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The Use of Geostatistics to Incorporate Spatial Variability in 

the Modeling of Flow Through Fracture Networks 

by Jane C. S. Long and Daniel M. Billaux 

ABSTRACT 

This paper describes a technique for processing field data for a fracture network 

model which accounts for the observed spatial variability. This has been done by gen-

erating a network subregion by subregion where the properties of each subregion are 

predicted through geostatistics. Once the geometry of a particular realization is specified, 

flow through the network is studied. We develop the method for a two-dimensional 

analysis based on data from Fanay-Augeres, a uranium mine in France. We plan to 

extend the analysis to three dimensions and compare the results with insitu test results. 

In particular, we have focused on the data collected in a long section of a drift where 

fractures have been mapped and steady state permeability tests have been performed in 

ten boreholes. In order to generate fractures in a statistically heterogeneous region we 

first divided the region into statistically homogeneous subregions. In each subregion and 

for each fracture set we must specify the areal fracture density, the orientation, length, 

and aperture distributions. We divided the fractures into five sets based on tectonic his-

tory and observed that for each set, fractures spaced close together tended to have simi-

lar orientations. This was built into the simulation. An estimate of the aperture distribu-

tion for each set was made by assuming that the hydraulic apertures of the fractures 

intersecting a well test zone were proportional to the free apertures observed in the core. 

Data input to the geostatistical analysis for each set consisted of 16 values of mean 

length and density of fractures in each 5m by 2m section of the the drift wall. The 

results of the simulation are tables of values for mean length and fracture density for 

each of the five sets. The value of density simulated for each subregion was used directly 
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to determine the number of fractures to be generated of that set in the subregion. The 

value of mean length was used as the mean of the length distribution in the subregion. 

The local coefficient of variation for length was the same in every subregion. Using the 

data described above, we generated a 100m by 100m fracture network in a series of 100 

statistically homogeneous subregions. The fractured region generated has a total of 

65,740 fractures. A 70m x 70m region was isolated for directional permeability testing. 

Results show that the system is barely connected. About 0.1% of the fractures essen

tially control permeability. In the language of percolation theory, this mesh is close to 

the critical density for which infinite clusters of fractures are found. Problems remaining 

include that: 1) The analysis should be extended to three dimensions; 2) The geosta

tistical simulation and network simulation should be combined, rather than used as two 

separate operations; and 3) The nature of flow through single fractures at Fanay

Augeres should be investigated. 
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The Use of Geostatistics to Incorporate Spatial Variability in 

the Modeling of Flow Through Fracture Networks 

by Jane C. S. Long and Daniel M. Billaux 

1.0 Introduction 

Network models are useful tools for understanding the hydrology of fractured rock. 

Such studies of fracture hydrology can procede by adopting a model for the network 

geometry, estimating the statistical distribution of the appropriate geometric parame

ters through field measurements and generating realizations of statistically identical net

works. Once the geometry of a particular realization is specified, flow through the net

work can be studied (Long et al., 1982). For example, one might use such a procedure to 

study the average permeability of a fracture network under various boundary conditions 

or as a function of scale of measurement (Long et al., 1985). Such a study might be part 

of a larger study of hydrologic response to a perturbation such as the construction of 

an underground opening containing nuclear waste. 

The advantage of the network model approach is that one is able to configure tests 

of system behavior in any manner desired. For instance, if we wish to know how the 

rock behaves under a regional gradient which is approximately linear, we can impose a 

linear gradient on the model. If we want to know the behavior as a function of scale we 

simply change the size of the model. In the field, one is normally constrained to the 

approximately radial flow imposed by a well test and it may be very difficult to know 

what volume is actually being tested and how that volume is likely to behave under 
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different boundary conditions. On the other hand, numerical models must make assump

tions about the fractures which may be false. For instance, network models usually 

assume that flow occurs in the fractures as between parallel plates, however in some 

cases channeling inay dominate the flow. Also, it is difficult to obtain appropriate data 

for the network geometry and especially the hydraulic conductivity of the individual 

fractures. Network modeling and in situ testing have complementary problems and 

therefore the uses of these two techniques should be complementary. An appropriate phi

losophy is to improve the network model at least until you can explain the in situ test 

results with the model. 

The purpose of this paper is to show how a network model might be improved 

through the use of geostatistics. We develop the method for a two-dimensional analysis 

based on data from Fanay-Augeres, a uranium mine in France which is under investiga

tion for nuclear waste storage research. We plan to extend the analysis to three dimen

sions and compare the results with insitu test results. 

Here we have adopted a network model in which fractures are randomly located in 

space as was proposed by Baecher et al. (1977). The appropriate geometric parameters 

used to describe the fracture network are therefore the density of the fractures (number 

of fractures per unit volume), the orientation distribution of these fractures, the size and 

shape of the fractures, and the equivalent hydraulic apertures. To be complete, one must 

also determine any correlation functions that exist between these variables. For example, 

by grouping the fractures into sets determined by their orientations and determining a 

different fracture size distribution for each set, one is automatically providing for a corre

lation between fracture size and orientation. Other significant correlations may exist 

such as positive correlation between fracture extent and hydraulic conductivity. In this 

case, we expect longer fractures to have bigger hydraulic apertures. Then there are a 

whole realm of spatial correlations possible. For instance, fractures from one set may 

occur clustered in swarms and where there is a swarm of one set it may be less likely to 
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find fractures of another set. Such spatial arrangements would have a large effect on 

interconnectivity and the hydrology of the network. This paper suggests a technique for 

inluding spatial correlations in fracture network analysis. 



- 4-

2.0 Modeling Techniques 

A numerical code has been developed to generate sample fract.ure systems in two 

dimensions and determine the permeabilty of such systems (Long et al., 1982; Long, 

1983). The two-dimensional mesh generator, FMG, produces random realizations of a 

population of fractures in a square region called a generation region. Each set of frac

tures is generated independently and then the individual sets are superimposed (Figure 

1). For each set, the density (number of fractures per unit area) must be supplied to 

determine the total number of fracture centers to be generated· (Figure la). Then nor

mally distributed orientations are randomly assigned to each center (Figure Ib). The 

fractures are randomly truncated such that the lengths are distributed according to a 

lognormal or negative exponential distribution (Figure lc). Fractures crossing the boun

daries of th~ generation region are truncated at the boundary. Finally, lognormally dis

tributed apertures are randomly assigned to each fracture (Figure Id) and the sets are 

superimposed. This generator produces a fracture network model similar to that pro

posed by Baecher et al. (1977). 

When all the sets have been generated, a flow region is selected for finite element 

analysis. This flow region is a square which lies entirely within the generation region, 

and is centered in the generation region at an arbitrary orientation. A gradient is 

applied across the flow region by assigning appropriate values of head to the fractures 

were they intersect the boundaries of the flow region (see Long et al., 1982, for details). 

For example, a head of one is assigned to all points where fractures intersect the inflow 

side, (Side 2). Zero head is assigned to the opposite side which is the outflow side, (Side 

4). The other two sides (1 and 3) of the flow region are assigned heads which vary 

linearly from one to zero. 

Steady flux into the flow region in the direction of the gradient is calculated using a 

finite element program, LINEL which was developed by Wilson (1970). In LlNEL, inter

sections between fractures are termed nodes, and fracture segments between intersec-
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Figure 1. Generation of a fracture network. 
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tions are termed line elements. Flux in the elements is calculated usmg the cubic law 

under the assumption that the fractures behave like parallel plates. The rock matrix is 

assumed to be impermeable. Steady state flow through the network is calculated by 

solving a series of equations which guarantee that mass balance is maintained at each 

node. The permeability in the direction of the gradient, Kg, can then be calculated from 

J, the magnitude of the gradient applied across the flow region, and Q,n, the total inflow 

to the flow region in the direction of the gradient: 

K = Qin 
g J (I) 

Permeability can be measured in any direction, Ci, by rotating the boundaries of 

the flow region Ci degrees and consequently rotating the direction of the gradient. Figure 

2 shows an example of a generation region and three possible rotations of the flow region 

where flow enters at Side 2 and exits at Side 4. For a homogeneous, anisotropic 

medium, ~ versus Ci is an ellipse when plotted in polar coordinates (Marcus and 
Kg Ci 

Evanson, 1961; Marcus, 1962; Bear, 1972). However, for inhomogeneous fractured 

media, ~ may not plot as a smooth ellipse. In fact, the shape of a plot using 
Kg 0' 

measured values of Kg (0') for a given test volume of rock may be quite erratic. This plot 

can therefore be used as a test of whether or not the given volume can be approximated 

as a homogeneous porous medium. If ~ does not plot at least approximately as 
Kg 0' 

an ellipse, then no single symmetric conductivity tensor can be found to describe the 

medium. If there is no conductivity tensor, then flow through the medium cannot be 

analyzed with con tin u um techniques. Validation of this technique can be found in Long 

et al. (1982) and Long (1983). 

A regression technique similar to that of Scheidegger (1954) is employed to quanti-

tatively interpret the directional permeability data by determining a best-fit permeabil-

ity tensor (Figure 3) that in general will be anisotropic. In this technique we solve for 
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Figure 2. Example of a random fracture system showing original generation region (A), 
and flow regions rotated 0 0 (B), 45 0 (e), and 120 0 (D). 
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Figure 3. Plot of the measured values of IjJKg , and the corresponding "best fit" 
ellipse. 
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the components of Kij by minimizing the error, R; over N differently oriented measure-

ments: 

R =E[Kg(O')-Kijninj r .,. (2) 

where n· is a unit vector in the 0' direction (the direction of the gradient). We solve for 
1 

the K 11, K 12, and K 22 which minimize R by simultaneous solution of three equations: 

aR 
aK

11 
= 0, 

aR 
aK

12 
= 0, (3) 

aR 
aK

22 
= o. 

The difference between the values of directional permeability (K ilinj)' calculated 

using the tensor and the actual values calculated from the model (Kg) is considered the 

"error". The mean square error can then be calculated and normalized by dividing by 

the products of the principal permeabilities, K 1 and K 2: 

,. 
(4) 

This normalized mean square error (NMSE) approaches zero as the behavior of the frac-

ture system approaches that of an isotropic, homogeneous porous medium. The larger 

NMSE is, the less the fracture system behaves like a continuum. 

