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ABSTRACT 

The U. S. Department of Energy (DOE) is conducting a study of 

sedimentary rock types as potential host media for the deep geologic 

disposal of high-level radioactive waste. Conceptual models for 

sedimentary rock settings that could be used in future evaluation and 

suitability studies are being examined through the DOE Repository-

Technology Program. One area of concern for the hydrologic aspects of 

these models is discrete fracture flow analysis as related to the 

estimation of the size of the representative elementary volume, 

evaluation of the appropriateness of continuum assumptions and 

estimation of the large-scale permeabilities of sedimentary rockr.. 

A basis for preliminary analysis of flow in fracture systems of 

the types that might be expected to occur in low permeability 

sedimentary rocks is presented. The approach used in the study 

involves numerical modeling of discrete fracture flow for the 

configuration of a large-scale hydrologic field test directed at 

estimation of the size of the representative elementary volume and 

large-scale permeability. Analysis of fracture data on the basis of 

this configuration is expected to provide a preliminary indication of 

the scale at which continuum assumptions can be made. 

Examples for six cases representing data sets for differing 

fracture lengths and densities are presented. Data sets' are selected 

to reflect fracture parameters that might be expected for low 

permeability bedded sedimentary rock types. The cases illustrate the 

viii 
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use of the analysis techniques and the difficulties encountered 

modeling of fracture systems in sedimentary rocks. 



1. INTRODUCTION 

The U. S. Department of Energy (DOE) is conducting a study of 

sedimentary rock types as potential host media for the deep geologic 

' disposal of high-level radioactive waste. A preliminary evaluation of 

five rock types including anhyrocks, carbonates, chalks, sandstones, 

and shales has been conducted by the Oak Ridge National Laboratory 

(ORNL) (Croff et al., 1986) under the Sedimentary Rock Program (SERP). 

Conceptual models for sedimentary rock settings that could be used in 

future evaluation and suitability studies are being examined through 

the DOE Repository Technology Program. The work discussed in this 

report is directed at one area of the hydrologic aspects of the 

conceptual models that may be considered in the investigation of 

sedimentary rocks. 

The most serious threat to the isolation capability of a 

repository located in a deep geologic medium is expected to be 

migration of radionuclides with the groundwater. Because of the low 

matrix permeabilities of many of the rocks that will be considered for 

waste disposal, it is expected that a significant portion of fluid 

flow will take place in fractures. While it is likely that large-

scale conceptual hydrologic modeling will be performed on the basis of 

continuum or porous medium assumptions, discrete fracture flow 

analysis will be used to study the validity of the continuum assump-

tions and may find later application in near-field analysis during the 

site characterization process. The need for" analysis of fracture 



2 

systems in sedimentary rocks was stressed at the first SERP hydrology 

workshop held in August, 1985 (Hydrotechnique, 1985). 

The present work is directed at providing a basis for preliminary 

analysis of flow in fracture systems of the types that might bt 

expected to occur in low permeability sedimentary rocks. A numerical 

model for fracture flow analysis is applied to the configuration of a 

large-scale hydrologic field test directed at estimation of the size 

of the representative elementary volume and large-scale permeability 

of sedimentary rocks. It is expected that preliminary fracture data 

can be used with this type of analysis to provide a basis for early 

estimation of the scale at which porous media assumptions can be used 

for various hydrologic settings. 

A discussion of fracture flow analysis and the numerical code 

used in this study is presented in Section 2. This is followed by a 

description of a field test and the configuration used in the analysis 

in Section 3. The data that were considered in the study is discussed 

in Section 4. Finally, the results of the study and discussion and 

conclusions are presented in Sections 5 and 6, respectively. 



2. FLOW IN FRACTURES 

The analysis of flow in a fracture system requires a description 

of fluid flow in a single fracture, a geometric approximation of the 

real fracture system and a method of solving the flow field within the 

system. Because of the complexities associated with three-dimensional 

modeling and limitations on field data, fracture networks are often 

analyzed on the basis of a two-dimensional representation (Long, 

1983). The two-dimensional representation affords a conservative 

estimate of the size of the REV and is believed to be appropriate to 

the level of data that will likely become available during the initial 

characterization phases of a repository site. Three-dimensional 

analysis might be considered in a sparsely fractured rock mass where a 

large amount of data were available from detailed fracture mapping and 

core logging as in the case of a large in situ test facility. 

