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CHAPTER 3
DETERM NATI ON OF PERMEABI LI TY OF ROCK
3-1. Perneabilities of Rock Masses. Perneability of rock, as with soil, is a

neasure of the ease-with which fluids may travel through a nedi um under the
influence of a driving force. The term "perneability," however, has severa
definitions for describing the flow of water in rock nmsses.

a. Coefficient of Perneability. The engineer's coefficient, or Darcy's
coefficient, is normally referred to as sinply the "coefficient of perneabil-
ity." It is defined as the discharge velocity through a unit area under a
unit hydraulic gradient and is dependent upon the properties of the nmedium as
well as the viscosity and density of the fluid (Section 2-3.a.).

b. Intrinsic Perneability. The physicist's coefficient, or the intrin-
sic perneability, is occasionally used in the determination of the hydraulic
conductivity of a rock mass. It is defined as the volume of a fluid of unit

viscosity passing through a unit cross section of a nediumin unit time under
the action of a unit pressure gradient (Section 2-3.b.). The intrinsic perne-
ability thus varies with the porosity of the medium and is independent of both
the viscosity and the density of the fluid.

c. Equivalent Perneability. The conplex system of interconnected void
space in a rock mass may be described in terms of an equival ent porous con-
tinuum and the flow assunmed to occur uniformy throughout the nass rather
than within individual passageways. Under these assunptions the term equiva-
lent pernmeability is used to describe the permeability of a rock mass.

\

d. Parallel Plate Perneability. The perneability of a fissure or a
fissure set is occasionally determ ned by nodeling the rock mass conditions
with parallel plates. The parallel plate perneability can be conputed from
the value of the aperture between the plates (Ziegler 1976) and this perne-
ability provides inferences for use in the nodeled rock mass. The accuracy of
conputed parallel plate pernmeabilities has been verified consistently with
| aboratory tests (Snow 1965).

e. Fissure Perneability. Fissure permability is the perneability of
an individual fissure or a set of fissures and, whether neasured in the
| aboratory or in the field, is deternmined using the parallel plate perneability
theory. Fissure permeability is determ ned using an equival ent parallel plate
aperture, rather than the actual fissure aperture. This in effect incor-
porates roughness into the parallel plate |aw

3-2. Flow Characteristics in Rock Masses. The determ nation of the perne-
ability of a rock mass, whether it be a rock slope, dam foundation, or dam
abutment, can only be acconplished after certain criteria are defined or
specified

a. Continuum Approximations. From an overall regional point of view,
nost rock masses may be treated as continua, for all practical purposes. One
of the primary considerations in selecting the continuum approach,-for eval u-
ating the perneability of a rock mass, is the relative size, frequency, and
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orientation of the inherent discontinuities in the rock mass, conpared with

the size of the area of interest or area under study. If the flow charac-
teristics of a rock mass are to be treated as those of continua, the net vari-
ation in flow over the study area should be relatively small, and the frequency
and orientation of the discontinuities should be such that they provide an
overal | averaging effect on the flow with respect to the area of interest.

bh. Discontinuum Approximations. As areas of investigation becone

smaller and smaller, i.e. nore specific, the inherent discontinuities in rock
masses start to play larger and larger roles in the interpretation of ground-
water flow and its path of novenent. The perneabilities or relative perne-
abilities of individual fissures and fissure systems are inportant for esti-
mating the amount of seepage into various sections of underground excavations
such as powerhouse tunnels or diversions, or through specific strata in a dam
foundation or abutnment. Discontinuum approxinations of permeability are nor-
mal |y used when the flow in the area of investigation is governed either by a
single fissure or by a fissure system

(1) Single Fissure Flow The perneability of single fissures can be
very inportant in karstic terrains, basalt, or rhyolite flows, or in areas
where tunnels are driven through faulted zones. The flow through a single
fissure, under certain geologic conditions, can be the key to estimating the
seepage through a dam foundation or abutment, or for deternmining the best
route for a proposed tunnel

(2) Flow Through Fissure Systems. Fissure systenms such as joints
fractures, and bedding planes can yield, or contribute to, unpredictable flow
paths, seepage patterns, and uplift pressures. The perneability of fissure
systens should be evaluated by a discontinuum nethod of analysis when the
size, frequency, and orientation of such systens make a continuum approach to
the area under investigation unrealistic.

