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INTRODUCTION 

THEORETICAL AND LABORATORY INVESTIGATIONS 

OF FLOW THROUGH FRACTURES IN CRYSTALLINE ROCK 

Paul A. Witherspoon, David J. Watkins 
and Yvonne w. Tsang 

Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720 

The potential for escape of hazardous material to the biosphere by 

groundwater transport is one of the most important factors that must be 

considered in the siting and design of facilities for underground disposal 

of nuclear waste. In crystalline rocks the characteri sties of the hydro

logic regime are usually dominated by flow through fractures in the rock 

mass. Thus, to develop analytic models of flow and transport through these 

media, it is necessary to investigate the laws of fluid flow in fractures. 

The construction and operation of a waste repository produces changes in 

the state of stress in the surrounding rock due to the excavation of the 

underground openings and the heating and subsequent cooling that results 

from the decay of the radioactive material. These changes in the state of 

stress in the rock mass include variations in effective stress due to per-

turbations of fluid pressures that result from ·changes in total stress in 

the groundwater flow regime. Changes in the state of stress produce dis

placements in the rock mass that .can effect the hydrauli.c properties of the 

fractures due to changes in ape.rture, contact area and other character:i s

t ics of the flow .path. Mode 1 ~s used t:o predi-ct t:he movement :of ·groundwat-er 

must the·refore :be :able to .a:c•co:tHlt for •cha·nge·s i:n rock ,mass •pe~rmeabll ity 
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that result from these effects. Interpretation of data from well tests, 

pressure tests and other techniques designed to measure the hydraulic 

properties of a rock mass also requires understanding of the laws governing 

flow in fractures. 

Laboratory tests designed to measure the hydraulic properties of 

fractures in crystalline rock have traditionally been performed on speci

mens with dimensions of several centimeters. While· tests performed at 

this scale provide useful insights into the pheonenology of flow through 

discrete fractures, their abi 1 i ty to accurately represent conditions in 

situ is open to question. The hydraulic properties of a natural fracture 

are determined by the geometric and phys i ca 1 properties of the fracture. 

These properties are not homogeneous and therefore there is some mimi mum 

sample size below which results obtained from laboratory specimens are not 

representative of the mean hydraulic characteristics of the in situ frac

ture. While the magnitude of these effects has not yet been determined 

experimentally the potential for a significant size effect has been ob

served in 1 aboratory data from tests performed on specimens of different 

dimensions. Thus, to reduce uncertainty in parameters and to make reliable 

comparisons between empirical results and theoretical models, it is neces

sary to obtain measurements from specimens containing fractures with 

dimensions closer to those of practical concern - namely meters rather than 

centimeters. 

MODELS OF FLOW THROUGH -FRACTURES 

Models of flow through fractures in crystalline rock have been based 

on solutions of the Navier-Stokes equation for steady, laminar, isothermal 

flow between smoot.h parallel -plates .(Bous:stnes·q, 1868; Be;a:r 1:9.7.2) • 

.. 

·-
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For plates separated by a constant distance, b, tl-te fl0111 rate is oropor

tional to b3. This relationship, called the 11 cubic la~tt 11 , has been shm·m 

to be valid for fl0\'1 between optically smooth plates of glass down to 

apertures of 0.2 llm (Romm, 1966). Lomi ze ( 1951) showerl that the cubic 1 a'tl 

also applied to laminar flow between glass plates with variable, curvi

linear profiles. He defined the distance behteen the plates as the mean 

aperture and introduced a roughness factor to acco_unt for local vetriations 

in aperture. Independent investigations by Louis {1969) and others (~aker, 

1955; Huitt, 1956; Parrish, 1963; Rayneau, 1972 and Gale, 1Q75) on flow in 

fractured rock support Lomize's findings for laminar flow under conditions 

where the Reynolds number is less than 2400. These studies estahlisherl the 

validity of the cubic law for flow in rough open fractures, i.e. fractures 

where the parallel surfaces are not in contact. 

