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ABSTRACT 

Effect of joint geometry parameters and joint transmissivity on the hydraulic 

properties of jointed rock including the equivalent permeability tensor is investigated 

through a series of numerical experiments. The equivalent continuum hydraulic behavior 

of jointed rock was found to be sensitive to the orientation of the joint sets in a joint 

network system. The chances for the equivalent continuum behaviour were found to 

increase with the increase of joint density and joint size. 

It was found that for some joint systems, the equivalent continuum behavior does not 

exist irrespective of the rock block size; joint systems with low orientation angles, low 

joint densities and small joint sizes seem to have chance belonging to this category. 

The equivalent continuum behavior of a joint system can be expressed with respect to 

a cut-off value for the first invariant of fracture tensor ( FO). If the FO value for a given 

joint network is more than the cut-off value, then the joint system can be approximated by 

an equivalent continuum. For the joint systems investigated in this study, values between 

10 and 30 were found for cut-offFO. A threshold value ofFO between 3 and 6 was found 

to achieve a non-zero average block permeability (KO). Both the threshold value and the 

cut-off value ofFO were found to depend on the relative orientations of joint sets. 

Chances to reach equivalent continuum behavior for a rock mass having a certain 

joint configuration increases with the increase of block size. REV size for a joint system 

was found to depend on the orientation of the joint sets and on the distribution of joint 
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size and density. REV size seems to decrease with increasing joint density. The block size 

corresponding to the aforementioned cut-off FO can be considered to provide the REV 

size for a given joint configuration. 

For a considered joint network, KO increases with the increase of block size until the 

block size is equal to REV size. The KO value at the REV size for a joint system increases 

with increase in joint size and joint density. 

The relation between KO and FO seems to depend on the relative orientation of the 

joint sets in the joint network. 

Joint hydraulic conductivity plays a major role on the equivalent continuum behaviour 

and permeability anisotropy. 

A non linear relation seems to exist between the directional permeability and the 

fracture tensor component for the connected joint configuration when rock blocks contain 

minor discontinuities. For rock blocks containing major discontinuities this relation 

becomes linear. 
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Modeling of fluid flow through jointed rock is important iii performing the following 

tasks associated with jointed rock masses: (a) development of fractured rock reservoirs, 

(b) design of oil and gas wells, (c) assessment of nuclear waste repository caverns, (d) 

geothermal energy development, (e) storage of fluids in caverns, (t) study of ground water 

contamination, (g) stability investigations of geotechnical engineering structures and (i) 

study of in-situ mine leaching. In the above mentioned problems, some times only average 

flow or global scale flux is of concern. However, in many of the above mentioned 

problems, the flux at a more local scale is important. 

A great deal of variation exist between the hydraulic properties of jointed rock 

determined from laboratory tests and field tests. This is mainly due to the presence of 

minor and I or major discontinuities in the rock mass. Therefore, fluid flow through jointed 

rock is very much dependent on the fracture or joint network pattern in the rock mass. As 

the joint network pattern in a rock mass and the fluid flow behavior through a network of 

joints are very complex, it is a great challenge for geo-engineers to predict the fluid flow 

pattern in jointed rock. The fluid flow through jointed rock is totally governed by the 

discontinuity geometry parameters including the connectivity among joints, in case of very 

low permeable rocks like some of the igneous and metamorphic rocks. The discontinuities 

which are of fully persistent type in a region of rock mass are described as major 
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discontinuities and the discontinuities which are of finite size are described as minor 

discontinuities in this dissertation. 

1.1 Nature of the problem 

At present, most analyses of fluid flow behavior through jointed rock are performed 

assuming an equivalent continuum to represent the combined hydraulic behavior of 

discontinuities and the rock matrix. The equivalent continuum hydraulic behavior may 

exist for a given rock mass with minor discontinuities only at a size greater than or equal 

to REV size. REV (representative elementary volume) may be defined for a given rock 

mass as the size beyond which very little variation is found for hydraulic properties. For a 

rock mass having major discontinuities, it may not be possible to obtain a REV size. 

The REV size can be defined through figure 1.1. It is well known that the 

permeability of jointed rock is scale dependent. If a sample of very small size is selected 

from a statistically homogeneous region of a rock mass, it may contain one joint, two or 

few joints or it may not contain any joint. The sample having no joint will have a lower 

permeability value compared to the sample having one, two or more joints. If several such 

samples of small sizes are collected from different parts of a statistically homogeneous 

region, and are subjected to hydraulic tests, the permeability value will show a great 

variation for that small size as seen in Figure l.Ib. As the sample size is increased, the 

variation in the number of joints present in the selected sample size will decrease. This will 

be reflected through a decrease in the variation of permeability for the same sample size. 

If, now a large sample size is selected, the number of joints present will be more and the 
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connectivity will be better. If samples of such large sizes are selected from different parts 

of a statistically homogeneous region, and are subjected to permeability tests, a smaller 

variation will be found among the values of permeability for that sample size. From Figure 

1.1 b, it is clear that the variation in the permeability value decreases with the increase of 

sample size. Hence, beyond a certain sample size (area in 2D and volume in 3D) the 

variation of permeability value for the same sample size will be small and can be assumed 

to be negligible for practical purposes. This size at which the permeability tends to attain 

an asymptotic value is known as the REV size. For a REV size sample with a joint 

network, the assumption of an equivalent continuum medium may be valid. 

The REV size is not uniquely defined and it is not sure whether it exists for all jointed 

rock masses. This representative elementary volume (REV), if it exists for a rock mass, is 

of great importance for engineering purposes. If the REV size for a statistically 

homogeneous rock mass can be expressed as a function of joint geometry parameters, then 

it would provide valuable information in estimating scale-dependent hydraulic properties 

for the rock mass associated in the geo-engineering discipline. However, at present, very 

little information is available in the rock mechanics literature about the relation between 

REV size corresponding to equivalent continuum behavior and joint geometry parameters. 

The criteria to obtain equivalent continuum approximation in terms of joint geometry 

parameters are not available in the rock mechanics literature. For a given statistically 

homogeneous region of a rock mass, it will be very much helpful for practical purposes to 
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have a quantification on the combined effect of the joint geometry parameters, which 

represent the equivalent continuum medium behavior for the given rock mass. 

At rock volumes below the REV size, the hydraulic behavior of a rock mass is far 

from the equivalent continuum behavior. Around this level, the rock mass hydraulic 

behavior is more of a discrete type. Also, the equivalent continuum approach can not be 

used to make predictions concerning the flow behavior of a jointed rock mass at a local 

scale. Reviewing the literature based on discrete fracture flow approach, it is revealed that 

the relation between joint geometry parameters and hydraulic properties of jointed rock is 

not available for a jointed rock mass which does not exhibit equivalent continuum 

behavior. 

The directional coefficient of permeability for a jointed rock mass is influenced by the 

connectivity among the joints in the considered direction. Connectivity is dependent on the 

combined effect of the following joint geometry parameters: joint location, joint 

orientation, joint density and joint size. The functional relation between the combined 

effect of joint geometry parameters including connectivity and the directional coefficient of 

permeability is not available at present. It is also important to know how this relation 

between the joint geometry parameters and the hydraulic properties of jointed rock differs 

for major discontinuities from minor discontinuities. 

In the rock mechanics literature, the fracture tensor is used to measure the combined 

effect of joint geometry parameters in studying the relation between joint geometry 
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parameters and strength and deformability of jointed rock. Hence, the relation between 

fracture tensor properties and hydraulic properties of jointed rock should be examined in 

order to find the combined effect of joint geometry parameters on the hydraulic properties 

of jointed rock. 

At present, it is possible with the help of available literature, to determine statistically 

homogeneous regions for a given rock mass. For any given statistically homogeneous 

region, it is possible to determine the suitable probability distributions for joint geometry 

parameters. Hence, from field joint data, an appropriate joint network for a given 

statistically homogeneous region can be generated in two or in three dimensions. With the 

help of advanced level numerical modeling software, it is now possible to determine the 

directional coefficient of permeability for a rock block having a generated joint network 

both at the two and three dimensional levels following a discrete fracture flow approach. 

The accuracy for the generation of a fracture network from field joint data at the two 

dimensional level is greater than that at the three dimensional level. 

Hence, the discrete fracture flow approach can be used to find the relations between 

joint geometry parameters and hydraulic properties of jointed rock at any scale of problem 

i.e. at the REV size or below it. The existence of the REV size for a given jointed rock 

mass may be established with the help of the discrete fracture flow approach. The 

statistically homogeneous regions for any rock mass are found to depend more on the 

relative orientations of the joint sets. Though several studies in the past have been 

conducted to study the effect of joint density and joint size on the equivalent continuum 
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behavior of jointed rock, very little information is available at present regarding the effect 

of joint orientation on the hydraulic properties of jointed rock. 

The hydraulic conductivity of a single joint depends on the joint roughness, joint 

matedness, joint aperture and type of infillings. The hydraulic conductivity of a joint and 

the mechanical aperture of the joint can be combinedly represented as joint transmissivity. 

The hydraulic properties of jointed rock also depend on the joint transmissivity values. It is 

important to study the effect of different ratios of joint hydraulic conductivity for joint sets 

on the directional permeability value and the equivalent permeability tensor for different 

combinations of joint geometry parameters. 

l.l. Objectives and scope of this study 

As mentioned in the previous section, there is no definite relation exist between the 

joint geometry parameters and the permeability of jointed rock. The aim of the present 

research is to achieve the following goals: 

a) To investigate whether relations exist between joint geometry parameters (Orientation, 

size, density and interconnection) and the permeability of jointed rock. 

b) To evaluate the influence of each joint geometry parameter on the hydraulic properties 

of jointed rock including the equivalent permeability tensor. 

c) To find the relation between the directional permeability and the fracture tensor 

component for joint networks having either minor or major discontinuities. 
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d) To investigate the relations between the properties of permeability tensor and fracture 

tensor for joint networks and to make an attempt to quantifY the joint geometry 

requirements to achieve non zero permeability for different joint systems. 

e) To study the requirements for the equivalent continuum approximation for joint 

networks and to make an attempt to quantify the joint geometry parameter values needed 

to achieve the equivalent continuum behavior for different joint systems. 

f) To determine the effect of rock block size on the permeability of jointed rock in order to 

establish the existence of the REV size corresponding to the equivalent continuum 

behavior for considered joint networks. 

g) To study the effect of joint hydraulic conductivity on permeability tensor properties of 

jointed rock. 

1.3. Structure of the dissertation 

Research on the above mentioned goals and the solutions are covered in this 

dissertation. First of all, a brief review of the available literature on the permeability of 

jointed rock and statistical homogeneity of rock masses is presented in Chapter 2. This 

include the different approaches used and the conclusions obtained from those studies. 

The procedures used to perform hydraulic numerical experiments and the theory on 

permeability of jointed rock are reviewed in Chapter 3. A joint geometry generation 

program is used to generate a large number of joint networks in rock blocks based on both 
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deterministic and probabilistic distributions of joint geometry parameters. A finite element 

code based on the discrete fracture flow approach is used to determine the directional 

permeability for simulated rock blocks having joint networks in two dimensions. The 

results obtained through these numerical experiments, for rock blocks having joint 

networks generated by different deterministic values for joint geometry parameters, are 

discussed in Chapter 3. In the same chapter, the effects of joint orientation, joint density 

and joint size on the directional permeability, equivalent permeability tensor and the 

average block permeability are investigated. Possible relations between fracture tensor 

properties and hydraulic properties for rock blocks having joint networks generated by 

deterministic values for the minor discontinuity geometry parameters are investigated in 

Chapter 4. In Chapter 5, the effect of block size on equivalent continuum hydraulic 

behavior of jointed rock is studied by using rock blocks having joint networks based on 

probabilistic distributions for joint size and joint location. Relation between the directional 

permeability and the fracture tensor component for different block sizes having minor 

discontinuities is also investigated in Chapter 5. In the same chapter, the effect of different 

probabilistic distributions for joint orientation on the directional permeability and on the 

properties of permeability tensor is examined. The effect of major discontinuities on the 

permeability of jointed rock based on both deterministic values for the joint geometry 

parameters and probabilistic distributions for joint size and joint location is presented in 

Chapter 6. In all the above chapters the joint hydraulic conductivity is assumed to be the 

same for each joint. In Chapter 7, a study is made to investigate the effect of the hydraulic 
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conductivity of joints on the hydraulic properties of jointed rock. The results obtained in 

this study are based on both different deterministic values for joint transmissivity of 

different joint sets and probabilistic distributions of joint transmissivity for joints within a 

joint set. Chapter 8 concludes this dissertation including a summary and providing 

recommendations for future research. 
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Two fundamental approaches are found in the literature for modeling of fluid flow 

through jointed rocks: 1) equivalent continuum flow approach ( Scheidegger, 1960, Bear, 

1972, Louis, 1974, Neumann et al., 1984, Hseih and Neumann, 1985; Hseih et al., 1985; 

Marsily, 1985; Neumann, 1987) and 2) discrete fracture flow approach (Long et al., 1982; 

Schwartz et al., 1981 & 1983, Robinson, 1984; Oda, 1985; Rouleau and Gale, 1987; 

Dershowitz and Einstein, 1987). The first approach assumes that the combined effect of 

fractures and the matrix rock can be represented by an equivalent continuum, while the 

second approach treats fractures distributed in the matrix rock as separate elements having 

significantly different hydraulic conductivities compared to the hydraulic conductivity of 

the matrix rock. 

2.2 Equivalent continuum flow approach 

The equivalent continuum approach is based on the REV concept. REV 

(representative elementary volume) of a statistically homogenous rock mass is defined as 

the minimum block size or volume beyond which any sub mass behaves essentially like the 

whole mass with respect to the combined effect of the rock matrix and minor 

discontinuities. If the investigated rock block size is close to the REV size, then 
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conceptually an equivalent continuum model can be used to estimate the average flow. At 

rock block sizes below the REV, equivalent continuum approach can not be used to make 

predictions concerning local fluxes. The advantage of the equivalent continuum model is 

that it does not require information about fracture data. 

Hseih and Neumann (1985) have proposed a theory for determining the three 

dimensional hydraulic conductivity tensor and specific storage for an anisotropic porous 

medium using the results of field hydraulic cross-hole testing. The cross-hole testing 

method consists of injecting fluid into (or withdrawing fluid from) packed-off intervals in a 

number of bore holes and monitoring the transient head response in neighboring 

boreholes. They conducted field tests to determine hydraulic properties of a jointed 

granitic rock near Oracle in southern Arizona. According to the results, the above site 

responded as a near-uniform anisotropic medium and the hydraulic conductivity was found 

to be strongly controlled by orientations of major fracture sets. 

The equivalent continuum flow approach may be applicable for a limited number of 

sites. The hydraulic conductivity for the equivalent continuum model is predicted from the 

insitu field test results. For some sites it will not be possible to obtain equivalent 

continuum behavior at any scale. Hence, for such sites, the equivalent continuum flow 

approach is clearly not suitable. In order to investigate the existence of REV and REV 

properties, it is necessary to resort to a discrete fracture flow approach. Conceptually, the 

discrete fracture flow models have the capability of estimating both average fluxes as well 
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as local fluxes in a jointed rock mass. The field fracture and hydraulic data are used to 

model the flow behavior of jointed rock using the discrete fracture flow approach. 

Research that has been done to determine the equivalent permeability of jointed rocks 

from information on joint geometry parameters is mainly based on two assumptions. Much 

of the early work done in this direction falls into the first category where joints are 

assumed to be of infinite extent (extended completely across the zone of study). Recently, 

work has been conducted by various researchers belonging to the second category, where 

joints are treated as finite size. 

2.3 Joint systems having fully penistent (infinite extent) joints 

Early research on the analysis of fluid flow through jointed rock using the discrete 

flow approach was based on the assumption that the conducting joints are of infinite 

extent and they are oriented in perfectly parallel sets ( Louis, 1969; Sharp, 1970; and 

Maini, 1971). If it is also assumed that there are no head losses at joint intersections, then 

the permeability of a rock mass can be obtained by summing the contribution of each joint. 

The contribution of an individual joint is determined by studying the behavior of isolated 

fractures under various flow and stress boundary conditions (Louis, 1969; Sharp, 1970; 

Maini, 1971; Rissler, 1978; Witherspoon et al., 1979; and others). However, in studying 

the behavior of flow of joint systems, flow in an individual joint usually has been assumed 

to obey the cubic law which is valid for the flow between parallel plates given as 
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(2.1) 

where Q is the flow along a joint of hydraulic aperture ~ , width b and length / under a 

total head loss Mi, v is the kinematic viscosity and g is acceleration due to gravity. 

Mathematical studies of fluid flow of fully persistent joint systems were made by 

Snow (1965,1969). Snow developed a mathematical expression for the permeability tensor 

of a single infinite extent fracture of an arbitrary orientation and aperture relative to a fixed 

coordinate system. Using this expression the intrinsic permeability tensor, Kij, for a fully 

persistent joint system was written as 

3 

1 b 
K·= -""'- (0" - n· n·) IJ 12 ~ s IJ I ~ (2.2) 

where the summation is taken over all the joints in the volume of rock, Oij is the 

Kronecker delta, s is the joint spacing, b is the aperture and nj and nj are the unit vectors in 

two perpendicular directions i and j, respectively. 

Snow found that an increase in sample size increases the geometric mean 

permeability. The explanation for this is that as sample size increases the probability of 

encountering joints with large aperture increases. Since flow is proportional to cube of the 

aperture, a single joint with large aperture tends to have a greater role on the total 

permeability. Snow (1970) describes a method for the direct measurement of the 

mechanical aperture of a single joint based on the use of fluorescent dye. The 
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representative sample (REV) of fully persistent jointed rocks studied by Snow usually 

contained about 200 joints. 

Based on a statistical analysis, Rats and Chemyashov (1965) stated that a 

homogeneous porous medium analysis can be used for a rock block if the dimensions of 

the rock block being studied is at least ten times larger than the joint spacing. Maini's 

(1971) analysis, based on injection test data, claims that equivalent continuum approach 

can be assumed for a rock block containing nine or more fractures. Additional estimates 

are quoted by Roegiers et aI., (1978). 

The results of the research based on fully persistent joint systems demonstrate the 

general principle that the fluid flow through jointed rock is highly sensitive to the joint 

frequency and joint aperture. But, the assumption that the joints are of infinite extent 

across the zone of study ignores one of the most important properties of joints observed in 

the field, i.e. all joints are of finite length. The fact that joints are finite means that each 

fracture can contribute to the permeability of the rock only if it intersects other conducting 

joints. In the extreme, an isolated joint which does not intersect any other joint effectively 

contribute nothing to the permeability of the total rock mass. An in-situ experiment in 

Stripa, Sweden, indicated that flow takes place in only a few preferred paths or flow 

channels. During the last few years there has been increasing evidence in the field that 

water flow in jointed crystalline rocks is very unevenly distributed. For example, Marine 

(1980) performed tracer tests on a permeable fractured zone in metamorphic rock. The 
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tracer tests demonstrated that the permeability was due to interlacing fractures, and not 

due to a system of fully persistent conductors. 

Another disadvantage of Snow's (1965) approach is that the model is very sensitive 

to the aperture of a single joint. It is well known that joint aperture depends on the joint 

roughness (Brown, 1987), matedness of the joint and on the insitu stress conditions 

(Raven and Gale, 1985). The aperture not only vary from joint to joint, but, also it varies 

within a single joint. In a recent summary of laboratory experiments on flow in rough 

fractures subjected to compressive stresses, Gale et al. (1985) have shown strong evidence 

that significant deviations from the cubic law occur at elevated normal stresses. Schrauf 

and Evans (1986) reported similar observations through laboratory studies of gas flow in a 

single natural fracture. Careful measurements by Gentier (1986) of roughness profiles 

along the surfaces of natural fractures in granite suggest that aperture may vary by orders 

of magnitude over II distance of less than a millimeter in a manner that is best described as 

a random process. In addition, in the field, measurement of aperture distributions for 

fractures hidden in a rock mass is more or less impracticable. Therefore, single fracture 

flow models which use aperture to estimate flow through fractures are subject to very 

significant uncertainty. 
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2.4 Joint systems having finite size joints: 

The analytical methods have been used to model the fluid flow through jointed rock 

having finite joints. Parsons (1966) and Caldwell (1971,1972) were the pioneers to use 

analog models to study systems having finite size joints. A significant result of Parson's 

(1966) work was that doubling the permeability of all joint elements in the x-direction 

increased the permeability in the y-direction, where x and y directions are perpendicular to 

each other. This effect was not found with the fully persistent fracture systems. But, with 

systems having finite size joints, the net flow in the y-direction must proceed through 

some joints oriented in the x-direction. Caldwell (1971) observed through various joint 

systems having finite size joints that the ratio of the joint length to joint spacing is very 

influential in defining the permeability of the model. 

Sagar and Runchal (1982) attempted to extend Snow's (1965, 1969) theory for 

permeability of jointed rock to account for finite joint size. They carried out a combined 

hydrological and geometrical analysis based on standard parallel plate model in an attempt 

to formulate an equivalent permeability tensor for a jointed rock mass. They considered an 

element of rock containing finite size joints of an arbitrary orientation and assumed that 

the flow in any fracture was virtually independent of that in other fractures so that the total 

flow could be obtained by simple summation. Sagar and Runchal (1982) also assumed 

that any fracture that does not intersect the boundary of the rock element makes no 

contribution to the permeability of that element. It is well known now that these 

assumptions are not generally valid. 
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Hudson and La Pointe (1980) were among the first to incorporate a comprehensive 

representation of joint orientation and size in their analysis of fluid flow through fracture 

networks. Their approach was to take the diagnostic parameters that characterize a jointed 

rock system and use them to generate a two dimensional random joint network. The 

resulting network was then printed on to a circuit board so that the line representing each 

discontinuity formed a conducting element. The printed circuit board was used to 

represent an electrical analog for fluid flow through jointed network as there exists a direct 

analogy between the electric potential and hydraulic head. Though they did not present 

any detailed test results their work stimulated a number of researchers to develop the idea 

of utilizing random realization of joint geometry parameters in the analysis of fluid flow 

through jointed rock. A common feature of this work has been the adoption of numerical, 

rather than analytical methods for the solution of flow in a jointed network. 