These techniques form the basis of the analysis presented here. However, as 

described below we have used geostatistics to modify the network generation scheme in 

order to include spatial correlation. We then calculated permeablity as described above. 
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3.0 Geostatistics as a Tool to Predict Spatial Variation 

The purpose of geostatistics is to estimate the· value of a given regionalized vafl-

able, such as average fracture length or fracture density, at all points in a specified field 

when the value of that variable has been measured at a finite number of points in the 

field. Geostatistics was first developed for the evaluation of ore reserves in mining. The 

motivation for such a study was the fact that ore concentrations are not randomly dis

tributed in space. Rather, the ore deposits have a spatial correlation, which was called 

((structure" (Beucher et al., 1984). In this application one wishes to have the best esti

mate of the ore quality over a given region. The mathematics developed to approach 

this problem is called "kriging". Kriging yields a map of a regionalized variable which 

reproduces the experimental data and provides an estimate of the variable at every other 

specified point. The kriged estimate is called ((blue" for best linear unbiased estimate. 

In problems such as ours we are not particularly interested in finding the best esti-

mate of fracture length or density at a given location. Rather, we are interested in the 

spatial variability of these parameters. As such we have employed a geostatistical simu

lation technique which does not provide the best linear unbiased estimate, but does 

create realizations with the same spatial variability and structure observed in the field. 

The experimental variogram is the mathematical tool of geostatistics which 

describes the spatial structure of the data. The variogram allows one to visualize the 

deterioration of correlation between measured data as the distance between the data 

points increases. In practical use this experimental variogram is fitted to an analytical 

function. The function -y(h) represents the variations of the mean semi-quadratic 

difference for the variable under study, Z, between two points a distance h apart: 

-y(h)= ~E[Z(x)-Z(x +h)]2 (5) 

For a given h, this mean is computed from all the pairs of experimental points which are 

a distance h apart. 
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The variogram characterizes the variability of the phenomenon under study. It 

may have the following characteristics (Figure 4): 

Range: The variogram is generally an increasing function of the distance. But the 

rate of increase decreases until a "sill" is reached at some distance. This distance, "a", 

is called the range of the phenomenon. The range characterizes the zone of influence of 

the data, i.e., the distance above which no spatial correlation exists. The value of , at 

the sill thus corresponds to the global variance of the data. 

Nugget Effect: The spatial continuity of the function is conditioned by the behavior 

of the variogram near the origin. In principle, when h approaches zero, we should also 

have ,(h) approaching zero. However, almost all the experimental variograms show an 

apparent discontinuity at the origin which is called the nugget effect. In this case the 

variogram appears to intersect the, axis at Co (Figure 4B). The nugget effect in general 

has two causes: 

• measurement errors, i.e. poor quality data; 

• small scale variablity, i.e., the existence of a micro 

structure, whose range is smaller than the grid of the data. 

Isotropy or anisotropy: In the definition of the variogram, h is in fact a vector, 

defined by its length and direction. Therefore, if ,(h) depends only on the distance, the 

correlations between the data are the same for every orientation of h and the 

phenomenon is called isotropic. On the other hand, there may be preferred directions 

for the spatial correlation of the data which result in anisotropy. 

Nested structures: For varying scales of observation, one may in some cases note a 

change in the slope of ,(h). This shows that the variogram has nested structures. Such 

structures are due to variability of different causes on different scales. In this case the 

variogram is modeled by a sum of elementary variograms with various ranges. 

Once an experimental variogram of a variable has been computed, it can be fitted 

to a theoretical variogram with an analytical expression. The most commonly used one 
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Figure 4. (A) Typical spherical variogram with nugget effect, (B) Comparison of 
experimental data, reality, Kriged data, and simulated data, (C) Graphical 
anamorphosis showing the relationship between Uo and Zo, (D) Simulation of 
variable with a spherical variogram 
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is shown in Figure 4A, called a spherical variogram with a nugget effect. The spherical 

variogram is given by"){r) = [: : -! ::] for O~r ~a, and --y{r) = 1 for r >a. The 

analytical variogram can then be used to undertake several procedures including kriging 

and simulation which are the most widely used estimation techniques. 

Kriging 

The variogram makes it possible to use various techniques for estimation among 

which the most widely used are kriging and simulation (as discussed by Journel and 

Huijbregts, 1978). In order to make an estimation, one must find an estimator. If 

Z, (xi) . .. Z, (XII) are the real values of the variable Z at points XI· .. XII' an estima-

tor Z* (x) of Z, (x ), where x is an arbitrary point, can be defined as the function, / : 

Z·(X)= / [Z,(Xi)' ... , Z,(xlI )] (6) 

Thus, the estimated values of Z at point X are a function of the real values 

Z, (XII). One defines the estimation variance as 

(7) 

This gives an account of the difference between the estimated and the real values. The 

estimator is unbiased if E (Z· - Z,) = o. 

The choice of the function, / determines the type of estimation. The kriging esti-

mator takes its name from the South African geologist, Krige, who was one of the first 

to show that the grade of ore deposits were spatially structured. This estimator is 

linear: 

(8) 
i=1 

where, Z, are the known values of the variable. This estimator is also unbiased because 
• 

II 

E Ai = 1 (9) 
i=1 

Finally, among all linear, unbiased estimators, the kriging estimator is the one which 

produces a minimum estimation variance. One can prove that, in the volume taken for 
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a given estimation, there exists only one set of >..j coefficients which satisfies the above 

conditions. 

The kriging estimator has the drawback of smoothing the spatial variation of the 

data (Figure 4B). In order to find an estimate which reproduces the spatial variation the 

technique of simulation is used. Conditional simulation, while respecting the known 

values of the variable (like kriging), also reproduces both the variogram and histogram 

of the variable. 

Simulation 

The simulation generates a new variable, whose value can be computed on any 

point of a grid. It is not reality, but a realization model which looks like reality. The 

variables under study in this paper have been fitted to spherical variograms (Section 6) 

and the simulation method has been used with these variograms to create the realiza

tions of fracture statistics then used for fracture generation. 

To simulate a variable with a sphericalvariogram, one generates a large number of 

randomly located spheres in space each with a diameter equal to the range of the 

variogram. The centers, chosen at random, are given weights of +1 or -1. In three 

dimensions, the simulated value at a point is the algebraic sum of the weights of the 

spheres overlapping this point. For a two- dimensional simulation, the space is then cut 

by a plane, and the simulated value at a point is the algebraic sum of the weights of the 

circles which overlap at this point (Figure 4D). 

By the Central Limit Theorem, these simulated values have a Gaussian distribu

tion. They have the spatial structure of a spherical variogram with range equal to the 

diameter of the spheres. Such simulations of random functions by compounding a Pois

son process have been available for a long time. An example of the mathematical 

development can be found in Matern (1960). 

If the simulated value of Z is required to fit the data points, it is then transformed 

by adding to it the difference between (i) kriging from the experimental data and (ii) 
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kriging from the values of the simulation at the data points. A conditional simulation is 

thus obtained. 

As mentioned above this simulation leads to values with a normal distribution. 

However, the distribution of the variable under study may be of any type. In order to 

obtain the right distribution, we do a Gaussian anamorphosis (Figure 4C). To any value 

Zo of the initial variable is associated the value Uo of a normally distributed variable, 

such as: 

(10) 

where F is the cumulative distribution function of Z, G is the cumulative distribution 

function of a Gaussian normal variable. The simulation is performed on the Gaussian 

variable, and then the inverse transformation is done to go back to the variable under 

study. 

Correlated variables can be simulated if the experimental vanograms and cross-

variograms can all be fitted to analytical models proportional to a single one. This is 

likely to be true when the variables have large correlation coefficients. Then the simula

tion is relatively simple. If the experimental variograms cannot be fitted to proportional 

analytical ones, then the simulation is more difficult. This case will not be discussed 

further in this paper since fortunately the correlated data we are using have proportional 

variograms. 

For proportional variagrams several simulations (i.e., spheres randomly generated) 

of the common variogram model are made, using carefully chosen random generators to 

ensure that the simulations are independent from each other. 

The first variable is calculated using the first simulation. Then the other variables 

are calculated using linear combinations of the independent simulations such that the 

correlation coefficients are correct. For example, if two variables with a given correlation 

coefficient are to be generated, then the second one is calculated as: p times first simula

tion plus ~ times the second simulation. The results can be conditioned by Kriging 
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and finally the inverse transformation to the correct distribution is made as in the non

correlated case. 
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4.0 Summary of this Approach 

The approach we have taken here combines stochastic fracture hydrology with 

geostatistical simulation. In essence we assume that small subregions of the area of 

interest have statistically homogeneous characteristics and that a simulation of the spa

tial variation of the subregion characteristics can be made with geostatistics. Thus we 

are able to generate a region that is statistically heterogeneous. 

The analysis is based on data from Fanay-Augeres, a uranium mme owned by 

Cogema Co. and located in Limousin, France in the granite massif of Saint-Sylvestre. 

For the past 7 years this mine has been used as a test facility to develop methods and 

tools for investigating mass and heat transfer in granitic rocks (Barbreau et aI, 1985). 

The mine is a complex series of excavations which extends from 40 m to 320 m depth 

over an area of about 20 km2. Investigations which have been conducted in this facility 

include a study to determine the spatial distribution of permeability from data on the 

geometry of fracturing and insitu hydraulic tests, a study of fracture variation with 

depth, a study on the effect of scale of measurement on permeability and a hydro

thermal-mechanical experiment or "heater test". 

In particular, we have focused on the data collected m a long section of a drift, 

about 3m in diameter at the 320m level. In this section fractures on the East wall have 

been mapped over a total of 180m of length. Ten boreholes 50m long have been drilled 

as shown in Figure 5. Oriented core was obtained from these holes and the fractures 

logged. More than 220 steady state permeability tests were performed in these holes 

between packers spaced at various distances. 

The analysis of this data is developed here in two-dimensions for a 100m by 100m 

vertical plane, N10~ which corresponds to a vertical wall in the drift mentioned above. 

However, two-dimensional analysis always underestimates the number of connections 

between fractures. Therefore we do not expect the permeability measured in two dimen

sions to represent the behavior in three dimensions. We discuss extension of this method 
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Figure 5. Perspective view of the experimentalgallery and the radial boreholes. 
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to three dimensions which will be necessary for a quantitative understanding of fracture 

hydrology. 

