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SUMMARY

Water flow in fractures in crystalline rock has been observed to be unevenly

distributed over the fracture plane. The network of channels in the plane of the

fracture is formed by the connected open portions of the fracture among areas

of contact of the two fracture surfaces. Measurements of the aperture density

distribution within a particular laboratory sample of granite fracture have shown

that the distribution is skewed with a long tailing towards the larger apertures.

The measured aperture distribution had a correlation length between a fifth and

a tenth of the fracture length.

In earlier studies it has been shown that two-dimensional networks may be

generated based on the statistical distributions. The hydraulic properties of the

generated two-dimensional networks have been studied. Under an imposed

hydraulic head difference over th*e fracture the water flow will take place in a

few preferred pathways, avoiding those areas where the fracture aperture is small.

In the two—dimensional network the paths will divide and merge occasionally but

a water parcel introduced at the inlet will follow one pathway and a parcel

introduced at another point may follow another pathway. In this study we set

out to investigate the properties of the individual pathways as to volumes,

floWrates, and residence times. In addition to this the dispersion properties of the

network of channels in a fracture are investigated.

The Gamma distribution and the log-normal distribution were used to describe

the density distribution of the apertures within a channel. For every set of

parameter values (correlation length, and the parameters of the distributions) 95

different statistically equivalent channels were generated. The aperture distribution

along the channels are then used to determine the total channel volume, the

hydraulic conductivity and the flowrate and residence time for a given gradient.

The volumes of the channels were found to vary little whereas the hydraulic

conductivity, which is primarily determined by the smallest aperture along the

channels, varies considerably. For a wide density distribution the hydraulic

conductivity easily spans several orders of magnitude. The flowrate and the

velocity variations are primarily influenced by the conductivity variations and are

only to a small extent influenced by the volume variations in the channel. The

average specific area of the whole channel exhibits small variations.



The hydraulic and transport properties of hypothetical fractures containing several

channels are investigated by randomly picking several of the generated channels,

coupling them in parallel and subjecting them to the same hydraulic head

difference. The flowrate and residence time distribution of the coupled channels

is used to investigate the dispersion properties of the fracture. It was found that

the dispersion expressed as Peclet numbers was on the order of 1 to 4 for most

of the distributions used but could attain very large Peclet numbers for

(unrealistically) narrow aperture distributions.

Simulations of breakthrough curves for tracers in single fracture flow experiments

indicate that when few channels participate and the dispersion in the individual

channels is small, the breakthrough curve is expected not to be entirely smooth

but to contain distinct plateaus. This property has been noted in several

experiments.

The presented model has some interesting properties for modelling flow and

transport in 3-dimensional fracture networks^/Such a network might be modelled

as a bundle cf "parallel" channels (essentially a one-dimensional model) instead

of as a three-dimensional network of fractures. This simplifies the computational

effort enormously. 4 • •, , / ''•!"

Several assumptions in the proposed channeling model must, however, be tested

further and the results of the model compared to both other more complex

models and to field experiments.



INTRODUCTION

In the Swedish studies (KBS Nuclear Fuel Safety Project), crystalline rock has

been selected as the most suitable bedrock in which to build a final repository

for spent nuclear fuel. Since the most likely mechanism by which radionuclides

could reach the biosphere, should they escape from the engineered repository

system, is through groundwater transport in fractured media; it is important that

the fluid flow and solute transport in a tight fractured rock be understood.

The current approaches to the problem of flow through a fractured medium can

be classified into two broad categories: the equivalent porous medium approach

and the discrete fracture approach. When the rock mass of interest contains

many inter-connecting fractures, it is appropriate to treat the fracture medium

as a porous medium equivalent. In the porous medium approximation, the key

parameters are the equivalent permeability tensor for fluid flow ( e.g., Hsieh et

al., 1985; Neuman et al., 1985) and the scale dependent dispersivity tensor

(Sauty et al., 1979; Gelhar et al., 1979; Pickens and Grisak, 1981; Matheron

and de Marsily, 1980) for solute transport. For a tight fractured medium where

the intersections for water bearing fractures are few, it is no longer a good

approximation to define the entire fractured medium by averaged quantites such

as the equivalent permeability tensor and the equivalent dispersivity tensor. A

discrete representation of the fractures has been used in the problem of flow

(for example, Long and Witherspoon, 1985; Long et al., 1982; Robinson, 1983)

and transport (Schwartz et al., 1983; Smith and Schwartz, 1984; Endo et al.,

1984; Rasmuson, 1985). These authors took different approaches to the problem,

but they had the common assumption that the single fracture is the basic unit

for the fractured medium, and that each fracture is represented by a pair of

parallel plates with a constant aperture. On the basis of distributions of fracture

aperture, fracture length, fracture spacing, and fracture orientation, different

realizations of fracture networks were generated. The hypothesis is that since the

physical laws governing the flow and transport through a pair of smooth

parallel-plates are known, transport and flow through the fracture networks may

be computed. Besides the equivalent porous medium and discrete fracture

approach, there are also models that in an averaged way take into account both

the fractures and the rock matrix for a fractured porous medium. Among these

are the double porosity method (Warren and Root, 1963; Duguid and Lee, 1977)

and the mutiple interacting continua (MINC) method (Pruess and Narasimhan,

1982).