A shortcoming of two dimensional electric analog models is that the current is 

proportional to width of the conductor; however, flow in a fracture is proportional to the 

cube or a higher power than 3 of the aperture. Thus analog models are restricted to a 

rather limited range of fracture apertures. 

l.S Numerical discrete fracture flow approach 

Each joint element is treated as a separate element within the rock matrix having 

distinct joint geometry parameters ( orientation, size, location, density ). The statistical 
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distributions of the joint geometry parameters for a given joint set can be determined from 

the joint data collected from field observations. An equivalent transmissivity value is used 

for each joint element which represents the combined effect of joint aperture and joint 

hydraulic conductivity. Single-hole and cross hole injection test results can be used to 

estimate equivalent transmissivities of single joints intersecting a test zone. Here, the 

accuracy of the estimated transmissivities depends on the number of fractures that get 

intersected in the test zone. If the test zone isolates a single fracture, then the accuracy is 

high. The greater the number of fractures in the test zone, the lower the accuracy. This 

approach can be used in discrete fracture flow models and seems far more better than the 

approach which incorporates aperture distribution of fractures. Some other discrete 

models simulate fractures as line elements or fracture pipes. The idea is to simulate 

channels ( Tsang and Tsang, 1987; Tsang et aI.,1988). Field hydraulic test results should 

be used to estimate the transmissivities of these line elements. 

The permeability of jointed rock has been determined through numerical experiments 

using discrete fracture flow models to investigate the existence of equivalent permeability 

tensor by Long et aI. (1982) and Long (1983). Long concluded that, a fracture system 

behaves as a homogeneous anisotropic porous medium when (1) fracture density is 

increased, (2) apertures are constant rather than distributed, (3) orientations are 

distributed rather than constant, and (4) larger sample sizes are tested. The normalized 

mean square error (NMSE) was used by Long (1983) to determine the chances of a 

fracture system to approach the equivalent continuum behavior. NMSE was calculated by 

- ~ ..... -- ... ¥."."-.--------~~.- ~-~ .. • • _0 _._~. __ .. _ ... __ 
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comparing the directional permeability value obtained through a numerical experiment 

with the theoretical directional permeability value estimated from the equivalent 

permeability tensor with the help of a fitted ellipse. The lower the NMSE is, higher the 

chances for a fracture system to behave like an equivalent porous medium. 

Long and Witherspoon (1985) performed several numerical experiments for joint 

systems having constant length and density product. Following conclusions are found from 

the above study. Networks with shorter fracture lengths and higher density will have lower 

permeability than those with longer fracture lengths and lower density. Furthermore, 

systems with shorter fractures behave less like porous media than those with longer length. 

The effect of scale of measurement and determination of REV size was examined by 

Long and Witherspoon (1985) for a joint system having a certain joint length and density 

product to demonstrate how porous medium behavior develops with increase in scale. The 

measured values of permeability and NMSE were found to be more linked to fracture 

lengths than to sample size. This study was based on an isotropic system of fractures with 

constant aperture and lengths. The effect of orientation of joint sets on the equivalent 

porous behavior was not analyzed by them. 

The numerical discrete fracture flow models are currently being used to predict the 

flow behavior of jointed rock masses. Rouleau and Gale (1987) analyzed the ground water 

inflow into ventilation drift in Stripa mine, Sweden using a two dimensional stochastic 

discrete fracture (SDF) network model. The fracture density which is defined as the total 
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length of fracture traces per unit surface area appears to be a convenient parameter for site 

specific SOP simulation because it is directly and accurately measurable from two 

dimensional exposures. Long and Billiaux (1987), Oda et aI. (1987) , Andersson and 

Overstop (1987), Dershowitz and schrauf (1987) and Cacas et al. (1990) used the joint 

data collected from the field to model the discrete fracture networks in order to estimate 

the permeability of the jointed rocks they investigated. 

Dershowitz and schrauf (1987) formulated a discrete fracture flow model, based on 

measured fracture parameters from five crystalline rock sites in order to determine the 

equivalent conductivity of fractured media. They found that the hydrological behavior of a 

fractured rock mass is significantly influenced by the scale of the flow region relative to 

the average fracture length. The change in equivalent conductivity with the region size was 

found to be strongly dependent on fracture density. The equivalent conductivity was found 

to decrease with increase in the region size at low fracture density and no reduction in 

average equivalent conductivity was observed at high fracture density. They observed that 

increasing the region size not only affects the average equivalent conductivity of a 

fractured region, but also its variance and anisotropy. Their study does not say anything 

about the effect of joint orientation on equivalent conductivity of the jointed rock. 

Oda (1985) made an attempt to establish a relationship between the equivalent 

permeability tensor and the joint geometry parameters. Oda established a crack tensor Pij 

based on crack geometry parameters measured at the ventilation drift in Stripa mine. 

Crack tensor is the same term which Oda used in the elastic analysis of jointed rock 
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masses (Oda, 1986). According to Oda, the permeability tensor Kij is related to crack 

tensor Pij as follows: 

(2.3) 

(2.4) 

where, A. is a non dimensional coefficient ranging between 0 and 1112. If joints are of 

infinite length, A. can be set to 1112. The crack tensor is a symmetric, second rank tensor 

relating only to the crack geometry. This term is often called as fracture tensor, which is 

used in the present study in chapter 4. The permeability obtained through numerical 

experiments using discrete fracture flow approach similar to Long (1983), was compared 

with the permeabilities calculated through the permeability tensor. Large differences were 

found in this comparison when A. was set to 1112. This indicated that A. should be changed 

according to the joint network. However, how it should be changed is unknown at the 

present moment. 

Oda (1987) calculated the mean block permeability kO ( Kii /3) from crack tensor 

using equation (2.3). The crack tensor was estimated from the joint data collected from 

the ventilation drift at Stripa mine. This mean block permeability was found to be of the 

same order of magnitude as the permeability value obtained for the same site with the help 

of large scale hydraulic conductivity tests and packer injection tests. 
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Equation (2.3) was formulated on the assumption that the flow region is fully divided 

by cracks and there are many flow paths in it to make it an equivalent continuum porous 

medium. The disadvantages of the equation are that it produces a non-zero permeability 

even when Pij is negligibly small and it assumes that all the joints have the same hydraulic 

conductivity. Theoretically, this equation has some potential to be applicable for a region 

which is of REV size, so that the equivalent porous medium approach can be used. 

However, to apply in practice it is necessary to know accurate A. values for different 

networks. It is important to note that no relation exists between the fracture tensor and the 

permeability tensor for a region of size less than the REV size or for a joint system where 

equivalent continuum approach is not applicable. 

2.6 Connectivity among joints 

One advantage of the discrete fracture flow approach over the continuum flow 

approach is that the connectivity among joints is included in the analysis in discrete 

fracture flow. The equivalent continuum approach does not analyze the connectivity of the 

network. It is generally accepted that the connectivity is influential in the determination of 

permeability for a jointed rock especially if the rock matrix is impermeable. In reality, for 

some cases the flow region may become impermeable because of no connectivity among 

joints inspite of presence of joints. 
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Engleman et al. (1983) and Robinson (1984 & 1986) used the assumption of 

percolation theory to investigate connectivity among joints in the analysis of seepage flow 

through a network of fractures. Engleman et al (1983) have pointed out that the 

percolation frequency v, which is the ratio of the percolative networks to the total 

number, is an increasing function of a factor denoted by l;, where 

(2.5) 

l; is essentially that fraction of the area of fracture network in which there are likely to be 

intersections between fractures. In the percolation literature l; is called the "effective bond 

occupation probability." A.A is the areal density and I is the mean length of the joint 

system. The mean permeability of fracture networks should also increase as l; increases. 

They found that if the length density product A.AI = LD is held constant, then l; is 

proportional to I. Then, there is a net increase in permeability when I is increased and A.A is 

decreased such that LD is held constant. Long and Witherspoon (1985) performing a 

numerical fracture flow study through a series of length and density combinations at 

constant LD observed the same thing. They also found that NMSE decreases with the 

increase of I at constant LD, so that NMSE is a function of degree of interconnection in a 

joint network. 

Robinson (1984) defined l; for a isotropic system of equidimensional fractures. l; is 

proportional to pr in two dimensions and pr in three dimensions, where p is the joint 

density and r is the mean joint size . Robinson gave the values for the proportionality 



57 

constant for both the cases which were restricted to isotropic systems. Later, Oda (1987) 

came up with an expression for A as a function of ~ for an anisotropic fracture system as 

given in equation (2.6). 

(2.6) 

where FO is the first invariant of the fracture tensor and AF is an index measure to show 

the anisotropy due to preferred alignment of joints ( Oda et al. 1986). 

Engleman et al. (1983) defined a critical value of ~ , called ~*. If for a fracture 

system ~ is above ~*, then the percolation frequency v will increase with the increase of 

scale. The reason for this is that especially at small scale of measurement, it is possible to 

pick a sample that does not contain interconnected fractures to create a flow path. Even 

though the fracture system is well connected, a given small sample may not be percolative. 

For an infinitely large sample, v is one ( i.e. all such samples are conductive) . If a fracture 

is truncated by two boundaries of a flow region, it will be conductive whether or not it is 

connected to the rest of the fracture network. Truncation error becomes more significant 

and connectivity becomes poor with decrease in the sample size. 

Engleman et aI. (1983) also observed that if for fracture systems ~ is below ~*, then 

v will decrease with the increase of scale of measurement. A good reason for this scale 

effect may be due to truncation error which is significant for small scale measurements in 

poorly connected fracture networks. It is also possible that the measurements happens to 

truncate a finite cluster of intersecting fractures. On a larger scale of measurement, one 
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would observe that a cluster of connected fractures is not connected to the rest of the 

system and hence, is not conductive. 

Charlaix et al (1986) used variable conductance for a system of fracture network 

having constant length fractures. They assigned a range of hydraulic conductivity values 

for the fractures in the network. By placing the fractures in the network from smallest to 

largest conductance, they showed that the hydraulic conductivity of the network depends 

on hydraulic conductivity of fractures at critical limit of connectivity. 

Hestir and Long (1990) extended this percolation theory to model the permeability of 

random two dimensional poisson fracture networks. They did not consider variable 

fracture conductance though they considered variable fracture length. Comparing the 

results of Robinson's model and Hestir and Long's model, it was found that the critical 

value of connectivity( l; ) is well defined for constant fracture length having constant 

fracture conductance for a fracture system which behaves similar to an equivalent 

continuum medium. 

Priest and Samaniego (1983) analyzed the relation between discontinuity density in 

2D, trace length and ID frequency in two dimensional exposures for some particular 

fracture networks. They analyzed the connectivity by identifying the subset of 

discontinuities that are connected either directly, or through other discontinuities, to one 

or more of the boundary lines. This was achieved by carrying out a systematic search for 

all discontinuities and all intersection points. From this study, they concluded that, as the 
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number of discontinuities become larger, the continuum representation becomes more 

valid. They did not present any relation between the hydraulic properties and the 

connectivity of a jointed network. 

Though a lot of work has been done using percolation theory approach, still clear 

definition of the critical connectivity value for joint systems below the REV size is not 

available. It is still not clear how the critical connectivity is related to the joint geometry 

parameters for any joint system. 

Z.7 Directional coefficient of permeability of jointed rock. 

The criteria for the requirements of equivalent continuum behavior for the jointed 

rock mass are still not available for general case. The only way to show that a given 

jointed system has a symmetric permeability tensor is to actually measure the directional 

coefficient of permeability. The theory and measurement of directional coefficient of 

permeability is discussed here. 

A porous medium is anisotropic with respect to permeability, if the coefficient of 

permeability takes different values when measured along different directions. Directional 

coefficient of permeability can be measured under steady state condition using Darcy's 

law: q = - K J. where q is the specific discharge or flow and J is the hydraulic gradient and 

K is a scalar quantity for an isotropic porous medium and K is a tensor quantity for an 

anisotropic porous medium. For flow in an isotropic medium, the hydraulic gradient and 



60 

the flow are in the same direction, but in an anisotropic porous medium, the hydraulic 

gradient and the flow may not be in the same direction. 

Marcus and Evenson (1961), Marcus (1962), and Bear (1972) all give the expression 

for both permeability in the direction of flow and in the direction of hydraulic gradient. 

They also showed how the results of directional coefficient of permeability measurement 

can be plotted as an ellipsoid in three dimensions or as an ellipse in two dimensions for an 

anisotropic homogeneous porous medium. 

2.7.1 Coefficient of permeability along the direction of flow: 

If a steady state flow system is set up where the direction of flux q is known, then the 

coefficient of permeability in the direction of flux, kr , can be defined through 

(2.7) 

where Ji is the hydraulic gradient vector, Pi is a unit vector in the direction of flux and q is 

the flux per unit area. Hence JiPi is the component of the gradient in the direction of flux. 

From equation (2.7) the following can be written: 

..!.. = _ Jipi 
kr q 

where, Ji can be found from Darcy's law as shown in equations (2.9) and (2.10) 

(2.8) . 

(2.9) 
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(2.10) 

Substitution of equation (2.10) in equation (2.8), gives 

(2.11) 

or, (2.12) 

Substituting ~ for Pi in equation (2.12), the following is obtained. 

(2.13) 

Equation (2.13) represents the equation for an ellipsoid with semiaxes of lengths 

Jk;,.Jk;, Jk;, where kl, k2, and k3 are the permeabilities in the principal directions. Thus, 

if the measured directional permeabilities are plotted on a polar plot they will form an 

ellipse in two dimensions for an anisotropic homogeneous porous medium. 

2.7.2 Coefficient ofpermeabUity along the direction of hydraulic gradient 

The coefficient of permeability ~ in the direction of the hydraulic gradient of 

magnitude J is defined through 

Ie.. 
qipi 

or =.-
• J 

(2.14) 

(2.1S) 

Substituting Darcy's law (qi = - Ku Jj) into equation (2. IS), the following is obtained 



1_ Kij 1j 
IUI=-- pi 

J 

or, 

Substituting ~ for Pi in equation (2.18), the following is obtained. 
II lot 

62 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

Equation (2.19) represents the equation of an ellipsoid with semiaxes of lengths 1I..Jkt, 

1I.Jk;. and 1I.Jb , where kl, k2, and k3 are the principal permeabilities. Hence for an 

anisotropic homogenous porous medium, if the permeability kh is measured in the 

direction of the hydraulic gradient and 1I.Jh is plotted on a polar plot, it will represent 

an ellipse in two dimensions. For permeability measured in the direction of flux, the major 

axis of the ellipse is in the direction of maximum permeability. For permeability measured 

in the direction of the hydraulic gradient, the major axis of the ellipse is in the direction of 

minimum permeability. 

1.8 Statistically homogeneous regions 

One of the major requirements of a discrete fracture flow model is that the joint 

network should be generated for a statistically homogeneous region. Identification of 
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statistically homogeneous regions for a rock mass using collected field joint data is a major 

task in simulating fluid flow for jointed media using the discrete fracture flow approach. 

Then the statistical distributions for individual joint geometry parameters can be defined 

for each statistically homogeneous region. 

Fracture data mapped on either 20 exposures ( e.g. tunnel walls, tunnel roof, rock 

outcrops) or, on 10 exposures (rock cores) are necessary to build fracture network 

models. Kulatilake et a1. (1990a) have provided the state-of-the-art on identifYing 

statistically homogeneous regions in rock masses. For each statistically homogeneous 

region, a separate fracture network model should be developed. 

For complete statistical homogeneity of regions, the joint sets should have similar 

distributions for intensity, orientation, spacing, size, shape, roughness, and joint 

constitutive properties. However, at present the identification of homogeneous regions is 

mainly done based on the number of joint sets present and their orientation distributions as 

explained by Miller (1983), Mahatab and Yegulalp (1984) and Kulatilake et aI. (1990). 

Hence, the orientation of joint sets is a very important parameter to determine the 

homogeneous regions. The accuracy of determining the joint orientation distributions for a 

statistically homogeneous region is definitely better than the accuracy of determining the 

distributions for other joint geometry parameters especially for 30 fracture network 

models. 
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Fracture data represent either 10 or 2D parameter values. It is necessary to estimate 

3D parameter values from these 10 or 2D parameter values for generating 30 joint 

networks. This is a problem in geometrical probability or stereology. Warburton (1980), 

Kulatilake and Wu (1986) and Kulatilake (1993) have shown applications of stereology to 

fracture network modeling. Recently, Kulatilake et al. (1993b) have developed a number 

of three dimensional stochastic fracture network schemes. In this publication, they have 

also included procedures for validation of built-up fracture network schemes. A few more 

three-dimensional fracture network models appear in the literature (Baecher et aI., 1977; 

Veneziano, 1979; Long et al., 1987; Chiles, 1987; Oershowitz and Einstein, 1987; Billaux 

et aI., 1989). 

Reviewing these 30 joint network models it may be concluded that joint orientations 

can be predicted with high reliability. This is due to the fact that the orientation of joint 

planes can be measured easily from the traces of joint planes on 20 or 10 joint exposures. 

Hence, joint orientation is very commonly used to determine the statistical homogeneity. 

For joint size and intensity parameters, still some difficulty exist in obtaining accurate 

probability distributions( Kulatilake et al. 1993). 

Usually fracture data are subject to various sampling biases. Data should be corrected 

for these sampling biases before inferences are made for statistical distributions of joint 

geometry parameters. For various corrections of sampling biases the reader is referred to 

following publications: Wathugula et aI. (1990), Kulatilake et al. (1990b), Sen and Kazi 

(1984), Priest and Hudson (1981) and Kulatilake and Wu (1984 a,b and 1986). 
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2.9 Conclusions from literature survey 

Reviewing the past studies on the fluid flow through jointed rock, the following 

conclusions can be made: 

The equivalent continuum flow approach can be used if the jointed rock mass behaves 

as an anisotropic porous medium. This behavior is found at REV size for a jointed rock 

mass. If the scale of rock mass under consideration is less than the REV size, then the 

theory of equivalent continuum behavior fails to define the hydraulic behavior of jointed 

rock. 

Discrete fracture flow models can be used to identify the REV size for a given jointed 

rock mass. With available techniques it is now possible to determine the joint geometry 

parameter distributions from field joint data in order to generate joint networks to use in 

discrete fracture flow modeling. From the past studies based on discrete fracture flow 

models, it is observed that all jointed rock masses do not behave similar to equivalent 

continuum media at a scale less than REV size. There is still no definite relation available 

between the joint geometry parameters and the REV size for a given jointed rock mass. 

The requirements for the equivalent continuum approximation for any jointed rock mass 

are not available in the literature. 

The effect of individual joint geometry parameters on the permeability of jointed 

rock is not properly understood at present. Long and Witherspoon(1985) found that the 

measured value of permeability is strongly linked to the fracture length than to sample size 
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for an isotropic system of fractures. While, Dershowitz and Schrauf (1987) found that the 

hydrological behavior of a fractured rock mass is significantly influenced by the scale of 

the flow region relative to the fracture length. 

Intensity of joints play an important role on permeability of jointed rock. However, 

functional relations are not available. Though certain combinations of joint size and joint 

density distributions lead to non-zero permeability for the jointed rock masses, still these 

values are not quantified for any joint system. 

There is little information available regarding the effect of orientation of joint sets 

on the permeability of jointed rock. It is known that, the statistical homogeneity for any 

rock mass region is based on the joint orientation. Hence, it is very important to know the 

effect of joint orientation on the hydraulic properties of jointed rock. 

The connectivity also plays an important role in the determination of permeability of 

jointed rock. Connectivity depends on the combination of different joint geometry 

parameters. Some researchers have shown that the equivalent continuum hydraulic 

behavior depends on certain critical values of conneClivity. But, how this critical 

connectivity is related to the joint geometry parameters is still to be found. 

Oda (1985) defined the equivalent permeability tensor as a function of joint 

geometry parameters based on the equivalent continuum approximation. The combined 

effect of joint geometry parameters including connectivity on the directional coefficient of 

permeability for a given jointed rock mass is not available. 
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CBAPTER3 

EFFECT OF JOINT GEOMETRY PARAMETERS ON THE PERMEABILITY 
OF JOINTED ROCK BASED ON DETERMINISTICALLY DISTRIBUTED 

JOINT GEOMETRY PARAMETERS AND CONSTANT HYDRAULIC 
CONDUCTMTY FOR JOINTS 

3.1 Introduction 

The past studies suggest that there is a marked difference between the value of 

coefficient of permeability of rock measured in the laboratory and in-situ. The difference 

is primarily due to the presence of discontinuities in the rock. Fluid flow through jointed 

rock is very much dependent on the joint network pattern in the rock mass and flow 

behavior through these joints. Therefore, to obtain comprehensive test results on fluid 

flow through jointed rock, it is necessary to subject rock blocks of different sizes having 

various joint geometry configurations to hydraulic boundary conditions under different 

stress levels. Such an experimental program is almost impossible to carry out in the 

laboratory. With in-situ tests, such an experimental program would be very difficult, 

expensive and time consuming. Accordingly, a numerical approach becomes of practical 

importance for evaluating the effect of joint geometry parameters on the permeability of 

jointed rock. 

Reviewing the performed past studies based on discrete fracture flow approach it 

was found that though some progress has been made, still the effect of joint geometry 

parameters on the permeability of jointed rock is not clear. Very little information is 

available on the effect of joint orientation on the hydraulic properties of jointed rock 
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including the equivalent permeability tensor. The functional relationship between the 

directional permeability and joint density and joint size is not available in the literature. 

Therefore, a study was initiated to investigate the effect of joint geometry parameters on 

the hydraulic properties of jointed rock including the equivalent permeability tensor 

through the discrete fracture flow approach. The flow chart given in Figure-3. 1 was used 

to generate different joint geometry configurations in rock blocks and to study the 

influence of each of the joint geometry parameters on the hydraulic properties of jointed 

rock including the equivalent permeability tensor. 

3.2 Experimental Procedure: 

Two dimensional (2D) joint systems were generated in a square flow region with 

dimension L (Figure 3.2) according to the following joint geometry parameter 

distributions: deterministically distributed joint centers, joint orientation, joint size and 

joint density. For these numerical experiments, two sets of joints were selected. The flow 

region with the generated joint geometry configuration was bounded by two constant 

head boundaries ( <1>1, <1>2), with <1>1 being greater than <1>2 as shown in Fig. 3.2. No 

boundary conditions were applied to the other two sides. The hydraulic gradient J applied 

across the flow region has a magnitude equal to J=(<I>.-<I>2) fL in the direction p pointing 

from the <1>1 boundary to the Cl>2 boundary. 

The coefficient of permeability in the direction of gradient, k(p) , was calculated 

according to the equation k(p) = Qout / JL, where Qout is equal to the total outflow per unit 
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I Selection of number of joint sets I 

I Generation of joints in 2D for each joint set 

~ 1 1 ~ 
Generation of Generation of I Generation of J IGe.n~rati?n of I 
ioint densitv ioint location . oint orientation jomt size 

compute~ ~ / 
parameter values for 2D blocks having different 

- each different joint joint geometry configurations 
12eometrv confi2Uration 

Selection of 2D samples having different 
block sizes and oriented in different 
directions 

~onsider intact (matrix) rock Assign hydraulic properties 

'-t 

permeability to be negligible for each joint 
~ompared to joint permeability 

For each sample, apply controlled head boundary 
conditions to numerically calculate the directional 
coefficient of permeability through finite element method 

Examine possible relations 
between fracture parameters Calculate the equivalent permeability 
(or joint geometry paramet- tensor and block permeability for each 
ers) and hydraulic properties joint geometry configuration and for 
of jointed rock. each block size. 

