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Fluid flow modeling in fractured rocks is a complicated and important research and 

application topic in many fields such as geological, hydrogeological, environmental and 

petroleum engineering. Commonly used methods based on equivalent continuum 

assumption for fluid flow modeling can generally be applied directly to the porous 

geological media, but have limited applicability when the geological medium is 

dominated by fractures. It often happens that only limited time. cost, hydrogeological 

data and computer resources are available in solving a practical problem of the fluid flow 

modeling in fractured rocks. Therefore, it is a challenge, but necessary, to investigate the 

hydraulic behaviors and propose new approaches, procedures, and methodologies to build 

a reliable fluid flow model for fractured rocks with limited available related data. 

The general concepts on fluid flow modeling in fractured rocks are introduced firstly and 

the different ways to treat major and minor fractures in 2-D and 3-D discrete fracture 

fluid flow modeling are propounded. The author has investigated the relations between 

the hydraulic behaviors and fracture geometry parameters and found out the effect of 

fracture parameters on the Representative Elementary Volume (REV) for the fracture 

systems with statistically distributed fracture geometry parameters including the size, 

orientation and location. Further, a systemic procedure for fluid flow modeling in 

fractured rocks in two-dimensional domain is suggested and demonstrated through a 2-D 

case study for groundwater resources evaluation. 
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Six 3-D conceptual linear pipe discrete fracture fluid flow models which focus on the 

utilization of fracture information are proposed to simulate packer or pumping tests 

conducted in fractured rock masses. These models can reflect channel flow in fractures, 

simplity and minimize the complexity of fluid flow in fractures, save computer resources 

and increase the possibility to solve a field problem at large scales, and implement a 

discrete fracture fluid flow model easily. Finally, the author has developed a practicable 

systemic approach to determine the REV for hydraulic properties and then the hydraulic 

conductivity tensor for the REV in fractured rocks using single well packer test results. 

These procedures are illustrated through a 3-D case study by implementing the proposed 

fluid flow models. 
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CHAPTER 1 

INTRODUCTION 

1.1 Nature of the Problem 

Essentially, the main difference for the fluid flow between the porous geological media 

and fractured geological media is about the Representative Elementary Volume (REV) 

for the equivalent continuum behavior. The REV for the hydraulic behavior is defined as 

the size beyond which a second-rank, symmetric, and positive-definite hydraulic 

conductivity tensor for a fractured rock mass is obtained and remains the same. Fluid 

flow in geological media occurs through two basic voids: pores and fractures. There exist 

two key differences between the two voids. First, pores extend in three dimensions, 

while, generally, fractures in two dimensions. Second, the size of void extensions of 

pores is much smaller than the size of an investigated field region. For instance, the size 

of the pores at millimeters or tens of millimeters is very small compared to the size at 

tens of meters for a field site. In addition, the size range for pores is small. However, 

fractures may expand at the same level as that for the investigated region and the sizes of 

fractures may change from centimeters, or even smaller than that, to thousands of meters. 

Although the continuum fluid flow in porous geological media never really happens since 

the solid grain exists, the concept REV can be easily applied to the porous media and 

implement the continuum approach in fluid flow modeling without the ruination of the 

virtue for practical application. The reason is that fluid flow in so many pores of such a 
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big volume of the field site has sufficient chances to mix up with each other and can 

present a similar or the same hydraulic behavior for any sub-domain in the field site no 

matter where the small sub-domain is selected in a homogeneous porous medium. On the 

other hand, even for an apparently homogeneous fractured rock mass, the hydraulic 

behavior may change greatly for different adjacent sub-domains of same or different sizes 

because of the above characteristics of fractures. Further, the hydraulic behavior of a 

fractured rock mass depends on so many factors such as the orientation, size, intensity, 

aperture and connectivity of the fractures. Figures i. 1 & 1.2 show the hydraulic behavior 

change with location and size for two different geological media of pores and fractures, 

and the chance to behave equivalently as a continuum. 

There are two categories of fluid flow in fractured rock masses. One is that where both 

fractures and the matrix play important roles in fluid flow. The other category is where 

the fluid flow in fractures dominates and the effect of flow in matrix can be negligible 

such as in igneous rocks. The second category of the fluid flow in fi^ctured rocks is 

focused on in the present study. 

There are different ways to deal with fractured rock masses in fluid flow modeling. 

Firstly, the equivalent continuum approach may be directly applied to it without 

considering whether the size of the investigated region equals to or is greater than the 

REV, which obviously may bring in unreliable and incorrect results. A deterministic 

discrete fracture fluid flow model could be built in which the continuum approach can be 
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Figure 1.1 Schemes to show a porous geological medium and the variation of 
hydraulic behavior with different samples for different block sizes 
(many different samples are taken for each block size). 
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Figure 1.2 Schemes to show a fracture system and the variation of hydraulic 
behavior with different samples for different block sizes 
(many different samples are taken for each block size). 
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used to describe the fluid flow in each fracture. Naturally, the information for each 

fracture including the fracture geometry parameters such as size, orientation and aperture, 

and hydraulic parameters such as transmissivity should firstly be obtained. Most 

probably, that is impossible or very difficult for a large investigated area with many 

fractures since ordy limited number of fractures can be observed and measured. 

Geostatistics approach is another consideration in which a stochastic process is involved 

to determine the parameter distribution. In FCriging, for instance, the best linear unbiased 

estimator for transmissivity could be established after the variogram for transmissivity is 

obtained. To obtain the spatial relation (variogram) of the parameter for the studied 

domain, a certain number of values for transmissivity should be known around the points 

to be predicted. However, in most applications sufficient field data are not available to 

apply because obtaining such data is very time consximing and costly. 

As there is no doubt that the attributes of fracture system present in a fractured rock mass 

control the fluid flow in the second category of rock type, the discrete fracture fluid flow 

approach arises naturally by generating the fracture network based on the fracture 

information obtained from boreholes and/or other fracture exposures such as outcrops, 

tunnel walls and roofs etc. The mean and variance of the parameters, such as water head, 

as an indicator of the hydraulic behavior, of course, can be predicted by performing 

many, such as thousands, of numerical simulations. However, the larger the variance, the 

less the reliability and applicability of the prediction. Similar to the geostatistics 
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approach, in order to build a stochastic fracture network fluid flow model, a lot of field 

hydrogeological data are needed which may not be available in practice. In petroleimi, 

geological, and hydrogeological investigations, for example, it is very expensive to obtain 

the geological and hydrogeological data. For instance, to obtain useful information from 

pumping or packer tests, it is necessary to make the deep boreholes around the pumping 

or packer test borehole to observe the response of the performed test. Because the tested 

region generally is quite deep, the cost of drilling a limited number of boreholes for the 

test and the observation of the response is very high so that the number of boreholes is 

limited in the field investigation. 

On the other hand, for a highly inhomogeneous fractured geological medium the number 

of unknown parameters may be quite large. This leads to the problem of ill-posedness 

and instability with respect to the parameter identification procedure. If only a limited 

number of observed pumping or packer test data are used without utilizing fracture 

information and some noise of head is introduced to the modeling, a significant system 

modeling error and instability may appear. Moreover, it is important to note that a 

discrete fracture fluid flow model may need a lot of computer resources, which may not 

be available or need much effort to obtain with current computer capabilities. 

The above discussions indicate that it is a challenge, but necessary, to introduce new 

methods or systemic procedures to solve field problems in fluid flow modeling and 

investigations of the hydraulic behaviors for fractured rock masses with limited amount 
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of available information. It is essential that the fluid flow models function well without 

the destruction of the application philosophy: reliability in development and 

implementation of the model, acceptability for model error in prediction, and 

understandability for the model. 

1.2 Literature Review 

1.2.1 Fracture Characterization and Network Modeling 

Because the discontinuity geometry pattern in a rock mass can vary from one statistically 

homogeneous region to another, each statistical homogeneous region should be 

represented by a separate discontinuity geometry model (Kulatilake et al., 1993a). 

Therefore, the first step in the procedure of discontinuity geometry modeling in a rock 

mass should be the identification of statistically homogeneous regions (Miller, 1983; 

Mahtab and Yegulalp, 1984; Kulatilake et al., 1990a, 1996 & 1997). To model 

discontinuity geometry in three-dimensional (3-D) space, for a statistically homogeneous 

region, it is necessary to know the number of fracture sets, and for each fracture set, the 

intensity, spacing, location, orientation, shape and dimension distributions (Priest and 

Hudson, 1976; Shanley and Mahtab, 1976; Hudson and Priest, 1983; Karzulovic and 

Goodman, 1985; Kulatilake, 1985 and 1986; Kulatilake and Wu, 1986; Kulatilake et al., 

1990b, 1993a and 1996). These discontinuity geometry parameters are inherently 

statistical; hence their quantification demands the application of statistical methods. 
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Sample values of discontinuity geometry parameters obtained by the field data are 

usually subject to errors due to sampling biases and represent only 1- or 2-D properties. 

Therefore, before inferring statistical distributions for these parameters from sampling 

values, sampling biases should be corrected on field data. Sampling biases are 

encountered in sampling discontinuity data for orientation (Kulatilake and Wu, 1984a; 

Kulatilake et al. 1990b; Wathugala et al. 1990), trace length (Priest and Hudson, 1981; 

Kulatilake and Wu, 1984b), spacing (Sen and Kazi, 1984; Kulatilake et al., 1993a) and 2-

D density (Kulatilake and Wu, 1984c). In addition, sampling biases are present in 

estimating 3-D discontinuity size distribution from 2-D discontinuity trace length 

distribution (Kulatilake and Wu, 1986). Furthermore, sampling biases are exhibited on 

the aperture of fractures. Principles of stereology or geometrical probability techniques 

need to be used in developing expressions for both corrections for sampling biases and 

relating 3-D discontinuity geometry parameters to either I- or 2-D parameters (Kulatilake 

et al., 1990a; Wathugala et al., 1990; Priest and Hudson, 1981; Kulatilake and Wu, 

1984a, b & c and 1986; Warburton, 1980; Sen and Kazi, 1984). 

Recently, Kulatilake et al. (1998) completed a software package named FRACNTWK 

based on the research performed on the topic between 1980 and 1998 to analyze 

discontinuity data obtained from boreholes, scanlines and two-dimensional (2-D) 

exposures such as rock outcrops, tunnel walls, tunnel roofs, etc. to perform fracture 

characterization and network modeling for discontinuous rock masses and to generate 

rock discontinuity systems in rock masses. 
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1.2.2 Fluid Flow Modeling in Fractured Rocks 

1.2.2.1 Fluid Flow Models for Fractured Rocks 

Three fundamental categories of fluid flow models have been proposed in the Hterature 

for fractured rocks: I) equivalent continuum fluid flow models (Bear, 1972; Louis, 1974; 

Hsieh and Neuman, 1985; Hsieh et al., 1985; Marsily, 1985; Neuman and Depner, 1988; 

Pruess and Narasimhan, 1988; Carrera et al., 1990), 2) discrete fracture network fluid 

flow models (Long et al., 1982; Schwartz et al., 1983; Robinson, 1984; Oda 1985; 

Shapiro and Andersson, 1985; Rouleau and Gale, 1987; Golder Associates, 1990; Herbert 

et aL,1991; Sudicky and McLaren, 1992; Segan and Karasaki, 1993), and 3) hybrid fluid 

flow models that combine the discrete fracture network models with equivalent 

continuum models (Andersson and Dverstorp, 1987; Cacus et al., 1990). Table 2 provides 

more details on the different models. 

An equivalent continuum model has been suggested to a fractured rock by Hsieh et al. 

(1985). They proposed a new methodology to obtain the hydraulic conductivity tensor for 

a fractured rock mass by conducting a number of cross-hole tests using an equivalent 

continuum approach. The theoretical expressions are presented which describe transient 

and steady state head response of monitoring intervals to constant-rate injection into (or 

withdrawal from) intervals having similar or different lengths and orientations. The 

conditions to apply the equations include that these intervals can be treated 
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mathematically as points and the extension of the investigated rock mass is infinite so 

that investigation can be performed by an asymptotic analysis. The test results from a 

highly fractured granitic rock near Oracle in southern Arizona have been used to 

demonstrate how the method works for fractured rocks. At the site, the Oracle granite has 

been found to respond as a near-uniform, anisotropic medium and the hydraulic 

conductivity of the Oracle granite has been found to be strongly controlled by the 

orientations of major fracture sets, which is very interesting to note. The cross-hole test 

results have been found to be consistent with the results of more than 100 single-hole 

packer tests conducted at the site. In addition to above conditions, the approach requires 

that the volume of the fractured rock in which the cross-hole tests are conducted in the 

field can be treated as an equivalent continuum. Whether the equivalent continuum 

conditions for a fractured rock mass is met not may not be clear without REV 

investigations. Furthermore, the difficulty arises for complicated boundary conditions, 

which is a common problem of the analytical solutions. 

Attempts of practical applications of the discrete fracture fluid flow approach to calibrate 

stochastic discrete fracture fluid flow models through a number of realizations using field 

data have been reported by Rouleau and Gale(l987), Dverstorp and Andersson(I989), 

and Cacus et al.(1990). All these models incorporated only very simple fracture network 

models. In these applications, a lot of field hydrogeological data such as flow rates from 

underground excavations were needed to establish the stochastic discrete fracture flow 

models. In practice, it may often happen that only a limited field data are available. 



37 

Table 1.1 Classification of single-phase flow models in fi*actured rocks based on 
representation of heterogeneity in the model structure. 

1 Representation of 
Heterogeneity 

Key Parameters that 
Distinguish Models 

Recent 
Examples 

Equivalent 
Continuum 
Fluid Flow 
Models 

Single porosity Effective permeability 
tensor 

Carrera et al. 
(1990) 
Hsieh et al. (1985) 
Marsily (1985) 

Equivalent 
Continuum 
Fluid Flow 
Models 

Multiple 
continuum 

Network permeability 
Matrix permeability 
Matrix block geometry 

Pruess and 
Narasimhan 
(1988) 

Equivalent 
Continuum 
Fluid Flow 
Models 

Stochastic 
continuum 

Geostatistical parameters 
for log permeability: mean, 
variance, spatial correlation 
scale 

Neuman and 
Depner(1988) 

Discrete 
Fracture 
Network 
Fluid Flow 
Models 

Network 
models with 
simple 
structures 

Network geometry statistics 
Fracture conductance 
distribution 

Herbert et al. 
(1991) 
Shapiro and 
Andersson (1985) 
Segan and 
Karasaki (1993) 

Discrete 
Fracture 
Network 
Fluid Flow 
Models 

Network 
models with 
significant 
matrix 
porosity 

Network geometry statistics 
Fracture conductance 
distribution 
Matrix porosity and 
permeability 

Colder Associates 
(1990) 

Sudicky and 
McLaren (1992) 

Hybrid 
Fluid Flow 
Model 

Continuum 
approximations 
based on 
discrete 
network 
analysis 

Network geometry statistics 
Fracture conductance 
distribution 

Cacus et al. (1990) 
Andersson and 
Dverstorp (1987) 

* Modified from National Research Council, 1996, Rock Fractures and Fluid Flow. 
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Moreover, a stochastic discrete fracture fluid flow model with the statistical hydraulic 

parameters may bring in much uncertainty for the predicted results, especially when 

statistical parameters have high variance and/or a high spatial variability (Dverstorp and 

Andersson, 1989). Further, the built discrete fracture fluid flow models were only 

applied to the field scales at sizes of several tens of meters because of limitations of 

computer memory. Thus, it is necessary, for large field scales, to develop a method 

using available hydrogeological data and fracture data to build a discrete fracture fluid 

flow model responding to the fracture geometry model to predict the field hydraulic 

behavior such as the groundwater drawdown from pumping with a small variance . 

The effect of fracture geometry parameters and the size of fractured rock block on the 

hydraulic properties of fractured rock including the equivalent continuum behavior was 

examined through numerical experimentation in 2-D (Panada and Kulatilake, 1999a&b; 

Kulatilake and Panda, 2000). In their study, the fracture networks were generated based 

on either partly statistical or all deterministic distributions for fracture geometry 

parameters including the size, orientation, and location of fractures (but not all ). It has 

been found that the chance to reach equivalent continuum behavior for a rock mass 

having a certain fracture configuration increases with the increase of block size. The REV 

size to show hydraulic equivalent continuum behavior for a fracture rock system has been 

found to be dependent on the orientation of the fracture set. The REV size has been found 

to decrease with increasing fracture density and size. The REV has not been found to 

exist for some rock masses having fracture systems with low relative orientation angles 
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(systems with two fracture sets) and low densities. A strong power functional relation has 

been found to exist between the directional hydraulic conductivity and the fracture tensor 

component (Kulatilake et al., 1994) for the connected fracture configuration when rock 

blocks contain minor discontinuities. It is interesting to investigate the effect of fracture 

geometry parameters and the block size on the hydraulic properties of fractured rock 

using statistical distributions for fracture geometry parameters including the size, 

orientation, and location of fractures. In addition, it is necessary to conduct more 

investigations on the effects of orientation on hydraulic behavior including the variance 

of orientation of fractures. Furthermore, it is more practicable to compute the fracture 

tensor component incorporating the whole length of connected fractures, not only the 

connected elements of fractures, in examining the relation between the directional 

hydraulic conductivity and connected fracture tensor component. 

1.2.2.2 Other Related Topics 

In order to investigate the anisotropy of hydraulic conductivity, a single well packer test 

with three controlling fluid flow directions has been proposed (Nakaya et al., 1991). This 

is based on a single-hole test and incorporates three steady-state injection tests (horizontal 

rotational packer test, vertical packer test and Louis' method) using four packers to 

produce three packed-off intervals in a single borehole. Each of the three tests governs 

the direction of groundwater flow generated in either porous or fractured geological 

media. As a result, three kinds of injection volumetric rates can be achieved from the 

tests. From analyses of the test results, the hydraulic anisotropy can be investigated. 
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However, different intervals may have significantly different degrees of the connections 

between the fractures and the packer test borehole that can bring in misleading results for 

the hydraulic anisotropy. 

The fluid flow modeling either in a porous or a fractured geological medium is subject to 

the ill-posedness problem in the parameter identifications. A structured approach for 

calibrating steady-state ground-water flow models in porous media has been presented by 

Yeh and Mock (1996) based on sufficiently available geological and hydrogeological 

information. Yeh and Yoon (1981) have proposed a methodology for parameter 

identification in a two-dimensional, unsteady state groundwater flow which grants a 

direct determination of the optimum trade-off between the modeling error and the error 

associated with the parameter uncertainty without relying upon prior geological 

information of the aquifer. The problems of ill-posedness and instability that are inherent 

to the parameter identification procedure are surmounted by re-parameterization and the 

aid of a covariance analysis. However, the observed hydrogeological field data generally 

may be inadequate for the application of Yeh & Yoon's method without utilization of 

fracture information for a complicated fracture network in a fractured rock mass. 

Therefore, the increase of parameter dimension or parameter zones may bring in less 

error of modeling but probably yields a larger error for the parameters or instability for 

the parameters. 

Oron and Berkowitz (1998) have examined the validity of applying the 'local cubic law' 

(LCL) to flow in a fracture which is bounded by impermeable rock surfaces. A two-
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dimensional order-of-magnitude analysis of the Navier-Stokes equations yields three 

conditions for the applicability of LCL flow, as a leading-order approximation in a local 

fracture segment with parallel or nonparallel walls. These conditions demonstrate that the 

'cubic law' is valid provided that aperture is measured not on a point-by-point basis but 

rather as an average over a certain length. 

1.3 Objective and Scope of the Present Study 

The objective in the study is to develop new methods or systemic procedures to solve 

field problems in modeling fluid flow and investigating the hydraulic behaviors for 

fractured rock masses with limited available data, in reasonable time and cost, and with 

available current computer resources. To reach the goal, the following tasks are addressed 

in the dissertation: 

1) To present different methods to treat major and minor fractures which can bring in 

different hydraulic behaviors. 

2) To understand relations between the hydraulic behaviors and fracture geometry 

parameters and investigate the effect of fracture parameters on the REV for the 

fracture systems with statistically distributed fracture geometry parameters including 

the size, orientation and location. 

3) To present a systemic procedure for fluid flow modeling in fractured rocks in two 

dimensional domain demonstrated through a 2-D case study. 



4) To propose three dimensional conceptual linear pipe discrete fracture fluid flow 

models which need less computer resources and focus on utilization of fracture 

information to simulate packer or pumping tests conducted in fractured rock masses. 

5) To develop a practicable systemic approach to determine the hydraulic conductivity 

tensor for a REV in fractured rocks using single well packer tests illustrated through a 

3-D case study. 

1.4 An Outline of the Present Study 

The dissertation consists of seven chapters. It begins with the introduction chapter. A 

study dealing with the general concepts of fluid flow modeling in fractured rock masses 

is presented in Chapter 2. It includes the general mathematical discrete fracture fluid flow 

modeling for saturated and unsaturated fractured rock masses, the application of 

continuum approach to fractured rocks and investigation of REV (Representative 

Elementary Volume) in field scales, and the ways to treat major fractures vs. minor 

fractures in the 2D and 3D discrete fracture fluid flow models. In chapter 3, firstly the 

effect of the size of sample blocks, orientation, density of fractures on the hydraulic 

conductivity and REV is investigated in two dimensions by using a statistical numerical 

discrete fracture fluid flow model. Then, the relations between the directional hydraulic 

conductivity, the fracture tensor and the fracture tensor component are examined. Finally, 

a summary is given for this chapter. The application of the basic principles of the discrete 

fracture fluid flow modeling approach to groundwater resources evaluation in 2-D and 

demonstrations of the systemic procedure on applying the model are presented in Chapter 
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4. In Chapter 5. the different conceptual linear pipe fluid flow models for a fractured 

rock mass in 3-D are proposed accounting for the change of the flow paths in the region 

adjacent to the borehole for packer test and in the region at a certain distance from the 

borehole. In Chapter 6, a systemic procedure is presented to determine the three 

dimensional hydraulic conductivity tensor for a REV block in a fractured rock, in which 

the fluid flow is dominated by fractures, from a single well packer test without 

observation wells by using a discrete fracture fluid flow numerical approach. Two 

discrete fracture fluid flow models are implemented and compared. The following is 

included in the chapter (a) to build and calibrate a statistical fracture network model; (b) 

to numerically simulate the conducted packer tests in a borehole using a discrete fracture 

fluid flow approach and to estimate the influenced region for the packer tests; (c) to 

numerically simulate the conducted packer tests in the borehole using the discrete 

fracture fluid flow approach and to calibrate the hydraulic parameters of the fractures in 

the flow models; (d) to investigate REV for hydraulic properties; (e) to determine the 

equivalent continuum hydraulic conductivity tensor in 3D for the rock mass around the 

borehole; and (f) to study the anisotropic hydraulic conductivity variation with depth 

around the borehole. Chapter 7 completes the dissertation by providing the summary, 

conclusions and the future recommendations for the topic dealt with. 
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CHAPTER 2 

GENERAL CONCEPTS ON FLUID FLOW MODELING IN 

FRACTURED ROCKS 

2.1 Introduction 

Fluid flow modeling in fractured rocks is a complicated research and application topic. 

Both theoretically and practically it is important in many fields such as geological, 

hydrogeological, envirorunental and petroleum engineering. Both quantitative and 

qualitative evaluations are needed in solving practical problems associated with hydraulic 

behavior of fractured rocks. Currently, commonly used methods for fluid flow modeling 

are based on the assumption that the fluid is flowing through a geologic continuum. 

