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PREFACE 

This work was sponsored by the U. s. Army Engineer 

Waterways Experiment Station, Geotechnical Laboratory, 

Engineering Geology and Rock Mechanics Division, Rock 

Mechanics Application Group, under contracts DACA39-86-P-

0027 and DACA39-86-M-1365 during the period 7/86 to 5/87. 

The Rock Mechanics Applications Group currently has as 

one of its objectives the characterization of fluid flow 

behavior in fractured rock masses. One of the objectives 

in this area is the assessment of the significance of 

turbulent fluid flow and the effect of surface roughness 

on the measurement of hydraulic conductivity of fractures 

in rock. 

Several overlapping research efforts in regard 

to this problem were underway when I joined the research 

group in the summer of 1986. These included the study of 

grout emplacement techniques in tight fractures of small 

aperture, the prediction of water inflow into underground 

workings, and the measurement of mechanical properties of 

fractured rock masses from fluid pressure experiments. 

After Initial work in the field on these research projects 
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It became obvious to those involved that results were 

often questionable as to their relation to current flow 

theory, and that deviations from currently accepted flow 

law assumptions were common. For this reason it was 

decided that a laboratory test program would be useful 

in the characterization of these deviations for 

deformable rock fractures. The scale problem was a 

question in many of our minds, as well as whether the 

behavior we were seeing in field testing was more a 

function of equipment and procedure rather than 

particular characteristics of a rock mass. It was these 

questions that initially started this laboratory testing 

program. I believe the answers are contained in the 

following pages, though they are of course subject to 

opinion. 

The work contained in the following pages is the 

result of long hours by many, and I especially wish to 

thank Mr. Allen Kimbrell for bringing me to Waterways 

Experiment Station and for overseeing this research. His 

encouragement was often timely and was greatly 

appreciated during the past year. Special acknowledgement 

and a grateful thankyou is due to Mr. Lester Flowers for 

his help in preparation of samples, and to Ms. Benita 

Allen for help in managing an ever expanding data base. 



Additional acknowledgement is due to the various sta££ in 

the Rock Mechanics Applications Group whose advice and 

support has proved valuable throughout the project. 

Special thanks are due to Dr. Ian Farmer for helping 

me get involved in this work in the first place, and £or 

his encouragement throughout my Master's program. Thanks 

are also due to Dr. Jaak Daemen , Dr. Karl Glass, and Dr. 

Ben Sternberg £or their support over the time I have 

attended the University o£ Arizona, and to Dr. Satya 

Harpalani for sitting on my committee. 
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ABSTRACT 

Intact and fractured rock samples were studied in 

the laboratory in order to understand more fully the 

mechanism of closure of fractures subjected to high 

confining stresses and the resultant effect on specimen 

permeability. Confining stresses applied to the specimens 

ranged from 3.0 to 20.0 MPa, and the closure of fractures 

was observed by monitoring the changes in the hydraulic 

conductivity of the specimens. Test results suggest that 

some resealing may occur due to crushing and realignment 

of mineral grains along a fracture surface. The closure 

of fractures is dependent upon the strength of the rock 

mass, the physical nature of the fracture, and the fluid 

pressure present in the fracture. Fracture closure is 

highly time dependent, and a number of nonlinear pressure 

flow relationships have been identified. These deviations 

are thought to represent two fundamentally different 

processes, the roost important of which are turbulence in 

the flow and fracture expansion. 

xiii 



CHAPTER ONE 

INTRODUCTION 

Recently the topic of fluid flow through fractured 

rock masses has garnered a great deal of attention and 

research. This is due to a variety of contemporary 

concerns in the fields of geological engineering, geology, 

and hydrology. The more important of these include 

hazardous waste containment, shear strength of discontin

uities in rock masses, and grout take estimation for 

emplacement of water seals. The analysis of fluid flow 

through fractures becomes very important for rocks of very 

low intact permeability, such as rocks at candidate sites 

for nuclear waste repositories. 

The structural nature of rock masses has led 

researchers to take a discontinuous approach to fluid 

flow problems in fractured rock masses. The often complex 

geometric and petrographic relationships of fracture 

networks within a rock mass lends toward a difficult 
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characterization in the field, and indicates the need 

for research under more controlled conditions in the 

laboratory. Once the mechanics of fluid flow through 

individual fractures are better understood in the labora

tory, a more comprehensive approach can be taken for flow 

problems in fracture sets on a larger scale. 

This study involved the preparation of 35 samples 

of individual fractures in rock which were tested in 

permeameters in the laboratory. The primary objective of 

this research was to assess more fully the mechanism of 

closure of fractures subjected to fluid flow with increas

ing confining pressure, and the corresponding effect on 

flow characteristics through the fracture. 

The first phase of this research involved the 

characterization and testing of intact specimens of 

available rock for control purposes. Intact matrix 

permeability, unconfined compressive strength, and tensile 

strength were determined in order to help define the 

testing program. The second phase of this research 

involved the preparation and characterization of the 

fractures to be tested. Once adequate documentation was 

accomplished, the specimens were tested in the permeame-

ter. In the final phase of work test results were analyzed 

and the samples were reexamined with any changes induced 



from the loading properly noted. 

Chapter Two presents the general analysis for 

fluid flow in fractured rocks and a synopsis of currently 

accepted theory in the field of fluid flow through 

fractures. A brief review of previous work in fluid 

mechanics relating to flow through fractured rock is given 

in Chapter Three. 

The testing program is outlined in Chapter Four 

along with a complete description of all testing proced

ures and equipment. Chapters Five, Six, and Seven present 

the results, recommendations, and conclusions, respect

ively, of the investigation. 



CHAPTER TWO 

FLUID FLOW IN FRACTURED ROCKS 

2-1 Introduction 

Past analyses of fluid flow in fractured rock 

masses have applied both the continuum and the noncon-

tinuum approach. In the continuum analysis the fractured 

rock mass is depicted as being a representative medium 

which can be studied in its entirety. This simplifies the 

study by assuming that average physical parameters can be 

assigned by taking a generalized view of fluid flow in 

the entire rock mass. Darcy's Law is the classical 

application of the continuum approach, and is widely 

used for studying fluid flow in rock masses. In the 

noncontinuum approach fluid flow is analyzed by applying 

equations of flow hydraulics and fluid mechanics to 

individual fractures. Although fluid flow through pipes 

and conduits has been studied to a great extent, a more 
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limited amount of work has been undertaken to study fluid 

flow in fractures. The two equations most commonly used 

to study fluid flow in fractured rock masses are the 

theoretical Navier-Stokes equation and the empirical 

Darcy's Law. 

2.2 Basic Equations 

Fluid flow through rock masses has been studied 

by applying the theoretical Navier-Stokes relationship 

which describes the behavior of viscous flow for an 

incompressible fluid. If the fluid flow is considered to 

be homogeneous, Newtonian, isothermal, and controlled 

only by the mechanical and thermal energy available to 

the system, the following Navier-Stokes relationship 

applies (Iwai, 1976): 

Dv/Dt = f - (l/p)VP + P(V2V) 

where: 

£ = average force vector per unit mass 

v = average flow velocity vector 

v = kinematic viscosity 

P = fluid density 

P = fluid pressure 

The equation of continuity for viscous flow of an incom

pressible fluid is: 

V* v = 0 



By applying the equation of continuity the Navier-Stokes 

equation can be solved for a given set of boundary 

conditions. The analytical solution can be difficult and 

usually requires a simple set of boundary conditions. 

Past studies of fluid flow of an incompressible 

fluid through a continuous rock mass have generally 

applied Darcy's Law which states that the relationship 

between flow velocity and hydraulic gradient is (Ziegler, 

1976): 

V = ki 

where: 

V = flow velocity 

k = coefficient of permeability 

i = hydraulic gradient 

This empirical relationship was derived for the analysis 

of flow through a porous continuum and has been shown to 

be a solution of the Navier-Stokes equation for steady, 

nonturbulent flow (Hubbert, 19 56). Darcy's Law is valid 

for the case of laminar flow in which the relationship 

between flow velocity and hydraulic gradient is linear. 

