
Lawrence Berkeley National Laboratory
Recent Work

Title
MECHANICAL and HYDRAULIC PROPERTIES OF ROCKS RELATED TO INDUCED SEISMICITY

Permalink
https://escholarship.org/uc/item/7qv695b7

Author
Wither Spoon, Paul A.

Publication Date
1976

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7qv695b7
https://escholarship.org
http://www.cdlib.org/


Presented at First International Symposium on 
Induced Seismicity, Banff, Alberta, Canada, 
September 15-19, 1975; To be published in 
special issue of Engineering Geology 

MEQ-IANICAL AND HYDRAULIC PROPERTIES OF ROCKS 

RELATED 1D INOOCED SEISMICI1Y 

Paul A. Witherspoon and John E. Gale 

January 1976 

Prepared for the U. S. Energy Research and 
Development Administration under Contract W-7405-ENG-48 

For Reference 

Not to be taken from this room 

LBL-4455 
· e. l 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



'•' 

0 0 'U' < 6 7 I 

MECHANICAL AND HYDRAULIC PROPERTIES OF ROCKS 

RELATE,D TO INDUCED SEISMICITY 

by 

Paul A. Witherspoon, Lawrence Berkeley Laboratory and 
Department of Civil Engineering, University of California, Berkeley 

ABSTRACT 

John E. Gale, Department of Civil Engineering, 
University of California, Berkeley* 

The mechanical and hydraulic properties of fractured rocks are 

considered with regard to the role they play in induced seismicity. 
,, 

In many cases, the mechanical properties of fractures determine the 

stability of a rock niass. The problems of sampling and testing these 

rock disconti~uities and interpreting their non_;linear behavior are 

reviewed.· Stick slip has been proposed as the failure mechanism in 

earthquake events. Because of the complex interactions that are inherent 

in the mechanical behavior of fractured rocks, there seems to be no simple 

way to' combine the deformation characteristics of several sets of fractures 

when there are significant perturbations of existing conditions. Thus, 

the more important fractures must be treated as individual components 

in the rock mass. 

In con's ide ring the hydraulic properties, it has been customary to 

treat a fracture as a parallel-plate conduit and a number of mathematical 

models of fracture systems have adopted this approach. Non-steady flow 

in fractured systems has usually been based on a two-porosity model, 

* Now with Geological Survey of,Canada, Ottawa. 
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which assumes the primary (intergranular) porosity contributes only to 

storage and the secondary (fracture) porosity contributes only to the 

overall conductivity. Using such a model, it has been-found that the 

time required_to achieve. quasi-steady state flow in a fractured 'reservoir 

is one or two orders of magnitude greater than it is_ in a homogeneous 

system. In essentially-all of this work, the assumption has generally 

been made that the fractures are rigid. 

However, it is clear from a review of the mechanical 'and hydraulic 

proper~ies that.'not only are fractures easily deformed but they constitute 

the main flow paths in many rock masses. This means that one must 

consider the interaction of mechanical and hydraulic effects. A con-

siderable amount .of laboratory and field data is now available that 

clearly demonstrates this stress-flow behavior. Two approaches have 

been used in attempting to numerically model such behavior: (1) con-

tinuum models and (2) discrete models._ The continuum approach only 

needs information as to average values of fracture spacing and material 

properties. But because of the inherent complexity of fract~red rock 

masses and the.corresponding decrease in symmetry, it is difficult to 

develop art equivalent continuum that will simulate the behavior of the 

entire system~ The discrete approach, on the other hand, requires details 

of the fracture geometry and material properties of both fractures and 

rock matrix. The difficulty in obtaining such information has been 

considered a serious limitation of discrete models, 'but improved borehole 

techniques can enable one to obtain the necessary data, at least in shallow 

·' ' 

systems. The-possibility of extending these methods to deeper fracture 

sys~ems needs more investigation. Such data must be ~onsidered when 

deciding whether. to use a continuum or discrete model to represent the 

. :.·,: 



0 it' c;J 0 t~ 4 0 6 "'( ~ 0 ;;,., 1 I -
3. 

interaction of rock and fluid forces in a -fractured rock system, especially 

'Wit.h regard to the problem of induced seismicity. When one is attempting 

to alter the pressure distribution in a fault zone by injection or with-.. -
drawal of fluids, the extent to which this can be achieved will be controlled 

in large measure by the behavior of the fractures that communicate with the 

borehole~ Since this is essentially a point phenomena, i.e. the changes 

will propagate from .a relatively small region around the borehole, the use 

of a discrete model would appear to be preferable. 
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INTRODUCTION 

In considering the mechanical and hydraulic properties of rocks in 

relation to the concept of induced seismicity, one immediately must 

recognize that rock masses consist of at least two sub-domains: (1) 

the intact rock blocks and (2) the discontinuities. In this review, 

we will usually refer to these discontinuities as fractures, although 

( ' 
this term could also mean faults, joints, fissures, etc. It is 

generally recognized by workers in the field of rock mechanics that 

the intact blocks and the fractures can have considerably different 

mechanical and hydraulic properties. In many cases,the mechanical 

properties of fractures determine the stability of a rock mass (Jaeger, 

1971). The presence of fractures on outcrops and in deep mines indicates 

that fractures are a pervasive feature of the earth's crust although 

their mechanica,l and hydraulic properties vary considerably with depth 

and rock type (Brace, 1974; Bishop, 19-74). 

