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ABSTRACT 
A casting technique has betn developed for d- 

ing translucent replicas of the void space of natural rock 

measurui by means of light attenuation. Digital h g e  
analysis yields a virtuatly pointwise definition of frac- 
ture am. The casting technique for muring frat- 

fractures. Amnuation of light &n& through the cast 
combin& with digital image analysis a point- 

tWe Wid space geometry has evaluated by com- 
parison with the older profilomem a m x h *  with 

wise definitibn of fracturt apertures. The technique has 
been applied to a fracture specimen from Dixie Valley, 
Nevada, and the measured void space geometry has 
been used to develop theoretical predictions of t w o - ~  
phase relative permeability. A strong anisotropy in rela- 
tive permeabilities has been found, which is caused by 
highly anisotropic spatial carrelations among fractrnt 
apertures. aperture distributions. 

e definition of void geomtay obtained for a 
specimen from Dixie Valley, Nevada, has been 
a theoretical analysis of efktive fmctlllrc per- 

ty to two fluid phases flowing simultaneously. 
e results for fracturt relative permeabilities are com- 

P d  with earlie findings for ar&%d computcf- 

INTRODUCTION DESCRIPTION OF ROCK SPECIMEN 
Fluid flow in most high-temperature geothermal 

or range-front normal 
County, Nevada. The 

e surface, and the 
5 mm) coating of 

side rock sllrfaccs, 

km, and fault surfaces 

past there had been con- 
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The surface area of the fracture specimen is an 
irregular shape roughly 110 x 110 mm2 with orthogonal 
side surfaces machined perpendicular to the fracture. 
Power removed the calcite coating from the fracture 
walls, and then measured their topography using a 
pmfilometer method, utilizing a mechanical stylus 
which was moved along the surface in parallel pmfiles. 
digitally recording the verrical displacement. He meas- 
ured apertures over an area of 83 x 73 rnm. We obtained 
this specimen from him in order to have a basis of com- 
parison for apermns obtained from the same sample 
using the casting method. The detailed comparison of 
these two methods is the subject of another paper in 
preparation (Cox et ul., 1990). 

CASTING METHOD 
The casting method used to make a replica of the 

fractun void space is described by Gentier er d., 
(1989). The two sides of the fracture are fitted together 
to act as a mold in which the fracture void space is filled 
with a colored, translucent RTV (room temperature vul- 
canizing) silicone rubber (Rhone-Poulenc #1556). For 
calibration purposes, a wedge of known thickness is cast 
at the same time using the same batch of silicone 
material in a machined mold with a flat cover plate. The 
fracture and wedge mold are both filled with the RTV, 
and excess polymer is squeezed out by applying pres- 
sure on opposite sides of the fracture. Ressurt is main- 
tained at approximately 5000N/m2 (0.05 bar) normal to 
the fracture while the silicon is cured at 100°C for 4 h. 
The two sides of the fracture are then carefully 
separated to avoid tearing the tissue-paper-thin cast, 
which adheres to one side of the fractun. A clear silicon 
rubber is poured over the cast, which when cured acts as 
a support for the cast, facilitating the removal of the cast 
from the rock. and supporting the cast during the imag- 
ing process. 

Both the fracture cast (and its clear suppbht) and 
the calibration wedge are placed on a light table and 
photographed by transmitted light using an Eiconix 
78199 AD2 digitizing camera. The camera uses a linear 
photodiode array to capture an image of 2048 x 2048 
pixels, each having a light intensity between 0 and 255. 
Calibration of cast thickness is obtained by plotting 
(logarithm of) light intensity against known thickness of 
the calibration wedge. A 1024 x 1024 pixel subset 
corresponding approximately to the region covered by 
the mechanical profilometer was exaacted, with each 
pixel representing an area of around 0.07 x 0.07 mm2, 
better than seven times the spatial resolution of the 
mechanical-profilometer. Surface plots of the apermrts 
obtained from two casts wen compared with the surface 
plots of the profilometer data set, and were very similar 
(Cox er al., 1990). 