MOTIVATION FOR A CHANNEL MODEL OF FLOW THROUGH

FRACTURED MEDIA

However, based on the theoretical and experimental studies on single fractures,

the parallel-plate representation of the single fracture seems inadequate in the

description of fluid movement through a fractured medium. In this report, we

shall present an alternate conceptual approach to the flow and transport through

a fracture in terms of a limited number of tortuous, variable— aperture

channels. The field experiments of solute migration in single fractures in the

Stripa mine (Abelin et al., 1983, 1985; Neretnieks, 1985) called attention to the

fact that the parallel- plate assumption of a single fracture may be incorrect in

describing the fluid movement through a single fracture. The migration distance

in the fracture was about 5 m, injection and collection of water through the

single fracture was done during more than seven months. The facts that the

amount and time of tracer returns at near—by sampling points were very

different and that many of the neighboring collection holes registered no tracer

(non-sorbing) return at all were clear evidence of channeling of flow within a

single fracture. Furthermore Abelin et al. also showed that the equivalent fracture

aperture derived from the constant head permeability measurements was much

smaller than that derived from the tracer migration measurements. The equivalent

apertures derived from these two different measurements should be identical if

the parallel—plate description of the fracture were valid. However, if in fact

fracture roughness and constrictions limit the flow in a single fracture to a few

channels, then the permeability measurements would be controlled by the small

apertures and constrictions. On the other hand the tracer breakthrough time

samples the total volume of the channel. The net consequence would be a

significant discrepancy between the two 'equivalent parallel—plate1 apertures as

reported by Abelin et al.

The field experiment carried out in a single fracture in Cornwall (Bourke, 1986)

a>so demonstrated that flow in a single fracture took place in a limited number

of channels. Five parallel holes were drilled in the fracture plane; each of the

holes were pressured in turn at 1 atmosphere. Flows into 8 cm contiguous axial

length of the adjacent hole kept at zero pressure were measured by means of

packer tests. The measurements show that flow took place in only a few

channels, and that the channels occupied a total area of about 10% of the

fracture plane.



The relationship of fracture wall roughness to the fluid flowrate through a single

fracture subject to normal stress has been analyzed in a series of theoretical

papers (Tsang and Witherspoon, 1981; Tsang and Witherspoon, 1983; Tsang,

1984). Their investigations show that only at low applied stress, when the

fracture is essentially open, does the parallel plate idealization adequately describe

fluid flow. As the contact area between the fracture surfaces increases with

stress, either applied or in situ, flow through a single fracture takes place in a

few channels which are tortuous, have variable aperture along its length, and

which may or may not intersect each other.

Recently Pyrak et al. (198S) performed laboratory experiments in which molten

wood's metal were injected into single fractures of Stripa granite at different

levels of applied normal stress. The fractures were opened up when cooled and

direct evidence of the formation of tortuous paths in single fractures were

observed.

The results from field experiments, theoretical studies, and laboratory

measurements as discussed above point to the fact that the parallel-plate

idealization of a rock fracture fails to describe the fluid flow and transport in a

single fracture. This fact has significant implication on the current approach of

treating a tight fractured medium by means of a network of parallel— plates.

The single fracture was chosen as the proper basic unit in modeling a fractured

medium based on the hypothesis that the flow and transport through a single

fracture has a simple dependence on only one parameter, the constant separation

of the parallel-plate fracture. However the experimental results discussed above

indicate that it is impossible to define an equivalent parallel-plate aperture

consistent with the observed flow and transport phenomena. The flow through a

rock fracture is clearly unlike that through a pair of smooth parallel—plates if it

takes place in channels. Therefore it becomes awkward conceptually and

impractical computational — wise to retain the single fracture as the basic unit in

the description of flow and transport in a tight fractured medium. In light of

this we have recently proposed (Tsang and Tsang, 1987) an alternate approach

to the description of the flow and transport in a tight fractured medium. In that

approach the single fracture was abandoned as the basic unit to the fractured

medium; rather, a number of tortuous channels with variable apertures along its

length, were used to describe flow through both a single fracture and a number

of intersecting fractures. It should be emphasized here that in the channel

model, the flow through a single fracture is physically identical in character



to flow through a number of intersecting fractures in a three—dimensional

volume. Flow in terms of tortuous channels are shown schematically in Figures 1

and 2.

In this report, we shall briefly review the conceptual model of channel flow,

then focus our main attention on evaluating the properties of the geostatistically

generated channels. Based on the calculated channel properties, we shall point

out the implications of the channel concept in the analysis of experimental data,

both laboratory and field. Examples of recent data displaying characteristics of

channel flow will be presented as illustrations. This report is a step in the

development of the conceptual channel model into a tool suitable for modeling

experimental transport data.



THE CONCEPTUAL MODEL

In fractures, fluid moves to avoid constrictions and filled areas and to seek out

the least resistive pathways. The resultant pathways comprise of only the open

(non—zero apertures) and connected parts of the fractures. These preferred

pathways are the channels for the fluid flow and solute transport in either a

single fracture or in a tight fractured medium. Figures 1 shows schematically the

channels in a single fracture. Figure 2 shows schematically the channels in a

number of three-dimensional intersecting fractures. A typical channel in Figure 1

or 2 is represented schematically in Figure 3. The channel length is L and the

spatial variation of the apertures along the channel is defined by the aperture

density distribution n(b) and a spatial correlation length, X. The channel width is

assumed to be a constant over the entire channel and of the same order as the

correlation length. Given n(b) and X, systems of statistically equivalent channels

may be generated using geostatiscal methods (Tsang and Tsang, 1987). In that

previous work we hypothesized that the flow and transport may be analyzed in

terms of a system of non—intersecting but statistically equivalent channels. The

effect of channel intersection on solute transport has been considered by

Rasmuson (1985). Assuming no dispersion in each individual channel, the

conceptual channel model predicts typically a breakthrough curve such as that

shown in Figure 4a when the tracer input is a step-function. The prominent

features are the fast rise at early time and the step structures at larger times.