In order to generate fractures in a statistically heterogeneous region we first divide 

the region into subregions which we assume are statistically homogeneous. If in fact the 

system is not homogeneous on this scale, the assumption of homogeneity is equivalent to 

assuming that heterogeneity on the small scale is not important. The dimensions of 

these subregions are somewhat arbitrary. Practical guidelines for the choice of subregion 

size include the following: 

(1) The subregion dimensions should be large enough to include a significant sta

tistical sample of fractures. 

(2) The dimensions should be on the order of the fracture clusters. 

(3) The dimensions must be significantly smaller than the length of sample avail

able in order to get many individual measurements of the statistical parame

ters and thus achieve a measure of heterogeneity. 

(4) The dimensions of the subregions should be smaller than the range calculated 

in the geostatistical analysis. 

Perhaps the best way to describe how subregions were chosen III this case is to say we 

used "common sense". There is room for a more detailed and rigorous analysis of this 

problem in the future. 

Now, in each subregion and for each fracture set we must specify the statistical 

parameters which describe the local fracture geometry. These are the areal fracture den

sity, the orientation, length, and aperture distributions. Theoretically, the spatial varia

tion of all of these parameters could be simulated with geostatistics. However, the geos

tatistical simulation of correlated data is not simple, so in order to develop the technique 

we started by only including the density and length parameters in the geostatistical 

analysis. Apertures were assumed to be statistically homogeneous throughout the entire 
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region. In fact, as described below, the data on apertures IS not of the quality that 

justifies geostatistical analysis. 

We observed that for each set, fractures spaced close together also tended to have a 

small local variation in orientation and we built this into the simulation by assigning to 

each subregion a narrow distribution of orientation whose mean was chosen at random. 

As explained below, this was done in such a way that the observed global and local dis

tributions of orientation were maintained. The procedure for assigning orientation 

allowed for random heterogeneity, but not spatial correlation between subregions. 

Mapping of the drift walls provided the local distributions of length and fracture 

density that were then used in the geostatistical simulation. Cumulative fracture trace 

lengths, .and number of fracture trace centers were obtained from the fracture maps for 

5m by 2m sections of the drift. This data was the input for the geostatistical simulation. 

From the output of the simulation we obtained the mean fracture length and the den

sity of fractures in each 10m by 10m subregion in a 100m by 100m region. 

In the corresponding three-dimensional analysis, one needs to calculate fracture 

density and fracture area distribution. This is not a trivial problem. For two-dimensional 

analysis the parameters we need (length and areal density) can be measured on the drift 

wall. For three dimensional analysis we can not directly measure the parameters we need 

(volumetric fracture density and fracture extent). As a result we must make some 

assumptions about the form of the fracture size distributions and the shape of the frac

tures and use geometry and statistics to estimate these parameters from the observed 

trace lengths and areal densities. One approach to this problem is given in Appendix A. 
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5.0 Data Analysis 

5.1 Description of the Data 

A section of the drift, called 82, two meters high and 80 m long was mapped and 

this data was used in the analysis presented here. 82 lies immediately to the North of 

the experimental gallery shown in Figure 5. Any fracture trace which intersected the 2m 

by 80m rectangle was recorded. The visible trace length was recorded as well as the 

number of visible endpoints, two, one or zero and the location of the center of the 

observable trace. The orientation, morphology, thickness and type of filling, presence of 

water, and observed opening were recorded for each fracture. The resulting map is 

shown in Figure 6. 

From the core, all the same data with the exception of trace length was recorded. 

However, 25% of the core could not be oriented so some data on fracture orientation is 

missing from the data set. 

Each hole was studied three times with steady state packer tests, once with a single 

test incorporating the entire hole, then five ten meter tests and finally about twenty 

tests which were 2.5m or 3.5m long. The smallest tests were omitted when the ten meter 

tests showed zero flow. In general each test consisted of measuring the steady flow rate 

in response to five different pressures between the packers. The pressures applied 

depended on the flow rate observed and varied from .05 MPA to about 1.5 MPA. Per

meabilities measured in the entire hole were generally on the order of 10-6 and 10-7 m/s. 

The smallest tests varied from 10-9 to 10-5 m/s. 

In summary, this data provided information about the location, size and chara-

teristics of about 7000 fractures. 
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5.2 Identification of Sets 

When orientation data is available from a large sample, it often becomes difficult to 

precisely define sets or families of fractures. This is due to the fact that a set of fractures 

with a given strike and dip in one location, may be represented by fractures of slightly 

different strike and dip in another location. The orientations of each family of fractures 

is dispersed in space and the more data is available the more noticable is the dispersion 

and the less discernable is the mean trend in orientation. When all the orientation data 

from all the fractures is combined on a stereo net, clearly defined sets may no longer be 

obvious. 

In effect, if one maps a few hundred fractures (200 to 400 fractures), it is usually 

possible to identify several areas on the stereo net where the density of poles is clearly 

higher. On the other hand if one maps, as is the case here, several thousand fractures 

then the volume of rock taken into account becomes big enough for the dispersion in 

each set to flatten the density peaks. Thus we observe a nearly uniform distribution on a 

large part of the stereo net and the identification of sets is difficult. 

A solution is suggested by the rigorous approach of the structural geologists. By 

combining the study of fracture morphology and filling, offsets, and the knowledge of the 

regional geologic history, structural geologists can often trace the history of the different 

fracturing events. Then, using the principles of rock mechanics, it is possible to identify 

the tectonic phase which caused certain fractures. One can define directional sets of lim

ited range each of which corresponds to a given episode of fracturing. Also, if the frac

tures are classified using this approach fractures with similar properties are likely to be 

grouped together. 

When this technique IS applied to the data set from Fanay-Augeres, five tectonic 

sets are identified. However, 60% of the fractures do not fall into any of the tectonic 

classifications. Thus such a classification scheme is not adequate for quantitative hydro

geologic analysis. 
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The addition of 10 more sets (making a total of 15) was proposed by Lassagne 

(1983) but this classification appears to be unnecessarily complex in that not all the 

characteristics of the fractures in these additional sets appear to be similar. Perhaps one 

reason for this is that the range of orientation allowed in these narrowly defined sets is 

close to the magnitude of error involved in the measurement of orientation. Thus the 

use of 15 sets would not clearly improve the accuracy of the representation. Further-

more, the practical aspects of calculating the statistics of 15 sets as opposed to 5 are 

significan t. Therefore, in order to include more of the fractures without unnecessarily 

complicating the problem, we redefined the original 5 sets so that 1106 out of 1185 

(93%) of the fractures mapped in the 80m section of the drift were included. These sets 

are shown on Figure 7. The redefinition was somewhat arbitrary, but we did insure that 

all fractures created in a single event were included in the same set. 

The fractures shown in Figure 6 have been sorted into these 5 sets and Figure 8 

shows the sorted traces separately. 

5.3 Aperture Distribution of Each Set 

In this work we have assumed that flow through fractures behaves like flow 

through parallel plates. Witherspoon et al. (1980), Tsang (1984), Tsang and Witherspoon 

(1983) have studied flow in fractures as a function of the contact area between the sides 

of the fracture. When the contact area becomes large, flow in the fractures is more 

likely to occur in channels. We therefore assume that the fractures are sufficiently open 

to allow parallel plate flow. 

In such fractures the flow obeys the cubic law: 

(11) 

where q is flux, A¢ is the gradient, G is a constant including viscosity, density and 

roughness effects and b is the hydraulic equivalent aperture. Characterization of the per-

meability of a fracture requires determining the hydraulic aperture. The presence of a 



Ii II 

- 25 -

Orientation of the 
Vertical Drift Wall 

... : ,. 
2700~'-'-~~'~~:~et 3~~~~s .. ; ., 

XBL 863-10735 

Figure 7. Definition of Sets and Poles of fracture mapped In the 80 m section of the 
drift wall. 



Set I 5 f 

ot~~~ .,lm, " ~. . -,-~c~ "'C'- -:£ c '. 

..J.....Ll...J.~-'--'-- I, ,,' u_,,~,'~~~~', ,.1, 

Set 2 

5E~<' ~-~-- == r~: --= , I 
.:L-~~,.",,= .-, '" -/~~''': 

Set 3 5f ~ 

~ __ - _; /__..___- ,,~ /L. ~ t~· --/ . -......... ~., . ~ .~.~ ....,.-.-
O~ -/~ ......... ""'Y ....- - .... - • 

[ 

-5 L" !" ,,! , !" ,,!,,' ,! ''''',!, , ~,~'-'-'-~~~J...c..~~~''-'' ~~~LL.~~~-h~~~.!......~~~ 
Set 4 5,,------------------------------------------------------------------~--------_, 

t 
l - / 't-/' ~ t ';;7 I ";';f-' o~\!;\ 'L- ':CL" r ~''/ ,\ ,-/, ~, -\ - /0i\';v 'A', >,;" <?' -, 7J \,/' tiJ 

_5LL>..L.LLL~,~",""""'~w..L~~~~~~"~~" ,,' "" " " 

Set 5 5[f~1l~==~~~--~~--~~------------------======::::~==::=== 
.:[~,:<~~'~~,"~~J:~,~~~li~~r~,u,v,'\, ,J I.k,'" \ ~~,)I, ,1,i,X,.j,'V11 N \ ,I" ,\ ,] 

o 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 

Distance (meters) 

XBL B63-'0736 

Figure 8. Traces of five sets of fractures on the 80 m section of drift wall. 

, '. 

~ 
0) 



- 27 -

third power in this relation makes conductivity very sensitive to the distribution of aper-

tures. 

We have at our disposal two methods for evaluating hydraulic apertures: 

(1) observation of free aperture in the drift walls and core, and 

(2) performance of hydraulic tests in the boreholes which provide transmissivity. 

It is clear that the second method is by far the best. In effect, hydraulic tests are a 

direct measurement of the property we are interested in. Direct observation of fracture 

opening is not likely to provide a good estimate of the hydraulic aperture. This is due to 

the fact that contact area and roughness in the fracture contribute to the hydraulic 

resistance and furthermore, in the drift wall and cores, stress release will significantly 

change the opening from its undisturbed state. 

However to obtain the distribution of hydraulic conductivity for each set one would 

have to test all the fractures in the boreholes, one by one. Not only is this procedure 

prohibitively expensive when 5000 fractures are involved, but it is also impossible to 

physically isolate each fracture. For these reasons, the estimate of hydraulic aperture dis-

tribution is by far the most important problem with this approach. 

