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Abstract 

The objective of t h i s work i s to inves t iga te the d i rec t iona l c h a r a c t e r i s t i c s of hydraulic ef fec t ive 
porosi ty In an ef for t to understand porous medium equivalence for continuous and discontinuous f rac­
ture systems. Continuous systems contain i n f i n i t e l y long f r a c t u r e s . Discontinuous systems cons is t of 
f rac tures with f i n i t e l eng ths . The d i s t r i b u t i o n of apertures (heterogenei ty) has a major influence on 
the degree of porous medium equivalence far d i s t r i bu t ed continuous and discontinuous systems. When 
the aperture d i s t r ibu t ion is narrow, the hydraulic ef fec t ive poros i ty i s s l i g h t l y l e s s than the to t a l 
porosi ty for continuous systems, and grea te r than the rock e f fec t ive porosi ty for discontinuous 
systems. However, when heterogenei ty i s s i g n i f i c a n t , the hydraulic e f fec t ive porosi ty i s d i r ec t i ona l ly 
dependent and greater than to ta l poros i ty for both systems. Non-porous medium behavior was found to 
differ for d i s t r ibu ted continuous systems and for continuous systems with pa ra l l e l s e t s , foe the 
l a t t e r systems, hydraulic ef fec t ive porosi ty abruptly decreases below to ta l poros i ty in those p a r t i ­
cu la r d i rec t ions where the hydraulic gradient and the o r i en ta t ion of a f rac ture sec are orthogonal. 
The r e s u l t s for the continuous Ryeterns with p a r a l l e l s e t s a l so demonstrate that a system that behaves 
l i k e a continuum for f lu id flux nay not behave l i k e a continuum for mechanical t r anspo r t . 

INTRODUCTION 

The storage of radioact ive waste deep underground has s t imulated i n t e r e s t in understanding f luid flew 
and transport in rocka of low-permeabil i ty. In many of these sys t ens , the major channels of t ranspor t 
are f rac tures . Conventional porous media concepts nay not be appropr ia te for analyzing f lu id flow 
and t ranspor t in such s i t u a t i o n s . 

In porous media, the s i s e , shape, and degree of interconnection of the pores regulate the r a t e of 
t r a n s p o r t . The scale of these voids la small and for most purposes the medium may be t rea ted as a 
continuum in which the macroscopic t ranspor t proper t ies are considered without regard co the at-ual 
floupaths of the individual f lu id p a r t i c l e s . In a fractured rock, however, the scale of Lhe voids 
can be large enough that the continuum approach is not appropriate for a l l app l i ca t ions . In such 
cases , the behavior of networks of individual f rac tures must be analyzed to understand the macroscopic 
t ranspor t p rope r t i e s . 

Techniques for evaluating porous medium equivalence for f luid flow in f racture networks have bwn de­
veloped. Research by Long (1983) has es tab l i shed the condit ions for equivalent porous medium behavior 
for f lu id flux. This paper presents a technique for evaluating porous medium equivalence for the 
r a t i o of fluid flux to mean t ranspor t ve loc i ty . This r a t i o will be termed hydraulic ef fec t ive 
poros i ty , *H- , [?> 
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A numerical model which simulates mechanical transport ia used in this research to measure hydraulic 
effective porosity. Mechanical transport is rhe component of transport chat is simply due to the, 
movement of fluid *ithin Che flow paths. We assume that fluid flow is restricted to planar fractures 
within an impermeable rock iraCrix. Mechanical transport ia simulated by tracing fluid movement 
within stearntubes that connect the inflow and outflow boundaries of a fracture system. A model has 
recently been developed by Endo et al. (1984) that can be used for this purpose. 

Fracture systems can be grouped into continuous and discontinuous systems. Continuous systems consist 
of fractures that are very long compared to the region under study. Snow (1969) demonstrated the 
techniques thac can be used Co evaluate Che porous medium flow properties of continuous systems. 
Discontinuous systems consist of finite length fractures. These systems are more difficult to analyze 
than continuous systems because it is not known whether the behavior of the system will converge to 
that of an equivalent porous medium. Both types of fracture systems will be investigated in this paper. 