In their natural state, fracture surfaces usually have some rleqr~e 

of contact and the aperture and contact area will depend upon the stress 

acting across the discontinuity. In this type of closed fracture, flm·r 

occurs along the paths that are not blocked hy asperities that bridge 

between the fracture surfaces. In the nearly impermeable rocks that would 

be suitable sites for disposal of nuclear waste closed fractures will 

predominate. Witherspoon et al. {1980) expressed the cubic law for flow 

in a rough fracture in a simplified form by introducing a factor, f, to 

account for deviations from ideal conditions so that in the case where f > 

1.0 (i.e. for a rough fracture); 

Q/llh = (C/f)bn (1) 

where Q is the flow, llh is the difference in hyrlraulic heart, r: is a con

stant depending up'On fl ow ge:omet·ry and f1 ui d p·torJe·rtle:s am'! ·,n ·= 3. T·h ~ 
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results of Iwai's (1976) laboratory investigations on the hydralic proper

ties of tension fractures induced in basalt, granite and marble samples 

were used to study the validity of the cubic law for flow in closed, 

deformable fractures. Iwai (1976) measured the change in conductivity of 

single fractures during loading and unloading under normal stresses up to 

20 MPa and measured the normal displacements across the fractures. Typical 

results from his experiments on radial flow through a fracture in granites 

are given in Figure 1 which plots flow-per-unit head (Q/t.h) versus nonnal 

stress for one complete cycle of loading and unloading. To check the 

validity of Equation (1) it is necessary to know the true fracture aperture 

b. Witherspoon et al. (1980} developed the following expression for the 

true aperture; 

(2) 

where br is the residual aperture after a given streS$ history and bd 

is the apparent aperture obtained from 

(3) 

t.V is the net deformation due to the stress history and t.Vm is the max

imum fracture deformation due to application of a high stress. bd is not 

the true aperture appropriate for use in Equation 1 because unless the 

fracture is subjected to extremely high stress the flow paths through the 

fracture are not closed, nor do the hydraulic properties of the fracture 

become similar to those of intact rock (Kranz et al., 1979}. As illus-

trated in Figure 2, in practical experiments t.Vm is me.asured at a st.ress -· 

under which the fracture has some residual aperture, br· Using Equations 

(2) and (3}, EquatiGn (1) can be rewrittert; 

Q/&h = C/f (t.Vm - MJ + 'br)n (4) 
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This equation has three unknowns, f, br and n. For the cubic law to be 

valid n must take the value 3. Witherspoon et al., (1980) initially 

.- assumed that f = LO which would imply that the fractures are in fact 

smooth and the surfaces are not in contact. The unknowns n. and br were 

then evaluated by applying a least squares curve fitting procedure to 

Iwai•s (1976) data. Values of n obtained in this way ranged from 3.01 to 

3cl0. The values of br obtained from Equation (4) for f = 1 differed 

from values of br computed from Equations (1) and (2) with f = 1.0 by 

less than 3%. From this it was concluded that for closed deformable 

fractures n ~ 3.0. Then by assuming n = 3.0 in Equation (1), values of f 

ranging from 1.0 to 1.21 were obtained. These values are all greater than 

1.0 and agree with Lomize•s (1951) findings. Using these values of f in 

Equation (1), Witherspoon et al. (1980) found good agreement with Iwai•s 

ex peri menta 1 data and cone 1 uded that, at 1 east for the range of conditions 

in Iwai•s (1976) experiments, the cubic law is valid for closed, deformable 

fractures. 

Models of fractures that. explicitly consider the geometry of the 

asperities and the deformation of the fracture under load have been devel

oped by Gangi (1978) and Tsang and Witherspoon (1981). Gangi•s (1978) 

"bed-of-nails" model treated the asperities as a series of elastic rods of 

varying heights and cross-sectional areas occupi ng the space between two 

flat pa·rallel plates. By selecting appropriate functions for the height 

and cross-sectional distributions of the rods, Gangi (1978) was able to 

model the non-linear deformation of the fracture aperture in response to 

applied normal stress and, by assuming the cubic Taw to hold, predicted 

th:e :res~:.~lt'.trrg cha'l:l:ge;s in f.r.ad:ure .cond:uct,:Lvfty,. Us.tng these te.chni:ques, 
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Gangi ( 1978) obtai ned good agreement with ex peri mental data obtai ned by 