For the case where the flow velocity and hydraulic 

gradient relationship is nonlinear the Missbach Law is 

generally used in the following form: 

VM = k'i 



where: 

M = degree of nonlinearity 

k'= turbulent coefficient of permeability 

According to Darcy's Law volumetric flow will be: 

Q - kA(Ah/L) 

The use of Darcy's Law is valid if the fractured rock 

mass behaves similarly to a porous medium. A number of 

efforts have been made to modify Darcy's Lav to account 

for fracture geometry and spacing. These methods are not 

applicable to this study, although Ziegler (1976) provides 

a good review. 

For modeling fluid flow through a single fracture 

in a rock mass the continuum approach is in general not 

applicable and in such cases fluid flow has generally 

been modeled by applying the analogy of Incompressible 

viscous flow between smooth parallel plates (Snow, 1965). 

By considering the viscous flow to be laminar, and the 

plates to be horizontal, the flow velocity and hydraulic 

gradient relationship becomes: 

V = (7/12 (i )e2i 

where: 

V = flow velocity 

7 = unit weight of the fluid 

H = dynamic viscosity of the fluid 



e = parallel plate aperture 

i = hydraulic gradient 

Analogously the volumetric flow rate per unit width can 

be expressed by: 

q = (7/12M )e3i 

Similarly by direct analogy to Darcy's Law: 

Q = Ce3Ah 

where: 

Q = volumetric flow 

h = pressure head change 

The above equation is generally known as the cubic law 

with the constant C representing the fluid properties and 

flow geometry of the system. For the case of straight 

flow: 

C = (w/l)(7/12 #t) 

and for the case of radial flow: 

C = (2 1T /ln(R/r))( 7 /12 fi ) 

where: 

w = plate width 

1 = plate length 

R = outer radius of flow 

r = inner radius of flow 



The dimensionless Reynolds number is often used 

to study the type of flow regime encountered in a 

fracture. It is a measure of the ratio of inertial to 

viscous forces of a flow system, and involves velocity, 

fluid properties, and a characteristic length: 

Re = VLp/M = VL/y 

where: 

Re = Reynolds number 

V = flow velocity 

L = 4Rh = four times the hydraulic radius 

For flow between parallel plates the hydraulic radius is 

equal to one half of the aperture, and the Reynolds 

number becomes: 

Rh = e/2 

L = 2e 

Re = 2Ve/|/ 

The smaller the Reynolds number the more important the 

role of viscosity, with Reynolds numbers that approach 

zero indicating that inertial effects on the flow system 

are negligible in comparison to viscous effects. As the 

Reynolds number increases, inertial forces become more 

important, and turbulence can take place as a result. 



CHAPTER THREE 

LABORATORY STUDIES 

A number o£ researchers have investigated fluid 

flow through fractured rocks in the laboratory in order 

to verify the various models and formulas given in 

Chapter Two. Assumptions inherent to the cubic law have 

been questioned as to their applicability to actual rock 

fractures which may exhibit nonuniformity, surface 

roughness, and nonplanarity. Due to surface asperities 

and roughness, fracture aperture may vary considerably, 

and may be locally closed at certain contact points by 

the application of confining stress. Under such conditions 

flow may not be laminar and parallel, both of which are 

key assumptions in the formulation of the cubic law. 

One of the first researchers to study the validity 

of the cubic law was Lomize (1951). Lomize studied the 

effect of surface roughness on the flow regime and 

developed several empirical flow laws in order to predict 

10 



turbulent flow In fractures. His experimental setup using 

glass plates to simulate rock fractures enabled him to 

study flow In models which contained apertures ranging 

from 0.05 cm to 1.0 cm. From his experimental work he 

constructed a flow regime chart and several empirical 

flow laws incorporating surface roughness. 

Romm (1966) studied flow in open fractures with 

very small aperture. His carefully prepared laboratory 

specimens of smooth optical glass contained apertures 

ranging from 10 to 100 um and 0.25 to 4.3 um. In his work 

he demonstrated the validity of the cubic law for open 

fractures for apertures as small as 0.2 um. His focus on 

flow at the wall boundaries showed that a boundary layer 

was often present and that it ranged up to 0.016 um in 

thickness. His calculations showed that the critical 

Reynolds number in the transition from laminar to turbu

lent flow was approximately 2400. 

Louis (1968) developed concrete model fractures 

to study the effect of surface roughness on open frac

tures. Similar to the methods used to develop friction 

factors for pipe flow, his models were used in order to 

develop empirical relationships between flow rates and 

surface roughness. Based on his results Louis character

ized the surfaces of the fractures by means of a surface 



roughness index: 

S = H/e 

where: 

H = mean height of the asperities 

e = fracture aperture 

He postulated that flow regime was a function of the 

surface roughness index and Reynolds number for the flow. 

From his results he developed a model to identify the 

type of flow encountered under various conditions (figure 

3.1). Similar to Romm, he concluded that the critical 

Reynolds number for the transition to turbulent flow was 

2300. 

Sharp (1970) studied flow through natural rock 

fractures in granite which contained apertures ranging 

from approximately 270 um to 1540 um. Sharp began his 

tests from what he considered to be a closed condition 

and then increased the aperture of the fracture by 

jacking the upper half of the samples up with set screws. 

Sharp along with Maini (1971) disputed the validity of 

the cubic law based on their results and proposed an 

empirical flow law incorporating the difference between 

the measured flow rate at a given aperture and the 

initial flow rate at their initially 'closed ' position. 

Sharp and Maini (1972) concentrated on deviations in flow 
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Figure 3.1 Flow regime chart constructed by Louis. 



paths and rate verses aperture, and argued that the 

calculated flow rates observed In their tests were more 

often a function of the aperture to a power of two, not 

three. 

Gale (1975) studied the problem of flow through 

actual rock fractures subjected to confining stress, and 

argued that Sharp's results corresponded to the cubic law 

if one considers the actual aperture in the tests and not 

the calculated aperture based on the difference from the 

initial position. He argued that one should not attempt to 

account for deviations in flow rate in fractures by 

varying the cubic relationship, especially in rock 

fractures where significant roughness can exist along the 

boundaries. 

With the application of confinement across a 

fracture, the flow through a fracture becomes affected by 

contact points developed along the surface. Gale (1975), 

and Iwai (1976), studied the effect of loading on flow 

through both sawcut and induced tension fractures. They 

demonstrated a hysteresis in the deformational behavior of 

the fractures, with a permanent decrease in aperture 

occurring with each loading cycle (Figure 3.2). Iwai 

observed flow through the fractures at confining pressures 

of up to 30 MPa, and decided that flow rates in the 
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Figure 3.2 Decrease In aperture for a fracture subjected 
to loading and unloading cycles perpendicular to fracture. 



samples were primarily governed by the fracture aperture. 

Iwai concluded that the cubic law was valid for fractures 

under confinement with apertures as small as 20 um, and 

incorporated a flow rate reduction factor into the cubic 

law for fractures with apertures less than 15 to 20 um. 

In a review on research conducted at the University of 

California at Berkeley, Witherspoon, Wang, Iwai, and Gale 

(1980) published results which indicated that the cubic 

law was valid for fractures with apertures as low as 4um. 

Witherspoon, Amick, Gale, and Iwai (1979) reported 

on a scale effect for lab specimens. Witherspoon et al 

demonstrated that smaller specimens will have lower 

fracture conductivity than larger specimens under the same 

state of stress. They attributed this to a decrease in 

the number of large flow paths that occur within a natural 

or induced fracture. Since the larger flow paths often 

can contribute a significant percentage of the total 

flow, any statistical decrease can result in marked 

conductivity changes. Gale and Raven (1982) similarly 

concluded that if only the state of stress is measured and 

the aperture is calculated using the cubic law errors can 

potentially result. 