However, at least for the Fanay-Augeres site over 200 packer tests results were 

available. From these we made an estimate of aperture distribution for each set in the 

following manner. First we examined the part of the borehole tested in each of the smal-

lest scale packer tests. Each of these was 2.5 or 3.5 m long. From the core logs the frac-

tures which intersected each of these zones were identified. The core logs also contained 

a record of the observed free aperture, 60 , of each of these fractures. Assuming that 

these fractures were parallel and infinite in length, the values of 60 were used to calcu-

late a value of transmissitivity, To: 

To = ~ [pg /121/ ] 6
0is 

I 

(12) 

We then compared To with the measured transmissivity of the borehole zone, Tm. We 
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then made the assumption that for each fracture in the zone, the hydraulic aperture, 6m 

was proportional to the observed free aperture bo : 

(13) 

where A is a constant factor equal to 

(14) 

Thus for each zone we correct the values of 60 to obtain an estimate of the values of bm 

which would reproduce the permeability measured in the packer tests and also take into 

account at least the heterogeneity due to apparent fracture opening. Heterogeneity due 

to differences in roughness, contact area and filling could not be accounted for. The his-

tograms for aperture obtained in this manner are shown in Figure 9. The mean and 

standard deviation of values of A for Fanay-Augeres were 0.13 and 0.162 respectively. 

Thus, hydraulic aperture was approximately an order of magnitude smaller than meas-

ured opening. 

Another problem with this approach is that a certain number of tests where frac-

tures were present produced no flow .. It was not possible to determine what proportion of 

these cases were due to the fractures being isolated and what proportion was due to the 

fractures being sealed. For the purpose of the model, we could either assume that these 

fractures were sealed and reduce the observed density of fractures accordingly or we 

could assume these fractures were isolated and not reduce the density. We chose to 

assume these were isolated fractures. Therefore, we removed the zero permeability tests 

from the data for the purpose of calculating the aperture distribution and did not reduce 

the observed fracture densities. The results of the analysis are given below in Table l. 

The shape of each of the distribu tions was close to lognormal and we assumed that this 

was the case. Set 0 includes the fractures not assigned to sets 1-5. 
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Table 1. Aperture Data 

Total Number of Ev (6) SD(6 ) 
Set Number Non Conductive Conductive Conductive 

of Fractures Fractures (l~m) (lO-Sm) 

0 586 193 3.1 2.9 
1 599 167 3.6 4.1 
2 102 26 3.1 3.6 
3 185 68 2.4 2.2 
4 436 157 2.8 2.9 
5 1098 369 3.4 4.1 

When the actual mesh was generated, we found that at least 60% of the generated 

fractures were unconnected. From the results in the above table, we know that 30% of 

the fractures did not conduct. In fact, we know that this 30% is a minimum because 

some non conducting fractures could not be detected in that they intersect test zones 

which are also intersected by conducting fractures. So a large proportion of unconnected 

fractures may exist. 

One way to avoid having to guess whether the fractures are isolated or filled would 

be to run transient tests which are capable of detecting permeability in open, but iso

lated fractures rather than just steady state tests which do not differentiate between 

isolated and sealed fractures. 

-. . ' 
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5.4 Orientation distribution for each set 

Orientation distributions in two dimensions 

Each fracture set was defined as described above by specifying a range of orienta-

tions in three-dimensional space. For this two-dimensional study, only the inclination of 

the trace of the fracture on the study plane is needed. If the fractures in a set are sub-

normal to the study plane, such as set 1, the shape of the inclination distribution is rea-

sonably similar to the shape of the real orientation distribution. However, if the fractures 

in a set are sub-parallel to the study plane, such as set 4, the inclination of the traces is 

extremely sensitive to small variations of the orientations. Such a set will have a widely 

spread distribution of trace inclinations whereas the actual fractures may be sub-parallel. 

This particular problem could be avoided only by defining sets based on the trace 

inclinations instead of the fracture orientations. However, in doing this, one would group 

fractures without regard to their true orientation or tectonic history. There is no reason 

to expect such groups to have similar characteristics. As such, in this study the fracture 

sets are defined in terms of the fracture orientations, independent of the plane of study. 

This means that when you observe plots of fracture traces for each of the five identified 

sets, some of the fractures may not look like they belong to a single set. 

Another difficulty arises when the mean of an orientation or inclination distribution 

is to be computed. This will be discussed for the two-dimensional case, but similar prob-

lems occur in three dimensions. The root of this problem is that a given inclination can 

be specified by two angles, 1800 apart. In order to have a unique angle describing the 

inclination of each trace, one must choose a half plane. 

Each inclination then defines a unit vector in the half plane. The mean inclination, 

a , of n fracture traces is defined by the vector sum of the n unit vectors representing 

the fracture traces. Thus 

L; sin (Xi 

tan(a) = _ft __ _ (15) 
L; cos (Xi 

ft 
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where aj is the inclination of the ith fracture ·trace. The problem is that the resulting 

value of a depends on the half plane chosen for analysis as shown in Figure 10. 

To ameliorate this problem the following method is used. Each time a unit vector is 

added to the previous resulting vector, between the two possible vectors we chose the 

one which makes the smallest angle with the previous resulting vector. We are thus cer

tain of calculating the right result for any set with a range smaller than 900
. If the range 

is greater, then the mean orientation is not very meaningful. 

The result of this analysis is a mean and standard deviation for inclination of traces 

in each set. These are given below and the histograms are shown in Figure 11. 

Table 2. 

Mean and Standard Deviation of Trace Inclination on S2 for Each Set 

Set Mean Inclination Standard Deviation 
(deg)* (deg) 

1 -2.95 10.3 
2 0.27 22.1 
3 1.50 22.5 
4 80.6 39.9 
5 88.0 15.5 

*degrees of inclination measured counterclockwise from horizontal. 

In the case of set 4 the fractures are subparallel to the drift wall as discussed above, 

which leads to the highly dispersed distribution of inclinations. In this case the mean is 

not very meaningful. 

Local distributions of orientation 

The mean and standard deviation of orientation given above include all of the frac-

tures of each set observed throughout the drift. However, fracture traces often occur 

locally in bands and much of the total variation can be thought of as variation in the 

mean inclination of the bands. In order to model this banding the following method has 



- 33-

Resultant Vector 

x 

.y 

Resultant Vector 

x 

XBL 8512-12685 

Figure 10. Two different ways of defining resultant orientation vectors from the same 
data which yield different results. 
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been used. 

• The drift wall maps were divided into 10m long sections. 

• For each section the mean, m. and the standard deviation, 8. of trace inclina

tions were calculated for each set. 

• M, the mean of the m.; S, the standard deviation of the ms, and M" the 

mean of the 8. were computed. 

To generate the orientations in each 10m by 10m subregion we then proceed as follows: 

• The mean, m. of the inclinations is generated by choosing a value from a nor

mally distributed variable with mean, M and standard deviation, S. 

• The local standard deviation, 8 is the same for each subregion and equal to 

M,. 

• The inclinations are then generated by choosing a value from a normally dis

tributed variable with mean, m. and standard deviation, B • 

Figure 11 shows the global inclination distribution derived for each set. Figure 12 shows 

the m. and B.- ·foreach ~lO-m- section-for-each-set: -- ------
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5.5 Length Distribution and Density of Each Set 

Data Reduction 

Baecher et al. (1978) among others have pointed out that sampling errors are a 

significant problem in estimating trace length distributions. Among the errors these 

authors identify is a censoring error which occurs because the complete trace length of 

the fractures can not always be observed. One may observe two, one or no endpoints for 

any given fracture trace. Thus, if this error is not accounted for, the resulting distribu-

tion will not reflect the important longer fractures. 

Another approach to estimating mean fracture trace length, I is to use a statistical 

relationship between AA , fracture density (number of fractures per unit area); I, and A, , 

fracture frequency (number of fractures intersected per unit length of sample line) 

(16) 
A, is defined as 

1 
A, = E L cosOj (17) 

where the summation is over the number of fractures intersecting a line of length, Land 

the OJ are the angles between the sample line and the normals to the fracture traces. 

Thus by estimating AA and A, , it is possible to calculate the mean trace length, I. 

In each 5m by 2m section of the drift wall which was mapped, three kinds of data 

were recorded: n, the number of fracture trace centers in each box; L o , the sum of the 

observed trace lengths of the n fractures with trace centers inside the box and L t , the 

sum of the fracture trace lengths inside the box; (Figure 13). Lo In is an estimate of the 

mean trace length uncorrected for censoring error. 

Another estimate for I can be found as follows. An average estimate of A, as a 

function of L t is derived as follows: 

1 H 

A, = H J A,{Y) dy 
o 

(18) 
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1 H 
=-:4 £ X, (y ) L dy 

= ! L, (19) 

where A is the area of the box (10m2), H is the height of the box (2 m), and L is the 

length of the box (5 m). Then by equation 11: 

- A L, L, 
I = {-)(-)=-. 

nAn 
(20) 

This estimate of T still includes censoring error in that we count some traces as having 

centers in the box when in reality we may not know where the centers of truncated 

traces lie. This results in n being overestimated and T being underestimated as before. 

However, L, In results in larger values of T than Lo In, so it appears to be a slightly 

better estimate. Although observation of the trace maps shown in Figure 6 shows that 

few of the fractures are censored, these fractures may be the most important ones, so 

increased attention to this problem is warranted. 
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Geostatistical Analysis 

Data input to the geostatistical analysis for each of the five fracture sets consisted 

of 16 values of each of the three parameters used to calculate length and density: n, L t , 

and Lo. The distribution of each of these 15 parameters was transformed onto a Gaus

sian distribution using Gaussian anamorphosis (see Figure 4). These transformed distri

butions are used to produce the simulations which exhibit the same variogram as that 

calculated from the data. These simulation results have a Gaussian distribution, so they 

are then transformed back to the original distribution as explained in Section 3.0. The 

simulated data was not conditioned to conform to the measured points because this was 

not considered important. 

The Gaussian parameters were examined and it was found that within each set the 

transformed parameters of n, Lt and Lo were highly correlated with correlation 

coefficients exceeding 0.8 (Table 3). This is expected because Lt and Lo are proportional 

to n. However the correlation coefficients between the same parameters in different sets 

were small, between zero and 0.5. 