Nelson ( 1975) from Navajo sandstone and reasonable agreement with Jones • 

(1975) results from fractured carbonate rockse 

Tsang and Witherspoon (1981) developed the model shown in Figure 3 

which, like Gangi's (1978), describes the fracture surface conditions as a 

series of asperities of various heights and cross sections. However, when 

they modeled the closure of the fractures in response to applied nonnal 

stress by analysis of the elastic deformation of the asperities, they found 

poor agreement with Iwai's (1976) data for flow through fractures in 

granite. Iwai (1976) measured the contact areas on the fracture surface 

at a stress of 20 MPa and found them to be between 10 and 20 percent of 

the total surface area. Contact areas computed from the asperity model 

amounted to only 0.1 percent of the total area unless the Young's Modulus 

of the asperities was assumed to be two orders of magnitude less than that 

of the intact rock. This discrepancy was considered unreasonable and Tsang 

and Witherspoon (1981) developed an alternative method to evaluate the 

deformational characteristics of a fracture and the influence of applied. 

normal stress on fracture conductivity. 

As shown in Figure 4, Tsang and Witherspoon's (1981) model considers 

the fracture to be composed of a series of voids with lengths 2dj. When 

the normal stress, a, is increased the number of asperities in contact with 

the fracture surfaces increases and the width of the .voids .between contact 

points decreases. Walsh {1965) derived an expression for the effective 

modulus, Eeff, of rock containing a number of voids oriented nonnal to 

the d'irection of loading. As shown in Fi·gure '5, Eeff is given by 
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Fig. 3. Schematic Representation of a Fracture by an Asperity Model. 
XBL 8011-2970 
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(a) at norma I stress cr1 

-:::=:: 
~-----2d 

{b) at norma I stress cr2 > cr1 

-

{c) at normal stress a-3 >0"2 

.. - ·. 

Fig. 4. Defonnation of Voids under Increasing Nonnal Stresse XRL 8011-2975 
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where the half void length cubed, d3, and the small volume of rock, u = 

~x~y~z, immediately surrounding each void have been averaged over all the 

voids in the sample and where E is the intrinsic modulus of the rock 

containing no voids. Equation (5) describes a system of sparse voids where 

the perturbation of the stress field due to the presence of one void does 

n<;)t influence conditions in the near field of another void. However, as 

shown in Figure 4, a fracture is more accurately represented by a large 

number of voids in close proximity and the total fracture area in contact 

is small so that if there are a spatially random number of voids, M, in the 

fracture; 

<(2d)2>M ~ A (6) 

and 

where A is the total area of the fracture surface. For these conditions 

Tsang and Witherspoon (1981) propose that the deformation modulus of 

the fracture is best represented by Eeff so that Equation (5) may be 

nodified to; 

(8) 

and from Equations (6) and (7) may be further simplified to yield the 

approximation; 

Eeff 
-E- ~ 1 

1T<d> 
(9) 

where ~z is the distance across the fracture plane over which Eeff applies. 

Values for E and Eeff may be obtai ned from stress-di sp 1 a cement data from 

intact and fractured specimens of the same rock type,, .such .as those shown 

j n F i g.u re 6 • 
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Fig. 5. Geometry of a Flat Elliptical Void in Rock under Stress. 

XRL 8011-2973 
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As illustrated in Fiqure 4, increasing normal stress on the fracture 

reduces the average void lenqth 2<d> and increases the number of contract 

points, Nc, where asperities bridge between the surfaces of the openinq. 

In Figure 3 the fracture roughness is represented by an array of asoerities 

with varying heights hj. At zero applied stress the maximum aperture is 

b0 corresponding to an asperity height of zero. Application of normal 

stress produces fracture closure 6V and the correspondence between aperture 

and asperity height is: 

{
(b0 -t.V-h) 

b = 
0 

h<(b0 - t.V) 
{10) 

h ± (b0 - t.V) 

If n(h) is the characteristic asperity height distribution function 

prior to loadinq, the total number of asperities in contact is given by: 

l
b0 . 

n(h)dh 

0 - AV 

(11) 

The asperity height distribution n(h) can thus be computed from the 

derivative of Nc. However, because b0 is not known and Equation q only 

provides the change in <d>/az relative to conditions at zero stress, n(h) 

can only be determined to some constant multiplier. However, if a func

tional form exists for Nc(aV) and the fractional areas, w, of the total 

fracture surface occuoied by the contact points is known at a specified 

deformation b.V, then b0 can be determined because: 

w = ~c( t.lf) 
Nc(bo) 

(12) 

Based on the asperity model shown in F'iqure 3, Tsanq and Witherspoon 

(1981) expres·sed the cubic law in the form 

--
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(13) 

where C is a proportionality constant that depends on the macroscopic 

fracture dimensions and the properties of the fluid. The statistical 

average of the variation of aperture is then obtained from; 

10 
n(h)dh 

0 

Thus, if an estimate of the contact area of the fracture can be made for 

any stress, and stress-displacement data are available for the intact 

rock and for a specimen containing a fracture, the flow through the frac

ture may be obtained from Equation (14). 

