
STR=STR¢ANG
58 C=C+1.C/7ANS
STRaSTR/aM
CsC/AM
PRINT 13,Vv1,v2,V3,SIR,C
13 FORMAT{8THO CENTRAL TENDENCY
1 VECIOR SERENGTH C F73F20,54F15.4,F18.41}
MTOT=MTOT M
Ga f0 9
70 PUNCH 14, XLAaf
END
* DATA
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Sudbroutine STEREO has a MALIN program that reads in the data,

producod by REPLT=1, JDATA, VECGEN or others. Subroutine STEREQ
converts direetion cosines from Cartesian coordinates by applying

to each vector the transformation to & right-hand'aystem having

+ z upvard,

- DJ("‘.;)(“'CJ , Y=(erc) x'
2l Ceare.)® | -

D 1s the desirod plot dlameter, and C; are the direction cosines

of any veetor. This makes a conformal net, the poles of vectors
on the upper aomlsphere projected to the horizontal plane along
lines to the lowver pole of the sphere., Bulltein funetions of
Sudbroutine i¥i2, for the Cal-Comp Plotter (Throwor, 1963) are

essanticl far all plottin3i routinos used hare.
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22
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7160

162
765

11

31s

LIST

LABEL

FORTRAN

MAIN CONTROL PROGRAM
OIMENSION UL341CCO) VIQ)eW(10), ODDLL2)
COMMON UM :
REWINODS

READ S1¢M

FORMAT( &)

IFIM) 11l,11,22

00 765 l=1,¥

READ 52+ (UlJel)ed=l,433
FORMAT(3F20.7)

IF (UL3,1)) 160,765,765
00 762 J=],3

UtJde [1a=uld, )

CONT INUE

CALL STEREQD

GO 10 21

CALL NDPLOT

ENDF ILES

CALL REwWUNL({G6]

CALL EXIT

ENO

PACK
TAPE 85, REEL 11564 WRITE, PLUT

Lisr .

LABEL

FORTRAN

SUBRUUTINF STEREU

PLOTS THE STLURECGRAPHIC PRUJECTIUN OF M VECTURS ON THL UPPER
HEMISPHERE OF AN 18 CM NET OVERLAY.

-DIMENSION U3, 100C0oVI&)en(1C)e DDO(12) 4WN(2)

COMMON UM
Vil) =3HIHN
V(21 =3HIMS
V(3) =3HlHu

" V(&) =3HLHE

WHtl)=s6HIHFIGU
WN(2)6HRE .
Wll)=6HG2HSTE
W{2)=6HREUGRA
N{3)s6HPHIC P
W(&)=6HROJECT
H(S)s6HION, U

WE6) sAHPPER H
WCTI=6HEMISPH

W(81=3IHEKE

CALL GRAPH (ldevel.8¢l.1)
READ 7 (DDC(J)eJd=l, 12}
FORMAT(12A6)

CALL XLN (0¢23¢8¢37434940.01)

"CALL XLN (3¢844ev93.9¢Ce0)

CALL XLN (Te4347.5743.9,0.0)
CALL YLN (0¢2390¢37¢3:9:9.01}
CALL YLN (3.8".\0309!600'



C‘LL YLN t7063t705'03-9’°o°'

CALL LTR (Qe1253.85925 1 viLN)

CALL LTR (7.83,3.30,201,v(2))

CALL LTR (4409,0.302:2+1,Vi3))

CALL LTR (4.u0i7.83,2:19V(4))

CALL LTR{B.29)eC 1291 2WKH])

CALL LTR{8:&92e392s1 9w}

CALL LTR (9.u90.u02,1,000)

CALL CURVE 125199090923¢9910:04-3:9,13.9,1)
THETAs30Q,.,(

PHIaTHETA/57.,295

X=23,53 o COSF(PHI)

Ys 3,53 & SINFIPHI)

CALL PLOTPT (X,Y)

THETA aTHETA ¢ 1.2

IF (THETA- 38J.J) 5,56

CALL CURVE (1919120923229 10:99=3:.9910.0,1)
00 10 13],M .
R33,530SYRTFIILec=Ul3,1))/7(1.3+U(3,1)))
S3Ul2,1017U(1,.1)

X=R/SQRTF(1,0#+5¢5)

JFEUl1l,8)) 243¢)

X=X

YaXe$S

CALL PLOTPT(X,Y)

ENOF ILES

RETURN

END

314
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genoration of Apertuge Fopulntions | . 815

" BKGEN produces puneh cards of the elements of sample size N
eccording to the two parameters read in. Aq'shown; it is for
 nobma1 dictributions, but has also been used for log nornal, exe
ponential and lincar distributions. It computes the mean value
of the gencrated numbere.
Blottins Avexsure Distridutiong

Subroutine FREQPL, a modification of the samcenamed pro-

gram thet plots cumulative permeabilities, plots apertures or
&ny othor égstegato of nunbers. REQPL ranks all the data in
dscaadlay svder, £ius the curve to the dinensions of the frame, .
and plots satate and = iina betircen aoints to record thae disge

charges. ristas 27 s 29 cerc mrde ith this prograa
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PACK
LIST

LABEL ' J

FORTRAN

CCMPUTE N RANDOM NNRMAL DEVIATES OF STANDARD DEVIATION STO AND MEAN
CENTEN BY APPLYING AC DEV)

L N I I

51
52

53

54

19
35

56

21
51

22

1653
55

11

1CCCL2)

READ 51, Ny STO, CENTEN

FORMAI (12D, 2F22.5)

PRINT 52

FO?’?T(SOHQ NUMBER QF ELEMENTS STANDARND DEVIATION MEAN

PRINT 51y N, STD, CENTEN

PRINT 53

EORMAY(Zb“O ELEMENTS OF OISTRIBUTION /7)
2Q.0

00 1u I=1,N

AsSABSFISTDORANDEV(X)*CENTEN)