¢c. Gound-water Velocity. Flow of water in rock masses is generally
considered to be governed by one of two laws. Under conditions of [|aninar
flow, Darcy's law, previously presented as equation 2-1 in Chapter 2 is assuned
to govern the flow. For turbulent flow conditions in rock there is a nonlinear
flow velocity versus hydraulic gradient relationship and equations presented by
Forchhei ner (1914) and M ssbach (1937) are assumed to govern the flow.  The
M ssbach law is the nost convenient to analyze and it takes either of
two forns,

or
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wher e
m and o = degrees of nonlinearity

k" and B = turbulent coefficients of perneability

Since the two equations are identical, resolving themindicates that m= %

and k' = B'I/u . The use of the above | aws, however, is usually restricted
to a honpbgeneous, isotropic, porous continuum Since in soil and rock masses
there are conpl ex systens of interconnected void spaces, an equival ent rather
than an absolute permeability should be determined. The coefficient of equiv-
alent perneability fromthe continuum approach assunmes that flow occurs uni-
formy throughout the mass rather than within individual passageways. There-
fore, for equivalent perneability, Darcy's law and Mssbach's law are witten
respectively,

v = kei (3-3)
and
m = ts
v kel (3-4)
wher e
ke, = lam nar equival ent pernmeability

k; = turbulent equivalent perneability

The continuum approach, in some cases, is not applicable and therefore, the
di sconti nuum net hod of analysis for evaluating an equival ent perneability
shoul d be used. Fornulae for the discontinuum anal ysis for equival ent
perneability are presented later with various other methods of analysis.

3-3. Methods for Determning Rock Mass Perneability. Numerous nethods have
been devel oped for determning or estimating rock mass perneabilities. Al of
the available testing, as well as analytical techniques should be considered
and evaluated for each individual study, in order to optimize the advantages
and nminimze the disadvantages inherent within each method for deternining the
perneability of a rock mass.

a. Laboratory Perneability Tests. Laboratory perneability tests are
used for evaluating the permeability of rock cores or sanples, deternining the
flow characteristics of rock fissures, and performng parametric studies of
the factors affecting the perneability of rock masses. Laboratory test
net hods for perneability provide a convenient research and eval uation too
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because a variety of paraneters may be controlled and varied to yield a broad
spectrum of conditions which nmay be encountered in a rock nass.

(1) Model Tests. Model tests are conducted by constructing paralle
plate nodels to sinulate given geologic information. The tests generally tend
to be a parametric evaluation, but have been used extensively in evaluating
both theoretical and enpirical rock nmass perneability fornulae. To nodel fis-
sures as equival ent parallel plate conductors, the flow between paralle
pl ates must be defined (Snow 1965 and W/ son and Wtherspoon 1970). Lami nar
flow of an inconpressible viscous fluid between smoth, parallel plates can be
expressed as

v =g 4 (3-5)

wher e
Y, © unit weight of water
W, = dynanmic viscosity of water
d = aperture between smooth parallel plates

The volune flow rate per unit width, q , becones
—— d71 (3-6)

Conparison of the flow velocity equation with Darcy's law indicates that the
parallel plate perneability, k, , can be expressed by

v=ki (3-7)

de
w

wherekp=m— .
w
(2) Individual Fissure Tests. The mpjority of the laboratory tests
whi ch have been conducted, to date, have been on individual fissures. Tests
on individual fissures are perhaps the nost flexible of the |aboratory tests
for rock mass perneability. The tests are generally conducted at various flow
rates within the individual fissure and at various normal |oads to sinulate
the in situ effective stress flow conditions. The data are used to develop
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correlations for predicting the perneability under the anticipated in situ
stress and hydraulic gradient conditions. The permeability neasured from

i ndi vidual fissures provides direct input into discontinuum analyses and may
be applied to continuum anal yses under certain conditions. Before fissure
permeability, k; , can be determned, however, the fissure roughness nust be

incorporated into the equation for the parallel plate perneability, k, . To

accommodat e the roughness, the aperture between smooth, parallel plates, d ,
is replaced with an equivalent parallel plate aperture, e . Thus, the fissure
permeability is expressed by

v =k.,1i (3-8)

wher e kj = ywe2/12uw . Thus, it follows that the flow rate per unit wdth
becones