Flows predicted by Equation (13) were compared with Iwai's (1976) 

(14) 

experimental data fran radial flow tests on a normally loaded fracture in a 

granite specimen. The theoretical and experimental relationships between 

flow-per-unit-head and normal stress are compared on Figure 1 for one cycle 

of loading and unloading. Stiffness properties in Equation (9) were ob-

tained from the deformation measurements made on the fractured specimen and 

from the deformation properties of intact specimens of the same rock. The 

contact area, (1), at maximum applied stress was assumed to be 15% of the 

total surface area based on Iwai's (1976) measurements that showed (I) to be 

between 10% and 20%. No curv.e fitting was involved in making the flow pre

dictions and the good agreement between the theoretical and experimental 

results suggests that the analytic procedure reliably models the phenomena 

cont ro 11 i ng flow through a rough, def ormab 1 e fracture under applied norma 1 
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stress. 

TESTS ON ULTRA-LARGE SPECIMENS OF FRACTURED ROCK 

Permeability tests on an ultra-large specimens of rock containing 

a fracture were first performed by Gale (1975) who investigated the hydrau

lic properties of an artificially induced fracture in a 1m diameter by 2m 

high cylindrical specimen. This work was performed using the very large 

triaxial testing machine shown in Figure 7. This equipment, originally 

designed to study the constitutive properties of rock fill materials 

(Becker et al., 1972}, has an axial load capacity of 17.8 MN and the vessel 

is rated for 5.2 MPa working pressure. The facility has been adapted for 

fracture conductivity and permeability experimentation on ultra-large 

specimens of rock. To evaluate the feasibility of sampling, instrumenting 

and testing a very large volume specimen of a fractured rock mass, a one 

meter diameter by two meter high cylindrical specimen of granitic rock 

(quartz-monzonite) was obtained from the Stripa mine in Sweden. The Stripa 

mine is the site of a series of large-scale, in situ, hydrologic and 

geotechnical experiments that are part of the Swedish-American Cooperative 

Program on Radioactive Waste Storage in Mined Caverns in Crystalline Rock 

(Witherspoon and Degerman, 1978). The specimen (see Figure 8) was re

covered from the rib of a mine entry by dri 11 i ng a circular pattern of 

horizontal holes around its periphery. This was done while the rock was 

held in compression by a rock bolt through the central axis (Andersson and 

Halen, 1978}. After ship.ping to the laboratory, the specimen was prepared 

for testing by capping with reinforced concrete. As shown on the fracture 

map of the surface of the specimen (Figure 9} the rock was pervasively 

frae-t:tfr.ed w~ th t~wo s:et:s of :pr.i;nci'p:al d·.~ sctmti nuities, one o·r~.ent.ea nonna·l 

·. 

...... 
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Fig. 7. Large Triaxial Testin g Machine. CBB 800-11819 
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•. 

Fig. 8. Ultra -large Core of Granitic Rock f rom Stripa, Sweden. 
CBB 796-8236 
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to the long axis (A, B and C) and one steeply inclined (D, E and F). The 

fracture filling material was predominantly chlorite and sercite with 

lesser amounts of epidote, calcite and other minerals. 

The specimen was tested in the large triaxial machine (Figure 7). The 

test procedure took the form of a modified unconfined compressive strength 

test in ~hich the axial loading, at a rate of 0~5.MPa/min, was interrupted 

and held constant at several stages. At each constant load stage permea

bility tests were performed by injecting water into (divergent flow) and 

withdrawing water from (convergent flow) a borehole· drilled through the 

axis of .the specimen. The test configuration is shown schematically in 

Figure 10. To ensure saturation of the sample and to keep air in solution, 

the triaxial vessel was filled with water at a pressure of 1,400 kPa 

throughout the test. Linear variable differential transformers (LVDTs) and 

strain gauges were mounted on the specimen to measure overall axial defor

mation, circumferential strain at mid-height, deformation of the principal 

fractures, and strains in the rock matrix. The locations of these instru

ments are shown in Figure 9. 