PRINT 54, A

FORMAT(F23,3)

CsC+A

PUNCH 55,4,

FORMAT(F2C.5+55X,15)

BN=N

AMEANaC/HN

PRINT 56,AMEAN

FORMAT{14HO SAMPLE MEAN /F20.9)

CALL ExXIT

END |
MALN COMTROL PROGRAM A
DIMENSION H{13C0),AA(11),88(4),CCI13)oEEL2)FF(9),G6(120,00(12},

COMMON HeM
REWINDOG

READ 51,M
FORMAT(14)
JIFtM) 11,111,222
DO 765 131,V
READ 55,Hl1)
FORMAT(F20.7)
CALL FREWPL
GO 10 21

CALL NDPLOT
ENDFILES

CALL REWUNLIS)
CALL EXIT

END

DECKS
LIST : -
LABEL ' ‘
FORTRAN :

DIMENSIGN H(1J0C),Aa111),8814),CCI13),EE12),FF(9),66(121,00(12),

1CCCt 2)

COMMON H.M
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st

22
CasE

165

155

99
11

e — - ———

817

REWINDG

HTOT a0

READ S1,MySTN,CENTEN
FORMAT(13,37X,2F10.5)
IF(H) 11,411,422

00 165 l=1l,M
THREE y, EXPONENTIAL OISTRIBUTION QOF APERTURES
HUL)=CENTENCCXPF(L 2, QeUNIRAN(XLII=1450¢5T70/2.0)
HTIOT=sHTUT+HLL)

AM=M

HTOTsHTQT/ZAM

PRINT 185, HPQT
FORMATLIF2S.6)

CALL FRENPL '
PRINT 99,HIL) HINM)
FORMAT(2F3Q.3)

GO 10 21

CALL NDrLOTY

ENDF ILEL

CALL REwUNLLG)

CALL EXIT

END

LISt
LABEL

FORTRAN
SUBRUOUTINE FREGQPL
DIMENSION M{LIOU)oAX(11),8B(4) CCLLLYEE(2)+FF(9),G3(12),0D112),
lCCC(Zl

COMMON HeM

PLOTS CumuLarftvL FREQUENCY CURVES FCR EACH PRINCIPAL CO“DUCI!V!(Y
AALL)=3IHLIND
AA(2)s6H2HL 2
AAC3)=4MH2H2C

AA(& )s4H2HSS

AA(S J=6H2HG
AAC6)=4H2HSS
AALT ) =4H2r163
AAL8)=4H2HTC
AA(9)=64H2HES
AA(L1Q: s6H2HS,.
AA(11)=S5H3H] IO
BB8(1)=6HEAHIUN
BB(2)=6HULATLY
88(3)=6HE PERC
BB(4)=IHENT
CC(11=6HIHFIGU
CC(2)=6HRE
EE(1l)=6H2HLE
EE(2)=4H2HBS
FF(Ll)=3n]1HO
FF(2)=3H]1H2
FF(31=3H1HS
FFlG)=3HLHS
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13

12
16
14
13
19
18
12

318.

::‘5"3H1H?3

18)=4H2HI:

PFIT)s4H2ZHI2 . \—
FF1B)246H2HLA

FELI)sAHZHLS .

CALL ORAPH | B.UsS5.vrled)

CALL FRAME (JelrUe5)

CALL ‘LN‘OOCO 30&0007830'

CALL XLN 0.us 84792.50,0.5)

CALL ALN £0ede 8eu0%e2240)

Y8-3.05

00 L J=1,1l

CALL LTR (~C.3yYslsu0ald))

Y=Y+0,5

CALL LTR t=Co3pva?:2+1,83)

CALL LTR (O-l:O.?)ol:C.:ﬁ(li)

CALL LTR $0Q.1,4,1751,CoEEL2))

CALL LTR (~C+8579=1.0,2,C,CC)

READ 7,1GGtJ)yd=1,12)

FORMATI12A8) s

CALL LTR $0susr=1a%9250,06)

READ 7,10NtJ3,»Jd31,12)

CALL LTRL Cedp»=1.8,2,4U,00)

Xe=,J%

DO 2 1=1,3

CALL LTR (X9=3e2»12U,FFL]))

X=2Xel.6G }
X=X+0.C5 \-/
00 3 136,9 .
CALL LTR (X9=0e29123,FF(1))

R2X+l.0

CALL CURVE (99Cre9090.0510¢9090e315:291)
MMaM-) :

00 L2 [al,mp

[Pl2]e]

00 12 J23IP1,M

IFtHITI=HJ)) 12,1251)

TEMPaH{T)

Hi{l)=HIJ)

HUJ)sTEMP

CONT INUE

HP=2l,.,0€ 33

HT=Hil)eHP

IFtHT=1.0) 14,15,15

HP210.00HP

GO O 1&

HM=H (M) sHP

IFtHM=8.5) 13,13,19

HPsHP/I1l .G

GO 1O 15 -

MEO=M/2

PRINTY 11,HP,HINED) d
FORMATL{1P2E23.8) ) -

. AM=M

YINC=5.0/7AM
YsY[INC
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00 17 lsl,N , )
XeH{ [)eaHP /243
CALL PLOTPT (X,Y)
LT YaYeYINC
ENOFILES -
RETURN
END
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Subroutine PFTEST] roads input cards contalning the angloe of
inclination of the drlll hole, the inclined depth to the top and
bottom, the discharse in GPM and tho proésuro in psi at the mide
depth. It then computes the lenzth, depth to mid-saction, and
the head, cscundng saturation to the test depth only. The
Glover=Cormvall, lons-nilezomneter shape factor is obtained, and
the standerdized diccharge computed, l.e., taat which would hqve
occured under 170 psi. and length 25 feet of NX hole., The mide
deoth and discharse of ench tost is printed in the output., 7This
prosram sorved to reduce the iierced River damsite tests, wherein
the water table wns lov,

