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Abstract

A parameter study has been carried_gu; to investigate the interdependence
of mechanical and fluid flow properties of fractures with fracture roughness |
and sample size. A rough fracture can be defined mathematically in terms of
its aperture density distribution. Correlations were found between the shapes
of the aperture density distribution function and ﬁhe specific fratures of the
stress-strain behavior and fluid flow chara;teristics. Well;matched ffacture;
had peaked aperture distributions which resulted in ;ery nonlinear stress-
strain behavior. ﬁith an inéreasingAdegree of mismatching between the top and
bottom of a fracture, the aperture density distribution broadened and the non-
linearity of thevstresa-strain behévior_hecame less accentuated. The differ-
ent aperture density distributions also gave rise to qualitatively different
fluid flow behavior. Findings froﬁ this investigation make it possible tq |
estimate the stress—-strain and fluid flow behavior when the roughness charac-
teristics of the fracture are known; and conversely,'to estimate the fracture
roughness from an examination of the hydraulic and meéhanical data. Results
from this study showed that both the mechanical and hydraulic properties of
the fracture are'controlled by the large-scale roughness of the joiht surface.
This suggests that when the stress—-flow behavior of a fracture is being inveé-
tigated, the size of the rock sample should be larger than the typical wave

length of the roughness undulations.



Introduction

In a recent paper (Tsang and Witherspoon, 1981) we developedva theoretical
relaéionship betwegn the nonlinear effective Young's modulus of a rough-walled
fraéture and its roughness préfile. The theoretical model has been validated.
against laboratory measurements. It allows one to deduce from normal stress-
displacement measurements the roughness profile of the rock fracture, and in
turn to predict the fluid flow through such a fraéture as a function of normal
stress. In this paper we investigated many different fractures of known

roughness profile to find correlations between specific features in the,notmal

stress-displacement curve of a fracture and the actual geometric éharacter131

tics of the fracture; This systematic study lends additional inéight on the .
interdependence of fluid flow through a fracture and the stress-displacement .

measurements across the fracture.

Not much information is. available in the literature on the roughness
characteristics of single fractures. Sharp (1970) showed an aperture frequency
histogram obtained from laboratory measurements of a tension fracture. Neuzil
and Trécy (1981) modeled a rough fracture using a log ndrmal aperture frequency

distribution in their theoretical work on flow through rough fractures.

Our approach assumes no specified mathematical form for the aperture dis-

tribution; it is derived from the actual joint profiles as shown in Figure 1,

. which is reproduced from Figure 9 of Bandis et al. (1981). It shows a selec-

tion of joint surface profiles from natural exposures of sandstone, siltstone,
and limestone. If each joint surface profile were to represent both the top

and bottom halves of a fracture, then different fracture apertures may be



simulated from each profile when the upper and lower joints are mismatched in
varying degrees. fhis approach of simulating fractures from real joint pro-
fileg is suited to the purpose of our systematic study, where one needs a
large sampling of fractures with known roughness‘characteristics, and where
each fracture may be tépresented mathematically by an aperture distribufion
function. We note that in FPigure 1, the roﬁghness of each.joint surf;ce is
characterized by a large-scale undulation on which is superimposed a small-
scale roughness yhose avetage‘amp%itude and wavelength are much smaller than
that of the large-scale undulation.' The profiles range from roughvundulation
to almost smooth and planat. For our analysis, we chose fractures that are -
simulated from profiles 1 and 10 in Figure 1;' These twé profiies are distinct-
ly different in their'typical large-scale undulation amplitude; however, their
v small-scale roﬁghness is similar. We compuﬁed the ndrmal stress—-displacement
and stress-fluid flow characteristics of these fractures. Through our anal-
ysis, sufficient insight wés gained to enable us to correlate the mechanical
and hydraulic properties of the frécture to the fracture roughness. Therefore,
given a rough-walled fracture, certain characteristics inithe norﬁal stress-
dispiacement and normal stress-flow curves can be énticipated. Conversely,
given normal stress-displacement and stress-flow measurements, the results of
this study enable one to have an intuitive feeling as to the geometric charac-
teristics of that rough fracture, éliminating the need for actual,_leﬁgthy

mathematical calculations of our earlier approach (Tsang and Witherspoon, 1981).

