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Abstract

The objective of this work is to investigate the directional characteristics of hydraulic effective
porosity in an effort to underatand porous medium c¢quivalence for continuous and discontinuous frac-
l:l..u'e systems. Continuous aystems contain infinitely long fractures, Discontinuous systems consist of
fractures with finite lengths. The distritution of apertures (heterogeneity) has a major influence on
the degree of porous medium equivalence for distributed continuous and discontinucus systems, When
the aperture distribution is narrow, the hydraulic effective porosity {s slightly less than the total
porosity for continuous systens, and greater than the rock effective porosity for discontinuous
systems, Howaver, when heterogeneity is significant, the hydraulic effective parosity 1s directionally
dependent and greater than total porosicy for both systems, Non-porous medium behavior was found tc
differ for distributed continuous systems and for continunus systems with parallel sets. For the
lactter systems, hydraulic effective porosity abruptly decreases below total porosity in those parti-
cular directions vhere the hydraulic gradient and the orientacion af a fracture set are orthogonal.
The results for the continuous rystems with parallel sets also demonstrate that a system that behaves

like a continuum for fluid flux osy not behave like a continuum for mechanscal transport.
INTRODUCTION

The storage of radicactive vaste deep underground hag stimulated interest in understanding fluid flow
and transport in rocks of low-permeability. In many of these systems, the major channels of transport
are fractures, Conventional porous media concepts may not be appropriate for analyzing fluid flow

and ctransport in such situations.

1ln porous media, the size, shape, and degree of incerconnection of the pores regulate the rate of
transport. The scale of these voids is cmall and for most purposes the medium may be treated as a
continuun in which the mecroscopic transport properties are considered without regard co the ac-ual
flowpaths of the individual fluid particles. 1In a fractured rock, however, the scale of ihe volds
can be large enough that the continuun approach is not appropriate for all applications. In such
cages, the behavior of networks of individual fractures must be analyzed to understand the macroscopic

transport properties,

Tachniques for evaluating porous medium equivalence for fluid flow in fracture networks have bes1 de-
veloped. Research by Long (1983) han estabi.shed the condizions for equivalent porous medium behavior
for fluid flux. This paper presents a technique for evaluating porous medium equivalence for the
ratio of fluid flux to mean trangport velocitv. Thia ratio will be termed hydraulic effective

porusity, oy. o \V§
P
! b5 ukHID

*currently with ¥ & E Pacific, Honolulu, Hawalii DISTRBBIICN RRUIRE S



A numerical model which simulates mechanical transport is used in this research to measure hydraulic
effective porosity, Mechanical transport is the component of transporc that is simply due to the,
movement of fluid -ithin the flow paths. We assume that fluid flow is restricted to planar fractures
within an impermeable vock matrix. Mechanical transport is simulated by tracig fluid wmovement
within steamtubes that connect the inflow and outflow boundaries of a fracture system. A model has

recently been develuped 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 that can be used to evaluate the porous wedium Flow propertiea of continuous systems.
Discontinuous systems consist of finite length [ractures. 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.

THEURETICAL AND MCDEL 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
shown how i he directiunal measurement of hydraulic effective po osity can be used o investigate

porous mediug equivalence.

Hydraulic effective porosity is used to expreas 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 velocity is the struight or lirear travel length divided by the mean

flow travel time. in evaluating hydraulic effecrive porosity for an equivalent confinuum, mean travel
time is the only parameter that needs to be measured if specific discharge and linear travel length are
held constant. We use this rechnique to measure 3y 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 znisotropic, homogeneous continuum. Firsc, as shown in Figure la,
constant hydraulic heads of H and O respectively, are fixed on Sides 2 and 4 of the flow region.
Then, canstant hydraulic gradients are maintainad along Sides 1 and 3. A constant hydraulic gradient
in the flew field is needed to assure that ; 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 rravel to be conscant within the region where
hydraulic effecive porosity ia measured. This condition is maintained within the cross-hatched zone
in Figure 2 where fluid Flows continuously berween Sides 2 and & with an angle of flow d. Thus, once
the boundary conditions have been established aa illusatrated in Figure la, a cest section is defined
whete apecific discharge and linear travel length will be constant for fracture systems behaving as
equivalent porous medium and the hydraulic effective pornsity can be determined simply by measuring

mean travel time wvithin this cest section.