An experimental breakthrough curve is shown in Figure 4b for comparison. Data

such as those shown in Figure 4b can be analyzed in terms of flow through a

set of channels. In order to advance the conceptual model of statistically

equivalent channels into a useful tool to analyze and to predict flow and

transport in a tight fractured medium, one needs to know the key channel

proper lies such as residence time, channel volume, and flowrate based on the

theoretical model.



PROPERTIES OF STATISTICALLY GENERATED CHANNELS

In this section we present results of our investigations on the channel properties:

residence time of each channel, tj, volumetric flowrate, qj, and channel volume,

VJ; and their dependence on the parameters that define the channels: the density

distribution n(b), the correlation length X, and the channel length L. The density

distributions selected for our calculations will be limited to the gamma function

and the lognormal function. The gamma distribution has only one parameter and

has been used in our previous work (Tsang, 1984; Tsang and Tsang, 1987)

because of its resemblance to the aperture variation of a particular laboratory

sample of single fracture. The lognormal function with two parameters has been

found to describe the aperture distribution in various fractured rock including

granite (Snow 1970). The gamma distribution:

-, - b / b
n ( b ) - — b e x p ° ( 1 )

b 2

o

peaks at b o and has its mean at 2bo, it has a long tail extending to about 10

bo . The lognormal distribution

( 2 )
lo*

hcs its peak at b 0 and its mean, < b > , at b o exp'^ (a£nlO) i t j s a j s o

characterized by a very long tail towards the large aperture end. In order to

evaluate the properties of the channels as a function of distributions, the

parameters for both the gamma and the lognormal distributions were chosen in

such a way thai they have the same mean, < b> . One gamma distribution and

three lognormal distributions with different peaks and variances were employed in

this work. The distribution parameters chosen were tabulated in Table 1. The

choice of 80/*m for the mean aperture implies that the statistically generated

channels will consist of apertures up to 300-400^m in the gamma distribution.

Rather large values of a in the lognormal distributions are included since the

single fracture aperture data on the laboratory scale (Tsang and Tsang, 1987)

gave approximate values of a around 0.4 and 0.5; and the single fracture data

in the field (Bourke et al., 1985) reflected value of a on the order of 0.4.



extremely small apertures may be included in the statistically generated channels.

Given the aperture density distribution and a spatial correlation length, channels

of the same length are generated by geostatiscal method as described in Tsang

and Tsang (1987). From each realization of the generated channel characterized

by the apertures, b(x), along its length, x, the channel properties may be

calculated in terms of various summations of functions of b(x). The results

presented as follows were derived from the study of statistical sample size of 95

realizations for each given set of n(b) and X/L.

Channel Volume

Table 2 gives the calculated results for the volumes of the channels. For each

row, the first two entries specify the aperture parameters used in the generation

of equivalent channels, entries 3 through 8 give the statistics of the volumes

derived from the sample of 95 equivalent channels. Columns 3 and 4 give the

range of the calculated quantity. The standard deviation and the the coefficient

of variance in columns 7 and 8 give the measure of the variability of the

calculated quantities. The values for volumes in Table 2 are scaled in order to

facilitate comparison of results. To get the actual volume in m3 the numbers in

Table 2 should be multiplied by a factor of 10~6XL with both X and L in

units of m. We note that the channel volumes derived from all the distributions

and correlation parameter are very similar. The mean and median for all the

rows in Table 2 are almost identical, that is, totally insensitive to the different

aperture density distribution and the spatial correlation. This is not surprising

since the channels defined in this conceptual model have variable apertures along

their lengths, but constant width set equal to the correlation length, X, and

constant length, L. Thus the volume should scale as < b > ; which had been

chosen to have the same value for all the distributions. The values for the

coefficient of variance s/<v> in column 8 of Table 2 certainly reflects the

aperture distributions used in the generation of channels of the sample: with the

narrowest distribution, the lognormal with a of 0.15 giving the smallest s/<v>

and the broadest distribution, the lognormal with a of 0.50 resulting in the

largest s/< v> . For the same aperture distribution but different correlation

lengths, the results that the volumes for the smaller correlation parameter X/L

give rise to a smaller coefficient of variance is also reasonable since the smaller

correlation parameter for the same L implies a better statistical sample. This



feature of a larger coefficient of variance in the calculated quantity for a larger

spatial correlation parameter is also noted for all the results which follow.

Channel Residence Time

The results for residence time are tabulated in Table 3 with the row and

column headings identical to that of Table 2. The quantities in Table 3 are

again scaled and they need to be multiplied by 12^2(101 2)/AP where fi is the

viscosity and AP is the common pressure difference between the end points of

all the channels, in order to arrive at the proper units of seconds. The fact

that the mean of the residence time is several times larger than the median

implies that a large fraction of the statistically equivalent channels have small

residence times while a minority of these channels have extremely long residence

times. It is this very long tail in the large residence times that contribute to the

rather large coefficient of variance. The distribution of the residence times of the

95 equivalent channels for each specified aperture density distribution and spatial

correlation are plotted in Figures 5a and 5b. Logarithm of the residence times

are plotted on the x axis due to the very large range of values. For the same

reason, results showing the statistics of log(t) are displayed in Table 4. Figures

5a and 5b are drawn to the same scale, Figure 5a contains the distributions of

residence time for apertures with smaller spatial correlation: 0.05 and 0.2; Figure