“Subroutine PTINT2A proensses discharses recorded in GPM,
prossure in nsi., and the lnclihed len3ths to the peckers. The
depth o the icater tadle is used to estadblish the net head.
Since the Jroville daasite data, for which the routine was de-
signed, often enployed a fixed lswer pseker, and a moving upper
pecker, additisnal measures are ohtained dy subtracting dise
charzes and lénsths of succescive overlanping stages (statement
101 and ‘followving). '

Subroutine PTZIT3 resembles FTSSTl. In addition to the
collar=pressurc=discharge=-data the 3rout take data avalladble was
incorporated in tha prozraa, praservinz it for poibible future use,

Subgoutine {TESTS differs from FTEST! only in that préssnres
vere recorded at tho collar, 30 had To ds corrected to the mide
depth and ceeordiny to the water tadle., Spring Creek, Folsom

and Audurn damsite data wore crnlculated by PTSSTA.
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¢ LISt
¢ LABEL
e FORFRAN

CPTEST OAVID T, SNOW, DEPY. MINL TCCHy JUL 64, STATISTICS PUMPTESTS
DIMUNSIUN QALSOC)DMID(S00) s AALLL) 8B (&) CALLL)EE(2)GALL2),
10A(12) .
COMMON MVA
CCUNT OF CARDS READ
READ L¢M
1 FORMAT(I D)
PRINT & :
. & FORMAT{/30H STD DISCHARGE MID-DEPTH 17)
CARD FOR cACH PUMP TEST READ
00 10D Nsl,¥
READ 2,ANGLE.NINIOP, DlNBOf:LU.PRESS
2 FORMAT(SF10.3)
CALCULATE LENGIH wA OF FEST SLCTION, SHAPC FACTCR.HEAD [N FEET
WASDINBOF=-0OINTOP
50t6.ZBJlHA/LOGFIB.3¢HA3
HO22.31¢PRESS
CCMPUTE DISCHCRGE SAL/ZDAY THAT WUULD OCCUR IN ZS FT LENGTH UNDER ICO PS
QALIN)=1578).,0¢C0/(SDeH0)#144C.0
CCHPUTE MID-DEPTH OF TEST SECTION
DMID(N)={NEINTIP+WA/2.0) e SINFIANGLE®C.CLT45)
PRINT 3,CAIN)DMIDLIN)
3 FORMATI2F15.1)
100 CONTINUE
CALL DISCHG
CALL NOLPLOTY
ENDF ILES
ENDF ILES
CALL REWUNL(6)
END

b LIST

L LABEL

® FORTRAN

CEIEST2 DAVID T. SNOW, DEPT. MINL TECHc JbL 66y STATISTICS PUHPTESTS

DIMENSION QA(SOU ) DOMIDIS02)AATILL)3B(&),CALLY)(EEL2),6ALL2),
lOA(lZlcOlNTCP(SJU'|Dl\807(500|ldT(SuOluPRESS(500)oAYGLE|500!o
2UTDEEP(SCT) .

COMMON M,QA

CCUNT CF CARDS READ
S READ 1M
1 FORNAT((3}
IF(M) 1604169415
150 PRINT &
. & FORMAT( 3CHS STD DISCHARGE MID-0EPTH 1)
CARD FOR EACH PUMP TEST READ
00 100 N=l,¥V
READ 2+ANGLE(N) (WTDEEP(N) (OINTOP (NI 4OINBOTLR¢QTINY(PRESSIN)
2 FORMATIG6FL10.3)

100 CONTIWUL
CALCULATE LENGTH wA OF TEST SECTION, SHAPE FACTOR.HEAN I[N FEET
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CALC. NET LENGTH AND DISCHARGE WHEN UPPER PACKER IS MNVED, LUWER FIXEL
D0 200 Nsl,» . Nt
IFIPRESSINI=-PRESSINGL)Y 210,101,110

101 IFCUINHOTIN)=NDINBOTI(N+1)) 11C,102,11C
172 WAaDINTOP(N®L)=DINTQPIN)
QO=2QT(N)=QT(N?*1)
GO T0 121
110 WAsDINBCT(N)=DINTOPIN)
QOseTIN)
121 S0=56,283eWA/LQGF(8,03WA)
*HO32,319PRESSIN) *WTNEEP(N)

CCMPUTE DISCHARSGE GAL/DAY THAT wOULD OCCUR (N 25 FT LENGTH UNDER 1.5 2SI
JAIN)=15780.,0esQU/(SJ2H0)#1440.0

CCHMPUTE MID-0EPTH OF TEST SECTION
OMID(N)I(DINTIAP(N)*wWA/2., 0)*SINF (ANGLE(N)®#J,31745)

PUNCH 3.UAIN) OMIDIN) yWA,N
3 FORMAT(3F15.1,32%,13)
2C0 CONTINUE

.

, GO 0 S
160 Ma=M
END
. DATA
. LISTt . : _ y,
] LABEL ~
. FORTRAN

CPTEST3ADAYVID T. swuu. DEPT. MINL TECH, JULL 64, VIRG. R. DATA
DIMENSION QA(30u)OMIDI(503) 3 SACKSIS.C) ywaAlS5L0)
- GCUNT OF CARDS READ .
5 REAND LM
1 FORMAT(I3)
IFtM) 2,7,6
6 PRINT &
4 FORAATISUH) STD OISCHARGE  MID-0EPTH SACKS GRUUT/FT 17)
CARD FOR £EACH PUMP TEST READ
00 LC2 N3l,y¥
READ 2,ANGLE,IINTOP,DINBOT,,30,PRESS,TINE po%OUt
2 FORMATI7F1Q.3)
CALCULATE LENGTH wA OF TEST SECTIUN, SHAP: FACTUR,HEAD IN FeeT
WTsDINBOT-DINTIOP
S026.28324T/LAGFI8.584T)
HO32,31*PRESS
CCMPUTE DISCHARSE GAL/DAY THAT wWOULD UCCUR 1IN 25 BT LENPIH UNDER 1vd PSI
VAIN)31180035.)9090/(302H0) 2144)sv
CCMPUTE MIUV-DEPTH OF TEST SECTION .
OMID(INI={NINTIP+WT /2, OiﬁsldF(ANbLE'a.91765)
SACKSIN)3GRCUT/NWT
WALN)3WT
PRINT JowAUN) yDMIOIN) o SACKSINI4AIN)
PUNCH 3,QA(N),OMIDIN) ,SACKS(N) ;WAIN)
3 FORMAT(4F15.1)
160 CONT INUE
GO 10 9%
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7 Man
\_/ END
. LIST
. LABEL
. FOR TRAN