- e’ 1 (3-9)

The value of e can be determined fromflow experinments by rearranging the
above equation to the form

(12%‘1)1/3 (3-10)
e = 3-10
Ywi

Values for e are determined from laboratory tests on individual fissures,
and equations for the |amnar equival ent perneability have been devel oped
yi el di ng

Y (Cavg)
k = 3-11
e 1211w (bavg) ( )

wher e
e = average of individual values of e for fissures in the set under
avg  consideration
b = average of the individual spacing between fissures

avg
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Tests of individual fissures can also be analyzed for turbulent flow according
to the M ssbhach |aw

v = k!i (3-12)
J

where the volume flow rate per unit width can be expressed as

q" = kJ'.emi (3-13)

The turbulent coefficient of perneability thus given by

m
k! = 3— (3-14)
] m,
e 1
The degree of nonlinearity, m, is determned as the arithmetic slope of
log i versus log q (Ziegler 1976). For turbulent flow analysis the
equival ent parallel plate aperture, e , is estimated from analysis of the

linear portion of the q versus i curve given by

(3-15)

(3) Representative Sanple Tests. Another |aboratory approach to
measuring perneability is to test a representative sample from a rock nass.
The obvious difficulty with such tests, however, is the problem of obtaining a
representative specimen of reasonable dinensions. The tests may be conducted
as standard |aboratory perneability tests, but on a larger scale. In addition
to the standard perneability tests, small-scale pressure injection tests may be
conducted on such specinens, but only a limted anmbunt of success should be
expect ed.

(4) Evaluation of Methods of Analysis. Mdel tests, as well as the
testing of representative sanples, have only limted application and the
results are frequently subject to nuch speculation. Measured fissure pernme-
ability and conputed equivalent perneability can be directly applied to dis-

continuum and continuum anal yses, respectively. In general, laboratory tests
are normally representative of only a very small portion of the rock nmss under
consi der ati on. In addition, the results of such tests can be altered

significantly by either the control or the interpretation of the paraneters
involved in the test. Laboratory tests, therefore, should be used as a sup-
plenent to, rather than in lieu of, field tests.
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b. Interpretation from CGeologic Properties. Theoretical and enpirica
formul ae have been devel oped which relate perneability to geol ogic properties.
The paranmeters generally required for interpretation, or conputation, are the
average fissure aperture, the average surface roughness of the fissures, and
the average fissure spacing or nunber of fissures per given length. The
governing assunption for any interpretation by this method is that the rock
nmass perneability is controlled by fissures and that the fissures may be
model ed as equivalent parallel plate conductors. Extensive borehole |ogging
or observation and mapping of exposed surfaces is required for determning the
parameters to be used in the analysis.

(1) Analytical Procedures. If no laboratory tests are perforned to
determne an equivalent parallel plate aperture, an equivalent permeability can
be estimated solely from field data. The requirenents are core sanples for
determ ni ng surface roughness of fissures and borehole logging to determne the
fissure apertures and spacing. To evaluate the surface roughness of fissures
Louis (1969) defined a surface roughness index, S, as

=2 ;
s =12 (3-16)

wher e

mean height of the asperities on the fissure walls

y

a = mean fissure aperture

For S < 0.033 equations for |am nar equivalent perneability have been devel -
oped which yield

3
Y a
w av,
kK = ——— (3-17)
e 12uw (bavg)
where a = average of the individual values of a . For S > 0.033 equa-

avg
tions for the |am nar equival ent perneability have been devel oped which yield

3
k = Yw 1 (?avg)
e = 17y 1.5\ /b (3-18)
w <} + 8.8 S ’ ) ( avg)
avg

where S = average of the individual values of S . The above equations

av
gener at ed %y Louis (1969) are enpirical and are the result of nunerous pipe
flow experiments and separate tests of fissures with different roughness,
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model ed as openings between parallel slabs of concrete. In addition to |amnar
flow fornul ae, equations may be developed for turbulent flow for both the
hydraulically smooth and the conpletely rough flow regines.