5b contains the distributions of residence time with the larger correlation

parameter of 0.4. We note that all the distributions of residence time displayed

in Figure 5 are qualitatively quite similar. For the same aperture density

distribution the distributions of residence time show slighty larger spread in Figure

5b because of the larger correlation parameter. That the residence times of a

system of totally statistically equivalent channels should range over several orders

of magnitude is significant. Although the channels all have very similar volumes,

as we have seen, yet the arrival time of tracer carried by these channels can

span over a very wide range giving rise to a very long tail in the tracer

breakthrough curve. The physical reason for this can mainly be ascribed to the

finite probability of the occurrence of extremely small aperture constrictions along

the channels. This of course accounts for the shape of the residence time

distribution for the lognormal aperture distribution with o= .15 as shown in

Figure 5a. This distribution stands out among all the rest in its narrowness. The

aperture distribution chosen is not likely to sample very small apertures, thus

channels with small residence times are absent. We shall return to the discussion

of tracer concentration breakthrough curves in a later section.



Channel Flowrates

The results for the volumetric flowrates in the channels are presented in Table 5

and Figures 6 a, b, c The format for Table 5 is the same as Tables 2

through 4. Again the numerical values of the flowrates have been scaled and

should be multiplied by the factor l/12(X//i)(AP/L)10~14 in order to get to the

proper units of m^/s. Flowrate in channels, as the residence time, is very much

controlled by the occurrence of small aperture constrictions along the channel:

the small apertures being responsible for small flowrates. Statistically speaking, for

the same aperture density distribution, the smaller spatial correlation implies a

higher probability of occurrence of small apertures along the channels. For the

same spatial correlation, the lognormal distribution with the largest a = .5 is

much more likely to sample small apertures than the lognormal distribution with

the smallest a= .15. Note that the x axis of Figures 6a, 6b 6c are such that

the maximum flowrates are respectively 2., 6., and 30. It is not surprising that

the flowrates for the lognormal distribution with largest a and the gamma

distribution with the smallest X/L are shown in Figure 6a, whereas the flowrates

for the iognormal distribution with the smallest a are plotted in Figure 6c. Since

the plots in Figure 6 are rather skewed and peak toward small flowrates,

statistics for the log of flowrate are also computed, the results are shown in

Figure 7 and table 6.
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DISPERSION COEFFICIENT FOR A SYSTEM OF CHANNELS

In the previous section we described the properties of individual channels

generated from different aperture density distributions and correlation lengths.

Now, as we have hypothesized, a number of these channels are involved in the

solute transport between the injection point and the collection point. Then the

solute concentration breakthrough curve will display features such as shown in

Figure 4a. For a step input of solute, It is given by,

N

q H ( t - t ) / £ q ( 3 )i i l i - - E q H ( t - t ) / £ q
o i - 1 1-1

where N is the number of channels connecting the input and exit points, H is

the step function where H(t)=0 for t < O and H(t)=l otherwise. Even though

breakthrough curves such as those from Eq(3) are not derived from the

conventional dispersion—advection equation, we shall nevertheless derive from them

the effective dispersivity for comparison purposes. Assuming a step function input

of tracer, we compute the breakthrough curves from groups of 10, 16, and 20

realizations of channels of specified aperture parameters. From each breakthrough

curve we compute the arrival times trj.i, tQ 5, and tg 9 when 0.1, 0.5, and 0.9

respectively of the total input tracer arrive. To arrive at an equivalent dispersion

coefficent for the channel system, We follow the method as discussed by

Neretnieks et al. (1982) by comparing the breakthrough in our channel system to

that in a porous medium. Flow through a homogeneous, isotropic, porous

medium is governed by the dispersion-advection equation,

_ d J C dC dC . . .
D/ 7 7 " u d7 " dT ( 4 )

dx 2

where D/ is the dispersion coefficient and u is the fluid velocity, for the

boundary and initial conditions of a step input at t=0, the solution to (4) is,

+ i . p . e r r cp. e r r c [ ( _ i i _ ] / ( 1 + , / t
i 2 i ( t / J o

( 5 )
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where L is the travel distance, and the peclet number is defined by

Pe = uL/Dj (6)

and the mean residence time, t o is L/u. From the solution in (S) one can plot

the Peclet number versus (to.9~trj i)/tQ 5 for the porous medium. Now given the

computed (tn,.9~to.i)/to.5 from the channel model, the equivalent Peclet number

for such a breakthrough curve can then be read off from the porous medium

plot. We derived Peclet number in this manner for the breakthrough curves from

the channels. In Figure 8 we plot the inverse Peclet number versus the spatial

correlation parameter for the four aperture distributions: gamma and lognormal of

three different variance. For a given migration distance of L and fluid velocity,

u, the inverse Peclet number is proportional to the dispersion coefficient. Because

breakthrough is determined from particular sets of statistically equivalent channels,

the deduced inverse Peclet numbers display a very wide scatter, particularly for

the case of the lognormal aperture distribution with the largest <r=0.5. For a

given aperture distribution, the numbers show a very slight trend of smaller

dispersion with decreasing spatial correlation parameter. This seems entirely

reasonable since the geostatistically generated channels become more 'similar'

when each channel contains more correltion lengths. Except for the case with

the lognormal aperture distribution with the smallest a- .15, where the

breakthrough shows very little dispersion, all the breakthrough curves display

Peclet numbers of values between 1 to 4. The dispersivity is defined as the

dispersion coefficient divided by velocity, it is the travel distance divided by the