CPYESTG DAVID Te SNDW, DEPT. MINL TECH,; JUL 64, STATISTICS PUMPTESTS
OIMENSION QAL3CGG)DMID(SII)
CCUNT OF CARDS READ
READ 1.M
1 FORMAT(I3)
IFIM) 1C410412
12 PRINT 4 : ,
& FORMAT(Z73,H STD DISCHAGE MID=-0DEPITH 77}
CARD FOR EACH PUMP TEST READ
DO 100 N=1,¥
READ 2¢ANGLEDINTOP,DINBOT«QG,PRESS
2 FORMAT(SF10.3)
CALCULATE LENGTH WA OF TEST SECTION, SHAPE FASTOR,HEAD IN FFET
WARQINBOT=-0INTOP .
S026.283eWA/LOGF LB 00nA)
CCMPUTE MIOD-0cPTH OQOF TEST SCCTrIov
ODMIODIN)I=2 (DINTOPewA/2.00)aSINFLANGLERC,D1T745)
Y HO=2 .31 e PRESS+DMIO(N)
CCMPUTE DISCHARGE GALZ/ZDAY THAT wWOULN OCCUR IN 25 FT LENGTH UNDER lu0 PSI
QALNI=157R80.,0¢Q0/(SUeHD)e1440.0
PRINT 34Qa8(AN),OMI0(MN)
PUNCH 3,CAIN),DMIDIY)
3 FORMAT(Z2F1S5.1)
100 CONT INUE
10 Mz=M
END
. DATA



Plostine Qumlaive Prossuce-Tost Discharsq qurves O34
~ Subroutine DISCHARGE, with its MAIN program for data inpuc
and .repeti.uve calls for additional plots, was usad to present
the standardized discharges from PTE3T. Tho oporation and
finlsghed product diffors in some respact from that of FREQPL.
The 95% confidence limitc about the median are computéd by the
normnal epproximation to the binomial, and plotted as horizantal
lines on thn graph. The mean and standard deviation of the dis=
charges 13 camputed, printed, and also plotted as vertieal lines
on the graph. The actual confidencs range interseeted dy the
cumulative curve of discharzas 1s coinwvuted and printed out in the
output. The entire curve, with all its points fitted to the

plot, 1s then drawvm,

(]
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PACK
ERROR DuUMP
LIST
LABEL
FORTRAN
DIMENSION QA(SOC), OMID(SOG).AA(lll.sulA).CAclli.EEtsb.GAtlzio
LOALL2),QPTS{SIPIS(S), FthtlOO!.FF(#).GG(%I.VC(SO)
COMMUON M QAT
READ 1¢M
FORMAT(E 3!
[F(M) Lls1L46
READ 2, (QA(N] Nzl M)
FORMATIF15.5)
CALL DISCHG
GO f0o S
11 CALL NOPLOT
ENOF ILES
ENDFILES
CALL REWUNL(6?
CaALL EXIT
END

NO w0

. LIST
. LABEL
. FORTRAN _
SUBRUUTINE TISCHG
OTMNS ION Q3500 1+0MED(S031 sARILLY 436141 sCATLLY (EECS)2GALL2T,
10ACL23 4uPTSASIPTSES)s FREQULOODFFI414GGL&IoNCE5I) -~
COMMON Mo24,T
CUMULATIVE DISTRIBUTION OF PUMP TEST DISCHARGES PLOTTED -
AA{1)=3HLHO
AAL21=6H2NHL
AA(3)=4H2H2C
AAC& ) S4H2HIS
AA(S ) =4H2H4G
AAL6 1 2OH2HSY
AACT I =4H2HEC
AALS) =4H2HTC
AA{9)24H2HSC
AAL10) 6H2HSS
AACLL)=SH3H13D
88 (1)=6H1BHCUN
88(21=6HULATIVY
88(3126HE PERC
BB (412 3HENT
CA(1)=3H58H
CA(2)26HF [GLRE
CAL31~6H ST
CA(4)=x6HANDARD
CA(S)1=6HIZEC P



CALL)26HUNP TE
CAL7)s6HST CIS
CAl3)=8HCHARGE
CAlI)=bH, GALL
CAL10)=56H0ONS/0A .
CAlll)=1lNHY
EEL1)=28H4H=-SIS
EEL2)36H4H+SLIS
EE{3)36HAHNEAN
FFLL1)33H1EH
FF12)26H9S €I
FF{3)38H CONFIL
FFla)slH-
GGt1l)=3HIGH
GGl2)36H DENCE
GG13)38H CN ME
GGl4)24HDIAN
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CCNFIDENCE (95 PERCENT) INTERVAL ABOUT MEDIAN, NON-PARAMETRIC METHOD