Figure 3.1 Flow chart of the procedure used to study the effect of joint geometry 
parameters on the permeability of jointed rock 
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Figure 3.2. Two dimensional square flow region with two constant head hydraulic 

boundaries (<1»1, <1>2) used for numerical experiments 
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time in the direction of the gradient per unit width perpendicular to the cross section. The 

coefficient of permeability in any direction, a can be determined by rotating the boundary 

of the flow region consequently rotating the hydraulic gradient. In this way, the coefficient 

of permeability was calculated in every 30° direction on the 2D plane. In the numerical 

calculation the transmissivity value for each joint element was taken as constant (T= 5.0 x 

10.7 m2/s) in order to study the effect of joint geometry parameters on the permeability. In 

later experiments (chapter 7) the transmissivity value was changed from one joint set to 

another joint set and also from one joint to another within a joint set in order to study the 

effect of hydraulic conductivity of joints on the permeability of jointed rock. The intact 

rock permeability was assumed to be negligible compared to the permeability of joints. 

This is a valid assumption for igneous rocks and some metamorphic rocks. However, this 

assumption is not suitable for some sedimentary rocks. 

TRINET program (Karasaki, 1991) was used to calculate the flow through the joint 

network. The program was developed by Dr. Kenzi Karasaki at Lawrence Berkeley 

laboratory. The flow through fractures is assumed to obey Darcy's law. Using continuum 

principles of mass balance, the diffusivity equation which describes flow in two 

dimensional fractures is given as follows: 

(3.1) 

where S= Fracture storativity, h= Hydraulic head, T= Fracture transmissivity, q= flux, 

t= time, V2 = Two-dimensional Laplace operator 
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The program uses a Galerkin finite element solution scheme to approximate the 

solution for the above diffilsivity equation. The flow can be either steady -state or 

transient, where the time derivative is treated in the usual finite difference manner. From 

the pressure at a given time, the velocity distribution in the fracture network is calculated. 

Since linear shape functions are used to solve the flow field, the velocity is assumed to be 

uniform within a given fracture element. Joints are considered as line elements in the 2D 

fracture network. In other words, flow through rock matrix is not taken into account. 

Because, a large number of flow experiments (approximately 2000 numerical flow 

simulations) were conducted in this research, an automatic mesh generator program was 

developed to create the input files. The computations were performed only under steady 

state conditions. 

Table-3.1 gives the values used for the different joint geometry configurations that 

were investigated in this deterministic study. The generated rock blocks with the different 

joint systems having joint sizelblock size equal to 1 and joint density equal to 41m2 for 0° 

orientation of the block are shown in Figure 3.3. 
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Table 3.1. Different combinations of joint geometry parameter values used for each joint 

system considered in the deterministic study 

JOINT SYSTEM ORIENTATION OF JOINT SIZE/ JOINT DENSITY 

TWO JOINT SETS BLOCK SIZE (per m2
) 

( in degrees) 

# 1 o and 30 1.0 4,9, 16,25 

0.75 4,25 

0.5 4,25,36,49 

0.25 25,49, 100 

#2 o and 60 same as #1 same as #1 

#3 o and 90 same as #1 same as #1 

#4 o and 120 same as #1 same as #1 

#5 o and 150 same as #1 same as #1 

#6 30 and 60 1.0 4,9, 16,25 

0.75 4,25 

0.5 4,25,36,49, 100 

0.25 25,49,100 

#7 30 and 90 1.0 4,9, 16,25 

0.5 25,36,49 

#8 30 and 120 same as #6 same as #6 
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#9 30 and 150 same as #6 same as #6 

# 10 60 and 90 same as # 7 same as # 7 

#11 60 and 120 same as # 1 same as #1 

# 12 60 and 150 same as # 7 same as #7 

#13 90 and 120 same as #7 same as #7 

# 14 90 and 150 same as # 7 same as # 7 

# 15 120 and 150 same as# 7 same as # 7 
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JOJNT S1'STD1 - J JOINT S1'STDt -2 JOJNT S1'ST01 .3 

JOINT S1'ST01 -5 JOINT 5Y5mt -s JOJNT 51'5T01 -7 JOINT 51'5TD1 -8 

JOJNT 51'5101 -9 JOINT 5YSTtIt -10 JO I NT 5T5TE:M .11 
JOINT 51'STtI1 -12 

JOINT 5YST01 -13 JOINT 51'5mt -Ii JOINT 51'5T01 .15 

Figure 3.3. Generated rock blocks at 00 onentation!for different joint systems based on 

joint orientations having joint sizelblock size =1.0 and joint density = 41m2. 
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3.3 Equivalent Permeability Tensor, Principal permeabilities and Average Block 

Permeability 

If a rock mass is assumed to be an anisotropic porous mediuin, then it is reasonable to 

assume that the flow through the rock mass obeys Darcy's law in which seepage velocity 

in direction i, Vt, is related to the gradient OO>/Oxj of the total hydraulic head <I> through a 

linking coefficient Kij called the penneability tensor as given in equation 3.2. 

(3.2) 

where g is the gravitational acceleration, v is the kinematic viscosity and Jj is - OO>IOxj . 

Let k(p) be the coefficient of permeability in direction p, which is parallel to a field gradient 

J, having magnitude equal to J (J=Jp). Then according to Bear(1972), K(p) must satisfY the 

following relation: 

Vt p i = (g/v) k(p) J (3.3) 

Where Pi is the component of p in direction i. 

From equations (3.2) and (3.3) the following equation can be obtained. 

~=~~~ O~ 

If the permeability tensor is already calculated, then the directional coefficient of 

penneability values can be calculated using equation(3.4). 

Kanatani(1984) and Oda(1985) have suggested the following equation in two 

dimensions to compute the theoretical permeability tensor (under the assumption of 

equivalent continuum medium) from the directional coefficient of penneabilities calculated 

in different directions through the numerical experiments. 
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N N 

Kij = (41 N) { L k") Pi pj - (114) 6ij L k")} (3.5) 

In equation (3.5), N is the number of directions, Pi & Pj are respectively the 

components of the unit vector p parallel to the hydraulic gradient in directions i and j and 

6ij is the Kronecker delta. In the study performed, 12 different directions were selected 

based on a 30° rotation. Then using the equivalent continuum assumption, the theoretical 

directional coefficient of permeability k(p) was estimated from Kij using equation (3.4). 

To evaluate relative error between the numerically calculated directional coefficient 

of permeability, k(p) , and the theoretical directional coefficient of permeability, k(P), a 

measure of normalized relative error, ER, was introduced and calculated according to 

equation (3.6). 

(3.6) 

In the above equation, the least square error between k(P) and k(P) is normalized so 

that ER is minimized. As ER approaches zero, the behavior of the fracture system 

approaches that of an anisotropic homogeneous porous medium. A large ER means that 

there is a significant difference between k(P) and k(P). The permeability tensor Kjj 

therefore can not yield a reasonable estimation for k(P). In such a case, it can be said that 

the porous medium with a permeability tensor ( Kij) is not hydraulically equivalent to the 

considered jointed rock system. 
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In the case of an anisotropic homogeneous medium, the hydraulic behavior can be 

represented by an equivalent permeability tensor (Kij). The magnitudes of the coefficients 

of permeability measured along the principal directions are known as principal coefficients 

of permeability. The principal directions in an equivalent porous medium are the directions 

along which the direction of flux (q) is collinear with the direction of hydraulic gradient. In 

general, three such principal directions can be defined in a medium and three principal 

values of coefficient of permeability can be measured along those directions. In two 

dimensions, K 1 represents the maximum principal coefficient of permeability and K2 

represents the minimum principal coefficient of permeability. The average block 

permeability (KO) is calculated from the mean of the two principal values ofpermeabilities. 

KO = (Kl + K2) / 2 (3.7) 

The magnitudes of Kl and K2 and their directions are obtained from the eigen values and 

eigen vectors of the equivalent permeability tensor (Kij). 

3.4. Results of the numerical experiments 

3.4.1 Inflow ku vs. outflow ku 

As previously discussed ( chapter 2), the coefficient of permeability of an anisotropic 

porous medium can be measured in the direction of flow or in the direction of hydraulic 

gradient. In a heterogeneous medium such as jointed rock, since the direction of the 

hydraulic gradient can be controlled, permeability is usually measured in the direction of 
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the hydraulic gradient. The coefficient of permeability is measured for 0° orientation along 

the hydraulic gradient which is in the direction from side 1 to side 3 as seen in Figure 3.2. 

kxx is measured along the horizontal direction. The kxx for inflow is measured when the 

hydraulic gradient is applied from side 1 to 3 i.e. for a. = 0° . For a. = 180°, the gradient 

is applied in the direction from side 3 to side 1 to measure kg outflow. Under the present 

numerical experimental set up, the numerical value for kg inflow is found to be close to 

the kxx outflow for all the cases. Using this convention, symmetry in the directional 

permeability plot ( shown later) implies that inflow does equal outflow on opposite sides. 

In a field situation, this symmetry may be distorted due to presence of infilling material 

within the joint. The directional permeability will depend on the orientation of the mineral 

grains within the infillings. In the present study, the presence of infilling materials is not 

considered. 

3.4.2 Isopotentials 

The constant head boundaries shown in Figure 3.2 should produce a constant average 

gradient in a jointed rock sample which behaves like an equivalent porous medium. The 

hydraulic head at each node is calculated through the computer program. The contours of 

isopotentials for different joint systems (figure 3.3) are obtained from the hydraulic heads 

at different points through linear interpolation. The isopotentials for joint system #1 are 

shown in Figure 3.4a. The isopotentials are highly non linear as this joint system does not 
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Contour plot for isopotentials for system#8 
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Figure 3.5. Contour plots for isopotentials for joint system #8 having joint size 
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Figure 3.6 Contour plots for isopotentials for joint systems #2 and #9 having joint size 

equal to block size and joint density = 41m2 
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behave like an equivalent porous medium. The isopotentials for joint system #6 are also 

highly non linear ( Figure 3.4b). Both these joint systems have a 300 relative orientation 

between the two joint sets. Isopotentials for joint system #8 were found to be close to 

linear (Figure 3.5). Hence joint system #8 behaves similar to an equivalent porous 

medium. The angle between the two joint sets for joint system #8 is 90. The isopotentials 

for joint systems #2 and 9 (Figures 3.6a & b ) were found to be less non linear. For both 

these joint systems the angle between the two joint sets is 600
. 

The best linearity of isopotentials was obtained for 900 relative orientation angle and 

the worst linearity for 300 angle while 600 angle resulted in linearity between these two 

extremes. The variation of hydraulic gradient within the jointed rock can be explained 

through the linearity of isopotentials. This variation depends on the relative orientation of 

the two joint sets. It is to be noted that hydraulic gradient within the jointed rock depends 

on the joint geometry parameters though the medium is bounded by constant hydraulic 

boundary conditions. 

3.4.3 Symmetry of permeability tensor 

kyx is the directional coefficient of permeability numerically equal to Qy I JL, where 

Qy is the total flow into or out of side 4, when the direction of hydraulic gradient is from 

side 1 to side 3 (Figure 3.2). Then kxy is equal to Qxl JL, where Qx is the flow out or into 

side 1, when the direction of hydraulic gradient is from side 2 to side 4, i.e. the flow region 
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is rotated by 90° . kxy should be equal to kyx if the permeability tensor Kij for the given joint 

system is symmetric. Table 3.2 gives the values of kxy and kyx for a few joint systems. 

The symmetric permeability tensor is obtained for joint systems # 6, 8 and 15 as kxy is 

numerically equal to kyx for these systems. ER- value for those systems were found to be 

low. For all other systems the permeability tensor is not symmetric. ER is high for these 

systems except for joint system #9. 

Table 3.2. Values of kxy, kyx and ER obtained for different joint systems 

JOINT SYSTEM kxy (m/s) kyx (m/s) ER - Value 

# 1 2.749 E-I0 5.276 E-17 0.735 

# 2 3.684 E-14 6.023 E-16 0.7168 

# 6 4.4605 E-14 4.605 E-14 0.0614 

# 8 5.7905 E-15 5.7904 E-15 0.0251 

# 9 2.4536 E-12 7.288 E-16 0.0647 

# 15 4.35 E-14 4.335 E-14 0.0614 
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3.5 Eft'ect of Joint Orientation: 

In the initial experiments an attempt was made to study the effect of the relative 

orientation of the two joint sets having the same length and density distributions on the 

hydraulic properties of jointed rock including the equivalent permeability tensor. Fifteen 

joint systems were selected based on different orientations of the two joint sets (Table 

3.1). Table-3.3 gives the directional coefficient of permeability values in different 

directions for above mentioned joint systems (Figure 3.3) having density equal to 41m2 and 

size equal to the block size. The directional coefficient of permeability values are given for 

6 directions as the value is almost the same for each case for its exact opposite direction. 

For example, the value is identical for 0° and 180°. The ER value was determined for each 

system to find whether the joint system shows an equivalent continuum behavior. Table 

3.3 also gives the ER values for these fifteen different joint systems. 

To show variation of directional permeability, results for a few of the joint systems 

are selected. The coefficient of permeability in different directions for three joint systems 

is represented by polar diagrams in figures 3.7-3.9. The values of directional coefficient of 

permeability are represented by the magnitude of the radius drawn in the corresponding 

direction. In case of joint system #8, the orientation of first joint set is 30° while that for 

the second set is 120°, i.e. the sets are perpendicular to each other. The directional 

permeability values are almost the same in each direction (Figure 3.7), hence the behavior 
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Table 3.3. Variation of directional coefficient of permeability ( E-08 m/s) in different 

directions of hydraulic gradient and ER value for each joint system ( Joint sizeIBlock 

size= 1, Joint Density = 41m2) 

Joint Orient- 0° 30° 60° 90° 120° 150° ER 
Syst ations Value 
em of two 

# joint 

sets 

(in 
degrees) 

1 0&30 13.02 10.06 0.0 0.0 0.0 0.0 0.735 

2 0&60 10.9 9.403 0.0 0.0 0.0 0.0 0.717 

3 0&90 10.0 6.831 6.83 10.0 6.83 6.83 0.189 

4 0& 120 10.9 0.0 0.0 0.0 0.0 9.407 0.717 

5 0& 150 13.02 0.0 0.0 0.0 0.0 10.07 0.735 

6 30&60 5.3 9.33 9.33 5.3 0.0 0.0 0.0614 

7 30&90 0.0 0.0 9.41 10.91 0.0 0.0 0.717 

8 30 & 120 12.46 11.73 11.9 12.5 11.73 12.06 0.0251 

9 30 & 150 17.32 13.47 6.36 5.0 6.36 13.48 0.0647 

10 60&90 0.0 0.0 10.1 13.02 0.0 0.0 0.735 

11 60 & 120 5.0 6.36 13.5 17.32 13.47 6.35 0.0647 

12 60 & 150 12.46 12.06 11.7 12.46 12.06 11.73 0.0244 

13 90 & 120 0.0 0.0 0.0 13.02 10.06 0.0 0.736 

14 90 & 150 0.0 0.0 0.0 10.91 9.406 0.0 0.716 

15 120 & 150 5.3 0.0 0.0 5.3 9.333 9.33 0.0614 
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Figure 3.9. Variation of coefficient of permeability (e-08 mls) with direction for joint 

system #1 having joint sizelblock size = 1.0 and density = 41m2 
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is less anisotropic. The ER value is found to be low in this case, hence this system can be 

modeled using the equivalent continuum approximation. 

The directional permeability values are anisotropic for joint system #9 as the angle 

between the two sets is 120° or 60° ( 30 and 150). The directional coefficient of 

permeability values show a large variation in this case as shown in figure 3.8. The ER 

value in this case is also low indicating the possibility of modeling this joint system using 

the equivalent continuum approximation. On the other hand , the angle between the two 

joint sets for joint system #1 is 30° (0 and 30). The directional permeability values for 

joint system #1, are only non zero in the 0° and 30° directions and zero in all other 

directions ( Figure 3.9). As ER value is very high in this case, this system can not be 

modeled using the equivalent continuum approximation. 

Figure 3.10 compares ER values for different joint systems having joint size equal to 

half of the block size and density equal to 251m2. ER value varies with the relative 

orientation of the two joint sets. This shows that ER value as well as the equivalent 

continuum behavior is very sensitive to the relative orientation between the two joint sets. 

Figure 3.11 shows a plot between ER and the angle between the two joint sets for joint 

systems having joint size equal to half the block size for three different density 

distributions. From this figure it is clear that when the internal angle between the two joint 

sets is equal to 300 0r 150°, the ER value is always high. ER value is low when the angle 

between the two joint sets is either 60°, 90° or 120°. 
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Figure 3.10. Variation ofER with joint system, for joints having size equal to half of the 

block size and joint density equal to 251m2
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The average block permeability (KO) is calculated from the principal permeabilities 

(equation 3.7) for each joint system. Figure 3.I2a shows the variation of block 

permeability with joint system for joint systems having density 41m2 and size equal to 

block size. It is important to note that all the high kO values are produced by joint systems 

having either 90° or 60° relative orientation between the two joint sets. Figure 3.I2b 

shows the variation of block permeability with joint systems for joint systems having 

density 251m2 and size equal to half of the block size. Note that all the joint systems with 

90° or 60° relative orientation between the two joint sets have produced high KO values. 

It is clear from figure 3.13 that the value of average block permeability depends on the 

angle between the two joint sets. As angle approaches 90°, the average block permeability 

value becomes higher. 

3.6 Effect of Joint Density: 

It is important to find the relation between the joint density and the equivalent 

permeability of jointed rock. Figure 3.14 shows the variation of ER with joint density for 

the joint systems having joint size equal to the block size. When the density is equal to 

41m2, the ER value shows a large variation among the different joint systems and ER value 

in majority cases is higher than the ER value for the joint systems with density equal to 

251m2. When the density is equal to 251m2, the variation among the ER values for different 

joint systems is low. Hence, as density increases the average ER value decreases, and the 

chances for the joint systems to approach equivalent continuum behavior increases. 
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The effect of density on directional coefficient of permeability was investigated with 

the help of polar diagrams drawn for different densities for a given system. Figure 3. 15 

shows the polar plot for system # 1 having joint size equal to block size. At a density equal 

to 41m2 the value of directional permeability is non zero only in the directions 0° and 30°. 

With the increase in density, gradually the directional permeability value becomes non zero 

in other directions and at a density equal 251m2
, the value is non zero in all directions. 

Comparing polar plots for different joint systems (Figures 3. 16-3.18), it was found that the 

shape of the plot does not vary much with increase in density, because directional 

permeability value changes proportionately among all directions. 

Comparing the polar plots for joint systems having joint size equal to half of the block 

size, (Figures 3 . 19a-c ), it was found that the directional permeability values for a given 

system increases proportionately in different directions with increase in density. 

The average block permeability for different systems is calculated for different density 

values for joint systems having the same joint size distribution. Figure 3.20a shows the 

effect of density on block permeability for different systems for joint systems having joint 

size equal to block size. Though block permeability increases with increase in density, the 

amount of increase is not proportional for different systems. Hence at low density the 

variation of KO among different joint systems is less than that at a higher density. Figure 

3.20b shows the effect of density on block permeability for joint systems having joint size 

equal to half of the block size. In this case also the variability ofKO among the different 
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joint systems increases with increase in density though the absolute value of KO for each 

joint system increases with density. 

The average block permeability is plotted against the density for joint systems #6, 8 

and 9 to derive a relation between the average block permeability and the density (Figure 

3.21) for joint systems having joint size equal to block size. In all the three cases a linear 

relation is found between the density and average block permeability. In Figure 3.22a data 

for the three joint systems #6, 8 & 9 are plotted in one plot. The mean block permeability 

was calculated from the average value of the block permeability for different systems 

having the same joint size and density distributions. This mean block permeability is 

plotted against the density in Figure 3.22b. From all these plots it was found that the 

block permeability is linearly related to the density and for a given size the systems should 

have a minimum value for the density to have non zero block permeability. When joint size 

is equal to block size, the minimum density requirement to achieve non zero block 

permeability is between 11m2 
- 31m2 and it depends on the joint orientation. 

Similar plots were obtained for joint systems having joint size equal to the half of the 

block size (Figures 3.23 & 3.24). In this case also a linear relation was found between the 

block permeability and the density . When the joint size is half of the block size, the 

minimum density requirement for the joint systems to have non zero block permeability, 

was found to be between about 101m2 
- 201m2 depending on the joint orientation. 
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3.7 Eft'ect of Joint Size: 

The effect of joint size on the equivalent permeability tensor was studied by 

comparing the ER values for different joint configurations having density 251m2. Figure 

3.25 shows the variation of ER with joint size for different joint systems. When the joint 

size is equal to half of the block size, the ER value for most of the systems is higher than 

that for the the systems with joint size equal to the block size. The variability in the ER 

value decreases with increasing joint size. Hence ER decreases with increasing joint size. 

The effect of joint size on directional permeability is studied with the help of polar 

plots for different joint systems. In Figures 3.26-3.29, the polar plots are drawn for 

different joint systems having joint density 251m2 for different joint sizes. The amount of 

increase in directional permeability in different directions is not proportional in all the 

cases. For example, in the case of joint system #1, there are significant changes in the 

magnitude and shape of the directional permeability plot as joint size is increased from 

half of the block size to the size equal to the block size. The magnitude of the directional 

permeability plot has changed significantly in all the cases as joint size is doubled. Figure 

3.30 a & b show the directional permeability plot for joint systems # 6 and 9 having 

density 100/m2
. As joint size is increased from 114 th of the block size to 1/2 of the block 

size, the directional coefficient of permeability shows a significant change in the value in 

all directions. 
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Figure 3.31 shows how the average block permeability changes with different joint 

systems, for joint systems having density 251m2 for two different joint sizes. As seen on 

the plot, the block permeability is proportionately higher for size equal to block size for 

different systems than for the size equal to half the block size. This increase in block 

permeability with increase in joint size is not the same for each joint system. 

The plots between the average block permeability and the ratio between joint size to 

block size are shown in Figures 3.32 and 3.33 for different joint systems. The block 

permeability shows an increasing trend with joint size. In all cases the relation between 

joint size and average block permeability was found to be linear. For a given joint density, 

the systems should have a minimum value for joint sizelblock size to have non zero block 

permeability. For a density of 251m2
, the minimum joint sizelblock size requirement to 

achieve non zero block permeability is between 0.2 and 0.3 for the joint systems 

investigated. 

