Investigations on Permeability of Fractured,
Steep and Deep Rock Slopes with High
Groundwater Pressures

Submitted in partial fulfillment for the requirements
of the degree of

Doctor of Philosophy
of the
Indian Institute of Technology, Bombay, India

and
Monash University, Australia

by
Kunal Kumar Singh

Supervisors:
Prof. D. N. Singh (1T Bombay)
Prof. Ranjith P. G. (Monash University)

The course of study for this award was developed jointly by
Monash University, Australia and the Indian Institute of Technology, Bombay
and was given academic recognition by each of them.
The programme was administrated by The 11TB-Monash Research Academy

(Year 2014)




INDIAN INSTITUTE OF TECHNOLOGY BOMBAY, INDIA

CERTIFICATE OF COURSE WORK

This is to certify that Mr. Kunal Kumar Singh (11TB Roll No. 08404401; nE
S was admitted to the candidacy of the joint PhD programme of the 1ITB-Monash
Research Academy, after successfully completing all the credits/courses required for the Ph.D.
degree programme. The details of the course work done are mentioned below.

Course Course Name Credits | Grade Year/Semester
Code

Communication and .

HS 699 Presentation SKills 4.0 PP 2009-10/Spring

Underground Excavation

GS 681 6.0 AA 2009-10/Autumn
Technology
CE 641 Environmental 60 | AA | 2009-10/Autumn
Geomechanics
CE 634 Soil Engineering Il 6.0 AU 2008-09/Spring
CES801 Seminar 4.0 AA 2008-09/Spring

Verified by Academy Examination Officer
IITB-Monash Research Academy,
Powai, Mumbai, India



Approval Sheet

The thesis entitled: “Investigations on Permeability of Fractured, Steep and Deep Rock
Slopes with High Groundwater Pressures” by Kunal Kumar Singh is approved for the

degree of Doctor of Philosophy.

(Dr. S K Sharma)
Ext. Examiner

(Prof. T N Singh)
Int. Examiner

(Prof. D N Singh)
11T Bombay Supervisor

(Prof. Ranjith Pathegama Gamage)
Monash Supervisor

(Prof. P. Phale)
Chairman

Date: 13" March, 2014

Place: IITB-Monash Research Academy,
I1'T Bombay, Mumbai 400076



CERTIFICATE

This is to certify that the thesis entitled “Investigation of permeability of fractured, steep and
deep rock slopes with high groundwater pressures” submitted by Mr. Kunal Kumar Singh to
the 1ITB-Monash Research Academy, Bombay, India, is record of bonafide research work under
our joint supervision and we consider it worthy of consideration for the award of the degree of
Doctor of Philosophy of the Institute.

(Prof. D. N. Singh)
11T Bombay Supervisor

(Prof. Ranjith Pathegama Gamage)
Monash Supervisor

Date: 13" March, 2014



Declaration

| declare that this written submission represents my ideas in my own words and where other’s
ideas or words have been included, | have adequately cited and referenced the original sources. |
also declare that | have adhered to all principles of academic honesty and integrity and | have not
misrepresented or fabricated or falsified any idea/data/fact/source in my submission. I understand
that any violation of the above will be cause for disciplinary action by the Institute and can also
evoke penal action from the sources which have thus not been properly cited or from whom

proper permission has not been taken when needed.

Notice: 1

Under the Copyright Act 1968, this thesis must be used only under the normal conditions of
scholarly fair dealing. In particular no results or conclusions should be extracted from it, nor
should it be copied or closely paraphrased in whole or in part without the written consent of the
author. Proper written acknowledgement should be made for any assistance obtained from this

thesis.

Notice 2
| certify that | have made all reasonable efforts to secure copyright permission for third-party
content included in this thesis and have not knowingly added copyright content to my work

without the owner's permission.

Student Name: Kuna‘ Kumar Smg!