Gale (19 82) reported on the effect of fracture 

type on the stress and fracture closure relationship. In 



his tests Gale noticed a distinct difference between 

induced fracture samples and natural fractures. The 

natural fractures exhibited higher flow rates than the 

induced fractures, and showed a breakdown in the validity 

of the cubic law relationship at lower levels of stress. 

Although deformational hysteresis occurred for both types 

of fractures, the natural fractures were stiffer under 

loading than the induced fractures. At high levels of 

confining stress Gale noted significant deviations from 

the cubic relationship, and concluded that the cubic law 

was not valid for any of his specimens when stress 

exceeded 30 MPa. 

More recently a large amount of attention has 

been placed on modeling of fracture surface roughness and 

aperture, including Tsang, Vitherspoon (1981), and 

Barton, Bandis, Bakhtar (1985). Neuzil and Tracy (1981) 

modeled fracture aperture distribution and attempted to 

incorporate a variable aperture into the cubic relation

ship for fracture flow. In their model the fracture is 

represented by a set of parallel plates with different 

aperture normal to the direction of flow (figure 3.3). For 

their model a log normal distribution was used for 

fracture aperture, and a modified cubic law was derived 

from the assumed geometry of the flow system. Their model 



Figure 3.3 Fracture modeled by parallel plates 
varying aperture (Neuzil and Tracy, 1981). 



was developed both £or the case o£ a fracture with walls 

in partial contact undergoing loading, and an open 

fracture in which there exists no contact between the 

walls. 

Gale (1987) presented the results of fluid flow 

studies where resin grout was injected through the 

fractures and allowed to set up. By doing this he was able 

to impregnate the fracture and make a cast of the actual 

aperture distribution present under a specific state of 

stress. After the resin set up he was able to section the 

sample and make an accurate measurement of the aperture 

across the fracture. He concluded that the resin thick

ness was log normally distributed, and that the mean 

resin thickness was greater than the apertures computed 

from the flow tests. 

Although much research has been done in the area 

of fluid flow through fractures there exists much 

conflicting evidence on whether current approaches to 

flow problems are valid. Most recently work has been 

focused on demonstrating the validity of the cubic law for 

flow in fractures that are in close contact. The approach 

has been to generally correct the parallel plate theory 

for surface roughness, and a number of empirical relation

ships have been developed with varying applicability. 



CHAPTER FOUR 

PERMEABILITY TESTING 

4.1 Introduction 

This laboratory testing program consisted of three 

phases: sample preparation, fracture characterization, and 

pressure injection testing. All testing was accomplished 

with rock samples prepared from NX size drill core. The 

specimens contained primarily induced fractures, although 

a number o£ intact natural fractures were also used from 

recovered drill core. Four different lithologles were 

tested in this study: Berea Sandstone (Ohio), Hartshorne 

Sandstone (Dardenelle Dam, Arkansas), basalt from the 

Umatilla member of the Saddle Mountain Basalt (McNary Dam, 

Oregon), and a gneiss from the Orofino Metamorphic Series 

(Dworshak Dam, Idaho). 

4.2 Litholooies Tested 

Four lithologies were tested in order to provide 

a better data base on fracture style and geometry. 
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The lithologles were chosen £or their different petrologic 

chemistry and varying Intact matrix permeability. 

Berea Sandstone is a well sorted, clean quartz 

arenite with a quartz content exceeding 90 percent 

of the rock by weight. Minor variations in the cement 

occur on a microscopic level, with the cement being 

primarily siliceous and sometimes dolomitic. The specimens 

typically consist of subangular to subrounded quartz 

grains with minor amounts of angular feldspars and 

kaolinite. Total porosity of the Berea Sandstone ranges 

from 15-20 percent, and has been studied by a number of 

researchers in detail. Connective porosity, 0O, has been 

determined to be approximately 13 percent of the total 

porosity (Caruso et al, 1985). In their tests, Caruso et 

al determined that the connective pore spaces formed 

relatively thin curvilinear sheets and tubes which had 

uniform apertures of approximately 12 um. The intergran-

ular pores were approximately ten times larger than the 

connective pores, smaller than the average quartz grain, 

and irregular in shape. 

Hartshorne Sandstone is a poorly sorted, silty 

sandstone in which quartz grains are interbedded with 

thin layers of silty clay. The porosity of the rock 

varies from 5-10 percent. The rock Is slightly metamor



phosed to quartzite in places, and is siliceously cement

ed. Continuous layers less than one millimeter in thick

ness o£ organic rich silts and clays lie perpendicular to 

the long axis of the core samples. Core recovery and RQD 

of the Hartshorne Sandstone was often 97 percent or 

better, and two to three meter long intact pieces were 

often recovered. 

The basalt used in this study is a dense, nonves

icular, and fine grained basalt with a porosity of less 

than one percent. The groundmass is primarily labradorite 

feldspar, and calcic plagioclase. Phenocrysts are primar

ily olivine, hornblende, and minor amounts of garnet. 

The gneiss used in this study is a member of a 

group of Belt-Purcell sedimentary rocks which have been 

metamorphosed to varying grades, the most common of 

which are hornblende and biotite gneisses. The gneiss used 

for the experiments is a foliated and banded rock consist

ing of alternating bands of felsic and mafic minerals, 

which are usually one to two centimeters thick. The felsic 

layers are primarily quartz and feldspar, with the primary 

mafic minerals being ferromagnesian hornblendes, biotite, 

and augite. 



4.3 Specimen Preparation 

Thirty-five specimens were prepared from intact NX 

size drill core, which ranged in diameter from 500 mm to 

510 mm. The length of the specimens varied from 950 mm to 

1150 mm. Specimen dimensions were kept as uniform as 

possible in order to reduce the size effects that have 

been observed by other researchers including Gale and 

Raven (1980). Although no specific guidelines for specimen 

size are widely accepted in the scientific community at 

present, a length to diameter ratio of two was desirable 

for the testing apparatus employed and was recommended by 

Sandia Laboratory researchers involved in similar work 

(C. Gulick, J. Stormont, personal communication, 1986). 

Specimen preparation involved selection of 

appropriate samples from recovered drill core, followed 

by cutting the core to the desired length with a rotary 

diamond blade on a Highland Park rock saw. The ends of 

the specimen were then finished by an automatic grinder 

until they were within +/- 0.25 nun of being parallel. This 

grinding was necessary for proper fit of the pressure 

injection platens, and deemed desirable for control on 

specimen uniformity. 

Once the specimens had been finished properly, 

fractures parallel to the long axis o£ the core were 



Figure 4.1 Diagrammatic sketch of Modified Brazilian 
Test Procedure used to induce fractures in specimens. 



Figure 4.2 Fractures were induced with an MTS servo
controlled loading ram and special triangular platens. 
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induced into the specimens by employing a modified 

Brazilian test procedure (figures 4.1,4.2). Two special 

steel triangular platens were made in order to insure 

proper splitting. The samples were loaded until failure 

under tension, and the tensile strengths of the rock 

specimens were calculated from (Jaeger and Cook, 1984): 

<7T = (2P)/(7TLD) 

where: 

P = force applied at failure 

L = length of the specimen 

D = diameter of the specimen 

Brazilian tensile strengths for the four rock types are 

given in Appendix A. In order to minimize platen effects 

and reduce the formation of wedge failures near the point 

of application of the line load, notches were cut in some 

of the samples to insure more uniform splitting along the 

diametral plane. Examples of induced tension fractures are 

given in figure 4.3 . Specimens were weighed both before 

and after fracturing in order to determine mass loss of 

the specimen from fracturing. 

4.4 Fracture Characterization 

Before loading the samples in the permeameter and 

testing the specimens it was necessary to characterize 

the nature of the fractures as best as possible. This was 
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Figure 4.3 Berea Sandstone 17 after fracturing. 



done with mapping of the fracture surfaces by super

imposing a coordinate system on each individual specimen. 