2.1 Fluid Flow in a Single Fracture 

The flow of a fluid in a single fracture is generally idealized 

as flow between parallel plates. A description of such flow is 

obtained from solution of the Navier-Stokes • equations for steady 

laminar flow of an incompressible fluid between parallel plates and is 

presented in standard works such as Streeter and Wiley, 1979. This 

flow, illustrated in Figure 1, is described by 

Q 
(1) 

3 



4 

Figure 1 Fluid flow between parallel plates. 
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where 

Q - flow rate 

b = distance between the plates 

p => fluid density 

g = gravitational acceleration 

H fluid viscosity 

h = hydraulic head 

w = width of the plates 

x = coordinate 

This relationship is often referred to as the cubic law because 

of the dependence on the cube of the aperture. By analogy to Darcy's 

law the equivalent hydraulic conductivity of a fracture with constant 

aperture and smooth walls is written as 
h ' 

(2) 
"f 12 pi 

\ The major differences between naturally occurring fractures and 

the parallel plate idealization is the presence of surface roughness, 

contact between surfaces and infillings of secondary minerals. Work 

by various investigators has indicated that the applicability of the 

cubic law may depend on the degree of surface roughness, contact and 

stress. The cubic law has been successfully applied to fluid flow in 

a single fracture by Louis, 1969; Sharp, 1970; and Iwai, 1976. Study 



of flow through single fractures in three rock types by Iwai, 1976 and 

Witherspoon et al., 1980 have shown that surface roughness and degree 

of closure affect the flow through the fracture but not the dependence 

on the aperture. Witherspoon et al., 1980 suggest that the flow be 

modified by the introduction of a factor 1/f to take into account 

roughness and degree of closure. The factor 1/f can be combined with 
o b*' into an equivalent fracture hydraulic conductivity defined as 

1 „aH2 
K = -1 ££i2 
f f 12^ 

This parameter may be directly measured in the laboratory or field by 

single fracture hydraulic tests. 

Laboratory work by Raven and Gale, 1985 and Pyrak et al. , 1985 

has suggested that the cubic law may not be appropriate for some 

fractures under certain stress conditions. The possibility of flow 

taking place in discrete channels within individual fractures is 

raised by Rasmussen and Neretnieks, 1986. Such flow might be 

approximated by a three-dimensional network of pipes. The major 

difficulty associated with such analysis is the identification of 

these channels. The method of analysis would be similar to that of a 

two-dimensional analysis of a fracture system based on the cubic law. 

In the present study it is assumed that fracture flow may be 

approximated by the cubic law. This approach follows that of Snow, 

1965; Long, 1983; and others. 
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2.2 Fluid Flow in a System of Fractures 

The analysis of fluid flow in a fractured rock mass requires a 

geometric description of the location, orientation, extent and 

equivalent hydraulic conductivity of all conducting fractures in the 

rock mass. Because it is not practical to obtain such information in 

the field, a statistical approach of generating a representative 

geometric realization of the fracture network is generally adopted. 

Under this approach, data for a significant number of fractures are 

collected in the field to arrive at statistical distributions for 

fracture parameters. These parameters include fracture orientation, 

length, density, and aperture or equivalent hydraulic conductivity. 

Direct field data for fracture density are not always available, 

and are often estimated on the basis of fracture frequency, length and 

orientation. Robertson, 1970 and Baecher et al. , 1977 suggest that 

fracture density for a given set of fractures may be estimated by 

(4) 
A = A 1 cos0 

where 
1 = fracture frequency 

1 = mean fracture length 

6 = angle between the sample line and the fracture poles 

2.3 Numerical Code 

The fracture systems found in most tight sedimentary rock 

formations are expected to exhibit a relatively high fracture density 



8 

and to be too complex for analysis by close form analytic solutions. 

Accordingly, a discrete fracture flow code, FRANET, (Kanehiro, 1986) 

was modified and used in the present study. The code solves the fluid 

flow equation in an arbitrary fracture network for transient: as well 

as steady-state', conditions. It considers isothermal flow of a 

slightly compressible fluid in the 1-nminar regime and assumes that 

fracture aperture or equivalent fracture hydraulic conductivity is not 

a function of fluid pressure. This latter assumption is considered to 

be appropriate for most fieLd problems, but would not be valid if the 

fluid pressures in the fractures approached the over burden pressure 

or if the fractures were not stiff and subject to significant stress 

closure. Inclusion o£ the mechanical coupling that would be required 

to handle such conditions is very complex and not considered to be 

necessary for most field situations. 