THLuRETICAL AND MODEL. DEVELOPMENT 

An experimental procedure will be described to measure hydraulic effective porosity. First, the 
measurement of hydraulic effective porosity in a given direction will be presented. Next, it will be 
ahown how the directional measurement of hydraulic effective po osity can be used to investigate 
porous medium equivalence. 

Hydraulic effective poroe£t;r is used to express the relationship between flux and mean velocity for 
an equivalent porous medium and is defined as the ratio of specific discharge, q, to average linear 
velocity. The average linear velocicy is the straight or linear travel lengch divided by the mean 
flow travel time. In evaluating h/draulic effetrive porosity for an equivalent continuum, mean travel 
cim& is the only parameter that needs to be measured if specific discharge and 1inear travel length are 
held constant. We use this technique to measure *u, by maintaining the proper flow field in a fracture 
system such chat when the system behaves like an equivalent porous medium hydraulic effective porosity 
can be measured. 

Figure 1 illustrates these boundary conditions wnich are designed to create a uniform specific dis­
charge if the medium behaves as an anisotropic, homogeneous continuum- First, as shown in Figme la, 
constant hydraulic heads of H and 0 respectively, are fixed on Si^es 2 and k of the flow region. 
Then, constant hydraulic gradients are maintained along Sides 1 and 3. A constant hydraulic gradient 
in the flew field is needed to assure that q will be uniform throughout the flow region in accordance 
with Darcy's Law. The uniform flow field for this anisotropic medium is shown in Figure lc. 

The remaining condition is for the linear length of travel to be constant within the region where 
hydraulic effecive porosity is measured. This condition is maintained within the cross-hatched zone 
in Figure 2 where fluid flows continuously between Sides 2 and 4 with an angle of flow Q. Thus, once 
the boundary conditions have been established aa illustrated in Figure la, a .rest section is defined 
wheie specific discharge and linear travel length will be constant for fracture systems behaving as 
equivalent porous medium and the hydraulic effective porosity can be determined simply by measuring 
mean travel time within this test section. 

The directional nature of iiydraulic effective porosi." ia investigated to evaluate porous medium 
equivalence. In an anisotropic porous medium, the ratio of flux to velocity is assumed to be 
independent of direction and equal to the porosity. Since porosity is independent of direction in an 
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equivalent contlnuun, hydraulic ef fec t ive porosity should he constant in a l l d i rec t ions* Thus, the 
tes t for equivalent DOTOUS nedlum behavior in to Invest igate the di rect ional s t a b i l i t y of hydraulic 
effect ive ooros i ty . 

The steps used to inves t iga te the d i rec t iona l nature nf hydraulic effect ive ooros l ty , ; >| qre HHS-
crlb^d below. In the f i r s t s ten , an or ien ta t ion of the nediun is selected for study (Figure 3a). 
Sext, the hydraulic boundary condi t ions shown in Figure l a are aoplied to a flow region aligned in 
th i s d i rec t ion to crea te the desired uniforn flow f i e ld . In the second s t e p , nean travel t ine is 
measured bv nonitoring the de ta i l ed novenent nf f luid within the cross-hatched t e s t sec t ion shown in 
Fieure 2. The nunerical nodel i s used to s inula te nechanlcal t ranspor t in th i s s t e p . The meaGure-u-it 
of hydraulic effect ive porosi ty corresponds to a p a r t i cu l a r d i rec t ion of flow B̂  (Figure 3b). 

The di rect ional c h a r a c t e r i s t i c s of hyrlraul ic effect ive porosi ty are invest igated in s tep 3. In t l i s 
s t en , the or ien ta t ion of the nediun is rotated as shown In Figure 3c and a second set of neasureneita 
are nade Sy repeating steps I and 2 for the new di rec t ion of flow ST (Figure 3b). \'ext , s t so 3 is 
svscenat ica l lv repeated for selected or ien ta t ions unt i l a representa t ive sanple nf hydraul1c ef fec : ive 
oorosltv is obtained. These steps cons t i t u t e the execution of the set of numerical experiments w>> -t-M 
t i evaluate the d i rec t ional natuie of C^. 