Vertical control was necessary in order to assess the 

nonplanarity and surface roughness of the fractures as 

well as for control purposes in loading the samples into 

the permeameter. This was accomplished by scoring the 

flat ends of the specimens perpendicular to the long axis 

of the core. By employing the use of a sample holder made 

of aluminum and steel (figure 4.4), it was possible to 

score the specimens with a lathe on either end, keeping 

the scores completely parallel. These parallel scores on 

either end of the specimen were then used as the hori

zontal reference plane, in which the z coordinate of the 

system would equal zero. A right handed coordinate system 

was used with the x direction parallel to the long axis of 

the core oriented along the length of the specimen, and 

the y direction oriented along the diameter of the 

specimen (figure 4.5). 

Once the specimen had been properly scored on 

either end, the fracture surfaces could be gridded by 

imposing a rectangular net of points upon the fracture 

surface. The spacing of these points varied by specimen, 

but typical xy spacings were in the range of 5-10 mm. 

Spacings were kept constant for each fracture surface in 



Figure 4.4 Dlagranunatlc sketch of sample holder used In 
study. 
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Figure 4.5 Coordinate system imposed on the fracture 
specimens. 



ocder to reduce sampling error by providing a regular 

sampling distribution. These points were painted onto the 

fracture surfaces with the aid of small pins and tem

plates of varying size and spacing. By mating the fracture 

surfaces together before the paint dried, the two halves 

of the sample could be gridded with only minor distort

ion between the nets on the two mating surfaces. 

Fracture surface mapping involved the use of one 

of the two halves of the sample holder, a smooth and 

horizontal testing surface, and a LVDT mounted to a 

movable arm. First the fracture is suitably position

ed in the holder with the reference scores as close to 

horizontal as possible, usually checked by both a level 

and the LVDT. Set screws were used to keep the sample 

from moving within the aluminum collar of the holder once 

positioned satisfactorily. The specimen was then suitably 

positioned under the LVDT (figure 4.6) and the LVDT pin 

was positioned at the reference score. The readout for 

the LVDT was zeroed, and the clamps on the arm holding 

the LVDT were tightened to prevent movement. The elevation 

of each point with respect to the reference score could 

then be determined by moving the specimen under the LVDT 

pin, recording the reading in millivolts, and converting 

to units of length. 
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Figure 4.6 Diagrammatic sketch o£ surface mapping 
tools and technique. 



once the £racture surfaces had been satisfactorily 

characterized, topographic maps and cross sections of the 

surfaces could be generated. By merging the data sets 

for each pair of mating surfaces, it is possible to 

make an estimation of the aperture of a fracture for a 

specimen in the unloaded state. It can be seen that if 

the coordinates of a point on a fracture surface with 

respect to the reference plane are (x,y,z), and the 

coordinates of the corresponding projection of that point 

perpendicular to the xy plane on the mating fracture 

surface are (x,
/y,

/z')/ then the aperture of the fracture 

at that point will be: 

(x,y,z) - (x,
/y,

/zl) = (0,0,z-z') 

where 

z-z' = aperture of the fracture perpendicular to 

the xy plane. 

Since flow is assumed to be horizontal and parallel to 

the xy plane, this aperture should represent the aperture 

of the fracture in the unloaded state. It is also possible 

to make estimations of fracture deformation under loading 

by remapping the fracture surfaces after testing. 

4.5 Permeability Testing 

Once the fractures had been adequately character

ized they were ready for testing. All permeability 
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Figure 4.7 Diagrammatic sketch of the Hassler cell 
apparatus. 



testing was accomplished with the use o£ the Hasslec cell 

(figure 4.7). The Hassler cell is a steel pressure 

chamber fitted with special stainless steel high pressure 

tubing (figure 4.8). Injection platens with stainless 

steel porous wool are placed on either end of the cylin

drical specimen, and the specimen is jacketed with an 

impervious rubber sleeve. The specimen is then loaded 

into the cell, O-rings are emplaced at the ends of 

the cell, and the cap is tightened to seal the cell. The 

Hassler cells used in this study were capable of with

standing pressures of up to 10,000 psi, although the 

tubing used with the cell was only rated up to 5000 psi. 

The stainless steel tubing from the platens was then 

connected to injection and collection plumbing, and the 

cell was filled with water through the confining port. 

Water was used as the confining medium for safety consid

erations. After the cell was filled with water the confin

ing port was sealed by tightening the farrel connecting 

the line from the confining pressure tank to the cell. 

Confining and injection pressures were applied by nitrogen 

gas from two pressure tanks. After filling the injection 

reservoir, and draining the collection reservoir to the 

appropriate level, the specimen was ready for testing. 
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Figure 4.8 The Hassler Cell Apparatus, no te rubbar 
sleeve, resevoirs mounted above the cell, and confining port 
located at the top of the cell. 



Figure 4.9 Hewlett Packard data acquisition unit and 
microcomputer used to monitor permeability tests. 
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Tests were monitored with the help o£ a Hewlett 

Packard personal computer, coupled with a data acquisi

tion unit (figure 4.9). This allowed for continuous 

monitoring while the testing was in progress without 

the need of a technician. Pressure transducers and flow 

meters convert information to electrical signals which are 

scanned by the system every 5 seconds. For the very low 

flow rates in many of the tests, the outflow meters were 

found to be very imprecise, and consequently were not used 

for this study. Instead the program used for monitoring 

the system was modified for manual flow volume input, with 

the system CPU clock still used as a timer. Volume of 

fluid flowing through the samples was measured by using 

various sized burets as the collection reservoir. Check 

valves prevented position head pressure from the 

collection reservoir to be transferred to the system and 

thereby reduced any buildup of back pressure with increas

ing time. 

Specimens were normally placed under water 

in holding tanks for one to two weeks in order to saturate 

them before testing. This was especially important for the 

Berea Sandstone, which is very porous. Despite attempts to 

saturate specimens, however, large volumes of air usually 

remained in the specimens. For this reason samples were 



usually loaded to an Initial confining pressure of 700 

KPa, and water was injected into the specimens at 70 KPa 

for 2 to 10 hours in order to achieve maximum saturation. 

After saturation was achieved the samples were loaded 

cyclically twice to 20 MPa before testing. 'On the third 

loading cycle pressure testing began, with the first tests 

run at 3.0 to 3.5 MPa confining pressure. Typically a 

minimum of three tests at injection pressures ranging from 

100 to 700 KPa would be run at every confining pressure. 

The time required for each test ranged from 10 minutes to 

2 weeks, depending on the permeability of the specimen. 

Injection pressures were always zero as confinement was 

increased. One to two hours were allowed to elapse after 

an increase in confinement before any tests were run on a 

specimen. Repeatability of the tests was checked often as 

the specimens were gradually loaded to a final value of 

confining pressure in the range of 18 to 20 MPa. 

As the sample was unloaded tests were sometimes 

run in order to monitor fracture opening with decreasing 

confining stress. Confinement was gradually released, 

usually over a period of 20 to 30 minutes, and the 

samples were unloaded from the cells in the reverse 

of the procedure outlined previously. Visible inspection 

and weighing of the saturated specimens were done to 



identify any destruction o£ the specimens from testing, 

and for calculation of wet densities. Post testing 

included fracture mapping, and in some cases renewed 

Brazilian testing for fractures that had seemed to "heal" 

and could not be pulled apart by hand. This phenomena 

occurred often for the Berea Sandstone and the gneiss. 



CHAPTER FIVE 

TEST RESULTS 

5.1 Introduction 

The results of this study are tabulated In 

Appendices B, C, D, and E. Measured values in the permea

bility tests include flow rate (Q), confining pressure 

(CP), injection pressure (HP), and time (t). Calculated 

values include permeability (K), aperture (e), and 

Reynolds number (Re). Closure of the fractures was 

monitored by observing changes in the hydraulic conduct

ivity of the specimens. Permeability values were calc

ulated based on the entire cross section of the specimen. 