Furthermore, our study indicates that it is the large-scale roughness

undulation of the fracture walls, and the degree of mismatching between the



two walls of the fracture that control the shape of the normal stress-displace-
ment curve, which in turn determines the dependence of flow on normal stress.
Our investigation therefore suggests that the large—scale undulation wavelength
of a fracture wall may be the key to the appropriate representative equivalent

volnme (REV) for stress-flow behavior of single fractures.

Method

We discussed in the introduction that each joint surface profile as dis-

played in Pigure 1 may be considered to represent both the upper and lower

~ Joint surfaces of a fracture. Different fracture apertures may then be con-

structed when the upper and the lower joints are mismatched in varying degrees.
Figure 2 shows four different variations that were generated from the same
joint surfnce profile 1 in Figure 1. 1In figure 2a,b,c,d, the top joint has
been displaoed to the right of the-bottom joint by fractions varying from .v
0.013, 0.030, 0.056, 0.17,‘respective1y, of the entire profile iength. We
have assumed that the roughness profile repeats itself, the profile lengths
displayed in FPigure 1 being the smallest repeating unit. The fractures in
Pigure 2 were constructed from the same roughness profile 1 by the above-b
mentioned horizontal displacement plus enough vertical separation to ensure
that there was no overlap between tne upper and lower profiles. If the
profile for ench of the fractures in Figure 2 is discretized into appropriate
length units, then the fraction of discretized length units having an aperture
velue b will give the aperture density distribution n(b), which_is an appro-
priate mathematical description of the physical fracture. The apertures range

from zero to some maximum value bo'



In the earlier work (Tsang and Withérspoon, 1981) we used a vqid descrip-
tion of the fraéture, that is, each fracture such as shown in Fiéure 2 can be
considered as a collection of elongated voids of length, 2d. Assuming a
spatially random distribution for the voids which make up the fracture, we ﬁ

derived the following relationship:

E
1-—:f—f a <&, _ ()

where Eqee is the effective Young's modulus of the rock with the fracture,

E is the Young's modulus of the intact rock, and <d> is one-half the crack
length averaged over all the voidé. The physical picture implied by (1) is
illustrated in Figure 3, which‘pprtrays a portion of fracture at increasing
levelé of applied stress. Under increasing load, the deformation of ;he voids
causes more areas between the top and bottom of the fracture to come in con-
tact and leads to a decreasevin <d>. This process results in a gradual in-
crease of the effective hodulus with increasing load according to (1). Equa-
tion (1) therefore provides a bridgé ﬁetween the mechanicai properties of a
fractured rock and the geometrical characteristics of the fracture. We shall
‘ show in the following that, giQen a fracture for which the apérture density
distribution has beeﬁ defined, we can calculate the fracture mechanical

properties.

wWhen measurements are made on intact rock over a thickness £, then by
definition,

do :
E=1 a(av ) (2)



and for a rock with a single fracture, one has

do - _ -
Eee "% qav + V) . : (3)

‘ Qhere AV, is the deformation of the intact rock and AV, the clésﬁre of the
fracture. Note :hat whereas AV, will be proportional to &, Av_is a property
intrihsic to the fracture and is independent of £. Therefoie, an evaluation
of Egfs in (3) from stress-displacement measurements dépends on £ and is
nonunique. That is, the large; the & chosen, the more difficult it will be to
distinguish :he effect of the presence of the fracturevfrom the overall mechan~

ical propetty of the rock.

If the modulus E of the intact rock is a constant, equations (2) and (3) C e

reduce to

. (4)

[ao =

Ej zeff/z da(Av)

L (1 - Eeff/E)

The‘integrand én the right-hand side of (4) can be computed from the gecmetry
of the fracture profile, which is represented by the aperture density n(b) as
determined at zero stress; that is, when the fracture closure AV is zero. As
the fracture closes, AV increases and each aperture is‘reduced the amount AV.
All apertures in n(b) having values of b less than AV now become zero. There-
fore the fractional éontact atéa,'w, at each fracture closure is

Av

w = f n(b) db. : (5)

0



For a spatially random distribution of voids, the average half-crack length
<d@> is inversely proportional to the fractional contact area. Since <& is
related to Eg ee/E from (1), the intégral in (4) may be evaluated numerically"
for any given n(b). We should point out that the proportionality sign in (1)
implies that ; reference crack length at zero stress is needed. Since the en-
;ire length of profile 1 shown in Figure 1 contains approximately three large-
" scale unduiation wavelengths, we have chosen the reference crack length to be

one-third of the entire prdfile in our computations.