Peclet number from Eq(6). Since Peclet number is more or less constant from

the cases studied, one may conclude that the dispersivity is expected to increase

with travel distance. However, the trend of a slight decrease in inverse Peclet

number with decreasing X/L as shown in Figure 9 may also imply that

dispersion decreases slightly with travel distance, provided the spatial correlation

length X remains constant. It is not clear to us that the same correlation length

should persist as the scale of measurement increases, i.e., the spatial correlation

length characterizing the channels responsible for the transport may very well

vary as the scale of measurement is varied. Hence no definite conclusion can be

drawn with regards to how the dispersivity should vary with distance based on

our present results.
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COMMENTS ON CHANNEL PROPERTIES

All the above calculated properties of the channels were derived under the

constraint that the channels have identical length. This constraint can be removed

by the introduction of a channel length distribution function, though it is

expected that the channel lengths do not vary more than a factor of 1 to 2

from the linear distance of L between the tracer input and exit points.

Currently, Moreno (1986) and his coworkers at the Royal Institute of Technology,

Stockholm are calculating channel pathways in the flow through a two-

dimensional fracture, with apertures b(x,y) generated geostatistically based on an

aperture distribution function and a spatial correlation parameter. The results

should shed light on (1) the appropriate variation to be introduced into the

channel length, and (2) the proper aperture density disribution and spatial

correlation parameter for the channels since they may differ from those that

define the two—dimensional fracture.

Another assumption in the above calculations of the channel properties is that

the solute dispersion within each individual channel is negligible. Taylor dispersion

has not been included. In fact, since the aperture in the channel cross—section

is not uniform, the variable aperture may very well introduce some dispersion.

Currently, work is underway by Herbert (1986) and coworkers at Harwell, UK to

address this problem.

These matters of variable channel lengths and dispersion within each channel may

both need to be addressed in the further developement of the channel concept

of flow and transport into tools for analyzing data.
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THE IMPUCATIONS OF CHANNEL MODEL IN THE ANALYSIS OF DATA

In our earlier work (Tsang and Tsang, 1987) we discussed the usage of the

conceptual channel model in understanding laboratory data of solute transport in

a single fracture. We have shown that one consequence of modeling transport in

a single fracture as through a system of statistically equivalent channels is that

the breakthrough curves display some step structures, and that these stuctures in

the breakthrough curves are expected to be rather sensitive to a slight change in

the fracture apertures. These changes may occur naturally due to loosening and

redepositing of the fracture filling material, or be induced by the application of

stress on the fracture. Laboratory experiments to observe changes in the

breakthrough curves as a function of applied stress on a single fracture to verify

our theory is presently being carried out by T. Eriksen at the Department of

Nuclear Chemistry at the Royal Institute of Technology, Stockholm.

Having calculated the properties of the sta fiscally generated channels, we now

have some insight into the analysis of field data in a fractured medium. For our

discussion, we shall refer to the migration experiments (Landström et al., 1983)

carried out by the two—well pulse method in a gneiss at Studs vik, Sweden.

Interconnected fractures at about 100 m depth between boreholes were localized.

The number of fractures on the borehole sections utilized for the migration

experiment ranges from 4 to 8. The linear distances from the sections of

injection holes (BIN and B5N) to the sections of pumping hole (B6N) are

11.8m and 14.6m respectively. Groundwater was pumped down into t.ie injection

hole prior to and after the pulse tracer injection in order to develop a steady

state flow into the fractures. The experimental breakthrough curves for the

non-sorbing tracers 1-131 for the two flow paths B1N-B6N and B5N-B6N are

shown in Figures 9a and 9b respectively. We note that these breakthrough curves

are characterized by extremely long tails. Landström et al. (1983) fitted the data

by the linear superposition of three partial curves in Figure 9a, and eight partial

curves in Figure 9b; each partial curve characterized by its own residence time

and longitudinal dispersion coefficient. This amounts to a total of nine fitting

parameters for the data in Figure 9a and twenty four fitting parameter for the

datas in Figure 9b. Landström et al. (1983) stated that since the TV-Log

showed 4 fractures in the injection sec'ion of borehole BIN, the three partial

curves in Figure 9a could be interpreted as representing different flow paths.

Their interpretation that in a tight fractured medium the flow between sections

in two boreholes are through a few flowpaths is entirely reasonable. It is
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clear that the data could not be fitted by just one parameter, the usual

dispersion coefficient of a homogeneous porous medium.

We would like to approach this problem now in terms of the channel model.

The channel model we have been discussing consists of three parameters: the

aperture distribution which characterize the variation of apertures in each channel,

the spatial correlation which specify both the channel width and the spatial

variation of the apertures along the the channel, and the length of the channels.

Our hypothesis has been that the flow between two locations with a pressure

difference of AP take place in statistically equivalent channels, i.e., all the

channels are characterized by the above three parameters defined for the medium

between the measuring points. The results in the last section on the properties

of the channel show that the volumes of these channels are essentially a

constant for aperture distribution of a given mean, but that the residence times

of these channels can range over orders of magnitude. Suppose we were to

interpret the breakthrough curves of Figure 9 in terms of breakthrough through a

system of channels, we could take one set of results from the previous section,

say that for the gamma distribution with the correlation X/L of 0.2. Since the

experiment involves a pulse input of tracer, a plot of the theoretical flowrates

versus the residence times in different channels would indicate the theoretical

breakthrough, provided that the longitudinal dispersion within each channel is

negligible. Such a plot is shown in Figure 10 we note the following: (1) the

large range of residence times gives rise to the characteristic long tail in the

breakthrough; this feature is not changed even if a sample of fewer channels

were plotted, (2) the statistical fluctuations of the curve do not get smoothed out

as the sample of channels become larger. The channel volume in our conceptual

model is < b> XL, a constant if all the channels have the same mean aperture

and the same length. Hence s* plot of the flowrates and the residence times on

the log—log scale should give a slope of —1. Figure 11 shows such a plot from

the theoretical results for two aperture distributions: (a) gamma distribution with

X/L=0.2 and (b) lognormal distribution with o=0.43 and X/L=0.4. In Figures

12 and 13, we show similar plots for the field data of Landström et al. (1983):

concentration (from pulse input) versus time on a log-log scale. Figures 12 and

13 are data from the two flow geometry BIN—B6N and B5N-B6N respectively,

and for each flow geometry data for both tracers 1-131 and H - 3 are included.