The results of the experiments performed on the Stripa specimen have 

been reported in detail by Thorpe et al (1980). A peak stress of 7.4 MPa 

was attained at 0.06% axial strain before the onset of generalized failure 

of the specimen. This peak st~ess was much lower than the average uncon

fined compressive strength of 100 MPa measured from small 5.2 em diameter 

samples of granitic rock obtained from the Stripa mine. However, the 

tangent modulus of deformation measured prior to failure of the 1 arge 

speci:men :.was ;52 •. 3 GPa whi·ch is .wi·tntn the ·r·a:nge obtained from small dia-

-meter samples.. The fa4.l:ur.e kl:nematics ,w:ene .;comple.x., tnv.o]vJq:g t:i lt j~n_g :of 
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the top of the specimen, creep deformation and non-linear she~rinq motion~. 

Ne\t fractures were developerl in previously intact portions of the specimen 

and pre-existng fractures were opened as shown in Figure 9. 

Results from the permeability tests on the Stripa specimen are shown 

on Figure 11 in the form of hydraulic conductivity versus applied axial 

stressG The results from the Stripa rock are compared with results of pre

vious laboratory and in situ tests in \'thich normal stresses were applied to 

a single fracture. Although the permeability of the pervasively fracturerl 

specimen was much greater than that of the others, it initially exhibited 

the characteristic reduction in permeability \'lith increasing axial loatiing. 

As the axial stress was increased from zero to 5.56 MPa the perme~hility 

decreased from 14.64 em/sec to 3.04 em/sec. However, prior to generalized 

failure of the sample there \'las a rapid increase in permeability to some 

7. 67 em/sec associ a ted with shear dil atency and fracture opening. This 

1 atter effect was not unexpected but has not previously been oh~erved in 

laboratory tests. Similar changes in rock mass permeability due to shear 

deformations can be expected to occur in the near field of a nuclear waste 

repository due to perturbations of the stress field resulting from excava

tion and thermal loading. 

Due to the complexity of the flow regime through the pervasively 

fractured specimen it was not possible to establish a simple relations~ip 

between permeability and fracture deformations. However, ther_e was evi-· 

dence from preliminary falling-head permeability tests that the horizontal 

fracture R (see Figure 9} was the dominant flow-p~th. The inclined frac

ture D showed the secom1 highest conductivity but carried only -some 10 n·er

cent of the flow through fracture B. F1 ow ti1rougtl f'·ractur~- r:, the thirri 
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most conductive, was less again by an order of maqnitude. 'Ra~erf nn these 

observations, Thorpe et alo (1980) performed an analysis that r.onsidererl 

flow through fractures B and 0 only and investigated the ability of a 

simplified model to predict the changes in hydraulic properties of the rock 

mass due to fracture deformation. The model assumed that all flo\'t occurred 

through fractures B and 0 and that they could be treated as hydraulically 

independent systems of flow in which the cubic law for laminar flow between 

smooth parallel plates is valid.. Total flow through the model was the 

sum of the flows through B and D. Estimates of the absolute aperture of 

the fractures were made in two ways. In one method the initial apertures 

at zero applied stress were estimated from the asymptotes of the load

displacement data obtained from the LVnT instrumentation. Absolute aper

tures at higher loads were then computed by subtracting th~ observed 

fracture displacements from these values. In the seconrl met~od initial 

apertures \~re estimated by applyng the cubic law to flow data obtained in 

preliminary falling-head permeability tests performed under zero axial 

load. Figure 12 compares values of flm.., measured during the laboratory 

tests with those estimated from the simplified tvm-fracture model using 

both methods for cal cul ati ng the initial apertures of fractures !3 and D. 

While there is considerable discrepancy between the measured and estimated 

flows, the general characteristics of the relationship between permeability 

and applied stress are predicted by the simple two-fracture model. The 

initial decrease in permeability due to application of axial stress is 

reproduced by the model as is the rapid increase in permeability associ

; ated with the onset of shear di1 atency and fracture openi nq that or.curred 

during fai 1 ure of the specimen.. · Consi d.ering the €omp1 exity of tl-:te fracture 
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system in the Stripa specimen and the gross simplyfing assumptions made in 

