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ABSTRACT 

A number of recent experiments hive pointed out the need of 
including the effects of aperture variation within etch I'nctuii 
In predicting Row and transport properties of fractured media. 
This paper introduces a new approach in which medium pro* 
petties, such as the permeability to flow and dispctsivity in 
tracer transport, ait correlated to only three statistical parame­
ters describing ins fracture aperture probability distribution and 
the aperture spatial correlation. We demonstrate how sauimed 
permeability and relative permeabilities lor flow, as well as 
dispersion for solute uansport in fracauts may be cakulamd. 
We are in the process of examining the applicability of these 
concepts to field problems. Results from the evaluation and 
analysis of the recent S«ripa-3D AeM data are presented. 

INTRODUCTION 

Recent ineerew m sin characterization and performance 

nruction of aucleer waste repoeitories has motivatad many stu­
dies of fluid flow and tracer transport in fractured rocks. For 
quits a number of years, numerical modeling of fluid flow in 
the fractured stadium was based on the ateuni prion that each 
fracture may be idtaUaed as a pair of parallel plates separated 

fracture. Recent work1"* have begun to take into account the 
fan mat the apenures in a real fracmre takes on a rang* of 
values. The wide range of aparam values in a single fracture 
gives rise to a hMarogeneous 20 system with (he result that the 
fluid flow is very nonuniform, and that the majority of flow 
conceearatss in a sew pmtermd pains of least flow iitisunce. 
This is dm ptumomenon of low chanailing. which has been 
increasingly observed in flat •sei**. in ins presence of flow 
channeling, the contentions! merinos of analysing fluid flow 
and tracer tnmspoR is generally not suitable since thsy have 
been formulated for relatively uniform Row in porous media. 
Our work has bean in the development of a new approach to 
characterise flow and tracer transport in a system of realistic 
fractures with variable i 

Our approach is to construct a conceptual model where 
the medium properties such as permeability to flow and disper­
sion of tracer transport may be correlated to only a few statisti­
cal parameter! of the fracture geometry. In the next section we 
shall describe our conceptual model of a variable-aperture frac­
ture and the associated characterizing parameters, baaed on 
which flow and transport properties of the fracture will be cal­
culated. In the Acid, the flow and transport properties am best 
described by parameters such at permeability and disptmivity. 
Furthermore, in dtt case of multiphase flow in partially 
saturated fractures when both air and water occupy the fracture 
void space, ttlativ* permeability curves am needed in addition 
to the absolute permeability of the medium to describe the flow 
system. In the following, we shall briefly summarise o - work 
in the study of permeability of the saturated fractuie. [dative 

well as the solute dispersivity. We shall conclude our paper 
with an application of the concepts developed horn our theoret­
ical studies to me evaluation and analysis of a set of tracer 
transport held data in fractured rocks. 

DESCRIPTION OF A VARIABLE-APERTURE 
FRACTURE 

Instead of the parallel plate idealisation of a fracture, a 
mom realistic merest nation of a fracture with a range of aper­
tures is adopted by denning a statistical probability distribution 
function for the aperture values. That the aperture values of 
laboratory com samples usually follow a skewed distribution 
well approximated by a tognormal distribution have been 
shown by a number of researchers1**11. The lognormal disui-
butiun of apertures b for biO is given by: 

n(b)db- I 
Vftt? 

*xp{- - O e g b - t W , I 
204 (mlO)b db(l) 

and defined by two parameters: the mean, (logty, and the 
standard deviation, o. of the logarithm of apsfture. Note that 
(l/b> db is me differential of kt b; the normaUsation factor (In 
10W.3025I... arises from the detnition of the aperture distri­
bution on the base 10 logarithm space. The quantity b„ is the 
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most probable aperture value and is smaller than the mean 
aperture b. Equation 1 is a mathematical description or an 
open fracture with zero contact area between the upper and 
lower surfaces of the fracture. In general, rock fractures in-situ 
are partially closed under stress and have contact areas at 
which the apertures are zero. Such a partially closed fracture 
may be represented mathematically1 by a new distribution 
obtained from tiuncatinf the original n(b) by Ab and translat­
ing the remaining plot to the origin. The fractional contact 
area (to) of the fracture at each fracture closure Ab is simply 

fn(b)db J« 
(•>) 