Inves t iga t ion of Continuous Fracture Systems 

Continuous fracture svstens consis t of fractures which are very long conpared to the rej. im under 
study. The void region is t o t a l l y connected in continuous sys te i s and there ate io .lead end zones. 
'"i the f i r s t inves t iga t ion of networks with continuous f r ac tu re s , the systen consisted of two se ts if 
para l le l f racture oriented at 0" and 30°, as i l l u s t r a t e d in Figure A. All f ractures had an iper:ure 
of 1. ' i r i2 en, and the sr>acino between fractures was a constant value of 10 en. 

F i i ' i r 8 i shows the plot of (q/ense) " , which in t h i s case is equal to the tiemeabil i tv in the 
d i rec t ion of flow divided by 100, versos d i rec t ion of flow. I t nav he seen that Che specif ic d i s -
chara* rurve is an elLipse with d i rec t ions of naxinun and -tininun perneaMl ic tes ne^r I i " and I "̂  ' , 
resnect lve ly . The el l ipse is synnetric about the two pr incipal d i rec t ions which shows that t h i s 
pa r t i cu la r network of continuous f ractures has the sane flow behavior as a porous nediun. 

Having denonstrateri chat th is svsten of continuous fracture behaves li 'se i noroui nediu-i for fluid 
fl iw, we next invest igated equivalent porous nediun behavior for ^ . For conparisnn, one needs th? 
to ta l ooros i tv , j , of the fracture svs ten. The porosity of each set is 0.0002, whic'i is s inn 'v the 
't. " ,n2 en aperture divided by the 10 co spacing, and therefore the total porosit* for the tw-> sees i* 
0.1^0*.. 

F i i i r e 'i is a pLot of the hydraulic ef fec t ive por«9i'„y v t t su s d i rec t ion of flow. Near d i rec t ions 
30° and 13'"1" there is a dramatic reduction in <t>u_. At e i the r di..->ction one set of fracture becomes 
nonconducrive necause the o r i en ta t ion of the hydraulic gradient is perpendi. u l i r to that na r t i cu la r 
sec. Consequently $i( Is equal to 4/2 in e i the r flow d i r ec t i on . The d i rec t ional dependence of 
hydraul 1c effect ive poro: i ty shows that this fracture svstetn does not behave 1 ike an equivalent porous 
•aediun. The r e su l t s demonstrate that a fracture systen which hehaves as a concinuun for fluid flux 
mav not necessar i ly hehave as i continuun for raechanical t r anspor t . 

Distributed continuous fracture systens were studied next. A systen is d i s t r ibu ted when the three 
fracture geonett lc parameters nf o r i e n t a t ' n n , aper ture , and loca t ion in the generation region are 
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probab i l i s t i c a l l y s inu la ted . The focus of th i s study with d i s t r i bu t ed continuous aystens was tc 
Invest igate how the d i s t r ibu t ion of apertures (degree of heterogeneity) influences the di rect ional 
c h a r a c t e r i s t i c s of hydraulic effect ive poros i ty . 

Two fracture systems were used. The fracture loca t ions and o r i en ta t ions were s inulated in the gener­
a t ion region usin? the sane procedure for both sys tens . Fracture o r i en ta t ions were p robab i l i s t i c a l l y 
simulated usin? a Gaussian d i s t r i b u t i o n . For set 1, a nean o r i en ta t ion of 0° and a standard deviation 
of 30° were used in the p robab i l i s t i c s imulat ion. For set 2, a nean or ien ta t ion of 90 a and a standard 
deviation of 35° were used. The loca t ions of fractures were randomly d i s t r ibu ted along a scan l i ne 
which massed through the center of the generation region and was al iened perpendicular to the mean 
o r ien ta t ion of the s e t . Figure 7 shows the fracture pa t tern in the generation region for one 
r c i l i z a t i o n . 