These traditional and standard methods can generally be applied to the porous geological 

media such as alluvial sediments, but have limited applicability when the geological 

medium is dominated by fractures. It is very important to investigate the applicability of 

a continuum approach for fluid flow modeling through fractured rocks. For some cases, 

the investigated site may need to be represented by different statistically homogeneous 

regions with respect to the fracture systems. Each region may exhibit a different 

anisotropic behavior. Therefore, the continuum approach may hardly or may not 

recognize the effect of different fracture systems that exist in different parts of the aquifer 

system. With the presence of a complex fracture network pattern and the flow restricted 

mainly to the fractures, the porous media assumption does not adequately describe the 
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flow behavior at a site. A flow model using the discrete fracture flow approach seems to 

be the best to capture this inhomogeneity and anisotropy in a rock mass where the 

continuum model is not applicable. In this chapter, the following sub-topics are 

discussed: a) general conceptual discrete fracture fluid flow modeling for saturated and 

unsaturated fractured rock masses; b) relation between equivalent continuum approach 

and discrete fracture fluid flow approach in modeling fluid flow in fractured rock masses; 

and c) the ways to treat major and minor fractures in 2D and 3D discrete fracture fluid 

flow models. 

2.2 General Conceptual Discrete Fracture Fluid Flow Modeling for 

Saturated and Unsaturated Fractured Rock Masses 

2.2.1 Fracture Characterization and Networic Modeling 

The fracture network has to be set up first in building a discrete fracture fluid flow model 

for a rock mass. As mentioned in Chapter 1 of the dissertation, because the discontinuity 

geometry pattern in a rock mass can vary from one statistically homogeneous region to 

another, a separate discontinuity geometry model should represent each statistical 

homogeneous region. Therefore, the first step in ±e procedure of discontinuity geometry 

modeling in a rock mass should be the identification of statistically homogeneous 

regions. To model discontinuity geometry in three-dimensional (3-D) space, for a 

statistically homogeneous region, it is necessary to know the number of joint sets, and for 
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each joint set, the intensity, spacing, location, orientation, shape and dimension 

distributions. These discontinuity geometry parameters are inherently statistical; hence 

their quantification demands the application of stochastic methods. 

Sample values of discontinuity geometry parameters obtained by the field data are 

usually subject to errors due to sampling biases and represent only I- or 2-D properties. 

Therefore, before inferring statistical distributions for these parameters fi-om sampling 

values, sampling biases should be corrected on field data. Sampling biases are 

encountered in sampling discontinuity data for orientation, 2-D density, spacing, trace 

length, and aperture of fractures. In addition, sampling biases are present in estimating 3-

D discontinuity size distribution from 2-D discontinuity trace length distribution. 

In particular, the reason why sampling biases are encountered in sampling discontinuity 

data for aperture, which is taken as an example, can be given as follows: 

The chance that a fracture intersects a sampling domain depends on five factors: (i) 

relative orientation of fracture with respect to the sampling domain, (ii) size of the 

fracture, (iii) shape of the firacture, (iv) size of the sampling domain, and (v) shape of the 

sampling domain. For instance, the larger the size of fracture, the higher the chance that 

the fracture intersects the sampling domain. To obtain the distribution type and 

parameters for aperture of fhictures from sample data, it is necessary for each fracture or 

each set of fractures to have the equal chance to appear in a given sampling domain in 

order to avoid sampling bias for aperture. The fracture distribution parameters for 
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aperture of fractures generally include the mean and variance. However, the sampling 

biases for orientation, size of fractures, and shape of fractures can induce the biases for 

the aperture of fractures. The reason is that the chance to appear in a sampling domain 

varies for different fractures with different orientations, sizes, and shapes, and that the 

aperture most probably change for those different fractures. For instance, the fractures 

with larger sizes may dominate the sampling domain so that the mean value of the 

aperture of tlie fractures from the sample data may not represent the true mean value of 

the aperture for all the fractures in the fracture system. Based on the cubic law for fluid 

flow between parallel plates, the fluid flow rate in the fractures obtained based on the 

mean value of aperture from the sampling domain may deviate significantly from the 

actual value of the fluid flow rate. 

Recently, Prof. Kulatilake, the author and two other graduate students of Prof. Kulatilake 

completed a software package named FRACNTWK. to analyze discontinuity data 

obtained from boreholes, scanlines and two-dimensional (2-D) exposures such as rock 

outcrops, tunnel walls, tunnel roofs, etc. to perform fracture characterization and network 

modeling for discontinuous rock masses and to generate rock discontinuity systems in 

rock masses (Kulatilake et al. 1998). This computer package provides procedures (a) to 

identify statistical homogeneous regions in a rock mass (Miller, 1983; Kulatilake et al., 

1990a, 1996 and 1997), (b) to identify discontinuity clusters in a statistically 

homogeneous region (Shanley and Mahtab, 1976), (c) to apply corrections for sampling 

biases associated with orientation, spacing and trace length distributions of discontinuity 
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clusters, (d) to obtain probability distributions for orientation, spacing, trace length and 

discontinuity size in 3D of discontinuity clusters, (Kulatilake 1985; Kulatilake et al., 

1993a) (e) to obtain a map of the discontinuity traces sampled through either scanline or 

area sampling surveys, (f) to estimate l-D discontinuity frequency along mean normal 

vector directions of discontinuity clusters using discontinuity spacing data mapped from 

some other directions (Karzulovic and Goodman, 1985; Kulatilake et al. 1993a), (g) to 

estimate l-D discontinuity frequency in any direction in the rock mass, (h) to estimate 

distributions for block size, number of blocks per unit volume and number of 

discontinuities per unit volume for the rock mass ( Kazi and Sen, 1985), (i) to estimate 

fracture tensor parameters for each discontinuity cluster as well as for the rock mass 

(Kulatilake et al., 1993b), (j) to generate discontinuities in 3-D for the rock mass and to 

obtain discontinuity trace predictions on vertical and horizontal exposures, and (k) to 

verify the used discontinuity system models. The computer package can be executed 

under either WINDOWS NT or WINDOWS 95 environment. The package has 26 

calculation and 24 graphical programs. This computer package was used in characterizing 

fracture geometry and performing fracture network modeling in building discrete fracture 

fluid flow models in this dissertation. 

2.2.2 General Discrete Fracture Fluid Flow Modeling 

For a saturated fractured rock mass, either the fractures only or both the fractures and the 

matrix play an important role in fluid flow. The effect of fractures on fluid flow depends 
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on the number of fracture sets, intensity, size, interconnection, orientation, transmissivity 

and storage coefficient of fi^ctures. The effect of the matrix on fluid flow depends on the 

hydraulic conductivity and specific storage of the matrix. The fluid flow in a fractured 

rock mass generally is a combination of the flow in both fractures and matrix; therefore a 

coupled fluid flow model should be considered if both are important for fluid flow. In 

some fi-actured rocks, for example, fractured granite, fluid flow is dominated by the fluid 

flow only in the fractures of the rock mass. For an unsaturated fractured rock mass, the 

water content in both the fractures and matrix is a very important factor for fluid flow. 

2.2.2.1 Saturated Fractured Rock Masses 

2.2.2.1.1 Fluid Flow in 3-D Field 

The flow in fractures is considered to be two dimensional and the flow in matrix is 

considered to be three dimensional for fluid flow in 3-D field. The governing equation 

for 2-D fluid flow in a fracture can be given as: 

= (2.1) 
" CXt OXi ot 

where S= fracture storativity [dimensionless], h= hydraulic head [L], T= fracture 

transmissivity [L"/T], q= flux per unit area (source/sink) [L/T], t= time [T], x; = i"* axis in 

the 2-D Cartesian coordinate system [L]. It should be pointed out that the value of 

transmissivity T might vary spatially in a fracture as well as with respect to normal stress. 
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The governing equation for 3-D fluid flow in the matrix can be given as: 

j -±^K—) +  G 'S .^  (2 .2 )  
^ cXi dx, ct 

where Ss = specific storage for matrix [l/L], h= hydraulic head [L], K = hydraulic 

conductivity of matrix [L/T], G = flux per unit volume(source/sink) [l/T], t= time [T] 

and X, = i''" axis in the 3-D Cartesian coordinate system [L]. It should be pointed out that 

hydraulic conductivity K may change spatially in the matrix as well as with respect to 

normal stress. 

The finite difference or finite element method can be used to approximate the solution for 

the above difflisivity equations by coupling both Equations (2.1) and (2.2). The fluid flow 

can be either steady state or transient, where the time derivative is treated in the usual 

finite difference manner. 

2.2.2.1.2 Fluid Flow in 2-D Field 

In the 2-D flow field, the flow in fractures becomes one-dimensional and the flow in the 

matrix becomes two-dimensional. The above fluid flow models are also applicable to the 

2-D flow field and Equations (2.1), (2.2) are still valid by assimiing the width of flow 

field as one unit and i takes only I in Equation (2.1), and both I and 2 in Equation (2.2). 
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2.2.2.2.1 Fluid Flow in 3-D Field 

The governing equation for 2-D fluid flow in a fracture can be given as follows: 

where 0 = Volumetric water content = volume HiO/bulk volume [dimensionless], h = 

v|/+z (vj/=capillary pressure head, z = elevation) [L], Kf = unsaturated fracture hydraulic 

conductivity [L/T], b = aperture [L], c = cQ/d\ci = specific moisture capacity [I/L], q = 

flux per unit area (source/sink) [L/T], t= time [T], x; = i*** axis in the 2-D Cartesian 

coordinate system [L]. It should be pointed out that Kf and b may change spatially in the 

fracture due to the geometry of the opening of the fracture and the water content of the 

fracture. 

The governing equation for 3-D fluid flow in the matrix can be given as follows: 

X—(bK^ —) + q = b — 
" CX, CXi ct 

(2.3) 

or 

^—{bK^—) + q=b-c — 
7^ cx, CXi ct 

(2.4) 

^ CX, dxi dt 
(2.5) 

or 
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d ^ ^ dh. „ ch 
> —{K —) + G = c — 

cxi cxi dt 
(2.6) 

where K. = unsaturated matrix hydraulic conductivity [L/T], c = c0/^ = specific 

moisture capacity, G = flux per unit volume (source/sink) [1/T], Xj = i'^' axis in the 3-D 

Cartesian coordinate system [L]. It should be pointed out that hydraulic conductivity FC 

might change spatially with respect to the attributes of the pores and content of water in 

the matrix. 

Similarly, numerical methods can be used to approximate the solution for the above 

equations by coupling the Equation (2.3) or (2.4) for fi-actures with the Equation (2.5) or 

(2.6) for the matrix. The flow can be either steady state or transient, where the time 

derivative is treated in the usual finite difference manner. 

2.2.2.2.2 Fluid Flow in 2-D Field 

In the 2-D flow field, the flow in fi-actures becomes one-dimensional and the flow in the 

matrix becomes two-dimensional. The above Equations (2.3), (2.4), (2.5) and (2.6) are 

still valid by assuming the width of flow field as one unit and i takes only I in Equations 

(2.3) and (2.4), and both 1 and 2 in Equations (2.5) and (2.6). 
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2.3 Relation between Equivalent Continuum Approach and Discrete 

Fracture Fluid Flow Approach in Modeling Fluid Flow in 

Fractured Rocks 

The investigations on hydraulic behaviors of fractured rocks are of different scales. It is 

acceptable to apply an equivalent continuum flow model to investigate the hydraulic 

behavior in a single fracture of a fractured rock mass (fracture scale). Nevertheless, it is 

necessary to investigate the hydraulic behavior of fractured rocks at larger scales such as 

field scales, which consist of a number of fractures. The discrete fracture fluid flow 

modeling is a powerful approach to deal with the fluid flow in fractured rock at different 

scales. On the other hand, a lot of computer resources that may be difficult to obtain 

through current computers may be required to use a discrete fracture fluid flow model in 

solving some practical field problems. Considering the above reason or the others such as 

outrageous time and cost requirements, an equivalent continuum fluid flow model may be 

a suitable alternative if the equivalent continuum approach is applicable to the fractured 

geological medium. 

Before applying an equivalent continuum approach for hydraulic behavior of a fractured 

rock mass, one should investigate the REV for the hydraulic behavior of the rock mass. 

The REV for the hydraulic behavior is defined as the size beyond which a second-rank, 

symmetric, and positive-definite hydraulic conductivity tensor for a fhtctured rock mass 

is obtained and remains the same. Thus, for a rock bock at a size larger than or equal to 
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REV, the equivalent continuum approach can be applied with the second-rank, 

symmetric, and positive-definite hydraulic conductivity tensor. Even though the REV is 

small for porous media, for fractured rock masses it can be very large, or in some cases it 

may not exist at all (Panda and Kulatilake, I999a&b; Kulatilake and Panda, 2000 and 

Chapter 3 in the dissertation). If the REV does not exist or is larger than the distance 

between the pumping and observation wells, for example, it is not appropriate to use the 

equivalent continuum approach to analyze the aquifer pumping test data for fractured 

rock masses. Estimation of REV for hydraulic behavior of a highly anisotropic rock mass 

in the field requires monitoring of groundwater drawdown of a significant number of 

observation wells placed at different distances in different directions from the pumping 

well. This will be a very time consuming and expensive exercise. On the other hand, the 

discrete fracture numerical fluid flow model has the capability to capture the hydraulic 

behavior of the fractured rock mass at any scale. It can be used to investigate the REV for 

a fractured rock. After the REV is evaluated, it can be determined whether the continuum 

approach can be used for the fractured rock mass. 

2.4 The Ways to Treat Major and IVIinor Fractures in 2-D and 3-D Discrete 

Fracture Fluid Flow Models 

The definitions of both major and minor fractures are based on the size of fractures and 

are relative to the size of an investigated rock mass. A fracture whose size is longer than 

about 20% of the dimensional length of the investigated rock mass may be treated as a 
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major fracture such as a big fault. For example, in the case of an open pit mine, the 

fracture which goes beyond about 2 benches (usually, a bench height is about 50 feet) 

may be considered as a major fracture. Otherwise, the fracture can be considered as a 

minor fracture. The fracture characterization and network modeling using a stochastic 

approach is generally applicable to the minor fractures. Since major fractures may be a 

few for a considered area of investigation, they may be represented deterministically. If 

both major and minor fractures exist in the considered field, the following different 

discrete fracture fluid flow models could be built for fractured rocks for different 

situations. 

a) Determmistic fluid flow models with both major and minor fractures 

If the data for each major and minor fracture including location, orientation, shape and 

size are available, then a deterministic fracture network can be determined. A discrete 

fracture fluid flow model based on the built fracture network and the aperture or the 

transmissivity of fractures, therefore, can be established in which the values of hydraulic 

parameters for major fractures and those for minor fractures may be different. 

b) Fluid flow models with deterministic major fractures and stochastic minor 

fractures 
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In this model, the major fractures are placed in the interested region deterministically and 

minor fractures are distributed stochastically. Based on the developed fi^cture network 

models, a discrete fracture flow model can be set up. The fracture network models can be 

built using the data from field fracture surveys of rock exposures such as boreholes, 

tunnel walls and roofs, and rock outcrops. 

c) Deterministic discrete fluid flow models with major fractures and REV sub-

biocks incorporating both minor fractures and matrix 

If the blocks bounded by the major fractures are equal to or larger than REV of the 

fractured rock masses, then the blocks formed by minor fi^ctures and matrix can be 

treated as derived matrices of porous media. Therefore, a deterministic major discrete 

fluid flow model with REV sub-blocks consisting of both minor fractures and matrix can 

be established. It is important to note that the finally discretized sub-blocks of the rock 

masses used to discretize the rock mass in solving the problem using numerical 

approaches such as the finite element method should be equal to or larger than REV. 

d) Fluid flow models with deterministic major fractures only 

If the fluid flow behavior in fractured rock masses is dominated by the major fractures 

and the effect of the minor fractures on flow is negligible, then it is reasonable to only 
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consider the major fractures in building the deterministic discrete fracture fluid flow 

model. 

e) Raid flow models with minor fractures only 

In some cases, a few major fractures exist in the studied region, however, the effect of all 

the major fractures on the fluid flow may be relatively negligible compared to that of all 

minor fractures. Therefore, the fluid flow behavior in such fractured rock masses is 

dominated by the minor fractures. Then it is reasonable to only consider the minor 

fractures in building a stochastic discrete fracture fluid flow model. 

0 Fluid flow models with minor fractures and constant head conditions on major 

fractures 

If the transmissivities of major fractures are much larger than those in minor fractures 

and sufficient water is available to continuously feed the major fractures, then the fluid 

flow behavior in the fractured rock mass can be studied using a discrete fluid flow model 

incorporating only the minor fractures with constant head on major fractures. 
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2.5 Chapter Summary 

1) The discrete fracture fluid flow mathematical models can be built by coupling both the 

fluid flow in fractures and fluid flow in matrix for a saturated fractured rock mass or an 

unsaturated fractured rock mass. 

2) The fracture geometry pattern in a rock mass can vary from one statistically 

homogeneous region to another. Therefore, a separate fracture geometry model should 

represent each statistical homogeneous region. Before inferring statistical distributions 

for fracture geometry parameters from sampling values, sampling biases should be 

corrected on field data. Sampling biases are encountered in sampling fracture data for 

orientation, density, trace length and aperture of fractures. 

3) The discrete fracture numerical fluid flow approach has the capability to capture the 

hydraulic behavior of a fractured rock mass at any scale. However, Considering the 

limitation of computer resources or the other factors such as outrageous time and cost 

requirements, an equivalent continuum fluid flow model may be a suitable alternative if 

the equivalent continuum approach is applicable to the fractured geological medium. The 

REV for the hydraulic behavior is defined as the size beyond which a second-rank, 

symmetric, and positive-definite hydraulic conductivity tensor for a fractured rock mass 

is obtained and remains the same. The discrete fracture numerical fluid flow approach 

can be used to investigate the REV for a fractured rock mass. After the REV is evaluated. 
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it can be determined whether the continuum approach can be used for the fractured rock 

mass. 

4) The ways to treat major and minor fractures in 2D and 3D discrete fracture fluid flow 

models include: a) deterministic fluid flow models with both major and minor fractures; 

b) fluid flow models with deterministic major fractures and stochastic minor fractures; c) 

fluid flow models with deterministic major fractures only; d) deterministic discrete fluid 

flow models with major fractures and REV sub-blocks incorporating both minor fractures 

and matrix; e) fluid flow models with minor fractures only; and f) fluid flow models with 

minor fractures and constant head conditions on major fractures. 
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CHAPTER 3 

EFFECT OF FRACTURE GEOMETRY PARAMETERS AND 

BLOCK SIZE ON HYDRAULIC BEHAVIOR OF SIMULATED 

FRACTURED ROCKS IN 2-D 

3.1 Introduction 

Three distinctive characteristics are presented in this study. First, except for the density of 

fractures, the probability distribution models for all other fracture geometry parameters 

such as the location, size, and orientation of fractures were applied, which is more 

applicable than deterministic models for fracture geometry parameter representation in 

practice. Second, the disconnected fractures were deleted firstly and only the connected 

fractures were taken into account which formed the fluid flow paths in computing the 

directional hydraulic conductivity in order to increase the efficiency of the utilization of 

computer resources and enhance the ability to compute the directional hydraulic 

conductivity for a larger block size. Third, the connected fracture tensor can be calculated 

either by taking the connected fractures with their whole lengths or by taking the 

produced "fractures" which actually are the elements of connected fractures between the 

intersection nodes of the connected fractures (Panda and Kulatilake, 1999a&b). The first 

method for determination of a connected firacture tensor is adopted which should be more 

applicable in practice since it is easier to measure the traces of the connected fi^ctures 
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and model them than the fracture elements of the interconnected fractures. In this study, 

the effect of the block size, orientation, density of fractures on the hydraulic conductivity 

and REV was investigated in two dimensions using the proposed stochastic numerical 

discrete fracture fluid flow model. Furthermore, the relation between the directional 

hydraulic conductivity, the fracture tensor and the fracture tensor component was 

examined. Then the significance of the study is discussed. Finally, a summary for this 

chapter is given in the last section of the chapter. 

3.2 Main Hydraulic Features of the Discrete Fracture Fluid Flow Model 

A two dimensional discrete fracture fluid flow model can be used to calculate fluid flow 

through a fracture network in a fractured rock mass. The matrix of the fractured rock 

mass was considered as impermeable. Linear "pipes" were used to represent flow paths 

for fractures ( Segan and Karasaki, 1993). A modified version of the TRINET computer 

program ( Segan and Karasaki, 1993) was used to compute the total flow rate using the 

finite element method after the input data files are obtained. The input files contain the 

information on intersection nodes between fractures and elements between nodes based 

on the fracture network as well as the information of boundary conditions and the 

hydraulic parameter transmissivity, T for each pipe. The computer program modified by 

the author from that developed by Panda and Kuiatilake (1999) for 2-D fracture networks 

was used to obtain the input data files for a specific fracture network. 
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The basic principles implemented in the discrete fracture fluid flow model are as follows: 

The flow through each element of fractures was assumed to obey Darcy's law. Using 

continuum principles of mass balance, the diffiisivity equation which describes flow in 

two dimensional fractures is given as follows: 

S f - f V  ' h  =  q  (3.1) 

where S= fracture storativity, h= hydraulic head, T= fracture transmissivity, q= flux per 

unit area, t= time, V* = two-dimensional Laplace operator. The program uses a Galerkin 

finite element solution scheme to approximate the solution for the above diffusivity 

equation in which a unit thickness of the rock mass is assumed for 2-D flow domain. The 

flow can be either steady-state or transient, where the time derivative is treated in the 

usual finite difference manner. From the hydraulic head 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. 

3.3 The Procedure and the Configurations of the Fracture Networks used in the 

Investigation 

The general procedure used in the investigation can be stated as follows: 

a) Generation of fractures using the Monte Carlo simulation for different fracture 

geometry configurations in a rock block at a specific size in 2-D, b) Selection of smaller 

sampling blocks at different sizes in different fluid flow directions from the 
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aforementioned block, c) Determination of the connected fractures forming fluid flow 

paths between the higher and the lower hydraulic boundaries for each sampling block at 

different sizes, d) Calculation of the directional block hydraulic conductivity for each 

sample block in different flow directions using a numerical discrete fracture flow 

approach, e) Calculation of the fracture tensor and the fracture tensor component for each 

sample block, f) Investigation of the effect of the block size, orientation and density of 

fractures on the directional block hydraulic conductivity and REV, and g) Investigation 

of the relation between the directional block hydraulic conductivity and the connected 

fracture tensor component. 

The configurations of the investigated fracture networks are shown in Table 3.1. A block 

with a typical generated fracture network is shown in Figure 3.1. The applied boundary 

conditions, the parameters and the equations to investigate the fluid flow through a 

sample block are shown in Figure 3.2. 

A rock block of size 20x20 m" was used to generate the fracture network. Smaller sample 

blocks of sizes 2x2, 4.x4, 8x8, 12x12 and 16x16 m" were selected from the 20x20 m" 

block. Twelve fluid flow directions were chosen starting at N 0" E and based on a 30" 

rotation. The steady state fluid flow condition was applied in the investigation. The same 

hydraulic transmissivity value (I0"^m'/s) was assigned to each of all connected fractures. 

Thus, twelve values of directional hydraulic conductivity were calculated for each of 
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Table 3.1 Configurations of fracture sets. 