the analysis, the carrel at ion between the measured and computed values, 

although they differ by approximately an order of magnitude, are surpris

ingly good. This suggests that, in rock masses containing well defined 

systems of fractures, analytic procedures based on available models of flow 

through discrete fractures caul d be used to predict changes in rock mass 

permeability due to thermomechanical loading. However, it must be recog

nized that in rock masses where flow is not dominated by a few discrete 

discontinuities analytic methods based on a continuum model may be more 

appropriate (Hubbert 1956; Witherspoon et al. 1981}. In practice, analysis 

of the hydrologic aspects of site selection and design of nuclear waste 

repositories will rely upon data obtained by a variety of techniques that 

include not only laboratory and in situ test programs but also call upon 

important contributions from the disciplines of geology and geophysics 

(Watkins and Thorpe, 1981}. 

Witherspoon et al. (1979} compiled the data from tests on single, 

normally loaded fractures that are presented on Figure 11. Because the 

conductivity of fractures under high normal stress obtai ned from 1 arge 

specimens was considerably greater than conductivities measured from small 

specimens, it was concluded that there may be a significant size-effect 

i nfl uenci ng the measured hydrau 1 i c properties of fractures in rock. To 

investigate this phenomenon further, and to make more detailed studies of 

the relationships between fracture conductivity, stress and deformation, an : 

experimental program has been initiated to test single natural fractures 

with areas up to 0.66 m2. Cylindrical specimens ,containing a natural 

fra'C:ttrre .at mi:<:l-,he·fght ·and oriented normal to the long axis have .be.en pre-
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pared from large blocks of Charcoal ~lack granite qu~rriPrl near r.olrl 

Spring, Minnesota. Figure 13 shows a massive block of granite from 

which the 0.914 m diameter by 1e83 m high specimen shown in Figure 14 was 

prepared. To minimize disturbance to the natural fracture a rock bolt was 

installed in a hole drilled through the granite block before it was reduced 

to cylindrical form using the wire saw jig shown ih Figure 15 (Watkins, 

1981}. Figure 16 is a map of the periphery of the finished specimen 

showing the location of the principal fracture, B, that passed through the 

diameter and the LVDT and strain gauge jnstrumentation used to monitor the 

deformations due to applied axial load. Preliminary tests showe'i that 

the secondary fractures A, C, D and E did not have significant hydraulic 

connectivity with fracture R. The test procedure used to study the hydrau

lic characteristics of the fracture was similar to t~at userl in the experi

ments on the Stripa specimen except the central borehole was packed off 

immediately above and below fracture B to minimize flow through the rock 

matrix and measurements of conductivity were made through several cycles of 

loading and unloading. 

The experimenta 1 program on the ultra-1 arge specimens of Charcoal 

Black granite is still in progress but Figure 17 summarizes the relation

ships between fracture conductivity and axial stres~ that have been ob

tai ned to date. Results are presented from t\'1o series of tests. One 

performed on the 0.914 m dia!Jleter specimen and a second series perfonned 

on the same specimen after it had been reduced in size to 0.764 m diameter. 

In each case the data show the effect of successive cycles of· axial load

; ng and unloading. The conductivities ·of the fracture mea·sured from t"le 

0..764 m diameter s;i z-e we.r.e typi cany two orders of -magnitHde greate··r than 
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Fig. 13. Fractured Block of Charcoal Black Granite. CBB 798-10084 
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Fig. 14. Instrumented Specimen of Charcoa l Black Granite. 
CBB 800-11823 



Fig. 15 . Cutting Granite Specimen with Wire Saw. 
(Photograph Courtesy of Cold Spring Granite Co . ) . 

XBB 8012-15039 
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those measured from the specimen when its diameter \·JatS 0.'114 m. This 

result would appear to contradict the observation of rlecreasing conductiv

ity with decreasing specimen size that was made from the data compiled on 

Figure llo However, a carefull analysis showed that the fracture had suf

fered small but significant disturbance while the sample was being reduced 

in size. This sensitivity of the hydraulic properties of fractures to 

disturbance i 11 ustrates the importance of mining induced changes in rock 

mass permeability that can occur around underground openings constructed 

for disposal of nuclear waste. 