The governing equation describing fluid flow in a local one-

dirrn :isional coordinate system for each fracture is (Huyakorn and 

Pinder, 1983) 

_J L _3hJ 3h (5) 
[ Kf ox J " P&ft 3t q 

where 

x = local coordinate 

Kf - fracture hydraulic conductivity 

h = hydraulic head 

P ™ fracture storage 
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t - time 

q — sources and/or sinks 

This equation is solved for each fracture of the network subject to 

continuity of hydraulic head at fracture intersections. 

The discrete fracture code, FRANET, is based on a Galerkin finite 

element formulation that provides an approximate solution to the 

governing differential equation in terms of a set of linear algebraic 

equations (Kanehiro, 1986) 

[A] (h) - {f} (6) 

where 

[A] - coefficient matrix 

{h} = hydraulic head vector 

{f > = known vector 

These algebraic equations can be solved by direct or indirect 

solution techniques. Extensive discussions of these techniques are 

presented in such works as Bellman, 1960; Forsythe and Moler, 1967; 

and Young, 1971. The direct techniques such as Gaussian elimination, 

the frontal solution and sparse matrix solutions have the advantage of 

not requiring iteration. The indirect methods such as successive 

underrelaxation, Gauss-Seidel and successive overrelaxation have the 

advantage of generally requiring less computer memory. Direct 

solution techniques are employed in the present study. An indirect 



method such as a successive ov.errelaxation algorithm which was 

demonstrated by Yeh, 1985 may be advantageous for very large matrices 

such as those that would be encountered in three-dimensional fracture 

network problems. 

The present version of the FRANET code employs a banded solver 

using the Cholesky algorithm which takes advantage of the symmetric 

nature of the coefficient matrix to reduce computer storage and 

increase the size of the problem that may be run (Dhatt and Touzot, 

1984). Efficient use of the banded solver, however, requires that the 

nodes in the mesh be numbered so as to minimize the difference in node 

numbers between connected nodes. This is a particularly difficult 

problem because of the discontinuous nature of the fracture mesh and 

the relatively short fractures that are expected for sedimentary rock 

;":ypes. The first node numbering scheme that was used in the study 

relied on proximity of groups of nodes. This scheme resulted in the 

improvement of computer storage requirements and allowed for analysis 

of fracture networks with relatively long fractures and low density. 

Storage and numerical problems were encountered with networks 

containing shorter, denser fractures. 

After experimentation with other numbering schemes it was found 

that the best results were obtained with a numbering scheme adapted 

from an algorithm developed by Cuthill and McKee, 1969 (Karasaki, 

1986). This numbering scheme has been shown to reduce the bandwidth 

of the coefficient matrix by a factor of about 5 for most problems and 

occasionally a factor of 10 for large, very dense networks. Further 

improvements in the use of computer storage might be realized in the 
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future by implementation of a frontal solution (Irons and Ahmad, 

1980) , a sparse matrix solver or an indirect approach as discussed by 

Yeh, 1985. 

2.4 Code Verification 

One-dimensional and two-dimensional transient flow problems are 

presented below to demonstrate the use of the FRANET code. The one-

dimensional problem is equivalent to heat conduction in a solid rod. 

The rod is assumed to be one unit long with the left end set to a no-

flow condition and the right end set equal to a constant head of one. 

The mesh used in the simulation for this problem divides the field 

into ten elements with 11 equally spaced nodes as illustrated in 

Figure 2A. The. analytic solution for different dimensionless times 

that is presented in Carslaw and Jaeger, 1959 are shown as solid lines 

in Figure 2B. The results of the numerical simulation are shown as 

dots in this figure. Comparison of the numerical and analytical 

solutions for this problem indicates good agreement for all values of 

dimensionless time. 