Fracture 
System 

No. 

Mean 
Orientations 
of Fracture 

Sets 

Std. Dev. 
of Orient. 

Fracture 
Density 
for Each 

Set 
(#/ra") 

Fracture Size (m) 
(Gamma Distribution) 

.Mean Std. Alpha Beta 
Dev. 

Distrib. 
of 

Location 

#1 30/120 0 2.0 1.6 2.0 0.64 2.5 Uniform 

#2 30/120 5 2.0 1.6 2.0 0.64 2.5 Uniform 

#3 30/120 10 2.0 1.6 2.0 0.64 2.5 Uniform 

#4 30/150 0 2.0 1.6 2.0 0.64 2.5 Uniform 

#5 30/150 5 2.0 1.6 2.0 0.64 2.5 Uniform 

#6 30/150 10 2.0 1.6 2.0 0.64 2.5 Uniform 

#7 30/60 0 2.0 1.6 2.0 0.64 2.5 Uniform 

#8 30/60 5 2.0 1.6 2.0 0.64 2.5 Uniform 

#9 30/60 10 2.0 1.6 2.0 0.64 2.5 Uniform 

#10 30/60 0 4.0 1.6 2.0 0.64 2.5 Uniform 

#11 30/60 5 4.0 1.6 2.0 0.64 2.5 Uniform 

#12 30/60 10 4.0 1.6 2.0 0.64 2.5 Uniform 



Figure 3.1 An example of the generated fracture network systems. 
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Figure 3.2 The scheme of the numerical experiment to determine the equivalent directional 

block hydraulic conductivity, Kp, along the gradient direction. 
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sampling blocks having different configurations of fracture networks using the discrete 

fracture fluid flow numerical model (Figure 3.2). 

It is very important to point out that the key point in this study is that the block hydraulic 

behaviors such as the directional block hydraulic conductivity and REV for a fractured 

rock mass is investigated and evaluated through mixing a number of single fluid flow 

paths formed by connected fractures in which the fluid flow is really in a continuum 

medium—the dimension between the walls of a fracture. 

3.4 The Effect of the Block Size, Orientation and Density of Fractures on tiie 

Hydraulic Behavior of a Simulated Fractured Rock Mass 

3.4.1 Requirements to Estimate REV Using the Discrete Fracture Fluid Flow 

Approach 

From the built fracture network, a discrete fracture fluid flow numerical model can be 

established based on equation (3-1). The obtained numerical results were used to 

determine the REV for a simulated fractured rock. Based on the definition of REV, two 

requirements have to be met for REV. First, there exists no significant change of the 

directional block hydraulic conductivity with block size. Second, the directional block 

hydraulic conductivity value has a relative small deviation from that of the continuum 

behavior. For the first criterion, it is easy to check whether it is met. For second criterion. 
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ER, which is computed from Equation (3.2) which is given below, can be used to 

evaluate the closeness to the equivalent continuum behavior for a sample block in 2-D: 

.V .V 

(3.2) 

In Equation (3.2), ER is a measurement of normalized relative error for continuum 

behavior, N is the number of directions of numerical calculation for the directional 

hydraulic conductivity, is the numerically calculated directional block hydraulic 

conductivity, p is the direction of gradient vector, and is the theoretical directional 

block hydraulic conductivity. 

can be estimated from Equations (3.3) and (3.4) in 2-D (Kantani, 1984) as follows: 

In Equations (3.3) and (3.4), AT,^ is the estimated theoretical hydraulic conductivity tensor 

in 2-D; pi and pj are, respectively, the components of the unit vector p parallel to the 

hydraulic gradient in two mutually perpendicular directions i and j; and 5,y is the 

Kronecker delta. 

(3.3) 

.V .V 

(3.4) 
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It should be noted that the lower the ER value, the closer the investigated fractured rock 

mass to an equivalent continuum medium. 

3.4.2 Effect of Block Size 

The effect of the block size is significant on the behaviors of block hydraulic conductivity 

and REV. Figures 3.3-3.7 show the change of directional hydraulic conductivity with the 

block size and with the fracture system. It is interesting to note that the change of the 

directional hydraulic conductivity with the block size may not be of monotonically 

increasing nature. It is possible that the directional block hydraulic conductivity of the 

blocks at some smaller sizes may be larger than that of the blocks at a larger size. The 

reason is that if the major fractures dominate the fluid flow domain in the small sample 

blocks, relatively higher connectivity and relatively more flow paths may be achieved 

which bring about the larger directional block hydraulic conductivity. In addition, it 

seems that when the block size increases so that the minor fractures dominate in the block 

domain, the directional block hydraulic conductivity increases with the size of the sample 

blocks for the fracture systems with the larger intersection angles (90 and 60 degrees). 

While that relation does not exist for the fracture systems with the lower intersection 

angle (30 degrees). The change (increase or decrease) of the degree of average 

connectivity' of the flow domain with block size determines the change (increase or 

decrease ) of the directional block hydraulic conductivity with block size . It is important 

to note, from Figure 3.8, that the ER value tends to decrease with the block size for the 
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fracture systems with the larger intersection angles (90 and 60 degrees) for those blocks 

in which the minor fractures dominate. This indicates that chance to behave as a 

continuum medium increases with the block size. Note the ER value may be large for a 

small block size because of dominance of the major fractures in the block (see fracture 

system ~5 in Figure 3.8a). ER value can be large for even large block sizes when the 

fracture system does not permit an equivalent continuum behavior (see fiacmre systems 7 

& 8 in Figure 3.8a). 

Based on the requirement for an equivalent continuum medium, the REV can be 

determined for a specific fracture network. It was suggested that an ER value between 0.1 

and 0.2 could be chosen as the demarcation between the continuum and non-continuum 

behaviors (Panda and Kulatilake, I999a&b). For example, 12x12 m" can be taken as the 

REV for the fiiacture system #1. It is necessary to note that the REV may not exist for 

some fracture network fluid flow systems. For instance, fracture system #8 does not show 

any equivalent continuum behavior for the block sizes less than or equal to 16x 16 m". 

3.4^ Effect of the Orientation and Density of Fractures 

Effect of Orientation of Fractures on hydraulic behavior was investigated with respect to 

the intersection angle between the mean strikes of two sets of fractures and the standard 

deviation of each set of fractures. For the nine fracture systems in which the density of 

fractures is equal to 2 per m", fracture networks were divided into three groups in which 



87 

the mean intersection angles between the two mean strikes of the two sets of fractures are 

90. 60, and 30, respectively (Table 3.1). Note that the intersection angle means the 

smaller one of the two intersection angles between the two straight lines. Each group has 

3 fracture networks with the standard deviation values of 0, 5, and 10, respectively. The 

first group included fracture systems #1,2, and 3; the second group of fracture systems 

included fracture systems #4, 5, and 6 and the third group included fracture systems #7, 

8, and 9. 

For the fracture systems in which the density of fractures is equal to 4 per m*, three 

fracture systems were generated in which the same mean intersection angle of 30 degrees 

between the mean strikes of two sets of fractures was specified, while the standard 

deviations for those three fracture networks were 0, 5, and 10, respectively (Table 3.1). 

The effects of the orientation including the intersection angle between the mean strikes of 

the two sets of fractures and the standard deviation of the orientation of fractures, and the 

density of fractures on hydraulic behavior were examined through the change of the 

directional block hydraulic conductivity (DBHC), the mean value of DBHCs and ER 

with the mean strikes of two sets of fractures, and the standard deviation and the density 

of each set of fractures. Figures 3.3-3.12 have shown those systematically and 

completely. The following can be observed and concluded based on those obtained 

results. 
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The directional block hydraulic conductivity increases with the increase of the angle 

between the mean strikes of two sets of fractures between 0 and 90 degrees. It seems that 

a possibility exists to obtain stable values of the directional block hydraulic conductivity 

for a fracture system with smaller block size at an intersection angle close to 90 degrees . 

Further. ER values decrease with the increase of the angle between 0 and 90 degrees. 

Therefore, It seems that as the intersection angle gets smaller (with respect to 90 

degrees), chance of reaching the REV size gets more difficult. Moreover, higher 

aniotropic behavior exists for the fracture systems with the lowest angle between mean 

strikes of two sets of fractures (Fig. 3.12). 

The effect of the standard deviation of the orientation of fractures is significant on the 

hydraulic behaviors. It seems that when the intersection angle between two fracture sets 

decrease, the standard deviation has more effect on the directional block hydraulic 

conductivity (see Figs 3.7a&b and compare Figures 3.9a, b & c). In addition, ER 

decreases with the increase of standard deviation of fractures (Fig 3.8b). Therefore, when 

the intersection angle is the same, the larger the standard deviation of the orientation, the 

easier it is to reach the REV size for a fracture system. In addition, higher aniotropic 

behavior is exhibited for smaller standard deviations of orientations of fractures (Figure 

3.12). On the other hand, the effect of standard deviation of orientation on hydraulic 

behaviors is not linear. 
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Based on the performed investigation, it is reasonable to draw the conclusion that the 

standard deviation of the orientation of fractures has insignificant effect on the two 

principal directions of the hydraulic conductivity for those fracture networks with two 

sets of fractures. 

When the density of fractures increases, the number of fluid flow paths increases since 

the degree of connections among fractures is expanded. Therefore, the higher the density 

of fractures, the greater the directional hydraulic conductivity. 

3.5 Relation between Directional Hydraulic Conductivity, Fracture Tensor and 

Fracture Tensor Component 

3.5.1 Basic Concepts of Fracture Tensor and Fracture Tensor Component 

Fracture tensor is defined for m''' set of fractures in a fracture system in 3-D as follows 

(Oda, 1982): 

3C 

= 2;cp J J J r^ .n- f in ,  r )dQdr  (3.5) 
0  Cl /2  

where, p is the number of fractures per unit volume (intensity), r is the radius of the 

circular fracture (size), n is the unit normal vector to the fracture plane, n; and nj (ij = 1, 
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2, 3) are the components of the vector n in two mutually perpendicular directions i and j, 

respectively, f(n,r) is the probability density ftmction of n and r, and n/2 is a solid angle 

corresponding to the surface of a hemisphere having a unit radius. 

If the distribution of fracture size and the orientation of the fractures are independent to 

each other, the fracture tensor can be expressed in 3-D as follows: 

f;/"" =27CpJrV(0^''J J ninjf{n)dO. (3.6) 
0 a/2 

The directional fracture tensor component along a direction p for the m'*' fracture set in 3 

D can be given as (Kulatilake et al., 1993b): 

=2n:pJrV('-)^'-| J n^nJ{rC)dO. (3.7) 
0 

where, p represents the directional vector. 

Similarly, If the distribution of fracture size and the orientation of the fractures are 

independent to each other, the fracture tensor can be expressed in 2-D as follows 

(Kulatilake et al., 1994): 
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rmiW ^ 

F, /""=p I  r - f i r )dr jn^nj f (9)de  (3.8) 
0 0 

where, p is the number of fractures per unit area (density), r is fracture size. 6 is the 

angle between the fracture direction and the horizontal direction, n is the unit normal 

vector to the fracture, n, and nj (ij =1,2) are the two components of the vector n in the 

two mutually perpendicular directions i and j, respectively, f(n) and f(r) are the 

probability density functions of n and r, respectively. 

The directional fracture tensor component along p direction for the m"** fracture set in 2-D 

can be given as (Kulatilake et al., 1993b): 

For a fracture system with N sets of fractures, the fracture tensor and fracture tensor 

component can be given by Equations (3.10) and (3.11), respectively. 

=pE(r ' ) \n; f ie )d(e )  (3.9) 
0 

.V 

F.,='LF.r (3.10) 

.V 

F = y F ' " "  p  p  (3.11) 
m—\ 
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Specially, for a set of fractures having the fracture density p with a constant r and a 

constant 0, the components of fracture tensor in 2-D can be given as follows: 

Fxx = p r" sin"0 (3.12) 

Fyy = P r" cos"0 (3.13) 

where, x and y are horizontal and vertical directions, respectively. 

Thus, the first invariant of a fracture tensor can be given as follows: 

Ii - Fxx Fyy = p r" sin 0 -I- p r cos*0 = p r" (3.14) 

3.5.2 Relation between Directional Hydraulic Conductivity and Fracture Tensor 

Component 

A similarity between the changes of directional block hydraulic conductivity and 

connected fracture tensor component exists for those fracture systems dominated by 

minor fractures (for example, compare Figures 3.6 and 3.13). From the definition of 

fracture tensor and fracture tensor component in 2-D, it can be seen that the magnitude of 

fracture tensor component could reflect the status of ±e fluid flow paths. Since only the 

connected fractures have the contribution to the fluid flow in a fracture system, a specific 

relation is prospected between the directional block hydraulic conductivity (DBHC) and 
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the connected fracture tensor component (CFTC) while it may not be expected between 

the DBHC and the fracture tensor component (FTC) involving all fractures including 

disconnected and connected fractures. The investigation was focused on the low 

intersection angle between two sets of fractures (30 degrees). It is important to point out 

that the connected fracture tensor component (CFTC) used in this investigation was the 

one in the mutually perpendicular direction to the fluid flow direction even though the 

connected fractures were acquired along the specific fluid flow direction from the high 

boundary to the low boundary. Based on the DBHC and CFTC data, the plots of DBHC 

vs. CFTC were obtained for different fracture systems. 

The following can be drawn from those obtained results: 

a. It is difficult to obtain a strong regression equation between the directional block 

hydraulic conductivity and the connected fracture tensor component for the fluid flow 

systems having both major and minor fractures (Figures 3.14b, 3.15b, 3.16b, 3.17b ). 

However, there exists a specific relation between the directional block hydraulic 

conductivity and the connected fracture tensor component for the rock blocks in which 

minor fractures dominate (Figures 3.14a, 3.15a, 3.16a). 

b. Nonlinear regression equations between the directional hydraulic conductivity and the 

connected fracture tensor component could be the best ones to describe their relation 

(Figures 3.14a, 3.15a, 3.16a) so that the change of the connected fracture tensor 
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component may not represent the change of directional block hydraulic conductivity 

proportionally. Therefore, it is not appropriate to utilize the fracture tensor component to 

investigate the ER feature of the REV behavior. However, the size of a sample block 

beyond which the connected fracture tensor component remains stable for any direction 

may be a REV. 

c. It was found that the regression equations with lower coefficient of determination 

could be obtained between the directional hydraulic conductivity and the fracture tensor 

component by using those data involving fracture systems with different standard 

deviations than that involving the fracture systems with only one standard deviation 

(compare between Figs. 3.14, 3.15, 3.16 & 3.17). 

d. The directional block hydraulic conductivity at a larger size of the sample block , that 

may be difficult or time consuming to compute directly using current computer resources, 

may be obtained by extrapolation based on the relation obtained from the smaller sample 

blocks of the rock mass. 

e. Similarly, the directional block hydraulic conductivity at any other directions can be 

obtained by interpolation for a block size less than or equal to the maximum sample 

block size based on the relation between the directional block hydraulic conductivity and 

the connected fracture tensor component achieved from investigated sample blocks of the 

rock mass at different directions and different sizes. 
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3.5.3 Investigation on REV Using the Invariant of Fracture Tensor 

The first invariant of fracture tensor is independent of coordinate systems and can be 

computed based on all the connected fractures obtained along any specified flow 

direction from upper head boundary to low head boundary for each of sample blocks. 

The change of the first invariant of fracture tensor with a series of sizes of the sampling 

blocks and the fluid flow direction can be presented in a radial plot. From its definition, 

the change of the first invariant of fracture tensor can reflect the change of the size and 

the density of fractures. Therefore, the stable mean value of the first invariant of 

connected fracture tensor with block size can indicate that the fracture systems of the 

sampling blocks possess the part of features of REV (see Figures 3.18a, b and compare 

those with Figures 3.3-3.8). Similarly, the radial plots showing the change of the first 

invariant of fracture tensor with the size of the sampling blocks and the fluid flow 

directions can be used to identify the REV behavior of a fractured rock mass. Note that 

more or less the same circular radial plot of the first invariant of fracture tensor for 

different sampling block sizes (Figure 3.19) is only a necessary (not a sufficient) 

condition for a block of a fractured rock mass to behave as a REV. 

3.6 Discussions 

It is important, even qualitatively, to investigate the effect of fracture geometry 

parameters and the block size on the hydraulic behavior of fractured rock masses both 
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theoretically and practically. The investigation can provide conceptually an insight to the 

relation between the geometry parameters of fracture networks, which can be built from 

the measured fracture data, and the behavior of the fluid flow in the fracture networks. In 

practice, for example, we may infer the upper bound of the REV for a fracture system 

with two sets of fractures having a higher intersection angle between the strikes of the 

two sets of fractures from the known EtEV of the fracture system having same fracture 

geometry parameters except for the lower intersection angle between the strikes of the 

two sets of the fractures. Another example is that, if we know the fracture geometry 

parameters for each of the different homogeneous zones for an investigated region, the 

initial reasonable values or the range of values of hydraulic parameters can be assigned in 

a calibration of the hydraulic parameters. In the calibration, the equivalent continuum 

approach is adopted and different hydraulic parameters are specified for the different 

zones with respect to the different fracture geometry parameters so that the system 

modeling error and the instability of the solution can be minimized, which are inherent in 

an inhomogeneous geological medium. 

3.7 Summary 

1) There exist significant effects of the block size, orientation and density of fractures in a 

fractured rock mass on its hydraulic behaviors, such as the directional block hydraulic 

conductivity, REV and the relation between the directional block hydraulic conductivity 

and the connected fiacture tensor component. 
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2) It has been further verified that when the intersection angle of two sets of fractures is 

smaller, it is more difficult to reach the REV size for the fracture fluid flow network. 

3) For different fracture networks with the same intersection angle between two sets of 

fractures, the larger the standard deviation of the orientation of a fracture network, the 

easier it is to reach the REV size for the fractured rock mass with the fracture network. 

When intersection angle between two sets of fractures decrease from 90 degrees, there 

exist more effects of the standard deviation of the orientation of fracture sets on hydraulic 

behaviors. Therefore, the effect of standard deviation of orientation of fractures on 

hydraulic behaviors could not be neglected, especially for a fractured rock mass with low 

angle between the mean strikes of the two sets of fractures. 

4) It is observed that there exists a good statistical relation between the directional block 

hydraulic conductivity and the connected fracture tensor component. A better regression 

equation with higher coefficient of determination can be obtained between the directional 

hydraulic conductivity and the connected fracture tensor component by using those data 

involving with only a single fracture system than those involving with more fracture 

systems which have the same mean orientation as the single fracture system. 

5) Most possibly, through study of the connected fracture tensor and the connected 

fracture tensor component, the important characteristics of hydraulic behaviors can be 

obtained such as REV size and the subdivisions of the hydraulic conductivity for an 
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investigated inhomogeneous region with different fracture networks in a fractured rock in 

which the minor fractures dominate. 

6) It is important, even qualitatively, to investigate the effect of fracture geometry 

parameters and the block size on the hydraulic behaviors of fractured rock masses both 

theoretically and practically. 
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CHAPTER 4 

GROUNDWATER RESOURCES EVALUATION VIA DISCRETE 

FRACTURE FLUID FLOW MODELING -CASE STLT>V IN 2-D 

4.1 Introduction 

Currently used methods for analyzing aquifer pumping test data are based on the 

assumption that the groundwater is flowing through a geologic continuum and ±ese 

traditional and standard methods can generally be applied when wells penetrate the 

porous geological media such as alluvial sediments, but have limited applicability when 

the geological medium is dominated by fractures. Therefore, before applying an 

equivalent continuum approach for hydraulic behavior of a fractured rock mass, one 

should investigate the REV for the hydraulic behavior of the rock mass. Even though the 

R£V is small for porous media, for fractured rock masses it can be very large or in some 

cases may not exist (Panda and ICulatilake, 1999a«&b; Kulatilake and Panda, 2000). If the 

REV does not exist or is larger than the distance between the pumping and observation 

wells, it is not appropriate to use the equivalent continuum approach to analyze the 

aquifer pumping test data for fractured rock masses. In addition, estimation of REV for 

hydraulic behavior of a highly anisotropic rock mass in field requires monitoring of 

groundwater drawdown of a significant number of observation wells placed at different 

distances in different directions from the pumping well. This will be a very time 

consuming and expensive exercise. 
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In the investigated site, RV site, Payson, Arizona, the performed pumping tests and 

recorded borehole acoustic televiewer logs (AGRA Earth & Environmental hic., 1999) 

indicated that the groundwater flow in a fractured crystalline rock called Payson Granite 

occurs mainly through the fractures within the rock mass, and is controlled by the 

fracture geometry and fracture hydraulic parameters. The observed response from aquifer 

tests indicated that the investigated site should be represented by different statistically 

homogeneous regions. In addition, each region show a different anisotropic behavior. 

Therefore, it is very difficult to recognize the hydraulic features of the fractured rocks 

and calibrate the hydraulic parameters using both those traditional and standard 

continuum methods, and limited pumping test results without perceiving the etTect of 

different fracture systems in the different parts of the aquifer system. A flow model using 

the discrete fracture flow approach (Schwartz, 1983; Robinson, 1984; Long and 

Witherspoon, 1985; Andersson and Dverstorp, 1987; Rouleau and Gale 1987; Cacus et 

al., 1990; Segan Karasaki, 1993 and Panda and Kulatilake 1999 a&b) seems to be the 

best to capture this anisotropy and heterogeneity through numerical simulations. 

Prediction of sustainable yields in this fractured aquifer must account for the effect of 

fractures and the fracture hydraulic parameters associated with the flow system. This 

chapter addresses the application of the basic principles of the discrete fracture fluid flow 

modeling to groundwater resources evaluation in 2-D and demonstrates the systemic 

procedure on applying the discrete fracture fluid flow model. 
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4.2 The Problem and Basic Hydrogeological Conditions 

The Arizona Department of Transportation (ADOT) is preparing to upgrade a 52-mile 

reach of State Route (SR) 260 from a two-lane to a four-lane highway between Payson 

and Heber, Arizona. It is estimated that about 257 million gallons of water will be 

required for embankment construction during a period of about 6 to 8 years to upgrade 

the first 21 miles of the highway. In anticipation of providing roadway contractors with 

an adequate, environmentally-sound (minimum impact on existing groundwater users and 

water dependent resources), and cost-effective supply of construction water, ADOT in 

coordination with the U.S.D.A. Forest Service (USPS) is looking for various sources of 

construction water for use in the highway improvement project, including groundwater 

resources along the highway corridor. During the initial phase of the study, five locations 

along the highway corridor were targeted as potential well sites (AGRA Earth &. 

Environmental Inc., 1999). The target well sites were selected based on the presence of 

previously disturbed areas that could be used as staging areas for construction equipment, 

their proximity to existing groundwater wells and water dependent resources, and the 

projected hydrogeologic conditions at the sites. Pertinent hydrologic, geologic and 

stratigraphic data were collected and analyzed to evaluate whether the target sites had the 

potential to supply the required water, and to inventory the potential environmental 

impacts that could result from the withdrawal of large volumes of groundwater from the 

sites (AGRA Earth & Environmental Inc., 1999). Initial investigations followed up with 

performance of 8-hour aquifer tests in a few selected wells along the highway corridor 
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revealed that out of the 5 sites, only one site, named as RV Site, has wells that can 

provide a yield of greater than 20 gallons per minute (gpm) per well (AGRA Earth & 

Environmental Inc., 1999). This chapter addresses the groundwater evaluation conducted 

for the RV Site, which is located eight miles east of Payson. 