The d i s t r ibu t ion of apertures was different for the two sys tens . The apertures in each set for 
the f i r s t system were loenornaliy d i s t r ibu ted wl:h a r a t i o of the standard deviation to mean aper ture , 
c i l l e d the coeff ic ient of v a r i a t i o n , v, equal to 1.1. The apertures for the second system were 
d i s t r ibu ted usin* a value of v - l . f i . 

Fi."ire 8 shows the polar plot of hydraul ic effect ive porosity for the fi r s t system ( •- * 0.3) a f t e r 
five r e a l i z a t i o n s . The polar plot of ĉ  i s nearly c i r c u l a r , and thus , th i s f racture system exhibi ts 
the r h a r a c t e r t s t i c s of an equivalent porous nediun. The mean value for $^ of Q.OO^Olfl? i s s l i g h t l y 
l e s s than the nean to ta l porosi ty of 0.0000192 because a fracture in a continuous system such as th is 
becnmes nonconductlve and incapable of fluid transport when the hydraulic gradient i s perpendicular to 
the o r i en ta t ion of the f rac ture . 

Fleure 9 shows a polar plot of hydraulic effect ive porosity a f t e r 25 r ea l i za t i ons for the systen with 
- - 1 .1 , The jaeeed shane of the polar plot indicates that J^ i s d i r ec t l ona l ly dependent. This 
svsten does act exhibit the c h a r a c t e r i s t i c s of an equivalent porous nediun. The mean it rec t ton^l *.j 
uf t. .WVH#, is l a m e r than the nean to ta l porosity of the svstem which Is O.nonnil. 

'•on-porous medium behavior for t h i s d i s t r ibu ted systen di f fers from that of the continuous fracture 
svstens with para l le l s e t s . For the systenF with narai lel s e t s , hvdraulic effect ive porosity abruptly 
decreased well bolow the to ta l porosity in ce r ta in d i rec t ions where the or ien ta t ion of the fracture 
set was orthosjfiuaL to the d i rec t ion of the hydraulic gradient . Rv c o n t r a s t , for th i s d i s t r ibu ted 
fracture systen, hvdraullc effect ive porosity was la reer than to ta l poros l tv . The difference in 
t ransport beha-'i or between the two types of svstens is due to the confleu rat ion of the f racture 
pat tern and the d i s t r ibu t ion of apertures Cdegree of he te rogenei ty) . As heteroaeneitv inc reases , 
travel t ines throueh fractures wich snail aper tures becone verv l a r n e , *nrt t h i s causes Che nean trr\v.»l 
t ine and subsequent!y hydraulic effect ive porosity to increase. 

Invest igat ion of Discontinuous Systems 

Discontinuous systems consist of f ractures with f in i te lenCth. Mechanical t ransport will d i f fer in 
continuous and discontinuous svstens because of the s t ruc ture of the void region. The void region 
for discontinuous sys-.ens consis ts of dead-end zones, i so la ted zones, and conductive zones. Tu 
•ontlnuous «;ystt:ns , no dead-end or isolated zones e x i s t . However, part of the void renion in 
continuous systens nny become nonconduc t ive due to the or ien ta t ion of the hvdr.iulic gradient . 
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The firat discontinuous system studied consisted of 2 seta of fractures* The f irs t set bad a mean 
orientation of 0* and a standard deviation of 5*. The aecood ace had a mean orientation of 60* and a 
standard deviation of S*. Fracture lengths were lognoraally distributed using a mean of 40 • and a 
standard deviation cf 4 m. Apertures were lognormslly distributed us ins, a wan of 0.00002 • sad a 
standard deviation of 0.000Q02 m. 

Figure 10 shows the polar plot of mean square root of permeability in direction of flow, -/^f- This plot 
can be approximated by an e l l i p s e with directions of maximum and minimum permeabilities near 30* and 
120, respectively. This curve is nearly symmetric about the direction of minimum permeability, and the 
rat io of K B a B to K^n *• *bout 2 .4 . The e l l i p t i c shape of the v^f curve shows that the direct ions! 
flow charccterist ics for th is fracture system are essent ia l ly those of an equivalent porous medium. 