The fact that n, Lt and Lo are highly correlated within a set leads to the question, 

are T and n also correlated? This would be useful because if we can establish a correla

tion between AA and T then we would be able to estimate the directional variation of 

length and density from the borehole data on fracture frequency. The physical in terpre

tation of such a correlation can be seen by recalling that an increase in observed fracture 

frequency can be due to an increase in the number of fractures or the length of the frac

tures. If AA, and T are highly correlated, this essentially means that when the fracture 

frequency Increases it is because both the density and the mean fracture length have 

increased. This physical situation would be extremely fortuitous but it is extremely 

difficult to prove because we do not have an independent measure of T. 

In order to account for these correlations in an efficient manner, each of the three 

variables of a given set were fit to variograms with the same shape. This means that 
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Table 3. Correlation Coefficients for the Gaussian Variables .. 
. . 

Correlation between the numbers of fractures between sets 
• 

Set 1 2 3 4 5 

1 1.00 0.04 -0.21 0.23 -0.07 

2 0.04 1.00 0.00 0.53 -0.03 

3 -0.21 0.00 1.00 0.34 0.30 

4 0.23 0.53 0.34 1.00 0.18 

5 -0.07 -0.03 0.30 0.18 1.00 

Correlation of Lo between sets 

Set 1 2 3 4 5 

1 1.00 0.25 -0.24 0.20 0.15 

2 0.25 1.00 0.23 0.22 -0.07 

3 -0.24 0.23 1.00 0.36 -0.04 

4 0.20 0.22 0.36 1.00 0.01 

5 0.15 -0.07 -0.04 0.01 1.00 

Correlation of Lt between sets 

Set 1 2 3 4 5 

1 1.00 0.40 -0.29 0.05 0.06 

2 0.40 1.00 0.03 0.21 -0.17 

3 -0.29 0.03 1.00 0.41 -0.04 

4 0.05 0.21 0.41 1.00 -0.08 

5 0.06 -0.17 -0.04 -0.08 1.00 
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Correlation between nand Lo 

Set Number E{n) E{Lt ) VAR{n) VAR(Lt ) Correlation 

of Values Coefficien t 

1 16 0.05 -0.05 0.86 1.22 0.91 .. 
2 16 -0.01 -0.04 0.94 1.01 0.88 

3 16 0.13 -0.06 0.69 0.81 0.80 

4 16 -0.02 0.01 0.83 0.96 0.87 

5 16 0.27 -0.02 0.65 0.86 0.87 

Correlation between nand Lt 

Set number E{n) E(Lt ) VAR{n) VAR(Lt ) Correlation 

of Values Coefficien t 

1 16 0.05 -0.10 0.86 1.11 0.88 

2 16 -0.01 -0.12 0.94 0.78 0.86 

3 16 0.13 -0.06 0.69 0.86 0.84 

4 16 -0.02 0.01 0.83 0.91 0.87 

5 16 0.27 -0.05 0.65 0.95 0.83 

I 

Correlation between Lo and Lt 

Set Number E{n) E(Lt ) VAR{n) VAR(Ld Correlation 

of Values Coefficien t 

1 16 -0.05 0.10 1.22 1.11 0.98 

2 16 -0.04 -0.12 1.01 0.78 0.95 

3 16 -0.06 -0.06 0.81 0.86 0.95 

4 16 0.01 0.01 0.96 0.91 0.99 

5 16 -0.02 -0.05 0.86 0.95 0.98 



.. 
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each of the variograms had the same range and the same ratio between nugget effect and 

sill. The experimental data and the resulting variograms are shown on Figure 14. These 

variograms show a reasonably good spherical shape, with ranges from 20 to 40 m. The 

apparent nugget effect is due to the existence of a spatial structure on a scale smaller 

than 5 m. Blanchin et al. (1984) found a range of 200 to 250 m. This indicates that 

there is also structure on a larger scale. 

The results of the simulation are fifteen tables of values, three for each set, for L t , 

Lo , and n in the one hundred 10m by 10m subregions (Tables 4 through 8). The value 

of n simulated for each subregion was used directly to determine the number of fractures 

to be generated of that set in the subregion. The value of T used as the mean of the 

length distribution in the subregion was obtained by dividing L t In as described above. 

Local Length Distributions 

It now remains to describe how we arrived at a local distribution for length given 

the local mean and the global distribution for each set. We let Vb, the local coefficient of 

variation, be the same in every subregion. We choose the value of the coefficient such 

that the combined length distributions from all the subregions and the global distribu

tion of length for each set have the same first and second moments. 

The geostatistical simulation insures that the first moment of the combined local 

distribu tions is equal to the first moment (or mean) of the global distribution. The 

derivation of Vb is as follows: 
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Figure 14. Variograms for Lt , Lo and n for each set. 



j\i 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

j\i 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

j\i 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

- 45-

Table 4. Geostatistical Results for Set 1 

SET 1 

Lo Lt n 
mean st. dey. mean st. dey. mean st. dey. 
9.53 6.11 9.55 5.90 13.29 7.73 

Lo , Cumulated lengths of traces with centers in the subregion i,j 

1 

41.52 
53.45 
61.89 
71.31 
64.58 
96.65 

114.12 
66.93 
35.30 
70.78 

2 

102.78 
129.75 

70.26 
69.45 
55.81 
38.94 
82.89 

109.57 
60.93 
45.32 

3 

73.21 
106.95 
105.66 

91.93 
33.74 
24.56 
48.62 
97.57 

135.87 
122.13 

4 5 

66.76 40.23 
77.68 80.50 

186.82 207.71 
169.38 205.96 

76.21 84.35 
31.75 25.62 
56.22 32.25 

115.55 43.39 
146.54 115.14 
117.95 160.87 

6 

42.01 
79.71 

194.32 
144.34 

88.58 
52.72 
67.61 

144.45 
120.51 
148.32 

7 8 

81.54 84.81 
96.76 78.12 

127.27 135.61 
74.91 . 58.44 
74.01 65.04 
87.15 114.84 

199.40 134.68 
126.29 151.67 
153.11 173.23 
186.10 187.42 

9 

96.84 
64.84 
68.23 
42.89 
50.45 

141.71 
126.26 

86.17 
86.01 

163.22 

10 

69.07 
93.36 
88.31 
33.78 
25.77 
83.35 

105.64 
77.69 
99.40 

131.07 

L t , Cumulated truncated trace length in the subregion i,j 

1 134 

8.06 102.28 66.45 53.30 
57.13 136.33 92.38 62.49 
71.11 75.99 103.33 165.45 
73.23 67.83 86.99 153.95 
59.51 53.93 28.81 77.74 
87.94 38.34 21.86 33.46 

118.28 86.58 48.31 65.61 
66.26 117.20 117.34 125.65 
33.31 57.84 131.40 149.83 
68.98 39.88 117.97 115.81 

5 

33.82 
63.80 

181.62 
183.06 

83.64 
26.35 
35.37 
47.51 

130.29 
159.37 

6 

36.17 
75.99 

176.69 
141.25 

90.71 
58.07 
80.00 

146.25 
134.25 
147.65 

7 

86.30 
103.60 
130.81 
65.01 
75.04 
96.78 

190.54 
120.81 
152.18 
174.70 

n, number of trace centers in the subregion i,j 

1 

55 
65 
80 

143 
87 

126 
134 

83 
50 

106 

2 

100 
123 

93 
90 
71 
55 
95 

152 
93 
81 

3 

100 
136 
122 

91 
53 
45 
70 

123 
165 
157 

4 

132 
127 
232 
206 

94 
58 
80 

149 
71 

176 

5 

110 
151 
268 
241 
123 

51 
49 
65 

118 
184 

6 

104 
137 
267 
178 
100 
76 
72 

153 
141 
199 

7 

159 
153 
193 
120 
115 
113 
222 
159 
239 
274 

8 9 

93.48 100.04 
87.31 68.77 

136.88 69.75 
61.42 39.35 
60.63 47.49 

113.47 146.17 
142.16 138.38 
156.77 98.21 
172.29 91.69 
180.49 167.06 

9 

10 

79.18 
101.79 
96.84 
32.33 
25.31 
92.26 

107.40 
91.93 

114.84 
141.50 

10 8 

126 
114 
211 
102 
104 
168 
210 
249 
290 
269 

136 117 
75 120 

111 113 
72 58 

104 50 
222 123 
178 206 
163 134 
156 160 
195 149 
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Table 5. Geostatistical Results for Set 2 

SET 2 

Lo Lt n 
mean st. dey. mean st. dey. mean st. dey. 
4.97 3.48 4.53 3.81 3.97 2.73 

Lo , Cumulated lengths of traces with centers in the subregion i,j 

j\i 1 2 3 4 5 6 7 8 9 10 

1 31.36 48.08 79.64 92.69 90.88 40.51 22.81 15.66 45.28 50.18 
2 22.04 38.83 88.34 76.56 92.40 48.18 12.10 10.45 33.25 35.72 
3 33.40 28.02 37.04 56.36 78.40 83.85 19.42 24.13 55.37 85.46 
4 33.60 8.66 17.86 33.50 85.08 63.48 10.62 19.34 90.26 89.84 
5 29.30 14.24 17.68 75.79 112.34 77.04 43.13 29.93 55.86 81.40 
6 16.69 11.41 17.94 76.54 118.53 74.70 47.62 27.41 40.81 45.48 
7 18.33 66.30 66.36 104.99 96.74 56.24 29.31 12.10 57.57 14.27 
8 54.75 71.56 100.15 78.73 44.69 55.01 46.74 65.66 53.01 32.90 
9 15.71 68.74 69.11 58.91 52.16 38.75 80.53 67.76 43.57 15.30 
10 18.90 26.29 23.60 44:85 45.95 44.21 48.56 58.61 18.51 59.60 

Lt , Cumulated truncated trace length in the subregion 

i\j 1 2 3 4 5 6 7 8 9 10 

1 23.33 37.27 83.70 97.64 89.08 34.33 16.49 9.83 35.58 43.29 
2 18.62 32.78 94.18 79.08 91.05 38.40 9.41 8.83 23.80 30.60 
3 33.25 27.85 31.65 57.28 69.47 76.52 16.00 19.55 49.92 86.18 
4 34.36 7.43 16.10 23.82 80.79 54.76 9.44 17.13 92.93 90.97 
5 25.77 12.43 14.92 72.28 119.44 74.68 39.38 25.55 48.42 73.41 
6 14.58 10.97 13.94 76.41 126.18 73.22 40.53 23.46 28.98 33.32 
7 14.91 71.24 67.91 113.46 97.71 57.40 22.75 9.51 49.42 8.26 
8 46.74 68.15 103.47 80.68 36.72 56.08 48.72 55.67 34.61 22.90 
9 10.82 55.52 61.27 48.56 48.93 35.22 83.98 53.09 25.92 9.88 

10 11.95 19.58 14.77 30.01 37.74 36.10 36.08 36.92 12.11 55.34 

n, number of trace centers in the subregion 

i\j 1 2 3 4 5 6 7 8 9 10 

1 29 40 55 48 61 19 18 8 41 55 
2 17 26 57 46 58 38 6 9 23 37 
3 24 20 13 13 44 47 10 21 43 58 
4 35 11 9 20 55 52 10 15 66 75 
5 24 20 22 66 86 61 35 23 46 70 

6 23 17 21 62 84 49 25 25 32 45 
7 13 59 59 76 58 29 13 12 49 21 

8 37 65 73 60 27 39 24 68 57 32 

9 10 63 64 51 42 43 74 73 47 21 

10 21 34 35 48 45 46 47 77 30 60 
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Table 6. Geostatistical Results for Set 3 

SET 3 

Lo Lt n 
" . mean st. dey. mean st. dey. mean st. dey. 