The RV Site is underlain by a fractured granite, locally known as the Payson Granite. 

There are three springs (Mud Spring, Lion Spring and an unnamed Spring), a creek 

(Green Valley Creek) and several wells located within a 2 miles radius of the RV Site 

(Fig. 4.1). The RV Site slopes gently to the south-southeast and drops abruptly into Green 

Valley Creek along the southeastern margin of the site. Five exploration bore-holes [R-l 

through R-5] (Fig. 4.1) have been drilled to a depth of 515 feet to obtain rock mass 

geologic and groundwater information and to perform pumping tests (AGRA Earth & 

Environmental Inc., 1999). Six observation wells [O-l through 0-6] (Fig. 4.1) have been 

installed at strategic locations within and around the well field to obtain rock mass 

geologic and groundwater information and to observe the response of pumping tests 

(AGRA Earth & Environmental Inc., 1999). Information about fractures in the granitic 

rock mass has been obtained through acoustic borehole televiewer logs (AGRA Earth & 

Environmental Inc., 1999). The depth to groundwater at the site ranges from about 120 to 

190 feet below the ground surface, except for well R-5 which has a depth to groundwater 

of about 60 feet. The elevation of the groundwater table at the RV Site ranges from about 

4830 to 4845 feet, except at well R-5 where the groundwater table has an elevation of 

about 4970 feet. Performed geologic and hydraulic investigations indicate possible 
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separation of well R-5 from the rest of the well field by a fault or faults. The unnamed 

spring, located to the north of the well field, has an elevation that is approximately 250 

feet above the water table in the central area of the well field. It appears that Mud and 

Lion Springs are hydraulically connected to the RV Site well field aquifer, but the 

unnamed Spring is also structurally separated from the well field aquifer. The direction of 

groundwater movement in the well field is from north/northwest to the east/southeast at a 

gradient of about 0.003 (about 3 feet for every lOOOfeet of distance). A 24 hour pumping 

test has been performed at R-2 and the groundwater levels have been monitored during 

pumping at all the exploration holes and the observation wells O-1 through 0-4 (AGRA 

Earth & Environmental Inc., 1999). A 7 day pumping test has been carried out in R-4 

bore-hole and water levels were monitored during pumping at all the exploration bore

holes and observation wells (AGRA Earth & Environmental Inc., 1999). A 38 day multi-

well (R-1 through R-4) pumping test has been carried out and water levels have been 

monitored at all the bore-holes as well as observation wells O-l through 0-4 (AGEL\ 

Earth & Environmental Inc., 1999). 

The borehole geophysics interpretations, mainly the acoustic televiewer logs in wells R-

1, R-2 and R-3 have revealed the presence of major fracture zones below the water table 

in the pumping wells (AGRA Earth & Environmental Inc., 1999). The preliminary study 

clearly showed the effect of fracture geometry on the flow through the crystalline granitic 

rocks in this site. The permeability of this rock mass is anisotropic due to the presence of 

discontinuity planes. The high yield zones within the pumping well coincide with the 
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presence of major fracture zones. The initial pumping test results have shown that the 

high yielding zones in R-1 and R-3 are restricted to the depth below 400 ft (AGRA Earth 

& Environmental Inc., 1999). The acoustic televiewer data indicated thick zones of 

fracture in the aforementioned bore holes at the same depth. The initial 8-hour pumping 

test for well R-2 included observations of wells R-1 and R-3. A relatively long delay 

was observed in the start of response at R-1 compared to a short delay in response at R-3, 

despite their similar distance from R-2, and is consistent with highly anisotropic fracture 

controlled response to pumping. The well responses at R-1 and R-3 with respect to 

pumping at R-2 indicated that the hydraulic distance between R-1 and R-2 might be 

considerably longer than that between R-3 and R-2. The flows within the RV site well 

field may be highly direction dependent by virtue of being controlled by a relatively few 

fracture zones. Further 24-hour pumping test at R-2 in this site indicated similar 

anisotropy. The drawdown at the observation wells showed different increasing trends 

with time. The 38-day pumping test resulted in maximum drawdown at R-3, that had the 

lowest pumping rate, and minimum drawdown at R-2, which was pumped at the highest 

rate. Two observation wells located about the same distance from the cluster of pumping 

wells showed completely different drawdown trends. All these indicate highly anisotropic 

hydro-geologic behavior of the aquifer resulting due to flow through an anisotropic 

fracture network. 

The observed response from aquifer tests indicates that the site investigated should be 

represented by different statistically homogeneous regions. In addition, each region 
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shows a different anisotropic behavior. Prediction of sustainable yields in this fractured 

aquifer must account for the effect of fractures and the fracture hydraulic parameters 

associated with the flow system. 

For the RV site, even though the available fracture information was not sufficient to build 

a comprehensive fracture network model, it was used to develop a simplified two 

dimensional equivalent fracture network pattern. Based on the fracture information 

available from different bore-holes in the site, the fractured aquifer was divided into two 

different statistically homogeneous regions: (a) one for the south-east part of the site and 

(b) the other for the north-west part of the site. The 24 hr. pumping test results were used 

to calibrate fracture hydraulic parameters through a discrete fracture fluid flow simulation 

for the south-east part of the site. The 7 day pumping test results were used to calibrate 

fracture hydraulic parameters through a discrete fracture fluid flow simulation for the 

north-west part of the site. The calibrated hydraulic parameters were then used in the 

discrete fracture fluid flow model to numerically simulate the 38 day pumping test that 

incorporated both regions to validate the built discrete fracture fluid flow model. The 

validated discrete fracture fluid flow model was then used to simulate long-term pumping 

for the RV site over a 92 month period under different scenarios to (a) investigate 

whether the RV site can provide enough groundwater to meet the water demands of the 

ADOT highway construction project, (b) to determine potential environmental impacts of 

withdrawing 250 to 350 million gallons of groundwater from the RV site well field. 
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4.3 Fracture Characterization and Network Modeling 

Because the discontinuity geometry pattern in a rock mass vary from one statistically 

homogeneous region to another, each statistically homogeneous region should be 

represented by a separate discontinuity geometry model. Therefore, ±e first step in the 

procedure of discontinuity geometry modeling in a rock mass should be the identification 

of statistically homogeneous regions. 

The software package developed by Prof. Kulatilake and his graduate students named 

FRACNTWK (Kulatilake et al., 1998) was used to analyze the discontinuity data 

obtained from boreholes and perform fracture characterization and network modeling for 

discontinuous rock masses and to generate rock discontinuity systems in rock masses. 

4.3.1 Fracture Analysis for RV Site 

4.3.1.1 South-east part of the site 

For this part of the site, the information about the fractures were obtained from the 

geophysical acoustic televiewer surveys performed for the bore-holes R-1, R-2 and R-3. 

The fluid conductive fractures termed as "type A fractures" were detected from each 

bore-hole (AGRA Earth & Environmental Inc., 1999). Only these fractures were 

analyzed to build a fracture network model for the south-east part of the site. It is 

important to note that the information available about the fractures were quite limited. 
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Therefore, it was not possible to perform a comprehensive fracture geometry analysis 

even though the FRACNTWK package has the capability of performing very thorough 

fracture geometry network analyses. 

The CLUSDEL-BrNGHAM computer program from FRACNTWK package was used to 

perform the discontinuity set delineation for the selected conductive fractures for this 

region. This computer program uses a clustering algorithm based on the work by Shanley 

and Mahtab (1976). The obtained discontinuity sets for the region are shown in Figure 

4.2. Two of the joint sets are striking approximately in the NE-SW direction. One of them 

is dipping in the SE direction and the other one in the NW direction. The third set is 

striking in the north-west direction and dipping in the SW direction. Out of these three, 

the most prominent set is the one which dips in the SE direction. The mean orientation 

values for the joint sets are given in Table 4.1. The number of orientation data obtained 

for each discontinuity set was not sufficient to perform goodness-of-fit tests to find the 

applicability of theoretical bivariate spherical distributions in capturing the statistical 

distribution of orientation data. Therefore, it was decided to use the obtained empirical 

distribution for orientation of each discontinuity cluster to model the orientation 

probability distribution for each set. 

For each discontinuity set, the mean spacing along the bore-hole direction (vertical) was 

estimated (Table 4.1). From the cluster delineation analysis mentioned earlier, the mean 

normal vector for each discontinuity set is available. This information was used in 



CLUSTER DELINEATION RESULTS 
ON A POLAR EQUAL-AREA UPPER HEMISPHERE PROJECTION 

Type A fracture data from boreholes R-1. R-2 and R-3 

Figure 4.2 Discontinuity set delineation for south-east part of RV Site , Payson. 
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CORIDFMI computer program of the package to estimate mean discontinuity spacing 

along the mean normal vector direction of each discontinuity set. The obtained results are 

shown in Table 4.1. Because the available funding to perform discrete fecture flow 

analysis was limited, it was decided to perform a two- dimensional fi^cture flow analysis 

on the horizontal plane even though three-dimensional analysis is more appropriate 

according to the field fracture network system. In ±e considered two-dimensional 

analysis, the discontinuity orientation is represented by its strike. Then the spacing of 

Table 4.1 Fracture spacing analysis results for the south-east part of RV site. 

Cluster Total # of Mean Mean Dip Mean Dip Mean Mean Spacing 
a fr Fractures Spacing Dir. for for Fracture Spacing along HORJ 

along BHD Fracture Set Set along Perpendicular 
(ft) (deg.) (deg.) MNVD to Strike (ft) 

(ft) 
1 39 20.83 137.75 57.90 11.1 13.1 
2 15 48.70 232.00 59.62 23.3 27.0 
3 17 50.65 325.56 43.44 36.8 53.5 

BHD = borehole direction( vertical) 
VINVD = mean normal vector direction of fracture set 
HOEU = horizontal direction 

discontinuities for each set can be represented in the direction perpendicular to the strike 

direction. Therefore, for each discontinuity set, the mean spacing in the direction 

perpendicular to the strike direction was calculated using ±e CORIDFMI computer 

program. The obtained results are shown in Table 4.1. 

4.3.1.2 North-west part of the site 
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The information about the fractures for this part of the site was obtained from the 

geophysical acoustic televiewer surveys performed for the observation holes 0-5 and O-

6. The fluid conducting fractures in 0-5 and 0-6 were detected and analyzed to build a 

fracture network model for the north-west part of the site. The discontinuity orientations 

for the fluid conducting fractures were analyzed through equal area polar projection plots 

and the computer program CLUSDEL-BINGHAM to obtain the discontinuity clusters 

shown in Figure 4.3. For this area too, three fracture sets exist. The most prominent 

fracture set for the north-west area is dipping in the NE direction. However, this fracture 

set hardly exist in the south-east area of the site according to the acoustic televiewer 

fracture information. The mean orientations obtained for the fracture sets in the north

west area of the site are given in Table 4.2. For each discontinuity set, the mean 

discontinuity spacing were estimated in the same way as for the south-east part of the 

site. The obtained results are shown in Table 4.2. 

Table 4.2 Fracture spacing analysis results for the north-west part of RV site. 

Cluster Total ^ Mean Mean Dip Dir. Mean Dip Mean Mean Spacing 
U TT of Spacing for Fracture for Fracture Spacing along HORI 

Fractures along Set (deg.) Set along MNVD Perpendicular 
BHD (deg.) (ft) to Strike (ft) 
(ft) 

1 25 14.75 51.10 59.8 7.42 8.58 
2 7 22.31 138.50 58.0 11.82 13.94 
3 5 34.76 325.40 43.6 25.17 36.50 

BHD = borehole direction (vertical) 
MNVD = mean normal vector direction of joint set 
HORI = horizontal direction 

4.3.2 Generation of Discontinuity Networic for RV Site 

4.3.2.1 South-east part of the site 
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Figure 4.3 Discontinuity set delineation for north-west part of R.V Site , Payson. 
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It is important to note that information about fractures were available mainly through 

bore-hole acoustic televiewer logs. These data cannot provide any information about 

discontinuity size distributions. If discontinuity sizes are assumed to reflect something 

close to the actual discontinuity sizes, and the values given in Table 4.1 are used to 

simulate the mean spacing perpendicular to the strike directions of the discontinuity sets, 

then the number of discontinuities need to be generated to represent the fracture network 

for the south-east part of the site will be extremely high. If a discrete fracture flow 

simulation is performed with that many fractures, it may take several days to obtain the 

results for one particular run. In order to overcome this barrier, it was decided to build an 

equivalent simplified model of the fracture network. For the generation, for each fracture 

set, the mean spacing perpendicular to the strike direction was selected to be seven times 

the estimated value that appears in Table 4.1. The mean fracture size for each 

discontinuity set was selected to be 500 ft. This length may be around 15 to 30 times the 

actual mean fracture size. This estimation is based on the fracture traces the investigators 

observed on one of the outcrops in the Green Valley Creek area. However, no fracture 

mapping was conducted on this outcrop. Then it was assumed that for each fracture set, 

one fracture exist to cover an area of 500 times the selected mean spacing perpendicular 

to the strike. Through these assumptions it was possible to have a fi^cture network with 

significant amount of connectivity. In addition, these assumptions led to estimating mean 

fracture density value for each discontinuity set to use in the fracture generation for the 

region. For the whole region, number of fractures for each discontinuity set was 

estimated by multiplying the estimated firacture density by the size of the region. All 
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these assumptions were required because no information was available with respect to 

fracture sizes. The empirical distribution obtained for the orientation of each fracture set 

was used to generate discontinuity strike direction. The discontinuity centers in the region 

was assumed to be distributed according to a uniform distribution. In the generation, each 

fracture was assumed to be 500 ft. Further information about the generated fracture 

network is given under the section entitled "Merging of the Two Fracture Networks". 

4.3.2.2 North-west part of the site 

The same procedure as for the south-east part of the site was used to generate 

discontinuities for the north-west part of the site. The only exception was the value 

selected for the mean spacing perpendicular to the strike direction of each discontinuity 

set. Because the actual mean spacings estimated for the south-east part of the site (Table 

4.1) are approximately about one and a half to two times the mean spacings estimated for 

the north-west part of the site (Table 4.2), for the generation of fractures for the north

west part of the site a mean spacing of 14 times the actual mean spacing was selected. 

Further information about the generated fracture network for the north-east part of the 

site is given under the section entitled "Merging of the Two Fracture Networks". 

4.3.2.3 Merging of the two fracture networks 
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Two fracture networks were generated in a 14000 by 14000 ft area with about R-2 at the 

center, using (a) the fracture statistical model built for the south-east part of the site and 

(b) the fracture statistical model built for the north-west part of the site. From this area, an 

area of 8000 by 5000 ft. (Fig. 4.4) was selected to simulate pumping tests numerically. 

This area was selected based on the response observed for the pumping tests performed 

for the site. None of the performed pumping tests indicated significant effect of pumping 

outside of this region. It is important to note that the computing time for a numerical 

simulation of a pumping test increases with the size of the domain selected for the 

simulation. On the other hand, the larger the selected size of the domain, the larger is the 

effected area that can be investigated. Therefore, it was necessary to come to a 

compromise between the investigated size and the time taken for the numerical 

simulation. This selected area is sufficient to simulate pumping tests numerically to 

satisfy the requirements for pumping test and predictions, and to provide enough 

information to obtain effects of long-term pumping on the region around the selected 

domain by extrapolation. Through the aforementioned fracture generation, for the same 

area of 8000 by 5000 ft. fracture networks were available from both statistical models. 

For this area, a line was selected as shown in Figure 4.4 to demarcate between north-west 

and south-east sides of the site. Out of the generated fractures using the north-west 

fracture network model, only the fractures that have their centers to the north-west of the 

demarcation line were selected to include in the numerical fracture fluid flow model. 

Similarly, Out of the generated fiactures using the south-east fracture network model, 

only the fractures that have their centers to the south-east of the demarcation line were 
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Figure 4.4 Generated joint network for an area of 8000x5000 ft to simulate fluid flow 
numerically for RV Site. 
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selected to include in the numerical fracture fluid flow model. Through this way the two 

fracture networks were merged. Figure 4.4 shows the final fracture network used for the 

site to numerically simulate pumping tests through a discrete fracture fluid flow model. 

4.4 The .Main Features of the Hydrogeoiogical Model 

A two dimensional transient flow model was used to simulate fluid flow through the 

fractured rock mass. The matrix rock was considered as impermeable. Linear "equivalent 

pipes" were used to represent flow paths for fractures (Cacus et al, 1990; Segan and 

Karasaki, 1993). The rock mass was considered as a heterogeneous medium resulting 

from discrete fractures having different hydraulic parameter values and as an anisotropic 

medium produced by the uneven distribution of the parameters of the fracture fluid flow 

system such as the orientation for all fractures. The fractured rock mass was considered 

as an unconfined aquifer. Because the thickness of the aquifer is very large, it is 

acceptable to use the average values of the hydraulic parameters to represent the model 

parameters, especially in the region far from the pumping wells and in the regions around 

pumping wells in the duration after the beginning of the pumping. The precipitation was 

considered as a vertical source of recharge. A fault exists in the investigated site, which 

may constitute a physical hydraulic boundary on one side of the site, while there is 

hydraulic connection between the investigated site and the region outside the site 

naturally. 
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The author modified the computer program PATH2D (Panda, 1995) to obtain the data 

files for intersection nodes between fractures and elements between two nodes based on 

the fracture network generated for the interested domain. These files also contain the 

information of boundary conditions and hydraulic parameters such as transmissivity T or 

hydraulic conductance, which represents the flow rate per unit gradient, and storativity S 

for each pipe. 

A modified version of the TRINET computer program ( Segan and Karasaki, 1993) was 

used to calculate the flow through the fracture network by using the data files as input 

files. Specifying T and S values can simulate the flow under transient condition. It is 

possible to specify constant head, no flux and constant flux boundary conditions and 

different T and S values for different pipes in rurming TRINET. 

4.5 Calibration of Hydraulic Parameters 

4.5.1 South-east Part of the Site Using 24-hour Pumping Test Results 

The 4000 by 4000 fl. region marked with dashed lines in the south-east part of Figure 4.5 

was used to simulate the 24 hr. pumping test performed at bore-hole R-2. Pumping has 

been performed at a constant rate of 60.5 gpm and drawdowns have been recorded in all 

the exploration and observation wells (AGRA Earth & Environmental Inc., 1999) other 

than 0-5 and 0-6 ( these two observation wells were not in existence at the time of 

pumping). Geology of the site indicated an existence of a major fault close to boundary 2 

marked on Figure 4.5. Moreover, the water table monitoring records indicated that the 
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water table levels at R-5 and the unnamed spring are more than 120 ft higher than that of 

the observation wells and other bore-holes used in the investigation. These facts led to the 

decision of treating north-east boundary (boundary 2) as a no flux boundary for pumping 

test simulations. The 24 hr. pumping test draw-down observations ( Figure 4.6) show no 

effect at 0-2, a little effect at 0-4 and no effect at Mud Spring. Therefore, it is reasonable 

to consider constant head boundary conditions at the other boundaries. 

First, the 24 hr. pumping test was simulated using the modified version of TRINET code 

with the same T and S values for all the fractures. Different combinations of T and S 

values were tried to obtain good matching between the predicted and observed draw

downs at 0-1, R-3, R-1, 0-4 and 0-2. It was found difficult to obtain good matching at 

all the observation wells and pumping wells by using the same T and S values for the 

fractures in the whole region. Then, the 24 hr. pumping test simulations were carried-out 

by identifying different zones (Figure 4.5) and assigning different T and S values for 

these zones. It is important to point out that selection of different zones were not done 

arbitrarily. Stratigraphy information obtained from Geophysical tests conducted in 

exploration and observation wells were used to separate between zones 1 and 2 (AGRA 

Earth & Environmental Inc., 1999). Geophysical survey results indicated higher 

transmissivity and specific storage around borehole 0-2 compared to the other holes in 

the south-east part. Zone 3 was created to account for the delay of the water release in 

unconfined aquifers from the rapid head drawdown around pumping well. Thus, a smaller 

value of storage was assigned for zone 3. Because the area of flow around a pumping 
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Figure 4.6 Comparison between observed and predicted drawdowns 
with time for the 24 hr. pumping test. 

Zone 1; Hydraulic conductance in pipes= 1.1 ft' /s, Storativity in pipes (per unit length) = 0.055 
Zone 2: Hydraulic conductance in pipes=1.4 ft^ /s , Storativity in pipes (per unit length) = 0.175 
Zone 3: Hydraulic conductance in pipes=i. 1 /s , Storativity in pipes (per unit length) = 0.0025 
Zone 4; Hydraulic conductance in pipes=0.18 /s , Storativity in pipes (per unit length) = 0.0025 

(Hydraulic conductance represents flow rate per unit gradient). 
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hole is much smaller compared to that of a point at distance from the pumping hole, the 

transmissivity around a pumping hole should be considerably less than that of a location 

significantly away from the pumping hole in the same statistically homogeneous region. 

Therefore, a separate zone with entirely different transmissivity should be created around 

the pumping hole compared to the area away from the pumping hole. This led to creating 

zone 4 within zone 3 as shown in (Figure 4.5). After performing several simulations with 

different combinations of T and S values, it was possible to obtain a good matching 

between the predictions and observations for the draw-down at all the observation wells 

and bore-holes. Figure 4.6 shows a good match obtained between the predicted and 

observed draw-downs at the observation wells and bore-holes along with the values used 

for hydraulic conductance and S for the different zones. These hydraulic conductance and 

S values can be considered as the calibrated hydraulic parameter values for the south-east 

part of the site. Figure 4.7 shows a comparison between predicted and observed draw

down contours obtained at 1260 minutes for the aforementioned good matching 

simulation. Figure 4.7 very clearly show that the draw-down pattern is anisotropic and 

the discrete fracture flow model has captured that anisotropy very well. 

4.5.2 North-West Part of the Site Using 7 Day Pumping Test Results 

The 4000 by 4000 ft. region marked with dashed lines in the north-west part of Figure 4.5 

was used to simulate the 7 day pumping test performed at bore-hole R-4. Pimiping has 

been performed at a constant rate of 183 gpm and drawdowns have been recorded in all 
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the exploration and observation wells (AGRA Earth & Environmental Inc., 1999). Due to 

the reasons mentioned in the previous section, boundary 2 was considered as a no flux 

boundary for the pumping test simulation. The 7 day pumping test draw-down 

observations ( Figure 4.8) show no effect at 0-3 . Therefore, it is reasonable to consider 

constant head boundary conditions at the other boundaries . Seven day pumping test 

simulations were performed very similar to the 24 hr. pumping test simulations using the 

modified version of TRINET code to obtain good matching between the predicted and 

observed draw-downs at 0-6, 0-5 and 0-3. It was found difficult to obtain good 

matching at all the observation wells by using the same T and S values for the fractures in 

the whole region. Different zones were selected for the north-west part of the site using a 

procedure similar to the one used for the south-east part. For the north-west part, 

geophysical investigations indicated higher transmissivity and storativity around 

boreholes 0-3, 0-6 and R-4 compared to that around borehole 0-5. This led to creating 

zones 5 and 6. After performing a number of simulations wi± selected different zones ( 

Figure 4.5) along with different combinations of T and S values, it was possible to obtain 

a good matching between the predictions and observations for the draw-down at all the 

observation wells and pumping wells. Figure 4.8 shows a good match obtained between 

the predicted and observed draw-downs at the observation wells along with the values 

used for hydraulic conductance and S for the different zones. These hydraulic 

conductance and S values can be considered as calibrated hydraulic parameter values for 

the north-west part of the site. 
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Figure 4. 8 Comparison between observed and predicted drawdowns with time 
for the 7 day pumping test. 