11TB 1D: 08404401
I




TABLE OF CONTENTS

ABSTRACT ..t bbbttt ettt bbbttt bt n e |
LIST OF FIGURES. ... ..ottt ettt bbb I
LIST OF TABLES ...ttt bbb v
NOMENCLATURE ...t e e snba e e nnae e e \Y
ABBREVIATION. ...ttt e e e e s nsa e e e aea e Wl
CHAPTER L.ttt bbbttt bbb b e be b e ne e 1
INTRODUGCTION ..ottt e et ree e e aae e et e e s e e snae e e snaeeesnneeenneeas 1
1.1 GBNEIAL....eiiiieiiiiee bbb bbb 1

1.2 Motivation for the StUAY.........ccccveiiiieiiee e 2

1.3 AIMS OF the STUAY ..ot 3

(O o 1 e I SRS 4
FLUID FLOW THROUGH ROCKMASS: BASIC CONCEPTS........ccoci e 4
2.1 GENEIAL. ... bbb ae s 4

2.2 ROCK ...ttt nr et re et na e e re s 4

2.3 ROCK Mass ClasSITICALION........c.ccveiiiiiiieie et ee s 4

2.4 Fracture/diSCONTINUILY .......cveiieiicie et ee s 5

2.5 Response of Stress 0N fraClureS ........cccvveeieeieeie e 5

2.6 Influence of fractures on stability of SIOPES........ccccvveiveviiiii e 6

2.7 Influence of fluid flow on stability of SIOPES.........ccccovveviiiieiiciic e 6

2.8 Fluid flow through rockmass- Basic Laws and CONCEPLS........cccevvvrverienieneenns 7
CHAPTER 3.t bbbttt ettt bbbt e e s 10
LITERATURE REVIEW. ...ttt 10
TR 1= o T - | SR PPR 10

3.2 Permeability of the fractured roCKMASS ..........ccooieriririninieee s 10
3.2.1 Effects of joint geometric parameters..........cccocveveeieveeveseece e 10

3.2.2  Effects Of IN-SItU STFESS ....cvevveiiiiiiisiieieie e 14

3.2.3 Effects of induced stress due to excavation.............ccoveeereereeneenieseeseeenenn 20

3.2.4  Effects of SIOPE QEOMELIY .....ocvviiiieiiiie e 22

3.3 Fluid flow through single fraCture ...........cccoooeiiiininie e 24

3.4 Quantification (and Measurement) of fraCtures...........ccoccevervenveneiieniee e 29

3.5 Roughness measurement of the fracture sUrfaces...........cccooveverieriveresinnennnn, 31

3.6 Critical @PPraiSal .......ccviiiieieesie s 33

(OF o 1 e I G USSR 35
EXPERIMENTAL INVESTIGATIONS ..ottt 35
4.1 GENEIAL....ciiiiiiiieicee bbb 35

4.2 Selection Of MALerial ..........ccocoiiiiiiiieee s 35
4.2.1 Analogue material - "Paraffin Wax'..........cccooiiiiniiiiicece e 35

4.2.1.1  Sample Preparation..........coceeeeieneneneseses e 35



4.2.1.2 Creation of 'single fracture' in the analogue material....................... 36

4.2.1.3 Particle Morphology of the Standard Sand Grains............cc.cccccveu... 37

4.2.2 Natural Material - "Hard/crystalline rock'............ccccceevvevvivciieie e 39
4.2.2.1 Creation of 'single fracture' in the natural material.......................... 41

4.3 Testing MethodolOgy .......c.coveiiiiiiic e 43
4.3.1 Determination of Engineering Properties of Analogue material .............. 43
4.3.2 Determination of Engineering Properties of natural material .................. 45
4.3.3 Fluid flow characteristics of Analogue Material using FWP..................... 45
4.3.3.1  THE TSt SELUD ...vvevveitieie e cee sttt re et snae e 45