In the United States where seismicity has been detected as a result 

of human activities at the Rocky Mountain Arsenal well near Denver (Lane, 

1969) and in the Ra-qgely oil field in western Colorado (Raleigh et al., 

1972), the changes in stress due to porewater pressure variations were 

only a small fraction of the compressive strength of the rock. In 

addition, the stress changes w:ere basically changes in effective stress 

not total stress. Thus, it has been suggested that the movements pro-

ducing the seismic activity occurred not through the breakage of intact 
.• 

rock but along pre-existing fault or fracture planes (Lane, 1969; 

Raleigh et al., 1972). There may also be breakage along planes of 

weakness that consist of a combination of fracture planes and the 
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intervening r'ock bridges (Laj tai, 19 7 5) • 

In this review, it is assumed th~t existing fractures are the paths 

along which failure occurs in regions of induced seismicity. Therefore, 
/ 

the mechanical and. hydraulic properties of fractures will be presented 

rather.than the properties of the intact 'rock blocks themselves. For a 

disc~ssion of .the behavior of intact rock under failure conditions; the 

reader is referred to Brace et al. (1966); Bieniawski (1968); and Jaeger 

and Cook (1969) .. · 

While intact rocks have been investigated in some detail, the 

mechanical and hydraulic properties of fractures have only recently 

been the subject of detailed investigations. It is impossible, within 

the scope of this review paper, to summarize the many attempts, both 

theoretical and exper~imental, that have been made to characterize the 

mechanical behaviour of fractures and fracture systems. Hence, the 

major papers describing work on the mechanical properties of fractures 

have been reviewed. The selection of these papers represents our own 

bias and the .prominence of the material in the published literature. 

MECHANICAL PROPERTIES. OF FRACTURES 

Sampling 

Although it is relatively easy to obtain samples of intact rock, 

it is very difficult to obtain undisturbed samples of rocks containing 

natural fractures for laboratory testing purposes~ Goodman (1974) des­

cribes the different methods used to obtain samples of natural fractures. 

These methods consist of.(l) preboltirtg and overcoring perpendicular to 

the fracture plane, and (2) cutting a block of fractured rock either 

with a wire saw or by connecting boreholes, cementing the rock block 

together, andcutting appro]Jriate samples with a diamond saw after the 

5. 
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sample has been transported to the laboratory. In addition, relatively 

good samples of fractures can be obtained by drilling parallel to the 

fracture p·l~ne (Goodman, 1970). Drilling at an angle to the fracture ... 
plane can produce reasonably good samples_if enough care is exercised 

in the drilling operations. 

BeGause of the difficulty in obtaining samples containing natural 

fractures, many workers use artificially created fractures obtained by 

either splitting or sawing a rock block. The rough tension fractures 

obtained by splitting are representative of the surface roughness of 

some natural fractures. The saw-cut surfaces represent a somewhat 

idealized fracture surface but are useful in studies that attempt to 

separate the f:t?ictional properties of the rock from~ the added strength 

and complexity.afforded_by the interlocking a,sperities. on rough surfaces 

(Coulson, 197d). 

Thus, only fractures at or near the surface have been sampled and 

tested. At the depths at which most induced seismicity has been detected; 

very little is known about the character of the fracture surface but it 

is logical to assume that the mechanical character of such fractures 

lies between .that measured on fresh unweathered artificial fractures 

and the highly weathered fractures obtained at outcrops. The presence 

of gouge in the fracture is an additional factor to be considered · 

(Goodman, 1970; Ohnishi, 1973). Patton (1966) and Barton (1971) have 

used artificially created surfaces of plaster, -etc. to study the effect 

of surface roughness on shear strength. The different frictional' 

characteristics of such materials may make it difficult to compare the· 

test results to those obtained from tests on rock surfaces (Jaeger, 

1971) .. Barton (personal communication, 1975) avoids this criticism 
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by recognizing that while the physical properties of his model material 

are related to the physical properties of rocks by one.parameter, the 

stresses developed in the model are related to the stresses in the rock 

mass by a different parameter. Jaeger (1971) has given an excellent 

review of the different types of natural and artificial materials that 

have beeri used in studies of fracture surfaces. 

Testing Methods 

Jaeger (1971) reviewed the different methods that have been used 

to study the sliding of rock surfaces. The tests most applicable to 

studies~of fracture ch~racteristics (Figure 1) are: (a) triaxial tests 

(Jaeger, 1959} where a cylindrical samples with a joint or sawcut is 

inclined at a suitable angle to the cylinder axis, (b) direct shear 

tests (Krsmanovic, 1967; Locher, 1968; Hoek and Pentz, 1969; Goodman 

and ·ohnishi, 1973) where either a constant norinal stress or a constant 

riormal displacement ismaintairied while the shear sti"ess is increased 

to produce shear displ~cement along a pre-existing i'racture, and (c) 

insitu shear tests (Rocha, 1964; Zeinkiewicz and Stagg, 1966; Pratt 

et al., 1974a; ,Franklin et al., 1974). 

Each test has certain advantages and disadvantages. The results 

of triaxial tests are dependent on.the sample ends being free from 

I 
horizontal constraints. As shear displacement occurs there is a con-

tinuous decrease in contact area and this must be taken into account 

(Rosengren, 1968). Both tne normal and tangential displacements can. 

be obtained indirectly by measuring axial and lateral displacements and 

rock strains during the test and then performing the necessary calcula-

tiona. The direct she~r test givesboth nornial and shear displacements 

7. 
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directly as well as the relationship between normal and shear stress •. 

Most researchers have maintained approximately a constant normal load 

during direct shear tests but this will lead ·to a low estimate of 

shear strength in situations where plane strain boundary conditions 

exist (such boundary conditions should exist in areas of slip along 

vertical or near vertical boundaries). In such cases it would be more 

appropriate to use a constant normal displacement condition, as 

suggested by Locher (1968). 

Insitu shear tests have the advantage of a large sample area and 

direct testing of the fracture. One disadvantage is the high cost, and 

because of the loading mechanism there is some question about the uniformity 

of stress distribution within the fracture plane. Pratt et al. (1972) have 

used specially constructed flatjacks to control boundary conditions in a 

field study.of artificial fracture surfaces. More recently, Pratt et al. 

(1974b) used.the same system to study. the insitu response of a large 

block (3m x 3m x 3 m) 1 of naturally fractured granitic rock under both 

uniaxial and biaxial loading conditions. 

The scale of the fracture specimens tested will depend onthe 

availability of equipment and costs. But, as shown by Bernaix (1969) 

and Pratt et al. (1974b) , the best approach is one in which samples of 

the rock mass are tested both insitu and in the laboratory. 