As shown in Figure 17, the effect of repeated cycles of loading and 

unloading on fracture conductivity is to progressively decrease the con

ductivity. Figure 18 plots unit-flow-rates measured at similar levels of 

normal stress after application of different numbers of loarl cycles. These 

data illustrate a number of phenomena that reflect the effects of cyclical 

loading on the consitutive properties of the material forming the walls of 

the fracture. The permanent reduction in conductivity due to hystesis is 

greatest due to the first loading cycle but the change due to each succes

sive cycle is progressively less. Reduction in conductivity per cycle of 

loading is significanty reduced after the fracture has been subjected to 

high normal stress as is shown by the relatively flat curve on Figure 18 

that plots unit-flow-rat·es measured at a normal stress of 13.5 MPa. These 

findings are compatible with the stress-deformation data obtained from th.e 

LVDT • s mounted accross the fracture and are further evidence that permea

bility is a function of the stress-history of a rock mass. (yclical 

changes 1 n stress ·ln the rock surrounding a v1aste repository wi l 1 occnr 

due to C·OAstr.uct"i on :of ·open:ings ,a;nd t'emper.at:ure · chanqes 'res:ul t·ing f:rom 
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vent i 1 at ion and the heating and subsequent coo 1 i ng thi!t accompa 11i es from 

radioactive decay of the waste. The results shown on Figures 17 anti 1g 

~ show that cyclical changes in the normal stress on fractures in a rock mass 

should not result in increased permeability if the stress at the enrl of the 

loading cycle is at least equal to the initial in situ stress. 

" 

CONCLUSIONS 

The 11 Cubic-law11 of flow through fractures in rock is based on the ana

logy of flow through smooth parallel plates and states that the flow-per

unit-head is proportional to the cube of the fracture aperture. By intra

due i ng suitable parameters to account for fracture roughness and contact 

area, it has been shown that the cubic-law is valid for flow through rouqh 

deformable fractures in crystalline rocks subjected to normal stresses over 

a wide range of practical interest (0-20 MPa). A model for flow througl, 

deformab 1 e fractures that explicitly incorporates fracture roughness and 

contact area has been de vel oped and successfully tested against 1 ahori'ltory 

experiments. The model accounts for changes in conductivity due to changes 

in normal· stress by treating the flow paths CIS a series of interconnected 

deformable voids. The model can be used to predict flow rates through 

natural fractures if an estimate of the fractional contact area of asperi

ties that bridge the fracture aperture can be made and stress-deformation 

data for the intact rock and a specimen containing the fracture is avail-

able. These data can be obtained from laboratory or in situ tests so that 

the model has considerable potential for practical application in modelin9 

flow through fracture systems of the type expected to be encountered in the 

rock mass surrounding a deep underground nuclear waste repositories con

structed in crystalline rock .• 
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Measurement of the permeability of a rock mass and the conductivity of 

fractures can be influenced by the size of specimens used in laboratory 

experimentso To investigate these effects and to study the basic pheome

nology controlling flow through fractures, sample gathering, preparation 

and testing techniques have been developed to test naturally fractured 

cylindrical specimens up to 1 m diameter by 2 m high. Work completed to 

date has shown that the hydraulic properties of fractures are sensitive to 

sample disturbance and stress history. Although gross simplifying assump

tions must be made to apply theoretical models to a pervasively fractured 

rock mass, comparison of model predictions with experimental results from 

an ultra -1 arge specimen of fractured granite showed that simple models 

successfully reproduce the trend of reducing permeability due to initial 

application of axial stress and also reflect the increase in fracture 

conductivity that is associated with dilatancy due to shear displacements. 

Based on these studies it appears reasonable to expect that, with further 

refinement of the theoretical models and experimental techniques, reliable 

procedures can be developed to analyse the flow regime in a crystalline 

rock mass surrounding a nuclear waste repository and to predict the effects 

of changes of stress that are induced by construction and the heat gener-

ated by the waste form. 
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NOMENCLATURE 

A Total area of fracture surface 

Fracture aperture 

Apparent aperture 

br Residual aperture 

C Proportionality constant 

d Half-length of a void 

b0 Maximum fracture aperture 

E Young's Modulus of intact rock 

Eeff Effective modulus of fractured rock 

f Factor accounting for fracture roughness etc. 

kf Fracture conductivity 

M Number of voids 

Nc(~V) Number of areas of contact in fracture 

n(h) Asperity height distribution function 

Q Flow 

Q/4h Flow-per-unit-head 

x,y,z Cartesian coordinates 

~V Normal deformation of fracture 

~Vm Maximum normal deformation of fracture 

a Normal stress 

w Fractional contact area of fracture 
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