4.3.4 Roughness measurement of the fracture surface of the Natural Material .48
4.3.5 Fluid flow characteristics of Natural Material using HPTC..................... 49
4.3.5.1 The Test Setup and Working PrinCiple .........ccccoveviveveiieieciecies 49
CHAPTER 5 ..ottt ettt et e s et e s et e stesbenteeneeraaneenes 52
RESULTS AND DISCUSSION ....oooiiiiiiiiiieiiiiiisesieie e s 52
5.1 GRNEIAL ... et 52
5.2 Particle Morphology of the Standard Sand Grains ...........cccceevvvevieeieeviie e, 52
5.3 Engineering properties of the material.............ccocoviiiiininiiiiis 54
5.4 Determination of Flow Characteristics of the Analogue Material..................... 54
5.5 Determination of roughness of fracture surface............ccccocveveiierivercnicseennn, 62
5.6 Determination of Flow Characteristics of the ROCKMASsS ..........ccccovvvirvivninnne 67
5.7 A comparison of the flow properties of the analogue and natural materials .....85
5.8 Relationship between g3, bp and Q.......cceiviiieiiiiice e 86
5.8.1 Analogue Material ...........ccccoiiiiiiiieieieee e 86
5.8.2 Natural Material .........ccooviieiieicie e 87
CONCLUSION ...ttt ettt se et e e b e sbesbesbenreareeneens 88
FUTURE SCOPE ...ttt sttt e et nanneaneeneens 90
APPENDIX ...ttt ettt ettt st aenreeteenaeneas 91
REFERENGCES ...ttt sttt 101
SUMMARY .ttt bbb bbbttt bbbt 111
PUBLICATIONS. ...ttt ettt bbbt neeneas 113

ACKNOWLEDGEMENT ....ooiiiiiiiii s 114



ABSTRACT

Efforts have been made in this study to determine fluid flow properties of the
fractured rockmass, which greatly influence the construction/execution of any civil and
mining engineering projects. In general, any engineering and mining activities brings
fractures/discontinuities in the rockmass. Such fracture/discontinuity becomes a pathway
for fluid flow. Further, presence of fluid in the fractured rockmass exerts pore water
pressure on the rockmass. Increase or decrease in pore water pressure reduces or increases
the effective stress respectively. As such, the strength of the rockmass depends on the
behaviour of the effective stress. Consequently, an understanding of effective stress and
pore water pressure becomes essential for the safe and economical execution of any civil
or mining engineering projects.

With this in view, a novel methodology to simulate flow of water through a
fractured rockmass, by using an analogue material imbibing a single fracture, was
developed. Further, fluid flow experiments were carried out on triaxial samples of granite,
containing a ‘single rough walled fracture’, by employing high confining pressures (=40
MPa) covers depth of upto 1000 m. Elevated fluid pressures (=25 MPa) were applied and
different fracture roughness created by selecting granite rock of different grain sizes, were
considered in the present study. Furthermore, results obtained from the tests on analogue
material and naturally occurring rockmass have been critically evaluated. This study
demonstrates the usefulness of analogue material for easy and fast simulation of fluid flow
properties through the fractured rockmass rather than resorting to the cumbersome and

tedious process of sampling from the deep locations.

Keywords: rockmass, fractures, permeability, extremely high confining and seepage

pressures, non-linear flow, laboratory investigations.
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CHAPTER 1
INTRODUCTION

1.1  General

Investigation of permeability is important in understanding the behavior of fluid
flow through the rockmass. Rockmass consists of, intact rock as well as
discontinuities/fractures such as, joints, faults, shear zones, bedding plane, lineation,
foliation, gneissosity etc. In general, most of the engineering activities (viz., execution of
any civil and hydro-geological engineering projects; extraction of ores/minerals,
geothermal energy, petroleum and natural gases from the deep earth crust and disposal of
nuclear/radioactive waste and greenhouse gases) are associated with hard and crystalline
rockmass, which occur at great depths inside the crust. As such, the matrix permeability of
the hard and crystalline rock is considerably low and fluid flow in such type of rocks mainly
occurs through the fractures, which happens to be quite higher than the intact rock. This
leads to seepage/fluid-in-rush related problems during the execution of any engineering
projects.