The 1024 x 1024 pixel subset represents an a m  of 
72.02x72.02mm2, with grid Spacing of 0.07 mm, a 
mean aperture of 0.225 mm, and a standad deviation of 
0.05 mm. The a p ~ u n  correlation length was estimated 

to range between 5 and 15 mm from statistical conelo- 
grams as well as a visual inspection of the topography. 
Therefore, a much coarser discrctization was expected 
to be sufficient to adequately represent the fracture void 
space getmefry. By averaging over 32 x 32 pixel sub- 
sets the data were reduced to a 32x32 (2.3 mm spac- 
ing) set. Figure 1 shows that the cumulative apermn 
frequency distribution from this reduced set agrees well 
with the distribution from the original 1024 x 1024 set. 
A contour plot of fractun apertuns is shown on Fig. 2. 
The 32 x 32 dismtized aperture distribution plotted into 
five size categories is shown on Fig. 3. 

CAST 2 DISTRIBUTION 

Figure 1. Cumulative aperture distribution for fractllrt 
from Dixie Valley, Nevada, for 1024 x 1024 
data set (solid l i e )  and 32 x 32 reduced data 
set (dots). 

DISCUSSION OF THE APERTURE 
DISTRIBUTION 

One feature that is obvious from the contour plot 
(Fig.2) is the anisotropy in the data, both along the slid- 
ing direction (the x-direction), and along the direction 
orthogonal to the sliding direction (the y-direction). 
There is generally a longer-range spatial conelation in 
the x-direction. Small dismte linear features are 
present, that are elongated along the sliding direction. 
These correspond to.lithic clasts seen on the footwall 
side of the fracture surface, and the greatest a p ~ u n s  
occur as isolated peaks near these discontinuities. A 
larger-scale mild anisotropy in the y-dirtction is 
apparent in the trend from thickest apertures at the top 
to thinnest apermns at the bottom. This has very impor- 
tant e&cts on multi-phase flow (see below). 
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RESULTS FOR FRACTURE 
RELATIVE PERMEABILITIES 

In the first set of simulations we evaluated relative 
permeabilities for flow in the x-dirtction (see Fig. 3). 
with no-flow boundaries maintained at the upper and 
lower edge of the fracture. Results given in Fig. 4 indi- 
cate that both wetting and non-wetting phase relative 
permeability curves arc not much dilTcrcnt from cus- 
tomary porous medium relative pcrmeabilities. This is 
especially true for the wetting phase relative permeabil- 
ity, which has a familiar shape and an irreducible satura- 
tion S d  = 30%. The non-wetting curve is approxi- 
mately linear, with an irreducible satllration of 
Snd=36%. This value is larger than commonty 
encountend in porous media. but smaller than the 
values previously obtained for artificial computer- 
generated fractures. Note that then is a broad saturation 

ously, This occurs because of the long-range spatial 
correlations between fracture apertures in the x- 
direction (set Fig. 3). and the partial segregation of 
large (near the top) and small (near the bottom) aper- 

Simulated relative permeabilities in both the x- and 
y-directions arc plotted in Fig.5. These relative per- 
meabilities arc generally much smaller, and there is a 
broad saturation gap in which neither phase can flow. 
Note that the saturation at which wetting phase flow 
ceases in the x-dirtction coincides with the onset of 
non-wetting phase flow in the transverse (y-) direction. 
Wetting phase percolation in y-direction is not possible 
until after wetting saturation rises beyond the point at 
which non-wetting phase flow terminates in the x- 
direction. Within the approximations of our local capil- 
lary equilibrium model, it is clear that as long as a fluid 

. 

“window“ in which both phases can flow simultane- 

tures. 

Wetting phase saturation 
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Figure 4. Simulated relative permeabilities for flow in 
the xdirection (see Fig. 3). 
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Wetting phase saturation 
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Figure 5. Simulated relative permeabilities for flow in 
the x-direction (dashed line) and ydkction 
(solid line) (see Fig. 3). 

phase can flow in a certain direction, the other phase can 
not flow in the perpendicular direction. This “percola- 
tion exclusion” is a direct consequence of the two- 
dimensional n a m  of the pore space. 