Zone 5: Hydraulic conductance in pipes=3.5 ft^ /s , Storativity in pipes (per unit length) = 0.05 
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4.6 Verification of Calibrated Hydraulic Parameters for Both Parts of the Site 

Using 38 Day Pumping Test Results 

The total region shown in Figure 4.5 ( 8000 by 5000 ft.) was used to simulate the 38 day 

multiple well pumping test performed at the bore-holes R-l (60gpm), R-2 (60gpm). R-3 

(45gpm) and R-4 (I35gpm). The pumping wells were located in both south-east and 

north-west parts and the total pumping rate was large enough so that the test results could 

be used to verify ±e calibrated hydraulic parameters for both parts of the site. The 

groundwater drawdown has been monitored in all the pumping wells and observation 

wells 0-1 through 0-4 (AGRA Earth & Environmental Inc., 1999). It is important to note 

that the observation wells 0-5 and 0-6 were not in existence at the time of this pumping 

test. Due to the reasons mentioned earlier, boundary 2 was considered as a no flux 

boundary for the pumping test simulation. The draw-down observations of this pumping 

test (Fig. 4.9) show that there is a strong effect of the pumping test at O-land 0-4, some 

effect at 0-2 and a small effect at 0-3. Water coming out at Mud Spring gradually 

decreased and finally disappeared during pumping. These observations indicate that the 

constant head boundary conditions may not be suitable for the whole pumping duration 

even though they would be reasonable to have in the early part of the pumping. 

Therefore, it was decided to simulate this multiple well pumping test with different 

combinations of boundary conditions. These different combinations are shown in Table 

4.3. Under each of these boundary condition combinations, 38 day pumping test was 



Table 4.3 Diilferent boundary conditions used to simulate 38 day pumping test. 

Case No. Pumping Wells Condition ut Condition at Condition at Condition at Recharge from 

Boundary ft 1 Boundary #2 Boundary #3 Boundary //4 Precipitation (gpm) 

1 R-l,R-2, R-3.R-4 No Flow No Flow No Flow No Flow 0 

2 R-I.R-2, R-3. R-4 No Flow No Flow No Flow Constant llcud 0 

3 R-l,R-2, R-3, R-4 No Flow No Flow Constant Head Constant Head 0 

4 R-I.R-2, R-3, R-4 Constant Head No Flow Constant Mead Constant Head 0 

5 R-l,R-2. R-3, R-4 No Flow No Flow C.F'., 0=25 gpm No Flow 0 

Note; C.F. = Constant Flux 
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simulated using the calibrated values of the hydraulic parameters for the two parts of the 

investigated region. 

Figures 4.10 through 4.12 show comparisons between predicted and observed draw

downs at observation wells and pumping wells for the south-east and north-west parts for 

the different boundary conditions. Note that the boundary conditions used for scenario #4 

(constant head at boundaries 1, 3, 4 and no flow at boundary 2) were used in the 

calibration of the hydraulic parameters. Figures 4.12a and 4.12b show good matching 

between predicted and observed draw-downs for the whole pumping duration except for 

the late part when the pumping lasted a long time which was not the case in the pumping 

tests used for parameter identifications. Therefore, these results validate the calibrated T 

and S parameters. Figures 4.13a, b, c and d show the effect of different boundary 

conditions on the draw-down of some of the observation wells. It is very clear that for 

each observation well, the observed drawdown matches very well with the predicted 

drawdown for the early part of pumping for all the boundary condition combinations. 

That indicated that the effect of boundary conditions was not significant for pumping in a 

short duration which further demonstrated the assumptions made for 24-hour and 7-day 

pumping tests were valid. However, The actual boundary conditions for long-term 

pumping needed to be verified. Scenarios #1 and 4 provide two extreme cases, which 

most probably may not represent the actual situation. For those two cases, it was assumed 

that no groundwater recharge from outsides of the investigated region was available (Fig. 

4.10) or a constant head boundary existed (Fig. 4.12). It seems that the best agreements 
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Figure 4.10a Comparison between observed and predicted drawdowns with time tor the south-east 
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Figure 4.1 la Comparison between observed and predicted drawdowns with time for the south-east 

part of RV site for the 38 day pumping test under the following boundary conditions; 

constant tlux(Q=25 gpm) at boundary 3; no flow at other 3 boundaries. 
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constant head at boundaries I, 3 and 4; no How at boundary 2. 
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Figure 4.13b Comparison between observed and predicted drawdowns with time at 

observation well 0-2 for the 38 day pumping test under different 
boundary conditions. 
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between the predictions and observations for the whole duration of pumping, especially 

for the late part of pumping, are obtained for the following two boundary conditions: (a) 

no-flux at the boundaries I and 2, and constant head at the boundaries 3 and 4, (b) 

constant flux (25gpm) at boundary 3 and no flow at the other 3 boundaries. The next 

section explains why 25gpm was used for the constant flux at boundary 3. Based on the 

pumping test observations and hydro-geological conditions at the site, these two 

boundary conditions seem to be the most applicable for the 38 day pumping test 

simulation of the chosen region. It is important to note that towards the end of the 

pumping test, the simulations with the constant head boundary conditions are showing 

gradual decrease of the rate of draw-down with time and becoming asymptotic to 

horizontal. This means that the constant head boundary conditions are not suitable to 

apply with the chosen size of the simulation region for long-term pumping. Therefore, the 

case (b) given above is more suitable to use with the finite size domain selected to 

numerically simulate pumping for a long-term. The predicted draw-downs obtained in 

this section clearly show that the developed discrete fracture fluid flow model along with 

the calibrated hydraulic parameters has the capability to predict draw-down patterns 

accurately for the site investigated. 

4.7 Prediction of Draw-Down for Long-Term Pumping Under Different Scenarios 

at RV Site 
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The total water demand for the anticipated Arizona Department of Transportation 

highway project during a 6 to 8 year construction period is estimated to be around 257 

million gallons (790AF). With a 40% contingency, the total water demand is estimated to 

be around 360 million gallons (1,106 AF). Based on this total water demand, the 

projected average pumping rate during the construction period is estimated to be 81.5 and 

114 gpm ,without and with contingency, respectively. It is assumed that 60 percent 

(49/68.5 gpm) of the groundwater is pumped from Production Well R-4 and 40 percent 

(32.5/45.5) of the groundwater is pumped from Production Well R-2. Note that these two 

wells have the highest specific yield among the 5 production wells investigated in this 

study. For Payson area, average annual precipitation of about 22.5 inches is assumed. 

Also, conservatively, it is assumed that only 2.5% of this precipitation recharges the 

considered aquifer. Based on these assumptions, the rate of recharge from precipitation to 

the aquifer in the considered region investigated (8000 by 5000 ft. in Fig. 4.5) is 

estimated to be 26.5 gpm. Based on the geology and hydro-geological conditions of the 

site it is difficult to come up with only a single set of boundary conditions for the total 

region (8000 by 5000 ft.) given in Figure 4.5 to use in the long-term pumping 

simulations. Therefore, long-term pumping was simulated using the calibrated discrete 

fracture fluid flow model for the total area shown in Figure 4.5 under different scenarios 

incorporating different sets of boundary conditions and different pumping rates with and 

without recharge (Table 4.4). As seen in Table 4.4, for many scenarios a constant flux 

value of 25 gpm was used for boundary 3. In order to estimate this value, first a steady 

state simulation was performed for the total region given in Figure 4.5 using the average 



Table 4.4 Considered different scenarios for production of water exceeding a 7 year 

period for the ADOT highway project. 

Scenario 

Number 

Pumping 

Rate in R-2 

(gP"») 

Pumping 

Rate in R-4 

(gpi") 

Tolul 

Pumping 

Rale (gpm) 

Condition at 

Doundary 

No. 1 

Condition at 

Doiuulary 

No. 2 

Condition at 

boundary 

No. 3 

Condition at 

Doundaiy 

No. 4 

Recharge 

from 

Precipitation 
(gpm) 

1 32.5 49.0 81.5 No Flow No Flow No Flow No Flow 0 

2 45.5 68.5 114 No Flow No Flow C.F,, Q=25 No Flow 0 

3 32.5 49.0 81.5 No Flow No Flow 

gpm 
C.F,. 0=25 No Flow 0 

4 32.5 49.0 81.5 C.F., Q=8 No t'low 
gpm 

C,l^, Q=I7 Nt) l^ow 0 

5 32.5 49.0 81.5 

gpm 

No Flow No Flow 

gpm 
C.F,, Q=25 No Flow 26,5 

6 45.5 68.5 114 No Flow No F'low 

gpm 
C.F,, 0=25 No Flow 26.5 

7 32.5 49.0 81.5 No Flow No t'low 
gpm 

Constant 

Head 

(Constant 

Head 

0 

Note: C.F. = Constant Flux 

Data used to estimate the recharge from precipitation; 

(a) Area of interested region = 8000x5000 ft 
(b) Annual precipitation in Payson area = 22.5 inches (Southwest Groundwater 

Consuhants Inc., 1998) 

(c) Percentage of recharge to groundwater = 5-15% (Southwest Groundwater Consultants Inc., 1998); 

to be on the conservative side, only 2.5% was used. 
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natural water table values and the discrete fractxire fluid flow model with the calibrated 

transmissivity values. Results of this numerical simulation gave a constant flux of 50 gpm 

entering the region at boundary 3 which is the regional recharge. This value can be 

considered as a minimum flux level which can enter the region under the long-term 

pumping situation. However, to be on the conservative side, only 50% of the steady state 

flux of 50 gpm was used as the constant flux value at boundary 3 in simulating the 

different scenarios given in Table 4.4. 

Table 5 provide predicted groundwater draw-down values at specific locations for the 

region considered at different times for a 92 month period for 5 of the 7 scenarios 

simulated. Results for scenario numbers 3 and 4 turned out to be very close. Therefore, 

draw-down patterns are not shown for scenario number 4. Under scenario number 7, the 

draw-downs for the region became more or less constant with time after 2 months. This 

indicated that the constant head boundary conditions are not suitable to apply to the 

chosen finite region in simulating pumping for a long duration. Under this scenario, the 

maximum predicted draw-downs at R-4 and R-2 turned out to be only about 31 and 26 ft., 

respectively. Because the results obtained for this scenario are totally inappropriate, they 

are not given in the table. 

Aforementioned results show clearly that the highest draw-downs can be obtained by the 

results of scenario numbers 2 and 1 for the situations with and without contingency, 

respectively. These 2 scenarios provide worst drawdown (most conservative) cases for 



Table 4.5 I'reclielions for groundwater drawdowns in feet at different times e.xeeeding a 7 year periotl 

for 5 of 7 scenarios simulated for specific locations in the site. 

Scenario Nunibor 1 
Time(monlhs) MS 0-4 0-2 R-2 R-3 0-1 R-1 0-3 0-5 R-4 06 

6 14 68 1508 9 18 34 45 14 28 15.45 13,06 741 1344 3640 15,21 
15 26.59 26.98 21.06 46 35 26 18 27 35 2495 1927 25 35 48,31 27,12 
28 42.99 43.38 37.46 62 75 42.58 43.75 41 35 35.67 41 74 64,70 4351 
38 55 68 5607 50.15 7544 5527 56 44 54 04 48.36 54 44 77,39 5620 
51 72.78 73 18 67.25 92 55 72.37 73.55 71.14 6547 71 54 04,50 7331 
68 95.84 9624 90.31 115 60 9543 96 61 94 20 8853 94 60 117 60 96 37 
92 126.90 127.30 121.40 146 70 126 50 127.70 125 30 119.60 125 70 14860 127 50 

Scenario Number 2 
Time(monlhs) MS 0-4 0-2 R-2 R-3 0-1 R-1 0-3 0-5 R-4 06 

6 18.51 18.98 11.14 4573 17.91 1889 1630 822 1632 48,78 1824 
15 31 53 31.98 24.10 58.72 30.89 31 88 29.28 21.14 2927 61 72 31 18 
28 49.38 49.84 41 95 76.57 4875 49.73 47.13 38 99 47.12 7957 4903 
38 63 20 63 65 55.77 90 39 62.56 63 55 60.95 5281 60 94 93 39 6285 
51 81.82 82.28 74.40 109 00 81.19 82.17 7957 71.43 79.57 112 00 81,47 
68 106.90 107.40 99 50 134 10 106.30 107.30 10470 96.54 104.70 137.10 106 60 
92 140.80 141.20 133 30 168 00 140.10 141.10 138 50 130 40 138 50 171 00 140 40 

Scenario Number 3 
Tlme(monlhs) MS 0-4 0-2 R-2 R-3 0-1 R-1 0-3 0-5 R-4 06 

6 12.90 13.22 7.60 3231 12.44 13 12 11.26 5.41 1114 3321 12.40 
15 2144 21.75 16.10 40.83 20.95 21.64 19 76 1388 1962 41.68 20 87 
28 33.14 33.45 27.79 52 53 32 64 33.33 31.46 25.57 31.32 53.38 3256 
38 42.19 42.50 36 84 61.58 41 69 4238 4051 34 62 40.37 6243 41.61 
51 54.39 54.70 4904 73.78 5389 54.58 52.71 46 82 5257 7463 5381 
68 70.83 71.14 65.49 90 22 70.34 71.03 69.15 6327 6901 91,07 7026 
92 93.00 93.31 87.66 11240 92.51 93.19 91.32 85.44 91.18 113 20 92 43 

Scenario Number 5 
Time(months) MS 0-4 0-2 R-2 R-3 0-1 R-1 6-3 0-5 R-4 0-6 

6 688 7.51 395 27 21 7.74 832 682 2.76 7 44 30 08 945 
15 11.22 11.85 826 31 54 12.07 12.64 11 14 7.06 11,75 34 39 13.75 
28 17.16 17.79 14,21 37 48 1801 1859 17 08 13.00 17,69 4033 1970 
38 21.76 22.38 1880 42.08 2261 23 18 21 68 17.60 22 29 44 93 24 29 
51 27.96 2858 25.00 4628 28.81 29 38 27.88 2380 28 49 51 13 30.49 
68 36 31 36 94 33.36 56 63 37.16 37.74 3623 32.15 36 84 5948 38 85 
92 47 58 48.20 44.62 67 89 4842 49.00 47 49 4341 48 11 7074 50 11 

Scenario Number 6 
Time(months) MS 0-4 0-2 R-2 R-3 0-1 R-1 0-3 0-5 R-4 0-6 

6 1260 13.38 7.61 4075 13.35 1422 12.00 572 1280 4567 1551 
15 2169 22.47 1666 4962 22.41 23.29 2107 14.75 21 86 54,73 24 57 
28 34.17 34.95 29 14 6230 34.89 35.77 3355 27 23 34 34 67,21 37 05 
38 4383 44.61 3880 71 96 44 55 45,43 4321 3689 44 00 76 87 46.71 
51 56 85 57.63 51 82 84 98 57 57 5845 5622 4991 57 02 89.89 59 73 
68 74.40 75 18 69.37 10250 75,12 76,00 73 78 67,46 74,57 107 40 77.28 
92 98.06 98 84 9303 126 20 98 78 99 66 97 43 91 12 98,23 131,10 100.90 

o\ 
Ui 
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the considered site during long-term pumping. Results of scenario number 5 provide the 

most probable draw-downs for the site among all the scenarios simulated, while the 

results of scenario number 3 present the groundwater drawdown in the situation similar to 

scenario 5 without precipitation for a long time. Because conservative assumptions were 

used in simulating even these scenarios, even these results are considered to provide 

conservative estimates. Figures 4.14a through 4.14g and Figures 4.15a through 4.15g 

show the contours of predicted groundwater draw-down for both the south-east and 

north-west regions at different times between 6 months and 92 months, respectively for 

scenario numbers 5 and 3. Figures 4.16 and 4.17 show predicted time versus draw-down 

for the production and observation wells for south-east and north-west regions during 

long-term pumping exceeding 7 years for the same two scenarios. 

4.8 Effect of Long-Term Pumping on Environment 

The predicted draw-downs under the long-term pumping indicate that both the Mud and 

Lion Springs will go dry if the water is withdrawn continuously for the whole duration of 

the anticipated ADOT highway project. The water levels in existing domestic wells 

around the site may decline up to about 50ft. at the end of 7 to 8 year continuous long 

term pumping.. 

At present, required information is not available to make any predictions about the Green 

Valley Creek. In the analysis, it was assumed a fault exist along boundary 2. Due to this 
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Figure 4.14a Predicted contours of groundwater drawdown at pumping time t=6 months 
for the RV site, Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
1, 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=26.5 gpm. Contour interval; 2 feet. 
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Figure 4.14b Predicted contours of groundwater drawdown at pumping time t=15 months 
for the RV site. Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
1, 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=26.5 gpm. Contour interval: 2 feet. 
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Figure 4.14c Predicted contours of groundwater drawdown at pumping time t=28 months 
for the RV site, Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
1, 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=26.5 gpm. Contour interval: 2 feet. 
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ure 4.14d Predicted contours of groundwater drawdown at pumping time t=38 months 
for the RV site. Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
1, 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=26.5 gpm. Contour interval: 2 feet. 
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Figure 4.14e Predicted contours of groundwater drawdown at pumping time t=51 months 
for the RV site, Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm: pumping rate at R-4=49.0 gpm; no flow at boundaries 
1. 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=26.5 gpm. Contour interval: 2 feet. 
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Figure 4.14f Predicted contours of groundwater drawdown at pumping time t=61 months 
for the RV site, Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
1. 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=26.5 gpm. Contour interval: 2 feet. 
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Figure 4.14g Predicted contours of groundwater drawdown at pumping time t=92 months 
for the RV site, Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rale at R-4=49.0 gpm; no flow at boundaries 
1, 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=26.5 gpm. Contour interval: 2 feet. 
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ure 4.15a Predicted contours of groundwater drawdown at pumping time t=6 months 
for the RV site. Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
1. 2 and 4; constant tlux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=0 gpm. Contour interval: 2 feet. 
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Figure 4.15b Predicted contours of groundwater drawdown at pumping time t=I5 months 
for the RV site, Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
1. 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=0 gpm. Contour interval: 2 feet. 
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Figure 4.15c Predicted contours of groundwater drawdown at pumping time t=28 months 
for the RV site. Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
1, 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=0 gpm. Contour interval; 2 feet. 
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Figure 4.15d Predicted contours of groundwater drawdown at pumping time t=38 months 
for the RV site, Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
I, 2 and4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=0 gpm. Contour interval: 2 feel. 
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Figure 4.15e Predicted contours of groundwater drawdown at pumping time t=51 months 
for the RV site, Fayson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
1. 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=0 gpm. Contour interval: 2 feet. 
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Figure 4.15f Predicted contours of groundwater drawdown at pumping time t=61 months 
for the RV site, Fayson under the following conditions; pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
1. 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=0 gpm. Contour interval: 2 feet. 
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Figure 4.15g Predicted contours of groundwater drawdown at pumping time t=92 months 
for the RV site, Payson under the following conditions: pumping rate 
at R-2 = 32.5 gpm; pumping rate at R-4=49.0 gpm; no flow at boundaries 
I. 2 and 4; constant flux (Q=25 gpm) at boundary 3; average recharge from 
precipitation for the considered region=0 gpm. Contour interval; 2 feet. 
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fault, a possibility exist to have two completely different hydro-geologic situations on 

each side of the fault. Therefore, the hydro-geologic behavior of the Green Valley Creek 

portion to the north-east of the fault may be completely different to that of the Green 

Valley Creek portion to the south-west of the fault. The north-east portion of the Creek 

may not have any connection to the aquifer investigated in this study. If it is the case, 

then the north-east part of the Creek may not affect due to the long-term production. On 

the other hand, the south-west part of the Creek may be connected to the aquifer 

investigated in the study. If it is the case, then a possibility exist for Green Valley Creek 

to lose water to the investigated aquifer during the production period. If the south-west 

part of the Creek is not connected to the aquifer, then it will not be affected during the 

anticipated production period. It is necessary to monitor the flow in the Creek on both 

sides of the fault during pumping to leam about the hydro-geologic behavior of the 

Creek. Most probably, the Creek may be receiving surface water from the higher 

elevation area of the north-east part of the site. It is necessary to leam about this too, 

before trying to make any predictions about the behavior of the Green Valley Creek due 

to long-term pumping. 

According to the assumptions made, the urmamed spring is located to the north-east of 

the fault. Due to this, most probably the unnamed spring may not be connected to the 

aquifer investigated in this study. Therefore, most probably, it may not get affected due to 

the long-term production of water for the ADOT project. It is important to monitor the 
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response of the unnamed spring during long-term pumping in order to leam more about 

it. 

4.9 Discussions 

1) The equivalent transmissivity or hydraulic conductance for Zone 4 (Fig. 4.6) depends 

not only on the transmissivity of fractures, but on the connection between the 

pumping well and the adjacent fractures. The numerical simulation results indicate 

that zone 4 has insignificant effect on the drawdown of other surrounding zones when 

the transmisivity of zone 4 varies within a certain limited range around the values of 

the transmissivity of the other zones. A similar behavior was observed for the 

transmissivity of zone 8. Thus, in calibrating the hydraulic parameters for the discrete 

fracture fluid flow model, the hydraulic parameters in all the zones except the zones 

around the pumping wells should be calibrated first before calibrating the zones 

around the pumping wells. 

2) The obtained calibrated discrete fluid flow model is specific not only to the fracture 

system but the locations of the pumping wells. Therefore, the prediction of water 

head drawdowns can only be performed accurately when the pumping wells are 

located at the same locations as in the calibration. This requirement forces that the 

design of locations of pumping wells in pumping tests should account for the possible 

locations of production wells. 
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3) Even though the hydrogeclogical prediction model obtained in the discrete fracture 

fluid flow approach can be achieved by using one generation of fracture network, it is 

expected that there exists a small difference between the calibrated hydraulic 

parameters estimated from different realizations of the fracture network although the 

same fracture geometry parameter distributions are specified in the generation of 

fractures. It is possible to improve the predicted results of hydraulic parameters by 

averaging the predicted parameter values obtained from the calibrated models 

resulting from several realizations of the fracture network. 

4.10 Conclusions 

Fluid flow response due to pumping in the well field of RV site is highly fracture 

dominated, anisotropic and heterogeneous. The simple two dimensional discrete fracture 

fluid flow model built using a few available fracture data showed that it has the capability 

to capture the existing anisotropic and heterogeneous fluid flow behavior in the well 

field. It was shown that the pumping tests can be used to calibrate the hydraulic 

parameters of the discrete fracture fluid flow model, and once calibrated, the discrete 

fracture flow model has the capability to provide accurate predictions for new pumping 

tests. Discrete fracture fluid flow approach provides a better chance to capture the 'real 

world' hydraulic behavior of fractured rock masses compared to that of the traditional 

continuum approach. With the discrete fracture fluid flow approach it is not necessary to 

worry about comparing between the distance from the pumping well to observation well 
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and the REV size of the fractured rock mass in calibrating the fluid flow model using the 

field pumping test data. The discrete fracture fluid flow approach is suitable to simulate 

the response of pumping tests in aquifers of fractured rock masses at any scale. 