The average block permeability for a given joint system shows a linear relation with 

joint density and joint size. The amount of increase of average block permeability with 

increasing joint size is more or less equal compared to the increase of block permeability 

due to an increase in joint density. Hence both joint size and joint density have equal 

influences on average block permeability. 
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3.8 Summary for the deterministic aDalysis 

The effect of joint orientation, joint density and joint size on hydraulic properties of 

jointed rock is analyzed using deterministic distributions for joint geometry parameters. 

The following conclusions may be drawn from the above study. 

Spatial variation of isopotentials becomes more linear with increasing internal angle 

between the two joint sets. The symmetry of the equivalent permeability tensor depends 

on the orientation of the joint sets. 

The equivalent continuum behavior of the jointed rock is very sensitive to the relative 

orientation of the joint sets. When the internal angle between the two joint sets approaches 

90°, joint systems have a very high chance to produce equivalent continuum hydraulic 

behavior. When the internal angle between two joint sets is around 30°, the ER is quite 

high indicating less chance to produce equivalent continuum hydraulic behavior. When the 

internal angle between two joint sets is around 60°, joint systems seem to have a good 

chance to produce equivalent continuum hydraulic behavior. 

The directional permeability values are less anisotropic when the joint sets are 

perpendicular to each other and the joints have constant transmissivity values. 

The value of average block permeability varies with the angle between the two joint 

sets though the joint size, joint density and the joint transmissivity values are the same for 

each joint system. All joint systems with 60° and 90° internal angles between the two joint 

sets have produced high average block permeability values. 
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The chances for equivalent continuum behavior increases with the increase in joint 

size and joint density. The average block permeability of the joint system is linearly related 

to the joint density and joint size, and the joint size more or less has the same influence as 

the joint density on average block permeability. 

Ajoint system having a particular joint size should have a minimum value for the joint 

density in order to get non zero average block permeability. When joint size is equal to 

block size, the minimum value of density is between about 11m2 
- 31m2 and for joint size 

equal to half the block size the minimum value of density is between about 101m2 
- 201m2 

depending on the relative orientation of the joint sets. 

Similarly, a joint system having a particular joint density should have a minimum value 

for the joint size to have a non zero average block permeability; for a density of 251m2
, this 

requirement was found to be 0.2-0.3 for the parameter joint sizelblock size for the 

investigated joint systems. 

It proves that a certain minimum combination of joint size and joint density is required 

for a given joint orientation system to have non zero average block permeability. 

Thus the permeability tensor and average block permeability is related to joint density, 

joint size and joint orientation. Hence a relation should be established to show the 

combined effect of joint geometry parameters on the permeability of jointed rock. An 

attempt has been made in the next chapter to achieve this relation with the help of fracture 

tensor parameters, which is directly related to joint geometry parameters. 
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CHAPTER 4 

RELATIONS BETWEEN PERMEABn.ITY TENSOR PARAMETERS AND THE 
FRACTURE TENSOR PARAMETERS 

4.1 Introduction 

Determination of statistically homogeneous regions in a rock mass and estimation of 

joint geometry parameters for each statistically homogeneous region is a complicated and 

difficult task. The methods described by Kulatilake et at. (1990a,b),Wathugala et al (1990) 

and Kulatilake et al. (1993a) are very useful in determining the statistically homogeneous 

regions and statistical distributions of the joint geometry parameters from field joint data. 

For a statistically homogeneous rock mass, the first task should be the determination of 

the number of joint sets present. For each joint set, the joint geometry distribution is 

described from the statistical distributions for joint density, orientation, size and location. 

In chapter 3, an attempt was made to see the effect of individual joint geometry 

parameters on the equivalent permeability tensor properties based on a deterministic 

sensitivity analysis study. It was found that the equivalent permeability tensor parameters 

depend on joint orientation, joint size and joint density. Hence, if possible, it is important 

to define a parameter that describes the combined effect of above three joint geometry 

parameters. Oda (1982,1985) introduced the fracture tensor as a measure of combined 

geometrical parameters of a joint system. He has given a formulation for the fracture 

tensor in three dimensions assuming joints as thin circular disks. In this chapter an attempt 
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is made to look into the relation between permeability tensor parameters and fracture 

tensor parameters. 

4.2. Fracture Tensor, Its components and Invariants 

The physical meaning of fracture tensor in 3D can be explained as follows. Let us 

consider a scan line in direction i passing through the axis of a right circular cylinder of 

height h and having cross sectional area equal to the projected area (in direction i) of a 

thin circular disc-shaped joint (Figure 4.1). The number of disc-shaped joints belonging to 

joint set m intersecting scan line i, per unit length of the cylinder is then calculated. For 

each of these joints, the projection of the diameter of the joint along a direction j, which is 

perpendicular to direction i, is then calculated. The summation of all projected diameters 

gives the fracture tensor for the mth joint set. The general form of fracture tensor at the 

three dimensional level for the mth joint set can be expressed as 

F~m) = 21tp J J J r3 nj nj f(n,r) dO dr (4.1) 
o 012 

where p is the number of joints per unit volume (joint density), r is the radius of the 

circular joint (joint size), n is the unit normal vector to the joint plane, f(n,r) is the 

probability density function of n and r, 0/2 is a solid angle corresponding to the surface of 

a hemisphere having a unit radius, nj and nj (ij=I,2,3) are the components of the vector n 

in the directions i and j, respectively. The solid angle dO is shown in Figure 4.2. 
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If the distributions of joint size and the orientation of the joints are independent of 

each other, then the fracture tensor at the three dimensional level can be given by 

F~;) = 2 1tp 1 ~ ftr) dr J J nj OJ ftn) dO (4.2) 
o 012 

where ftn) and ftr) are the probability density functions for the unit normal vector n and 

size r, respectively. The directional fracture tensor component for the mlh joint set can be 

defined as (Kulatilake et al., 1993b) 

Ft) = 21tp 1 ~ ftr) dr J J n, n, itn) dO (4.3) 
o 012 

where I means the directional vector. 

For a rock mass having more than one joint set in the rock mass, the fracture tensor 

for the rock mass can be expressed as: 

N 

Fij = L Fij(m) (4.4) 
111=1 

where N is the number of joint sets in the rock mass. 

Fracture tensor Fij can be written in the tensor form as: 

[

hX Fxy Fxz] 
F (Fij) = Fyx Fyy Fyz 

Fzx Fzy Fzz 

(4.S) 

where Fxx, .... , Fzz are the components of fracture tensor F. From the formulation of 

equation 4.1 or 4.2 it is clear that the fracture tensor F is symmetric, i.e. Fij = Fji. 
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Therefore, F has three principal values F" F2 and F3 in three mutually perpendicular 

directions 1,2 and 3, respectively. Three principal values are calculated by solving the 

following characteristic equation. 

(4.6) 

The invariants I\(F), 1z(F) and I3(F) of the fracture tensor are defined by equations (4.7) 

II(F) = F\ + F2 + F3 

h(F) = - ( F \ F2 + F2 F3 + F3 F I ) 

I3(F) = FI F2 F3 

(4.7a) 

(4.7b) 

(4.7c) 

A space of principal values Fit F2, F3 offracture tensor F is shown in Figure 4.3. In 

this principal space, the fracture tensor can be represented by a vector OP, with 

components Fit F2 and F3 respectively. Since the straight line of F1= F2 = F3 passing 

through the origin represent an isotropic fracture system, it can be called the isotropic 

axis. The vector OP in the space is resolved into two vectors: ~ = OA + OB. The length 

ofOA is proportional to the first invariant, II(F), of the fracture tensor through 

lOA I = (1I-J3)II(F) (4.8) 

The other vector OB which is on the plane ofFI + F2 + F3 = 0 characterizes the deviatoric 

part of fracture tensor, Fij, which is given by 

(4.9) 
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The fracture tensor for the mth joint set in 20 can be expressed as follows (Kulatilake 

et a1., 1994). 

F~m) = P 'r ritr)dr J njnjf(a)d(a) (4.10) 
o 0 

where p is the average number of joints per unit area, r is the joint size, a is the angle 

between the joint plane direction and the horizontal direction. itr) and ita) are the 

probability density functions for r and a, respectively and nj and nj are the two components 

of ~ in two mutually perpendicular directions, i and j, respectively. The fracture tensor 

component along any direction, say p, can be given as (Kulatilake et al.,1994): 

F~:) = p E(r) J n: ita) d(a) (4.11) 
o 

where np (np= n.p) is the component of joint normal vector along a direction p. 

The directional fracture tensor component for the rock mass having N joint sets can 

be given as 

N 
Fpp = ~ (m) 

~ Fpp 
m=1 

(4.12) 

Kulatilake et a1. (1993b) have shown that fracture tensor component can be correlated to 

deformability parameters of jointed rock. In this chapter an attempt is made to correlate 

the fracture tensor component with the directional coefficient of permeability. 
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If a considered rock block has a certain joint density p with a specified orientation e 

and a specified trace length r, then in 2D, the components (Fxx , Fyy and Fxy) of the fracture 

tensor can be calculated as follows: 

Fxx = p r sin2e 

Fxy = P r sine cosS 

Hence, now the first invariant of fracture tensor (FO) can be defined as 

11(F} = p r2 (sin2e +cos2e) = p r 

(4.13a) 

(4.13b) 

(4. 13 c) 

(4.14) 

4.3 Relation between fracture tensor component and directional coefficient of 

Permeability 

The fracture tensor component is calculated in the direction of hydraulic gradient p, 

for each of the fifteen different joint systems for which the directional coefficient of 

permeability value was calculated earlier. Table 4.1. gives the fracture tensor component 

value in different directions for different joint systems having joint density equal to 41m2 

and joint size equal to block size. The comparison between the directional coefficient of 

permeability and the fracture tensor component for a given joint configuration is shown 

with the help of the polar diagram. The values of the directional coefficient of permeability 

and the fracture tensor component are represented by the magnitude of the radius drawn 

in the corresponding direction. Three different joint systems are chosen for comparison 
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Table 4.1 Variation of fracture tensor component in different directions 

(joint sizel block size =1.0, joint density = 41m2) 

Joint Orientations 0° 30° 60° 90° 120° 1500 

system of two joint 

# sets 

(in degrees) 

1 o &30 1.01 1.0 3.99 7.00 7.00 3.99 

2 0 &60 3.01 2.01 3.00 5.00 5.99 5.00 

3 0 &90 4.0 4.01 4.01 4.00 3.99 3.99 

4 0 & 120 2.98 4.99 6.01 5.01 3.00 1.99 

5 0 & 150 0.98 3.98 7.00 7.01 4.01 1.00 

6 30&60 4.02 1.01 1.00 3.99 7.00 7.00 

7 30&90 5.01 3.01 2.01 3.00 5.00 5.99 

8 30 & 120 3.99 4.0 4.01 4.01 4.00 3.99 

9 30 & 150 1.99 2.98 4.99 6.01 5.01 3.00 

10 60&90 7.01 4.02 1.01 1.00 3.99 7.00 

11 60 & 120 5.99 5.01 3.01 2.01 3.00 5.00 

12 60 & 150 3.99 3.99 4.00 4.01 4.00 4.01 

13 90 & 120 6.98 7.01 4.02 1.01 1.00 3.99 

14 90 & 150 4.98 5.99 5.01 3.01 2.01 3.00 

15 120 & 150 3.96 6.98 7.01 4.02 1.01 1.00 
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based on their equivalent continuum behavior. 

4.3.1 Equivalent Continuum Behavior: 

In chapter-3, ER value was introduced to test whether a system behaves as an 

equivalent continuum medium. The theoretical permeability ellipse for a given joint system 

in two dimensions is drawn to find the deviation of experimental directional permeability 

value from the theoretical value based on the equivalent continuum assumption. It is 

already known (Chapter 2) that, if 1 / RCp) is plotted for different directions in a polar 

diagram, the plot will represent an ellipse where fCp) is the theoretical directional 

coefficient of permeability value calculated from the theoretical permeability tensor Kij 

based on the equivalent continuum approximation (chapter-3). Then the 1/.Jk p is plotted 

in the same plot where kp is the experimental directional permeability value. If the 

experimental values are found to be close to the ellipse, then the hydraulic behavior of the 

considered joint system can be represented by an equivalent permeability tensor. On the 

other hand, if the experimental values are far from the ellipse, then the hydraulic behavior 

of the considered joint system can not be modeled using the equivalent continuum 

approximation. 
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4.3.2 Fracture tensor component vs. directional coefficient of permeability: 

Figure 4. 4a represent the fracture tensor component for joint system #8 where the 

joint sets are perpendicular to each other. The fracture tensor component is the same in 

each direction; hence, the fracture tensor is isotropic in this case. The values of the 

directional permeability, even though they do not show perfect isotropy, are less 

anisotropic for the same system (Figure 4.4b). Figure 4.4c shows the theoretical ellipse for 

this system, which is a circle in this case. The experimental values are very close to the 

circle. ER-value is also very low in this case (ER = 0.0251). Hence, this system can be 

modeled using the equivalent continuum approximation. 

Figure 4.5a represents the fracture tensor component for joint system #9, for which 

the angle between the two joint sets is 120°. The maximum value of the fracture tensor 

component is along 90° direction, the minimum value is along 0° direction and the 

intermediate values are along the other directions. Hence, the fracture tensor is highly 
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a) Variation offracture tensor component 
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b) Variation of coefficient of permeability 
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Figure 4.4 Comparison between k(P) and FTC, and the equivalent continuum behavior for 

joint system #8 (30&120) having joint size equal to block size and density equal to 41m2 
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a) Variation of fracture tensor component 

with direction 

b) Variation of coefficient of permeability 

(E-08 mls) with direction 
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c) Comparison between experimental kIP) 

and theoretical kIP) (using equation 3.4) 

Figure 4.5 Comparison between kIP) and FTC, and the equivalent continuum behavior for 

joint system #9 (30& 1 50) having joint size equal to block size and density equal to 41m2 
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anisotropic for this joint system. The directional permeability for the same system (Figure 

4.Sb) is also highly anisotropic and the maximum and the minimum values are found along 

OOand 90° directions, respectively. It is found that if the directional permeability plot is 

rotated by 90°, it will be similar to the plot for fracture tensor component. It is important 

to note that the fracture tensor component for a joint set is calculated along the direction 

perpendicular to the joint plane; on the other hand, the directional permeability is 

calculated along the joint plane. Therefore, the directional permeability for joint system #9 

shows a good correlation with the fracture tensor component. Figure 4.5c represents the 

theoretical ellipse for this system. The experimental directional permeability values are 

found to be close to the ellipse. This is also reflected by a low ER value (0.0647). Hence, 

this system can be modeled using the equivalent continuum approximation. 

Figure 4. 6a represents the fracture tensor component for joint system # 1, where the 

angle between the two joint sets is 30°. The fracture tensor is highly anisotropic for this 

system. Figure 4.6b shows the directional permeability variation for this system. It is found 

that the directional permeability is non zero only along the directions OOand 30° and zero 

in all other directions. Hence, though the fracture tensor component is non zero along 60°, 

90°, 120° and 150° directions, the directional permeability is zero along these directions. 

The fracture tensor component is found to be related to the directional permeability in the 

direction perpendicular to it. The theoretical ellipse for this system is drawn in figure 4.6c. 

The experimental permeability values are far away from the ellipse in all directions. 
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Figure 4.6 Comparison between k<P) and FTC, and the equivalent continuum behavior for 

joint system #1 (0 &30) having joint size equal to block size and density equal to 41m2 
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The ER-value for this system is also high (0.735). Hence, this system can not be modeled 

using the equivalent continuum approximation. 

Comparing the fracture tensor component and the directional permeability for the 

above three completely different joint systems, it is found that the directional permeability 

is always related to the fracture tensor component measured in a direction perpendicular 

to the hydraulic gradient. This can be verified with the help of the following example 

(Figure-4.7). Let US consider a joint system having a horizontal joint set. The fracture 

tensor component is maximum in the vertical direction while, the maximum permeability 

value is found along the horizontal direction. 

Figure 4.7 Directions of the maximum coefficient of permeability and the maximum 

fracture tensor component for a rock block having a horizontal joint set. 
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The relation between the fracture tensor component and the directional permeability 

was found to be the same for system #1 as density is increased from 41m2 to 251m2 (Figure 

4.8a) for the system having joint size equal to the block size. From the shape of the polar 

plot, it is found that, both the fracture tensor component and the directional permeability 

increase proportionately as the density is increased from 4 to 251m2. Figure 4.8b shows 

the relation between the two parameters as joint size is changed from half of the block size 

to equal to the block size for the same joint system having density 251m2. The same 

relation between the fracture tensor component and the directional permeability was 

observed for joint systems #8 ( Figure 4.9) and # 9 ( Figure 4.10). Hence for different 

combinations of size and density distributions the relation is conserved between the 

fracture tensor component and the directional permeability. 

4.4 Fracture tensor component for the connected joint configuration. 

For joint system #1, the directional coefficient of permeability value is zero along 60°, 

90°, 120°, 1500 directions. For the same joint system, the fracture tensor component in the 

direction perpendicular to the direction of permeability is non zero for the same considered 

directions. This indicates that along those considered directions even though joints exist, a 

flow path does not exist or the connectivity of the joints is lost. Hence, besides the 

aforementioned joint geometry parameters Goint size, density and orientation), 

connectivity among joints between the input and output hydraulic boundaries plays an 
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important role in the determination of the directional permeability. 

To include the connectivity in the analysis, it was decided to calculate the fracture 

tensor component in different directions for the connected joint configurations. The 

connected joint configuration contains only the joint elements that are connected to each 

other between the input and output hydraulic boundaries. Figure 4. 11 b shows the 

connected joint configuration along the 0° direction for the joint system in Figure 4.11a. 

Similarly, the connected joint configurations for the same joint system in different 

directions are shown in Figures 4.11 c-g. It is clearly observed from figure 4. 11, that the 

connected joint configuration varies with the direction of hydraulic gradient. Already from 

the polar plot, it was found that the directional permeability value is related to the fracture 

tensor component calculated in the direction perpendicular to the direction of 

permeability. Hence, the fracture tensor component along the direction perpendicular to 

the direction of permeability was calculated for the connected joint configuration. 

The relation between the connected fracture tensor component and the directional 

permeability for the joint systems having joint size equal to the block size is not considered 

in this chapter. It is considered in chapter 6 under the heading of effect of major 

discontinuity geometry on the hydraulic properties of jointed rock. For rock blocks having 

joint size equal to block size, most of the generated discontinuities become fully persistent. 

That situation is equivalent to major discontinuities in a rock mass. In this chapter the 

relation between the connected fracture tensor component and the directional permeability 

is investigated for rock blocks having joint sizes less than the block size. Such joint sizes 
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a) b) at 0° orientation c) at 90° orientation 

at 30° orientation 
d) e) 

f) 
at 60° orientation g) 

Figure 4.11 Difference between the generated fractUre system and the connected fracture 

system in different directions of hydraulic gradient (Note: (a), (d) and (f) 

represent generated fracture system; (b), ( c), (e) and (g) represent connected 

fracture system). 
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are considered to represent minor discontinuities in a rock block and the aim of this 

chapter is to study the effect of minor discontinuity geometry on jointed rock hydraulic 

properties 

A computer program was developed to identify the connected joint configuration in 

the direction of hydraulic gradient for any joint network. The same program then 

calculates the fracture tensor component in different directions for the connected joint 

configuration. 

The directional permeability factor ( kr) is plotted against the fracture tensor 

component (FTC) for connected joint configurations. The directional permeability factor 

(kr) is calculated by dividing the directional coefficient of permeability (k(P» with the 

constant hydraulic conductivity (kj) for the joints. This factor is used to represent the 

directional permeability in non dimensional form similar to the fracture tensor component. 

4.4.1 Results for joint size equal to half of the block size 

Different joint systems having joint size equal to half of the block size with 

different density values( 251m2
, 361m2

, 491m2 and 100/m2 
) are analyzed. Regression 

analysis was conducted to obtain a general relation between the directional permeability 

factor and the fracture tensor component for various cases. The fitted equation along with 

the best fit line was obtained. The correlation coefficient Or' is calculated in each case to 
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see how well the equation fit the data. Through nonlinear regression analysis the 

following general equation is obtained: 

kr= a (FTC) b 

kr- Directional permeability factor 

FTC = Fracture tensor component for connected joint configuration 

a & b = Regression coefficients 

(4.15) 

Figure 4.12 gives the plot for the joint systems having joint orientations 0° & 30° and 

different joint densities. The relation between the FTC and kr was found to be non linear 

in this case. The fitted equation is given on the plot. This is found to be an excellent fit as r 

value is 0.99. The plot for the joint systems having orientations 30° & 60° and different 

joint densities is given in Figure 4.13. In this case fitting is good with a r value of 0.89. 

Figure 4.14 gives the plot for the joint systems having orientations 30° & 120° and 

different joint densities. The equation is fitting very well for the data with a r value of 

0.98. The plot for the systems having orientations 30° & 150° and different joint densities 

is given in Figure 4.15. The relation is closer to linear for this system, though the given 

non linear equation is fitting very well to the experimental data with r=0.98. Figure 4.16 

shows the plot between the kc and FTC for alliS different systems (Table-3.1) having 

joint size equal to half the block size and density 251m2
. The equation is fitting reasonably 

well for the data with r =0.89. For the same 15 different joint systems having same joint 

size as above, the plots between kr and FTC for density distributions 361m2 and 491m2 are 
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Figure 4.12. Relation between the directional permeability factor and fracture tensor 

component for connected joint configuration for joint system # 1 
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Figure 4.14. Relation between the directional permeability factor and fracture tensor 

component for connected joint configuration for joint system #8 
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shown in figures 4.17 and 4.18, respectively. Figure 4.19 represents the plot when all the 

data for 15 different joint systems having the same joint size and different density 

distributions are plotted together. It is seen that the regression fit is reasonably good with 

a r value of 0.85. Hence, it is found that a strong correlation exists between the directional 

permeability and the connected fracture tensor component. 

4.4.2 Results for joint size equal to 3/4 th of the block size 

Different joint systems having joint size I block size equal to 0.75 and density 251m2 

were selected to find the relation between krand FTC as shown in Figure 4.20. The best fit 

equation was obtained through nonlinear regression. It is found that the equation is fining 

quite well in this case with a r value of 0.95. 

4.4.3 Joint size equal to 1/4 th of the block size 

Different joint orientation systems having joint size 1 block size equal to 0.25 and 

density values equal to 491m2 and 100/m2 were selected to find the relation between the 

directional permeability and the fracture tensor component. The plot between kr and FTC 

for the joint systems having orientations 30° & 60° is given in Figure 4.21. The obtained 

equation is fining very well for the data with r = 0.99. Figure 4.22 shows the relation 

between krand FTC for the joint systems having orientations 30° & 120°. An excellent 

correlation was found in this case with r =0.99. The plot between kr and FTC for different 

joint orientation systems having joint size equal to 1I4th of block size and density 100/m2 
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is shown in Figure 4.23. A reasonably good fit was obtained with a r value of 0.86. 