Since the intact matrix permeability of the rock mass as 

well as the fracture permeability both contribute to the 

hydraulic conductivity of the specimens, the values of K 

represent a combined flow condition. This is an important 

consideration when analyzing the data. 

41 



42 

5.2 Matrix Permeability 

The initial tests to determine intact permeability 

(pre-fracturing) for the four lithologies used in this 

study indicated nearly uniform permeability within each 

rock type. Values of intact permeability varied from 

1.0 E-06 cm/s to 2.0 E-10 cm/s or less, eg: 

Table 5.1 Matrix Permeability vs Lithology 

Lithology No. Samples Average Std. Dev. 

# Kjwva (cm/s) S (cm/s) 

Berea Sandstone 13 1.35 E-06 5.44 E-07 
Hartshorne Sandstone 6 2.16 E-09 3.77 E-10 
Gneiss 8 1.78 E-10 3.15 E-ll 
Basalt 6 * * 

* matrix permeability too low to measure with the cell 

The basalt used in this study was so dense and impermeable 

that the intact permeability could not be measured with 

the cell. The matrix permeability for the other three 

lithologies showed little dependence on the values 

of confining stress at the pressures used in these 

experiments. The fluid flow in the tests of the intact 

specimens was darcian, with no noticeable change in 



permeability with injection pressure. Reynolds number for 

these tests varied from 0.08 to 0.1, and Indicate that 

the flow regime In the Intact tests was laminar. 

The variability in the value of permeability for 

the tests of the intact specimens of Berea Sandstone 

was significantly greater than the two other rock types. 

This may be due to a larger sampling population and may 

not necessarily Indicate more variability in the rock 

fabric. The Hartshorne Sandstone contains a number of 

low permeability clay layers perpendicular to the flow 

paths in the specimens. These clay layers are most likely 

responsible for the low values of permeability for the 

rock despite high values of porosity. The gneiss samples 

did not exhibit great variability despite the layered 

nature of the mineral fabric, because of the uniformity of 

the rock on the scale of the samples tested. The gneiss 

samples generally contained the same fabric orientation, 

mineralogy, and layering. This explains why little 

variability is exhibited between samples, but is not an 

indication of isotropic permeability for the gneiss. In 

general petrologic differences between samples of a 

rock type were minimal, and the permeability results for 

tests of the intact specimens were very uniform. 



5.3 Nature of Fractures 

The induced tension fractures varied from specimen 

to specimen and from lithology to lithology. The fractures 

exhibit both microscale surface roughness, and larger 

scale nonplanarity. Since a large body of information 

already exists on the effect of surface roughness on the 

validity of the cubic law for fractures (Witherspoon et 

al, 1980), more attention was focused on the nonplanarity 

of the fractures. In general the nonplanarity of the 

fractures could be quantified by calculating the maximum 

vertical relief of a fracture in the z direction, and 

normalizing this with respect to the fracture length. The 

value of this dimensionless planarity coefficient, Pes, 

is therefore equal to: 

Pc = (Zmax - Zmin)/L 

where: 

Zmax,Zmin = maximum and minimum value of z for 

the imposed coordinate system 

L = a respective length for normalizing 

purposes 

After careful study it was determined that in order to 

make this value useful in generalizing the character 

of a fracture, values should be calculated for sections 

parallel and perpendicular to the flow paths for the 
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specimen. From the topographic surface maps generated by 

contouring the fracture surface data, the maximum values 

of Pes in the two mutually perpendicular directions 

(longitudinal,Pet.; diametral,P<=D) can be found for each 

specimen (figure 5.1). These could then be used to 

quantify the variation in the nature of fracture surfaces 

with specimen and rock type: 

Table 5.2 Average Fracture Planarity vs. Lithology 

Lithology Per. PCD 

Berea Sandstone 2.13 E-02 3.05 E-02 
Hartshorne Sandstone 3.74 E-02 8.11 E-02 
Gneiss 4.78 E-02 1.01 E-01 
Basalt 1.02 E-01 1.14 E-02 

The values of planarity can represent two fundamentally 

different characteristics for the fractures. Without 

filtering the surface data to remove regional gradients, 

relatively planar fractures oriented at a significant 

angle from the xy plane will yield similar values to a 

very irregular fracture that undulates in and out of the 

xy plane. This difference should be considered when 
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Figure 5.1 Method of calculating planarity coefficients 
for Basalt 5. 



Interpreting the surface data, since both cases involve 

deviations in the assumptions inherent in the formulation 

of the cubic law, decoupling of the two characteristics 

was waived until further study indicated the usefulness 

of the method. 

The Berea Sandstone fractures tend to have the 

lowest values of Pa, and were generally very planar 

fractures coincident with the maximum diameter of the 

specimens. The fractures exhibit small scale roughness 

with rounded quartz grains of approximately 0.1 mm in 

diameter distributed uniformly along the surface. The 

Berea Sandstone typically lost more mass in the fracturing 

process than the other rock types, but loss was still very 

minimal and always less than 1.0 percent of the original 

rock mass. A typical Berea Sandstone surface is given in 

figure 5.2 . 

The Hartshorne Sandstone fractures were generally 

less planar than the Berea Sandstone, and exhibited 

similar small scale roughness. Since the Hartshorne 

Sandstone is finer grained than the Berea Sandstone, the 

small scale roughness was generally not as pronounced and 

the mean height of the asperities was not as great. A 

good analogy would be the difference in fine verses 

coarse sandpaper. The thin clay layers in the specimens 



do not seem to have a££ected the style of fracture for 

the Hartshorne Sandstone (figure 5.3). 

The gneiss samples were often difficult to 

fracture properly, and were usually wavy and not aligned 

along the diametral plane. Small scale roughness was 

similar to larger scale roughness with wavy forms oriented 

along microfoliation planes. The layered nature of the 

rock tended to give the fracture surfaces a washboard 

texture (figure 5.4). The surface roughness was very 

uniform, which is why values for the planarity coefficient 

are so much higher for the diametral direction than the 

longitudinal direction, the normalizing length being much 

shorter in that direction. 

The fracture surfaces in the basalt specimens were 

commonly the most nonplanar of the fractures tested. The 

basalt fractures were never aligned along the diametral 

plane, and were very wavy to irregular (figure 5.5). The 

surfaces on a small scale were very smooth due to the fine 

grained crystalline nature of the rock, and hence small 

scale roughness was much less than for the other three 

rock types. Sharp breaks and irregularities are often 

present randomly distributed across the surfaces, and are 

commonly associated with slight local changes in the 

petrochemistry of the mineral fabric. 
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Figure 5.2 A typical fracture surface for the Berea 
Sandstone specimens. 
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Figure 5.3 A typical fracture surface for the Hartshorne 
Sandstone specimens. 
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Figure 5.4 A typical fracture surface for the gneiss 
specimens. 
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Figure 5.5 A typical fracture surface far the basalt 

specimens. 



5.4 Fracture Permeability 

Permeability o£ the fractured specimens was 

dependent upon a number of factors. The most Important of 

these controlling factors were the aperture of the 

fracture and the stress history of the fracture. Fracture 

closure was monitored by application of the cubic law 

relationship. All aperture values for the tests were 

indirectly calculated from the flow rates measured, and 

were not directly measured In the cells. Permeability of 

the rock matrix influenced the flow rate as well as the 

pressures used for testing. 

5.4.1 Fracture Closure 

The aperture of fractures in the specimens 

decreased under increasing confining stress, with a 

permanent set in the fracture aperture occurring with each 

loading cycle (figure 5.6). This decrease was similar to 

those reported by Iwai (1976). The loading curves were 

typically curvilinear, concave upward (£'> 0), but are 

occasionally concave downward (f'< 0) (figure 5.7). 