1The following conversions to the metric system may be useful: 

Len~th: 1 m = 3.281 ft = 39.37 in. 

Pressure: 1 kg/cm2 = 0.9678 atm = 0.9807 bars 
9.807 ~ 10 4 n/m2 • 

14.22 psi 
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Results of Tests on Fractures 

The results ~f laboratory tests are generally reported in terms 

of fracture stiffness - force per unit displacement (Goodman. et al., 

1968). Generalized curves for the normal and shear stiffness of a. 
. . ~ . \. 

fracture are given in Figure~ 2 and 3. From Figur~_2 it can be seen 

that a straight line approximationto the normal displacement curve 

results in a normal stiffness value ~. that is highly dependent on 

the exist~ng. state of stress~ 

The normal force.;..normal displacement curve on Figure 2 has been 

described as bei.ng semi-iogarthmic (Shehata, 1971) and closely approx-

imated by a hyperbola (Goodman, 1974). Snow (1972) suggests such non-

linear curves r\lay be appropriate for "virgin" frad:ures that have not 

closed before. Snow refers to unpublished data by Shehata that indicates 

essentially ·linear deformability with repeated loading below some pre-

viously attained maximum load. Gale (1975) found that even with stiff 

saw-cut fractures in a large (-1 m) diameter granite core the 

nonlinearity persisted with repeated loading (Figuie 4) . 

Undoubtedly, the nonlinearity of the normal force:--displacement · 

curve is related'to the percentage of the two fracture surfa2es that 

are· intially ·in contact; . As a· rule, fractures once open will not 'fit 
. . . 

perfectly baek iogether again and will thus exhibit some de~ree of 

nonlinear normai force-displacement behavior. Stress-strain data 

from a large field test (Pratt et al., 1~74b) shows the relative 

contributio~ to the total displacement field of the fractures, micro-

cracks and the intact rock (Figur~ 5) as well ·as the rionlinear nature 

of the normal force-displacement curve. 
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The shear .force~shear di~placement curve (Figur~ 3), b~sed on a 

constant normal stress, ·consists of three parts: (1} an initial linear 

section with a sh~ar stiffnes~ K
8 

reaching~ (2) a peak shear strength 
I 

followed by, (3) a residual shear strength condition. As shown by Jaeger 

(1971) the shear stiffness· K
8 

of specimens with fresh grnund surfaces is 

independent of the normal stress (Figure 6a) but tests_ on the same mater-

13. 

ial with rough worn surfaces showed that in such cases the shear stiffness 

apparently depends on the normal stress (Figure 6b). 
. . 

As indicated in Figures 3 and 6 the peak sheat ~trength and the 

residual shear strength are dependent on"the magnitude of the applied 

normal force. Based on a review of shear strength data and his own 

experimental work on fractures, Barton (1974) states th9-t while peak 

shear strength_is largely dependent on the effective normal stress 

acting across the.fracture, it is also sensitive to the degree of 

surface roughness, compressive strength of the rock, degree of weathering, 

mineralogy, and presence or absence of water. Also, the ratio of the 

peak shear strength to residual shear strength is dependent on-the 

magnitude of the normal load, the· size of the asperities in the 

fracture plane, the ratio of static to dynamic friction, presence or 

absence· of filling material, and the nature of the boundary condition-s 

(constant normal force or constant normal displacemertt). 

As pointed out by Goodman (1974), the residual strength of rough 

clean fractures gradually approaches the peak shear strength of the 

fracture with increasing normal load. For filled fractures the stress-

deformation curve _resembles that of clay with a poorly defined peak and 

. -
continuous curvature. At constant normal load, Jaeger (1971) reports 

the peak shear strength approaches the residual shear strength with 

,. -



.14. 

Fig. 6. 

1000 

800 
____ 1497 

0 ..,. 
1202 

~ 600 ... 
0 -... 
0 .. 
~ 400 

·200 

I 

00 
/ 

5 10 0 5 
(o l 

Shear displacement,m x 105 

Load-displacement curves for ground Bowra~ trachyte showing: 
(a) .. early ;art on 0. 0058 m2 specimen, and (b) early part 
on 0. 0033 m specimen with worn surfaces. Numbers show 
normal loads in kg (after Jaeger, 1971) . 

.., 
I 
0 

. 
Q) 
u ... 
0 -... 
0 
Q) 

s:. 
C/) 

Shear displacement, m x 

Fig. 7. Variation of frictional force with disp.lacement for a tensile 
fracture in Bowral trachyte; area 0.0033 2

; normal load 612.3 
kg (a~ter Jaeger, 1971). 

- . 



p : ()' l') 14'1 4 r~~ t 7 8. '~!'. u 0 

ir).creased 'wear.of the fracture surface as shown irt Figure 7. The 

fracture surfaces were cleaned and remated after 0.01 m of displace-

ment and then_ the shear test·repeated. The numbers on .the curves 

refer to the sequential order of the test. 

Figure 8 demonstrates the effect .of either a constant normal 

stress or a ~6nstant notmal displ~~ement boundary condition on the 

character of the shear-deformation curve. The change in normal dis-

15. 

placement and normal stress in Figures 8a and 8b indicates the dilatant 

nature of natural fractures. The dilatancy of natu.ral fractures is 

dependent on the magnitude of the normal stress. ·Goodman and Dubois 

(1972) have shown that at low normal stresses fractures open (dilate) 

during shear displacement but close (contract) under'high normal 

stresses. Ohnishi and Goodman (1974) found that rough fractures in 

samples of granite, rhyolite and friable sandstone dilate significantly 

during shear. when the norlnal stress was less than 20 percent of the 

unconfined compression strength of the intact rock. Dilatancy is a 

result of the roughness of the fracture wall but rotation can also be 

a contributing factor (Goodman, 1974) at least in the failure of rock 

slopes. 

Rengers (1970) in summarizing the work of Patton (1966) has prepared 

·Figure 9 to demonstrate the influence of surface roughess on the effec.;. 

tive angle of friction and hence on the shear strength of the fracture. 