(2) Evaluation of Method of Analysis. Conparisons of perneability
interpreted from geologic properties with perneability measured by other
met hods have indicated the potential for large differences between the com
puted and the actual perneability. Interpretations of perneability from fis-
sure properties are made difficult by obvious problems in measuring fissure
apertures and roughness.' Natural fissures can have complex surficial geom
etries and can only be observed in boreholes or exposed surfaces, which may be
disturbed during excavation. Potentially large discrepancies are possible, due
to the possibility of many fissures near the borehole being either exaggerated,
constricted, or discontinuous, due to the disturbance during drilling. Wile
interpretation of perneability from geologic properties is theoretically pos-
sible, the results should be used with caution.

c. Field Measurenents. By far the nobst accurate and nost reliable
technique for determning the perneability of a rock mass is that of field
testing. The use of field tests results in larger volunes of the rock nass
being tested and the tests are perforned under in situ conditions. Field
tests have generally been linmted to ground-water velocity measurenments, punp-
ing tests, and injection tests

(1) Ground-water Velocity Measurenents. The equivalent perneability can
be conputed for a rock mass by neasuring the ground-water velocity and the
hydraul i c gradient when certain criteria are nmet. It nmust be assumed that
steady-state horizontal flow intersects the well and flow is governed by
Darcy's law. There are several techniques available for measuring ground-water
velocity downhol e as discussed bel ow.

(a) Tenperature Probes. The velocity of ground water noving through a
borehole may be determined with the use of tenperature probes or sensors. Such
devices consist of a small heater strip or coil mounted beneath a thernistor.
The amount of heat dissipated is a function of the ground-water velocity, and
properly calibrated, the devices can sense very |low velocities (below
1 ft/mn). The directional conponents of flow may be obtained by rotation of
the device or by the construction of orthogonal flow channels within the device
itself.

(b) Flowneters. \When conditions of high ground-water flow rates are
encountered, snmall horizontally mounted commercial flowneters nmay be placed
downhol e for measuring the velocity. The direction of flow may be determ ned
by varying the orientation of the flowreter

(c) Tracer Tests. Tracer tests involve the injection of an inert solu-
tion, or tracer, into an existing flow field via a borehole or well. Tracer
tests are often desirable because they are passive-type tests and do not place
unnatural stress conditions on the flow system The dilution rate of the
tracer at the injection well or its time of travel to another well can be used
to calculate the ground-water velocity and ultimately the perneability. Detec-
tion of the tracer, or concentration neasurenents, can be made by either
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manual or probe sanpling. Cenerally, the probe nethod of sanpling is desirable
to avoid any disturbance to the flow system due to sanple extraction. The
“travel time" tracer tests normally involve large portions of the rock mass,

and thus have the advantage of averaging the effects of exceptionally high- or

| ow-perneability zones within the mass. The dilution nmethod of testing is
particularly applicable to determining perneability profiles within a single
borehole by injection of the tracer into borehole sections isolated by packers.
Commonly used tracers are radioisotopes, salt solution, and fluorescent dyes.

(d) Methods of Analysis. Downhole ground-water velocity neasurenent
devi ces such as a tenperature probe or flowreters neasure the Darcy velocity or
di scharge according to his original equation, expressed as

v =k 1 (3-19)

or

v o= ki (3-20)

Wth the hydraulic gradient determ ned fromobservation wells in the area, the
perneability can be conputed directly. For tracer tests the seepage velocity
is determned according to the equation

dw
v, = (3-21)
r
wher e
dy = distance between injection well and observation well
t, = tracer travel tinme between wells
Using the relationship
v=vn (3-22)
vn==%ki1 (3-23)
] e
v.n dw n
e TTT TR 1 (3-24)
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In analyzing a tracer dilution test, the flow velocity, v, is related to the
rate at which the tracer concentration dimnishes within the test section of
the injection well. For an assumed honpbgeneous isotropic porous nedium the

velocity is determined fromthe followi ng equation given by Lewis, Kriz, and
Burgy (1966).

mw, &n (C))
=4  r ]
v = 8td (3-25)

wher e
wy = well dianmeter
C, = ratio of the final to the initial tracer concentration
ty = dilution time period

Analysis of dilution tests in fractured and fissured rock nasses is nade by
applying the parallel plate anal ogy.