The directional nature of hydravlic effective porvssi.v ia investigated to evaluace porous wedium
equivalence. Lan an anisotropic porcus medium, the ratio of flux to velocity is assumed to be

independent of direction and equal to the poroaity. Since povosity is independent of direction im an
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equivalent continuum, hvdraul ic effective porosity should be constant in all directicns, Thus, the

test for equivalent norous medium behavior iz to investigate the directional stabiliry of hvdraulic

effective oornsity.

The stens used to invescigate the direcctional nature nf hydraul {c effective onrosity, ¢y are dus=
cribad below., 1In the first sten, an orientation of the medium is selected for study (Figure 3a),
Next, the hvdraulic boundary conditions shown in Figure la are avplied to a flow region aligned in
this direction to create the desired uniform flow field. 1In the second step, oean travel time is
aeasured bv nonitoring the decailed movenent af fluid within the cross~hatched test sectinn shown in
Figure 2. The numerical nodel 1s used to sinulate mechanical transpart in this step. The measurenant

of hydraulic effective porosity corresponds to a particular direction of flow By (Filaurs 3b).

The directional characteristics of hvdraulic effective porosity are investieated in step 3. 1In this
step, the orientation of the mediun is rotated as shown (n Fi{gure 3¢ and a secand set of neasure-ents
are 7ade W repeatinz stepy 1 and 2 far the new direction of flow By (Figure 3b). ‘MNextr, sten ) is
swstematicallv repeated for selected orientartions until a representative saaple nf hvdraulfc effeczive
Jorositv is obrained. These steps consctitute the execution of the set of numerical experiments nee 124

ty evaluate the directional nature of ¢y.
I7vestigation of Continuous Fracture Svstens

Continuous fracture gvstems consiuy of fractures which are very long conpared to the redinn uadar
studv. The void region ts totally connected in coniinumrus svsteis and there are 15 dead and zones,
1 the first invastigation of networks with continuous fractures, the svstem consisted of two sets >f
parillel fracture oriented at 9 and 30°, as {1lustrated in Figure 4. All fractures had an iperzure
of 1,2 e¢n, and the spacing betueen fractur29 was a constant value of 172 ca.

Fi1ur=s 5 shows the plot of (q/cnc&)llz, which In this case {s equal to the nermeabilitv in the

directinn nf flow divided by 100, versus direction of flow. 1t mav he seen that the specific dis-

charae turve is an ellipse with directions of maximum and ~iniaun permeabilities near 13 and {37,
resnectivelv, The ellipse is symmetric ahout tha two priancipal directions which shows that this
sarticular network of continuous fractures has the same flow behavior as a porous nediunm.
Havint demnnstrated that this svsten of continuous fracture behaves like 1 parnns medium for fluid
fle, we next investiyated equivalent pornus medium hehavior for 2;. For comparison, one needs the
tntal ooresitv, 3, of the fracture svstem. The porositv of each set {s 0.09002, vhich is simolv the
072 en aperture divided by the 10 cm spacing, and tharefnre the total porositv for the tws Sets is

10004,

Filzire A 1s a plot of the hvdraulic effective pornaity versus direction nf flow. “ear dtrections

30° and 130° there is a dramatic reduccion in $y. At elther di.~ction one set of fracture hecomes
nonconductive pecause the orientation of the hydraulic gradfent is parpendicular o that sarticularv
set. ‘onseauently ¢y Ls equal to #/2 in efther flow direction. The directinnal dependence of
hydraul lc effective poro:ity shows that this fracture svstem dves not hehave like an equivalent pnrous
mediun., The results demoastrate that a fracture gystem which hehaves as a continnua for fluid flux

mav 12t necessari{ly hehave as . continuun for mechanical transport,

Distributed continuous fra:ture systems were studied next. A system is distributed when the three

fracture geanettic parameters of orientat’'on, aperture, and location Ln the generation region are
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probabilistically simulated. The focus of this study with distributed continuous aysteris was tc

investizate how the distrihution of apertures (degree of heterogeneity) influences the directional

characteristics of hydraulic effective porosity.