Total porosity, hydraulic ef fect ive poroaity, and rock ef fect ive porosity arc each plotted against 
direction of flow in Figure 11. Rock ef fect ive porosity, •*., i s defined as the conductive void volume 
per volume of rock. Total poroaity and rock ef fect ive poroaity were both stable with direction. Hean 
directional hydraulic ef fect ive porosity was s l ight ly larger than •* . Hydraulic ef fect ive poroaity 
showed a sl ight directional dependence, with minimum ty occurring near the direction of maximum 
permeability. However, the mean hydraulic ef fect ive porosity of 0.00073 i s a fair estimate of *JJ in 
a l l d i r e c t i o n . Thus, we can conclude Chat th is fracture system can be treated like an equivalent 
porous medium for transport. 

Hydraulic effect ive poroaity vae larger than VR but leas than *. Thus q/*R would overestimate the 
average linear velocity for th is systen. Hydraulic ef fect ive porosity waa larger than * a because 
small aperture fractures have a greater control on mechanical transport than large aperture fractures. 
A fluid stream flows through a aeries of fracturea of different apertures in a fracture network, md 
the cubic law scstes chat the flow rate ia proportional to the cube of the aperture. Consequently, 
the flow rate in a series of fracturea is governed by the fracture with the smallest aperture, so 
that small aperture fracturea wi l l negate the large fluid flux capabi l i t ies of fractures with large 
aperture. Flow rate would only increase far the system i f connected pathways of large aperture 
fractures existed across the tota l network. However, there i s only a small probability of these 
highly conductive paths developing in a fracture network. 

Travel time is inversely proportional to flow rate . Since flow rate in large fractures wi l l be small 
due to the greater influence on flow rate of the small apertures, travel time wi l l be large in these 
fractures. Thus, mesn travel time and +• wi l l be large. 

The purpose of the next study was to investigate Che influence of the degree of heterogeneity on 
the directional characterist ics of hydraulic effect ive porosity for discontinuous fracture systems. 
Two discontinuous systeaa were created using coeff ic ients of variation for aperture of 0.3 and 1.0. 
In the caae of coeff ic ients of variation equal to 1.0, the apertures were correlated to the lengths 
such that the longer fractures vers assigned the larger apertures. The remaining fracture geometric 
parameters (orientation, length, and fracture center location) were created in the same way for both 
discontinuous systems. The orientation s t a t i s t i c * ware identical to those of the previous distributed 
continuous systems. Fracture lengths for each set ware lognormally distributed using a mean of 50 a 
and a standard deviation of 50 • . Fracture centers were randomly located in a square generation 
region. 'Bia number of f rec tur" created in th is generation region was determined from the length-
density parameter developed by Long (1903). This parameter relates linear fracture density to mean 
fracture length and areel density, and waa used to correlate the continuous systems discussed earl ier 
with these discontinuous systems. 
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The polar plots of t o t a l poros i ty , hydraulic ef fec t ive poros i ty , and rock effect ive porosi ty for the 

system with v of 0,3 are shown in Figure 12 a f t e r five r e a l i z a t i o n s . All three poros i t i e s were 

d i rec t iona l ly s t a b l e , and t h i s f racture system behaves l i k e an equivalent porous medium for t r anspor t . 

The nean di rect ional hydraulic effect ive porosity of 0.0000146 i s l a rge r than rock effect ive poros i ty , 

the sane resu l t that was found for the previous discontinuous system. 

Results for rock effect ive aoros i ty , hydraulic effect ive poros i ty , and to ta l porosity for the d i s ­

continuous system with v of 1.0 are each shown in Figure 13. Both to ta l porosity and rock effect ive 

porosity were d i rec t iona l ly s t a b l e , but hydraulic effect ive porosi ty was highly d i rec t iona l ly dependent. 