Correlation Between Fracture Roughness and Stress Displacement Characteristigs
The aperture density n(b) versus aperture b in the absence of applied
normal stress for the four different fractures shown in Figures 2a,b,c,d are
plotted respectively in Figureé 4 through 7. The same horiiontal and vertical
scales are used for all the figures sé that a meaningful compariéén may be
made among them. Recall that all the fractures in Figure 2 originate from
the same joint roughness profile 1, they differ only in the amount of lateral
mismatching between the top aﬁd bottom. Figures 4 through 7 show that the
larger the lateral displacement in forming the fracture, the larger is the
value of the maximum aperture by in the fracture.» Though the aperture
distributions show a lot of noise arising from the smal;-scale roughness of
the joint surface, an overall envelope for each distributidn is discernible.
The envelopes arise from the large—scale undulation of the joint, their shapes
range from a narrow peaked distribution on Figure 4 corresponding to the frac=-
ture in Figure 2a to a flat, almost uniform distribution on Figure 7 for the

fracture shown in Figure 2d.



The characteristics of the stress versus fraqturé closure curves may be
correlated to the aperture ‘distribution. ;n Figures 4 through 7, the néfmal
stresg 0 versus fraéture closure AV for the four different fractures shown in
Figures 2a,b,c,d are also plotted together with the distributions of n(b)
versus b. The stress is left in relative uhits'for the purpose of this study.
According to equation (4), actual values 6f o may be obtained when the Young's
modulus (E) of the intact rock and the actual conditions of measurements (g)
are known. The flat tail of the ¢ versus AV curve at émall AV (Fig. 4)
correspondszto low—-aperture deﬁsities n(b) at small apertures b. Therefore,
for small AV, the fracture contact area increasés very slowly (see (5)) as AV
is increased. Also, the average crack length remains large fsee Fig. 3),
hence E ¢¢ remains small according to (1) and the'nearly flat slope of dg/dav
results. As n(b) peaks, the contact area increases rapidly, causing the‘averé
age crack lengthvto decrease rapidly, giving rise to a steady increase of the
slope do/dAV. As n(b) decreases again beyond the peak, the slope dg/dAV
approaches a constant. These correlations between the shape of thé 0 versus
AV curve and the shape of n(b) are consiétently seen in Figures 4 through 7.
When the aperture density ié appreciable at small b (Fig. 6), the flat tail of

the 0 versus AV curve, so prominent in Figure 4, has all but disappeéred;

We note in the progression from Figure 4 through Pigure 7 that as the
mismatch between the top and lbwer joints incfeases (Figs. 2a through 2d),
respectively, the aperture distribution broadens and the variation of ¢ with
AV becomes less steep. This différence in behavior.between a well-mated joint

and an ill-mated joint had been seen for a granodiorite specimen (Goodman,
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1976). The maximum allowed fracture closure AV should equal by, the maximum
aperture of the fracture at zero applied load. At this value of AV, the frac-
ture is totally closed and o versus AV is of course vertical. However, in the
cases where the éperture distribution peaks sharply, o versus AV can become
near-vertical long before the value of maximum closure is reached. This‘is
because thg aperture distribution peak can occur at a value b anywhere between
2ero and the méximum b,. Then, ccrre;ponding to the.post-peak aperture distri-
bution decline, even at values of b considerably below b, the fractional frac-
ture contact area can be iery.nearly one and the average crack length nearly
zero, implying that the effective modulus of the fractured rock will be almost
identical to that of the intact rock. This is the case in Figures 4 and 5
where the apertﬁre distributions are peaked. In these figqures the n(b) versus
b curve extends to the maximum aperture bo, whereas the ¢ versus AV curve ter-
minates at a value AY considerably below that of its maximum allowed value b,
beyond this value of AV at which the calculated curvé terminates, the slope of
o veisus AV approaches infinity. For broad and flat aperture distributions
such as those in Fiqures 6 and 7, the slope of ¢ versus AV remains finite un-

til AV almost reaches b,.