Two fracture systems were used., The fracture locations and orlentations werz simulated in the gener-
atinn reqlon using the same procedure for both systems. Fracture orientations were probabiliscically
sinulated using a Gaussian discribution. For set 1, a mean orilentation of 0° and a standard deviation
of 30° were used {n the prohabilistic simulation. For set 2, a mean orientatinn of 90° and a standard
deviation af 35° were used. The locations of fractures were randoaly distributed along a scan line
which .sassed through the center of the aeneracion region and was al igned perpendicular to the nean
orientation of the set. Figure ? shows the fracture pattern Lln the generation regien for one

realizacion.

The Alstributinn of apertures was different for the two systems. The apertures in each ser for
the first system were lognormally distrihuted with a ratio of the standard deviatinn to mean aperture,
cilled the cnefficient of variation, v, equal to N.3. The apertures for the second system were

distribuced usinz a value of v = 1.0,

Fir:re B shows the polar plot of hvdraulic effective porosity for the first svstem (. = N.3) after
five realizations. The polar plot of 2y is nearly circular, and thus, this fracture system exhidits
the characteristics of an equivalent porous mediun. The nean value for 9y of 0.00WLAT is slighely
less than the aean total porosity of 0.0000192 because a fracture {n a continuous system such as this
bacnnes nonronductive and incapable of fluid transport when the hydraulic gradient is perpendizular tn

the orienctation of the fracture.

Figure 9 shows a polar plot of hvdraulic effective porosicy after 25 realizacions for the svsten with
- = L.7. The jaewed shane of the polar plot indicates that ¢y Ls directionally dependent. This

sten does nct exhibit the characteristics of an equivalent parous medium. The mean directional

38 LNONL4A is lareer than the mean total porosity of the svstem which 1s 0,000011,

“an-porous nediun behavior for this distributed svstem differs from that of the continunus fracture
svstems with parallel sets, For the systens with narallel sets, hvdraulic effective porosity abruptly
decreased well below the total porosity in certain directions where the orientation of the fracture
set was ortho#onal to the direction of the hydraulic gradient. Bv contrast, fnr this distributed
fracture svstem, hvdraullc effective porosity was larger than total porositv. The differsnce in
transport hehavinr hetween the twn types of svstems is due to the configuration of the fracture
pattern and the discribution of apertures (desree af heterogenelty). As heterogeneitv increases,
travel tines through fractures with small apertures hecome verv large, and this causes the mean traval

tine and subsequently hydraulic effective parosity to increase.

Lavestigacion of Discontinuaus Systens

Jlscontinuous systems consist of fractures with finite length., l!lechanical transport will differ in
continuous and discontinuous systens because of the structure of the vold regien. The void regfon
for discantinuous syszems congists of dead-end zones, isolated zones, and conductive zones, In
*9ntlnunus svstens, no dead-end nr isolated zones exist. MHowever, part of the void rezion in

cuntinuous systems may become nonconductive due to the orientation of the hvdraul ic Zradient.
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The first discontinucus system studied consisted of Z sets of fractures. The first set had a mean
orientation of 0° and a standard devistion of 5°. The secoud set had a mesn orientation of 60" and a
scandard deviation of 5°. Fracture lengias were lognormslly distributed usihg a wean of 40 m and &
standard devistion of 4 m. Apertures were lognormslly distributed using a mean of 0.00002 m sad 2

standard deviation of 0.000002 m.

Figure 10 shows the polar plot of mean square root of permeability in direction of flow, JE;. This plot
can ba spproximated by sn ellipse witk directions of maximuw and minimum permeabilities near 30° snd

120, respectively. This curve is nearly symmetric about the direction of winimum permeatilicy, and the
ratio of Ko, to Ky, is about 2.4. The ellipti. shape of the J’i—g— curve shows that the directional
flow charccteristics for this fracture system are essentially those of an equivalent porous wmedium.

Total porosity, hydraulic effective porosity, and vock effective porosity are each plottad againsc
direction of flow in Piguré 11. Rock effective porosity, og, is defined as the conductive void volume
per volume of rock. Totel porosity and rock effective porosity wers both stable with direction. Mean
directional hydraulic effective porosity was slightly larger than ¢p. HRydraulic effective porosity
showed a slight directional dependence, with minimm ¢y occurring near the direction of maximum
permesbility. However, the mean hydraulic effective porosity of 0.00073 is a fair estimace of ¢y in
all directicus. Thus, we can conclude that this fracture system can be treated iike an equivalent

porous medium far transport.