As shown in Figure 9 the effective friction angle at low normal stresses 

includes both the friction of the smooth surfaces (line 1) and.· the 
. . 

effects of the asperities (line 2). When the normal stress is increased 

to the poin)t where shearing occurs through the asperities, the normal 

stress-shear·stress ·relationship is governed by an angle of internal 



16. 

c 

-c: 
~ 
Gl u 
a 
Ci 
.!! 
"0 

a e ... 
0 
z 

... ... .. ... 
~ 

a 
e ... 
0 
z 

.. 
"' .. ... -"' ... 
a ... 
.r. 
Ill 

(o) 

A 

(b) B 

--------.... -,.,. .... 
A 

B 

..... -,.. -----
/ 

I 
I 

(c) 

A 

Shear displacement 

Fig. 8. Effect of test·mode on shear·deformation of 
dilatant joint under: A - constant normal 
pressure, B - restricted normal displacement 
(after Goodman, 1974). 

(]" 

+ 

r 
~-El= 

"' . 

~ "'t"= c + u tan <Pint 
(]" 

~ 
~~l . ~ 

. ~.. . . . .· ~""" 

~~"~~"" 
CD 'C = CT ton <Psurf 

Normal stress 

Fig. 9. Influence of surface roughness on angle of 
friction (after Rengers, 1970). 



0 0 (j .,:l;l 

4 0 . ''· 
ittJ ~~ 6 7 9 

17. 

friction (line 3). Thus, Patton proposed a bilinear constitut.ive model 

whereas the constitutive relationships of Ladanyi and Archambault .(1970) 

and Barton (1973, 1974) resulted in non-linear stress-strain envelopes. 

The bilit).ear model may be accurate enough for most situations, but the 

constituti~e model proposed by Barton (1973) permits one to predict the 

peak shear strength from measu:red parameters and to extrapolate shear 

strength values from a limited number of tests. The use of the 

bilinear model suggests a cohesion factor (C in Figure 9) whereas the 

use of a cohesion intercept at low or zero normal stress would be 

iriadmissible wit~ a non-linear model (Barton, 1973). This observation 

is consistent with the no-tension-strength characteristics of most 

fractures. 

Failure Mechanisms 

Some researchers (Byerlee, 1967; Byerlee and B·race,' 1968, Dieterich, 

1972; among others) believe that the unstable sliding wl;lich occurs at 

high normal s't:resses.due to shearing through the asperities is a 

possible earthquake mechanism. This unstable sliding, referred to 

as "stick-slip" in the literature, has been described by.Jaeger (i971) 

using a simple mechanical model (Figure 10). Jaeger assumes that the 

coefficient of dynamic friction 1.1' is constant and less than that of 

static friction lJ. A normal force W is applied to a mass M. A spring 

of constant k is attached to the mass M with its free end moving at a 
) . 

constant velocity, v. When the energy stored in the spring is 

suffi~ient to over~ome the force of static frictio~,the mass M will 
. . . 

slip. When slip occurs the frictional force is cont~olled by the 

dynamic C:oef:ficient of friction and hence the mass M will slip at a 
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much greater velocity than the velocity v of the free end of spring. 

With sufficient displacement of the mass M in the direction of the 

spring movement, the energy stored in the spring will be decreased 

below that required to maintain slip. The mass M will stop, static 

friction will become effective and the pro~ess will be repeated. 

This intermittent type of slip with the associated oscillation of 

forces in the system has been observed in experiments on unfractured 

granite with saw-cut surfaces (Nur, 1974). 

It is obvious .from the examples of the fracture t.ests discussed 

here ~hat fractur~s respond in many ~omplex an~ nonlinear patterns to 

changing loading conditions. Some authors have attempted to use the 

characteristics of the fracture system to construct equivalent continuum 

models (Goodman and Duncan, 1971). This approach has been used by 

Riney et al. (1973) to construct computer models for ground motion 

predictions. It is interesting to note that Goodman (1974) states 

that an 11 equivalent orthotropic medium cannot be constructed to fairly 

represent the deformability of regularly jointed rock" because: (1) 

the normal deformation of the fractures is heavily stress dependent, 

, (2) the dilatancy an~ mode of shear deformation depend on the sign 

of the shear stress as welL as the magnitude of the normal stress, 

(3) dilatancy reduces the elastic symmetry to a class lower than 

orthotropic .. Also, Goodman states that there seems to be no simple 

way to combine the deformation characteristics of several sets of 

fractures and thus the more important fractures must be treated as 

individual co~ponents in the rock mass. 
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HYDRAULIC PROPERTIES OF FRACTURES 

In attempting to treat the problem of fluid flow in fractured rocks, 

it has been customary to assume that a natural fracture can be represented 

by a parallel plate opening as shown in Figure 11. Romm (1966) has 

shown how an expression for laminar flow in such an idealized model 

of a single fracture can be derived from the Navier-Stokes equations. 

He obtains the well known relationship between flow rate q and pressure 

gradient dp/dx 

(2b) 3 ~. 
q = 12]1 dx (1) 

where 2b is the siz·e of the fracture aperture and ]1 is the fluid viscosity. 

Since the cross-sectional area for flow is 2b·l, the average velocity v 

is simply 

v = 
(2b) 2 ~ 
12]1 dx 

(2) 

We see that flow in a fracture is a sensitive function of aperture size. 

The validity of these equations extends only through the region of 

laminar flow, but it seems that this type of flow is dominant in most 

field situations (Ollos, 1963; Louis, 1969). 

A great many workers have analyzed flow in fractured rocks using 

equations 1 and 2. Wilson and Witherspoon (1970) have made a review 

of investigations on this subject and include an extensive set of 

references. Snow (1965) has presented a thorough review of fracturing 

based on existing geological literature. Hodgson (196la,b) has pro-

vided a basic framework for describing fractures in the field. Snow 

(1965), Kiraly (1969), and Mahtab et al. (1973) have contributed to 

the statistical description of fracture orientations. Parsons (1972) 
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used Snow's and Kiraly's approach in a study of the contribution of flow 

in fractures to regional groundwater systems. 