The wéll-matched fracture characterized by a peaked aperture disﬁribution
with small bo (e.g., Fig. 4) also differé from an ili—matched fracture char-
acterized by a flat aperture distribution with larger b, (e.g., Fig. 7) in
the fractional contact area variation with fracture closure. Curve (a) in
Figure 8 shows the fractional fracture contact area variation for the mosﬁ

well-matched fracture (Fig. 2a). The s-shaped curve demonstrates that the
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fractional fracture contact area :emains small and the fracture is soft at
_small AV, then the‘contact.area increases rapidly becomiﬁg almost 1 long before
the maximum possible closure b, is reached.: This s-shaped variation corres-
'ponds to the initial zero slopé on Figure 4 and the subsequent rapid rise in
alopé of the ¢ versus AV curve. .The almost linear curve (d) in Figure 8 cor-
responds to the most ill—matchéd fracture (Fig; 24) characterized'by the broad
aperture distribution of Pigure 7. Sincg fraction#l contact area at a fracture
closure is mathematically the iﬁtegral of aperture density from aperture O to
ape?ture v, 6ne expects that a tota11y flat aperture'distribution (completely
ranaom aperture'distribution)vshould give a 45° straight line for the fr#c- ’
tional contact area variation witg fracture closure Curve (d) in Figure 8

for the mostuill;matched fracture gives almogt this shape. This linear varia-
tion corresponds to the slow and steady rise in,slope'of the a'ééréus Av curve

in Figqure 7.

Stress and aperture distribution calculations were also carried out using
the joint surface profile 10 in Figure 1. Fractures were formed using lateral
displacements of the same magnitudes as in the calculations for profile 1.
Whe?eas profiles 1 and 10 have comparable small~scale roughness and average
large-scale undulation wavelength, they differ mosﬁ distinctly in their typi-
cal large-scale undulation amplitude. By virtue of the smaller undulation
ampli;ude in profile 10, §ne mﬁy say that the joint in profile 10 is smoother
than that in profile 1. Each fracture constructed from profile 10 hés aper-
tures much smaller than the'corregponding fracture constructed from profile 1.

"This result is consistent with our intuition that a smoother walled fracture
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should give rise to smaller overall range of fracture apertures. Figure 9
shows the n(b) versus b and ¢ versus AV curves for a fracture coﬁstructed from
profile 10 by the least lateral displacément. This figure should be compared
with Figure 4 where curves are shown fqr a fracture constructed from profile 1
by the same amount of lateral displacement. (Here we must point out that
profiles 1 and 10 in fact belong to different-:ock types andrtherefore possess
‘different Young's moduli. 'However; for the purpose of this study, we are
specifically interested in the effect of fracture roﬁghness on mechanical prop-
erties; so‘we borrow profiles 1 and 10 from the work of Bandis et al. (1980)
and assume that they are joints of the same rock tyﬁe differing oniy in thei¥
geometricai characteristics. This justifies the Eomparison betweenvFigure 4
and Figure 9.) The distinctionvbetween Figure 4 and Fiéure 9 maylbe most
simply'étated in mathematical ;erms. vIn Figure 4, the square root of the
variance of n(b) is smaller than the mean of the distribution; whereas in
Figure 9, the square root of the variance is larger than the mean of the
distribution. The values of n(bi for b less than zero are eliminated since
negative apertures are nonphysical, thus giving rise to thé skewed appearance
- of the aperture distribution in Figure 9. .Physically, the difference in
appearance between Figures 4 and 9 are accounted for as foilows. The distri-
bution of Figure 9 results.because the fractures formed from profile 10 are
more_planar due to the smaller undulation amplitudes. Since there is appre-
ciable density n(b) at the zero end of the aperture distribution, contact area
increases immediately as the fracture qlésure is increased from zero, there-
fore the feature of a flat tail in the ¢ versus AV curve at smali AV found in

the rougher fractures formed from profile 1 (e.g., Fig. 4) is absent here in
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the more planar fr;ctures f;om pro£ile 10 (e.g., Fig. 9). The absence ofba.
long flat tail at small & in the © versﬁs &V curve #hd the overall1sm§ller
fracture apértures Witﬁ a skewed aperture distribution aré the prominént
features that differentiate a more élanar fracture from an undulation fracture.
In other respects, the O versus AV curves correlate to the aperture density

in a'sihilar fashion as in the case of profile 1: the broadening of the
aperture’dehsity and the less steep rise of 0 versus AV as the mismatch

between the upper and lower joints increases.