An attempt was made to obtain a fit for all the above data in one plot as shown in 

Figure 4.24. The plot between kr and FTC for all the joint orientation systems having joint 

sizelblock size equal to 0.75, 0.5 and 0.25 with different joint densities is shown in this 

figure. The fitted equation is still reasonable with a r value equal to 0.81. 

It is found from the above analysis that there exists a strong correlation between the 

directional coefficient of permeability and the connected fracture tensor component for 

different joint systems having different joint size and density distributions. The fitted 

equation is found to be excellent ( r =:1 0.99) in most cases for a particular relative joint 

orientation. 

It should be noted that statistical homogeneity for rock masses is described on the 

basis of joint orientation distributions. Therefore, for a given statistically homogeneous 

region, the directional permeability is highly related to the fracture tensor component for 

connected joint configuration. In all the above cases, the equation always takes the form of 

a general nonlinear equation described by equation 4.15. The constants 'a' and 'b' in the 

equation vary with the joint system and also with joint size and density. It is observed that 

the value of 'a' increases with decrease in joint size. As the value of b increases and 

becomes close to 1, the relation becomes linear. 
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4.5 Effect of FO on ER-value 

The combined effect of size and density is reflected by the first invariant of fracture 

tensor, I1(F), (FO). The effect of FO on the equivalent continuum behavior is studied by 

plotting ER vs. FO for different joint orientation systems in Figures 4.25-4.27. It is found 

that ER decreases with the increase in FO. It is possible to find a certain cut-off value for 

FO above which the ER value is low (say about = 0.2). Note that low ER implies 

equivalent continuum behavior. This cut-off value seems to depend on the relative 

orientation ofthejoint sets. The cut-off value ofFO for joint system #6 (30 & 60) is about 

30 (Figure 4.25). 

When the FO is greater than about 10, the system behaves as an equivalent continuum 

medium for joint system #8 (30 & 120) as seen from the plot in Figure 4.26. For joint 

system #9 (30 & 150), the cut-off value ofFO is about 15 as can be seen in Figure 4.27. 

Hence, the equivalent continuum behavior for a joint system may be defined with the help 

of FO value. For different joint orientation systems, the cut-off FO value ranges between 

10-30. It seems that for joint systems with two joint sets, the cut-off FO value to reach 

equivalent continuum behavior decreases with increasing angle of relative orientation. If 

the FO value for the joint system is above the cut-off value, then the system may be 

modeled using the equivalent continuum approximation. 

. ... _-_._-
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4.6 EtTect of tint invariant of fracture tensor (FO) on the average block 

permeability (KO) 

The first invariant of fracture tensor I1(F) ( FO = F\+ F2 ) is an index expressing the 

intensity of joints, which includes the effect of joint size and joint density (equation 4.14). 

FO is independent of the joint orientation. Hence, the FO value is same for different 

systems having the same size and density distributions. The relation between KO [( K\ + 

K2 ) / 2] and FO is determined for a given joint system having a particular relative 

orientation for two joint sets. In the plot KOr is used instead of KO in order to make it non 

dimensional similar to FO. KOr ( mean block permeability factor) is calculated by dividing 

KO with the constant hydraulic conductivity (kj) for the joints. 

Figure 4.28 represents the plot between the KOr and FO for joint system #1 (0-30). 

From the plot it can be seen that KOr increases with FO and there exist a minimum FO 

value below which KO is zero. This is introduced as the threshold FO value. The mean 

block permeability factor (KOr) is non zero if FO > 3.1 for this joint system. The relation 

between KOr and FO for joint system #6 (30-60) is shown in Figure 4.29. The threshold 

value of FO is about 3.1 for this joint system. The threshold value of FO for joint system #8 

is also about 3.1 (Figure 4.30). Figure 4.31 shows the threshold value of FO for joint 

system #9, which is about 6.2. 

Comparing the plots for KO vs. FO for different systems it is found that though KO 

increases with increase in FO, still KO depends to a certain extent on the relative 
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orientation of the joint sets as well as on the combination of joint density and size for the 

same FO value. The block permeabilities for two different combinations of density and 

size having the same FO value are compared in Figures 4.32a and 32b. It is found that KO 

varies as the size and density combination is changed. Though both systems have the 

same FO value, the connectivity is different; this results in different KO values. It is 

observed that for the same FO value, KO increases with increasing joint density. Long et 

al.(1985) suggested that the KO increases with the increase in joint size if the product of 

density and size is held constant. The KO for two different size and density combinations 

having the same length times density product is compared in Figures 4.33a and 4.33b. The 

block permeability is different as FO is different in both cases. Hence, FO is more influential 

than the density size product in estimating the block permeability. 

4.7 Fracture anisotropy vs. anisotropy of permeability 

From the fracture tensor in 2D, principal values FJ (maximum) and F2 (minimum) are 

calculated. Similarly, from theoretical 2D permeability tensor, principal values KJ 

(maximum) and K2 (minimum) are calculated. The fracture anisotropy is calculated as 
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F11F2 and anisotropy of permeability is expressed in a similar manner using K\1K2 . For 

deterministic distributions of joint geometry parameters the fracture anisotropy strictly 

depends on the relative orientation of the joint sets. 

Figure 4.34a compares the fracture anisotropy with permeability anisotropy for 15 

different joint orientation systems having joint size equal to block size and density 41m2. 

Fracture anisotropy is always high when the angle between the two joint sets is 30°. As 

the angle increases to 90°, the fracture anisotropy tends to decrease. 

It is found from figure 4.34a that, permeability anisotropy is high as fracture 

anisotropy is high for joint systems # 1, 5, 6, 10, 13 and 15. From Table 3.1, the angle 

between the two joint sets for these joint systems is found to be 30°. 

Permeability anisotropy is also high for joint systems # 2, 4, 7 and 14 where angle 

between the joint sets is 60°, though fracture anisotropy is lower than that for 30° relative 

orientation. However, for joint systems # 9 and 11, for which the angle between the two 

joint sets is 60°, both fracture and permeability anisotropies are low and the same. 

But for joint systems # 3, 8 and 12, both the permeability anisotropy and the fracture 

anisotropy are low and the same as the angle between the two joint sets for these systems 

is 90°. Both fracture and permeability anisotropies seem to increase with decreasing angle 

of relative orientation of the two joint sets. 
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In Figure 4.34b the fracture anisotropy is plotted along with the permeability 

anisotropy for different joint orientation systems having joint density 251m2 and joint size 

equal to block size. Figure 4.34b shows that fracture anisotropy almost coincides with the 

permeability anisotropy for joint systems where angle between the joint sets is equal to or 

greater than 60°. When the angle between the joint sets is 30°, both fracture and the 

permeability anisotropies are high. Comparison between Figures 4.34 a & b shows the 

effect of density on permeability anisotropy. 

Figure 4.35 compares the anisotropy of fracture and anisotropy of permeability for 

different joint orientation systems having joint density 251m2 and two different joint sizes. 

The permeability anisotropy change is insignificant with the change in joint size. For both 

joint sizes the permeability anisotropy follows the fracture anisotropy (Le. when the 

fracture anisotropy is high the permeability anisotropy is also high). 

It should be noted that permeability anisotropy can be calculated only for the systems 

having a permeability tensor (Le. low ER value or systems which follow equivalent 

continuum behavior). 

4.8. Discussion and Summary 

A strong nonlinear relation is found between the fracture tensor component for the 

connected joint configuration and the directional permeability value. Directional 

permeability is zero if the fracture tensor component is zero. The general form of the 
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nonlinear equation is found to be exactly the same for various cases. However, the values 

of the regression coefficients of the general equation seem to depend on the orientation of 

the joint sets for joint systems having the same joint size and joint density values. 

A cut-off value of FO is introduced based on an ER value of 0.2 to express the 

requirement of the joint system to approach the equivalent continuum behavior. This cut 

oft" value of FO was found to be between 10-30 for different joint systems depending on 

the relative orientation of the joint sets; the cut off FO value was found to increase with 

decreasing relative orientation angle. 

The first invariant of fracture tensor is related to the average block permeability of the 

joint system. The threshold value of the first invariant of fracture tensor can be used to 

find the non zero block permeability. Average block permeability is zero for a joint system 

having FO value less than the threshold value. The threshold value was found to be 

between 3-6 for different joint systems depending on the relative orientation of the joint 

sets. 

Though KO increases with increasing FO, still certain combinations of joint density and 

joint sizes seem to be more favorable to achieve higher KO under the same FO value. This 

indicates that it is important to incorporate the effect of joint connectivity in looking at a 

relation between KO and FO. As the connected joint configuration for a considered joint 

system varies with the direction, it was not possible to calculate FO for connected joint 
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configurations. FO seems to be more influential than the product of joint density and size in 

estimating average block permeability. 

Anisotropy of the fracture tensor strictly depends on the relative orientation of the 

joint sets. Permeability anisotropy follows fracture anisotropy with increasing joint size 

and density. Permeability anisotropy increases with a decrease in the angle between two 

joint sets. 



173 

CHAPTERS 

RELATION BETWEEN HYDRAULIC PROPERTIES OF JOINTED ROCK AND 
JOINT NETWORK PARAMETERS WHEN JOINT GEOMETRY 

PARAMETERS FOLLOW PROBABILISTIC DISTRIBUTIONS IN DIFFERENT 
BLOCK SIZES 

S.l Introduction 

In the previous chapter, it was found that the fracture tensor component(connected) 

can be correlated to the directional coefficient of permeability for different combinations 

of the joint geometry parameters (orientation, density and size) based on deterministic 

distributions. In these studies, the block size was kept constant for different joint geometry 

configurations to study the effect of individual joint geometry parameters on hydraulic 

properties of jointed rock. To estimate the representative elementary volume associated 

with the equivalent continuum behavior, it is necessary to study the effect of block size on 

hydraulic properties of jointed rock. Therefore, a study was initiated to examine the effect 

of block size on the equivalent continuum behavior of jointed rock media. The relation 

between the fracture tensor component and the directional permeability is verified for 

different block sizes. In this study, the orientation and density of joints were assumed to be 

deterministically distributed while the joint size and locations followed probabilistic 

distributions. An attempt was also made to study the effect of probabilistic distributions 

for joint orientation on hydraulic properties of jointed rock using joint network systems 

having deterministic distributions for joint density, joint size and joint location. 
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5.1 EtTect af rock block size on equivalent permeability tensor 

Two dimensional joint configurations were generated in a square region (Figure 5.1) 

having area (25x25) m2 based on the following joint geometry parameters: a) uniformly 

distributed joint centers, b) gamma distributed joint size, c) deterministically distributed 

joint density and joint orientation. Square samples of different sizes (area on two 

dimensions) oriented in different directions were selected from this large square region. 

Then, the controlled head boundary conditions were applied as discussed in chapter 3 to 

numerically calculate the coefficient of permeability along the direction of hydraulic 

gradient for each sample. The equivalent permeability tensor for each block size was then 

calculated using equation 3.5. In chapters 3 and 4, IS different joint orientation systems 

(Table-3.1) were studied. However for the study conducted in this chapter, only two 

joint orientation systems (two different relative orientations) were used. 

For each joint orientation system, three different density and joint size 

combinations were chosen. Table 5.1 gives the joint geometry parameter values used for 

the different joint networks selected for the study conducted in this chapter. To make sure 

that the generated gamma distributions for the joint size are accurate, a goodness-of-fit 

test based on chi-square test was performed for each joint network. 

5.1.1 Directional coefficient of permeability VI. block size 

Block sizes having dimensions Im,(lxl),2m (2x2), 4m(4x4), Sm(Sx8), 12m(12x12), 

16m( 16x 16) were selected from the generated square 25x25 m2 sample regions having 
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Figure 5.1. Generated joint network having joint orientation 30° & 120°, 

joint density = 21m2 and gamma distributed joint size with mean = 1.0m 

and standard deviation =2.0m. 
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different joint networks described in Table 5.1. The various block sizes used for joint 

network # 8-2 at 0° orientation are shown in Figure 5.2. Figures 5.3a & 5.3b show the 

different block sizes having different orientations. The different block sizes were selected 

in every 30° orientation. The directional coefficient of permeability was calculated 

numerically for each block size using the procedure described in chapter 3. For block 

sizes 1 and 2, most of the generated discontinuities turned out to be of fully persistent type. 

This situation can be considered as presence of major discontinuities in the considered 

rock mass. However, the aim of this chapter is to study the effect of minor discontinuity 

geometry on the equivalent continuum hydraulic behavior of jointed rock. Therefore, 

results for block sizes 1 and 2 were not considered in the analyses described in this 

chapter. However, the results for block sizes 1 and 2 are used in chapter 6 to study the 

effect of major discontinuities on jointed rock hydraulic properties. 

The variation of the directional coefficient of permeability with the block size was 

studied with the help of the polar diagram. As described earlier, the polar diagram 

represents the magnitude of the directional permeability through the radius drawn in the 

corresponding direction. The shape of the plot shows the isotropy/anisotropy of 

directional permeability. Figure 5.4 shows the polar plots for joint network # 8-1, for 

different block sizes (4, 8, 12, 16). The directional permeability is highly anisotropic for 

block size 4 (Figure S.4a) as there are many zero permeability values. The maximum 

permeability value is found along 120° direction. As block size increases from 4m to 8m, 

the directional permeability values become nonzero in all directions as seen in Figure 5.4b. 
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Table 5.1 Joint geometry parameter values for six joint networks used for the study based 

on probabilistically distributed joint size and location 

Joint Network Orientation Location Density Joint size 

(in degrees) (number! m2 
) (gamma distributed) 

# 8-1 30-120 Uniformly 2.0 f..I.=0.5m 
distributed 

o=2.0m 

# 8-2 30-120 Uniformly 2.0 f..I. = 1.0 m 

distributed 0= 2.0m 

# 8-3 30- 120 Uniformly 4.0 f..I.=0.5m 

distributed 0= 2.0m 

# 6-1 30- 60 Uniformly 2.0 f..I.= 1.0 m 

distributed 0= 2.0m 

#6-2 30 - 60 Uniformly 4.0 f..I. = 1.0 m 

distributed 0= 2.0m 

#6-3 30-60 Uniformly 9.0 f..I.= 1.0 m 

distributed o=2.0m 

Note: f..I. = mean joint size 

and 0 = Standard deviation of joint size 
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Figure 5.2. Various block sizes for joint network #8-2 at 0° orientation 
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Figure S.3a. Various block sizes for joint network #8-2 at 30° orientation 
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For block size 8m, the maximum permeability value is found along 120° direction. 

Although the magnitude of permeability increases with block size for sizes 4m and 8m the 

increase is not proportionate in all directions; there is no increase along the direction of 

maximum permeability and maximum increase is found along 30° direction. For block size 

8m the minimum permeability value occurs in the direction of 0°. 

As block size increases further, the permeability values become more or less the same 

in all directions. Comparing directional permeability values for block sizes 12m (Figure 

S.4c) and 16m (Figure 5.4d) it is found that there is very little change in directional 

permeability values. The permeability is less anisotropic in this case. It may be recalled 

that, through deterministic study (chapter 3), it was found that, the permeability is less 

anisotropic for the system having two joint sets perpendicular to each other. It was found 

that the directional permeability values show very little variations as block size is increased 

beyond 12m. Hence for joint network # 8-1, the REV( representative elementary volume) 

size can be defined around block size 12m. REV is already defined earlier in chapter-2. 

The directional permeability values for joint network # 8-2, is shown in Figure 5.5 (a, 

b, c, d) for different block sizes. The directional permeability increases with the block size 

in different directions till the block size is 12m. There is very little change in the values of 

permeability as the block size increases beyond 12m. Hence the REV size for this network 

is estimated to be around 12m. The directional permeability values are always less 

anisotropic for this network. 
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Figure 5.5. Variation of coefficient of permeability (E-09 mls) with direction for joint 

network # 8-2 for different block sizes 
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Figure 5.6 describes the directional permeability values associated with network # 8-

3. The directional permeability is anisotropic for block size 4m and anisotropy is reduced 

as block size is increased further. 

The directional permeability is anisotropic for the block size 4m (Figure 5.7a) for 

network # 6-1. Non zero permeability values were found along the 30° and 60° directions 

and zero permeability values were found in all other directions. Directional permeability is 

zero in all directions for the block size 8m (not shown in figure). Directional permeability 

is increased only along 30° and 60° directions as block size is increased further (Figures 

5.7h-d). In other directions the permeability is still zero. Hence this joint system can not be 

modeled using the equivalent continuum approach as REV size is not defined for this 

system. 

Figure 5.8 shows the directional permeability values associated with network # 6-2. 

The directional permeability is anisotropic for block size 4m. Non zero permeability values 

were found along the 30° and 60° directions and zero permeability was found in all other 

directions. As block size is increased to 8m, the permeability becomes non zero in all 

directions and the maximum and minimum permeabilities were found along 60° and 150° 

directions, respectively. The directional permeability values show very little variation as 

block size is increased beyond 8m (Figures 5.8b-d). The REV size for this system seems to 

be around 8m. 
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For network # 6-3, the directional permeability plots for different block sizes are 

shown in Figure 5. 9a-d. Directional permeability is non zero in all directions. The 

permeability is always anisotropic for this system. It can be recalled that the permeability 

was anisotropic for this system (30 & 60) under the deterministic study ( chapter-3). The 

REV size for this system is around 6m. 

5.2.2 EtTect of Block size on ER 

For each joint network given in Table 5.1, the ER value was calculated for each block 

size. For the joint system having orientations 30° & 120°, the ER values for the three 

networks are shown in Figure 5.10. ER decreases with the increase in block size for all the 

three joint networks. The ER value is low when the block size is equal to or more than 

about 12m for the three different joint configurations. For these joint configurations, the 

REV size seems to be around 12m. It is known that if the ER- value is low, then the flow 

behavior of the system can be modeled using the equivalent continuum approximation. 

Hence, if the block size is close to the REV size, then the chance for the joint system to 

approach the equivalent continuum behavior is high. Comparing the ER values for joint 

networks # 8-1 and # 8-2 for block sizes less than 12m, it is observed that the ER value is 

always lower for network # 8-2 for the considered block sizes. The mean joint size for 

network # 8-2 is twice the mean joint size for network # 8-1. Hence the ER value 

decreases with increasing joint size for a given joint orientation system. This observation 
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was found earlier from the study conducted in chapter 3 using deterministic distributions 

for joint geometry parameters. Similarly, comparing the ER vs. block size for joint 

networks # 8-1 and 8-3, it is possible to say that ER decreases with increasing joint 

density resulting in lowering the REV size for higher densities. 

Change of ER with block size for joint system 30-60 is shown in Figure 5.11. ER 

value is always high for joint network # 6-1. Hence, the equivalent continuum model can 

not be achieved for this system at any block size. The density value for network # 6-1 is 

21m2. It seems that for the joint system having orientations 30° & 60°, the density value of 

21m2 is too low to produce a joint system showing equivalent continuum behavior. Hence 

REV size does not exist for this system. The ER value for network # 6-2 is low for block 

sizes greater than 12m. Therefore, for network # 6-2, it seems the REV size is around 

12m. 

For network # 6-3, the ER value is low for block sizes> 4m. Therefore, the REV size 

for network #6-3 seems to be around 6m. The ER value for network # 6-3 is found to be 

always lower than the ER value for network #6-2. The density value for network #6-3 is 

91m2, while that for #6-2 is 41m2
• Hence, ER decreases with the increase in joint density. 

It seems that REV size for a joint system depends on the orientation of the joint sets 

in the system and on the distributions of joint size and joint density. REV size seems to 

decrease with increasing joint density. 
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5.2.3 Average block permeability (KO) vs. Block size 

The equivalent permeability tensor is calculated from the directional coefficient of 

permeability values. The block permeability (KO = (K\+K2)/2) is then calculated from the 

equivalent permeability tensor. The effect of block size on block permeability is shown in 

Figure 5.12 for different networks associated with the joint orientation system (30 & 120). 

For all three joint networks, the KO increases with block size up to about 12m and then 

the KO value becomes almost asymptotic. Therefore, this asymptotic value can be used to 

study the equivalent continuum behavior for the networks. The block size 12m can be 

used as the REV size for all the three different networks based on different density and 

size combinations. The KO value for the block size 12m can be assigned as the average 

permeability value for the whole network. 

Comparing the KO values for the block size 12m, for the three joint networks, it was 

found that the average permeability is strongly dependent on the density and mean size 

combination. This conclusion has already been stated in chapter-3 from the deterministic 

study. For the joint networks under present study it was found that KO increases with the 

joint density for joint systems having same joint size distribution ( networks # 8-1 and 8-3) 

and KO also increases with joint size for joint systems having same density distribution 

(networks # 8-1 and 8-2). 

Figure 5. 13 shows the relation between KO and block size for joint orientation system 

(30 & 60). Average block permeability (KO) for network # 6-1 increases with block size. 
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It was mentioned in a previous section that, REV size is not defined for this system. For 

networks # 6-2 and 6-3, it is observed that the variation ofKO value becomes less as block 

size is increased beyond Sm. Hence the block size 8m can be used as REV size for these 

two networks and KO value for the block size Sm can be assumed to represent the average 

permeability of the whole medium. 

The average permeability of the medium increases with joint density as network # 6-3 

gives a higher KO value for the REV size compared with network # 6-2. The joint density 

for network # 6-3 is 91m2 and that for network # 6-2 is 41m2 and both networks have same 

joint size and orientation distributions. The KO value at the REV size increases with 

increase in joint size and joint density. 

S.3 Relation between the fracture tensor component and the directional 

permeability 

In the previous chapter, for the study conducted using deterministic distributions for 

joint geometry parameters, it was found that a strong relationship exists between the 

fracture tensor component for the connected joint configuration(FTC) and the directional 

coefficient of permeability(kp) .A similar study is performed in this section to find whether 

the relation still exist between FTC and kP when the joint geometry parameters follow 

probabilistic distributions. As mentioned earlier, the results obtained for the block sizes 1m 
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and 2m are excluded in exploring the relation. The data obtained for the block sizes> 2m 

were used to fit the equation for the relation between the two parameters. 