Laboratory and Field Work on Fracture Flow 

One of the earliest and most extensive laboratory experiments on 

fluid flow in fractures was conducted by Lomize (1951). He modeled a 

fracture using two thin glass plates with variable cross-sections and 

curvilinear shapes. Lomize examined the transition zone between laminar 

and turbulant flow and also investigated the effect of fracture roughness. 

Louis (1969) extended the work of Lomize in a series of laboratory 

experiments on single fractures and has presented a series of flow 

laws to account for different degrees of fracture roughness. 

From results of laboratory tests on a single natural fracture in 

porphyry, Sharp (1970) questions the applicability of equation 1 in 

describing laminar flow under his laboratory conditions. He concluded 

that the fracture discharge was related to the aperture by some expon-

ential factor less than three. However, a review of his data reveals 

that there was still a measurable discharge for the "closed" position 

of his fracture. This suggests that Sharp did not have an accurate 

measure of the effective aperture. In dealing with a natural fracture, 

there is also the problem of the effect of roughness (Lomize, 1951). 

It would appear therefore that Sharp's conclusion as to the inappli-

cability of equation 1 is not justified on the basis of these limited 

experimental results. 

Maini (1971) used a transparent modelling material to duplicate 

a natural fracture. By injecting dyes into the discontinuity, Maini 

was able to clearly demonstrate the discontinuous nature of the flow 
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field within the fracture plane when the fracture surfaces were in 

contact. Maini also discussed different methods of collecting and 

interpreting field data when studying the hydraulics of fractured 

media. 

The fundamental characteristics of flow in natural fractures is 

the subject of an ongoing research project at the University of 

California. One of the items of interest is the manner in which the 

permeability decreases as a fracture closes. Iwai (personal communica­

tion, 1975) is investigating this problem using numerical and laboratory 

models. An example of his numerical results for the pressure distribution 

with radial flow in a horizontal fracture where only 15 percent of the 

flow paths are blocked is shown in Figure 12 .. In this case, the 

impermeable contact area caused a reduction in flow of approximately 

35 percent. Iwai (personal communication, 1975) has found that when 

50 to 60 percent of the flow paths are blocked at random, the permeability 

of a radial flow system such as this has almost vanished. Obviously, 

once the sides of a fracture begin to touch at the protruding points, 

the cross-section for flow can change significantly. 

Banks (1972) has discussed the problem of making field measurements 

of fracture permeability. Borehole camera surveys and field mapping 

were used to calculate flow rates for comparison with injection tests 

in moderately jointed basalt. Banks states that when laminar flow 

prevailed, the calculated results were within an order of magnitude 

of the measured flow rates. In some situations, however, the results 

differed by as much as four orders which Banks attributed to the 

effects of turbulence. In commenting on these results, Snow (1972) 
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has suggested that the assumption of turbulent flow is not a valid 

explanation for the observed discrepancies. Snow states that more 

precise information on fracture geometry is needed before one can 

predict permeability with confidence. 

In the field of groundwater hydrology, various attempts have been 

made to develop methods of analyzing pump test results that could be 

applied to fractured aquifers. Hantush (1966) assumed that such aquifers 

could be represented by an equivalent anisotropic system and could be 

evaluated accordingly. A more practical method has been presented by 

Papadopoulos (1967) in which the anisotropy is assumed to result from 

joint patterns that cause permeability variations in different directions. 

The solution obtained by Papadopoulos enables one to determine the 

maximum and minimum permeability and the storage coefficient. 

In the petroleum industry, there has been art extensive development 

of pressure buildup analysis in wells because of the wide use of hydrau-

lie fracturing to stimulate production. One of the early methods of 

analyzing such data has been developed by Ramey (1970) and relies on 

type curve matching techniques. More recently, analytical solutions 

have been developed to describe the behavior of a well that intersects 

a single horizontal fracture (Gringarten and Ramey 1974) or a single 

vertical fracture (Gringarten, et al., 1974). Gringarten and Witherspoori 

(1972) have developed methods of analyzing the pressure behavior in 

either the pumping well or a nearby observation well using a series 

of type curves. With the aid of these curves, it is possible to dis-

tinguish between aquifers with horizontal and vertical fractures, and 

to analyze the system as an "equivalent" anisotropic homogeneous porous 

medium with a single fracture of much higher permeability. 
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Mathematical Models of Fracture Flow 

Mathematical modelling of fluid flow in fractured rock masses has 

taken two directions: (1) statistical models where the geometry of the 

fracture system is represented by appropriate statistical distributions, 

and (2) deterministic models, where the geometry of the fracture system 

is assumed to be known. 

The general approach in the statistical work has been to develop 

an equivalent porous media model that describes the hydraulic behavior 

of the fracture system. If the rock blocks are porous, it is generally 

assumed that they provide nearly all of the storage while the fractures 

are the main conduits (Barenblatt et al., 1960). Important contributions 

to the statistical approach have been made by Snow (1965) and Romm and 

Pozinenko (1963). These authors have attempted to develop a permeability 

tensor to de~cribe the hydraulics of the rock mass. This approach is 

dependent on determining the fracture aperture distribution, and attempts 

to do this have been made using the statistics of borehole injection 

tests (Snow, 1965), photographic techniques on bedrock exposures (Bianchi 

and Snow, 1968), and elaborate packer tests in multiple injection bore­

holes (Louis and Pernot, 1972; Louis, 1974). The size of the apertures 

is a difficult parameter to measure and remains one of the most impor­

tant factors in any analysis of flow in fractured rock. 

Considerable work has been done in the petroleum industry on the 

movement of oil and gas in fractured reservoirs, and much of this has 

been of a statistical nature (Freedman and Natanson, 1959; Elkins and 

Skov, 1960; Zheltov, 1961). Warren and Price (1961) concluded from 

core analysis and pressure test data that the most probable behavior 

of single phase flow in a heterogeneous system approaches that of an 
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equivalent homogeneous system having a permeability equal to the geometric 

mean of the individual permeabilities. Parsons (1966) in studying idealized 

fracture systems has come to the same conclusion. 