Jn(b)db 
<2> 

where n(b) is Kill the aperture distribution when the fracture 
surface is in point contact under acre applied normal stress, in 
Figure I, truncation of Uw original n(b) corresponding to frac­
tional contact areas of 15,23. and 33% art marked. 
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Figure 1. Aperture density distribution n(b) derived 
from 10 sets of surface roughness profiles of 
a fracture in granite (dan from Gent ier 1 0 ) 

Given the apetnw probability density attribution of 
Equation 1. psaa a spatial correlation lengtit parameter. X, a 
two-dtaaenetonel M d of spatially correlated apertures may be 
generated by gsostatistical methods 2. Many possible spatial 
distribution* or realizations of fracture with variable apertures 
may be generated by the set of specified parameters: log b,, o 
and X. Figure 2 shows a discietiaed version of a particular 
realization of fracture apertures, with log b 0 * 17. o • 0.43 
and X * 0.2 L where L it the linear dimension of the single 
fracture. The magnitudes of the apertures ore indicated by 
shading, with lighter shading corresponding to larger apertures. 

In this paper we shall show results for fractures which have 
isotropic spatial correlation; studies for systems with different 
values of X in orthogonal directions may be found in Tsang 
and Tsang 3 and Pruess and Tsang 1 2 . 

Figure 2. Statistically generated apertures with a spatial 
correlation length X of 0.2 L in the plane of a 
single fracture of linear dimension L. The 
shadings are given in five levels from small 
apertures (dark) to large ones (white). 

SATURATED PERMEABILITY OF A SINGLE 
FRACTURE 

Assuming that Darcy's law applies locally for a fracture 
with a range of apertures such as shown in Figure 2. then the 
local permeability in a water-saturated variable-aperture fracture 
is proportional to the square of the local aperture and is thus 
strongly varying in space. Thus the permeability value from a 
single point presture Bow measurement will be a strong func­
tion of the measurement position for a particular realizaiion of 
fracture aperture distribution. Furthermore, the permeability 
value (torn point raeaauremenu will also vary strongly for 
different realizations of fractures characterized by the same 
parameters tofb,, o and X. However, if we consider now 
and pressure from a line boundary of the fracture to the line 
boundary on the opposite side, where the line covers several 
spatial correlation lengths, it is possible to define a permeability 
that is independent of statistical realizations. Let us start with 
a single fracture such as shown in Figure 2 and apply constant 
pressures, P t and P 2 , on two opposite sides while maintaining 
the remaining two sides of the fracture to be no-flow boun­
daries. The fluid flowrate through the fracture can be calculated 
by solving a matrix equation relating lite pressures at all points 
in the fracture. The saturated permeability of the fracture. k,r, 
is then given by the total flcwraie from one boundary line to 
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ihe Mher divided by the pressure difference across die fracture. 
Calculation* using many realizations have shown that k, f is 
defined within a factor of two for specified b„. O. and X. and 
that it is insensitive to X if X is less than 20% or 30% of the 
size of the 2D flow region. The values of k, (. however, is sen­
sitive to the aperture distribution, i. e.. the values of b 0 and o. 

We have studied1 die dependence of die saturated per­
meability on aperture probability distribution in the context of 
partially closed fractures widi different contact areas w. as 
defined in Equation 2. The calculation was carried out for the 

' aperture probability distribution function and three different o> 
values shown in Figure L. We may express the results as 
ratios to the permeability, k. of a fracture in the paralkl-pUie 
approximation, having a constant aperture value equal to the 
mean aperture of a f.'acture such as shown in Figure 2. We 
found Out ihe ratio k,f/k is - 0.1 when the fracture contact 
area u is 15%; 0.04 when u is 25%, and 0.01 when W is 35%. 
Our results, together with confirming experimental obtervauoru 
by Abtlin et al.', underline ihe significant role played by small 
apertures in a variable-aperture fracture on rtow permeability, 
and the pitfall of interpreting permeability measurements in 
terms of idealised parallel-plate fractures. 