CCMPUTED FROM NORNMAL APPRUXIMATION TO THE BINOMIAL DISTRIBUTION

AM=M
- PEACH=21CC.0/ANM
CONF20.5339SCRTFLAM) »PEACH
CCORDINATES OF THESE LIMITS. ARE
CONFDN33.G=2+ JOCCNF
CONFPUP23,J+,.J60CONF
CCMPUTE MEAN
T=QALll)
- 00 107Q K32,M
1970 TsT+QAlK) )
QMEAN3T/AM
CCMPUTE STANDARD CcVvIATION OF DISCHARGE
DEVY=Q..
DO 300 K=l,»
300 DEVQ=DEVQ+{CMEAN=QA(K) ) ese?
DEVQaSQRIFICEVC/AN)
CCORDINATES OF DEvIATIONS
SIGPLMaQMEAN+DEVN
SIGMINSQMEAN=-JEVY
CCORDINATLS AND LETTERINGy SCALES OONE
CALL GRAPH{G:I96.09245)
CALL FRAMS{C.lsued)
CALL XLMNU9eC90:095:G9=C.5)
CALL XLN (0.009:%2CUNFON,O)
CALL XLN{GeC98:593:0090.5)
CALL XLN (04329.uvsCONFUP,0)
¥s-),.05
00 21 J31,11
CALL LTRE{=C.3,Y »219CraA0N))
21 YaY+0,8
CALL LTR1=0.59C4702,1,89)
CALL LTIR{=1:39-1.012+0,CA)
CALL LTR 18.6351.95,1,1,FF)
CALL LTR (8.,85s1.855151,G6)
READ 7,(GAtJ)yJ=1,12)
CALL LTR{=0479=1.%492,0,0GA)
READ 7.1DAt1J),J2]1,12)




327

CALL LTR{=0.7¢=1.8¢2:040A)
FORMAT(1246)

: 1
\_ CCAPUTED TtST DISCHARGES ORDERED, ASCENDING

1240

1239

M(SzM=]

00 1239 L=l MIS

LPlapel

00 1239 JalPlM
IF(QAIL)=-QA(J)) 1239,1239,124)
TEMP=QA(L)

QA(L)=QA(J)

QA(J)=TEMP

CONTINUE

CLMULATIVc CURVE FITTED TJ PLUT DIMENSIUNS

1061
1364

1063
108t
1303

1396
1069

HP=2] ,0E-08

HLaQA(M )eMP

IF(HL=-0.8) 1963,1263,1081

HPz=HPe]lC .0

GO 10 1264

[X=3.0/7 HL

?0 TO 61u6991069¢135341303,1069,130691336923064130641C69),1X
X=

GO TO 1469

IXa3

Xl=1X

HPsHPeX]

PREINT 31, QA(L) QAN )}, IX
FORMAT(1P2E20.84 &)

\ 31
\\// CCMPUTE M~TILES, PTS(I)=LOWER 95 CONF LIMIT, MEDIAN, UPPER CUNF LIMIT

1099
11CO

1101
1150
1149

PTIS(1)350.0-CONF

PTS(2)=250,0

PTS{3)250,0¢CaNF

PNUM=1.(0CO1

N0 1150 [=1,13

PLUM=PEACHEPNUM

lF(PLUH-F!S(lll 110541101 ,1101

HB4P=PNUM

PNUM=PNUMe] (2

GO 0 1999

MP =P NUM

CPTS(II=QA(MP]- (PLU!-PTS(lllIPEACH'(QA(MP!-OAIHBQOll
CONT INVE

PRINT 1149, SIGMIM (QPT3(]),12]1,3),SIGPLM
FORMAT(SCHO <-0EVQ LOW CONF MEOIAN UP CONF . ¢DEVQ /7

15Flve2//7/)

CCMPUTE CUNFIDENCE RANGE ABQUT M4EDIAN

1033
1034

CONI=(QPTS{3}=-QPTS(111/2.2

PRINF 1033
FORMAT(SSH CISCHARGF MEAN, MEDIAN . STD DEV, 95 PERCENT ON MEDIAN)

PRINT 1034, CMEAN, QPTS(2} ,OEVQ,CONQ
FORMAT( 1P4EL244)

CLMULATIVE FREQUENCY CURVE PLOTTED

S

CALL CUPVE (44190909009 9.0¢0.0,6.0¢1)
YINC=6.0/7AM .
YVsYINC

00 1017 L=14M

XQ=agA(L ) eHP
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CALL PLOTPT (%Q,YV)

YVsYVeYINC

CONT INUE

XSIGMMaS IGMIMeHP

XMEANaUYMEANSHP

XSIGPMaSIGPLMeHP

IF(XSIGMM) 707,707,708

CALL YLN (0.0+5439XSIGMM,0)
XSIoMM=2XSIG#M#+0,05 '

CALL LTR (XSIGMM,5435,1,1,EE(1))
CALL YLN (0:736.03XS1GPM,0)

CALL YLN(O.7¢5.0+XMEAN,I)
XMEAN=XMEAN+0,.05
XSIGPMaxXSIGPM*0.(S

CALL LTR (XS15PM,0.2041,1,EE(2))
CALL LTRIXMEAN, $.2C9191,EE(3))
ENDFILES A

ENOF ILES
RETURN
EyD

DATA

328
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8290
Srtural fricturas in rock dapart frowm thu Sscuaption of

smaoth anrnllolenlats oponings uszad in tho sodul, A grect doal

of theopnticnl and auvpariaontal arck raiine to La done Jafore oae

hauatlrs the laportant sud)act of tis hydraulies o! a alasle forac-

turo vtoxe Ssushnesa axeaads tas displeccoont of 1ty sidoa,
Auitt {1753), sivos the ~nuation for nezcellol alute foise

zeuills Clo ¢

Qe ars. e wg' .
. /a/j‘ .

vhoers L dl:ceicryge,

+ §- thd browdth,

Ue L3 tho tdeth \fuu cporture) of fructurcs, .