4.63 2.55 4.76 2.92 6.86 3.58 

Lo , Cumulated lengths of traces with centers in the subregion i,j 

j\i 1 2 3 4 5 6 7 8 9 10 

1 63.08 54.11 49.83 49.33 80.07 52.43 34.42 56.00 86.52 75.96 
2 55.69 47.82 54.97 34.64 41.76 48.14 35.35 53.88 68.16 78.83 
3 63.70 36.02 42.40 30.61 37.69 58.89 48.95 . 63.20 37.51 42.76 
4 52.35 59.61 48.97 48.28 40.10 52.65 69.23 38.72 24.84 42.87 
5 38.13 55.65 89.52 78.02 61.12 81.01 50.40 36.77 58.27 65.24 
6 32.10 37.52 52.71 92.83 76.27 68.88 53.72 42.99 54.58 70.92 
7 31.97 48.36 62.75 49.91 45.38 25.34 34.28 44.55 39.59 43.51 
8 36.55 48.39 88.03 47.50 38.01 37.40 28.71 26.88 33.11 29.37 
9 38.85 40.54 46.80 45.66 28.49 21.38 21.38 15.51 21.34 19.31 

10 34.19 36.85 32.91 27.68 17.68 8.11 15.18 35.41 14.47 13.03 

LT , Cumulated truncated trace length in the subregion 

j\i 1 2 3 4 5 6 7 8 9 10 

1 66.56 64.34 57.66 53.92 86.19 57.34 36.10 55.87. 92.94 80.50 
2 62.10 52.24 61.45 33.62 44.70 52.88 31.09 51.28 70.82 80.41 
3 68.78 39.69 43.78 28.82 36.75 59.97 48.04 67.01 39.51 43.73 
4 60.16 67.38 52.58 50.16 46.40 54.98 69.14 38.71 27.09 42.97 
5 40.75 60.06 96.83 84.90 68.69 84.79 48.18 35.62 57.16 62.81 
6 30.47 36.42 49.41 99.66 82.06 75.59 52.60 ' 42.60 55.21 71.56 
7 30.68 50.53 63.27 42.37 40.24 23.29 36.59 43.25 38.22 42.54 
8 38.15 55.19 93.52 47.42 31.09 34.69 25.49 29.29 35.35 25.40 
9 39.58 42.52 46.72 48.40 24.16 18.73 18.76 14.26 19.93 16.24 
10 37.02 36.16 29.42 28.02 16.47 7.88 . 13.78 37.75 14.49 11.67 

n, number of trace centers in the subregion 

j\i 1 2 3 4 5 6 7 8 9 10 
. . 1 88 69 66 57 95 65 60 82 113 112 

2 89 81 51 46 57 59 67 108 106 110 
3 110 57 60 52 58 88 75 122 76 71 . 4 68 84 90 87 58 90 97 57 42 62 
5 50 72 131 134 97 140 83 50 77 81 
6 66 61 84 123 116 105 86 51 70 101 
7 46 49 65 61 54 35 38 57 55 60 
8 64 50 81 65 65 62 56 40 50 53 
9 60 47 62 74 57 43 40 35 42 42 
10 48 52 47 42 31 24 30 56 29 32 
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Table 7. Geostatistical Results for Set 4 

SET 4 

Lo Lt n 
mean st. dey. mean st. dey. mean st. dey. 
7.02 3.67 7.42 3.88 14.02 6.90 

Lo , Cumulated lengths of traces with centers in the subregion i,j 

j\i 1 2 3 4 5 6 7 8 9 10 

1 122.10 102.52 91.13 73.64 78.68 81.98 117.64 73.73 59.03 85.71 
2 83.45 78.68 135.71 116.56 81.52 57.72 69.90 84.26 92.70 99.37 
3 70.54 93.09 94.15 80.52 54.45 50.02 44.17 98.53 115.20 116.86 
4 124.52 64.70 64.92 117.35 76.14 93.82 98.32 56.79 105.62 90.87 
5 86.65 66.63 58.72 88.01 66.18 77.41 43.22 24.78 58.27 84.76 
6 86.59 79.11 42.61 64.27 62.70 37.66 24.74 39.19 62.24 123.05 
7 78.40 79.72 39.67 40.64 47.46 49.74 42.27 52.22 94.27 101.46 
8 142.61 90.62 29.15 23.98 35.59 65.02 45.57 54.88 69.26 65.25 
9 132.06 91.21 18.78 38.19 53.75 63.25 50.60 37.20 20.44 41.17 

10 67.59 55.92 36.71 47.64 60.55 74.18 29.79 42.52 19.08 18.50 

LT , Cumulated truncated trace length in the subregion 

j\i 1 2 3 4 5 6 7 8 9 10 

1 117.03 103.83 98.90 82.76 89.64 89.29 125.49 87.39 68.22 100.57 
2 89.80 92.46 148.24 127.56 88.62 64.92 76.34 87.21 107.17 108.75 
3 78.43 104.09 105.59 88.29 57.16 52.27 45.80 104.81 114.61 114.44 
4 130.86 67.06 71.66 112.83 70.62 93.26 102.16 57.98 115.55 101.19 
5 96.85 76.07 76.79 86.25 6~.29 81.06 39.97 23.82 59.18 95.82 
6 94.18 80.80 39.79 62.25 62.79 40.35 23.76 37.44 67.05 127.46 
7 82.81 80.53 39.49 41.25 50.46 56.83 44.24 57.63 101.28 112.60 
8 140.17 88.10 27.90 23.47 38.12 71.09 43.77 59.45 72.62 64.10 
9 136.62 92.79 18.95 40:97 62.72 75.68 55.33 35.76 19.87 '33.78 
10 75.83 60.84 36.32 49.33 73.13 88.54 34.31 44.35 18.60 17.40 

n, number of trace centers in the subregion 

j\i 1 2 3 4 5 6 7 8 9 10 
,. 

1 215 191 186 129 167 170 245 173 146 185 
. 

2 170 185 263 238 180 156 194 170 198 217 
3 147 191 197 203 139 156 116 162 202 257 
4 224 196 140 217 135 193 136 71 145 148 

. 
5 199 145 126 178 81 112 63 40 79 140 
6 187 160 102 132 114 66 48 80 117 185 
7 128 176 107 115 86 93 77 132 199 155 
8 226 162 83 60 92 116 85 121 127 118 
9 236 165 43 82 90 134 84 71 40 60 

10 161 135 83 125 186 166 53 60 44 39 
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Table 8. Geostatistical Results for Set 5 

SET 5 

Lo Lt n 
.' . mean st. dey. mean st. dey. mean st. dey. 

20.62 7.47 22.55 8.34 27.50 12.54 

Lo , Cumulated lengths of traces with centers in the subregion i,j 

j\i 1 2 3 4 5 6 7 8 9 10 

1 197.73 249.65 157.95 163.14 199.47 172.54 202.23 131.02 135.91 239.17 
2 177.48 229.95 204.21 209.07 204.73 215.48 198.55 240.53 220.24 201.08 
3 197.21 222.27 184.29 187.39 247.31 179.73 186.60 251.09 181.59 162.76 
4 179.91 286.79 250.23 147.40 173.16 171.04 194.96 237.54 242.87 248.24 
5 266.95 251.64 205.24 193.23 182.42 151.17 149.29 214.44 164.08 214.84 
6 230.76 237.52 194.86 191.38 230.26 240.73 208.64 279.38 211.03 202.62 
7 250.18 229.97 188.11 268.41 188.35 231.07 191.40 212.22 196.39 268.59 
8 290.75 166.46 171.25 175.79 160.86 171.69 158.20 217.64 215.23 179.71 
9 239.60 193.60 163.30 228.71 210.35 141.95 162.77 227.99 199.06 205.55 
10 215.45 203.52 200.94 175.50 213.73 278.21 300.25 185.24 235.54 203:23 

LT , Cumulated truncated trace length in the subregion 

j\i 1 2 3 4 5 6 7 8 9 10 

1 212.34 261.21 165.39 174.33 224.06 193.83 233.68 137.29 151.63 248.57 
2 183.07 251.74 216.01 209.84 229.23 224.81 202.91 267.59 238.26 217.68 
3 202.89 221.70 210.47 201.38 279.82 199.94 202.49 283.51 210.59 170.94 
4 198.68 314.32 267.03 161.87 184.76 179.61 223.75 270.62 265.47 264.32 
5 290.10 272.36 218.20 206.25 191.67 169.31 163.17 231.84 174.63 238.34 
6 260.44 261.81 218.86 220.66 258.92 267.24 227.63 299.14 231.61 228.90 
7 292.04 263.43 205.14 287.24 213.06 253.16 212.82 242.89 215.42 286.09 
8 315.06 163.45 195.56 191.48 168.63 195.03 151.36 260.59 227.84 199.78 
9 263.72 217.92 172.60 251.98 251.17 143.90 171.79 244.19 210.21 229.34 
10 246.32 225.03 223.69 203.55 236.09 304.39 325.55 222.35 259.13 216.40 

n, number of trace centers in the subregion 

j\i 1 2 3 4 5 6 7 8 9 10 

1 309 376 210 207 211 190 265 154 188 342 
2 218 278 246 248 308 302 292 421 275 325 