Based on the results of the short term aquifer tests and long term pumping simulations 

through discrete fracture fluid flow modeling, it is clear that the combined yield of the 

wells in the RV Site is sufficient to meet the water demand for the ADOT highway 

project. The long term pumping simulations indicated that the water levels in the well 

field would decline by between 10 to 25 feet after one year of pumping and by 40 to over 

100 feet during the life of the project. Water levels of this magnitude would have the 

potential of impacting existing wells around the RV site and discharge from Mud Spring, 

and Lion Spring. Withdrawal of construction water from the well field is not considered a 

viable option without the performance of monitoring to measure impacts, and the 

establishment of threshold levels for determining when withdrawals should be stopped. It 

is important to monitor the response of the unnamed spring and Green Valley Creek 

during long-term pumping in order to leam more about them to predict the effects on 

them. 
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CHAPTERS 

THREE DIMENSIONAL CONCEPTUAL LINEAR PIPE 

DISCRETE FRACTURE FLUID FLOW MODELS 

FOR PACKER AND PUMPING TEST SIMULATIONS 

5.1 Introduction 

The fluid flow in a saturated fractured rock mass in 3-D, which is dominated by flow in 

fractures, can be described conceptually by Equation (2.1) of the dissertation in which the 

2-D fluid flow in fractures is applicable. The fluid flow in a fracture system is controlled 

by a number of factors such as the orientation of fractures, connection between fractures, 

aperture and the size of fractures. It is important to note ±at it is difficult to ascertain 

those factors deterministically. As mentioned earlier, a stochastic approach can be 

applied to build the fracture network and a numerical method can be used to solve the 

equation, which forms a discrete fracture fluid flow numerical model. However, a lot of 

computer resources are needed to solve a field problem for a 3-D fluid flow domain in a 

fractured rock mass, even though only 2-D fluid flow is considered in fractures. An 

important observation has been reported by Bourke et al. (1987) that the fluid flow in a 

fracture has the behavior as a series of one-dimensional flow-tubes (channels) which is 

also suggested by Tsang and Tsang (1987). Thus, it is reasonable to employ one-

dimensional pipes to represent conceptually the fluid flow in a 2-D fracture in order to 

simplify and minimize the complexity of fluid flow in a fracture (Cacus et al., 1990; 



188 

Segan Karasaki, 1993 and Panda and Kulatilake 1999 a&b). In fact, it is very difBcult or 

impossible to represent the actual flow situation in a fracture since there are complex 

random factors such as the stress dependant spatially variable aperture of fractures. The 

most important thing in a fluid flow model for a fractured rock is to reflect, at least 

relatively, the hydraulic features of different fracture sets with different fracture geometry 

parameters, for example, orientation, size and intensity of fractures, and different 

transmissivities. The linear pipe fluid flow model has the capability to represent the 

characteristics of the fluid flow in a fracture system with the simplicity of the model by 

applying an equivalent hydraulic parameter such as the hydraulic conductance (flow rate 

per unit gradient [L^/T]) for a fracture. At the same time, the model needs less computer 

resources and could solve a field problem of a large scale. It may be impossible to 

implement a highly refined two-dimensional model for fluid flow in fractures with 

current limited computer resources. Moreover, because of the linear distribution of the 

head in pipes with constant hydraulic conductance for a pipe segment between two 

intersection nodes of fractures, it is easier to calibrate the fluid flow model. In addition, 

the parameters for a fracture fluid flow system represented by a fluid flow pipe network 

can be adjusted easily in implementing the fluid flow model. In this study, different 

conceptual linear pipe fluid flow models for a fractured rock mass in 3-D are proposed 

accounting for the change of the flow paths in the region adjacent to the borehole for 

packer tests and the region at a certain distance from the borehole. 
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5.2 Conceptual Linear Pipe Discrete Fracture Fluid Flow Models 

Firstly, fractures were considered as equivalent circular discs in 3D. Then intersection 

lines between these fractures were determined (Fig. 5.1). Between any two intersected 

fractures, two ways are suggested to represent the connection and flow path. In the first 

way, two equivalent single flow pipes as shown in Figure 5.1 can represent flow from 

one fracture to another fracture. The pipes are placed between the center of the fracture 

disk and the midpoint of the intersected line of the intersected fractures. Through this 

way a network of pipe flow is determined to represent the fluid flow between intersected 

fractures (Fig. 5.1). In the second way, only one pipe that is equivalent to the two pipes 

mentioned above is placed between the two centers of any two intersected fracture disks. 

In both cases, the hydraulic conductivity of the intact rock was considered to be 

negligible compared to the hydraulic conductivity of the fractures. In this study, it is 

assumed that the fluid flow in a fracture has the isotropic and homogeneous hydraulic 

property so that the same value of the transmissivity which can be achieved by 

averaging the values of the transmissivity in the fracture can be specified for all pipes of 

the fracture. Further, the number of the fracture intersections (first type of intersection) in 

which the fluid flows into the fracture is the same as the number of fracture intersections 

(second type of intersection) in which the fluid flows out of the fracture. Moreover, it is 

assumed that the difference between the heads on any two different intersections in the 

first type and the difference between the heads on any two different intersections in the 



Figure 5.1 Conceptual equivalent pipe flow model for fractured rocks in 3-D. 
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second type are insignificant, which can be satisfied easily for relatively small fractures 

compared to the large sizes of the fluid flow domain. 

It is very important to note that a significant difference may exists between the hydraulic 

parameters of the flow paths or the pipes at the region around the packer test borehole 

and the region at a certain distance from the borehole. First, the fractures of relatively 

larger sizes have more chance to intersect with the borehole so that the most flow paths 

around the borehole are produced by the larger fractures. Second, the fluid flow in the 

fractures intersected with borehole may become intensively radial in the fractures around 

the borehole and the flow path may become very narrow, especially for a borehole with a 

small diameter. Therefore, it is necessary for the conceptual linear pipe discrete fracture 

fluid flow models to recognize and identify these differences. 

A fracture that is not intersected at the borehole is termed a background fracture in this 

study. Figure 5.2a shows a particular fracture Fc that belongs to the group of background 

fractures. This fracture is intersected by fractures Fb, Fd, Fe and Ff that are also 

background fractures (Fig. 5.2a). In Figure 5.2a the flow occurs directly from fracture Fc 

to FT5 or Fc to Fd or Fc to Fe or Fc to Ff. The region of flow from the center of a fracture 

disk to an intersection interface or vice versa between the fracture and another fracture 

intersected with the fracture can be shown in Figure 5.2b where be is the width at the end 

of the flow path in the fracture crossing the center of the fracture disk and bt is the width 



Figure 5.2 Widlh change of the flow region of background fractures. 
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at the other end of the flow path equal to the length of the intersection line between the 

fracture and another fracture. 

Application of Darcian law to Figure 5.2b gives: 

Q=K (-dh/dr) mb (5.1) 

where, Q = flow rate (Ll^t) at a given cross-section of a fracture flow path, K = hydraulic 

conductivity (L/t), -dh/dr = hydraulic gradient (dimensionless), m = aperture of fracture 

(L), and b = width of cross-section of the flow region at a distance r from the center of 

fracture disk to the specific cross-section. The width b can be written as: 

b= bc+( bL- be )/R * r (5.2) 

where, R= length between the two ends of the flow region. 

The width be of the end of a flow path in a fracture crossing the fracture center can be 

approximated using the following equation: 

b c  =  ( 2 D / N L ) * ( b L / b r m )  ( 5 . 3 )  

where, D is the diameter of the fracture, Nl is the total number of intersections between 

the fracture and other fractures, and bm, is the average of lengths of all the intersections 

between the fracture and other fractures. 
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Substituting for b in Equation (5.1) by Equation (5.2), the following equation is obtained. 

Q= K( -dh/dr )ni *( bc+(bL-bc)/R * r) (5.4) 

By integrating Equation (5.4), (r from 0 to R and h from HE to Hl), the following 

equation is obtained. 

where. He = water head at the end of the flow region with width be and Hl = water head 

at the end of the flow region with width bt. 

In Figure 5.2c a flow region with equivalent mean width bm and mean aperture m is 

assumed to produce the same flow rate under the same hydraulic boundary conditions 

between the two ends of the flow region. By applying the Darcy's law to Figure 5.2c, the 

following equation is obtained: 

Q=Km((Hc-HL)/R)»( bL-bc)/ln(bL/be) (5.5) 

Q=Km ((Hc-HL)/R)*bn, (5.6) 

Now by comparing Equations (5.5) and (5.6), bm can be written as a function of be and bt 

as follows: 
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bm =(bL-bc)/ln(bL/bc) (5.7) 

or 

bm =(bc-bL)/ln(bc/bL) (5.8) 

From the constructed fracture network, all be and bL values can be calculated for the 

background fractures. Then from Equation (5.7) or (5.8) an average bm can be determined 

for the background fractures. Let this bm value be (bm)bg- Similarly, for the fluid flow 

domain which is not exactly trapezoid, the same Equation as (5.7 or 5.8) can be used to 

approximate the average bm-

In order to examine whether the above general linear pipe model is suitable to 

conceptualize the fluid flow in a fracture which intersect with other surrounding 

fractures, a typical distribution of the centers of intersection lines between the fracture 

and the others was taken (see Figure 5.3, note that the fracture networks were generated 

from the field data used in the next chapter of the dissertation). If enough intersection 

points appear on a fracture disk, a uniform distribution of intersection centers is expected. 

This observation supports the assumption that the number of the intersection points at 

which the fluid flows into the disk center is approximately equal to the number of the 

intersection points at which the fluid flows out of the disk center. In addition, two cases 

were studied to investigate the difference between the results from general 1-D linear 

pipe model and 2-D fluid flow model in fractures (Figs. 5.4a & b and fig. 5.5). The flow 

rates at the discharge points from the analytical method for the general linear pipe model 
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Figure 5.3 A typical example for distribution of the centers of the intersection 
lines between a fracture disk and other fracture disks that intersect 
the first fracture disk. 
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Figure 3.4a A typical example of fluid flow with the linear pipe model 
for two fracture intersections on a fracture disk. 



198 

L2 
Main Quid 

flow direction 

Sub-domain I 
Sub-domain 2 

Sub-domain 3 
Sub-domain 4 

Figure 5.4b A typical example of fluid flow with linear pipe model 
for four fracture intersections on a fracture disk. 
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Figure 5.5 Grid for a computation of the fluid flow on a fracture disk 
using the Finite Element Method. 
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and numerical method for the 2-D fluid flow model are provided in Tables 5.1 and 5.2. It 

can be seen that the difference between the flow rates from both models is not significant 

(the relative error is less than ± 10%). Moreover, the hydraulic conductance for a pipe in 

the linear pipe model is not directly specified or calculated but calibrated based on the 

geological and hydrogeological information such as packer test data. The main purpose 

of conceptualizing the flow domain in the above way is to reflect the relative difference 

arising from the size, intensity and orientation of fractures for different fractures and 

fracture sets. Therefore, it is acceptable to use the above general linear pipe conceptual 

model to describe the actual 2-D fluid flow in the fractures of the background. 

Figure 5.6a shows a particular fracture F intersected by the borehole. The same figure 

shows the background fi^ctures G, H and I that intersect fracture F. During a packer test, 

the flow occurs from the borehole to fractures G, H and I through fracture F. The flow 

region from the borehole to any of the fractures G, H and I can be represented by the flow 

region shown in Figure 5.6b. For this situation too, bm can be calculated by calculating 

the relevant bt and be values from the constructed fracture network, where, bs is the 

width at the end of the flow path crossing the borehole in the fracmre. 

Similarly, the following equation is suggested to calculate the width be, for F which is 

intersected with the borehole: 

b B  =  ( 7 C * D / N B ) M b B / b T m )  (5.9) 



Table 5.1 The parameters and calculated results for tlow rates out of the fracture 

in the case of two tracture intersections by using difterent methods. 

Method Diameter of bi.i bu hi h2 Ri R2 b,„i bm2 T Ooul 

fracture (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ttVd) (ftVd) 

Analytical 12 6 4 10 5 5.2 5.66 8.66 7.28 40 145 

(1-D pipe) 

Numerical 12 6 4 10 5 N/A N/A N/A N/A 40 136 

(2-D flow domain) 

Note: 

bu = length of i'** fracture intersection 

hi = water head at i"' fracture intersection 

Ri = length for i"'pipe 

b„,i = mean width of flow domain for i"' flow sub-domain in fracture 

T = transmissivity of fracture 

Qoui = flow rate out of the fracture 



Table 5.2 The parameters and calculated results for flow rates out of the fracture 
in the case of four fracture intersections by using different methods. 

Method Diameter of bi.i bij hml bni2 bin3 b|ii4 T Ooul-3 0()ul-4 

fracture (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft-/d) (ft'/d) (ftVd) 

Analytical 12 3.5 5,3 2.5 4.0 6.8 4.5 4.9 7.8 40 90 143 

(1-Dpipc) 

Numerical 12 3.5 5.3 2.5 4.0 N/A N/A N/A N/A 40 101 151 

(2-D flow domain) 

Note: water head: hi = I Oft., h2 = 9.8 ft., h3 = 4.8 ft., h4 = 5.0 ft. 

bu = length of i"* tracture intersection 

T = transmissivity of fracture 

bn,i = mean width of flow domain for i"* flow sub-domain in fracture 

Qoui-i = flow rate out of the fracture for i'*' flow sub-domain 
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Figure 5.6 Width change of the flow region of the fractures at the immediate vicinity of the borehole. 
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or the simplified form for Equation (5.9) can be given as: 

bB = rc*D/NB (5.10) 

where. D is the diameter of the borehole intersected with fracture F, Nb is the total 

number of intersections between the fracture F and all other fractures, and bxm is the 

average of the lengths for all the intersections in the fracture F. This process can be 

repeated for all the fractures that intersect the borehole in a packer test region to calculate 

an average value of bm for the fractures at the immediate vicinity of the borehole . Let 

this bm value be (bm)bh-

Figure 5.7 provides different possibilities for representing the flow paths and hydraulic 

conductance, which bring in the six conceptual linear pipe discrete fracture fluid flow 

models. In the first model (Fig. 5.7a), called Model I, each pipe is specified for the flow 

path between the center of a fracture disk and the intersection between the fracture and 

other adjacent fractures. Further, an average value of the hydraulic conductance from all 

the fractures in the background is assigned to all the pipes in the background and an 

average value of the hydraulic conductance from all the fractures around the borehole to 

all the pipes around the borehole. 

It is expected that (btn)bg to be greater than (bm)bh for a borehole with a small diameter 

because the be at the borehole is small compared to the be and bt values resulting from 
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Figure 5.7b Three dimensional conceptual linear pipe discrete fracture fluid flow model 11. 
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Figure 5.7c Three dimensional conceptual linear pipe discrete fracture tluid flow model III. 
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Figure 5.7d Three dimensional conceptual linear pipe discrete fracture fluid flow model IV. 



Intcrscclion Line 

Fraclurc i 

HCij 

X Pipe Pij Middle PoinI of 

Intersection Line 

The Center of 

I'racture Disc j 
Pipe Pcij with 

nCeij 
The Center of Tracture Disc i 

Hquivalent 

Pipe Pejp with 

llCcjp 
Fracture J 

Pipe Pjp 

i HCjp 

HCpq 

Pipe Ppj Pipe Ppq 

Fracture p 

The Center of a Borehole 

for Packer lest or Pumping Test 

Fraalure 

ilCij = Hydraulic conductance for Pipe Pij 
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Figure 5.7e Three dimensional conceptual linear pipe discrete fracture tluid How model V. 
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Figure 5.7f Three dimensional conceptual linear pipe discrete fracture fluid flow model VI. 
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background fractures. If the average transmissivity of the fractures around the borehole is 

assumed to be the same as the average transmissivity of the background fractures, then 

the ratio between (btn)bh and (bni)bg will be the same as the ratio between the average 

hydraulic conductance (transmissivity multiplied by mean width of flow paths) of the 

fractures at the immediate vicinity of the borehole, (HCm)bh ,and the average hydraulic 

conductance of the background fractures, (HCm)bg. 

In the second model (Fig. 5.7b), called Model II, each pipe represents the flow path 

between the center of a fracture disk and the intersection between the fracture and other 

adjacent fractures. An average hydraulic conductance is assigned for all pipes in the 

fractures of the same fracture set both around the borehole and in the background with 

respect to its transmissivity and mean width. 

In the third model (Fig. 5.7c), called Model III, each pipe represents the flow path 

between the center of a fracture disk and the intersection between the fracture and other 

adjacent fractures. While a specific hydraulic conductance is assigned for each pipe both 

around the borehole and in the background with respect to its transmissivity and mean 

width. 

The fourth, fifth and sixth models (Figs. 5.7d, 5.7e and 5.7f), called Models IV, V and 

VI, are similar to Model I, Model II and Model III, respectively, except that the two 

pipes connecting from the center of a fracture disk to the center of another fracture disk 
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which intersects with the first fracture disk, are represented as one pipe with equivalent 

hydraulic conductance. Compared with the first, second and third models, the fourth, fifth 

and sixth models can save the computer resources while they scarify the ability to reflect 

the actual fluid flow paths between fiactures which may be needed to know in the 

investigation of fluid flow and contaminant transport. 

Based on each of the proposed conceptual linear pipe discrete fracture fluid flow models, 

a numerical discrete fracture fluid flow model can be built. To implement the conceptual 

and numerical models in 3-D, a computer program FRACPIPES was developed by the 

author as a preprocessor to obtain all the necessary information including intersections 

between the fractures, boundary conditions, the mean width of flow path for each 

fracture, the total mean width values (bni)bh and (bm)bg, the hydraulic conductance for 

each pipe, the coordinates (X,Y,Z) of the ends of pipes (nodes), the lengths of pipes and 

nodal identifications (constant head or constant flow rate and internal nodes or boundary 

nodes) for each node. Taken those data as input, a modified version of TRINET computes 

the fluid flow in the pipes. The next chapter of the dissertation presents the field 

applications of the Model I and Model III, and demonstrates the systemic procedure in 

determining the hydraulic conductivity tensor by using a single packer test results without 

observing head at any other well. 
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CHAPTER 6 

DETERMINATION OF REV AND HYDRAULIC CONDUCTIVITY 

TENSOR FOR FRACTURED ROCKS - CASE STUDY IN 3-D 

6.1 Introduction 

The hydraulic conductivity tensor in 3-D can be determined by conducting a number of 

field packer tests including enough number of observation points for monitoring the 

change of the water head produced by the packer tests around an investigated region in a 

fi-actured rock mass under some certain conditions based on the continuum approach 

(Hsieh and Neuman, 1985; Hsieh et al. 1985). This chapter proposes a new method to 

determine the three dimensional hydraulic conductivity tensor for a REV block in a 

fi-actured rock, in which the fluid flow is dominated by fractures, firom a single packer 

test without observation wells by using a discrete fi^cture fluid flow numerical approach. 

The discrete fi-acture fluid flow model I was implemented firstly in this application and 

then Model III was examined. The packer tests have been conducted at different depths 

along a borehole in a fractured metamorp'hic rock mass (details about the locality cannot 

be provided at this time due to the confidentiality of the project) (Fig. 6.1). The reported 

packer test results are given in Table 6-1. 

The following were the objectives of this study: (a) to build and calibrate a stochastic 

fi-acture network model; (b) to numerically simulate the conducted packer tests in the 

borehole using a discrete fracture fluid flow approach and to estimate the influenced 
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Figure 6.1 Locations and intervals of packer tests perfoniied along a borehole 

in a tractured metamorphic rock mass. 



Table 6.1 Infomiation about packer tests. 

Depth range Length of Total No. Effec. injec. Effec. Water Effec. water Injection Injection Traditional 

interval of frac. pressure head head rate rate continuum K 

(feet) (feet) (Kpa) (meters) (feet) (l/min/m) (ft^/day) (xlO® cm/s) 

1273.8-1294.3 20.5 31 1252 127.70 419.0 0.393 124.9 3.740 

209.9-1231.5 21.6 35 768.8 78.42 257.3 0.794 265.8 12.400 

1167.7-1189.3 21.6 47 1107.1 112.92 370.5 0.020 6.7 0.221 

1125.5-1147.1 21.6 35 753 76.81 252.0 0.297 99.4 4.750 

1083.3-1104.9 21.6 13 733.4 74.81 245.4 0.893 299.0 14.700 

1041.1-1062.7 21.6 28 1254.1 127.92 419.7 0.757 253.4 7.270 

998.9-1020.5 21.6 46 191.5 19.53 64.1 0.787 263.5 49.500 

682.7-704.3 21.6 47 57.1 5.82 19.1 0.47 157.3 99.400 

640.5-662.1 21.6 45 932,9 95.16 312.2 0.911 305.0 11.800 

598.3-619.9 21.6 35 345.5 35.24 115.6 0.914 306.0 31.900 
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region for the packer tests; (c) to numerically simulate the conducted packer tests in the 

borehole using a discrete fracture fluid flow approach to calibrate the hydraulic 

conductance of fractures in the discrete fracture fluid flow model; (d) to investigate 

whether an REV for hydraulic properties exist for the metamorphic rock mass around ±e 

borehole and if so, to estimate the REV size; (e) to investigate whether the hydraulic 

conductivity of the rock mass around the borehole is anisotropic; (f) If an REV for 

hydraulic properties exist for the rock mass, to determine the equivalent continuum 

hydraulic conductivity tensor in 3D for the rock mass around the borehole which is valid 

for block sizes equal to or greater than REV size; (g) to study the anisotropic hydraulic 

conductivity variation with depth around the borehole. Figure 6.2 shows the flow chart of 

the investigation. The steps given in Figure 6.2 are explained in detail in the subsequent 

sections. 

6.2 Stochastic Fracture Network Model for the Metamorphic Rock Mass around 

the Borehole 

6.2.1 Investigation of statistical homogeneity 

The first step in the procedure of discontinuity geometry modeling in a rock mass should 

be the identification of statistically homogeneous regions (Kulatilake et al., 1993 and 

1996). In this study, only the number of fracture sets and their orientation and intensity 

distributions were considered in determining statistically homogeneous regions with 
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depth. In practice, such regions are determined by visually comparing samples of 

structure orientations, each of which consists of a polar equal-area plot. 

Orientation data from the borehole were used to investigate the statistical homogeneity of 

the metamorphic rock mass around the borehole with depth. Shaded sections in Figure 

6.1 show the locations and intervals of packer tests conducted along the borehole. 

Because the packer tests were performed at different depths along the borehole, it was 

decided to check the statistical homogeneity of the metamorphic rock mass with depth. 

Figures 6.3(a) through 6.3(e) show the upper hemispherical polar equal area plots 

obtained for orientation data for adjacent 100 ft sections along the borehole in the depth 

range 800 to 1300 ft. These plots do not show change of statistical homogeneity with 

depth with respect to orientation and intensity distributions. However, the plots show 

some random variations of orientation and intensity distributions with depth within the 

same statistically homogeneous rock mass. It is reasonable to say that the packer tests 

conducted along the borehole are in the same statistically homogeneous rock mass. 

However, these packer tests are expected to produce hydraulic conductivity values which 

lie within a range to reflect the random variability of the fracture system within the 

statistically homogeneous rock mass. 
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Figure 6.3c Distribution and toal number of discontinuities for the range of depth 1000-1100 

in the packer test boreliole. 
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Figure 6.3d Distribution and toal number of discontinuities for the range of depth 1100-1200 H 

in the packer test borehole. 
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6.2.2 Orientation Modeling 

A previous technical report (Kulatilake et al., 1998) presented the results of orientation 

modeling conducted for the metamorphic rock mass in detail. Table 6.2 shows the 

summary of fracture delineation obtained for the metamorphic rock mass. 