RELATIVE PERMEABILITY CURVES FOR 
UNSATURATED FRACTURES 

For unsaturated fractured rocks such as the tuff formation 
at die proposed repository site at Yucca Mountain, portion of 
die fracture pore space may be saturated with water and the 
rest occupied by air or gat phase. The phase occupation 
depends on water-air capillary pressure given by P c • 
2 y c o s a / b . where y is die water-air surface tension, a is the 
contact angle between die water meniscus and die fracture 
walls (assumed to be zero in our case), and b is die local frac­
ture aperture value. Water low is excluded from die air-
occupied portion and relative permeability for water depends 
on connected water-occupied portions in die variable-aperture 
fracture. 

To calculate die relative permeability of water flow, we 
stan widi a discretized version of a variable-aperture fracture 
(Figure 2) and define a cutoff aperture b c corresponding to a 
capillary pressure P c * 2 v / b c . All accessible apertures smaller 
than b, are occupied with water and all larger apertures with 
air. The water saturation of the fracture S w which corresponds 
to die cutoff capillary pressure P c is obtained by directly sum­
ming die water saturated port volume. As in die last section 
on die dettnmuiatran of permeability, a pressure difference is 
applied across two opposite boundaries of a single fracture and 
tin fluid flow is calculated for a network of water-occupied 
fracture elements. The steady flowrate obtained will yield die 
effective water permeability. A similar simulation widi die 
larger b valuta which art occupied by air will yield die 
effective air permeability. The above procedure assumes diat 
die pressure gradient is not sizeable so that the two-phase prob­
lem in the fracture plane wdl separate into two separate 
single-phase problem, which means that die faction between 
fluid and fracture walls dominates over faction between die 
two flowing phases. Division of die effective permeability cal­

culated above by the single phase permeability (when all aper­
tures in die fractures are occupied) yields die relative permea­
bility at each saturation S„. Details of die work may be found 
in Pruess and Tsant. 1 2. 

An example of die relative permeability curves dius cal­
culated for die fracture of Figure 2 is shown in Figure 3. Fig­
ure 3 shows an apparently strong interference between die 
water and air phases widi an extremely large immobile air 
phase saturation of about 84%, and die range of saturation 
values in which bodi air and water phases are mobile is virtu­
ally non-existent. This arises because a contiguous flow path 
for air can only be maintained when in addition to all die large 
apertures some of die small apertures also contain die air 
phase. In odier words, a relatively large air saturation is 
required before air can flow. Our simulations show dial this 
strong interference between die two phases in two-dimensional 
flow in fractures persists unless there are long-range spatial 
correlation among apertures in die direction of flow; ihen die 
immobile air phatt saturation decreases and there is a range of 
saturation value* in which both air and water phase arc 
flowing. Tht above results demonstrate die Importance of the 
variaWe-aptrtutt characttr of fractures upon air-water flow in 
unsaturated systems, and mora experimental wont in die 
laboratory and in tht Held is needed to study such systems. 

Non-watting Prtata Saturation 
1.0 0.8 0.6 0.4 0.2 Q.( 

a o o , 0.2 0.4 0.6 0.8 
Watting Phasa Saturation 
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Figure 3. Simulated wetting (water) and nonwetting 
(air) phase relative permeabilities for the spa­
tial aperture distribution of Figure 2. 
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TRACER TRANSPORT IN VARIABLE-APERTURE 
FRACTURE 