(2) Punping Tests. Punping tests have beconme an established nmeans of
determining the perneability of hydraulic characteristics of water bearing
materi al s. In a punping test, water is punped froma well normally at a
constant rate over a certain time period, and the drawdown of the water table
or piezonmetric head is measured in the well and in piezoneters or observation
wells in the vicinity. Since punping tests, as with tracer tests, involve
| arge volunes of the rock mass, they have the advantage of averaging the
effects of the inherent discontinuities, such as joints, fissures, fractures,
etc. Mst classical solutions for punp test data are based on the assunptions
that the aquifers are honpgeneous and isotropic, and that the flow is governed
by Darcy's law. Applications of such solutions to interpretation of punping
tests in rock masses have resulted in varying degrees of success. For cases
where the normal solutions have proven to be unsuccessful or inadequate
mat henat i cal nodel s have been devel oped which are capabl e of nodeling the flow
regime in various types of rock masses. Wth punping tests, the mmjor dis-
advantage is the period of time required to performa test. Test durations of
one week or longer are not unusual when attenpting to approach steady-state
flow conditions. Additionally, large dianeter boreholes or wells are required
since the mpjority of the conditions encountered require the use of a downhole
punp.  The analysis of punping test results obtained from rock nasses is
general ly conpletely anal ogous to the analyses used in classical soi
mechanics.  Since such analyses are well-documented, they will not be pre-
sented here

(3) Injection Tests. Injection tests, which are the reciprocal of
punping tests, comonly involve the steady-state transmission of a fluid from a
borehole into the surrounding nmedium The perneability of a rock nass can be
related to the relationship between the injection pressure and the flow rate
Equations and techniques have been devel oped for both the steady-state and the
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unst eady-state conditions and for using either air or water for injection
Met hods of analysis of pressure injection tests are presented in Appendix C.

(a) Water Pressure Tests. Water pressure tests, also known as packer
tests (in Europe they are called Lugeon tests) are normally conducted by
punping water at a constant pressure into a test section of a borehole and
measuring the flow rate. Borehole test sections are commonly sealed off by
one to four packers, with the use of one or two packers being the nobst widely
used technique. In conmparison with a punping test, a water pressure test
affects a relatively small volunme of the surrounding medium because frictiona
losses in the immediate vicinity of the test section are normally extrenely
large. The test, however, is rapid and sinple to conduct, and by performng
tests within intervals along the entire length of a borehole, a perneability
profile can be obtained. Additionally, the water pressure test is normally
conducted in NX boreholes, and has the advantage of being conducted above or
bel ow the ground-water table.

(b) Air Pressure Tests. Air pressure tests are simlar to water pres-
sure tests except that air rather than water is used for the testing fluid.
The air pressure test was developed for testing above the ground-water table
and has predoninantly been used for testing areas of high perneability such as
those characteristic of rubblelike, fallback material adjacent to explosively
excavated craters in rock. In such areas, water pressure tests have been
i nadequate due to an inability to provide water at a flow rate high enough to
pressurize the surrounding nedia. Ar pressure tests have an unlinited supply
of testing fluid, as well as the advantage of a wi de variety of high capacity
air conpressors. The disadvantage of such tests is that perneability equations
nmust be nodified for application to a conpressible fluid and a conversion from
the air perneability to a water perneability nmust be made to obtain usable
resul ts.

(c) Pressure Holding Tests. Pressure holding or pressure drop tests are
usual ly conducted in conjunction with water pressure tests. The test is
anal ogous to the falling head test used in soil mechanics; however, in rock
the test section is normally pressurized to a value above that of the static
head of water between the test zone and the ground surface. The pressures are
normal |y nmeasured in the test section with a transducer, and pressures versus
time are recorded. The pressure holding test offers the advantage of being
quick and sinple to perform as well as requiring significantly less water
than that used in conventional constant pressure tests.