'. 3 240 257 199 265 306 266 269 321 192 220 
4 267 401 312 190 197 237 262 362 311 329 
5 354 340 296 319 283 204 161 306 208 244 
6 286 306 260 273 297 243 260 325 294 256 
7 309 277 228 339 213 343 230 250 246 421 

8 424 290 186 234 208 263 295 296 299 231 
9 332 232 219 286 237 230 240 269 299 308 
10 266 307 237 230 294 484 440 202 289 232 
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The known parameters are: 

M = the mean of the global distribution 

s = the standard deviation of the global distribution 

M2 = the second moment of the global distribution 

N = the total number of fractures in the set 

nj = the number of fractures in subregion i in the set of interest 

7; = the mean trace length of the nj fractures in subregion i 

The unknown parameters are: 

Sj = the standard deviation of the n. fractures 
1 

Ij = the actual trace length of the nj fractures 

m 2j = the second moment of the nj fractures 

Vb = the local coefficien t of variation 

We have the following local relationships: 

and the following global relationships: 

M 2 = 1 ~ E h 2 = 1 ~ nj m 2i = S2 + M2 
• Ai I 

Now from equations 14 and 15 we can derive Vb : 

N(M2) = N(S2 + M2) = E nds;2 + (7;)2) = (Vb
2 + 1) E n,.(J;2) 

i i 

(21) 

(22) 

(23) 

So, given the global mean and standard deviation of length which are derived from 

the actual measurements, and the local mean length derived from the geostatistical 

simulation, we can calculate the local coefficient of variation. The results of this 

analysis are given below in Table 9. 
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XBL 863-1171 

Figure 15. 65740 fractures generated in a 100m x 100m region where each 10m x 10m 
subregion was generated independently. 
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Table 10. Comparison of Global Statistics with the 
Statistics of the Simulated Model 

Orien tation 

Set No. of EV SD EV SD 
fractures global global model model 

1 13388 -2.95 10.3 -3.46 9.34 
2 3970 0.27 22.1 -3.69 20.5 
3 6862 1.50 22.5 0.844 20.8 
4 14022 80.6 39.9 70.0 44.2 
5 27498 88.0 15.5 89.1 15.4 

Length 

Set No. of EV SD EV SD 
fractUres global global model model 

1 13388 0.680 0.640 0.719 0.684 
2 3970 1.16 1.36 1.16 1.31 
3 6862 0.650 0.786 0.681 0.792 
4 14022 0.550 0.523 0.527 0.499 
5 27498 0.788 0.685 0.827 0.725 

Aperture 

Set No. of EV SD EV SD 
fractures global global model model 

1 13388 0.290E-4 O.260E-4 0.287E-4 0.249E-4 
2 3970 0.370E-4 O.320E-4 0.369E-4 0.324E-4 
3 6862 0.380E-4 O.400E-4 0.375E-4 0.376E-4 
4 14022 0.380E-4 O.430E-4 0.374E-4 0.419E-4 
5 27498 0.380E-4 O.41OE-4 0.380E-4 0.401E-4 
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XBL 863-1170 

Figure 16. A 70m x 70m flow region isolated from the center of the generated region 
with non-conducting fractures removed. 
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applied to the flow region and the best fit permeability ellipse is also calculated for each 

study region. This data is shown on Figures 18 through 23. Figures 24 through 29 show 

the permeability ellipses for the same study regions this time calculated with the local 

gradient. The local gradient is derived using the average heads calculated on the inflow 

and outflow boundaries of the study region. Table 11 gives a comparison between global 

and local head distributions for each flow region. 

For comparison, we also calculated the permeability ellipse for a 10 m x 10 m flow 

region in the center of the 100 m x 100 m region. Thus, in this case the global gradient 

is imposed directly on the 10 m x 10 m region. The permeability data for this case is 

shown in Figure 30. 

As the size of the study regIon ,becomes increasingly smaller the permeability 

behavior is effected in two ways. First and obviously is a scale effect: smaller and 

smaller samples are being measured. Second as the study region becomes smaller it is, at 

the same time, farther from the applied constant head boundaries. Thus, the head distri

bution which causes flow in the study region is governed more and more by the vagaries 

of the fracture network outside the study region. The behavior of the smallest study 

region is the closest to the behavior one would expect to observe in situ for that particu

lar region. However, the smaller that a study region is, the less typical is that observed 

behavior simply because it is not as good a statistical sample as a larger study regi<?n. 

Table 12 gives the principal permeablities, K1 and K2, for the seven cases. 

6.1 Discussion of the Permeability Results 

Close observation of Figure 16 shows that the system is barely connected. In fact, 

for the orientation in Figure 16, any flow originating on the left side of the region and 

leaving on the right side of the region must all pass through a very small proportion of 

the fractures, on the order of 0.1% of the total number of fractures in the region. Thus 

the permeability of these few fractures essentially controls permeability in that direction. 

In the language of percolation theory, this network is close to the critical density for 
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Figure 18. Permeability results based on global gradient for a 60m study region . 
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Figure 19. Permeability results based on global gradient for a 50m study region. 
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Figure 26. Permeability results based on local gradient for a 40m study region . 
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Table 11. Comparison between Local and 

Global Head Distributions 

Study Region 
[ 

Local Gradien t 1 
Global Gradient 

60 
50 
40 
30 
20 
10 

*(Averaged over all orientations) 

0.99 
0.80 
0.55 
0.42 
0.33 
0.15 

• Std. Dev. of Head 
on the Inflow and 

Outflow Boundaries· 

0.07 
0.09 
0.10 
0.06 
0.03 
0.01 

.. ' . 



.'~ . . .' . . ' . 
[l". 1~0 . . . . . • • . . . . 

'. 

~ .. ,. 

90 

180 I I I:J I T=:: 

",,~ . . 
•• El' 