Figures 5.14 and 5.15 show the comparison between the FTC and kP for network # 8-

3 for block sizes 4m to 16m. Directional permeability is anisotropic for the block size 4m 

and the maximum and minimum values of permeability were found along 120° and 30° 

directions, respectively. The fracture tensor component for the same joint configuration is 

also anisotropic and the maximum and minimum values of the fracture tensor component 

are found along 30° and 120° directions (Figure-5.l4a). The shape of the fracture tensor 

polar plot is the same with that for the directional permeability if it is rotated by 90°. A 

similar relation was found between the fracture tensor component and the directional 

permeability for the block size 8m (Figure-5.14b). The fracture tensor component was 

found to be related to the directional permeability value measured in a direction 

perpendicular to it. It may be recalled that the same relation was found in chapter 4 when 

joint geometry parameters were generated through deterministic distributions. The 

directional permeability is less anisotropic for the block sizes 12m and 16m (Figures 5.15a 

& 5.l5b) . The fracture tensor component is less anisotropic for the block size 12m and 

almost isotropic for the block size 16m. The fracture tensor was found to be isotropic for 

the system having orientations 30° & 120° when joint geometry parameters were 

generated through deterministic distributions. This study shows that the relation between 

FTC and kP still exist when joint size and location follow probabilistic distributions. 
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S.3.1 Fracture tenlor component for connected joint configuration 

At block size 4m, for joint network # 8-1, it was observed that though FTC is non 

zero in certain directions, kP is zero along the same directions. The connectivity among the 

joints along the given direction plays an important role in the determination of the 

directional permeability. Hence FTC was calculated for the connected joint configuration 

in the same way as mentioned in chapter 4. The relation between the FTC for connected 

joint configuration and the directional permeability was investigated for different 

networks. The fracture tensor component (FTC) was plotted against the directional 

permeability factor (kr). An equation was fitted between the two parameters based on 

nonlinear regression analysis. The general equation which was used in chapter 4 when 

joint geometry parameters followed deterministic distributions is verified in this chapter 

when joint geometry parameters follow probabilistic distributions. The general form of the 

equation is: 

kr= a (FTC)b (5.1) 

where 'a' and 'b' are two empirical constants which depend on the joint geometry. 

Figure 5.16 represents the relation between FTC and kr for joint network # 8-1. The 

fitted equation was achieved through regression analysis. The fitting is good with r=0.88. 

The relation for joint network #8-2 is shown in Figure 5.17. Network # 8-2 shows a 

similar behavior as network # 8-1. Figure 5.18 shows the fitted equation for network # 8-

3; r value of 0.91 indicates a very good fit. It was observed from the previous three 
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figures that, the goodness of fit was good for each of three different networks. An 

attempt was made to obtain the relation between FTC and Kr by plotting all the data 

belonging to the three networks in one figure (Figure 5.19). The combined plot gave a 

similar equation with r =0.90. 

The plot between kr and FTC for network #6-1 is shown in Figure 5.20. The fitted 

equation is good with a r value equal to 0.90. Figure 5.21 represents the relation for 

networks #6-1,6-2 and 6-3 when FTC and kr results for the three networks are plotted in 

one plot. [t may be recalled that the orientations of joint sets for these systems are 30° & 

60°. The fitted line representing the relation between kr and FTC shows that the fit is very 

good as r=0.95. 

The relation obtained for different networks agree to the general form of the equation 

given by equation 5.1. A strong non-linear relation seems to exist between the directional 

permeability and the fracture tensor component for the connected joint configurations. 

The values of the regression coefficients, a and b changed from one network to another. It 

is to be noted that the equation obtained for different networks was following the same 

general form of equation which was obtained in chapter 4 when joint geometry parameters 

followed deterministic distributions. 
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S.4 EtTect of FO on block permeability ( KO) 

In the previous chapter, it was found that KO depends on FO for a given joint system. 

The first invariant of fracture tensor depend on the combinations of mean density and 

mean joint size. In this study the relation between KO and FO is investigated for different 

joint networks given in Table 5.1. In general FO varies with the block size. A study was 

conducted to find the variation of joint density and joint size distributions with the block 

size for a given network. As mentioned earlier, the samples of different block sizes were 

collected from a statistically homogeneous region constituting a joint network with given 

joint geometry parameters (Table 5.1). Table-5.2 gives the density and mean joint size for 

different networks for each block size. 

From Table 5.2 it is evident that the values of joint density and mean joint size 

changes with the block size for block sizes < 12m. For block sizes;;?! 12m the values of 

joint density and mean joint size are more or less stable and are close to the values used in 

generating the joint network for block size equal to 25 m. It is already found from the 

permeability experiments that REV size for joint networks # 8-1 through 8-3 is around 

12m. Hence, the REV size represents the minimum block size for which the mean joint 

size and density values are same as that for the whole statistically homogeneous region. 

As FO depends on the joint size and the density combination, then it is obvious that FO 

will be different for different block sizes. Figure 5.22 gives the relation between FO and 

KOr (mean block permeability factor) for joint network # 8-1. Two conclusions can be 

drawn from this plot. There exist a minimum value for FO above which KOr is non zero 

..... ,--~--> ~ ....... ---
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Table 5.2 Joint size and density values for different block sizes for six joint networks 

BLOCK SIZES (in m) 

Network 1 2 4 8 12 16 20 

# 8-1 L=0.140 0.511 0.593 0.609 0.503 0.525 0.5 

0=1.5 1.5 1.71 1.75 1.89 2.01 2.0 

# 8-2 L=0.412 0.639 0.801 0.896 1.02 1.05 1.0 

0=3.0 2.625 2.156 2.15 2.05 2.01 2.0 

# 8-3 L=0.501 0.479 0.75 1.04 0.525 0.505 0.501 

0=3.5 3.5 2.5 2.37 3.98 4.0 4.0 

# 6-1 L=0.424 0.632 0.817 0.898 1.02 1.05 1.01 

0=5.0 3.0 2.1875 2.12 2.05 2.01 2.00 

#6-2 L=0.358 0.475 0.789 1.03 1.05 1.14 1.11 

0=9.0 7.875 5.905 4.53 4.19 3.98 4.0 

#6-3 L=0.479 0.631 0.87 1.01 1.05 1.1 1.01 

0=13.5 10.735 9.68 8.89 9.01 8.89 9.0 

Note: L = Mean jOlOt size 10 (m) 

D= Density in (number per m2
) 
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which was earlier defined as the FO threshold value. The threshold value for this system 

seems to be around 2.75. The KOr value increases rapidly with FO in the initial portion of 

the curve and then after that the rate of increase in KOr with respect to FO gradually 

decreases. The FO value corresponding to a very low rate of increase in KOr was earlier 

defined as the cut-off value for the equivalent continuum behavior. The regression fit for 

the data can be considered as excellent with r =0.99. For network # 8-2 data, a good 

regression fit was obtained with a r value of 0.85 (Figure 5.23). Similarly, an excellent fit 

was obtained for network # 8-3 (Figure 5.24). 

Figure 5.25 shows the plot between KOr and FO when the data belonging to all the 

above three networks are plotted together. The fitted equation is good with r =0.88. From 

this figure the threshold value for FO was found to be about 2.75 and the cut-off value of 

FO to be around 20. It may be recalled that similar relations were obtained in chapter 4 

when joint geometry parameters followed deterministic distributions for this 30-120 

system. 

5.5 ElTect of FO on ER 

ER value was calculated for each block size for the different networks from the 

directional permeability values as described in chapter 3. The effect of FO on ER was 

studied with the help of Figures 5.26-5.28. Figure 5.26 shows the variation ofER with FO 

for network # 8-1. ER value was found to decrease rapidly with the increase of FO in the 
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initial portion of the curve and then ER value fluctuated within a narrow range for larger 

FO values. From Figures 5.27 and 5.28, similar observations were obtained for joint 

networks # 8-2 and # 8-3, respectively. ER decreases with the increase ofFO. 

The plot between ER and FO for data of all the three networks belonging to the joint 

system having orientations 30° & 120° is shown in figure 5.29a. The ER value seems low 

when FO > 10. This value may be used as the cut-off value for the equivalent continuum 

behavior. A similar plot between ER and FO for the joint system having orientations 30° 

& 60° is shown in Figure 5.29b. The ER decreases with increasing FO. The cut-off value 

ofFO for this system seems to be around 30. It may be recalled that the same cut-off value 

was obtained for this joint system in chapter 4 when joint geometry parameters were 

considered to be deterministically distributed. The cut-off value of FO, above which the 

system can be modeled using the equivalent continuum behavior, depends on the relative 

orientation of the joint sets. 

From both the deterministic study conducted in chapter 4 and the probabilistic study 

conducted in this chapter, it is found that the cut-off value for FO changes with the change 

in the internal angle between the two joint sets. 
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5.6 Eft'ect of probablUstically distributed joint orientation on directional 

permeability 

In all the previous numerical experiments the distribution for the orientation for each 

joint set was assumed to be deterministic i.e. the distribution having zero standard 

deviation. The effect of probabilistically distributed joint orientation on rock block 

directional permeability is investigated in this section. In the present study the normal 

distribution is used to generate joint orientation. To make sure that the generated normal 

distribution for the joint orientation for each joint system is accurate, a goodness-of-fit test 

based on chi-square test was performed. 

Table 5.3 provides the joint systems used in this study. For a given joint system, the 

value of the standard deviation was assumed to be the same for each joint set orientation. 

Note that the zero standard deviation corresponds to deterministically distributed joint 

orientations which were used in chapter 3. Then the directional permeability values were 

calculated as before and necessary comparisons are made to study the effect of different 

standard deviations of joint orientations on hydraulic parameters of jointed rock. 

The joint networks for different orientatation distributions for joint system #8 are 

shown in Figure 5.30. The directional permeability values for different standard deviations 

for this joint system are shown through polar plots in Figure 5.31. The directional 

permeability value for the deterministic distribution( standard deviation =0) is only slightly 

anisotropic (Figure 5.31a) as the joint sets are perpendicular to each other. Little change in 
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Table S.3 Joint systems used to study the effect of probabilistic ally distributed joint 

orientation on hydraulic properties of jointed rock 

Joint system # Joint density Joint size Mean joint Standard Deviation 

(# I m2
) (m) orientation of 

joint orientation 

(in degrees) 

8 2S O.S 300 (1st set) 0,5, 10 

1200 
( 2nd set) 0, 5, 10 

9 25 0.5 300 (1st set) 0, 5, 10 

1500 (2nd set) 0, 5, 10 
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a) Standard deviation = 0° b) Standard deviation = 5° 

c) Standard deviation = 100 

Figure S.30. Variation of joint geometry configuration of joint system #8 

for different joint orientation distributions: (a) Standard deviation = 0°, 

(b) Standard deviation = 5° and (c) Standard deviation = 10° 
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Figure 5.31. Variation of coefficient of permeability with direction for joint system #8 

for different joint orientation distributions. 
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the directional permeability is observed (Figure 5.31 b) as standard deviation is increased 

to 5 and hence the permeability is still only slightly anisotropic for this orientation 

distribution. Figure 5.31 c represents the polar plot corresponding to the orientation 

distribution having standard deviation 10. Even though the maximum permeability has 

increased slightly and the minimum permeability has decreased slightly compared to 

standard deviation a situation, still a significant variation in the directional permeability is 

not found for this system. Hence, for the orthogonal joint sets, the introduced variabilities 

for joint orientations have not resulted in any notable changes on the overall directional 

permeability. 

Figure 5.32 shows the directional permeability variation for joint system #9. The 

directional permeability was highly anisotropic (Figure 5.32a) for the distribution having 0 

standard deviation. The directional permeability value is increased in some directions and 

decreased in some other directions as standard deviation was increased to 5 (Figure 

5.32b). In overall sense anisotropy has decreased. When the standard deviation was 

increased to 10, the anisotropy has decreased further (Table 5.4) (Figure 5.32c). However, 

still the anisotropy for joint system #9 is more than that for joint system #8. 

5.6.1 Effect of probabilistically distributed orientation on KO and ER values 

Table 5.4 summarizes the effect of probabilistically distributed orientation on the 

hydraulic behavior of jointed rock blocks. 
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The variation of KO and ER with the standard deviation for two different joint 

systems are given in Table 5.4. The change in ER as well as KO for both joint systems is 

negligible due to increase of standard deviation. Hence the probabilistic distributions for 

the orientations have very little effect on both ER and KO. 

It seems that the degree of anisotropy of the permeability tensor can change 

significantly for the highly anisotropic fractured media in the presence of significant 

variability of joint orientations (see kllk2 results for joint system # 9 in Table 5.4). 

Table 5.4 Variation ofER, average block permeability and permeability anisotropy with 

the standard deviation for the joint orientation distributions 

Joint system Mean Standard ER KO Permeability 

Orientation Deviation (E-08 mls) anisotropy 

( degree) (degrees) (KIIK2) 

#8 30 & 120 0 0.0850 28.0843 1.057 

5 0.1068 28.028 1.03 

10 0.1120 27.6187 1.1843 

#9 30 & 150 0 0.1571 29.3367 8.936 

5 0.0842 24.921 3.2604 

10 0.1389 26.2203 2.88 
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S.7. Discussion and Summary 

Chances to reach equivalent continuum behavior for a jointed rock block increases 

with the increase in block size. REV size for a system depends on the orientation of the 

joint sets in the system and on the distributions for joint size and density. It is also 

observed that REV does not exist for certain combinations of joint size, density and 

relative orientation of the joint sets. Hence, an equivalent continuum approach is not 

applicable for those joint systems; joint systems with low relative orientation angles and 

low densities have a higher chance of belonging to this category. REV size seems to 

decrease with increasing joint density. 

Average block permeability (KO) value for a considered joint orientation system 

increases with the increase of the block size till the block size is equal to the REV size. A 

little variation in the average block permeability value is observed with the increase of the 

block size beyond REV size. The KO value at the REV size increases with increase in joint 

size and joint density. 

A strong correlation is found between the directional permeability and the fracture 

tensor component for the connected joint configuration. The general form of the non

linear equation obtained for the above two parameters is similar to the one obtained from 

the deterministic study conducted in chapters 3 & 4. 

Average block permeability is found to be related to the first invariant of fracture 

tensor. The threshold value of the first invariant offracture tensor (FO) can be used to find 
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the chances for the given joint network to have non zero block permeability. The threshold 

value for the joint network having two perpendicular joint sets is found to be about 2.75. 

It may be recalled that the threshold FO was found to be between 1-3 depending on the 

joint orientation based on a deterministic study conducted in chapter 4. 

Similarly, the requirements for the equivalent continuum behavior for any joint 

network depend on the cut-off value of FO for the chosen joint system. The cut-off FO 

value was found to be between 10-30 depending on the relative orientation of the joint 

sets. It seems that this cut-off FO increases with decreasing internal angle between the two 

joint sets. 

Average block permeability is little affected by the change of the standard deviation 

for the distribution of joint orientation. For an anisotropic joint orientation system, the 

degree of anisotropy depends on the standard deviation of the orientation distribution. 



CHAPTER 6 

EFFECT OF MAJOR DISCONTINUITY GEOMETRY ON HYDRAULIC 
PROPERTIES OF DISCONTINUOUS ROCK 

6.1 Introduction 
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The directional coefficient of permeability was found to be related to the fracture 

tensor component of the connected joint network for different joint systems. This result 

was obtained both from a deterministic study in chapter 4 and from a probablistic study in 

chapter 5. In both chapters 4 & 5 the emphasis was placed on the effect of minor 

discontinuity geometry on the hydraulic properties of jointed rock. In chapter 5, when 

joint size was treated probabilistically, results from the block sizes greater than or equal 

to four times the mean joint size were considered to find the relation between directional 

permeability and fracture tensor component. This was purposely done in order to include 

the rock blocks which contained only minor discontinuities. When the block size is at least 

4 times the mean joint size, most of the discontinuities in a block would not be persistent. 

Such discontinuities can be considered as minor discontinuities. The discontinuities which 

extend across the area of study are treated as major discontinuities. When the joint size is 

equal to the block size, such a situation can arise, in the case of deterministic joint size. In 

the case of probabilistic joint size, rock blocks having sizes either equal to the mean joint 

size or twice the mean joint size may be considered as blocks with major discontinuities. 

The effect of such major discontinuity geometry on the hydraulic properties of jointed 

rock is investigated in the present chapter in order to find a relation between the 
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directional permeability and the fracture tensor component. Hence the results obtained 

from the deterministic study for the joint systems having joint size equal to block size is 

used here. The results are already mentioned in chapter 3 under the study of the effect of 

joint orientation, joint density and joint size on the hydraulic properties of jointed rock. 

The experimental procedure is already discussed in chapter 3. The results from the two 

joint networks based on the probabilistic distributions of joint size and location as 

mentioned earlier in chapter 5, are also used. For this probabilistic distribution study, 

results from the block sizes 1m and 2m are used. 

6.2 Directional coefficient of permeability vs. fracture tensor component 

An attempt is made here to correlate the directional coefficient of permeability with 

the fracture tensor component (FTC) for connected joint configuration. The directional 

permeability factor (kr) is calculated from the experimental directional permeability value 

as discussed in chapter 4. The relation between FTC and kr for different density 

distributions and for different joint systems is obtained through linear regression. The 

procedure for the determination of connected fracture tensor component (FTC) was 

discussed in chapter 4. The general equation obtained from linear regression is given in 

equation 6.1. 

y= ~o+ ~lX (6.1) 
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Where Po is the intercept with the y-axis and PI is the slope of the linear regression line. 

The Po is found to be zero in this case, as the regression line always passes through the 

origin. Hence equation 6.1 can be modified as 

y= PIX (6.2) 

The general equation obtained from this study is represented by equation 6.2. The relation 

between FTC and kr is represented by 

kc= PI (FTC) (6.3) 

6.2.1 Relation between kr and FfC for different joint systems having deterministic 

joint geometry distributions 

Different joint systems based on different relative orientations of the two joint sets and 

different density values for joint size equal to block size were given in chapter 3 (Table 

3.1). The relation between kr and FTC for a few joint systems (a few relative orientations) 

is analyzed here. For a chosen joint system (a particular relative orientation), results from 

all the density values are included. 

The plot between kr and FTC and the equation obtained through linear regression is 

shown in Figure 6.1, for joint system #1 (0 & 30). The relation was found to be strongly 

linear as regression coefficient r = 0.975. The value of PI is 0.3376. The relation between 

kr and FTC for joint systems #2, 6,8,9,11 are shown through Figures 6.2- 6.6. For joint 
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Figure 6.2. Relation between the directional permeability factor and the fracture tensor 

component for connected joint configuration for joint system #2 (0-60) 

having joint size equal to block size and including all joint densities. 
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system #2, the fit obtained in Figure 6.2 is very good with r = 0.97. A similar relation is 

obtained in Figure 6.3 for joint system #6. For joint systems # 8,9 and 11 almost perfectly 

linear relations were found between kr and FTC as r obtained were about 0.99 and a 

majority number of points for these joint systems fell on the straight lines 

From the above figures, though relation between kr and FTC for the considered joint 

systems are found to be linear, the value of ~l changed with the joint system. The range 

for ~l was found to be between 0.34 and 0.56. The joint systems are based on the relative 

orientation of joint sets. Hence each system may represent a statistically homogeneous 

region. A linear relation is obtained between the kr and FTC for a homogeneous region 

having joint size equal to block size. In all the cases, the fitted equations were found to be 

good and they represent the general equation given in 6.3. The regression line passes 

through the origin i.e. the directional coefficient of permeability value is zero if the 

fracture tensor component for the connected configuration is zero. No matter what may be 

the value of joint hydraulic conductivity this relation always holds good. 

6.2.2 Relation between kr and FTC for ditTerent density values for joint systems 

having deterministic joint geometry parameters 

An attempt is made to compare the relations between kr and FTC for different density 

values. For a particular density value, data from 15 different joint systems are taken into 

account. Figure 6.7 shows the relation between kf and FTC for the joint systems having 
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density value 41m2. The relation is perfectly linear with r = 0.99 and PI = 0.717. The 

regression line seems to be an excellent fit for data as majority of points fallon the line. As 

the density is increased to 91m2 from 41m2 for the same joint systems, the relation was 

found to be still linear with r = 0.96 and PI = 0.5476 as shown in Figure 6.8. From the 

figure, it is seen that the spreading among the points has increased though the equation is 

fitting well for the data. The plots between kr and FTC for densities 161m2 and 251m2 are 

given in Figures 6.9 and 6.10, respectively. The relation is still linear with r =0.96 for both 

density values and PI is 0.4156 and 0.407 for densities 161m2 and 251m2, respectively. 

Comparing the plots for different densities, it is observed that the relation between the 

directional permeability and the fracture tensor component for the connected joint 

configuration is almost linear. The linearity is found to be stronger at lower density. As the 

density is increased, the spreading of the data is increased. PI value, which represents the 

slope of the fitted line decreases with increase in density. For example PI is 0.717 for 

density 41m2, and 0.407 for density 251m2. 

This means, as density is increased the rate of increase of kr with FTC is decreased. 

Already we have seen in a previous chapter that the equivalent continuum behavior 

increases with increase in density. Hence, with increase in density the directional 

permeability value tends towards the value corresponding to the equivalent continuum 

behavior. 
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When the joint size is equal to block size, i.e. joints are of infinite extent, there exist a 

strong linear relationship between the directional coefficient of permeability and the 

fracture tensor component for the connected joint configuration. This is observed when 

data belonging to all the density values for all 15 different joint systems are plotted in 

Figure 6. 11. As seen from the figure, relation is strongly linear with r = 0.96 and 131 = 

0.4167. The fitted regression line seems to be a very good fit for data as data points are 

found to be evenly scattered within a narrow margin on either side of the fitted line. 

6.3. Relation between hydraulic properties and fracture tensor properties for joint 

systems having probabilistic distributions for joint size and location. 

In chapter 5, six different joint networks were used to investigate the relation between 

the permeability of jointed rock and the fracture tensor parameters. In that study, results 

for rock block sizes less than 4m were not used in obtaining the relations between 

hydraulic properties for jointed rock and fracture properties. That was done purposely to 

use only the results coming from rock blocks which contained minor discontinuities. Rock 

block sizes 1m and 2m are considered as blocks containing major discontinuities. In the 

present section, results for rock block sizes 1m and 2m are used. However, only two joint 

networks out of six networks are studied. 

Results for joint networks #6-2 and 6-3 ( Table 5.1) are selected for the present study 

in order to investigate the effect of probabilistically distributed major discontinuity size on 



40 

~36 
o 
~32 -.. tI 28 
J! 
~24 

Joint density = 41m2, 91m2, 161m2, 251m2 

kr = 0.4167 (FTC) 

r= 0.96 

• 
::a 20 

= • • 

~ 16 
a. 

l 12 
o 
:i:: 2 8 .. 
is 

o 4 8 

• • DIPD 

12 16 20 24 28 32 

Fradure tensor component (connected) 

Figure 6.11. Relation between the directional permeability factor and the fracture tensor 

component for connected joint configuration for all joint systems and all 

densities having joint size equal to block size. 