Hydraulic effect ive porosity did not show the c h a r a c t e r i s t i s c s of an equivalent porous medium, as Is 

evident fron the very J igged polar plot of $#* The mean d i rec t ional <^\ of 0.000037 i s ouch 

l a rge r than the mean di rect ional 0 of 0.000019, These porosity r e su l t s were based on five r e a l i z a ­

t i o n s , and consequently, th'jy nay not be conclusive. However, we believe that hydraulic effect ive 

porosi tv will s t i l l exhibi t d i rec t iona l tendencies when a la rge number of r ea l i za t i ons are made 

because the sane di rect ional tendencies for (f̂  were present a f te r 5 and 25 r ea l i za t ions for the 

continuous system with v of 1.0. Thus, the same tyoe of non-porous medium behavior was observed for 

d i s t r ibu ted discontinuous and continuous systems with <t># being l a rge r than 4. 

cc-.ausioNs 

T h i s p a p e r has e x a m i n e d t h e p r o b l e m of t h e d i r e c t i o n a l c h a r a c t e r i s t i c s of h y d r a u l i c e f f e c t i v e p o r o s i t y 

f o r c o n t i n u o u s and d i s c o n t i n u o u s f r a c t u r e s s y s t e n s . H y d r a u l i c e f f e c t i v e p o r o s i t y i s c o n s t a n t In a l l 

d i r e c t i o n s i f t h e s y s t e m b e h a v e s l i k e an e q u i v a l e n t p o r o u s medium. The d i s t r i b u t i o n of a p e r t u r e s 

( h e t e r o g e n e i t y ) was found t o have a ma jo r i n f l u e n c e on t h e d e g r e e of p o r o u s medium e q u i v a l e n c e f o r 

d i s t r i b u t e d c o n t i n u o u s f r a c t u r e s y s t e m s . When h e t e r o g e n e i t y was s n a i l ( n a r r o w a p e r t u r e d i s t r i b u t i o n ) , 

t h e s y s t e n behaved l i k e an e q u i v a l e n t n o r o u s medium w i t h the h y d r a u l i c e f f e c t i v e p o r o s i t y b e i n g 

s l i e h r . l v l e s s t h a n t h e t o t a l p o r o s i t y . However , when h e t e r o g e n e i t y was l a r g e , t h e h y d r a u l i c e f f e c t i v e 

p o r o s i t y became d i r e c t i o n a l l y d e p e n d e n t and l a r g e r t h a n t h e t o t a l p o r o s i t y . N o n - p o r o u s medium b e h a v i o r 

d i f f e r e d f o r t h e d i s t r i b u t e d c o n t i n u o u s s y s t e m s and f o r t h e c o n t i n u o u s s y s t e m s w i t h s e t s of p a r a l l e l 

f r a c t u r e s . For t h e c o n t i n u o u s s y s t e n w i t h two p a r a l l e l s e t s , t h e h y d r a u l i c e f f e c t i v e p o r o s i t y a b r u p t l y 

d e c r e a s e d w e l l be low t h e t o t a l p o r o s i t y i n d i r e c t i o n s - h e r e t h e o r i e n t a t i o n of e i t h e r s e t was o r t h o ­

g o n a l co t h e d i r e c t i o n of t h e h v d r a u l l c g r a d i e n t . The r e s u l t s f o r t h e c o n t i n u o u s s y s t e m w i t h p a r a l l e l 

S e t s a l s o d e m o n s t r a t e d c h a t a svs te ra w h i c h b e h a v e d a s a c o n t i n u u m f o r f l u i d f l u x nay no t behave l i k e a 

c o n t i n u u m f o r m e c h a n i c a l t r a n s p o r t 

The s t u d y of d i s c o n t i n u o u s f r a c t u r e s y s t e m s showed t h a t when t h e h y d r a u l i c e f f e c t i v e p o r o s i t y was 

d i r e c t i o n a l l y s t a b l e , i t s v a l u e was i n t e r m e d i a t e be tween t h a t of t o t a l p o r o s i t y and rock e f f e c t i v e 

p o r o s i t y . H y d r a u l i c e f f e c t i v e p o r o B i t y d i d n o t e q u a l r o c k e f f e c t i v e p o r o s i t y b e c a u s e of t h e c o n ­

t r o l l i n g i n f l u e n c e smal l a p e r t u r e f r a c t u r e s have on flow r a t e and s u b s e q u e n t l y t r a v e l t i n e . The l a r g e 