The abové‘calcula;ioﬁs lead to an unaerstanding of the general relation- -
ship between fraéture'roughness and the fracture:mechanical property under N
normal stress. Hathematically,"a well~matched fracture‘(su?h as.Fig} 2a)
gives rise to an apertu?e dis;ribution that has a narrow aﬂd peakéd envelope
(Fig. 4), whereas an ill-matched fracture such,astigure 24 gives risevtb an
aperture distribution»that has a broad and fldﬁ envelope (Fig. 7).' The large-
scale roughness determines the shape of.the aperture distribution envelope.

The small-scale roughness of the fracture wall contributes to the background

noise of the aperture distributions in Figures 4 through 7. Since the features

in the 0 vs 4V curves can be generally correlated to the shape of the aperture
distribution envelope, it is the large-scale roughness of the fracture walls

that céntrols the mechanical behavior of the fracture.
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Practure Fluid Flow Variation with Normal Stress

We have.shown (Tsang and Witherspoon, 1981) that the fluid flow per unit
head through a fracture at each stage of fracture closure Av'varied as <b3(AV)>,
where |

bo

B> (aV)> = / a(b) (b - av)> @ (6)

.\'4 |
and n(b) denotes the fracture aperture distribution in the absence of applied
normal stress. Sincg the variation of ¢ versus AV is given in equation (4),
the dépendence of fluid flow on applied normal stress may be calculated. The
results for the four fractures (Figs. 2a-24) are shown in Figure 10. Recall
that fractures 2a through 24 are all derived from the same joint profile 1 in
fiéure 1, but with increaaing.amount.of mismatching.between the top and bottom
Qalls of the fracture. The flows at zero applied normal stress bear the ratio
1: 2.9 : 4.8 : 35 as the mismatch increases from fractures 2a to 2d. This
indicates that in the absence of aéperity breakage, the geometrical character-
istics of the fracture alone dictate that the flow through an initiaily matched
fracture will increase under shear strain. PFracture 24 represents a mismatch of
about half an.undulation wavelength between the top and bottom joihts. Further

vshear displacement will cause the overall fracture apertures to decrease and

we expect the flow also to decrease.

In Pigure 10 the flows, Q, per unit pressure head are all normalized to
one at zero stress level. The stresses can again be left in arbitrary units

for the purpose of this study. The extremely sharp drop of flow af small
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stresses for fracture 2a reflects the mechanical softness of.& well-matched
fracture_at the initial stages of loading, the decrease of flow with stress
becomeg progressively iess-rapia as the fractures become less well-matched.
The wiggles in the curves in_Figu:e 10 arise from the small-scalehroughness of
the fracture wall. The overall shapes‘of the curves are governed by the lé:geé
scale undulation 6f thevfractures. T£e/;;riation of Q-per_unit head with o in
Figure 10 may be separated into three regidns: (1) an initial rapid linear
drop at small s£réss, (2) slow bﬁt nonlinear variation with increasing stress,
an@ (3) the asymptotic.behavior at large atresseé. The initia1 sharp drop of
flow per.unit head in region (1) corresponds to the flat tail in the a've:sus
AV curve such as shown in Figure 4 and is chaiactgristic of a well-matched

fracture.