Warren and Root (1963) extended this approach to naturally fractured 

reservoirs using a double-porosity model similar to that of Barenblatt 

et al. (1960). As shown in Figure 13, the model assumes that two regions 

of distinctly different porosity exist within the formation. One region, 

the matrix, has a high storage and low flow capacity, while the other, 

the fractures, has a low storage and high flow capacity. Recent 

laboratory work on fractured carbonate rocks (Jones, 1975) shows that 

fracture systems can contribute materially to the storage capacity. 

Variations of this model have been investigated by a number of 

workers (Pollard, 1959; Odeh, 1965; Kazemi, 1969), and in general, the 

conclusions reached have not been in agreement. It appears that differ-

ent results are possible for fractured systems depending upon the 

reservoir characteristics. For example, a fractured aquifer is 

equivalent to a homogeneous porous medium if the dimensions of the 

matrix blocks are small (less than 1 m) and the matrix permeabilities 

are significant (greater than l0-17 m2 or 0.01 md). Warren and Root 

(1963) observed that the time required to achieve quasi-steady state 

flow in a fractured reservoir is one or two orders of magnitude greater 

than it is in a homogeneous system. 

Kazemi (1969) has further extended this approach to unsteady flow 

in a finite circular reservoir consisting of a set of uniformly spaced 

horizontal fractures with an intervening permeable matrix and obtained 

the same results as Warren and Root. In a sequel paper, Kazemi et al. 

(1969) have attempted to interpret interference tests in naturally 
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Fig. 12. Pressure distribution with 
radial flow in a partially 
closed horizontal fracture. 

( Pumping well axis 

Fig. 13. Double-porosity model for 
fractured rock masses 
(after Warren and Root, 1963). 
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fractured reservoirs assuming a uniform fracture distribution. Results 

of their analyses demonstrated the marked anisotropy of the reservoir 

in that for early time responses, an equivalent homogeneous model does 

not adequately depict the interference effects. 

Recently, Duguid (1973) has used a finite element method to model 

nonsteady flow in porous rocks based on the two-porosity approach of 

Barenblatt. et al. (1960) and the elastic theory of Biot (1940). The 

fractures are described by a statistical distribution and flow in the 

fracture system is coupled to that in the porous blocks by a storage 

equation. Duguid shows how the ratio of fracture permeability to 

that in the porous blocks affects the time required to reach a steady 

state fluid pressure distribution. 

In the deterministic models, each fracture is modelled separately 

using an approach based on network analysis. Wilson and Witherspoon 

(1970) developed a finite element model for discrete fracture systems 

where the fractures are the principle conductors and are assumed to be 

rigid. This approach was used to investigate different flow problems 

such as effect of fracture size on seepage beneath a dam ahd the effect 

of tunnel size on groundwater inflow. 

Wittke et al. (1972) have also used the finite element model to 

develop methods of calculating seepage through three-dimensional net-

works of rigid fractures. They have applied their methods to rock 

slopes and abutments of a concrete dam. They have also investigated 

seepage to a tunnel passing through a fractured rock mass and verified 

their results with a laboratory model. 

The decision to use either a deterministic or a statistical model 

depends on the scale of the structure or area in question relative to 
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the spacing and size of the important discontinuities as well as the 

ability to collect the appropriate fracture data. Louis and Pernot 

(1972) have shown how extensive use of drill holes and adits can pro­

vide a detailed description of the fracture permeabilities at a dam 

site. With improved bore hole technology and greater emphasis on 

seismic safety, we believe that similar field methods can be developed 

to provide deterministic data on deep fracture systems. 

In essentially all of this work on the hydraulic properties of 

fractures, the assumption has generally been made that the fractures 

are rigid. However, as has been discussed in connection with mechanical 

properties, fractures deform with changes in the state of stress. From 

equations 1 and 2, it is apparent that one should expect significant 

changes in the fluid flow and pressure distributions as deformations 

occur. This means that one must consider the interaction of mechanical 

and hydraulic properties, or what is sometimes termed "stress-flow" 

behavior of fractures. 

INTERACTION OF MECHANICAL AND HYDRAULIC PROPERTIES 

Laboratory and Field Results 

The mechanical and hydraulic properties of fractures, as outlined 

in the previous ·two sections, demonstrate that the fractures are both 

a highly deformable component of the rock mass and the main flow paths 

in many impermeable and slightly permeable rocks. Based on Terzaghi's 

concept of effective stress, an increase of fluid pressure within the 

plane of fracture will reduce the effective normal stress acting across 

the fracture. From Figure 2 it can be shown that a reduction in effec­

tive normal stress will increase the size of the fracture opening. An 
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increase in aperture will change the flow characteristics of the fracture. 

Snow (1968) reported results showing that radial and tangential surface 

-7 -8 
ground strains of 10 to 10 were measured in a fractured metamorphic 

rock after the water level in a well had been decreased by 9.1 m. Of 

importance here is that the strainmeters (25 m long quartz rods) were 

75-90 m from the well and there was a two hour delay after the pumping 

before the strain event occurred. 

The effects of stress changes on the storage and permeability of 

fractured rocks has been discussed by Snow (1968). Increasing fluid 

pressure during injection tests in fractured rocks will sometimes pro-

duce a highly nonlinear pressure-flow rate relationship (Figure 14). 

This nonlinearity has been attributed (Maini, 1971) to: (a) kinetic 

energy effects, (b) nonlinear pressure-flow laws, (c) leakage past 

packers, and (d) increase in fracture aperture. The relative impor-

tance of these four factors has not been determined b.lt recent work by 

Gale (1975) has shown that fracture apertures can be opened or closed 

significantly by an increase or decrease in fluid pressure. Figure 

15 shows part of the results of a laboratory experiment on a large 

diameter granite core. Fluid injection and withdrawal in the center 

borehole that intersected two horizontal fractures produced signifi-

cant changes in aperture. Insitu field measurements also demonstrate 

that apertures deform under changes in fluid pressure. Figure 16 shows 

the closing of a fracture located 8.8 m below bedrock surface during 

-4 3 fluid withdrawal at a constant rate of 1.5 x 10 m /s. Fluid injection 

in the same fracture produced the fracture openings shown in Figure 17. 