Table 6.2. Summary of fracture set delineation results for the metamorphic rock mass. 

Fracture Set 
Number 

Number of 
Fractures 

Mean Orientation Fracture Set 
Number 

Number of 
Fractures Dip Direction (deg.) Dip Angle (deg.) 

I 89 294 82 
2 411 225 85 
•-» J 218 160 81 
4 141 327 14 

Both the Bingham and hemispherical distributions were found to be unsuitable to 

represent the statistical distribution of orientation of fracture sets. Therefore, empirical 

distributions obtained for orientation of fracture sets were used for generating orientation 

of fractures in 3D surrounding the packer test regions. 

6.2.3 Fracture Size Modeling 

Table 6.3 provides the summary of fracture trace length analysis results obtained for the 

regional clusters of the metamorphic rock mass (Kulatilake et al., 1998). Using the 

computer program JTSIZE3D in FRACNTWK software package, the discontinuity size 

distribution in 3-D for the four regional clusters were estimated (Table 6.4). For all four 
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clusters, the gamma distribution was found to be suitable to represent fracture diameter 

distributions. Table 6.4 provides the 3-D fracture diameter distributions obtained for the 

regional clusters of the metamorphic rock mass. 

Table 6.3 Summary of fracture trace length analysis results for the metamorphic rock 
mass. 

Regional 
Cluster 

U 
rr 

Line 
survey 
cluster 

rr 

Observed 
mean 
Semi-trace 

length(ft) 

Standard 
deviation 
of 
observed 
semi-trace 
length(ft) 

COV of 
observed 
semi-
trace 
length 

Corrected 
mean 
Trace 
length 
(ft) 

a P 

I LSI 2-2 4.1875 3.000817 0.716613 8.24 1.95 4.23 
II LS14-I 7.0806 6.570845 0.928007 8.97 1.16 7.73 
III LS9-I 9.1622 8.632891 0.942229 11.79 1.13 10.47 
IV LSI4-2 7.8658 6.805902 0.865252 12.60 1.34 9.44 

COV = Coefficient of variation 

a, p = parameters of the gamma distributed trace length on infinite size 2-D exposure 

Table 6.4 Summary of 3-D fracture size (diameter) distributions for regional clusters of 
the metamorphic rock mass. 

Regional Line Survey Mean Variance of a P 
Cluster Cluster # Diameter (ft) Diameter (ft") 
I LSI 2-2 6.20 24.46 1.57 3.95 
II LS14-1 2.88 19.99 0.41 6.94 
III LS 9-1 3.48 35.13 0.34 10.10 
IV LSI4-2 5.84 44.35 0.77 7.60 

a, p = parameters of the gamma distributed fracture diameter 
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6.2.4 Three-Dimensional Fracture Intensity Modeling 

Volumetric fracture frequency for a fracture set (number of fractures per unit volume), 

Av, can be related to linear fracture frequency, Jii , fracture diameter D and fracture 

orientation using the following equation (Kulatilake et al., 1993); 

where 

(Xv)i = volumetric fracture frequency of ith fracture set 

(/ii)i = linear frequency of ith fracture set along the mean normal vector direction 

E(D~) = expected value of squared diameter 

E(lnil) = expected value of Inil 

n = unit normal vector of a fracture in the fracture set 

i = unit vector along the mean nomial vector (MNV) of fracture set i. 

(6.1a) 

E(lnil) = E(lnil) (6.1b) 

The computer program 3DINTFID in FRACNTWK software package was used to 

calculate the volumetric fracture frequency for a fracture set. All the estimated A.v values 

for regional clusters are given in Table 6.5. 
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Table 6.5 Summary of 3-D fracture intensity modeling. 

Regional 

Cluster 

Line Survey 

Cluster # 

1D 
Intensity(Scnln) 
(# of Jts/ft) 

ID 
Intensity(MNV) 
(# of Jts/ft) 

Mean 
30 Intensity 
(# of Jts/ft^) 

1 LSI 2-2 1.31 2.70 0.140 
II LSI 4-1 1.85 2.04 0.340 
III LS 9-1 1.47 1.84 0.040 
IV LSI 4-2 0.35 0.83 0.010 

6.2.5 Fracture System Modeling in 3-D Including a Validation 

For the chosen statistically homogeneous rock mass, to describe the fracture geometry 

pattern in 3-D, it is necessary to specify the number of fracture sets, and the statistical 

distributions for the following fracture geometry parameters in the rock mass: (I) number 

of fractures per unit volume; (2) orientation of each fracture set; (3) diameter of each 

fracture set; and (4) location of fracture centers of each fracture set. Mean 3-D fracture 

intensity for each fracture set was estimated in the section entitled "Three-dimensional 

fracture intensity modeling". Because, the fracture spacing for each fracture set followed 

an exponential distribution (Kulatilake et al., 1993), according to statistical theory, the 

Poisson distribution can be used to model the 3-D fracture intensity distribution for each 

fracture set with the calculated mean 3-D fracture intensity value. The empirical 

distribution obtained for the orientation was used to model the orientation distribution for 

each fracture set. For each fracture set, the diameter was found to be gamma distributed. 

Since the fracture spacing of each fracture set followed an exponential distribution, 

according to statistical theory, the location of fracture centers in 3-D can be modeled 
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using a uniform distribution. These statistical models were used in describing the 

fracture system in 3-D for the metamorphic rock mass around ±e borehole. 

The developed computer program GENERATE, which is an extension of the program 

VERJFIC in FRACNTWK software package, was used to generate the fracture system in 

3-D using the statistical models obtained for the fracture geometry parameters. The 

values used for the fracture parameters in obtaining the first generated fracture system are 

termed "before calibration values." The generated fracture system in 3-D was used to 

make predictions of fracture traces for each fracture set on a vertical 2-D window. The 

size of the 2-D window for each fracture set was selected in such a way to make a 

comparison with the fractures mapped using a scanline survey on a 2-D steep exposure 

±at had highly irregular boundaries. For clusters I, III and IV, the window length was 

chosen to be the same size as the length used for the scanline in the field. For cluster 

number II, the window length was chosen to be half of the scanline length used in the 

field. For all four clusters the window height was selected to coincide with the maximum 

height of the exposure used in the field. As an example. Figure 6.4a shows the generated 

fractures on the selected 2-D window for fracture set #1. The summarized results for 

each fracture set of the generated discontinuity system are given in Table 6.6. In Table 

6.6, to obtain the ID intensity (scnin) value, a scanline was drawn on the 2D window 

through the center of the window parallel to the scanline chosen in the field in mapping 

the fracture data for the chosen cluster. The number of fractures that intersected the 

drawn scanline was used to estimate the ID intensity (scnln) value. 
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Figure 6.4a Prediction of fracture traces on a selected vertical window from generated fractures in 3-D 
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Figure 6.4c Prediction of tVacture traces on a selected vertical window from generated fractures in 3-

for regional fracture set //I (LS-12,Cluster H2) - after calibration. 
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Table 6.6 Results for each fracture set of the generated discontinuity system. 

Regional 

Cluster 

Line Survey 

Cluster # 

Mean 

Diameter (ft) 

Mean Trace Length 

on the Window (ft) 

ID 
Intensity (Scnln) 
(# of Fractures/ft) 

I LSI 2-2 5.52 5.45 0.83 
11 LS14-1 2.80 5.98 4.20 
III LS 9-1 3.27 12.89 0.60 
IV LSI 4-2 5.84 13.64 0.33 

To validate the generated discontinuity system, the results given in Table 6.6 and 

predicted fracture traces on selected vertical windows from regional fracture sets were 

compared with actual field line surveys. As an example. Figure 6.4b shows the field data 

obtained for fi^cture set #1 from a scanline survey that was used to compare with the 

predicted fracture traces for fracture set # 1. Three criteria were used to decide whether the 

predicted data are in close agreement with the field data. A close agreement of the 

apparent orientation distribution of the chosen cluster between the fractures mapped on the 

exposure in the field and the traces predicted on the selected 2D window was considered 

as the first criterion. As the second criterion, the ID intensity (scnln) value obtained for 

the fracture set from the constructed 2D window was expected to be in good agreement 

with the 1-D intensity value obtained along the scanline in the field survey. The third 

criterion used was the predicted mean trace length of the fracture set on the 2-D window 

should be in agreement compared to the range between the observed and corrected mean 

trace length obtained from the size analysis performed on field fracture data for the same 

set. Perfomied comparisons indicated that for all four clusters the apparent orientations are 

in good agreement. In addition, for cluster IV, both the mean trace length and 1D intensity 
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criteria were satisfied well. For cluster III, even though the mean trace length criterion was 

satisfied very well, the predicted 1D intensity was found to be on the low side compared to 

the observed value. For cluster II, the predicted mean trace length was found to be lower 

than the observed value and the predicted ID intensity was found to be quite high 

compared to the observed value. For cluster 1, both the predicted mean trace length and 1D 

intensity were found to be lower than the corresponding observed values. For each 

fracture set, the diameter and the 3D fracture intensity parameter values that were used to 

generate fractures were changed until the generated fractures satisfied the aforementioned 

three criteria quite well. Table 6.7 provides the modified values of the summary statistics 

for the diameter and 3D intensity parameters used for the generation. These parameter 

values are termed the "after calibration values." 

Table 6.7 Summary statistics of regional clusters used for generation - after calibration. 

Regional 
Clusters 

Line Survey 
Cluster # 

Mean 
Diameter (ft) 

Variance of 
Diameter (ft^) 

a P Mean 3D Intensity 
(# of Jts/ft^) 

1 LSI 2-2 8.20 24.46 2.75 2.98 0.140 
II LS14-1 3.20 38.00 0.27 11.88 0.100 
III LS 9-1 3.48 35.13 0.34 10.10 0.080 
IV LSI 4-2 4.80 44.35 0.52 9.24 0.015 

a, [3 = parameters of the gamma distributed fracture diameter 

The summary statistics for the fracture geometry parameters resulting from this 

generation are given in Table 6.8. Figure 6.4c shows generated fractures on the selected 

2-D window for fracture set #1 after calibration procedures. These fracture data compare 

reasonably well with the fracture data obtained on scanlines that were laid on exposures 
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having highly irregular boundaries (comparing between Figures 6.4b&c). Also, the 

values given in Table 6.8 satisfy the aforementioned three criteria quite well. 

The calibrated values of fracture geometry parameters of each fracture set were then used 

to generate the 3-D fracture network system having all four fracture sets in a cube of size 

40 ft. Figure 6.5a shows the fracture traces on a selected vertical 2-D window from this 

cube. Figure 6.5b shows the fracture traces mapped from a scanline survey that contained 

traces from all 4 regional fracture sets. To compare between Figures 6.5a & b, it is 

necessary to draw a horizontal scanline on Figure 6.5a and then to compare the 

intersected traces from this scanline with the traces shown on Figure 6.5b. Such a 

comparison shows good agreement between the generated fractures and mapped field 

fractures. 

Table 6.8 Suimnary statistics for generated discontinuity system - after calibration. 

Regional 
Clusters 

Line Survey 
Cluster # 

Mean 
Diameter (ft) 

Mean Trace Length 
on the Window (ft) 

ID Intensjty(Scnln) 
(# of Fractures/ft) 

1 LSI 2-2 7.73 6.47 1.40 
II LSI 4-1 3.20 7.47 1.47 
III LS 9-1 3.27 12.21 1.25 
IV LSI 4-2 4.72 12.92 0.37 
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Figure 6.5a Prediclioii of fracture traces on a selected vertical window from generated fractures 

in 3-D for the metamorphic rock mass around the borehole. 
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63 Identificadon of the Features of the Transmissivity for Different Fracture Sets 

Since the three-dimensional conceptual linear pipe discrete fracture fluid flow model I is 

applied here, the average value of the transmissivity for all clusters (sets) of fractures 

needs to be calibrated. For a single well packer test without observation wells, very 

limited induced hydraulic information from the packer test is available to calibrate many 

unknown hydraulic parameters. For the total depth in which the packer tests were 

conducted, the fracture network in the rock mass exhibited a statistically homogeneous 

property based on the previous results of the investigation in this chapter. The in situ 

observation data for the fractures exposed in the rock core samples indicated that the 

average values of the aperture and the extent of the filling in fractures for different 

fracture sets with different orientations are more or less the same. It provided the 

supporting on the point that the difference between the average values of the 

transmissivity for different fracture sets is not significant. Of most important is that the 

analysis on those packer test results for different depths in the rock mass shows that no 

strong correlation exists between the hydraulic conductivity obtained from the equivalent 

isotropic continuum approach using the packer test results and the fracture composition 

from different fracture clusters or sets (Fig. 6.6). Thus, it is reasonable to assume that the 

average value of the transmissivity is the same for all of the four fracture sets for a 

specific depth range of the packer tests. 
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6.4 Estimation of Influenced Region for Packer Tests and Calibration of 

T ransmissivity 

To numerically simulate each packer test, only two observed information were available: 

(a) the injection water pressure of the packer test and (b) the injection flow rate of the 

packer test. It was decided to use the injection water pressure value as the input to the 

numerical discrete fracture fluid flow model and predict the injection flow rate as the 

output. Only the injection flow rate of the packer test was available to compare with the 

predicted flow rate to calibrate the transmissivity field in the considered discrete fracture 

fluid flow model. On the other hand, at the minimum level, (HCni)bh and (HCni)bg which 

are defined in Chapter 5 of the dissertation ( also which are related) need to be calibrated 

from each packer test results. These developed concepts about the transmissivity from 

Chapter 5 of the dissertation were used in calibrating the average or representative 

transmissivity field in the numerical discrete fracture fluid flow model. 

The fractured rock mass was considered as an unconfined aquifer in 3D. The matrix rock 

was considered as impemieable. As mentioned in Chapter 5, to implement the conceptual 

and numerical models mentioned there, a computer program FRACPIPES was developed 

as a preprocessor to obtain all the necessary information including intersections between 

the fractures, intersections between the fractures and boundaries, (bm)bh and (bni)bg values, 

the coordinates (X,Y,Z) of the ends of pipes (nodes), the lengths of pipes and nodal 

identifications (constant head or constant flow rate and internal nodes or boundary nodes) 
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for each node. Then a modified version of the TRINET computer program ( Segan and 

Karasaki, 1993) was used to calculate the flow through the fracture network. 

The validated stochastic fracture network was used to generate fractures in a cube of size 

100ft. Cubic samples of sizes 21.6, 30, 40, 50, 60ft were selected from the center of the 

cube of size 100ft to investigate the effect of sample size on calibration of transmissivity. 

It was necessary to conduct this investigation to determine the influenced region or 

effective region of the packer tests, hi each of these samples, the borehole was placed 

vertically at the center of the cube to have the center of the packer test to coincide with 

the center of the cube (Fig. 6.7). Note that the vertical boundaries of the cube are denoted 

as B1, B2, B3 and B4, and the two horizontal boundaries are denoted as B5 (top) and B6 

(bottom). The fractures from the stochastic fracture network scheme intersecting the 

borehole were identified and removed, and then they were replaced by the observed 

fractures on the borehole for the considered length using a developed computer program 

named PROBDETERM. For depths below 800ft, for fractures that intersected the 

borehole, the known dip, dip direction and the location of each fracture on the borehole 

were used in placing the observed fractures intersecting the borehole. However, no 

information was available about the size of these fractures. To obtain an estimate for this 

size, several imaginary vertical boreholes of the same size as the actual borehole were 

placed at several random locations in the 100ft cube that had the stochastic fracture 

system and the size of the diameter of each intersected fracture as well as the fracture set 

it belongs to were recorded. This information was used to estimate mean values for the 
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diameter of each fracture set that appeared on the borehole. The estimated mean values 

for the diameter are 11.5, 9.1, 10.5, and 11.2 feet for the fracture sets (clusters) #1, 2, 3, 

and 4, respectively. These mean diameter values were used in representing the fracture 

size of the observed fractures on the borehole. 

For the fractures that intersected the borehole at depths above 800ft only the dip angle 

and the location were available to place them on the borehole. If the fracture had a low 

dip angle, it was identified as a foliation fracture (fracture set 4 in Table 6.2) and the 

mean dip direction of the foliation set was used to represent the dip direction of the 

fracture. Since the fractures belonging to the other three fracture sets Ooint sets) had high 

dip angles it was a difficult task to assign the fracture dip direction just by knowing the 

dip angle. The total nimiber of high dip angle fractures appeared on the borehole 

corresponding to the block size used was divided among the three joint sets according to 

the frequency of the fractiure sets 1,2 and 3 given in Table 6.2. The encoimtered high dip 

angle fractures on the borehole were alternately assigned to one of these three joint sets to 

satisfy the aforementioned calculated numbers. Once each fracture was assigned to a 

particular joint set, its dip direction was represented by the mean dip direction of the 

selected joint set. The same procedure was used as for the fractures located below 800ft 

in assigning the diameter value for each of these fractures. 

The constant head boundary condition was applied to all the boundaries of each selected 

cube. The ratio between (bni)bh and (bm)bg (ie the same as that between (HCni)bh and 
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(HCm)bg ) was calculated for each selected cube. A (HCm)bg value was selected and then 

using the calculated ratio between (HCn,)bh and (HCm)bg , the corresponding (HCm)bh 

value was calculated. The packer test was simulated under steady state hydraulic 

condition using the injected water pressure as the head difference between the borehole 

and the constant head boundaries of the selected cube and using (HCni)bh and (HCn,)bg as 

the hydraulic conductance values for all the borehole fractures and the background 

fractures, respectively. Figure 6.8 shows the variation of predicted injected flow rates at 

different boundaries with the block size for the packer test conducted at the depth range 

1273.8 to 1294.3ft using (HCni)bg = 0.1 ft^ per day. For all practical purposes, the 

horizontal flow rate can be considered to be more or less constant for block sizes greater 

than or equal to 30ft. On the other hand, the vertical flow rate from boundaries 5 and 6 

become more or less constant for a block size greater than or equal to 50 ft. Note that the 

length of the packer test is about 21.6ft. This means that if the boundaries of the cube are 

placed more than about 14ft from each edge of the packer, then the flow rate from each 

boundary as well as the total injection flow rate stays more or less the same with the 

block size. For the metamorphic rock mass it seems that this is happening at a block size 

greater than or equal to about 50 ft (Fig. 6.9). This size can be considered as the 

influenced region corresponding to packer test simulation for the metamorphic rock mass. 

The resulting injected flow rate was then compared with the observed injected flow rate. 

This procedure was repeated using different selected (HCm)bg and corresponding 

calculated (HCn,)bh values until excellent agreement was obtained between the predicted 
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and observed injected flow rates. These resulting hydraulic conductance values are called 

calibrated values. Figure 6.10 shows how the calibrated hydraulic conductance value vary 

with respect to the block size for the depth range 1273.8 to 1294.3ft resulting from the 

packer test simulation. This plot also confirms that the influenced region corresponding 

to packer test simulation for this rock mass is around 50ft. In order to be on the 

conservative side and also to accommodate higher injection effective water pressures at 

other depth ranges, for this rock mass, the influenced block size value corresponding to 

packer test simulation was selected as 60ft. 

The calibrated hydraulic conductance values for both background and borehole fractures 

resulting from a block size of 60 ft and different packer tests conducted at different depth 

regions are shown in Figure 6.11. Figure 6.12 shows how well the predicted and observed 

injection flow rates matched in calibrating the hydraulic conductance values. The ratio 

between (HCni)bh and (HCni)bg obtained for different depth regions are shown in Figure 

6.13. 

6.5 Estimation of REV Size 

The validated stochastic fracture network was used to generate fractures in a cube of size 

100ft. Cubic samples of sizes 21.6, 25, 30, 40, 50, 60ft were selected from the center of 

the cube of size 100ft to estimate the REV size for the metamorphic rock mass around the 

borehole. Each cubic block had two vertical faces perpendicular to the North-South 



u 1 1 — 1 1 1 —, 
0 10 20 30 40 50 60 70 

Block size(feet) 

Figure 6.10 Variation of calibrated mean background hydraulic conductance of fractures with block 

size for the depth range 1273.8-1294.3 ft. 



11 

10 

9 

a 8 

7 

6 

5 - - -0 • - Calibrated HC for pipes in 
background 

—A— Calibrated HC for pipes at 
immediate vicinity of borehole 

4 

3 

2 

1 

0 

0.00 0.50 1.00 1.50 2.00 2.50 

Mean hydraulic conductance (ft ^ /day) 

Figure 6.11 Calibrated mean hydraulic conductance of equivalent pipes for background fractures and the 

fractures at the immediate vicinity of the borehole at different depth regions of packer test. 

00 



11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 
I 

- Observed Injection Q 

Predicted Injection Q 

0 50.0 100.0 150.0 200.0 250.0 300.0 

3< 
350.0 

Flow rate (ft /day) 

e 6.12 Comparison between predicted and observed injection flow rates corresponding to 

calibrated hydraulic conductance values at different depth regions. 

N) 
\D 



11  

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 
0, 

—r— 1 1 1 1 1 
0.36 0.37 0.38 0.39 0.40 0.41 0. 

Ratio between (HC^U and (HCni)i,g 

Figure 6.13 Ratio between and (HC,„)(,g for different depth regions of packer test. 



251 

direction. The calibrated (HCm)bg value for the depth range 1273.8 to 1294.3ft was 

assigned for the fractures in each block. To calculate the directional hydraulic 

conductivity in a chosen direction, a unit hydraulic gradient was applied in that direction 

using the two perpendicular planes of the cube corresponding to the chosen direction. To 

be on the conservative side, the other boundaries of the block were specified as no flux 

boundaries in performing the flow calculations under the steady state using the finite 

element method. The directional hydraulic conductivities obtained in the directions N-S, 

E-W and vertical for each block are shown in Figure 6.14. It is clear from the figure that 

the hydraulic conductivities in different directions do not change with block size (in 

practical sense) for block sizes greater than 40ft. This implies that the REV size for the 

metamorphic rock mass can be considered to be around 40ft. However, to be on the 

conservative side, the REV size to express the hydraulic behavior of the metamorphic 

rock mass was selected as 50ft. 

6.6 Calculation of Hydraulic Conductivity Tensor 

To calculate the hydraulic conductivity tensor for each depth range a cube of size 50ft 

was chosen from the center of the cube of size 100ft having the corresponding fracture 

network. For each depth range this 50 ft block was selected in a number of different 

orientations. The first block was selected in such a way to have two vertical boundaries of 

the cube to be perpendicular to the north direction. To calculate the directional hydraulic 

conductivity in the chosen direction, a unit hydraulic gradient was applied in that 
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direction using the two perpendicular planes of the cube corresponding to the chosen 

direction. The other boundaries of the block were specified as no flux boundaries in 

performing the flow calculations using the finite element method. The calibrated 

background hydraulic conductance value for the corresponding depth range was assigned 

for the fi*actures in the block. Similarly, by rotating the block at 30 degree increments 

around the vertical axis on the horizontal plane and applying the aforementioned 

procedure, the directional hydraulic conductivities were calculated at every 30 degree 

increment on the horizontal plane starting from the north direction. Then vertical planes 

were selected having strikes N-S, N30°E, N60°E, E-W, S60°E and S30°E. On each of 

these vertical planes, the directional hydraulic conductivities were calculated in the 

directions that made angles 15, 30, 60, 120, 150 and 165 degrees with the vertical using 

the aforementioned procedure. Through this way, for each depth range, the directional 

hydraulic conductivity was calculated in 42 directions covering the three dimensional 

space. These values were then used in calculating the principal directions and principal 

values for the hydraulic conductivity tensor for each depth range. 