Variations in fracture closure with lithology were noted, 

but typical fracture apertures for the specimens tested in 

the third loading cycle ranged from 2.0 x 10~3 meters to 

7.0 x 10-® meters. Even after two previous loading 

cycles, fracture aperture would change orders of magnitude 
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Figure 5.6 Change in fracture aperture with increasing 
confining stress for two loading cycles on a sample of 
Berea Sandstone. 
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Figure 5.7 Decrease In fracture aperture for seven 
specimens of gneiss during the third loading cycle. 



under loading £rom 3.5 to 20.5 MPa confining stress. 

5.4.2 Time Dependency 

A reduction in the height of major asperities on 

many of the Berea Sandstone and gneiss specimens was 

often observed. The change in surface roughness after a 

series of tests for a specimen is shown in figure 5.8. 

Closure of the fractures was found to be significantly 

time dependent (figure 5.9), and the laboratory procedure 

had to be normalized accordingly. Figure 5.9 illustrates 

the effect of time dependent behavior for closure of a 

fracture in Hartshorne Sandstone. The specimen was loaded 

at 3.8 MPa for a period of 336 hours, with a constant head 

pressure of 0.4 MPa moving water through the specimen 

while loading. Over a period of two weeks the aperture of 

the fracture decreased seven percent, with a three percent 

decrease occurring in the first thirty minutes. The curves 

for other specimens were often similar with most fracture 

closure occurring over a period of 30 to 60 minutes after 

initiation of an increase in load. 

This closure is envisioned to be an inelastic 

deformation in which small shearing deformations occur 

locally at contact points distributed along the fracture 

surface. The effect of this is to close or decrease the 

aperture of certain flow paths along the fracture surface. 
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Figure 5.8 Change In surface elevation for a fracture 
surface of gneiss subjected to three loading cycles. 
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Figure 5.9 closure of a fracture with time in Hartshorne 
Sandstone subjected to 3.8 MPa confining stress. 



This reduces the volumetric flow rate and decreases 

the value of aperture calculated using the cubic law. 

5.4.3 Deviations From Parens Law 

The effect of injection pressure on the permeabil

ity of the specimens was examined by running tests at 

three or more injection pressures for each confining 

pressure during a loading cycle. The relation between 

pressure and flow rate was commonly observed to deviate 

significantly from Oarcian assumptions of linearity, as 

evidenced in figure 5.10. Only six of the specimens 

tested showed an independence in the calculated values of 

aperture from the head pressures used in testing, although 

the deviations decreased significantly in magnitude with 

an increase in confining stress. This could be caused by 

a number of factors, including the existence of turbulence 

or a boundary layer in the flow; or from the effects of 

fluid pressure on the contact points under confining 

stress across the fracture. Parallel research by the 

author on cement and resin grouts indicate that fluid 

properties may cause deviations in measured flow rates at 

low hydraulic gradients, even for newtonian fluids. 

5.4.4 Turbulence and Energy Loss 

The existence of turbulence in the flow is 

a very important consideration when calculations of 
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Figure 5.10 Change in permeability of a Hartshorne 
Sandstone specimen with increasing injection pressure at 
three confining stresses, for one loading cycle. 



aperture are dependent on measured volumetric £low rates. 

If turbulence takes place during a test, a reduction in 

the volumetric flow rate will occur, and consequently the 

calculated value of aperture will be less than the 

actual value present. Since the Reynolds number calculat

ion is based on the aperture of the fracture, and the 

fracture aperture is calculated from the cubic law 

assuming laminar flow; the Reynolds number alone for these 

tests was not sufficient for characterizing the flow 

regime. For this reason a technique was needed to identify 

the energy losses occurring in the system from turbulence. 

Based on the work of Louis and Maini, three 

types of pressure flow relationships are evident from the 

tests. When plotted as a log-log relationship, the 

arithmetic slope of the curve will be an indication of 

the flow regime (Kimbrell and Miller, 1987). For the case 

where the flow regime is laminar throughout a range of 

injection pressures, the slope of the plot will equal 

one with any increase in the injection pressure matched 

by an equivalent increase in the flow rate for the system. 

If the flow regime is turbulent, the slope of the plot 

will be less than one with increases in the energy input 

to the system (injection pressure or hydraulic gradient) 

causing only fractional increases in the flow rate. The 



difference in this slope from the slope of one is a 

measure of the energy loss in the flow system from 

turbulence. The final case occurs when the slope of the 

log-log plot is greater than one. This is caused by 

fracture 'jacking', where the aperture of the fracture is 

increasing with higher injection pressures, and volumetric 

flow rates are correspondingly increasing. This is most 

likely due to an Increase in the pore pressure in a 

fracture, which decreases the effective stress normal to 

the fracture. Small changes in aperture can cause very 

large increases in the flow rate of the system based on 

the cubic relationship. 

All three situations were evident from the log-log 

plots of the test results. In some instances a fracture 

would seem to jack open in the initial tests, become 

linear for a few more tests, and then become turbulent. 

Figure 5.11 illustrates this complicated relationship. It 

can be seen that for this specimen of Hartshorne Sandstone 

at a confining stress of 3.0 MPa, the slope of the log-log 

plot is initially greater than one until an injection 

pressure of 0.1 MPa is reached. After this the flow regime 

appears to be linear and most likely laminar until 

injection pressures of 0.22 to 0.24 MPa are reached. After 

0.25 MPa the flow regime is definitely turbulent with a 
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Figure 5.11 Log-log relationship for a specimen of 
Hartshorne Sandstone at confining stresses of 3,10,17 MPa. 



slope of much less than one. 

The point of transition between these three phases 

can be determined from the plots for a fluid of known 

viscosity and for a particular loading condition. Fracture 

jacking seems to occur more frequently for the lower 

levels of confining stress, but can occur even at very 

high ratios of confining stress to head pressure. Fluid 

turbulence occurs at all levels of confinement although it 

seems to be more prominent at the higher injection 

pressures. Occasionally the flow regime was turbulent for 

the entire range of pressures tested at a confining 

stress, with the slope of the plot steadily decreasing 

with increasing head pressure. 

5.5 Permeability vs. Lltholoav 

Fractures in the Berea Sandstone often showed the 

most time dependent closure behavior of the four litholog-

ies tested. Significant changes in fracture aperture 

occurred for this lithology during the first two loading 

cycles. When a significant portion of the volumetric flow 

occurs through the rock matrix as well as the fracture, 

a correction is necessary based on the permeability of the 

intact rock matrix. This was accomplished by calculating 

the volume of fluid that should be moving through the two 

halves of the rock specimen from the initial measurements 



o£ matrix permeability. Assuming that the change in 

the rock mass is minimal, and applying Darcy's Law, a 

value for the volume of fluid flowing through the ground-

mass of the specimens could be calculated. The volumetric 

flow rate through the fracture was then estimated by 

subtracting this calculated value from the measured 

volumetric flow rate. As evidenced by the tests on Berea 

Sandstone, it is possible to close a fracture in a 

specimen to a point where an estimate of fracture aperture 

is no longer possible. This occurs when the permeability 

of the fractured specimen can no longer be distinguished 

from the original intact permeability. For Berea Sandstone 

this consistently occurred at confining stresses of 15 to 

20 MPa, and corresponded to apertures of 200 to 250 um. 

Deviations in the pressure-flow relationships for 

the Berea Sandstone were less frequent than the other 

lithologies and fracture jacking was often the most common 

cause of nonlinearity. The infrequency of turbulence may 

be due to the more planar nature of the fractures for this 

lithology, although there does not seem to be a direct 

correlation between the Berea Sandstone specimens that 

showed turbulence and surface roughness. It seems most 

likely that the Interaction between fluid flowing through 

the groundmass and fluid flowing through the fracture may 



cause turbulence at the fracture surfaces, and this may be 

a more prominent phenomenon for the Berea Sandstone which 

generally has very high values of intact matrix permeabil

ity. 