The data indeed seem to approximately follow the straight line of slope - 1 .

This property of the theoretical model holds if all the channels strictly have

equal volume per unit length. One would rather expect in reality the channel

volume to vary, particularly for the slow channels with large residence times.
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Nevertheless, the above exercise seems to inaicate that the conceptual model of

channels of variable apertures holds promise in the understanding of the transport

in very tight fractured medium, and that further developement of the conceptual

model with a view to a tool for the actual analysis of transport breakthrough

may be a very fruitful area of research. In this approach, the number of

parameters are kept to a manageable few, and they also can be related to the

actual fracture geometry in the medium of interest, and therefore can be

checked independently by measurements other than the breakthrough times.

The second type of data we would like to discuss is the tracer concentration

breakthrough curves for a square pulse input. Fcr a set of independent channels,

each with flowrate, q;, and residence time.tj, the expected exit concentration for

the set of channels is given by,

C( t ) N N N N

^^- - E q { H ( t - t ) / E q - E q H ( t - t - A ) / E q
o i - 1 * * i - 1 * i - 1 * * i - 1 *

( 7 )

where A is the width of the square pulse input. The first term in the equation

describes the exit concentration variations correponding to the step-up front of

the input pulse, while the second term corresponds to the concentration variations

corresponding to the step-down end of the square pulse. These two terms are

similar except for a shift in time. Two consequences are expected related to the

measured tracer exit concentration:

(1) Any step structure in the early rise part in the concentration breakthrough

curve due to the channel character (see for example Figure 4a) should be

reflected in the falling part of the concentration curve at a time delay of

exactly A. An examination of available data indicates a few sets of experimental

results which show these characteristics. These are the laboratory experiments by

Eriksen (1985) on the migration of NaLS in a single fracture in a granitic core

18.7 cm in height. An example of these results is shown in Figure 14. The

corresponding step structures at exactly A in time apart indicates that they may

arise from the discrete channel nature of the flow system and not from

measurement fluctuations.

(2) When the value of A is relatively small, the two terms in Eq (7) may

interfere, that is, the step down end of the square pulse in the fast channels

may arrive at the exit point before the arriv?! of the step up front of the



16

pulse in the slow channels. The result of this is that the concentration

breakthrough curve would not be bell shaped, but would possess small— scale

decrease and increase sections as illustrated in Figure ISb. Furthermore, the

value of c(t) will always be less than c o In the limit that the input pulse is a

delta function (A —> 0), the exit curve will consist of a series of pulses, each

corresponds to the tracer arrival from the individual channels. The widths of

these pulses would depend on the dispersion within each channel. The above

discussion indicates the usefulness of the square pulse input tracer transport

measurements. It affords a way to identify step structures of the tracer

breakthrough curves, and to distinguish structures arising from transport in

channels from those that are mere experimental fluctuations.
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CONCLUSIONS

The employment of statistically generated channels based on the aperture density

distribution and a correlation parameter represents a new and promising approach

to model flow through tight fractured media. We summarize the results of our

investigations as follows:

(a) The discrete channel description of the flow and transport implies the

existence of step or pulse features in the concentration breakthrough curves.

(b) The statistically equivalent channels possess the properties that their volumes

per unit length as well as their specific areas are almost constant. The

former property implies that a plot of channel flowrates versus residence

time on a log—log scale would be a straight line with slope —1. The

latter property implies that sorption effects due to surface sorption for all

the channels are about the same.

(c) The residence times of these channels depend mainly on constrictions along

these channels and hence on the small aperture part of the aperture

density distribution. The residence times of a collection of these channels

cluster at small times, but a minority will persist into large time values,

implying a long tail in the expected concentration breakthrough curve.

Further studies will be carried out with the aim that the present channel model

may be developed into a tool for the simulation and prediction of fluid flow

and solute transport in a tight fractured media.
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TABLE CAPTIONS

1. The parameters of aperture density distributions used for the calculation of

channel properties.

2. Statistics of the channel volume (»10~^XL to get units of m3) of 95

equivalent channels for specified aperture distributions and correlation

lengths.

3. Statistics on the residence time (»12^L21012/AP to get units of sec) of 95

equivalent channels for specified aperture density distributions and correlation

lengths.

4. Statistics on the log of residence time of 95 equivalent channels for

specified aperture density distributions and correlation lengths.

5. Statistics on the flowrate (*l/l2(X//x)(AP/L)1014 to get units of m3/s) of 95

equivalent channels for specified aperture density distributions and correlation

lengths.

6. Statistics on the log of flowrate (a factor of 4 has been added to give

positive values) of 95 equivalent channels for specified aperture distributions

and correlation lengths.
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FIGURE CAPTIONS

Figure 1 Schematic diagram of the channel representation of

fluid flow in a single fracture.