A Lo vicocostty,

l.f.'i..; e lergth
end B¢ . . 3.oceforce convoroion foetor, 2ll of hieh crs in
czs wait.,

T.ouz L. shand ot confiractien thet friction &t ldnocr with

speet te voleeity dn voush: plince conduit., srovidzd tlot vae

locity L. la.- {"naltt, 1€56; Ualkor, Man cand Rothfus, 1057;
Tothfu:, 'rehor, Tllaic - nd Stkent, 1957). Th- Lopnelds {1883)

neLer oLV 2 o cri.tcrion:

Re = 2We V7 _ (tee, p. 259)
,

u 1.. t:! 2 wlodty tn t.u... a:pression, Diporicantsl verk indicota.
that lasdece flov, is antcinad %elow I, = 1500, Tevics and
alts (19285 tluo odteined thls voluo, nearly the samo 23 T2loe
Stauts 11877, eltad dy Wodd, 1959) eritfesl aumbor of 2000 (by
the cbovs dafirnition of &o). Tor instanea, if vator ot SO°r floiz
under & unlt graflant, lidnsr econditlons ¢4ll o.dizt &n oll fruce-

tures of los. t-.n 0,16 a: :portur2. %h2 rodel cocults rerortod
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in this papor vy b eonuldered applieudle to frocturas up to,

say 3 me, depending an daoundury condition.. Coaztuncy of tho
Yanning friction factors

et vrliue
§ 7 24/Re

chaeractarizou tha lanincr mnge. Tho friction faetor L1 a proe-
portionciity const:nt bstiena tho Losd losa por unit lenzth
&lorg the flo, ta thio volaclity havid par wilt sperture, Adbovs
critic:l velacity, £ .2ntocches ¢ enatent vilue for ¢ givon
goughinesc halzut, {:/r), "Mere 2 15 tho srithmetlie 202n alavae :
tion of protutorarncac cad r 1: pio padius or half fricturoe
aparturs, haranc Nultt found tu.t frigtion 1. indorendent of
gougunass haizht 4An tha lasdnie eongo.

Thavgh ‘ﬂis:v -valoelty £flo.'3 Ax frr.etupo. 273 not councidarod A
in the 2rasort tudy, t.ore zre wrtural eircwess tyneas, uch 23
solutioneanlirged jolnt. in ecrdoaito rock:, or 4in luego fryce
turos a9 P toLtelalac in oo vocohks, :i.0vn frictlon eiencd: that
zivan hyf:ngtiha ~tove, Tuitell aces fndlectos friction foectors
for rough frreturds dout 1.5 tiies thaio for Mpac {lifkur:dsa,
19603 urd Zoladrook, 103%). TMrvilo: and Milte's date 3pwn the
magd of T, 2 60 to 4500, -ad that of R 39, at.zl. [1752), frﬁ.*.:
7030 vo p.,.fsa “on? {1823, citad by P.go) zavo in Lrnirlesl rie
lotio _-':-J.-;- butroon the frietion factor st “sd Noymolds masders

and the =olstivs roughness:
o4
§ 72 004 =/ ')
In 211 thaso stud!.s:.—. tha roughnas: hAsights consfdored cre

coasidag2hly la-: than umity., ittt formed ‘\!.' rouz condudts by \—

cayantirg umniforsly=graded sunde anto shellaend sSto2l suxfaces,



Bopt usod ¢ variety of naturally-rough matoriacls for his eond::}
| tor boundartbs; In no knosm study hac & true cast-inemold |
configuration boén uied to mke z/r gta:.fly exceed 1, Rock
Jointe, end w3t ot&er fractures fall ta ncot the necugasry cone
ditionc for Tolsccullla flots, vhich La:nb (1932) caye s valid
providod thct dWe/d & L3 mall,and 4f W, L omall eompered
 to the curviture. The uriter's experineatal vork on the conduce
- tivity sf tight fractures hau mlﬁed' too inconplete for inclue-
| aloﬁ tiith the anzlyticel rosnulte éresented hare, in aptﬁe of tuwo
-yeat': ﬁffofta'to abtoin volid rosults from an alr permeametor.
The ronran for continuad coneagn for tha aparlura=conductivity
talatlénship tn reel froctures 1s'that of tho‘lfregulétltles ara
of tha TeM2, OF grottar magaituds tham tha felattva étspuemant )
- of thu bqunﬂ:ties. then'tha asth longth gtaatly'axcoeda the overs
all patticlé ;tanslatlon. cnd sparturos ere reducod cecording to
‘tho inclinction 6Z‘n1ero-taees onAthe trresﬁlsétttas. Dircctione
tl proporties of the roughnecs (tetare) :L-.y» rosult in anicotropy

of individesl ft;qtutas. . ' .
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\\_// NNWSI Technicel Project Otficar, LOS ALAMOS NATIONAL LABORATORY
AND .
NNWSI Technical Project Officer, UNITED STATES GEOLOGICAL SURVEY
REGARDING THE COOPERATIVE CONDUCT OF TRACER STUDIES

I. As participating egencies in the Nevada Nuclear waste Storege
- Investigetions, the Los Alemos Netional Laboratory (LANL) and the _
U. S. Geological Survey (USGS) are conducting mutually cupportive
tests at and near Yucce Mountein, Nevada. These tests, referred to
as "tracer tests™ contribute to meeting the following NNWSI
programmatic responsibilities of the participants:

A. The USGS responsibilities under Work Breakdown Structure (WES)
1.2.3.3, Hydrology, to define the pathways, mechanisms, fluxes,
perticle velocities, and coefficients of dispersion of ground-
water flow at and in the vicinity of Yucce Mountein;

B. the LANL responsibilities under WBS 1.2.3.4, Geochemistry, to

- define the potential for movement of radionuclides in verious

physicel and chemicsl forms from the sites of potentical

\\_// nuclear-wagste emplacement at Yucca Mountain to environs that
might be accessible to man.

II. The Technicel Project Officer (TPO) of LANL end the TPO of the USGS
egree that successful end timely completion of these investigations
require: (a) the Joint use of existing and future boreholes
penetrating the saturated ground-water system at and in the
vicinity of Yucea Mountalin, particularly at the site designated
UE25¢;. (b) cooperation in the planning end design of tests,

- including their sequence, to assure that the information required
by both aegencies can be acquired in as -timely e fashion &as
possible; (c) that dsta and other information resulting frem the
tests be freely exchanged between LANL and USGS when needed as part
of the technical basis for eveluation or development of plans.