Fracture expansion with increasing injection 

pressure was common and occurred for all of the Berea 

Sandstone specimens except specimens 4 and 5. Aperture 

Increases are evident at all confining pressures and for 

ratios of confining to injection pressure of up to 

30 to 1. Figure 5.12 illustrates the effect of fissure 

expansion on the pressure-flow rate relationship. For all 

three confining stresses at which tests were run, fissure 

expansion occurred with increasing injection pressure. 

The slopes of these curves increase to values greater 

than one as the fissure expands. Similar behavior is 

evident in many of the other tests in Berea Sandstone. It 

is possible that the coarse grained nature of the Berea 

Sandstone Is a -factor in the predominance of fissure 

expansion effects. Induced pore pressures from pressure 

injection of fluid in the Berea Sandstone are probably not 

restricted to the fractures since the rock matrix permea

bility is relatively high. The induced pore pressures in 

the groundmass of the rock may affect the state of stress 

across the fracture, although more study is needed. 
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Figure 5.12 Fissure expansion for a specimen o£ Berea 
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The Hartshorne Sandstone showed very little 

tendency for significant change in the character of the 

fracture surfaces from loading. These sandstones were 

generally very rough and nonplanar. Turbulence was 

common, although fracture jacking was also observed for a 

number of tests. The increase in permeability from 

fracturing was typically three orders of magnitude, with 

most specimens having permeability in the range of 1.0 x 

10~® to 1.0 x 10~* cm/s. Permanent set of the fracture 

aperture with loading cycles was much less than for the 

Berea Sandstone and the gneiss. 

The gneiss used in these experiments consistently 

had very uniform responses to test conditions and very 

little variability between specimens. The aperture of the 

fractures in this lithology ranged from 200 to 3300 um 

over the range of pressures tested. Most tests appear to 

be within the laminar flow regime, although there were a 

number of exceptions. For specimen 6 both turbulence and 

fissure expansion are evident from the log-log plot 

(Figure 5.13). At the lower confining stress (3.4 MPa) 

the fracture seems to undergo both fissure expansion and 

possibly turbulence for the higher injection pressures. 

The three tests at the next confining pressure (6.8 MPa) 

appear to be laminar throughout, with minimal expansion 
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Figure 5.13 Pressure flow relationship for gneiss 
specimen #6. 



occurring during the tests. At a confining stress of 13.6 

MPa turbulence is again evident. It is apparent therefore, 

that with increasing confining stress this fracture is 

apparently changing character enough to substantially 

affect the flow and deformatlonal characteristics of the 

fracture. 

The basalt used in this study had the smallest 

change in aperture with increasing confinement of the 

four lithologies. The walls of the tension fractures in 

the basalt tended to mate together very closely, and the 

permanent set in fracture aperture with loading was 

nearly negligible at the confining pressures used in the 

study. Values for aperture during the third loading cycle 

for the basalts ranged from 60-1000 um. The basalt had the 

highest value of tensile strength of the four lithologies, 

and the deformatlonal behavior of the basalt was very 

different because of its rock 'strength*. The modulus of 

elasticity for the intact basalt is much higher than the 

other lithologies, and the basalt fractures acted much 

'stiffer' under loading. Although the fractures in the 

basalt specimens were irregular and nonplanar, most tests 

appear to be within a laminar flow regime with minimal 

fissure expansion effects. Turbulence appears to be more 

prominent for the basalt fractures at the higher confining 



pressures, although energy losses within the flow systems 

were generally minimal for the basalt specimens. 



CHAPTER SIX 

RECOMMENDATIONS FOR FUTURE WORK 

It appears that the nonlinear pressure-flow 

behavior that has been documented In the field during 

hydraulic conductivity measurements of rock masses insitu 

is also common in laboratory tests on single fractures. 

For this reason alone this laboratory study has been 

successful, since it opens up the possibility that useful 

results can be gained from detailed laboratory analysis. 

It becomes quite evident after reviewing the results from 

this work that further studies in the laboratory are 

desirable. 

One of the unexpected results of this study is 

the widespread occurrence of fracture expansion at the 

pressures employed in this study. The question remains, 

however, whether the increase seen in the calculated value 

of aperture from the cubic law for fissure expansion is 

correlatable to an actual dilation across the fracture. It 
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is possible that other processes may be at work, with the 

effects of capillary forces and surface tension poorly 

understood at present. A physical measurement of the 

deformational behavior of the fractures using LVDT's or 

strain gauges would help give insight in relation to this 

problem. 

The problem of fracture expansion is important for 

the grouting of rock masses, rock mass conductivity 

studies and in hydrofracturing. In many situations it is 

highly undesirable for any fracture jacking to occur in 

initial conductivity testing because of concerns for 

disturbance of the lnsltu rock fractures and the possibil

ity of permanently increasing the conductivity of the rock 

mass from testing. In grouting there is the common need to 

grout at the highest pressures allowable under current 

guidelines in an effort to emplace as stable (and thick) a 

mix as possible for given field conditions. Current Corps 

of Engineer guidelines for determination of maximum 

grouting pressures may or may not be too conservative with 

respect to fracture jacking, and further work in this area 

would prove helpful in Identifying the factors involved in 

deformation of rock fractures under hydraulic load. 

The distribution of fracture aperture and the 

actual flow paths taken by fluid within a fracture are of 



extreme importance in a number of engineering problems. 

In the field of grouting the statistical distribution of 

fracture aperture is very important in that the maximum 

and minimum apertures will control the mix design and the 

type of grout to be used for a fracture. Physical measure

ments of fracture aperture by LVDT or resin casts would 

prove to be very useful, especially if a consistent 

statistical distribution is found for natural rock 

fractures. 

The problem of turbulence is significant enough 

to warrant more extensive research in both the field and 

the laboratory. In these laboratory tests it is apparent 

in many instances that flow rate is no longer a unique 

function of injection pressure, and that errors may 

potentially result from flow laws (including the cubic 

law) that assume linear pressure-flow relationships. A 

number of researchers including Els worth and Doe (1986) 

have proposed or developed analyses utilizing the Missbach 

law for turbulent flow in individual fractures. Their 

solution requires that the transition point between 

laminar and turbulent flow be accurately assessed, 

although this is often difficult to do in either the 

laboratory or the field. The problem arises, therefore, 

how to best estimate the aperture of a fracture when all 



test results appear to indicate turbulence or other 

nonlinear behavior such as fracture expansion. Since 

turbulent flow will tend to lead to an underestimation of 

the hydraulic aperture for a fracture because of energy 

loss and lower flow rates, a better solution would 

incorporate these deviations into the flow laws analyt

ically. The slope of the log-log plots is an indication of 

turbulence and could be used to derive coefficients for 

the Missbach law. Once the velocity-hydraulic gradient 

relationship is redefined, the cubic relationship between 

fracture aperture and flow rate may be modified according

ly. 



CHAPTER SEVEN 

CONCLUSIONS 

The results o£ this work indicate that similar 

deviations from flow law assumptions occur for scaled 

down tests on single rock fractures as for tests in 

borehole test sections insitu. Over thirty specimens were 

prepared and tested using straight flow through nearly 

horizontal fractures in four lithologies. The Hassler 

cell apparatus was quite adequate for measurements of 

conductivity. The conditions under which the specimens 

were tested were well controlled , and the tests generally 

gave very precise results. 

Similar to field testing, fracture aperture could 

not be physically measured, and all estimates of aperture 

were based on calculations from the cubic law. Calculated 

fracture apertures ranged from 50 to 1000 um. The closure 

of fractures under confining stress is a process which 

requires more study, but results indicate that closure is 
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highly time dependent. De£ormabillty of the fractures 

appears to be a function of rock mass strength, pore 

pressures in the rock, and the similarity or mating 

potential of the fracture surfaces. Slight changes in the 

character of fractures from loading have been observed, 

and are thought to be caused by crushing and small scale 

shear deformations along the fracture surfaces at certain 

contact points. These changes were much more apparent for 

the Berea Sandstone and Dworshak Gneiss which are coarser 

grained materials and are weaker under loading than the 

Hartshorne Sandstone and the Saddle Mountain basalt. 