Figure 2 Schematic diagram of the channel representation of fluid flow

in a multiple fractured medium.

Figure 3 Schematic sketch for one channel.

Figure 4 (a) Theoretical tracer concentration breakthrough curve for

a set of 16 channels with common end point

pressures.

(b) Tracer concentration breakthrough data from laboratory

measurements on a single fracture in a granitic

core 18.5 cm in height (Moreno et al., 1985)

Figure 5 Distribution of log of residence time in 95 channels for

(a),(b) specific aperture density distribution and correlation lengths.

Figure 6 Distribution of flowrates in 95 equivalent channels for

(a),(b),(c) specified aperture density distributions and correlation

lengths.

Figure 7 Distribution of log of flowrate in 95 equivalent

(a),(b) channels for specified aperture density distributions and

correlation lengths.

Figure 8 Plot of 1/Peclet number versus the spatial correlation

(a),(b) parameter for a number of aperture distributions.

Figure 9 (a) Experimental breakthrough curve for tracer 1-131

between boreholes BIN and B6N (from Landström et

al., 1983).

(b) Experimental breakthrough curve for tracer 1-131

between boreholes B5N and B6N (from Landström et

al., 1983).
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Figure 10 Theoretical flowrates versus time for different channels, generated

from gamma aperture density distribution with X/L= 0.2.

Figure 11 Theoretical flowrate versus time plot on a log-log scale.

Figure 12 Experimental concentration versus time plot on a log—log scale.

Data are taken from the fall—off part of the concentration

versus time results for transport of 1-131 and H - 3 between

boreholes BIN and B6N (Landström et a1., 1983).

Figure 13 Experimental concentration versus time plot on a log—log scale.

Data are taken from the fall—off part of the concentration

versus time results for transport of 1—131 and H—3 between

boreholes B5N and B6N (Landström et al., 1983).

Figure 14 Experimental concentration breakthrough versus time plot for a

square pulse (A= 40 min) concentration input. Results are

taken from the laboratory measurements (Eriksen, 1985) on a

single fracture in a granitic core of length 18.7 cm.

Figure IS Expected features of tracer breakthrough curves for different values

of A, width of square input pulse, (a) large A, (b) A small,

(c) A very small.
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Table 1. The parameters of aperture density distributions used for the
calculation of channel properties.

Paramet ers

Camma

Lognorma1

Lognorma1

Lognorma1

40

67

53

40

>

fim

//m

0

0

0

a

. 15

.43

.50

<l

80

80

80

80

//m

^m

^m



Table 2. Statistics of the channel volume (*10 6 XL to get units of m 3 ) of 95 equivalent channels for
specified aperture distributions and correlation lengths.

Di st ri but i on

n(b)

Gamma

Gamma

Gamma

Gamma

Lognormal ff=.

Lognorma1 ff=.

Lognorma1 o=.

Lognorma1 o=.

Lognorma1 a=.

Lognorma1 a=.

Lognorma1 a=.

Loenorma1 o=.

15

15

43

43

43

50

50

50

Cor relät i on

X/L

.05

.1

.2

.4

.1

.4

.1

.2

.4

. 1

.2

.4

Mini mum

v m i n

76.

74.

72.

70.

69.

68.

68.

63.

60.

56 .

50.

47 .

Max i mum

v m a x

86.

88.

96.

103.

74.

79 .

120.

156.

217.

117.

162 .

246.

Median

vl/2

80.

80.

79.

77.

71.

70.

86.

82 .

80.

76.

71 .

68 .

Me

<v

80

80

80

80

71

71

87

87

88

77

76

78

S t a n d a r d C o e f f i c i e n t of
d e v i a t i o n v a r i a n c e

s s/<v>

2 .3

3 .1

4.5

' .1

1 .1

2 .4

10.3

16. 5

26.

12 .

20.

32 .

.03

.04

.06

.09

.01

.03

.12

. 19

.30

. 16

. 26

. 4



Table 3. Statistics on the residence time (*12pL210' 2/AP to get units of sec) of 95 equivalent channels
for specified aperture density distributions and correlation lenghts.

Di st ri but

n(b)

Gamma

Gamma

Gamma

Gamma

Lognorma1

Lognorma1

Lognorma1

Lognorma1

Lognorma1

Lognorma1

Logno rma 1

Lognorma1

i on

O =

0 =

a=

o =

a —

0 =

. 15

.15

.43

.43

.43

.50

.50

. 50

Corre1 at i on

X/L

.05

. 1

.20

.40

. 1

.40

.1

. 20

.40

. 1

. 20

.40

Mini mum

1 mi n

.0043

.0016

.00096

.00047

.00031

.00026

.0043

.0023

.0011

.016

. 0074

.0026

Max i mum

1 max

2 . 7

8. 7

1 .8

6. 9

.00064

.0011

. 79

.45

1 .4

9. 3

4. 3

1 .6

Median

rl/2

.021

. 0097

.0066

.0042

.00040

.00037

.018

.014

.0094

. 12

.065

.040

Mean

<t>

. 11

. 20

.08

.20

.00041

.00042

. 048

.044

.076

. 58

. 33

. 57

St andard
dev i a t ion

s

.41

1 .1

.26

1.0

.00007

.00016

.11

.078

.23

1 .6

. 73

2.2

Coeffi
var i an

*/<t

3.6

5.4

3.3

5.0

. 17

. 38

2.2

1 . 8

3.1

2. 7

2.2

3.8



Table 4. Statistics on the log of residence time of 95 equivalent channels for specified aperture density distributions
and correlation lengths.