The two-dimensional problem considers two sets of orthogonal, 

uniformly spaced extensive fractures of equal aperture similar to 

those considered by Snow, 1965. The mesh that was used in this 

simulation includes 121 nodes and 100 elements and is shown in Figure 

3. The hydraulic head was held at a constant value of one in the 

upper left-hand corner and zero at the lower right-hand corner. No-

flow boundary conditions were set for all other boundary nodes and all 

hydraulic heads were initially set to zero. The transient head 
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1 2 3 4 5 6 7 8 9 10 11 
• • • • B m • • • • • 

1 2 3 4 5 6 7 8 9 10 
x = 0 x - 1 

(A) MESH 

0.0 0.2 0.4 0.6 0.8 1.0 

x/i (DIMENSIONLESS) 

(B) SOLUTION FOR VARIOUS DIMENSIONLESS TIMES 

Figure 2. Mesh (A) and results (B) for application of the 
discrete fracture code to a one-dimensional 
problem. 
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A 
1.0 

0.8 

0.6 

0 . 4 

0.2 

0.0 

\ \ \ • 

\ \ \ \ \ \ \ 
0.0 3.2 0.4 0.6 0.8 1 

CROSS SECTION SHOWN 
ON SOLUTION 

Figure 3. Fracture mesh for two-dimensional network of 
extensive orthogonal fractures. 
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increase along the cross-section indicated in Figure 3 is shown on 

Figure 4. The simulation results indicate a regular buildup of head 

with time and a smooth approach to the steady-state solution. 

2.5 Fracture Mesh Generation 

The mesh used by the discrete fracture code consists of line 

elements representing fractures with nodes at all intersections and 

additional nodes, between intersection points, with spacing of these 

nodes depending on the length of the fracture and the expected 

hydraulic gradients. If the mesh is to be representative of a real 

fracture system, the elements must reflect the statistical distri-

butions of fracture parameters measured in the field. For con-

venience, the fracture mesh is generated with the aid of a fracture 
11 

mesh generation code. n 

The mesh generator employed in this study is based on methodology 

and generators developed by Baecher and Lanney, 1978; Long, et. al. , 

1982; and Long, 1983. The generation process starts with a set of 

randomly generated points reflecting the density of the fracture 

system. Fractures are propagated at each of these points according to 

the statistical distributions for fracture lengths, orientations and 

apertures. 
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0.0 0.2 0.4 0.6 0.8 1.0 

LENGTH PROJECTED ON X AXIS 

Figure 4. Numerical solution for two-dimensional fracture 
network of extensive orthogonal fractures. 



3. REPRESENTATIVE ELEMENTARY VOLUME 

It is anticipated that one of the primary uses of the discrete 

fracture flow model described above will be in the evaluation of the 

representative elementary volume of sedimentary rocks. For the 

present, the representative elementary volume may be viewed for 

practical purposes in terms of the measurement of hydraulic conductiv-

ity. If successively larger volumes of a fractured rock are tested, 

the representative elementary volume can be estimated on the basis of 

stabilization of the hydraulic conductivity with increasing test 

volume. This concept is illustrated in Figure 5. 

Because porous media assumptions are not valid when considering a 

fracture network smaller than one REV, the flow and the equivalent 

hydraulic conductivity of the network will be dependent on the shape 

of the outer perimeter of the network and the boundary conditions 

imposed. The REV study for fractured sedimentary rocks should 

therefore reflect a practical field test for REV estimation. A 

possible test is discussed below. The discussion is intended to 

provide a basis for the configuration used in the present REV study. 

While such a test would require an in situ test facility and is 

generally considered to be a part of site characterization activities, 

it is believed that a preliminary evaluation of the REV of fractured 

sedimentary rocks may be performed on the basis of simulation of such 

tests using fracture data that may be available prior to site 

selection. 

16 
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Figure 5. The concept of a representative elementary volume 
(after Bear, 1972) .' 
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3.1 Large-Scale Hydrology Test 

It is believed that the most practical field test for determina-

tion of the fluid flow REV for a fractured sedimentary rock is a form 

of chamber test. Such a test was run at the experimental test 

facility at Stripa, Sweden and is being proposed for characterization 

of the first-round sites in this country. 

A conceptual representation of a chamber test suitable for 

sedimentary rock is shown in Figure 6. The actual dimensions of the 

test will be a function of the expected fracture characteristics of 

the rock. A water-filled chamber rather Chan the ventilation-type 

test used at Stripa is considered because it allows for greater 

control of flow rates and boundary conditions. The chamber should be 

located below the level of other drifts in the test facility to avoid 

flooding in the -:.vent of bulkhead failure which is one of the concerns 

in a water-filled chamber test. 