Tracer residence limes and dispersion are important pro­
perties which characterize transport in fractured rock masses. 
In this section we describe the numerical calculation of die 
tracer breakthrough curves for transport in fractures. Starting 
with a variable-aperture fracture (e.g. Figure 2) saturated with 
water, fluid flow from a constant high pressure line boundary 
to the lower pressure boundary on die opposite side is calcu­
lated as before. The local flowrues at different points in die 
fracture are found to vary over several orders of magnitudes. 
To display die variation of die large range of flowrates over die 
entire fracture, the relative volumetric flowrates are plotted in 
Figure 4 for four realizations of the single fracture where die 
thickness of the lints varies as the square not of the flowrate. 
We have carried out this kind of simulation for many realiza­
tions of the fracture 1 3 . We found that dw flow patterns 
always display preferred paths of large volumetric itowraus 
that are formed because of the variation of die apertures widiin 

die single fracture plane, and that there is a tendency for all the 
flow paths with large flowntes to coalesce into "channels" 
over a widdi on die order of one spatial correlation length. 
The spacing between these large flowrate "channels" is also 
on the order of die spatial correlation length of the fracture 
ape mires. 

Suiting with distributions of flowrates over a variable-
aperture fracture, solute transport phenomena are investigated 
by tracking die panicles advected through the fracture. For 
each realization as shown in Figure 4, particles are let in at the 
left hand (higher constant pressure) boundary and collected at 
die right hand (lower constant pressure) boundary. Plots of die 
number of panicles collected at all the outlets on die right hand 
boundary as a function of arrival times, i.e., tracer break-
direugh curves, are shown in Figure 5. Seven calculated break­
through curves are shown, four are for die fractures shown in 
Figure 4 with \ • 0.1 L. and three are for additional realiza­
tions with \ • 0.4 L. In general, die breakthrough curves of 
tracer transport in two dimensions through these variable-

a) Run 511 D) Run 512 

d) Run 514 
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Figure 4. Fluid flowrates for four realizations of the variable-aperture fracture with pressure 
gradient applied left to right. The thickness of the lines is proponional to the square 
root of the flowrate for each case. 
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Figure S. Seven tracer breakthrough curves from pani­

cle tracking with time normaliied to respec­
tive mean residence time, t*. of all the parti­
cles. 

aperture fractures have a fast rise at early times, since the 
majority of particles take the fast flow paths. Then, there is a 
long tail in the breakthrough curve due to a smaL' fraction of 
panicles meandering through the fracture, including in their 
Howpeths many sections with extremely smalt volumetric 
ftowretes. la this figure the time axis hat been normalized to 
the respective mean residence time for each case. The fact that 
these seven curvet fall within a narrow band of each other 
indicates that the dispersion displayed by these breakthrough 
curves, at measured by the ratio of me difference of 90% and 
10% eventration arrival timet to me mean arrival time11, do 
not vary significantly with different statistical realizations of 
apertures nor with different correlation lengths. This is 
because these breakthrough curvet involve the residence timet 
of all possible flow paths which originate from iht injection 
line on the left boundary and terminate on the exit line of the 
right boundary, and both boundaries cover several correlation 
lengths. Thus the information contained in the breakthrough 
curves is an average over several correlation lengths, and hence 
the ineensMvity to statistical realizations and correlation length 
values. On me other hand, these curvet are sensitive to die 
value of standard deviation of tog apertures (O) and Tseng et 
al. proposed a gitphictl reiatkmebJp between o and dispersion 
of mete fracture tracer breakthrough curves, while the mean 
residence time may be related tothe mean aperture (b) of the 
fracture. 

Though discussions shove refer to tracer transport in one 
fracture, they can be extended to transport through a few frac­
ture: in series at ifiusttsttd schematically in Figure 6 (or the 
caee of three counseled fractures. This picture may be valid 
when the transport distance covers only a few spacing* 
between conducting fracures. For such a case, the above dis-

Figure 6. Schematic diagram of channelized flow in 
three connected variable-aperture fractures. 

cussiont for one fracture will still apply. In'die study of Held 
data (next section), the spacing of conducting fractures versus 
tracer transport distance is such that the picture (Figure 6) 
corresponding to a few fractures may still be valid. 