Di st r i but i on

n(b)

Cor re 1 at ion

X/L

Gamma .05

Camma .1

Gamma .2

Gamma .4

Lognormal 0=.15 .1

Lognormal 0-.15 .4

Lognormal o=.43 .1

Lognormal 0=.43 .2

Lognormal o=.43 .4

Lognormal o=.50 .1

Lognormal o=.50 .2

Lognormal o=.50 .4

Mini mum Max i mum Median Mean Standard Coefficient
deviation of variance

( l o g O j / 2 <logt> s s/^

2. 37

2. 79

3.02

3. 33

3.58

3.58

2. 37

2 .65

2.98

1 . 80

2.13

2 . 59

.44

. 94

. 25

.84

-3.19

-2.98

-. 10

- . 35

. 16

.97

.64

. 12

-1 .69

-2.02

- 2 . 18

-2 . 38

-3 .40

-3 .43

-1 . 74

-1 . 87

-2 .03

-. 90

-1 .19

-1 .40

-1 .58

-1 . 80

-1 .96

-2 . 18

-3 .40

-3 .40

-1 . 64

-1 . 74

-1 .86

-.79

-1 .04

-1 . 23

. 57

. 72

. 76

.85

.068

. 13

.45

. 54

.67

.61

.67

. 78

-. 36

-.40

-. 38

-. 39

-.02

-.038

-.28

-. 31

-. 36

-.78

-.64

- .63



Table 5. Statistics on the flowrate (*l/12(X//t)(AP/L)10' * to get units of m3/s) of 95 equivalent channels for
specified aperture density distributions and correlation lengths.

Distr ibut

n(b)

Gamma

Gamma

Gamma

Gamma

Lognorma1

Logno rma1

i on

a-.15

o=.15

Corre 1 at i on

X/L

.05

. 1

.2

.4

. 1

.4

Lognormal a=.43 .1

Lognormal o=.43 .2

Lognormal o=.43 .4

Lognormal a=.5O .1

Lognormal o=.50 .2

Lognormal <r=.5O .4

Minimum Maximum

.003

.0009

.0046

.0012

11 .3

7.3

.012

.02

.009

.001

.0019

.0008

1

4

7

1

2

2

1

2

5

.

•

1

.86

.74

. 7

5.

2.1

6.

.69

.8

.8

35

75

. 9

Median

.39

.84

1 .2

1 .9

17.9

19.

.48

. 59

.81

.05

. 1

. 16

Mean Standard Coefficient
deviation of variance

s s/<q>

.88

.97

1 . 1

1.1

. 14

.22

.73

.92

1 .02

.98

1 . 1

1 . 26

.53

1 .1

1 .9

2.9

17. 5

18.

.53

. 77

1.1

.09

. 16

.28

.46

1.05

2.0

3.2

2.4

4.1

.39

.71

1 .2

.08

. 18

. 35



Table 6.

Di s t r i but

n(b)

Gamma

Gamma
i.

Gamma

Gamma

Lognorma1

Lognorma1

Lognorma1

Lognorma1

Lognorma1

Lognorma1

Lognorma1

Lognorma1

Statistics
channels

i on

a - . 15

O - . 1 5

o = . 4 3

a = . 4 3

a = . 4 3

o= . 5 0

<7=.5O

o=. 50

on the log of flowrate (a factor
for specified

Correlal

X / L

. 0 5

. 1

. 2

. 4

. 1

. 4

. 1

. 2

. 4

. 1

. 2

. 4

aperture distributions

. i o n M i n i mum

( l o s q ) m i

1 . 4 8

0 . 9 9

1 . 6 6

1 . 1 0

5 . 0 5

4 . 87

2 . 0 9

2 . 3 1

1 . 95

. 98

1.27

0 . 9 1

of 4 has been
and correlation

Max i mum

n ( l o S q ) m a x

4 . 2 7

4 . 6 8

4 . 8 9

5 . 1 8

5 . 3 5

5 . 4 1

4 . 2 3

4 . 4 5

4 . 7 6

3 . 54

3 . 8 7

4 . 28

added to give
lengths.

Median

(logq)1 / 2

3 . 59

3 . 9 3

4 . 0 7

4 . 2 7

5 . 25

5 . 28

3 . 68

3 . 7 8

3 . 9 1

2 . 74

3 . 0 2

3 . 20

positive values) of

Mean S t a n d a
dev i a t

<logq> s

3 . 4 9

3 . 71

3 . 89

4 . 0 8

5. 24

5. 25

3 . 57

3 . 6 7

3 . 78

2 . 6 7

2 . 91

3 . 10

95 equivalent

rd
i on

. 56

. 71

. 75

. 8 2

. 6 2

. 12

. 4 2

. 4 9

. 58

. 5 7

. 60

. 66

C o e f f i c i e n t
of v a r i ance

s / < l o g q >

. 16

. 19

. 19

. 2 0

. 0 1

. 0 2

. 12

. 1 3

. 15

.21

. 21

. 22



Figure 1 Schematic diagram of the channel representation of

fluid flow in a single fracture.



Figure 2 Schematic diagram of the channel representation of fluid flow

in a multiple fractured medium.
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Figure 3 Schematic sketch for one channel.



correlation length 0.2

16 channels
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Figure 4 (a) Theoretical tracer concentration breakthrough curve for

a set of 16 channels with common end point

pressures.

(b) Tracer concentration breakthrough data from laboratory

measurements on a single fracture in a granitic

core 18.5 cm in height (Moreno et al., 1985)
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