III. In order to assure meeting of the program requirements stated in
(II) above, the parties further egree to the following provisions:

A. The USGS is designated as the lead agency, end LANL as the
supporting eagency, for tests designed primarily to define
hydrologic parameters, including hydraulic tests and the use of
non-reactive (conservative) chemical or physical tracers to
determine flow paths, particle velocities, and coefficients of
dispersjon. :

2.0 2.5



LANL 1is designeted as the lead agency, and USGS es the
supporting agency, fcr tests designed primarily to determine
the rates of movement (or of retardation) of radionuclides,
including the use of reactive (non-conservative) tracers, or to
evaluate the retarding effect of such potential phencment as
matrix diffusion.

the respbnsibilitie: end rights of the lead agency include:

1. Assume full cresponsibility to plen, conduct, end enelyze
tests for which it ig responsible.

2. Assign and implement quelity-assurance (QA) levels that are

commensurate with the requirements of the supporting egency -
and the joint USGS/LANL objectives end responsibilities.

3. - Provide the supporting sgenzv the cpportunity to review and
comment. on plens, inclucing QA level assignments and
technicel procedures.

4, Inform the supporting sgency of changes of plans or delays
that could effect the overall testing effort.

S. Make all datl available to the supporting segency in e
- timely feshion. Data aveilability tc the supporting agency
will be scheduled ss a Level-S—milestone by the originating

' agency.

6. Have fir:t right to publish or otherwise release the data.
‘enalysis (including modeling), and - interpretetions for
tests for which it 1is responsible, subject to the
conditions in Section III.E below.

7. Provide the supporting egency the 6pportunity to review end
comment on all manuscripts perteining to the tracer studies
and intended for relesse or publication.

The responsibilities and rights of the supporting egency
include:

1. Through ongoin; dialogue and review of plans and previous
results, provide to the lead agency idets. concepts, or
suggestions concerning planned tests.

2. Review and comment on quality-level assignments and

* technicel procedures for sectivities affecting the useful-

ness of - test results thet are important to other joint
tests or gnelyces.

3. Mey observe tests and, Iif mhtually agreed upon, may’

directly support the leed eagency's planning. testing, and
analyses.
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4. May not release data nor publish enalyses or results prior
to the relesse gnd publicaetion by the lead agency, except
as is provided in nection I1I.E below.

E. Publicetion or other release by the originating agency of
information needed for reference by the other in its
publications will be scheduled as a level 2 (NNWSI Project
Msnager controlled) milestone. When the milestone is three or
more months overdue, as referenced to the letest due date
-approved by the NNWSI Chenge Control Board, the using sgency
may use and present those unreleased deta, but pot
interpretations, that are necessery to support its own analyses
and Interpretations. Such date will be referenced to the
unpublished files of the origineting agency and to the-
individual who provided the deata. The originsting agency or
individuals are not obligated to reference the usins agency in

gsubsequent presentations or uses of the data.

IV. This ggreement shall remain in effect until cancelled in writing by
either of the parties hereto, their superiors, or their successors.

& Date
Williem W. Dudley, Jr. Doneld T. Oakley
NNWSI Technicel Project otficer NNWSI Technicel Project Officer

U. 8. Geologicel Survey ' Log Alemos Nationel Leboratory
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DETERMINATION OF THE VERTICAL AND HORIZONTAL
PERMEABILITIES OF FRACTURED WATER BEARING FORMATION

Dr. Eng. Kamal F. SAAD ¢
Desert Institute, Matarla, Cairo, UAR
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peut considérer Jes l‘omtlons lqumru fracturées comme des aquiféres anisotropes. Longu

'a;il de l'racmm horizonulu, perméadilité hodzonulc correspond aux propriéiés de transmisy

fa fractures ¢t [a € verticale est eclle de la roche mére. Au contraire, Jorsqu'll s'agit
ctures nsmissivité des fi

‘ es permésbilites veniu!e

jen que Seur capacité de réserve, par Iélude des données des essals de &omp

procédé ang!qyé est fondé sur h lnéthode de la doudle penu (Snd ef al., 1964). ‘pl magnit

duperméa verticale et horizontale peut fournir des indices sur les réscaux fuctmudl’
anait la facilité de 1°6coulement dans chaque direction.

AssTaacr .

Fractured water bearing formation may be cons{dered as an anisotro quuifer.'nmkne
ability through the fractures will be different from that ot m orlzmal parent omadon In the
wnet the values of both the vertical and horizo nulpermu ties as well a3 the storage coeficient bha

kem&l“u:dlfhg‘um eﬂbe&gmpinglutdau. 8 bmvhmoﬂba&mdmah

Fepresents o ures ha e the other cha transmitth
Enda : t formation. ‘fbe ofm onlbedoubledopewbo
al.

ractured wa burins formation. [t can also be uded that &kn of ¢
mgnkudeoﬂhcpmbﬂiﬁulnbo directions may indicate the pattern and treod of

InmnoovucTiOn

Anisotropic permeabllity of water bearing formation isa result of many reasons. Among the
are the presence of fractures, with a certain pattern, in previous aquifer such as imestor
Consequently the permeability through the fractures is different and usuafly higher from that
the parent formation. The fractures may have either a horizontal or a vertical trend (Fig. 1)at
tbmtheymmpmtedhydnu!mﬂybymhoﬁmnmorhmialmbmy
Thepermubnqun omu&mimmudzmmmhmpmpwofmepmut
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Fig. 1 — Cross section of fractured rock. A and B: Vertieal fracture. C: Horlzontal fracture. -
¢ UNESCO Expert to the Republic of Mali, ®Direction ée I'Hvdraulique®, Bamako.