The water pressure within the chamber can be adjusted to allow 

for flow toward or away from the chamber under constant pressure or 

inflow conditions. The selection of chamber pressures and flow rates 

should be a function of the properties of the rock mass, possibility 

of dissolved gases coming out of solution and other special condi-

tions. Measurement of the pressure field in the rock mass surrounding 

the chamber can be made through packer equipped radial or longitudinal 

monitoring boreholes. The longitudinal monitoring boreholes shown in 

Figure 6 have the advantage of a low gradient along their length 

thereby reducing the risk of leakage around packers. They would, 



F i g u r e 6 . Conceptual r e p r e s e n t a t i o n o f a chamber t e s t 
f a c i l i t y i n sed imentary rock . 
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however, be expected to be more costly and difficult to install than 

the radial boreholes. 

3.2 Configuration for Analysis 

If the chamber is sufficiently long, most of the flow in the rock 

around the chamber will be radially into or away from the chamber. 

The configuration selected for the present REV study is a vertical 

cross-section normal to the axis of the chamber. A schematic 

representation of this flow region is shown in Figure 7. The inner 

and outer circles reflect the dimensions of the chamber drift and the 

potential REV being considered, respectively. The inner boundary 

condition is arbitrarily set to a constant head of one and the outer 

is set to zero so the hydraulic conductivity in the annular region can 

be estimated by using a steady-state, flow analysis. For each 

fracture network considered, the outer boundary is increased until the 

hydraulic conductivity of the annular flow region stabilizes. 

The present REV study considers only the absolute hydraulic 

conductivity of the rock. The conductivity tensor, Kj_j , of the rock 

mass could be estimated on the basis of the shape of the pressure 

field in the rock and continuum analysis. 



Figure 7. Configuration of annular flow region considered 
in representative elementary volume analysis. 



4. FRACTURE DATA 

4.1 Data Considerations 

Before discussing the data used in this study, it is important to 

recognize that field fracture data are subject to limitations and 

often cannot be used directly in discrete fracture flow analysis. 

Field observations, for instance, often include fracture widths, which 

are made on a visual basis and reflect the entire thickness of the 

fracture including any mineral infillings. Such measurements are 

generally significantly greater than hydraulic apertures which reflect 

the ability of the fracture to conduct fluid, are derived from single 

fracture field or laboratory tests and are appropriate for the 

discrete fracture flow analysis considered here. 

Field observation of fracture frequency, or spacing, is also 

based on visual observation and considers both conducting and 

nonconducting fractures. Since the majority of fractures may exhibit 

mineral infillings which lower their conductivity, visual observation 

may be considered to provide an upper limit to the density used in 

discrete fracture modeling. In the case of very dense fracture 

networks, the density may be arbitrarily reduced to accommodate 

computational limitations and to provide a conservative estimate of 

the REV. 

Fracture lengths used in discrete fracture analysis may be much 

larger than indicated by the field data. This is because the length 

measured in the field on a outcrop or drift wall may not represent the 

22 
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full extent of the fracture and because a single fracture in the 

discrete fracture flow model may be used to represent a number of 

connecting fractures in the real world. It should be noted that 

fracture storage might have to be adjusted when combining fractures in 

transient problems. 

The most extensive fracture data exist for crystalline rocks 

where fluid movement is almost exclusively dominated by fracture flow. 

An extensive discussion of the fracture parameters of the crystalline 

rock at the experimental test facility at Stripa, Sweden is presented 

in Olkiewicz et. al., 1979; Thorpe, 19/9; and Rouleau and Gale, 1985. 

A limited amount of fracture data are available for the low permeabil-

ity dense interiors of the basalts at the Hanford site. These data 

are described in Watkins, 1983; Long and Woodward-Clyde Consultants, 

1984; and Lindberg, 1985. 

Fracture data for tight sedimentary rocks are not generally 

available because sedimentary rock types have not been extensively 

studied for the disposal of radioactive waste and are not generally 

associated with minable resources. A preliminary literature search of 

widely available technical literature did not reveal usable data for 

very tight sedimentary rocks. A set of hypothetical fracture 

parameters, derived from other rock types, is adopted for the purposes 

of this preliminary REV study and will be discussed in the following 

section. These parameters are selected to be realistic to ensure that 

the analysis techniques that are developed will be applicable to 

specific data as it becomes available. In particular, the analysis 

considers data for relatively short fracture, high density networks of 
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the types that are anticipated for sedimentary rocks. Such networks 

may lead to difficulties that may not be encountered if certain types 

of crystalline rock data are used. 