,~~~~ 

~~~' . 

270 

PERMEABILITY ELLIPSE 

FANAY DATA FROM S2 

Flow Region 10m by 10m 

nmse = 1.4040 

~\~ 
\1e;,0\ 

~~ 

o 

') 

i-{:5 

.. 
'o~ 
_0 

* '" 

~ 

o ... 
N 

o 

~ 

o 
~ 

o 
.0 

o 
o 

Iil , , 

Iil , , , , , , , , 
'-

V. ...... - I!J , 
I!J 

~ 

.. 

~ 
..... , ,-

~ 
,-
~ , , 

-r"'" 
, 

I!J 
, 110.. , , , , , , 

I!J 
, , , , , I!J , 

I!J I!J , , . , 
I!J rh. I!J 

0.0 30.0 60.0 90.0 120.0 150.0 180.0 210.0 240.0 270.0 300.0330.0 360.0 

ANGLE (deg) 

Figure 30. Permeability results for a 10m flow region. 

-:( 
I-' 



- 72-

Table 12. Permeability Results 

Global Gradient Local Gradient 
Sample Type of Kl K2 Kl K2 

Size Region (m/sX 10-9) (m/sX 10-9) (m/sX 10-9) (m/sX 10-9) .. 
70 Flow 1.85 1.41 - -
60 Study 1.19 0.59 1.18 0.62 
50 Study 0.83 0.56 1.01 0.77 
40 Study 0.93 0.42 1.82 1.00 
30 Study 0.95 0.30 4.03 0.60 
20 Study 1.14 0.47 28.7 0.04 
10 Study 1.74 0.67 10.59 1.85 
10 Flow 53.29 32.53 - -
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which infinite clusters of fractures are found (Long and Witherspoon, 1985). It is not 

clear whether the mesh is.ahove or below critical, just that it is near critical. Some of the 

fractures which appear to be isolated in this two- dimensional representation may actu-

ally be connected in the third dimension. Thus, it is likely that the three-dimensional 

fracture network is connected. 

Comparing the permeability plots calculated with the global gradient to those cal-

culated with the local gradient also provides information about the equivalence of the 

fracture network to a continuum. If the fracture network could be replaced by an 

equivalent continuum, then the two results should be the same. Table 12 shows that the 

difference between the local and global permeability calculation increase as the study 

region becomes more interior to the flow region in size. Thus, we have evidence that we 

cannot predict the insitu behavior with an equivalent continuum. 

The results of these numerical studies can be compared to the results of the 

borehole tests. First, note that the permeability of the 10 m flow region is much greater 

than the permeability of the 10 m study region. Recall that the permeability of the flow 

region is measured by application of the boundary conditions directly on the boundaries 

of the region. The study region is inside the flow region and it is exposed to boundary 

conditions which depend on what is transmitted through the fracture system. Thus the 

study region provides a much better estimate of the in situ behavior of the region under 

regional flow. On the other hand, the flow region provides a better estimate of the 

behavior in a small scale hydraulic test. The well tests performed on 10 m packer spac-

ings tended to have permeabilities on the order of 10-7 to 10-8 mls which is at least as 

large as the permeability of our 10 m flow region. This is reasonable because we expect 

the two- dimensional analysis to have a lower permeability than a three- dimensional 

analysis. Thus these results appear to be reasonable for a two- dimensional representa-

tion. 

As a final cross check, we generated a homogeneous 100 m x 100m region using the 
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global statistics given in Table 10. Thus the fracture statistics in the homogeneous case 

are the same as the spatially heterogeneous case. However, in the homogeneous case, the 

fractures are distributed in a purely random manner rather than with spatial correlation 

and correlation between the length and density. 

For the particular cases we generated, the homogeneous case was less connected 

and therefore, the calculated permeability was smaller. However, to be sure of a con-

sistent difference, one would have to perform a Monte Carlo analysis encompassing many 

realizations of each system. Such an analysis is beyond the scope of this work. From this 

one realization we again perceive that the two-dimensional fracture system is close to the 

critical density required for a connected network. This, in turn substantiates the theory 

that the equivalent three-dimensional system may be well connected. 

. ,"' 

. .' 
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7.0 Conclusions 

This paper has described a technique for processing field data into a fracture net

work model which accounts for the observed spatial variability. This has been done by 

generating a network subregion by subregion where the properties of each subregion are 

predicted through geostatistics. 

There are several important problems remaining to be attacked. These are: 1) The 

analysis should be extended to three dimensions; 2) The geostatistical simulation and 

network simulation should be combined, rather than used as two separate operations; 

and 3) The nature of How through single fractures at Fanay-Augeres should be investi

gated. 

The analysis should be extended to three-dimensions because we can not predict 

the amount of interconnection between fractures by only looking in two dimensions. 

This extension is currently underway. 

Geostatistical simulation is a random simulation process which was used to predict 

the average geometric parameters of the network. These parameters were then in turn 

used to drive another random simulator which produced the network. Having one simu

lator drive another simulator creates a difficulty in controlling the statistical output. The 

peaks and tails of distributions may not be well represented and it is these peaks and 

tails which may control the behavior of the system. It would be better to define one 

simulator which produces the network directly. 

Finally, the work presented here, and the three-dimensional study in progress are 

based on the assumption that How through the open fractures behaves like How through 

parallel plates. In fact this may not be the case. If the fractures are sufficiently closed by 

stress and filling materials, How may only occur in sinuous channels. In other words, one 

must consider the available connections within, not just between, fractures. This 
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problem should be studied both in the field, and numerically. 
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Appendix A 

Extension to Three Dimensions 

The two-dimensional analysis presented here was designed to incorporate geostatist

ical simulation in fracture network analysis. Obtaining data for the two-dimensional 

analysis was relatively straightforward because the vertical plane of analysis was exposed 

in the drift. This made it possible to obtain the areal fracture density by simply count

ing the fractures in the plane and estimating the trace length distributions by direct 

measuremen t. 

One must proceed to three dimensions to achieve a realistic picture of the hydrol

ogy. We can not see into the rock to count the fractures and determine their shape. 

Perhaps geophysics will help us with this problem in the future, but for now we must 

use statistical geometry to estimate these parameters. 

Density 

To make an estimate of fracture density we assume that the fractures are randomly 

located in space on the scale of the subregion. In order to estimate fracture size, it is 

necessary to make an assumption about the shape of the fractures and the distribution 

of fracture sizes. We have assumed that fractures are discs. If the volume is cut by a 

plane then the statistical relationship between AA, the areal density on that plane and 

AV, the volumetric density is: 

(A-I) 

where 15 is the mean fracture diameter and (cosO) is a sampling orientation correction, 

and 0 is the angle between the pole of each fracture and the plane of interest. 



- 78 -

To determine AV we need to know f5 , cosO, and AA' From the drift wall mapping 

we can obtain the 0, and AA and the distribution of trace length, I. Once we have an 

estimate of f5, we can calculate AV' A functional relationship between the distribution of 

fracture trace lengths and the distribution of fracture diameters which has been 

developed by Warburton (1980) is given below. In order to determine the parameters of 

the radii distribution from this relationship one must assume the form of the distribu-

tion. 

Let 

D = diameter of a given fracture 

x = distance between the fracture center and the plane of intersection 

1 = h (x) = the trace length of the fracture in the plane 

f (D ) = distribution of fracture diameters 

g (I) = distribution of fracture traces 

00 

f5 = mean of D == J D f (D) dD 
o 

We have the relationship 

1 = 0 for x < !!... 
2 

Warburton (1980) shows that: 

00 

g (I) = D~ J f (D) dD 
JD2 _ 12 

I 

(A2) 

Given the above relationship one can assume the distribution of fracture diameters, 

f (D) and evaluate the integral to obtain the distribution of trace lengths g (l). One can 

then compare the computed distribution of trace lengths to that obtained from the field 

data. By trial and error, one can find a reasonable, but not necessarily unique 

. ~ 

... 

. 
C' 



.. 

.. . 
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distribution for fracture diameters. A problem remains in that we do not have an infinite 

plane on which to observe I. Thus, are not able to measure 9 (I) very well du'e to the 

truncation of visible traces. Baecher (1978) and Warburton (1980) have both addressed 

this problem so we will not discuss it here . 

Without using trial and error we can calculate the relationship between the 

moments of 1 (D) knowing the first two moments of 9 (I). This information in turn will 

guide initial choices of 1 (D) in the trial and error process. Recall that the fractures are 

discs and that we cut them by a random plane. Let us consider a fracture with a known 

diameter D. What are the expected values of the length E (liD) and of the square 

length E (12 1 D )? 

D 

E (lID) = ~ J h (x) dx 
o 

E(lID)=..!...·(area 01 di8C) = 1I'D 
D 4 

D D 

1 J 1 J D E (12 1 D ) = - h 2( x) dx = - [D 2 - 4( - - x)~ dx 
D D 2 

o 0 

(A3) 

In fact, the fractures have varying diameters, with a probability density 1 (D). To find 

the expected value of 1 and 12
, we then have to integrate E (lID) and E (121 D) over the 

range of possible diameters, taking into account the relative probability ~ of having a 
D 

trace for a given diameter. It follows: 

00 

E (I) = J ~ E (lID) 1 (D) dD 
o 

00 

E (I ) = 11'_ J D 2 1 (D) dD. 
4D o 

(A4) 
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00 

E (/2) = J ~ E (/2 I D) f (D) dD 
o 

00 00 

E (/2) = J. 2_ D3 f (D) dD = 2_ J D3 f (D) dD 
3D 3D 

(A5) 
o 0 

Or, if we call JlI and al the mean and standard deviation of trace length, then: 

(A6) 

and 

2 2 _ 2 E (D3) 
JlI + al -"3 E (D) (A7) 

We have: 

(AS) 

If we assume the diameter distribution is lognormal with mean JlD and standard devia-

tion aD, then 

(A9) 

Replacing the moments of D in equations (A6) and (A7), and arranging the equations we 

have: 

JlD = JlI 
128 1 
311"3 a? 

1+
Jll

2 

(AIO) 

· . 
· .. 

• \ 



- 81 -

and 

(All) 



- 82-

References 

Baecher, G.B., N.S. Lanney, and H. H. Einstein (1977) Statistical descriptions of rock 
properties and sampling. Proceedings of the 18th U.S. Symposium on Rock Mechanics, 
American Institute of Mining Engineers. 

Baecher, G. B., and N. A. Lanney (1978) Trace length biases in joint surveys, Proceed
ings of the 19th U. S. Symposium on Rock Mechanics, American Institute of Mining 
Engineers, p 56-65. 

Barbreau, A., B. Come, S. Derlich, E. Durand, G. de Marsily, P. Peaudecerf, and G. 
Vouille (1985) Experiments performed on granite in the underground research labora
tory at Fanay-Augeres, France. Proc. International Symposium on Coupled Processes 
Affecting the Performance of a Nuclear Waste Repository, Lawrence Berkeley Labora
tory, Berkeley, Ca., September 1985. 

Bear, J. (1972) Dynam£cs of Flu£ds £n Porous Med£a, Elsevier, New York. 

Beucher, H. and G. de Marsily (1984) Approche Statistique de la Determination des Per
meabilites d'un Massif Fracture, Ecole des Mines de Paris, Centre d'Informatique Geolo
gique, report LHM/RD/84/16 

Blanchin, R. and J. P. Chiles (1984) Etude statistique et geostatistique de la fracturation 
de la mine de Fanay-Augeres, Bureau de Recherches Geologiques et Minieres, Orleans, 
France, 84 RDM 074IM. 

Journel, A. G.and Ch. J. Huijbregts (1978) M£n£ng Geostat£st£cs, Academic Press, New 
York, 594 p. 

Lassagne, D. (1983) Essai de caracterisation du milieu fracture en massif granitique, 
Bureau de Recherches Geologiques et Minieres, 83 SGN 576 GEG, Orleans, France. 

Long, J. C. S., J. S. Remer, C. R. Wilson, P. A. Witherspoon (1982) Porous media 
equivalents for networks of discontinuous fractures, Water Resources Research, Vol. 18 
No.3, pp. 645-658. 

Long, J. C. S. (1983) Investigation of equivalent porous medium permeability In net
works of discontinuous fractures, Ph.D. thesis, Univ. of Calif., Berkeley. 

Long, J. C. S. and P. A. Witherspoon (1985) The relationship of the degree of intercon
nection to permeability in fracture networks, Journal of Geophy£s£cal Research, Vol. 90, 
No. B4, pp. 3087-3098. 

Marcus, H. and D. E. Evanson, (1961) Directional permeability in anisotropic porous 
media, Contrib. 31, 105 pp. Water Resources Center, University of Calif., Berkeley. 

Marcus, H. (1962) The permeability of a sample of an anisotropic porous medium, Jour
nal of Geophys£cal Research, Vol. 67, pp. 5215-5225. 

. ... 

--, 



.i 

• 

;J. 

- 83 -

Matern, B. (1960) Spatial Variation, Meddelanden Fran, Statens Skogsforskningsinstitut, 
Band 49, NR 5. 

Scheidegger, A. E. (1954) Directional permeability of porous media to homogeneous 
fluids, Geofisica pura Applicata, Vol. 28 pp. 75-90. 

Tsang, Y. (1984) The effect of tortuosity on fluid flow through a single fracture, Water 
Resources Research, Vol. 20, No.9, pp. 1209-1215 . 

Tsang, Y., and P. A. Witherspoon (1983) The dependence of fracture mechanical and 
fluid flow properties on . fracture roughness and sample size, Journal of Geophysical 
Research, Vol. 88, No. B3, pp. 2359-2366 

Warburton, P. M. A stereological interpretation of joint trace data, Int. Journal Rock 
Mechanics Min. Sci. and Geomech. Abstr., Vol. 17, pp. 181-190, Pergamon Press Ltd. 

Wilson, C.R. (1970) An investigation of laminar flow in fractured porous rocks. Ph.D. 
dissertation, University of California, Berkeley, 178 pp. 

Witherspoon, P. A., J. S. Y. Wang, I., Iwai and J. E. Gale (1980) Validity of cubic law 
for fluid flow in a deformable rock fracture, Water Resources Research, Vol. 16, No.6, 
pp. 1016-1024. 



l),; .. 
\ ''.P 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



I;" 
~ ~ ,,.'= .'!..~ 

LA WRENCE BERKELEY LABORA TORY 
TECHNICAL INFORMATION DEPARTMENT 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94720 

'II' ~ ~ ~ )~:J .. ' ) -