Analysis of these results reveals that the fluid pressures measured in 

the fracture planes in both the laboratory and field tests could not 
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have been produced if the fractures had uniform apertures. Uniform 

apertures would have produced a logarithmic variation of fluid pressure 

away from the well. 

Other fracture deformation measurements by Gale (1975) showed that 

the magnitude of the aperture change is related in part to the fluid 

pressure distribution in the fracture plane and hence to the degree of 

aperture uniformity. If a well intersects a fracture where the aper­

ture is large and if at some distance from the well the aperture then 

decreases, there will be only a small head loss between the well and 

the constriction. This would have the effect of propagating fluid 

pressure changes at the well over a considerable distance. Conversely, 

when a well intersects the fracture where the aperture is small and the 

aperture increases at some point away from the well, the area over which 

the fluid pressures can change would be greatly reduced. This inter­

action of the mechanical and geometrical properties of fractures with 

the fluid pressure distributions should be thoroughly investigated when 

one is considering the possibility of inducing a change in the state of 

stress around a borehole. Furthermore, a fluid pressure increase in a 

fracture system reduces the effective normal stress, and as the aperture 

opens, the deformation decreases the contact area and hence the shear 

strength of the fracture system. 

Bernaix (1967) demonstrated the dependence of the permeability of 

finely fissured media on the effective normal stress. In a small scale 

field experiment, Jouanna (1972) has also demonstrated the stress depen­

dent nature of the permeability of finely fissured schist plus the 

nonrecoverable deformation (hysteresis) with repeated loading. His 

field results were supported by laboratory tests on similar rock types 
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plus a calcareous rock containing a single fracture. Jouanna's work 

has been extended by Rayneau (1972) to the study of flow in a single 

artificial fracture subject to changing external loads. The perme-

ability of discrete fractures was found to have the same stress 

dependence. 

Triaxial tests on saw-cut fractures,where the fracture is subjected 

to an all around confining pressure showed almost no water flow when the 

confining pressure exceeded 40 kg/cm2 (Ohnishi and Goodman, 1974). 

Similar tests on both artificial and natural fractures (Jones, 1975) 

revealed that fractures still exhibited permeability to air at 1400 

kg/cm
2 

confining pressure. At the University of California, radial 

permeability tests on saw-cut and rough fractures in granitic rock 

cores have recently been undertaken to determine if a scale effect 

exists. Iwai (personal communication, 1975) has found that when he 

subjects a horizontal fracture in a 0.15 m diameter core to a normal 

2 .stress of about 40 kg/em , the fracture permeability is almost zero. 

On the other hand, similar tests using a 1 m diameter core have shown 

that the flow rate quickly reaches a minimum (Figure 18) and thereafter 

2 
does not decrease significantly even for stresses up to 175 kg/em . 

In ma~nglarge scale field tests on natural fractures, Pratt et al. 

(1974b) has also observed that the fluid flow could not be shut 

off with increasing normal stress (Figure 19). While this limited 

number of observations cannot be considered conclusive, there does 

seem to be some evidence that the larger samples give stress permeability 

results that are more representative of natural fracture systems because 

of the effect of bridging and contact area on flow rate. 
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Very little data is available on the effects of shear displacement 

on the permeability of fracture systems. Jo~anna (1972) presented 

results of changing the flow rates as a function of shear stress during 

shear tests on micaceous schist. The flow rate decreased with increasing 

stress and was irreversible. Maini (1971) presented the results of a 

test in which he measured the change in flow rate for known increments 

of shear displacement along a fracture. The fracture was created by 

splitting slate parallel to a cleavage plane and the normal load was 

due to the weight of the sample only. At this low stress level, a 

shear displacement of 0.01 m and a normal displacement of 0.002 m 

(opening) produced an increase in permeability of two orders of 

magnitude. We do not know of any shear test on individual rough 

fractures performed over a reasonable range of effective normal 

stresses where the flow rates and both shear and normal displacements 

were measured during the test. This is an area of research that needs 

much more work, especially when one considers dilatancy in shear modes. 

Ohnishi and Goodman (1974) reported triaxial and direct shear test 

results where the pore pressure induced in the fractures amounted to 

ten to fifteen percent of the deviator stress at peak load in the 

triaxial tests and ten to twenty percent of the peak shear stress 

during the direct shear tests. This indicates that the effective 

normal stress in a fracture can be significantly reduced during 

shear. 

Modelling the Interaction of Mechanical and Hydraulic Properties 

Two approaches have been used in attempting to numerically model 

the interaction of fluid pressures and rock stresses in fractured rock 
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masses: (1) continuum models and (2) discrete models. In the continuum 

models, the properties of the rock blocks and fractures are averaged to 

give an equivalent continuous medium. This includes combining the per­

meabilities of the fractures and matrix into an equivalent porous media. 

In the discrete models, an attempt is made to include the mechanical 

properties of most of the individual discontinuities as well as that 

of the rock blocks. The flow characteristics and geometry of the 

individual fractures are assumed to dominate the flow field and are 

treated in a manner essentially the same as that of the deterministic 

models described earlier. 

There is a basic argument as to whether the continuum or discrete 

approach should be used. Both approaches have certain advantages and 

disadvantages. The continuum approach only needs information as to the 

average values of fracture spacing and material properties. But as 

pointed out earlier, with increase in complexity of the fracture 

geometry and the corresponding decrease in symmetry of the system, 

it becomes more difficult to develop an equivalent continuum that 

will simulate the behavior of the fractured rock mass. Also, after 

replacing the rock mass by an equivalent continuum, failure cannot 

occur until a new fracture develops. 

Riney et al (1973) have used the continuum approach and make shear 

strength dependent on the spacing and frictional properties of the 

fracture system. With regard to the concept of induced seismicity, 

this presents a problem because one is unable to look at failure con­

ditions along some pre-existing plane of weakness, such as a fault zone. 