4.2 Model Data 

A sedimentary rock, such as a hard shale or a tight sandstone 

that exhibits horizontal bedding, is considered. For the purposes of 

this preliminary study, fracture parameters are based on comparison to 

crystalline rock at the Stripa site and the dense interior of basalt 

flows at the Hanford site. It is assumed that the rock will exhibit 

higher fracture density and shorter fracture lengths than crystalline 

rock and similar or lower densities and similar or longer lengths than 

basalt. The comparisons to crystalline rock and basalt are used 

primarily because of the data that are available for these rock types. 

It is assumed that the rock contains two sets of fractures. The 

first set is assumed to be parallel to bedding planes and the second 

set is assumed to be vertical and the result of horizontal stress 

relief. 

The fractures in the three or four fracture sets observed at the 

Stripa site have mean lengths on the order of one meter (Thorpe, 1979 

and Rouleau and Gale, 1985). The two sets of fractures observed at 

the Hanford site exhibit lengths of approximately 0.2 and 3 meters 

(Watkins, 1983). Because of the bedding, it is assumed that the 

fracture sets considered for the sedimentary rocks will exhibit 

different mean lengths. A ratio of two to one between the vertical 

and horizontal sets is arbitrarily assumed. For purposes of modeling, 
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a number of fractures will be combined into a single fracture and 

fracture lengths on the order of 5 to 10 meters and 2.5 to 5 meters 

are assumed for the vertical and horizontal sets, respectively. 

Fracture frequencies of each of the fracture sets observed at the 

Stripa site are approximately two fractures per meter (Thorpe, 1979). 

Fracture frequencies at the Hanford site are much higher, ranging from 

10 to 30 fractures per meter (Lindberg, 1985) . Because these 

frequencies include both conducting and nonconducting fractures, a 

density lower than that reflected by observed frequencies should be 

used. To provide for consideration of the effects of infillings and 

density reduction from combining of fractures, and to provide a 

conservative estimate of the size of the REV, a density on the order 

of 0.2 fractures per m^ is adopted for this study. This is equivalent 

to assuming that fracture frequencies of conducting fractures is 1 to 

2 fractures per meter. 

Equivalent fracture apertures for crystalline rocks, measured in 

laboratory and field tests, seem to range from 10 to 100 microns for 

tight rock (Thorpe, 1979). Equivalent fracture aperture data for the 

basalt at the Hanford site are not available. Because tight sedimen-

tary rocks appear to exhibit low permeabilities, but higher fracture 

densities than crystalline rock, fracture apertures at the lower end 

of this range were adopted. Fracture aperture data are not considered 

to be critical to the present steady state study because the REV is 

not a function of the aperture data used. 

The K .. -iulic conductivities that are derived from aperture 

assumptions and presented with the results in the following section 
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are used as a basis for evaluating the size of the REV. They should 

not be treated as true estimates of the conductivity of sedimentary 

rock types. 

The distributions used in the present study are based on 

observations in other rock types by Robertson, 1970; Priest and 

Hudson, 1976; Baecher and Lanney, 1978; and Hudson and Priest, 1979. 

Fracture lengths are assumed to be log normally distributed, orien-

tation normally distributed and apertures log normally distributed. 

The standard deviations that are used were arbitrarily selected and 

the affects of distribution variations are not considered in this 

preliminary study. 



5. ANALYSIS AND RESULTS 

A total of 6 cases representing some 60 model runs are considered 

in the present study. These cases are selected to illustrate the 

application of the discrete fracture flow model to the estimation of 

sedimentary rock REV's on the basis of the data discussed in the 

previous section. 

5 .1 Case 1 

The first case studied assumes that the fractures in the rock are 

relatively long and that multiple fractures may be treated as a 

single, long fracture. The fracture parameters used in this case are 

presented in Table 1. The mean fracture lengths for the vertical and 

horizontal fracture sets are 10 m and 5 m, respectively. The fracture 

density is assumed to be 0.20 fractures/m^. A 60 m region of the 

fracture network generated from the fracture parameters presented in 

Table 1 is shown in Figure 8. In this and all other cases, the 

modeling domain includes the central portion of the network corres-

ponding to the annular region that was shown in Figure 7. The size of 

the flow region will refer to the thickness of the annular section. 

Nine runs were made for Case 1 with the size of the flow region 

increasing from 6 m to 22 m. The hydraulic conductivities for these 

runs are plotted in Figure 9. The overall hydraulic cdnductivity of 

the fracture network can be seen to stabilize as the flow region 

27 
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Table 1. Fracture parameters used in representative 
elementary volume study, Case 1. 