Hvdraulic effective porosity vas larger than 4g but less than ¢. Thus q/ég would overestimate Che
avecage linear velocity for this syscen. Rydraulic effective porosity was larger than ¢p because
small aperture fractures have a greater control on mechanical transport than large aperture fractures.
A fluid stresm flows through s series of fracturea of different apertures in & fracture netvork, and
the cubic law states that the flow rate is proportional to the cube of the aperture. Consequently,
the flow rate in a series of fractures is governed by the fracture vith the smallest aperture, 30
that smeall aperture fractures will negate the large fluid flux capabilities of fractures vith large
aperture. Flow rate would only increase for the system if connected pathways of large aperture
fractures cxisted across the total network. However, there is only a small probability of these

highly conductive paths develaping in a fracture network.

Travel time is inversely proportional to Flow rate. Since flow rate in large fractures will be small
due to the greater influcnce on flow rate of the small apertures, travel time will be large in these

fractures. Thus, mesan travel time end ¢g will be large.

The purpose of the next study vae to iovestigate the influence of the degres of hecerogeneity on

the directionsl charactsristics of hydraulic effectiva porosity for discontinuous fracture systems.
Tve discontinuous systess were created using coefficients of variation for aperture of 0.3 and 1.0.
in the case of coefficients of variation equal to 1.0, the apertures were correlated to the lengths
such that the longer fractures wers sssigaed the larger apertures. The remaining fracture geometric
paramecers (orientation, length, and fracture center location) were created in the same way for both
discontinuous aystems. The orientation statistice wers identical to those of the previous distribured
continuous systems. FPracture lengths for each set ware lognormally distributed using a mean of 50 w
and & standard deviation of 50 m. Practure centers were randowmly located in a equare generation
region. ‘Tha number of fractures created in this generation region was determined from the lengch-
deneity parsmecer developsd by Lang (1981). This parzmecer ralates linear fracture density to mesn
fracture length and areal densify, and was used to correlate the continuous systems discussed earlier

with these discontinuous systems,



The polar plots of totel porosity, hydraulic effective porosity, and rock effective porosity For the
systen with v of 0,3 are shown in Figure 12 after five realizations. All three porosities were
directionally stable, and this fracture system behaves like an equivalent porous medium for transport.
The mean directional hydraulic effective porosity of 0.0000146 is larger than rock effective porosity,

the same result that was found for the previcus disceontinuous system.

Results for rock effective norosity, hydraulic effective porosity, and toral porosity for the dis-
continuous system with v of 1.0 are each shown in Figure 13. Both total porosity and rock effective
porcsity were directionally stable, but hvdraulic effective porosity was highly directionally dependent.
Hydraulic effective porosity did not show the characteristiscs of an equivalent porous medium, as is
evident from the very !agged polar plot of ¢y. The mean directional ¢y of 0.000037 is much

larger than the mean directional ® of 0.000019. These porosity results were based on five realiza-
tions, and consequently, thay may not be conclusive. However, we believe thar hydraulic effective
porositv will st{ll exhibit directional tendencies when a large number of realizations are made

because the same directional tendencies for ¢y were present after 5 and 25 realizations for the
continuous system with v of 1,0, Thus, the same type of non-porous medium behavior was observed for

distributed discontinuous and continuous systems with ¢y being larger than 3.
CC* CLUSIONS