Calculations also show that the flow per unit head through the fracture
approaches some limiting value greater than zero at large stresses; and the
more mismatched the undulating fracture, the gmaller is this limiting value of
flow. To illustrate this, Figure 10 is replotted in Figure 11 with the flow
per unit head put into logarithmic scale. The convenient scale of length.unit

cubed is used for the flow by virtue of equation (6). At zero applied stress,

the fluid flow through the most mismatched fracture 2d is largest since it has

the largest overall apertures; however, at large stresses, the flow for the
same mismatched fracture takeslon the smallest value. The poinﬁ of termina-
tion_for each curve in Figure 11 is governed'by the value of étress beyond
which the g versus AV curve (Fig. 4 through Fig. 7) becomes near-vertical, as

discussed earlier, implying that very little fracture closure will occur
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_beyond this value of stress where each curve in Figure 11 terminates, And that
the values of flow where the curves terminate are indicative of the nonzero
limiting values. Figures 4 through 7 indicate that the more mismatched the
fracture, the closér is the point of termination for ¢ versus AV curves to the
maximum possible closure b,; hence the smaller is the limiting value of flow

for the more mismatched fracture.

The nonzerb limiting values of fiow per unit head at high stress are con-
sistent with experihental evidence [Kranz et al., 1979] that'fractures remain'
open for fluid flow even up to effective stresses of 200-300 MPa. This is
also not surprising if we consider the physics that is ihvolved. Recall frcﬁ
equations (1) and (2) that over a thickness L, E is defined in terms of the
rock displacemént AV, with stress and Eqfef is defined in terms of the total
displacement AV., which is the sum of'the rock dispiacement and the fracture
closure. One may separate this thicknesé £ further into two cohponents, one -
is the immediate area around the fracture, on the order of thickness by, which
we shall call 24. The modulus of this fracture region will be denoted by Ej.
The other component is the rock away from the immediate vicinity of the frac-
ture, with thickness (% - %9) and intact rock modulus E. When normal stress
is applied to £, ﬁhe respeétive displacements in the two regions are AV and AV,.
If a two-springs analog is used to describe the system, it is straight-forward
to show that '

zv L (2 - £1)

1
= = . (7)
eff E1 E

E

In the void description of the fracture, when the crack lengths are long,
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Bess/E « 1, implying that the fracture region (E4) will be so soft that the
measured total displacement AV, would be dominated by the fracture closure AV.
However, as the stress level increases, the crack lengths shorten and Eeff/E
approaches 1, then E4 is no longer significantly different from the intact
rock modulus.z. In wbich case, ﬁo separate £ into two regions and to describe
it by the two=-springs analog is artificial. 1In facﬁ, the resp;nse of the
region £ to external load is simply that of one 'sprihg', that corresponding
to the rock._ Within the fracture, thg response to external load is from thé
'shortening’ of those asperities already in contact, father than further clo- ]
sure to briﬁg more asperities into’contac;z« Whereas in'the initial stage of’
applied ioad the 'void' description of the fracture predict rapid closnre of
‘the fracture, now at lafgér stresses the ;hoftening of the asperities already
in contact with increasing load implies that the-fiactu:e remains open for

fluid flow even at very high stresses.

That the curves in Figure 11 should take on such different shapes for the
four different fractures is of interést. Sincé the curves 11(a) through 11(Q)
correspond to fractures.with their aperture distributions ranging f;om sharply
peaked to very broad and flat, then the different shapes of these logarithms
of flow éer unit head‘versus stress curves may'very well be a potential tool
for gquessing the aperture,characteristic# of the fracture in question. Iwai's
(1976) flow data for véry well-matched rough fractures indeed take on the
shape of curve_(a) in Figure 11, but much more experimental evidence is needed

to substantiate our hypothesis here.
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The Critical Role of Sample Size to Stress and Flow Measurement

in this systematic study, we have arrived at the conclusion that the
mechanical and hydraulic properties of a fracture under normal stress can be
correlated to the geometrical characteristics of the fracture. The large-
scale roughness of a well-matched fracture is characterized mathematically by
a narrow and peaked aperﬁure distribut;on; that of an ill-matched fracture is
characterized by an aperture distribution that is broad and flat. The small-
vscale roughness of the fracture wall contributes to the bacquound,noisg of
the ovefall-shape of the aperture distribution. Since the features in 0 ver-
sué Ay and Q versus O curves have been shown to correlaﬁe to the shape of the
aperture distribution, it is the large-scale roughness of the fracfure walls
that control the mechanical and hydraulic behavior of the fracture. vIt is
clear then that rock samples smaller than a typicél large—scale undulation'
wavelength do not represent the fracﬁure foughness properly, and spurious
results due purely to ‘'size' can occur when such small samples are used in
stress and flow ﬁeasurements.v In other words, the large~scale undulation
‘ wavelengths 6f the fracture wall may be a good measure of the "representative
equivalent length" fo: the scale effect in stress and flow méasurements.
Figure 1 shows that the undulaﬁion wavelengths range from abéut 12 cm for
profiles numbered 1, 5, 10 to perhaps 70 cm in profile 6. The §ther profiles
have wavelengths on the order of 30 cm. If Figurev1 is a good sampliné 6f
typical rock profiles, then our study seems to suggest that in order to obtain
a data base from which laboratory experimental results may be extrapolated to
fielad éituations, rock samples much larger than those conventionally employed