Set Length 
(m) 

Orientation 
( °) 

Aperture De<Wi ty 
(fim) (fractures/m^) 

mean 
(standard 
deviation) 

mean 
(standard 
deviation) 

mean 
(standard 
deviation) 

10 
( 2 . 5 ) 

90 
( 2 0 ) 

10 
(20) 

5 
( 1 . 2 5 ) 

0 
(20) 

10 
(20) 

1 and 2 0.20 
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Figure 8. A 60 m region of the fracture network used 
in Case 1. 
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Figure 9. Hydraulic conductivity versus the size of 
the flow region considered in Case 1. 
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approaches 12 m. The absolute hydraulic' . ••>•'. ivity for this case is 

approximately 3.5 x lCT 1 1 m/ sec. 

5.2 Case 2 

The fracture parameters used in Case 2 are presented in Table 2. 

This case is similar to Case 1, except that the fracture density has 

been reduced to 0.15 fractures/m^. The fracture network for a 60 m 

region is shown in Figure 10. The reduction in fracture density can 

be seen to have a significant effect on the connectivity of the 

fracture pattern. 

Nine runs for flow regions ranging from 6 m to 22 m were made for 

Case 2. The plot of hydraulic conductivity versus flow region shown 

in Figure 11 indicates that the conductivity has not stabilized and an 

REV has not been approached within a flow region size of 22 m. Larger 

radial distances were not considered because of the large computer 

times required and the preliminary nature of the present study. 

The large conductivities seen in Figure 11 result from the two-

fold increase in fracture aperture over that used in Case 1. Because 

of the steady-state nature of the analysis the aperture does not 

affect conclusions regarding the size of the REV and the problem was 

not rerun for the smaller aperture value. 

5.3 Case 3 

The fracture parameters used in Case 3 are presented in Table 3. 

For this case, the fracture lengths of both the vertical and horizon-

tal fracture sets are reduced by a factor of two and the density is 
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Table 2. Fracture parameters used in representative 
elementary volume study, Case 2. 

Set Length 
(m) 

Orientation 
( 

Aperture Density 
(pm) (fracture s/m2) 

mean 
(standard 
deviation) 

mean 
(standard 
deviation) 

mean 
(standard 
deviation) 

10 
(2.5) 

90 
(20) 

20 
(40) 

5 
(1.25) 

10 
(20) 

20 
(40) 

1 and 2 0.20 
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Figure 10. A 60 m region of the fracture network used 
in Case 2. 
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Figure 11. Hydraulic conductivity versus the size of 
the flow region considered in Case 2. 
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Table 3. Fracture parameters used in representative 
elementary volume study, Case 3. 

Set Length Orientation Aperture Density 
(m) ( °) (Mm) (fractures/m^) 

mean mean mean 
(standard (standard (standard 
deviation) deviation) deviation) 

1 5 90 10 
( 1 . 7 5 ) ( 2 0 ) ( 2 0 ) 

2 2 . 5 0 10 
( 0 . 5 ) ( 2 0 ) ( 2 0 ) 

1 and 2 0.20 
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increased to 0.20 fractures/ra^. The fracture network is shown in 

Figure 12. Visual examination of this figure suggests poor fracture 

connection and initial runs indicated that the REV is probably very 

large. Because of the preliminary nature of the study, and the 

difficulties associated with running large problems with relatively 

short fractures, larger regions were not considered. 

5.4 Case 4 

For Case 4, the fracture lengths of the horizontal and vertical 

fracture sets are increased to mean values of 7 m and 4 m, respec-

tively. The other parameters are the same as those for Case 3 and are 

presented in Table 4. The fracture network derived from these 

parameters is shown in Figure 13. A plot of hydraulic conductivity 

versus the size of the flow region for the ten model runs made for 

this case is shown in Figure 14. It can be seen that in spite of the 

increased fracture lengths an REV is not achieved within a flow region 

of approximately 24 m. 

5.5 Case 5 

The fracture lengths of 7 m and 4 m are retained in this case, 

but the fracture density is increased to 0.24 fractures/m^. Fracture 

parameters are presented in Table 5. The fracture network for this 

denser mesh, shown in Figure 15, appears to be relatively similar to 

the network for Case 4. Examination of the results of the analysis 

shown in Figure 16, however, suggest that the hydraulic conductivity 

does not stabilize until the flow region approaches approximately 



Figure 12. A 60 m region of the fracture network used 
in Case 3. 
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Table 4. Fracture parameters used in representative 
elementary volume study, Case 4. 