The differing petrology and petrochemistry of the 

four rock types yielded four distinct types of fractures 

when failed in tension. It appears that the weaker rocks 

tend to give rise to more planar fractures, with the 

stronger rock types fracturing in a more Irregular 

manner. The coarser grained rocks also tended to lose 

more mass during the fracturing process, and the rocks 

which had low mass loss tended to mate together much 

better with lower initial values of fracture aperture. 

Fracture apertures decreased under loading in a 

manner similar to what has been previously reported. With 

each loading cycle an unrecoverable decrease in the 

aperture was noted, and for one of the rock types the 



estimation o£ aperture was o£ten theoretically impossible 

after the third loading cycle. This occurred for the 

Berea Sandstone when the permeability of the fractured 

specimens could no longer be distinguished from the 

intact specimens. After the fracture aperture decreased to 

approximately 200 um, the specimens had no noticeable 

induced permeability from the presence of fractures. 

It can be seen from the data that very few tests 

obeyed flow law assumptions inherent to a linear pressure 

flow relationship. Fracture expansion with increases in 

hydraulic gradient were common even when confining 

pressures were one magnitude larger than the injection 

pressures. This may be due to an increase in pore pressure 

present in a fracture and the reopening of certain contact 

points along flow paths which increase volumetric flow 

rates. This may not indicate that the fractures are 

physically dilating in a measurable way, but rather 

indicates that the value of aperture calculated from the 

cubic law is a relative value which has an unknown 

relationship to the statistical distribution of fracture 

aperture across a fracture surface. 

Turbulence is a frequent occurrence for the flow 

tests even at very low flow rates. The calculation of 

Reynolds number for fractures in intimate contact is 



usually a poor Indicator o£ flow regime, since the 

calculation is based on linear flow assumptions. Instead 

it is necessary to monitor the flow regime by testing at a 

number of hydraulic gradients. This enables one to 

identify the flow regime by monitoring the pressure-flow 

response, and testing its linearity. 

In summarizing, the effects of confining stress 

and aperture on the permeability of the specimens are in 

accordance with the results of previous work by other 

researchers. Deviations from flow law assumptions are 

conceptually classed into two groups, based on whether the 

deviations represent increases or decreases in the 

volumetric flow rate through the fractured specimen. It is 

apparent from the data that deviations from linear 

pressure-flow rate assumptions occur quite frequently for 

fractures in which the sidewalls are in intimate contact. 

If fewer than three tests at differing hydraulic gradients 

are run for a test interval, the calculation of fracture 

aperture may be significantly in error. Wide variations in 

the value of aperture can result from changes in the flow 

system, and the engineer working in this area should take 

the time to characterize the flow system more thoroughly 

before any design decisions are made on a limited amount 

of pressure test data. 



APPENDIX A 

ROCK STRENGTH TEST RESULTS 



HARTSHORNE SANDSTONE 

Dry Density - 2.58 g/cm3 

Wet Density - 2.62 g/cm3 

Tensile Strength - Brazilian Test 

Sample Diameter Length Load Tensile 
Strength 

m fin) fin) fibs) (DSi) 

1 2.12 1.30 6700 1550 
2 2.12 1.52 7300 1440 
3 2.12 1.06 5200 1470 
4 2.12 1.42 9800 2070 
5 2.12 0.96 5450 1700 
6 2.12 1.02 5900 1740 
7 2.12 1.04 3950 1140 
8 2.12 1.16 4700 1220 
9 2.12 1.20 6000 1500 

10 2.12 1.16 6300 1630 

Unconfined ComDressive Strength 

Sample Diameter Length Load Compressive 
Strength 

(#) fin) (in) (lbs) (DSi) 

1 2.12 4.88 114,600 32,500 
2 2.12 4.97 100,400 28,460 
3 2.12 5.08 102,050 28,920 



DWORSHAK GNEISS 

Dry Density - 2.72 g/cm3 

Wet Density - 2.73 g/cma 

Tensile Strength - Brazilian Test 

Sample Diameter Length Load Tensile 
Strength 

(1) fin) (in) fibs) (DSi) 

1 2.08 1.30 1550 360 
2 2.08 1.14 1700 460 
3 2.08 1.66 2200 410 
4 2.08 1.06 1600 460 
5 2.08 1.12 1850 510 
6 2.08 1.00 1450 440 
7 2.08 0.97 1350 430 
8 2.08 1.04 1500 440 
9 2.08 1.02 1500 450 

10 2.08 1.29 1600 380 

Unconflned Compressive Strength 

Sample Diameter Length Load Compressive 
Strength 

(*) (In) (in) (lbs) (DSi) 

1 2.08 5.05 30,400 8950 
2 2.08 5.40 31,300 9210 
3 2.08 5.22 32,100 9450 
4 2.08 4.98 32/500 9560 



BEREA SANDSTONE 

Dry Density - 2.33 g/cm3 

Wet Density - 2.45 g/cm3 

Tenalle Strength - Brazilian Teat 

Sample Diameter Length Load Tensile 
Strength 

m fin) fin) (lba) (DSi) 

1 2.10 1.30 600 140 
2 2.10 1.49 800 160 
3 2.10 1.73 950 170 
4 2.10 1.37 700 160 
5 2.10 1.12 600 160 

Unconflned Compressive Strength 

Sample Diameter Length Load Compressive 
Strength 

m (in) (in) (lbs) (DSi) 

1 2.10 5.52 35,000 10,100 

SADDLE MOUNTAIN BASALT 

Dry Density - 2.82 g/cm 3 

Wet Density - 2.82 g/cm 3 

Tensile Strength - Brazilian Test 

Sample Diameter Length Load Tensile 
Strength 

(ft) fin) (in) (lba) (DSi) 

1 2.05 1.22 8300 2110 
2 2.05 1.18 7400 1950 
3 2.05 1.65 10500 1980 

no uncon£ined tests were performed 



APPENDIX B 

PRESSURE TEST DATA 

BEREA SANDSTONE 
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Figure B.9b e vs. CP for Berea Sandstone 119. 
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Figure B.lOa K vs. CP for Berea Sandstone #10. 
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Figure B.lla K vs. CP for Berea Sandstone #11. 
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Figure B.12a K vs. CP for Berea Sandstone #12. 
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Figure B.13a K vs. CP for Berea Sandstone #13. 
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Figure C.3a K vs. CP for Dworshak Gneiss #4. 
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Figure C.4a K vs. CP for Dworshak Gneiss 15. 
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Figure C.4d Log Q vs. log HP for Dworshak Gneiss #5. 
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Figure C.5a K vs. CP £or Dworshak Gneiss #6. 
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Figure C.5c K vs. HP for Dworshak Gneiss #6. 
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153 

GNEISS 7 

50.0 

45.0 

~ 40.0 
C0 
\  
2: 
U 35.0 

tn 
(S3 30.0 

I 
Ixl 
C D  
— 25.0 H 

>• 20.0 
I-

N 15.0 -
C D  
a; 
UJ 
r 10.0 
o: 
UJ 
a. 

5.0 

7»m«niliniinnlmi«iin)»niiiniliiiiiiiitliimtiiiliii»»nntiiiiniitliii»innt 
0 4 6 0 10 12 14 

CONFINING PRESSURE CMPa) 
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Figure C.7a K vs. CP for Dworshak Gneiss #8. 
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figure D.3a K vs. CP for Hartshorne sandstone #6. 
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Figure E.3a K vs. CP for Basalt 14. 
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Figure E.3d Log Q vs. log HP £or Basalt *4. 
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Figure E.4b e vs. CP for Basalt #5. 
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