in laboratory stress~strain and stress-flow measurements are called for.
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éoncluéibns
Conclusions drawn from this investigation in many ways coincide with what
one will intuitively expect with regard to fhe relationship between fracture

roughness characteristics and its mechanical and hydraulic properties.: This

' systematic study therefore supplies the theoretical basis for our physical in-

tuition. We summarize in the following our findings from this study, they are:

(1) The roughness of a fracture wall may be characterized by a small-scéle
roughness superposed on a largé-scale unaulati§n. It is the large-scale
undulation.in the fracture wall roughness that.&etermiﬁes the shape §f,
the aperture density distribution and therefore controls thé méchanic;;v ey

and hydraulic properties. ' o ' -

(2) When the f;acﬁurgs are well matched, the aperture distribution is narrow
and peaked; with increasing miématching, th§ aperture_distribution broad~-
ens and flattens. 1In mathematicél_terms, both the variance and the mean
of the apertqre.distfihugign 1ncreaée as the fracture becomes more mis-
matched. The aperturevdistribution for a perfectly matched rough fracture
is a delta function, which is also the mathematical description for the
conventional parallel flat platé description of fractures. For mismatched
fracturés, as the ratio of the undulation amplitﬁde and wavelengthvof the
fracture wéll decreases, that is, in going from rough-w&lled to planar
fractures, the overall aperture decreases and the square root of the Qar-

iance becomes larger than the mean of the distribution.
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(3) The peaked aperture distribution ofla well-matcﬁed fracture gives fise to
very soft mechanical propefties at low stresses and therefore very non-
linear stress-fracﬁure closure behavior. As the fracture becomes more
mismatched, thé noﬁlinearity of the stress-fracture closure behavior be-

‘comes less accentuated.

(4) The fracture hyéraulic property follows closely the fracture mechanical
property. The calculations for fractures 2a - 24 indicate that dilétancy
occurs when a fracture undergoes shear displacement (under zero'ioﬁding
conditions). The flow should first increase, reaching a maximum when the
mismatch between the upper and lower joints is about 1/2 of the large-b

'scale undulation wavelength, and then decrease with further shear
displacement. When only normal stress is present, the soft gechanical
behavior gives rise to a sharp drop of flow with stress, hence the more
well~matched the fracture the shaiper the drop of flow with qtress at low
levels of applied normal load. The different shapes of the curves of
logarithms of flow per unit heéd Qersus stfess may serve as a 'finggr-

printing tool®" for the fracture roughness characteristics.

Equipped with the findings from this investigation one can now make
qualitative predicﬁions about the.expectedvstress-fracture closufe behavior
and expected stress-flow behavior of any fracture from an examination of the
fracture wall roughness and the degree of fracture mismatching alone. On the
other hand, hydraulic and mechanical data can also give one the clue to the

roughness characteristics of a fracture.
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That the large-scale undulation wavelength of tﬁe fr#cture wall gseems to
be éhe.key to thé repreéentative equivalent lenéth for fracture méchanical_and
hydraulic properties is significant. This implies th;t if a representative
| undulation vavglength cdn be determined for the fractures in the field, then
perhaps laboratory experiments on the suiﬁably sized samples of about 1.5 to 2
undulation wavelengths may be sufficient to provide flow and stress data that

can be transferrable to the field situation.
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and Barton, 1981).
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Figure 3. Deformation of 'voids' in a sequence of increasing normal stress.
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