This paper has examined the problem of the directional characteristics of hydraulic effective porosity
for continuous and discontinuous fracture ssystems. Hydraulic effective porosity is constant in all
directions 4f the system behaves like an equivalent porous medium. The distribution of apertures
(heterogeneity) was found to have a major influence on the dezree of porous medium equivalence for
distributed continuous fracture systems, When heterogeneity was small (narrow aperture distribution),
the systen behaved like an equivalent porous nedium with the hydraulic effective porosity being
slightly less than the total porosity. However, when heterogeneity was large, the hvdraulic effective
porosity became directionally dependent and lurper than the total porosity, Non-parous medium behavior
differed for the distributed continuous systems and for the continuous systems with sets of parallel
fractures. For the continuous systen with two parallel sets, the hydraulic effective porosity abrupcly
decreased well below the total porositv in directions ~here the orientation of either set was ortho-
gonal to the direction of the hvdraulic gradient. The results for the continuous svstem with parallel
sets also demonstrated that a svstem which behaved as a continuum for fluid flux may not behave like a

continuuan for mechanical transport

The study of discontinuous fracture sysctems showed that when the hydraulic effective porosity was
directionally stable, its value was intermediate between that of total porosity and rock effective
porosity. Hydraulic effective porosity did not equal rock effective porosity because of the con-
trolling influence small aperture fractur?s have on flow rate and subsequently travel time. The largme
flow capacities of large aperture fractures are often negated by the small aperture fractures in the
svstem, which means that travel time through thege large fractures is larger than expecred. This
tends to make hydraulic effective porosity larger than rock effective porosity. The distribution

of apertures was found to have the same influence on the degree of porous medium equivalence for

discontiiuous and distributed continuous fracture systems.
ACKNOWLEDGEMENTS

This work was funded bv the U. S. Department of Energy under Contract Number DE-AC-03-76SF00098.


http://sliehr.lv

REFEREMNCES

Endo, H, ¥., Long J, C. §., Wilson, C. R., and Witherspoon, P, A., 1984, A model for investigating
mechanical transport in fracture networks, accepted for publication in Water Resources Research.

Long, J. C. S,, 1983, "Investigation of Equivalent Porous Mediun Permeability in Networks of
Discontipuous Fractures,”™ Ph.D. Thesis, University of California, Berkeley.

Snow, 0. T., 1969, Anisotropic permeability of fractured media, Water Resources Research, 5(6), .
1273-1289.




H N 33 4
/{
- g%y
2 - ANV
0 C L v
p24 ‘£/_4 Equipou:::‘;l
Ky
Flow Problem Flow net transformed Anisotropic systen:
() coordinates flow net

(b} {:)
XBL-B27-7168

Figure 1. Flow field for an anisotropic porous medfun with a constant hydraulic gradient.
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Figure 5. Polar plot of specific discharge versus direction of flow for systen with two parallel

saets of parallel, continuous and constant-aperture fractures.
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Figure 6. Polar plot of hydraulic effective porosity versus direction of flow for svstenm with two=

parallel sets of parallel, continuous and constant aperture fractures.
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Figure 7. Fracture network with two sets of continuous fractures where orientations have been

probabilistically sinmulated using Gaussian distributions.
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Figure 8, Tolar plot of hdyraulic effective and total porosity versus direction of flow after five
tealizations for distributed system of continuous fractures with lognornal distribution of

apertures and v = 0,3,
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Figure 9. Polar plot of hvdraulic effective porosity versus direction of flow after 25 realizations

for distributed system of continuous fractures with lognormal distribution of aperrtures

and v = 1.0,
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Ficure 10, Polar ploc of ,/Kf versus direction of flow for a distributed netwark containing two
discontinuous sets of fractures, one ser with mean orientation of 0° and the other, 6U°.

Fractures lengths and apertures are lognormally distributed with v = O.1.
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Figure 1l. Polar plot of rock effective, hydraulic effective and tocal porosity versus direction
of ftow for a distributed network containing two discontinuous sets of fractures, one set
with a nean orientation of 0° and the other, 60°. Fracrure lengths and apertures are

lognornally distributed wicth v = 0,1,
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Figure 12. Polar plot of rock effective, hydraulic effective and total porosity versus direction
of flow for a discributed network containing two discontinuous sets of fractures, one
set with a mean orientation of 0° and the other, 60°, Fracture lengths are lomnormallv

distrihuted with v ~ 1.0, and apertures are lognormally distributed with v = 0.3,
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Figure 13. Polar plot of rock effective, hydraulic effective and total porosity versus direction
of flow for a distributed network containing two discontinuous sets of fractures, one set
with a mean orfentation of 0° and cthe other, 60°. Fracture lengths and apertures are

lognormally distributed with v = 1.0.
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