36 40 

N .,. 
w 



244 

hydraulic properties of jointed rock. To compare with the results obtained for 

deterministically distributed joint size, results for joint network #6 (Table 3.1) also is used 

here. Table 6.1 gives values of joint geometry parameters, FO and KO for the joint 

networks studied. 

The values of the average block permeability (KO) and the first invariant of fracture 

tensor (FO), obtained for the joint systems under deterministic joint size were found to be 

close to the results from block size 2m ( mean joint size! block size =0.5) obtained under 

probabilistic joint size. 

The relation between kf and FTC for joint networks 6-2 & 6-3 for block size 2m is 

shown in Figure 6.12. A linear relation is found with r = 0.95 and 131 equal to 0.64. 

6.4 Summary and discussion 

A linear relationship was found between the directional permeability and the fracture 

tensor component for the connected joint configuration when rock blocks contain major 

discontinuities. The relation is strongly linear for each joint orientation system having 

different density values. The linear relation between these two parameters changes with 

density when all joint orientation data are plotted together. At low density, i.e. 41m2, the 

relation is perfectly linear with most of the points falling on the fitted line. With the 

increase of density the scattering of points around fitted line increases. 
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Table 6.1. Values of joint geometry parameters, FO and KO for the joint networks 

studied to investigate the effect of probabilistic joint size and location on the 

relation between hydraulic properties and fracture tensor properties for joint 

systems having major discontinuities. 

Mean joint size Block Orientation of Density KO FO 

(m) size (m) two joint sets ( number/ m2
) (E-08 mls) 

l.0 l.0 300 & 600 4 5.13 8.0 

(Deterministic 

joint size) 9 13.5 18.0 

Joint system #6 

l.0 1.0 300 & 600 4 4.9 4.0 

(probabilistic 

joint size) 9 14.1 10.0 

Networks #6-2 & 

6-3 

l.0 2.0 300 & 600 4 5.1 6.5 

(probabilistic 

joint size) 9 13.2 15.5 

Networks #6-2 & 

6-3 
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CHAPTER 7 

EFFECT OF HYDRAULIC CONDUCTMTY OF JOINT ON JOINTED ROCK 
HYDRAULIC PROPERTIES 

7.1 Introduction 

The studies conducted so far are based on the assumption that the transmissivity value 

for each joint is constant. The transmissivity value for each joint depends on the joint 

hydraulic conductivity and joint aperture. Any change in these two parameters will change 

the transmissivity value. Joint aperture mainly depends on the joint roughness, matedness 

of the joint, presence of any infilling material and on the in-situ stress condition. It is 

practically impossible in the field to measure the mechanical aperture accurately for a 

single joint. Some workers (Silliman, 1989, Raven et al.,1988, Tsang and Tsang, 1987) 

have attempted to measure the hydraulic aperture for a single joint from the field 

hydraulic and tracer test results. Still a great deal of uncertainty involves in interpreting the 

hydraulic aperture of any joint. The aperture not only varies from joint to joint but also 

varies spatially within a joint (Tsang and Tsang, 1990 and Stafford et al., 1990). Rarely 

smooth roughness profiles are observed in the field and still the research is going on to 

accurately quantify the roughness of natural rock joints. 

The hydraulic conductivity for a single joint depends on the joint aperture distribution, 

type of infilling and properties of the conducting fluid. In the discrete fracture hydraulic 

modeling, it is possible to change the transmissivity value for each joint to accommodate 

the changes in the values of the hydraulic conductivity or the joint aperture as obtained 
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from field observations. The directional coefficient of permeability for jointed rock was 

obtained previously assuming a constant joint transmissivity value. An attempt is made in 

this chapter to find the effect of variability of the joint transmissivity value on the jointed 

rock directional coefficient of permeability. A few joint systems having different 

combinations of the joint size and the joint density are chosen in the study conducted in 

this chapter. In all the cases, the results obtained from the present study are compared 

with the earlier results obtained with constant joint transmissivity values. 

Two different cases are considered in this study for the variation of transmissivity 

values for the joints. In the first case, the joint transmissivity value is changed from one 

joint set to another, however, within a joint set the same joint transmissivity value is 

considered. In this case, the transmissivity value for the second joint set is assumed to be 

higher than that for the first joint set. In the second case, the transmissivity value is 

assumed to be log normally distributed from one joint to another within a joint set. 

7.2 Results for Case 1: Hydraulic conductivity for 2nd joint set> bydraulic 

conductivity of lst joint set 

It is now assumed that the hydraulic conductivity for 2nd joint set (kj2) is greater than 

that for the 1 st joint set (kj1)' In the previous study, kjratio= (kj2 / kj1), was set to 1, i.e. the 

hydraulic conductivity value was the same for both joint sets. In the present study, 

different values of kjratio are assumed. 
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Five joint orientation systems having three different joint size and density 

combinations were selected from Table 3. 1 in order to study the effect of kjratio on the 

hydraulic properties of jointed rock. 

7.2.1 Results for rock blocks with joint size equal to block size and joint density 

equal to 41m2 

The values of the directional coefficient of permeability for 15 different joint systems, 

having joint size equal to block size and density 41m2 have already been obtained in 

chapter 3 (Table 3.3) under kjratio equal to 1. In this section, the effect of kjratio on 

directional permeability is investigated for a few of the joint systems. Two different 

kjratios ( 2 & 10) were selected for the aforementioned size and density combination. 

Joint orientation systems #1,2,3,6,8 and 9 from chapter 3 were selected for this study. 

Change in the directional coefficient of permeability with kjratio is described with the 

help of polar plots for different joint systems. The polar plot for joint system # 1 is shown 

in Figure 7.1. The orientations of the two joint sets for joint system #1 are 0° and 30° 

respectively. The directional permeability value is non zero in 0° and 30° directions and 

zero in all other directions when kjratio is equal to 1. As kjratio is increased from 1 to 2 

and then to 10, the directional permeability value increases more in the 30° direction than 

in the 0° direction. This is because the hydraulic conductivity of the joints having 30° 

orientation were increased. Comparing the directional permeability along the 30° 
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direction, it is observed that even though kjratio was increased by 10, the permeability 

value has increased only about 2 times. In other directions the value still remains zero. The 

increase of the directional permeability value is not significant for this system as the 

average block permeability value [kO=(k 1 +k2)/2] does not vary much with the increase of 

kjratio. This shows the important role that joint connectivity plays for this joint system. 

The shape of the polar plot remains more or less the same with the increase ofkjratio. 

Figure 7.2 gives the polar plot for joint system #2 (0 & 60). The directional 

penneability is non zero along 0° and 30° directions and zero in other directions. With the 

increase of kjratio, the directional permeability increases in both 0° and 30° directions 

though the increase is more in the direction of 30° than in 0°. The directional permeability 

value has increased by two times along 30° direction, when kjratio was increased by 10. 

The shape of the plot does not vary much with the increase of kjratio. A little change is 

observed in the average block permeability value with the increase ofkjratio. 

The polar plot for joint system #6 (30° & 60°) is shown in Figure 7.3. The directional 

permeability has increased with the increase ofkjratio, and the increase is maximum in 90° 

direction and minimum along 120° and 150° directions. The directional permeability value 

has increased by four times along 90° direction and about 2.5 times along 60° direction 

due to an increase of the hydraulic conductivity of 10 times along joints oriented in 60° 

direction. The average block permeability has increased by more than two times with the 

increase of kjratio by 10 times. The shape of the polar plot shows little variation with the 
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increase of kjratio. The directions along which the directional permeability were zero 

always remain zero. 

The directional permeability is almost isotropic when kjratio is 1, for the joint system 

#8 (30° & 120°). The directional permeability becomes more anisotropic with increase of 

kjratio as seen in Figure 7.4. The directional permeability value increases with the increase 

of kjratio. However, the increase in permeability value is not proportional in all the 

directions, as very little change in the directional permeability value is observed along 30° 

direction and a large increase is found along 1200 direction. Along 120° direction, the 

directional permeability value has increased by five times due to an increase of kjratio of 

10 times. With the increase of kjratio by 10 times the average block permeability has 

increased only by 3 times. In this case, the shape of the permeability plot has changed 

significantly with the increase of kjratio. 

Figure 7.5 shows the polar plot for joint system #9 at different kjratios. For kjratio 1, 

the directional permeability is anisotropic having maximum value along 0° direction and 

minimum along 90° direction. With the increase of kjratio, the permeability has increased 

more along 00 and 1500 directions, while there is very little increase along 30° and 600 

directions. The directional permeability value shows about five times increase along 150° 

direction, when joint hydraulic conductivity was increased by 10 times. The average block 

permeability has increased only by 3 times. Some changes are seen on the shape of the 

permeability plot and the anisotropy of permeability has increased. 



180 
19 

120 
62 

240 
18 

90 
58 

270 
58 

60 
18 

300 
62 

o 
19 

255 

------- KJRATIO= 1 0-0-0-0- KJRATIO= 2 ___ KJRATIO = 10 

Figure 7.4. Variation of coefficient of permeability (E-08 m/s) with kjratio for 

joint system #8 fjoint size = Block size, joint density = 41m2) 



-------

180 
56 

120 
26 

240 
8 

KJRATIO= 1 

90 
11 

270 
11 

0-0-0-0-

60 
8 

300 
26 

KJRATIO= 2 

o 
56 

Figure 7.5. Variation of coefficient ofpenneability (E-08 mls) with kjratio for 

joint system #9 (joint size = Block size, joint density = 4/m~ 

256 

KJRATIO= 10, 



257 

The ER value, permeability anisotropy and the orientations of principal permeabilities 

(kl and k2) for different kjratios for different joint systems discussed above are given in 

Table 7.1. 

ER values for joint systems #1 and #2 are high at kjratio equal to one, and ER 

remained high with the increase of kjratio. For joint systems # 6, 8 and 9 ER increases 

with increase of kjratio. ER value for joint system #8 ( joint sets are perpendicular) is the 

lowest, when kjratio is one; at kjratio 10, still ER for this system is the lowest. Hence, 

though ER increases with increase in kjratio, still ER depends more on the relative 

orientation of the two joint sets. 

From Table 7.1, it is clear that anisotropy of permeability increases with the increase 

of kjratio. For joint system #8, anisotropy is - 1, at kjratio 1 i.e. directional permeability is 

almost isotropic. As kjratio is increased to 10, permeability anisotropy is increased by 

roughly 8 times. A similar increase is observed for joint system #9. For joint systems # 1,2 

and 6 permeability anisotropy is high at kjratio 1 and it remains high with increase of 

kjratio. The directions of principal permeabilities ( kl & k2) change a little except for joint 

system # 9, with the increase of kjratio. Thus the directions of principal permeabilities 

depend more on the joint geometry parameters than on the hydraulic conductivity of 

joints. 



Table 7.1 Variation ofER, permeability anisotropy and directions of principal 

penneabilities with kjratio for five joint orientation systems 

(joint size! block size =1.0 and density = 41m2) 

258 

KJRATIO= 1 KJRATIO=2 KJRATIO= 10 

Joint ER kllk2 Dir. of ER kllk2 Dir. of ER kllk2 Dir. of 

System kl & kl & kl & 

k2 k2 k2 

# 1 0.736 > 100 120 & 0.712 > 100 14& 0.707 > 100 14& 

0-30 1020 104 104 

#2 0.717 > 100 13& 0.710 > 100 15 & 0.755 > 100 17 & 

0-60 113 105 107 

#6 0.061 > 100 44& 0.096 > 100 41 & 0.202 > 100 35& 

30 -60 134 131 125 

#8 0.025 1.007 29& 0.039 1.8 28& 0.126 7.623 25& 

30 -120 119 118 115 

#9 0.065 4.36 180& 0.088 5.21 171 & 0.183 35.75 161& 

30 -150 90 81 71 
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At lower density (41m2), the directional permeability value is little affected by the 

change of kjratio for the joint systems having high ER values. A significant change in 

directional permeability value is observed for joint systems having low ER values. An 

attempt is made to see the effect of kjratio on hydraulic properties of jointed rock at high 

joint density. Joint density value of 251m2 was selected for the above joint systems having 

joint size equal to the block size to perform that investigation. 

7.2.2 Results for rock blocks with joint size equal to block size and density equal to 

251m2 

From the study conducted in chapter 3, it was observed that the chances to reach 

equivalent continuum hydraulic approximation increases with increase in joint density. For 

the combination of joint size equal to block size and joint density =25/m2
, ER is low for 

most of the joint systems when kjratio is one (see Table 7.2). In the present study, the 

effect of kjratio on hydraulic properties of jointed rock is investigated by increasing the 

kjratio to 10 and 100 for five different joint systems. The hydraulic conductivity for the 

2nd joint set is increased in all the cases, while keeping it the same for the 1 st joint set. 

Change in the directional permeability value due to an increase of kjratio is discussed 

with the help of polar plots. Figure 7.6 shows the values of directional permeability at 

different kjratios for joint system #1. From the plot, it is clear that the change in 

directional permeability is not the same for all directions due to increase ofkjratio. The 



Table 7.2 Variation ofER, permeability anisotropy and directions of principal 

permeabilities with kjratio for five joint orientation systems 

(joint size! block size =1.0 and density = 251m2
) 
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KJRATIO= 1 KJRATIO= 10 KJRATIO = 100 

Joint ER k11k2 Dir. of ER k11k2 Dir. of ER k11k2 Dir. of 

System k1 & kl & kl & 

k2 k2 k2 

# 1 0.291 > 100 21°& 0.405 > 100 27& 0.444 > 100 29& 

0-30 111° 117 119 

#2 0.099 6.841 53 & 0.364 > 100 61 & 0.496 > 100 62& 

0-60 143 151 152 

#6 0.195 > 100 44& 0.319 > 100 57& 0.399 > 100 60& 

30- 60 134 147 152 

#8 0.027 1.04 0& 0.138 28.04 29& 0.346 > 100 28& 

30-120 90 119 118 

#9 0.086 3.308 180& 0.162 > 100 154& 0.269 > 100 148& 

30-150 90 64 S8 
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maximum increase is observed along 300 direction, where permeability value has increased 

by 6 times and 20 times due to increases of kjratio of 10 and 100 times, respectively. 

Along 1200 and 1500 directions, the permeability do not vary at all and always remain the 

minimum at different kjratios. The average block permeability has increased roughly by 18 

times due to an increase ofkjratio of 100 times. 

For joint system #2, the directional permeability value along 600 direction has 

increased by 8 and 40 times due to increases of kjratio of 10 times and 100 times, 

respectively (Figure 7.7). The permeability value along 1500 direction does not vary with 

increase ofkjratio. The average block permeability for this system shows an increase of 30 

times due to an increase of kjratio of 100 times. A similar increase in permeability is found 

in Figure 7.8 for joint system #6. For this joint system, the maximum increase is along 600 

direction and minimum along 150° direction. The average block permeability has increased 

by 25 times due to an increase of kjratio of 100 times. 

A significant change is observed for joint system #8, as directional permeability value 

has increased by 85 times along 1200 direction, due to an increase ofkjratio of 100 times 

(Figure 7.9). Minimum increase is observed along 30° direction. The average block 

permeability value for this system is 35 times higher at kjratio 100 compared to the value 

at kjratio 1. Figure 7.10 shows the directional permeability values at different kjratios for 

joint system #9. An increase of 75 times in the permeability value is observed for kjratio 

100 compared to the value at kjratio 1, along 150° direction for this system. There is very 
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little increase in directional permeability along 60° direction. The average block 

permeability for this joint system has increased by 35 times due to an increase of kjratio of 

100 times. 

Table 7.2 compares the ER value, permeability anisotropy and the principal 

permeability directions for the above mentioned joint systems at different kjratios. 

ER value is found to increase with increase of kjratio. At kjratio 100, the ER value is 

higher for all the joint systems, compared to the same for kjratio 1. This shows that the 

hydraulic equivalent continuum approximation depends on kjratio at higher joint density 

values. The anisotropy of permeability has increased for all the joint systems as kjratio is 

increased. Directions of principal permeabilities have changed for joint systems #6, #8 and 

#9 with the increase in kjratio, while for other joint systems a little change in directions is 

found. 

The change in kjratio brought significant changes in the directional permeability value 

when the density of joint system is high. The joint size in this case also equal to the block 

size. Hence, with a large joint size and high density, the equivalent continuum 

approximation depends on the kjratio i.e. joint hydraulic conductivity. The effect of kjratio 

on equivalent permeability of joint systems for joint sizes lower than the block size is 

analyzed next to study the effect of kjratio with decreasing joint size and having the same 

density 251m2
• 
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7.2.3 Results for rock blocks with joint size equal to half of the block size and joint 

density equal to 25/ml. 

In the earlier study, the joint size was set equal to block size. This joint size may be 

assumed to represent the effect of the major discontinuities on rock blocks. Minor 

discontinuities mostly have the joint size lower than the block size. Therefore, the joint 

size equal to half of the block size is used in this section in the analysis. A few joint 

systems are selected for the study each having joint density equal to 251m2
. 

Directional permeability values do not change much with the increase of kjratio for 

joint system #1 ( Figure 7.11). A very little change in the average block permeability value 

is observed for this system when kjratio is increased by 100 times. The connectivity among 

the joints is very important compared to the joint hydraulic conductivity variation in the 

determination of directional permeability for this joint system. This is because the 

directional permeability is established by few flow paths within the joint configuration 

which are less affected by the increase in the hydraulic conductivity of the 2nd joint set. 

Significant changes in the directional permeability are observed along some directions 

for joint system #2. As shown in Figure 7.12, the directional permeability value is 

increased by 15 times along 600 direction, due to an increase of kjratio of 100. On the 

other hand, a little change is observed along 1500 direction. Hence the shape of the 

permeability plot does not change much with the increase ofkjratio. As kjratio is increased 



.' 

180 
31 

240 
o 

90 
o 

270 
o 

60 
o 

300 
o 

o 
31 

269 

- - - - - - KJRATIO= 1 0-0-0-0- KJRATlO= 10 ___ KJRATlO= 100 

Figure 7.11. Variation of coefficient ofpenneability (E-08 mls) with kjratio for 

joint system #1 (joint size = Half the block size, joint density = 251m2
) 

.. _._---



180 
38 

240 
588 

90 
337 

270 
337 

300 
20 

o 
38 

270 

____ - - KJRAnO= 1 0-0-0-0- KJRATlO= 10 ___ KJRATlO= 100 

Figure 7.12. Variation of coefficient of permeability (E-08 m1s) with kjratio for 

joint system #2 Goint size = Half the block size, joint density = 251m2
) 



271 

by 10 and 100 times, the subsequent increases in average block permeability value is only 

4 and 10 times, respectively. 

Change in the directional permeability value with the increase in kjratio for joint 

system #6 is shown in Figure 7.13. The maximum increase is found along 60° direction, 

where the permeability value is increased only by 3 times due to an increase of kjratio of 

100. On the other hand, the value is increased by only 1.5 times along 0°. This brings 

about a increase of average block permeability by 2.75 times with the increase of kjratio 

by 100 times. Thus the shape of the permeability plot does not vary much with the 

increase ofkjratio. 

Figure 7.14 shows the permeability plot for joint system #8. At kjratio 1, the 

permeability is almost isotropic. The maximum increase in directional permeability is 

observed along 120° direction. The directional permeability is increased by 5 and 10 times 

along 120° direction due to increases ofkjratio of 10 and 100, respectively. There is very 

little increase in the permeability along 30° direction. The average block permeability for 

this joint system is increased by approximately 5 times with the increase of kjratio by 100 

times. 

A significant change in the directional permeability value is observed along 150° 

direction, for joint system #9 (Figure 7.15), where the permeability value has increased by 

24 times with the increase of kjratio by 100 times. On the other hand, the increase of 



" 

180 
9 

120 
o 

240 
108 

90 
18 

270 
16 

60 
108 

300 
o 

o 
9 

272 

I. 

- - - -- - KJRATlO= 1 0-0-0-0- KJRATIO= 10 ___ KJRATlO= 100 

Figure 7.13. Variation of coefficient of permeability (E-08 mls) with kjratio for 

joint system #6 Goint size = Half the block size, joint density = 251m2
) 



180 
58 

120 
291 

240 
35 

90 
158 

270 
158 

300 
291 

o 
58 

273 

- - - - - - KJRATIO= 1 0-0-0-0- KJRATlO= 10 ___ KJRATlO= 10Q 

Figure 7.14. Variation of coefficient of permeability (E-08 mls) with kjratio for 

joint system #8 (joint size = Half the block size, joint density = 251m2
) 

, '-.~ ---,------,--



" 

180 
439 

240 
28 

90 
o 

270 
o 

300 
302 

o 
439 

274 

- - - - - - KJRATIO= 1 0-0-0-0- KJRATIO= 10 ___ KJRAnO= 100 

Figure 7.15. Variation of coefficient ofpenneability (E-08 m/s) with kjratio for 

joint system #9 fjoint size = Half the block size, joint density = 251m2
) 



275 

permeability along 600 direction is minimum. The increase in kjratio by 100 times cause 12 

times increase in average block permeability value for this joint system. 

The average block permeability value for different joint systems is significantly 

changed with the increase of kjratio, for joint systems having joint size equal to block size 

and density equal to 25/~;' With either decrease in joint size or decrease in joint density, 

the increase in block permeability due to an increase of kjratio is comparatively less for all 

joint systems. 

The principal direction is less affected by the increase of kjratio. Though for some 

joint systems, the directions of principal permeabilities have changed a little with increase 

of kjratio, for majority of joint systems, the principal permeability directions are controlled 

by joint geometry parameters. 

Table 7.3 summarizes the ER value, permeability anisotropy and the principal 

directions of permeability for considered joint systems for different kjratios. 

The ER and The permeability anisotropy were found to increase for most of the 

systems with the increase of kjratio. The principal directions of permeability tensor 

changes significantly with kjratio only for joint systems # 2, 8 and 9. 

The effect of kjratio is less significant in this case (i.e. joint size equal to half the 

block size) compared to the case where joint size is equal to block size for the joint 

systems having joint density 251m2. Hence, the effect of kjratio on hydraulic properties of 

jointed rock increases with increase of joint size. In the present study, the effect ofkjratio 



Table 7.3 Variation ofER, permeability anisotropy and directions of principal 

permeabilities with kjratio for five joint orientation systems 

(joint size! block size =0.5 and density = 251m2
) 

Joint ER kllk2 Dir. of ER kllk2 Dir. of ER kllk2 

System kl & kl & 

k2 k2 

# 1 0.762 > 100 4°& 0.714 > 100 5& 0.708 > 100 

0-30 94° 95 

#2 0.066 3.56 42 & 0.255 > 100 61 & 0.363 > 100 

0-60 132 151 

#6 0.391 > 100 44& 0.457 > 100 48& 0.498 > 100 

30 -60 134 138 

#8 0.085 1.06 11& 0.107 7.42 33& 0.192 > 100 

30 -120 101 123 

#9 0.157 8.936 180& 0.276 > 100 157 & 0.439 > 100 

30 -150 90 67 

276 

Dir. of 

kl & 

k2 
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96 

62& 

152 

49& 

139 

33 & 
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153& 
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on hydraulic properties of jointed rock were investigated using three different density and 

size combinations for five different joint systems. The joint systems having high ER at 

kjratio 1, do not exhibit significant changes in the directional permeability with the 

increase of kjratio even up to 100. On the other hand, significant changes are observed 

along some directions with the increase of kjratio for the joint systems having low ER 

values at kjratio equal to 1. 