Set Length 
(m) 

Orientation 
( °) 

Aperture Density 
(/im) (fractures/m^) 

mean 
(standard 
deviation) 

mean 
(standard 
deviation) 

mean 
(standard 
deviation) 

7 
(1.75) 

90 
(20) 

10 
(20) 

4 
( 1 ) 

0 
(20) 

10 
(20) 

1 and 2 0.20 
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Figure 13. A 60 m region of the fracture network used 
in Case A. 



FLOW REGION (m) 

Figure 14. Hydraulic conductivity versus the size of 
the flow region considered in Case 4. 
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Table 5. Fracture parameters used in representative 
elementary volume study, Case 5. 

Set Length Orientation Aperture Density 
(m) ( °) (fj.m) (fractures/m2) 

mean mean mean 
(standard (standard (standard 
deviation) deviation) deviation) 

1 . 7 90 10 
" (1-75) (20) (20) 

2 4 0 10 
(1) (20) (20) 

1 and 2 0.24 



Figure 15. A 60 m region of the fracture network used 
in Case 5. 
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Figure 16. Hydraulic conductivity versus the size of 
the flow region considered in Case 5. 
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22 m. The simulated hydraulic conductivity of 1 x 10"^ m/sec for the 

assumed fracture aperture of 10 microns would be reasonable for a very 

tight fractured rock mass. 

5.6 Case 6 

The purpose of Case 6 is to illustrate the statistical nature of 

the fracture network generation scheme employed in these studies. 

Each of the fracture networks .discussed above is a realization of an 

infinite number of possible networks. The selection of the particular 

fracture network is based on random sampling of the statistical 

distributions for each of the fracture parameters. The sampling is 

based on a random number generator, which requires that an initial 

random number, a seed, be entered by the user. Changing the seed used 

in the generator therefore results in a randomly different realization 

of the fracture network. 

Case 6 uses the same fracture parameters as does Case 5, but a 

different seed was used in the generation of the fracture network. 

The fracture network is shown in Figure 17. As would be expected, it 

is very similar to the Case 5 network that was shown in Figure 15. 

The results of the analysis of the network, shown in Figure 18, 

however, indicate that the REV is somewhat smaller (14 m as opposed to 

22 m) than Case 5. Further, the hydraulic conductivity changes from 1 
19 19 x 10" m/sec to 2 x 10 m/sec. Because the same distributions are 

used in generating the two fracture networks, the difference in the 

size of the REV can only be attributed to random differences between 

the networks. This case was selected to illustrate the affects of 
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Figure 17. A 60 m region of the fracture network used 
in Case 6. 
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Figure 18. Hydraulic conductivity versus the size of 
the flow region considered in Case 6. 
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random generation, but is not an atypical case. This suggests that it 

will be necessary to run a significant number of random networks to 

arrive at final estimates of the size of the REV. 



6. DISCUSSION AND CONCLUSIONS 

Analysis of fracture flow may be expected to be important to the 

evaluation of the size of the REV and study of the appropriateness of 

porous media assumptions that are used in conceptual hydrologic models 

of sedimentary rock settings. The high densities and relatively short 

fracture lengths expected for sedimentary rocks will make discrete 

fracture flow analysis difficult. The fracture flow code discussed in 

Section 2 is capable of handling approximately 3,000 fractures on 

moderate size computers and may provide a conservative estimate of the 

size of the REV of sedimentary rocks. 

It is believed that numerical modeling of the configuration of 

the large-scale test discussed in Section 2 on the basis preliminary 

fracture data can provide early estimates of the size of the REV and 

permeability of sedimentary rocks considered in the development of 

conceptual settings. The approach was applied to six cases represent-

ing data sets of differing fracture lengths and densities. Data sets 

were selected to reflect fracture parameters that might be expected 

for low permeability bedded sedimentary rock types. The cases 

illustrate the use of the analysis techniques and difficulties 

encountered in modeling fracture networks associated with short dense 

fracture sets. 

The approach presented in this study addresses the estimation of 

the size of the fluid flow REV. It is expected that the REV for 

transport will be significantly larger. As discussed at the SERP 
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hydrology workshop (Hydrotechnique, 1985) the estimation of the 

transport REV should be pursued by expanding the present fracture flow 

analysis to included transport phenomena. It is anticipated that the 

major differences between transport in sedimentary rock systems and 

other rock types such as crystalline rocks will be higher matrix 

porosities and larger retardations. 
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