3-4. Applications of Rock Mass Perneability.

a. Assessnment of Ground-water Moyvenents. The perneability of a danis
foundation or abutnents is one of the controlling factors in the novenent of
ground water; therefore,. a valid assessnent is inperative. The rock mass
perneability of the dam foundation or abutnent has nunerous applications, each
having potentially significant inpact on the design or safety of the
structure.

(1) Seepage Patterns. Seepage patterns which are expected to devel op
after inpoundment of a reservoir should be evaluated during the design phase of
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a dam  Seepage patterns which do actually develop after a reservoir is in
operation provide valuable data for an evaluation of the as-built performnce
of any cutoff or relief nmeasures, sources and exits of seepage, and input for
planning required remedial neasures, such as additional cutoffs, drains, etc.
In rock nmasses, generally, the overall trend of the seepage patterns can be
determined by the continuum approach; however, in some cases, a detailed
analysis of a specific seepage problem requires the use of a discontinuum
appr oach.

(2) Flow Rates. Gven the perneability and gradient, the flow rate
across a given area can be conputed. Wth the effective porosity, the rate of
advance of a seepage front can be determned. Gound-water flow rates are
required for determning construction dewatering requirenents for both surface
and subsurface excavations, as well as the seepage |osses through dam founda-
tions and abutnents.

b. Foundation and Abutment Drainage Requirenents. The perneability of
a dam's foundation and abutments is the major factor involved in evaluating
drainage requirenents. Accurate and reliable rock mass perneability measure-
ments are required in the design phase for deternmning the necessity for, and
extent of, cutoff, vertical drains, drainage blankets, relief wells, etc.
Post construction problems with |eakage, excessive uplift pressures, etc., also
require an in-depth evaluation of the flow of the water in a foundation or
abut nent . Eval uations of drainage or relief requirements are generally
directed toward specific areas and, in nmpst cases, while a continuum approach
can give satisfactory approximtions, the discontinuum analysis is required
for describing the flow characteristics in details.

¢c. Gouting Requirenents and Effectiveness. Consistent wth determning
the drainage requirenents for a structure, the perneability is also useful for
estimating the grouting requirements. In the design phase of a damthe
requirenents for cutoff or grouting, and drainage or relief, conplinment each
other and are balanced to obtain a desired seepage pattern and uplift pressure
distribution beneath or within the structure. In foundations, and particularly
in abutnents, perneability measurements can indicate possible solution chan-
nels, faults, fissures, or other highly permeable zones which require grout-
ing. |If perneability tests are conducted at a given location, both before and
after a grouting operation, an evaluation of the grouting effectiveness can be
made. Such tests should be conducted as a matter of routine since they will
either establish a confidence level or indicate the need for additional
grouting.

d. General Considerations. The application of rock mass perneability
to seepage control methods and eval uations has becone increasingly useful as
more conplex nethods of analysis evolve.

(1) Index Tests. The determnation of rock nass perneability for dam
foundations and abutments has historically been used nore as an index test
than as an absolute test. As the state of the art advances this trend is
gradual ly changing. Wile index tests are a valuable tool to the experienced
foundati on engineer, nore conplex nethods of analysis are becoming available
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which allow a conpl ete eval uation of the nechanisns involved as water flows
through a fractured or fissured rock nass.

(2) Continuum Anal yses. The accuracy of continuum approxi mations of
perneability is dependent upon the geology and the size of the area under
consi deration. In general, continuum analyses provide average perneabilities
or regional perneabilities in which the assunptions of isotropy and honpgene-
ity can be used in a gross sense. Froma practical point of view the continuum
approach has been and continues to be a useful tool for evaluating rock mass
perneability.

(3) Discontinuum Anal yses. Recently the discontinuum approach to
determning perneability has become nore and nore promsing. As techniques for
determning individual fissure perneabilities advance, the availability of
better nodeling techniques increases, and understanding of the influences of
orientation, spacing, apertures, and surficial geometries of fissures and fis-
sure sets increase, the discontinuum approach to determ ning rock mass permne-
ability becones nore reliable.
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