N erred formation from which they are pumping. This is rather due to many technical reasons,

geocg these are the targe thickness of the fractured bed or the wide fracture openings. In both

drilling operation may be cither expensive or impractical for targe depths for excessive

;s of mud circulation and other difficulties. For this, producing wells drilled in (ractured water

formation, are usually partially penetrating the equifer,

LTbe purpose of the present paper is to determine the permeabitity of both the fractures and

g parent formation. These parameters as well as the storage coefficient can be determined

:uh analysis of the pumping test data, recordes from g partially penetrating observation

ook, where the pumped well itself does not reach the bottom of the fractured formation, Lt is

ﬂdthaubcfmmmeith«hoﬂmnﬂtormia!mdthatﬂwwmmdem
gmles constant in the whole region.

ure of analysis is based on the double slope method, Saad er af, (1969), and on the

solution of the nonsteady flow toward a partially penetrating well, Hantush, 1961,

gicount for anisotropy, Muskat, 1937.

¢ tion wells extend for the whole length of each well, and that both are partially
getrating & water bearing formation, Figure 2, has been found by Hantush, (1961) as follows:

"'isz,b[W(u)i-@ b¥x2dd’) .E::‘ (/n®)Ko(anr/b)(sin nxd’/b)(sin nxd’/b) (1)

.‘_'. *°}
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- watlon (1), ctn be modified, to account for anlsatropic permeability resulting from the
T | et b it th e Gy o R Sk, 1937 T B
S 0), will reduce to:
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‘o ES : Gianxd/t) @

- v
-

SR

a——

-l

¥ practice, it frequently happens that the producing wells do not penctrate completely the .
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Equation (2) shows that the rate of changes of the average drawdown behaves go

of radial toward & well fully penetrating an aquifer.

For the determination of the hydraulic coefficients K, and K,, the duoble slop.,
?al?d et al, (1965), can be used. The procedure of the mathematical analysis is outly .
ollows:

i) differantiating (s) in Equation (2) with respect to log, ¢
= m - o

ds/d(in9) Kb ¢ m "

i) differantiating (m) ln Equation (3) with respect to ta ¢

@o. .. _ ., |
dmid(ing) = rPra e *mm t
iif) the double slope function f{w) = m'/m, can be found

S(4) = m’/m = 2.30u "N

Equations (5), (3), and the relationship (a = r3S/4 K, b¢) and the dats of pumping teut, o-t
cnable determining K and S, as will be shown later. The value of (X), can also be found m i
terms in the summation form appearing in Equation (2), can be evaluated. For this, Equatin e
can be put in the following forms: )

? A= _g (1n) Ko {(nxrfEXK JK))

(sin ned/b)(sin nxd'/b) * (%
Where
s

Equation (6), can be fyrther reduced to the form of Fourrier series by multiplying both win
by (sin (x)dx), where (x = =d'/b), and integrating between the limitsOand

I' Asin ()dx = j : )'f‘ (Un)Ko {(ne/b)(K.JK,) ) (sin ax)(sin x)dx ¢
0 e

Using the following two identities:

. o Sin (n—m)x _sin(at+m)x .
I sin (nx) . sin (mx)dx " Stom) 3ntm) ¢
_[ (sl (1)Ads = (<) ~ 282 ~ -

it can be shown easily that all the terms in the summation form in Equation (7) will tend o »
except when a = 1, Therefore Equation () will reduce finally to:

I' A sl (x)dx = (2/2) Ko [(xr/b) K /K,)"/?] sin (xd[b).= 24 ns
° .
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~ For determining the hydraulic properties of both the fractured and parent formation, i.c.,
e vertical and horizonta! permeability and the storage coefficient from the data of the pumping
ut, the following procedure can be applied:

{ Draw the drawdown-gim curve on semilog. paper, with the time on the log scale (S—-log ¢

. curve).
@ Choose several points on the curve and measure the slope (m), per cycle at each polat. §¢
may be more accurate if the chosen points comprise the latest portion of the criginal curve,
%ocinothawordswbenmetimislarge.
& Plot on the same semi-log paper the measured slopes (m) versus log .
#¥ Select few points on the (m1—log ¢) curve and measure the slope (m°) of the tangent at each

= point, per cycle.

4 zawing {m) and {m") at each time, find the double slope function f{v), using Equation {(5)
<, at each point, and find the corresponding value of (u).

o). Using Equation (3) with known values of (), (), (b) and (m), determine the value of K,.

o) Using the gelationship (s = r,$/4 K,b1), compute the value of S.

W) Steps from v to vii, may be cepeated for other values of (m°), at diffecent values of time.
;.-, However the computed values of (Ko) and (S), should be the same at each point. Any
2" deviation #s a result of improper measurements of (m) or (m’).

&) Choose any point on the (r—log 1) curve and record its coordinates.

g) Compute the value of («) at that particutar point and find its corresponding value of W(x),
from tables of the well function, Wenzel, (1937).

o) Using Equation (11), the value of Kol(r/b)(Ke/K() V7], can be cakculated. From which the
value of (K\/K:), can be found, using the tables of the modified Bessel function Ke(x).

o) Knowing (Ky), determine the value of (K).

s

[ 5
.

- " APPENDIX -~ NOTATION

~ aquifer thickness (L).
depth of penetration of the pumped well (L).
depth of penetration of the observation well (L).
the zero-order modified Bessel function of the second kind, tabulated, Watson (1544)
or Dweight (1958).
- horizontal permeability radially from the well (L/T).
" wertical bility (L3T).
slope of the tangent at any point on the drawdown-time curve (s—log 1) (Licycle).
- glope of the tangent at any point oa the drawdonw-slope-time curve (m—tog 1) (Licycle).
constant well discharge (L4T).
distance between the pumped and the observation wells (L), , ‘
average drawdown in an observation well partially penetrating the aquifer (£).
mze coeffkie:}t or s:ontizig.
e gince pumping started
selation r25/4 K, b1,
= [ y(¢~5]c) dx = well function of (u), tabulated by Wenzel (1942).
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