In the third set of relative permeability simulations 
we applied a shift 

b +  b‘= b-Ab 
to all apertuns, to simulate conditions of fracture clo- 
sure. This case can also shed light on the sensitivity of 
fracture relative permeability predictions to unavoidable 
systematic errors in the cast thickness versus light 
attenuation calibration. A shift of Ab = 0.15 mm is 
applied, reducing seven out of the total of 1024 aper- 
tures to zero. Results for the relative permeabilities of 
the shifted fracture for flow in x-direction arc given in 
Fig. 6. It is remarkable that for much of the saturation 
range there is very little change in either wetting or 
non-wetting phase relative permeability. The auin 
difkrences occur near the irreducible saturations. On 
approach to the irreducible wetting phase saturation 
wetting phase relative permeability is diminished, but 
the ineducible saturation itself has declined to a very 
small 15 percent, compartd with 30 percent for the 
unshifted fracture. Irreducible non-wetting phase satura- 
tion has increased from S n d  = 36% to S,,d = 53%. A 
simple algebraic derivation shows that, when all aper- 
tures are decreased by the same amount, the wetting 
phase saturation at both the wetting and non-wetting 
phase percolation thmholds will always be reduced 

microcracks contiguous flow paths for wetting phase 
may wrist even at Small values of liquid saturation (large 
capillary suction pressures). 

This is an important result, indicating that in Small 
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The void space geometry of the fracture analyzed 
here diEtks greatly from previous computer-generated 
fractures for which flow and transport prodictions were 
made (Ruess and Tsang, 1989a. b). Computer-generated 
aperture distributions have usually been specified as 
lognormal, leading to a highly asymmetric distribution 

apertures. In contrast, our 
0.6 E fracture is comple th a Smallest aperture of 

0.141 mm; the distribution is fairly narrowly peaked 
around 0.200 mm. In spi?e of this strong dilErence. the 
predicted wetting phase relative permeability is similar 
to previous results for computer-generated fractures and 
to generally accepted relative permeabilities for porous 
media (Ruess and Tsang, 1989% b). Non-wetting phase 
relative permeability was found to depend on aon- 
wetting phase sarmtion in similar fashion as wetting 
phase relative permeability depends on wetting phase 
saturation. A strong anisotropy in relative permeability 
behavior was noted, which is explained by the highly 
anisotropic spatial correlations between apermres. Cal- 
culations for an assumed closure of the fracture 
(decnasing all apertures by the same amount, qual to 

values of saturation, relative permeabilities for either 
wetting or non-wetting phase changed very little. The 
irreducible saturation decreased for the wetting and 
increased for the non-wetting phase. This suggests that 
in small fractuns with numerous asperity contacts con- 
tiguous liquid flow paths will exist even at small values 
of liquid saturation (strong capillary suction conditions). 

Our studies am continuing. An essential task not 
yet acco~lished is the direct 
tion that multiphase flow in a rough-walled rock fracture 
can in fact be adequately predicted on the basis of void 
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Figure 6. Simulated relative permeabilities in the x- 

mm (solid line). Dashed line is for flow in x- 
direction without apemue reduction. 

-tion, with all apmures r e d u d  by 0.150 the smallest.aperture) gave surprising results. For l a r e  

DISCUSSION AND CONCLUSIONS 
Several recent studies Of fractures in ’ard 

rock have documented the crucial Of wall rough- 
ness, and the consequent irrcgular nature of the void 
space enclosed between the fracture walls (Brown and 
Scholz, 1985; Gentier, 1986; pyralr-Nolte et al., 1987, 
1988; Gale, 1987; Hakami, 1988). The conventional pic- 
ture of fractures as parallel plates has been replaced by 
an appreciation of the strong analogy, 8s well a impor- 
mt di&rences, between the void space geometries 
fracms and (h&mns iona l )  porous m d a  Re 

space geometry over - of several m2- 
Consaction of a ~aboratory flow aPP-ms for this Pur- 
Pose is underway. Important issues also remain to be 
addressed in fracture geometry measurement, and in a studies of single and multiphase flow and transport 

helpful discussions with 

ang and Larry Myer. This work was sup 
Geothermal Technology Division, and by 

reservoirs in comparison to non-wetting phase relative 
permeability in two-component flow systems, such as 
water-oil or water-noncondensible gas (Verma, 1986). 

Cox. 3. L., F‘ersoff, P., Power, W. L. et d., 1990. “Sin- 
gle Fracture Geometry by Optical and Mechanical 
Methods: A Comparison,” in progress. 
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