The following presents the procedure and equations to obtain the hydraulic conductivity 

tensor based on the calculated directional hydraulic conductivity along a hydraulic 

gradient for a REV. The directional hydraulic conductivity K<i (v) is defined as follows: 

Ah.v 
(6.2) 
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where, y is a direction vector, g is vector flux, and Ah is the gradient in direction m. 

The directional hydraulic conductivity along gradient Ah can be expressed by Equation 

(6.3). 

q.m 
= (6.3) 

' - lAAl  

where, lAh| = Ah m is the magnitude of Ah. 

The Darcian law to describe the relation between flux and hydraulic conductivity tensor 

as well as the hydraulic gradient has the form shown in Equation (6.4)., 

q = -KAh = —K \Ah\m (6.4) 

where, K is the hydraulic conductivity tensor. 

From Equation (6.4), the following form is achieved: 

q  =  q  •  r n  = K \ A h \ m  (6.5) 

Based on Equations (6.3) and (6.5), the following relation is obtained; 
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-  i  A A  I  A r j ( m )  =  — I  A A  I  m  ( 6 . 6 )  

Thus, 

KAm)='n Km (6.7) 

By defining a radius vector r  = {Kj i rn) } '^ 'm and multiplying both sides of Equation 

(6.7) by r", the following equation can be achieved; 

r^Kr  =  l  (6.8) 

This is a canonical ellipsoid with semiaxes and where. Ki, Kt and 

FC3 are three principal hydraulic conductivities. 

The following equation can be derived from equation (6.7): 

mi r fCi i^  mi2"K22 - i -  mi3"K33+2mi imi2Ki2+2mi2mi3K23+2mi imaKi3  =  ICd(rn i )  (6 .9 )  

where, Kn, K22, K33, K.i2, K23, and K13 are six independent components of the hydraulic 

conductivity tensor, Kd(m;) is the i"*" directional hydraulic conductivity along the 

hydraulic gradient unit vector m.= (mii, ma, mo)^. 
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If N values of the directional hydraulic conductivity along N specific gradient directions 

are available (N»6), the system of N linear algebraic equations with six unknown 

variables Kn, K.22, K.33, K12, K23, and K.13 can be represented in a matrix form by Equation 

(6.10). 

AX = b (6.10) 

where. 

A = 

m^ I, m,,, mi3,2m,, m,, ,2m, ,/n,3 

m, , ,  ,  m,3 ,2 /712 ,  ,2m; ,m23 

'".VI' ' '".V3 vi/n.v2 '2/n v,m.  V 3 .  

X -  (K- i i ,  K22 ,  FC33,  KI2 ,  K23 ,  K. t3 )^ ;  

b = {Kd(mi), FQCmz), Kd(mN)}^. 

By applying a linear regression model, the estimator K' = (K®ii, K®22, K'33, K^®i2, ^.'23, 

K'^13)^ of the regression parameters X = (Kn, K.22, K.33, K12, K23, K^)^ obtained fi*om the 

method of least squares has the form (Beck and Arnold, 1977): 

= (A'^A)-'A'^b (6.11) 
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A computer program was developed by the author to compute the hydraulic conductivity 

tensor along with the coefficient of determination for an obtained linear regression using 

the above procedure and equations. In addition, three principal values of the hydraulic 

conductivity and three principal directions corresponding to those three principal 

hydraulic conductivities were determined. 

Figures 6.15a through 6.l5g show the variation of directional hydraulic conductivity in 

3D space for the depth range 998.9-1020.5ft. Table 6.9 and Figure 6.16 show how the 

hydraulic conductivity varies with depth with respect to the directions N-S, E-W and the 

vertical. Table 6.10 gives the principal directions for the hydraulic tensor for the 

metamorphic rock mass around the borehole. Note that two of these directions are sub-

horizontal and the third one is sub-vertical. Also, note that three of the fracture sets in the 

rock mass are sub-vertical and the fourth fracture set is sub- horizontal (Table 6.2). It is 

interesting to compare between the directions of fracture sets (Table 6.2) and directions 

of principal hydraulic conductivity directions (Table 6.10). Table 6.11 and Figure 6.17 

show how the magnitude of hydraulic conductivity tensor varies with depth around the 

borehole. Note that the hydraulic conductivity of the rock mass is significantly 

anisotropic. The highest hydraulic conductivity is obtained along a sub-vertical direction. 

This compares very well with the fracture system of the rock mass that has three sub-

vertical fracture sets. Note that the ratio between the major principal hydraulic 

conductivity (Kl) and minor principal hydraulic conductivity (K3) ranges between 3.5 

and 4 for the rock mass around the borehole. Table 6.11 also compares geometric mean 
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Table 6.9 Directional hydraulic conductivity in N-S, E-W and vertical directions 
for different depth regions or intervals of packer test. 

Depth region 

No. 

E-W direction 
(X 10"®cm/s) 

N-S direction 
( X 10' ® cm/s) 

Vertical direction 
( X 10 * ® cm/s) 

1 2.88 5.28 6.56 
2 6.88 14.72 17.60 
3 0.11 0.22 0.27 
4 2.24 4.96 6.08 
5 9.28 19.20 24.00 
6 3.84 8.00 9.92 
7 30.40 62.40 76.80 
8 48.00 102.40 126.40 
9 6.40 13.44 16.00 
10 16.00 33.60 41.60 

Table 6.10 Ranges for directions of principal hydraulic conductivities obtained 
from different depth regions. 

Trend for K1 

(degrees) 

Plunge for K1 

(degrees) 

Trend for K2 

(degrees) 

Plunge for K2 

(degrees) 

Trend for K3 

(degrees) 

Plunge for K3 

(degrees) 

68+R 76+R 200+R 9+R 292+R lO+R 

Note; 0 < R <= 3 
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Table 6.11 Principal hydraulic conductivities for different depth regions 
or packer test intervals. 

Depth region 
No. 

K1 

(xlO cm/s) 

K2 

(xlO cm/s) 

K3 

(xlO cm/s) 

Geometric mean K 

(x10 cm/s) 

K obtained from traditional 
continuum radial flow model 

(x10 cm/s) 
1 6.790 5.710 1.830 4.140 3.740 
2 18.660 15.620 5.040 11.370 12.400 
3 0.282 0.237 0.076 0.172 0.221 
4 6.220 5.210 1.680 3.790 4.750 
5 24.870 20.880 6.710 15.160 14.700 
6 10.180 8.530 2.740 6.200 7.270 
7 79.750 66.820 21.500 48.570 49.500 
8 130.080 108.980 35.070 79.220 99.400 
9 16.970 14.210 4.560 10.320 11.800 
10 43.000 36.000 11.580 26.170 31.900 

Table 6.12a Comparison of principal hydraulic conductivities for the 
depth range 1273.8-1294.3 ft between two realizations of 
the stochastic fracture network. 

Realization No. K1(x10 cm/s) K2(x10cm/s) K3(x10 cm/s) Geometric mean(x1G"® cm/s) 

1 6.78 5.71 1.84 4.14 

2 7.10 6.05 1.96 4.38 

Table 6.12b Comparison of directions of principal hydraulic conductivities 
for the depth range 1273.8-1294.3 ft between two realizations 
of the stochastic fracture network. 

Realization No. Trend for K1 Plunge for K1 Trend (or K2 Plunge for K2 Trend for K3 Plunge for K3 

(degrees) (degrees) (degrees) (degrees) (degrees) (degrees) 

1 69.5 76.4 200.7 9 292.3 10 

2 62.3 77.6 198.2 a.s 289.3 8.2 
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hydraulic conductivity obtained through the principal hydraulic conductivity values 

calculated against the hydraulic conductivities obtained through the radial flow 

continuum porous media assumption for the rock mass around the borehole. These two 

hydraulic conductivities compare quite well. 

So far. for each depth region, the hydraulic conductivity tensor was calculated based on 

one realization of the stochastic fracture network around the borehole. To determine 

whether the particular realization has a significant influence on the hydraulic conductivity 

tensor calculated, for the depth range 1273.8-1294.3ft the hydraulic conductivity tensor 

was calculated based on a second realization of the stochastic fracture network. Figure 

6.18 shows a comparison of the directional hydraulic conductivities based on the two 

realizations. Table 6.12 provides the magnitudes and directions for the principal 

hydraulic conductivities resulting from the two realizations. It is clear from Figure 6.18 

and Table 6.12 that the calculated hydraulic conductivity tensor is not affected 

significantly in practical sense by the particular realization used for the stochastic fracture 

network. 
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6.7 Determination of the Hydraulic Conductivity Tensor Using Model III 

The above results were obtained from the 3D conceptual linear pipe discrete fracture 

fluid flow model I. Similarly, hydraulic conductivity tensor can be determined by using 

model III in which the various values for the hydraulic conductance are assigned for 

different fractures based on the average widths of fluid flow paths in fractures. The model 

III was examined in this part by taking the packer test interval # I as an example. The 

obtained size of the effective region and REV from Model III were similar to those from 

the Model I. The directional hydraulic conductivity along the different gradient directions 

were computed, and then the hydraulic conductivity tensor (Figure 6.19 and Table 6.13) 

using the same procedure as that in Model I. Even though the results show slight 

differences they can be considered as insignificant compared to the variations of 

hydraulic conductivity with depth. One explanation for the phenomenon is that all the 

values of the directional hydraulic conductivity and the hydraulic conductivity tensors 

from the two models were calculated in a REV size of the rock mass in which the fluid 

flow has the sufficient chance to mix together to present the average fluid flow situation. 

Theoretically, however, the Model III has the higher capability in capturing the features 

of the fracture network and hydraulic behaviors for a fractured rock mass since the 

distribution of the hydraulic parameters in the model allows to reflect the fracture fluid 

flow in more detail conceptually. It may be reasonable to apply such a detailed model for 

a case study where the observations of water head at several wells are available as the 

responses from a packer test or pumping test. 
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Table 6.13a Comparison of principal hydraulic conductivities for the 
depth range 1273.8-1294.3 ft between the conceptual 
fluid flow Model I and Model III. 

Model number K1(x10 "®cm/s) K2(x10 cm/s) K3(x10 cm/s) Geometric mean(x10 '^cm/s) 

1 6.78 5.71 1.84 4.14 

III 7.34 6.82 1.75 4.44 

Table 6.13b Comparison of directions of principal hydraulic conductivities 
for the depth range 1273.8-1294.3 ft between the conceptual 
fluid flow Model I and Model III. 

Model Trend for K1 Plunge for K1 Trend forK2 Plunge far K2 Trend for K3 Plunge for K3 

number (degrees) (decrees) (deorees) (degrees) (degrees) (degrees) 

1 69.5 76.4 200.7 9 292.3 10 

III 86.5 79.5 202.1 14.5 292.9 9.4 

6.8 Conclusions 

The procedures used for fracture characterization, generation and validation (Kulatilake, 

1998) showed the capability of validating the developed stochastic fracture network 

model for the metamorphic rock mass (Kulatilake et al., 1998) of the site dealt with. The 

developed discrete fracture fluid flow model showed the capability of simulating the 

packer tests conducted in the rock mass to estimate the influenced region for the packer 

test and the REV size for the rock mass with respect to hydraulic behavior. The discrete 
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fracture fluid flow model also showed the capability of calibrating the hydraulic 

conductance field for the fractures in the rock mass through simulation of packer tests. 

With respect to the hydraulic conductance field of the rock mass, the average hydraulic 

conductance of the fractures in the immediate vicinity of the borehole was considered to 

be quite different to the average hydraulic conductance of the fractures at a significant 

distance from the borehole. A block size equal to or greater than 50ft was found to be 

suitable as the influenced region size to simulate the packer tests. To be on the 

conservative side, a block size of 60 ft was selected as the influenced region size to 

simulate each packer test. A block size equal to or greater than 40ft was found to be 

suitable as the REV size to represent the hydraulic behavior of the rock mass. To be on 

the conservative side, a block size of 50 ft was selected as the REV size to represent the 

hydraulic behavior of the rock mass. The calculated directional hydraulic conductivities 

and the 3D hydraulic conductivity tensor show a significant anisotropy of the hydraulic 

behavior of the metamorphic rock mass. The rock mass has three sub-vertical joint sets 

and a sub-horizontal foliation set. The major principal hydraulic conductivity direction 

was found to be in a sub-vertical direction. This agrees very well with the fracture system 

that exist in the metamorphic rock mass. It was shown how to estimate the 3D hydraulic 

conductivity tensor in a rock mass using a single packer test results along with the 

fracture information for the site. The geometric hydraulic conductivity calculated at 

different depths was found to be comparable to the hydraulic conductivity estimated 

through the continuum porous media radial flow assumption. 
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CHAPTER 7 

SUMMARY, CONCLUSIONS AND RECOiVIMENDATIONS FOR 

FUTURE STUDIES 

7.1 Summary and Conclusions 

Fluid flow modeling in fractured rock masses is a complicated research and application 

topic. Both theoretically and practically it is important in many fields such as geological, 

hydrogeological, environmental and petroleum engineering. The conceptual general 

models to describe quantitatively the fluid flow in fractured rocks were presented in 

Chapter 2 of this study in which fluid flow in both fractures and in matri.x or in only one 

of them was considered. These conceptual models were used in building fluid flow 

numerical models. It is not unusual for both major and minor fractures to exist in an 

investigated rock mass. With respect to that, different ways were proposed to deal with 

various scenarios of the different attributes of the fracture systems and hydraulic 

behaviors for the major and minor fractures in a fractured rock mass. The continuum 

approach in fluid flow modeling can directly be applied to the porous geological media. 

However, it is necessary to investigate its applicability for a fractured rock mass. It is 

important to study the effects of fracture geometry parameters on the hydraulic behaviors 

including block directional hydraulic conductivity and REV. The discrete fracture fluid 

flow approach plays a very important role in investigating the hydraulic behaviors of 

fractured rock masses at various scales. Because of the scalability in discrete fracture 
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fluid flow models, it is possible to investigate fluid flow in a fractured rock mass without 

knowing the REV in advance. 

The discrete fracture numerical fluid flow approach has the capability to capture the 

hydraulic behavior of a fractured rock mass at any scale. However, Considering the 

limitations of computer resources or the other factors such as time and cost consumption, 

an equivalent continuum fluid flow model may be a suitable alternative if the equivalent 

continuum approach is applicable to the fractured geological medium. The discrete 

fracture numerical fluid flow approach can be used to investigate the REV for a fractured 

rock mass. After the REV is evaluated, it can be determined whether the continuum 

approach can be used for the fractured rock mass. 

The ways to treat major and minor fractures in 2D and 3D discrete fracture fluid flow 

models include: a) deterministic fluid flow models with both major and minor fractures; 

b) fluid flow models with deterministic major fractures and stochastic minor fractures; c) 

deterministic discrete fluid flow models with major fractures and REV sub-blocks 

incorporating both minor fractures and matrix; d) fluid flow models with deterministic 

major fractures only; e) fluid flow models with minor fractures only; f) fluid flow models 

with minor fractures and constant head conditions on major fractures. 

The following are the principal conclusions drawn from the study: 
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There exist significant effects of the block size, the orientation and the density of 

fractures in a fractured rock mass on its hydraulic behaviors, such as the directional block 

hydraulic conductivity, REV and the relation between the directional block hydraulic 

conductivity and the connected fracture tensor component. It has been shown that when 

the intersection angle of two sets of fractures decreases, it is more difficult to reach the 

REV size for a discrete fracture fluid flow network. For different fracture networks with 

the same intersection angle between two sets of fractures, the larger the standard 

deviation of the orientation of a fracture network, the easier it is to reach the REV size for 

the fractured rock mass with the fracture network. When the intersection angle between 

two sets of fractures decreases from 90 degrees, effect of the standard deviation of the 

orientation of fracture sets increases on hydraulic behaviors. Therefore, the effect of 

standard deviation of orientation of fractures on hydraulic behaviors can not be neglected, 

especially for a fractured rock mass with low angle between the mean strikes of the two 

sets of fractures. It is observed further that there exists a good statistical relation between 

the directional block hydraulic conductivity and the connected fracture tensor component 

in 2-D. 

The 2-D case study dealt with presented a systematic procedure showing how a discrete 

fracture fluid flow model is built, calibrated and applied in a 2-D field fluid flow problem 

on groundwater resources evaluations in a fractured rock mass. The simple two 

dimensional discrete fracture fluid flow model built using a few available fracture data 

showed that it has the capability to capture the existing anisotropic and heterogeneous 



290 

fluid flow behavior in 2-D field applications. It was shown that the pumping tests can be 

used to calibrate the hydraulic parameters of the discrete fracture fluid flow model, and 

once calibrated, the discrete fracture flow model has the capability to provide accurate 

predictions for new pumping tests. Discrete fracture fluid flow approach provides a better 

chance to capture the 'real world' hydraulic behavior of fractured rock masses compared 

to that of the traditional continuum approach in which, especially, REV may not exist. 

In 2-D fluid flow fields of fractured rock masses, the equivalent transmissivity or 

hydraulic conductance around the pumping wells depends not only on the transmissivity 

of fractures, but on the connection between the pumping well and the adjacent fractures. 

In calibrating the hydraulic parameters for the discrete fracture fluid flow model, the 

hydraulic parameters in all the zones except the zones immediately around the pumping 

wells should be calibrated first before calibrating the zones immediately around the 

pumping wells. Moreover, the obtained calibrated discrete fluid flow model is specific to 

not only to the fracture system but the locations of the pumping wells. Therefore, the 

prediction of the water head drawdowns can only be performed when the pumping wells 

are located at the same locations as in the calibration. This requirement forces that the 

design of location of pumping wells in pumping tests should account for the possible 

locations of production wells. 

Six 3-D conceptual linear pipe fluid flow models were proposed for packer or pumping 

test simulations in which the fluid flow between interconnected fractures is represented 
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either by an individual equivalent pipe on each fracture or by only one equivalent pipe to 

represent the two intersected fractures. In addition, in those models, either the individual 

value of the hydraulic conductance can be assigned for each fracture pipe based on the 

widths of flow paths and fracture transmissivity, or an average value of the hydraulic 

conductance for each fracture set can be specified for all pipes in the same fracture set, or 

an average value of the hydraulic conductance can be specified for all pipes in the 

different fracture sets. Those fluid flow models capture the principal hydraulic features 

in a fractured rock mass such as flow directions, anisotropic behavior, and the degree of 

the connection between the fi^ctures with the equivalent hydraulic parameters. 

Finally, in the 3-D field application, the developed discrete fracture fluid flow models 

showed the capability of simulating the packer tests conducted in the rock mass to 

estimate the influenced region for the packer test and the REV size for the rock mass with 

respect to hydraulic behavior. The discrete fracture fluid flow model also showed the 

capability of calibrating the hydraulic conductance field for the fractures in the rock mass 

through simulation of packer tests. With respect to the hydraulic conductance field of the 

rock mass, the average hydraulic conductance of the fractures in the immediate vicinity 

of the borehole was considered to be quite different to the average hydraulic conductance 

of the fractures at a significant distance from the borehole. The calculated directional 

hydraulic conductivities and the 3D hydraulic conductivity tensor show a significant 

anisotropy of the hydraulic behavior of the metamorphic rock mass. The rock mass has 

three sub-vertical joint sets and a sub-horizontal foliation set. The major principal 
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hydraulic conductivity direction was found to be in a sub-vertical direction. This agrees 

very well with the fracture system that exists in the metamorphic rock mass. The 

geometric hydraulic conductivity calculated at different depths was found to be 

comparable to the hydraulic conductivity estimated through the continuum porous media 

radial flow assumption. The developed 3-D conceptual linear pipe discrete fluid flow 

models captured the main tluid flow features in fractured rock masses. Finally, the 

successful applications of some of those models in the determination of the hydraulic 

conductivity tensor only based on the single well packer tests in a tinctured rock mass 

strongly supports that the models are practicable and applicable to solve inherent 

complicated fluid flow problems in fractured rock masses. Note that each of those 

discrete fi^cture fluid flow models was built by incorporating a fracture network model 

into a fluid flow model. 

7.2 Recommendations for Future Studies 

The proposed linear pipe discrete fracture fluid flow models are with the attribute of 

easier implementation using a numerical approach. Therefore, they grant more possibility 

on the investigation of the hydraulic behaviors for a fractured rock mass in a large scale 

which can match the size of a field problem since those models can utilize the current 

computer resources without much effort in conducting those tasks. 
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Although some research work on the investigation of effect of fracture geometry 

parameters on the hydraulic behavior in 2-D has been conducted including the present 

study in the dissertation, a significant amount of research work on the effect of fracture 

geometry parameters on the hydraulic behavior in 3-D including the size, the location, the 

orientation, the shape of fractures is needed. Especially, since different shapes of 

fractures may e.xist in a fracture set (cluster) or different sets (clusters) for an investigated 

rock domain, it is necessary to investigate the effect of the different shapes of fractures, 

such as circle, oval, rectangle, on the hydraulic behaviors, for example, REV and 

hydraulic conductivity tensor. 

It is most possible that the transmissivity of fractures changes from one fracture to 

another in the same fi^cture set and also, in different fracture sets. Thus, it is 

indispensable to investigate the effect of the transmissivity change of the fractures in a 

fracture set and different fracture sets for a fracture system on hydraulic behaviors such 

as REV and hydraulic conductivity tensor in 3-D. 

The effect of matrix hydraulic conductivity for some fractured rock mass is not 

negligible. It is expected that the matrix behaves as a buffer which reduces the degree of 

anisotropy, smoothes the change of directional block hydraulic conductivity and 

increases the chance to reach a REV for a fractured rock mass. It is interesting and 

important to investigate the effect of the matrix hydraulic parameters including the 

hydraulic conductivity on the REV and hydraulic conductivity tensor in 3-D for fractured 
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rock masses for which the effect of the matrix hydraulic conductivity on fluid flow is 

significant. Similar procedures to those used in this study can be applied to perform such 

an investigation. 

The connected fractures form the fluid flow paths and play a very important role in fluid 

flow for a fractured rock mass. In addition, the connected fracture tensor and its 

components reflect quantitatively the connection of fractures and the number of flow 

paths. Therefore, future research should include the investigation of the relation between 

the hydraulic behavior and the connected fracture tensor as well as the connected fracture 

tensor component in 3-D since most of the research in this aspect were conducted in 2-D. 

The proposed 3-D linear pipe discrete fracture fluid flow models provide the alternatives 

in modeling fluid flow for a fractured rock mass to minimize or avoid the drawbacks on 

time and cost consumption. It is interesting to conduct a field case study to evaluate the 

difference between the 3-D hydraulic conductivity tensors by implementing the proposed 

models in this study. Those discrete fracture fluid flow models will be built based on the 

fracture information including the changes of aperture of fractures for different sets and 

field hydraulic test data either from a single well packer test or a packer test with limited 

number of observation wells. In addition, a continuum approach will be used to set up a 

continuum fluid flow model based on multiple well packer tests with a number of 

observation wells. The investigated site should be selected such that the REV can be 

reached and the REV is less than the size of the effective range of packer tests. 

Furthermore, it is important to compare between the 3-D hydraulic conductivity tensors 
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from ±e packer test results with and without observation wells and estimate the 

difference. 
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