APPLICATION TO FIELD DATA 

The concepts developed in the theoretical studies 
described above are used in the understanding of Held data. 
Specifically we have studied the three-year tracer transport Held 
experiment by Neietniekt and coworkers 7 in the Stripe mines. 
Sweden (Stripe 3D experiment). A drift in Stripe, 75 m long 
and 4.5 m wide and about 2.3 m high, was used for the expert-
mem. The roof and walls of the drift were covered by over 
300 I x 2 m plastic sheets for collection of water and tracers. 
Nine different tracers were injected into nine zones of high 
conductivity in three 7J-m vertical boreholes drilled at three 
locations into the roof. Apparent tracer transport distances 
from the injection locations to the collection sheets range from 
10 to 45 m. 

k was found that even though the drift wall appears to be 
covered with many fractures, only a fraction of die collection 
sheets received substantial amounts of water. The flowmes to 
the different collection sheets vary over several orders of mag-
ttieade. This is to be expected from the theoretical studies 
described above (Figures 4 and 6). During die first 30 months. 
among the nine different tracers only five are found in a small 
percentage of the collection sheets. The breakthrough curves 
from the Ave tracers that arrived at different collection sheets 
are shown in Figure 7. For each case in this figure we have 
plotted only the early-time pen of the data, since data for later 



Stripa 3-D Data Stripa 3-D Data 

Figuit 7. Tractr bnakihrou|h curves from Stripa-3D 
field experiment, Dan are included only up 
to dw first "pUesau" beyond which effects of 
injection flowme fluctuations become dom-

timet ant very owe* affected by mtctuations in die experimen-
tal tracer injection towrstei. Thtae curvet have veiy different 
residence timet due » diffimM tow paths from channeUng, 
and different maximum concemreiion because of dilution. 
However, when we plot dieai widi tracer concentration normal-
iaed 10 each respective maximum value Cwmi, and time t nor-

fall within a small bend of each other (Figures I and 9). Thus 
we may argue dut die measurements of die transport of 
different tracers to different collection sheets have sampled 
different paths in the fractured rock mass characterised by 
radier similar geometrical fracture parametria. When we 
analysed the dispersion from die breakthrough data shown in 
Figures I and 9, we arrive at a dispersion versus distance slot 
given in Figure 10. Here the dispersion is characterized" by 
dw ratio of (tso-tjo) to tjf. wits t , being die time when the 
tracer concewraeion reaches x% of CmM. A slight decrease of 
(tto-tjo) to t j | with distance is noted. Further studies arc 
underway to analyse mesa data aad » understand dwse results. 

SUMMARY AND CONCLUSIONS 

A number of recent experiments have pointed out the 
need of including dat aperture variability within each fracture 
in predicting tow and transport properties of fractured media. 
The paper introtucei a new approach to address fracture aper­
ture variations based on a statistical method. Thus only three 
parameters: dm moat probable fracurc aperture ib0». standard 
deviation of apertures (O), and spatial correlation length (k) are 

O 0.4 

1H4 0 0.1 1 1.1 
T / Tmtan 

a i. 

I K !«»•>'«' ML Ml") 

Figure 8. Tracer breakthrough curves for uranin and 
iodide with apparent transport distance ranging 
from 20-40 m. 

Stripa 3-D Data 

Figure 9. Tracer breakthrough curves for eosin B and 
elbanol. with apparent transport distance 
ranging from 10-20 m. 
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FiguR 10. Dispersion u defined by ( t t o - ' a ^ ' w versus 
apparent transport distance for all S tracers. 

used to chancterizt tht fractures. Starting from this concept 
we demonetises how saturated ptranabttHy. relative permeebUi-
lies and somas dispsrsto* of tht factum can be calculated, We 
are in d* proceM of applying ditat results and concepts to the 
undcrsuMdinc of laid data. 
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