Dieterich et al. (1972), in a study of earthquake triggering by fluid 

injection, avoids this problem by combining a continuum description of 
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of the rock block bounding a fault zone'with a detailed description of 

the zone itself. Both the static and dynamic friction were allowed to 

vary with location and as a function of changes in fluid pressures 

within the fault zone. Using field and laboratory Jnput data, Dietrich 

et al. have obtained results that compare favorably with the earthquake 

activity observed during field experiments at Rangely, Colorado. 

Morgenstern and Guther (1972) used two finite element codes: (1) 

a two-dimensional, equivalent porous media code to model flow in fractured 

rock slopes, and (2) a two-dimensional code of a linearly elastic medium 

to model the stresses in the rock slopes. The two programs were coupled 

through the stress dependent nature o'f the permeability. Results pre-

sented by the authors show the effects of different stress configurations 

on the pressure distribution and permeability in excavated slopes. 

Morgenstern and Guther based their use of this simplified model on the 

fact that available experimental data did not justify the study of more 

complex relationships. 

This lack of input data has been considered a serious limitation 

of discrete models. This is no longer a valid criticism. As indicated 

above, Louis and Pernot (1972) have shown how improved borehole 

techniques enable one to obtain a three-dimensional picture of the 

geometry and hydraulic properties of the fracture system. The mechan-

ical properties of individual fractures can be determined from careful 

insitu and laboratory tests. We fully appreciate the problems inherent 

in applying such an approach to deeply buried fracture systems, but as 

has been pointed out by Raleigh (1972), one needs to know to what degree 

generalization of the fracture geometry can be made without seriously 

degrading the calculational results. 
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Discrete models of fractured rock masses have been developed by 

Radatz and Wittke (1972) and Noorishad et al. (1971). Noorishad et 

al. combined two finite element programs: (1) a steady state, line 

element program to model flow through the fractures, and (2) a plane 

strain structural program incorporating joint elements to model dis-

placements and stresses within the rock mass. The fluid pressures 

interact with other stresses acting on the rock blocks simulating a 

coupled stress-flow phenomena. Noorishad et al.(l972) have demon-

strated the feasibility of using this model to study the effects of 

fluid pressures on changes in fracture apertures. Gale et al. (1974) 

have modified this approach in order to model general two-dimensional 

plane strain and axisymmetric problems with arbitrary orientations of 

the fracture network and of the initial stress field. This numerical 

model is essentially quasi-static. 

The model of Gale et al. (1974) has been applied by Witherspoon 

et al. (1974) to studies of the parameters that affect controlled 

displacements along the fracture planes within a fault zone during 

fluid injection and withdrawal through wells. As shown in Figure 

20, these investigations have revealed that the areas over which 

fluid pressures are increased (and hence the effective stress de-

creased) during injection can be considerably larger than the areas 

over which pressures are decreased (and hence the effective stress 

increased) by fluid withdrawal. In this study, permeability aniso-

tropy within the fault zone was assumed to be an important factor. 

Fracture apertures parallel to the axis of the fault were always 

3.0 x 10-4m while the initial values of those oriented normal to the 

-5 -4 fault axis were allowed to vary from 3.0 x 10 to 2.4 x 10 m. The 
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large variation in areas affected (Figure 20) reflects the effects of 

changing the permeability anisotropy within the fault zone and the 

fact that the opening and closing of fractures has a non-linear effect 

on fluid pressure distributions. 

Witherspoon et al. (1974) have also investigated the effect of 

the orientation of the initial principle stress vector on the length 

of the failure zone induced by fluid injection at one point in a 

fault zone. Figure 21 shows results for five different stress 

orientations and two different injection pressures. The orientation 

shown is the angle between the maximum principal stress and the axis 

of the fault zone. At either injection pressure, the maximum length 

of shear failure occurs when the principal stress makes an angle of 

45° - ~/2 with the direction of the fault plane, where ~ is the angle 

of static friction within the fracture. In this work, we assumed 

~ = 38°, and it will be noted that maximum shear failure occurred 

with a ~ 26°, These results correspond with the continuum relationships 

in rock mechanics. Since the fault zone contained an orthogonal net-

work of fractures, it would be of interest to determine if this rela-

tionship could still hold in a nonorthogonal system of fractures where 

interlocking of rock blocks could occur. 

Current numerical modelling work at the University of California, 

Berkeley, consists of developing coupled-stress, nonsteady-flow models 

of fractured porous media. In addition, dynamic coupled stress-flow 

models of fractured media are also being developed. The purpose is to 

permit an evaluation of the importance of the different geometric, 

mechanical, and hydraulic parameters of fracture systems on pre-failure 

conditions as well as the role they play in failure and post-failure 

events. 
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CLOSURE 

As indicated in this review, there is no general agreement on how 

the various fracture parameters should be described, how they should 

be measured, or how they should be used in the analysis of fractured 

rock masses. Fractures are both the dominant flow paths as well as 

the weakest links in most rock masses, and their behavior is highly 

non-linear. In addition, there is some evidence that in laboratory 

determinations of fracture properties, there is an apparent scale 

effect in terms of sample size. 

Existing and developing borehole and laboratory techniques provide 

a means for obtaining a three-dimensional picture of the mechanical and 

hydraulic properties of shallow fracture systems. The possibility of 

extending these methods to deeper fracture systems needs more investi-

gation. Such data must be considered when one is deciding whether to 

use a continuum or discrete model· to represent the interaction of rock 

and fluid forces in a fractured rock system, especially with regard to 

the problem of induced seismicity. When one is attempting to alter the 

pressure distribution in a fault zone by injection or withdrawal of 

fluids, the extent to which this can be achieved will be controlled in 

large measure by the behavior of the fractures that communicate with 

the borehole. Since this is essentially a point phenomena, i.e. the 

changes will propagate from a relatively small region around the bore-

hole, the use of a discrete model would appear to be preferable. 
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