Low ER values are observed for the joint systems with large joint size and high 

density, due to the presence of more number of flow paths in different directions. Hence, 

for these systems increase in hydraulic conductivity value for any joint set cause increase 

in directional permeability value in certain directions. The directions along which 

connectivity is low i.e. number of flow paths are less, the permeability value does not 

increase as a result of increase in the hydraulic conductivity value for some joints. 

The directional permeability is found to be strongly related to the fracture tensor 

component of the connected joint configuration for any joint system. As mentioned earlier, 

for kjratio equal to one, the directional permeability value is correlated with the fracture 

tensor component in the direction perpendicular to it . With the increase of kjratio, for the 

joint systems with high ER values this relation is still found from the polar plots. The 

directional permeability plots for these systems do not vary much with the increase of 

kjratio. For the joint systems having low ER values at kjratio equal to one, with the 

increase in kjratio, permeability is increased in some directions only and do not vary much 

in other directions. The directions along which the permeability value was high at kjratio 
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one, is further increased with the increase of kjratio, while permeability increases very little 

along the directions where permeability was low. Hence, the shape of the plot do not vary 

much with the increase of kjratio. So the relation between the fracture tensor component 

and directional permeability value is still hold good at different kjratios. For joint system 

#8, the permeability plot is changed from isotropic at kjratio 1 to anisotropic at kjratio > 

1. 

It is possible to modifY the fracture tensor component to account for the change in 

hydraulic conductivity value for any joint set. A weight factor equal to kjratio may be used 

for that joint set in the calculation of fracture tensor component so that fracture tensor 

component will be related to the directional permeability. 

ER value has increased for all the systems with the increase of kjratio. In the previous 

study conducted in chapters 3 & 4, the joint system having perpendicular joint sets 

showed equivalent continuum behavior at kjratio equal to one. With the increase of kjratio 

this behavior has changed as ER value becomes higher, as seen for the joint system #8 

having joint size equal to block size and density 251m2. With decrease in density or joint 

size, the ER value does not increase much with increase of kjratio, so that the joint system 

still behaves like an equivalent continuum medium. 

Thus equivalent continuum behavior is very sensitive to kjratio especially for the 

systems having large joint size and high joint density. At lower joint sizes and joint 
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densities the ER value still depend on the joint geometry parameters especially on the joint 

orientation. 

7.3. Results for Case 2: Lognormally distributed joint hydraulic conductivity 

within a joint set 

Very often the field hydraulic conductivity in a region show a lognormal distribution. 

Hence, an attempt is made to compare hydraulic properties of jointed rock under a 

lognormally distributed joint hydraulic conductivity with the hydraulic properties of jointed 

rock under deterministic joint hydraulic conductivity (the hydraulic conductivity value is 

the same for all joints within a joint set). It is assumed in the present study, that the 

hydraulic conductivity is different from joint to joint within a joint set. The hydraulic 

conductivity is lognormally distributed among the joints in a joint set. Same lognormal 

distribution is assumed for all joint sets in the rock block. To make sure that the generated 

lognormal distributions for joint transmissivity are accurate, a goodness-fit test based on 

chi-square test was performed. Two joint systems having joint size equal to half of the 

block size and density equal to 251m2 are selected for this study. As discussed earlier the 

joint transmissivity value was changed from joint to joint within a joint set based on a 

lognormal distribution. 

The transmissivity value of a joint was assumed to be lognormally distributed with a 

mean value ( J.1) equal to the value used for deterministic distribution (in previous 
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experiments a constant transmissivity value was used) and the standard deviation (0') 

equal to 3. Same lognormal distribution having J.I. & 0' is used for both joint sets. The 

effect of joint hydraulic conductivity on jointed rock permeability is studied using polar 

plots for directional permeability . 

Figure 7.16 compares the results for joint system # 8, where the two joint sets are 

perpendicular to each other. The permeability plot is almost isotropic when the joint 

hydraulic conductivity is deterministic(Figure 7. 16a). The directional permeability 

becomes highly anisotropic under lognormally distributed hydraulic conductivity as seen in 

Figure 7.16b. The directional permeability is increased along all directions. The maximum 

permeability is observed along 1200 direction and the minimum along 600 direction. The 

average block permeability value for this joint system, in the case of lognormally 

distributed joint hydraulic conductivity has increased by 10 times compared to the same 

under the deterministic joint hydraulic conductivity. This brings about increases in ER 

value and the degree of permeability anisotropy. 

Comparison of permeability plots for the two different distributions of the hydraulic 

conductivity of joints, for joint system #9 is given in Figure 7.17. The permeability was 

anisotropic for the case with deterministic joint hydraulic conductivity distribution and it 

becomes highly anisotropic with lognormally distributed joint hydraulic conductivity. 

Though the directional permeability value is increased in all directions for lognormally 

distributed case, still the increase is maximum along 1500 direction, where the permeability 

value has increased by 50 times. Along 1200 direction, the increase of permeability is only 
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15 times. Average block permeability has increased by 25 times under lognormally 

distributed case. The ER value for this system was low (0.157) when the hydraulic 

conductivity of joints was constant. The ER value has increased to 0.4534 under 

lognormally distributed case. Hence, hydraulic equivalent continuum approximation of 

jointed rock is linked to the distribution of the hydraulic conductivity of joints. Greater the 

variation of the hydraulic conductivity value among the joints, lesser the chance for the 

medium to behave like a porous medium. 

It is observed that when the joint system contains two perpendicular joint sets (joint 

system # 8), the directions for principal permeabilities follow the orientation directions of 

joint sets in case of varying hydraulic conductivity for joints. 

7.4 Discussion and summary 

Anisotropy of permeability always increases with the increase of kjratio or with 

variable (lognormally distributed) hydraulic conductivity of joints. Even the joint systems 

having two perpendiCUlar joint sets is no longer isotropic under variable hydraulic 

conductivity distribution for the joints. ER increases with the increase of kjratio. This 

behavior is more prominent for joint systems with high joint density and large joint sizes. 

A higher ER value for the joint system is always obtained, when the joint hydraulic 

conductivity follows a lognormal distribution against a joint system having a constant 

joint hydraulic conductivity. Hence, the chance for a joint system to behave as an 
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equivalent continuum medium depends on the variability of the hydraulic conductivity of 

the joints. 

For many joint systems the principal directions for permeability are not affected by the 

change of hydraulic conductivity of joints. Chances for significant changes for the principal 

permeability directions with change of the hydraulic conductivity of joints increases with 

increasing relative orientation. For the joint system having perpendicular joint sets, the 

directions of principal permeabilities follow the directions of the orientations of the two 

joint sets in the case of variable joint hydraulic conductivity situation. The principal 

permeability directions for the joint systems having high ER values ( in case of constant 

kjratio) are found to be little affected by the change in the hydraulic conductivity of joints . 

.. _._------
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CHAPTER 8 

SUMMARY, CONCLUSIONS & FUTURE RECOMMENDATIONS 

8.1 Summary and Conclusions 

Fluid flow through jointed rock is a very important topic of research in rock 

mechanics and hydrogeology disciplines. Though several research projects have been 

conducted in this direction, a clear picture about influence of joint geometry parameters on 

hydraulic properties of jointed rock is still not available. This is because the flow behavior 

of jointed rock depends not only on the pattern of the joint network, but also on the 

aperture distributions and hydraulic conductivities of the joints in the network. The joint 

network pattern, aperture distributions and hydraulic conductivity distributions in joints 

within a jointed rock block are complex in nature. 

The connectivity among the joints within a rock block is influential in the directional 

permeability of a jointed rock block. Though it is clear that connectivity solely depends on 

different joint geometry parameters needed to form a joint network pattern (location, 

orientation, density and size), a relation between the joint geometry parameters and 

connectivity is still not available. Some researchers use an equivalent continuum approach 

to simulate fluid flow through jointed hard rock media. Definitely, it is not a suitable 

assumption to use for all different scales of a rock mass. However, it is important to 

investigate the required conditions of the joint geometry parameters and the associated 

minimum block sizes or scales to make the equivalent continuum assumption suitable to 



286 

use in fluid flow through jointed rock. The combined effect of joint geometry parameters 

on the directional permeability of jointed rock is not addressed in the literature. Possible 

relations between the permeability of jointed rock and fracture tensor properties for joint 

systems that do not show equivalent continuum hydraulic behavior are also not available in 

the literature. The present research work was set under this background and was expected 

to deepen our understanding in these areas. 

Hydraulic properties of jointed rocks are scale dependent and the block size of a joint 

network system plays an important role in this scale effect. An important feature 

associated with the scale dependent nature of rock mass hydraulic behavior is the REV 

size corresponding to the equivalent continuum behavior. If the REV size exists for a 

given rock mass, then the hydraulic properties of the rock mass needed for engineering 

purposes may be described with respect to REV size. The questions which arise regarding 

this aspect of rock masses are: (a) whether the REV size corresponding to the equivalent 

continuum hydraulic behavior exists for all jointed rock blocks, (b) whether it is possible 

to identify joint geometry parameter values responsible for establishing an REV size for a 

given joint network, and (c) how block size affects the REV size for a given jointed rock 

block. 

The average block permeability for a given jointed rock mass depends on the joint 

geometry parameter values. The most common questions are whether it is possible to 

quantify the joint geometry requirements (a) to achieve non zero average block 
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permeability and (b) to approach equivalent continuum hydraulic behavior for a given 

joint system. 

Anisotropy is an important feature associated with the hydraulic behavior of jointed 

rock. Usually, rock masses show different hydraulic properties in different directions 

because of the influence of discontinuities. It is still not clear how the permeability 

anisotropy is affected by the fracture anisotropy. 

It is known that the hydraulic properties of jointed rock depend on the hydraulic 

conductivities of the joints in the joint network. Still, how the directional permeability, 

average block permeability and permeability anisotropy are affected by the hydraulic 

conductivities of the joint network is yet to be understood. 

In order to get solutions for the above questions, a numerical study based on the 

discrete fracture flow approach was performed using rock blocks having different joint 

network patterns generated by assigning different joint geometry parameter values. Both 

deterministic values of joint geometry parameters and probabilistic distributions of joint 

geometry parameters were used to generate different joint network systems. 

Figure 3.1 gives an outline for the numerical technique used in this research. The 

TRINET program was used to compute the directional permeabilities for jointed rock 

blocks. An automatic mesh generator program was developed to generate the input files 

for the numerical flow experiments. Several computer programs were developed to 
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generate the joint networks and to identitY the connected joint configurations in order to 

calculate the fracture tensor properties for the connected joint configurations. 

In the initial experiments (described in Chapter 3), deterministic values were used for 

the joint geometry parameters to generate different joint network systems in order to study 

the effect of each joint geometry parameter i.e. joint orientation, joint density and joint 

size on the hydraulic properties of jointed rock. The hydraulic transmissivities of the joints 

were assumed to be the same for all the joints in these experiments. The ER value was 

determined for each joint system in order to test the applicability of the equivalent 

continuum behavior for the considered joint system. If the ER value for the joint system is 

less than 0.2, then the chance for the joint system to produce the equivalent continuum 

behavior was assumed to be high. In Chapter 4, fracture tensor properties were calculated 

for each joint network system, consisting of minor discontinuities in order to find relations 

between hydraulic properties and fracture tensor properties. The following conclusions 

may be drawn from these studies: 

The linear spatial variation of hydraulic potential in a jointed rock medium and 

symmetry of the equivalent permeability tensor depend on the orientation of the joint sets. 

The equivalent continuum behavior of jointed rocks is sensitive to the relative 

orientation of the joint sets (Figures 3.7 - 3.11 & Table 3.3). When the internal angle 

between two joint sets approaches 90° (Figure 3.7), joint systems have a high chance to 

produce equivalent continuum behavior. When the internal angle between two joint sets is 
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around 30° (Figure 3.9), the ER becomes quite high indicating less chance to produce 

equivalent continuum behavior. When the internal angle between two joint sets is around 

60° (Figure 3.8), joint systems seem to have a good chance to produce equivalent 

continuum behavior. 

The directional permeability seems to be less anisotropic when the angle between the 

two joint sets is 90° under the assumption of constant joint transmissivity (Figure 3.7). 

The joint network systems having the internal angle between the two joint sets either 60° 

or 90° give higher average block permeability compared to the joint systems having 300 

internal angle between the joint sets (Figures 3.12 & 3.13). 

The chances for equivalent continuum behavior increases with the increase in joint 

density (Figure 3.14) and joint size (Figure 3.25) for a given joint orientation system. The 

average block permeability of a joint system seems to be linearly related to joint density 

(Figures 3.21 - 3.24) and joint size (Figures 3.32 & 3.33). 

When joint size is equal to block size, the minimum value of joint density seems to be 

between 11m2 and 31m2 for the joint system in order to achieve non zero average block 

permeability (Figures 3.21 & 3.22); for joint size equal to half of the block size, the 

minimum value of joint density seems to be between 101m2 and 201m2 (Figures 3.23 & 

3.24). Similarly, for a joint system having a joint density of 251m2
, the minimum joint size 

to block size ratio seems to be between 0.2 and 0.3 in order to achieve the non zero block 

permeability (Figures 3.32 & 3.33). The combination of joint density and joint size needed 



290 

to achieve the non zero block permeability, seems to vary with the relative orientation of 

two joint sets. 

The directional permeability value seems to be related to the fracture tensor 

component measured in a direction perpendicular to it for a given joint system (Figures 

4.5- 4.7). A non linear relation seems to exist between the fracture tensor component for 

connected joint configuration and the directional permeability value when rock blocks 

contain minor discontinuities. The general form of this non linear equation is 

kf= a (FTC) b (8.1) 

The relation between the directional permeability factor (kf ) and the fracture tensor 

component for connected joint configurations (FTC) is shown through Figures 4.12- 4.24. 

The regression coefficients of the general equation seem to depend on the orientations of 

the joint sets for joint systems having the same joint size and joint density values. The 

value of coefficient a in equation (8.1) seems to increase with decrease of joint size. This 

relation seems to be strong ( high r value) for joint systems having similar joint size, joint 

density and joint orientation distributions representing a statistically homogeneous region. 

The equivalent continuum behavior of a joint system can be expressed with the help 

of a cut-off value for the first invariant of fracture tensor (FO). If the value of the first 

invariant of fracture tensor for the given joint network is more than the cut-off value, then 

the chance for the joint system to have equivalent continuum behavior is high. This cut-off 

value of the first invariant of fracture tensor seems to be between 10 and 30 (Figures 4.25-
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4.27). The cut-off value seems to increase with decreasing relative orientation angle 

between the joint sets. 

The first invariant of fr~cture tensor seems to be influential in determining the average 

block permeability (KO) of a joint system. The relation between KO and FO is shown 

through Figures 4.28- 4.31. A threshold value of the first invariant of fracture tensor is 

introduced to quantify the requirement of joint geometry parameters to achieve a non zero 

block permeability for a given joint system. The threshold value seems to be between 3-6 

for different joint systems depending on the relative orientation of the joint sets. 

Anisotropy of the fracture tensor strictly depends on the relative orientation of the 

joint sets. Permeability anisotropy seems to follow fracture anisotropy with increasing 

joint size and density (Figures 4.34 & 4.35). Permeability anisotropy increases with 

decrease of the angle between two joint sets. 

In Chapter 5, the existence of REV size for a given joint network was investigated 

with the help of results obtained for hydraulic properties of different jointed rock blocks 

having minor discontinuities. The joint networks for these numerical experiments were 

generated using probabilistic distributions for joint size and joint location. Relations 

between fracture tensor properties and permeability tensor properties were investigated as 

before for the jointed rock blocks having minor discontinuities. The following conclusions 

can be drawn from this study. 
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Chances to reach equivalent continuum behavior for a jointed rock block increases 

with increase in block size (Figures 5.10 & 5.11 for networks 6-2 & 6-3). REV size for a 

joint system depends on the orientation of the joint sets in the system and on the 

distributions for joint size and density. It seems that REV size does not exist for joint 

systems with low relative angles and low densities(network 6-1 of Figure 5.11). Hence, an 

equivalent continuum approach is not applicable for such joint systems (Figure 4.6, 

network 6-1 of Figure 5.11). REV size seems to decrease with increasing joint density. 

Average block permeability (1<0) for a considered joint network increases with the 

increase of block size till the block size is equal to REV size (Figure 5.12). The KO value 

at the REV size for a joint system increases with increase in joint size and joint density. 

A strong non-linear relation seems to exist between the directional permeability and 

the fracture tensor component for the connected joint configuration. The relation between 

kr and FTC for different joint networks is shown through Figures 5.16 - 5.21. The general 

form of the non linear equation is similar to equation (8.1). This relation seems to be 

strong ( r = 0.99) for a given joint network representing a statistically homogeneous 

region. 

The average block permeability (1<0) seems to be related to the first invariant of 

fracture tensor (FO) (Figures 5.22- 5.25). The threshold value of FO seems to be about 

2.75 for the considered joint orientation system having perpendicular joint sets. The cut

off value ofFO seems to be between 10 and 30 depending on the relative orientation of the 

joint sets (Figure 5.29). It is to be noted that the range of threshold value and the range of 
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cut-off value of FO are the same for the joint systems having either deterministic joint 

geometry parameter values or probabilistically distributed joint geometry parameters. 

The effect of joint orientation distribution on the permeability of jointed rock was 

investigated for two joint systems having deterministic values for joint size and joint 

density and different probabilistic distributions for the joint orientation. Table 5.4 provides 

the variation of ER, average block permeability and permeability anisotropy with the 

standard deviation for joint orientation distribution. Average block permeability seems to 

be little affected by the change of standard deviation. For an anisotropic joint system, the 

degree of anisotropy seems to depend on the standard deviation of the orientation 

distribution. 

The effect of major discontinuity geometry parameters on the hydraulic properties of 

jointed rock was investigated in Chapter 6. A linear relation (equation 6.3) seems to exist 

between the directional permeability and the fracture tensor component for the connected 

joint configuration when rock blocks contain major discontinuities. The relation between 

kf and FTC for different joint systems is shown through Figures 6.1- 6.12. The relation is 

strongly linear (r = 0.99) for each joint orientation system. 

In all the above numerical experiments, the joint hydraulic conductivity was assumed 

to be the same for each joint. The effect of hydraulic conductivity of joints on the 

permeability of jointed rock was investigated in Chapter 7. In the first case, hydraulic 

conductivity of each joint set was varied based on deterministic values in order to study 
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the effect of the ratio of the hydraulic conductivity of two joint sets (kjratio) on the 

hydraulic properties of jointed rock. In the second case, the hydraulic conductivity of each 

joint within a joint set was assigned lognormally distributed values. The results for 

different joint geometry networks are summarized in Tables 7.1 - 7.3. The following 

conclusions can be drawn from this study. 

The anisotropy of permeability increases with the increase of kjratio or with variable 

(lognormally distributed) hydraulic conductivity of joints. Joint systems which show 

almost isotropic permeability in case of constant joint hydraulic conductivity (joint system 

having perpendicular joint sets), can exhibit anisotropic permeability under variable 

hydraulic conductivity for the joints (Figures 7.4 & 7.16). 

The chance for a joint system to behave as an equivalent continuum medium 

decreases with increase in kjratio or in the presence of a probabilistically distributed joint 

hydraulic conductivity. This effect of joint hydraulic conductivity is more prominent for 

joint systems with high joint density and large joint sizes. 

For many joint systems, the principal directions of permeability seem to be not 

affected by the change of hydraulic conductivity of joints. The shape of the directional 

permeability diagram seems to be little affected by the change of kjratio for the joint 

systems having high ER values. For joint systems having perpendicular joint sets, the 

directions of principal permeabilities follow the directions of the joint sets in the case of 

variable joint hydraulic conductivity. 
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8.2 Recommendations for future studies 

Results of the conducted research provide a better insight to obtain possible relations 

between the joint geometry parameters and hydraulic properties of jointed rock. A strong 

non-linear relation seems to exist between the directional permeability and the fracture 

tensor component for connected joint configuration for a statistically homogeneous region 

of a rock mass containing minor discontinuities. The first invariant of the fracture tensor 

for a given joint network seems to be very useful in quantifYing the joint geometry 

parameters for the purpose of finding the requirement to have either the non zero block 

permeability or the equivalent continuum hydraulic behavior for the jointed rock block. 

These conclusions are based on studies conducted for joint networks generated at the two 

dimension level. The following future studies are recommended. 

(1) A similar study for three dimensional joint networks will be very much useful for 

practical purposes. In the above research, the joint networks studied contained only two 

joint sets. Similar investigations should be performed incorporating multiple joint sets in 

order to validate the relation obtained between the directional permeability and the 

fracture tensor component. 

(2) In the numerical experiments, different joint transmissivity values were considered 

based on both deterministic and probabilistic distributions for joint transmissivity. Though 

several studies have been performed for the fluid flow through a single joint, still an 
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appropriate fluid flow model for a single joint is not available. Hence, further research 

should be conducted to find a better model for fluid flow through a single joint. 

(3) The transmissivity of a single joint depends to a large extent on the in-situ stress 

condition. Numerical flow experiments should be conducted under different in-situ stress 

conditions in order to see the effect of in-situ stress on the hydraulic properties of jointed 

rock. 

(4) The hydraulic behavior investigated in this research for jointed rock is applicable 

for rock masses having a low permeable rock matrix like some of the igneous and 

metamorphic rocks. In the case of sedimentary rock masses, the permeability of the rock 

matrix is significant compared to the permeability of the discontinuities. Hence, it will be 

worthwhile to study the effect of permeability of rock matrix compared to that of 

discontinuities on the permeability of jointed rock. This can be achieved by assigning 

different hydraulic conductivity values for the intact rock elements in jointed rock blocks. 

(5) The joint networks considered in this research were generated by assigning 

different values for both deterministic and probabilistic distributions of joint geometry 

parameters. A study should be conducted with joint networks generated based on 

probabilistic distributions inferred from several field joint data sets in order to validate the 

obtained relation between the directional permeability and the fracture tensor component. 

(6) It will be worthwhile to conduct a study for joint networks containing both major 

and minor discontinuities together instead of separately as considered in this research. 
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