f low c a p a c i t i e s of l a r g e a p e r t u r e f r a c t u r e s a r e o f t e n n e g a t e d by t h e s m a l l a p e r t u r e f r a c t u r e s i n t h e 

s v s t e m , which means t h a t t r a v e l t ime t h r o u g h t h e s e l a r g e f r a c t u r e s I s L a r g e r t h a n e x p e c t e d . T h i s 

t e n d s t o make h y d r a u l i c e f f e c t i v e p o r o s i t y l a r g e r t h a n rock e f f e c t i v e p o r o s i t y . The d i s t r i b u t i o n 

of a p e r t u r e s was found t o have t h e same i n f l u e n c e on t h e d e g r e e of p o r o u s medium e q u i v a l e n c e f o r 

d i s c o n t i n u o u s and d i s t r i b u t e d c o n t i n u o u s f r a c t u r e s y s t e m s . 
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Figure 1. Flow f ield for an anisotropic porou3 medium with a constant hydraulic gradient-
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Exanple of Rroundwater flow in an anisotropic porous nediur showing a cross-hatched zone 
where t ravel length is cons tan t . 
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Figure 3. ''''Procedure used in conducting a set of t racer experiments to measure direct ional mechanical 
transport for an anisotropic porous nediun. 
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/ 
Constant spacing 10 cm 

constant aperture 0.002 cm 
100 cm 

FlEure 4. Fracture network with two se t s of p a r a l l e l , continuous and cons tan t -aper tu re f r ac tu res . 
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Figure 5. Polar plot of specific discharge versus direction of flow for systen with two parallel 
sets of parallel, continuous and constant-aperture fractures. 
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270° 

Figure 6. Polar plot of hydraulic effective porosity versus direction of flow for systen with two-
parallel sets of parallel, continuous and constant aperture fractures. 
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Fieure 7. Fracture network with two sets of continuous fractures where orientations have bee 
probabilistically sinulated using Gaussian distributions. 
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— — Hydraulic effactiw poroaity 
——-- TotaJ poroaity 

FlEure 8. Polar plot of hdyrauiic effective and total porosity versus direction of flow after five 
realisations for distributed systen of continuous fractures with lognoraal distribution of 
apertures and v • 0.3. 
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Figure 9, Polar plot of hydraulic effect ive porosity versus d i rec t ion of flow after 25 r ea l i za t ions 
for d i s t r ibu ted gysten of continuous fractures with lognornal d i s t r ibu t ion of apertures 
and u - 1 . 0 . 
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Ficure 10. Polar plot of ^Kf versus d i rec t ion of flow for a d i s t r i bu t ed network containing tuo 
discontinuous se t s of f r ac tu re s , one set with mean or ien ta t ion of 0° and the o ther , 60~ 
Fractures lengths and apertures are lognomally d i s t r i bu t ed with v • O.L. 
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Rock effective porosity 
Hydraulic effective porosity 
Total porosity 

Fieure 11 . Polar plot of rock e f f ec t ive , hydraulic effect ive and to ta l porosi ty versus di rect ion 
of flow for a d i s t r ibu ted network containing two discontinuous sees of f r ac tu res , one set 
with a nean or ien ta t ion of 0° and the other , 60°. Fracture leneths and apertures are 
loanomally distributed with v • 0.1. 
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Figure 12. Polar plot of rock e f f e c t i v e , hydraulic effect ive and to ta l porosi ty versus di rect ion 
of flow for a d i s t r ibu ted network containing two discontinuous se t s of f r ac tu re s , one 
set with a ntan o r ien ta t ion of 0° and the o ther , 60°, Fracture lengths are losinanaaHv 
d i s t r ibu ted with v " 1.0, anri apertures are loRnomally d i s t r ibu ted with u • 0 .3 . 
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Fieure 13. Polar plot of rock e f f e c t i v e , hydraulic effective and to ta l porosity versus direct ion 
of flow for a d i s t r ibu ted network containing two discontinuous se ts of f r ac tu res , one set 
with a near, o r ien ta t ion of 0° and the o ther , 60° . Fracture lengths and apertures are 
loRnomally d i s t r ibu ted with v - 1.0. 
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