Further, execution of the above mentioned activities will inevitably bring about a
concentration of stresses and subsequently local joints or tension fractures in the rock mass
come into existence and consequently, decreases the strength of the rockmass. In addition,
fluid flow through such rockmass results in the development of excess internal water
pressure, which substantially reduces the effective normal stress and hence, further reduces
the shear strength of the rockmass. Such a situation may lead to failure of underground
constructions (tunnel/mine roof, longwall mines, rock cavern, etc.) and in-stability of any
deep and steep open cut slopes. Therefore, understanding the behavior of fluid flow
(mechanics and transport of fluid) through a rockmass, especially occurring at great depth
(>200 m) and with an elevated groundwater pressures becomes essential for all kinds of
surface and underground engineering and mining activities involving water, oil and gas
fluid.

In this direction, several efforts were made by earlier researchers (Brace et al., 1968;
Jones, 1975; Pratt et al., 1977; Raven and Gale, 1985; Oda, 1985, Zhang and Sanderson,
1995; Inoue and Sugita, 2003; Zisser and Nover, 2009 etc.) by employing different
approaches viz., empirical, numerical and combined approach are worth mentioning. In
general, investigations were made by considering the geometry of fracture (length,

aperture, orientation, roughness etc.), type of the material, and state of stress. It has been



observed that the behavior of fluid flow through the rockmass depends upon the properties
of the rockmass (strength, modulus, and Poisson’s ratio), properties of fractures
(orientation, length, density, aperture, roughness, in-filling materials, and inter-
connectivity) and properties of the fluid (density and viscosity) as well. It has also been
noticed that the pore dimensions viz., the fracture aperture, or width of the fracture, change
with stress, and hence, permeability is quite stress-dependent (Brace et al., 1968; Walsh,
1981; Cook, 1992).

Some other researchers have conducted permeability investigations under in-situ
conditions to evaluate the behavior of fluid flow through fractured rockmass at large scale
(Hsieh and Neuman, 1985; Wang and Kulatilake, 2002; Rutqvist et al., 2005). Most of the
earlier researchers have investigated the fluid flow behavior of intact rock or rockmass
having interconnected voids/fracture network. However, fluid flow through rockmass is
governed by the flow properties of the fractures or the most prominent single fracture and
simulating fluid flow through a fracture network, which is a conglomeration of several
individual fractures, is quite intricate and difficult. In addition, a clear understanding of the
interaction of various mechanisms and processes such as redistribution of stresses and fluid
flow in fractured rocks, fluid-rock interactions, scale effect etc. remains a challenge to the
scientific community, due to heterogeneities involved with the rock and rockmass.

1.2 Motivation for the study

This calls for developing techniques that would facilitate measurement of
permeability through the fractured rock masses under varied confining stresses and ground
water pressures. Based on these studies efforts should also be made to develop a
mathematical model which correlates these parameters with the rock mass specific
parameters.

Such a model should also corroborate with the results from the other empirical and
conventional methods and should be easy to adopt, cost and time effective. It is believed
that such model would be quite helpful in providing insight into the seepage induced

instability of rock masses and fluid-rock interactions.



1.3

Aims of the study

To develop a novel methodology, which can simulate flow of water through
fractured rockmass, by using an analogue material imbibing a single fracture by
employing a flexible wall permeameter, under varied hydraulic heads and confining
stresses.

To estimate mechanical properties (Uniaxial compressive strength, Modulus of
elasticity, and Poisson’s ration) of triaxial samples of hard and crystalline rock.

To investigate permeability properties of the triaxial samples of hard and crystalline
rock, containing a ‘single rough walled fracture’, under varying conditions of
confining pressures (5 to 40MPa), elevated fluid pressures (upto 25MPa), and
fracture roughness, created by selecting rocks of different grain sizes.

To establish the relation between the analogue and the natural material



CHAPTER 2
FLUID FLOW THROUGH ROCKMASS: BASIC CONCEPTS

2.1  General

A brief discussion on the basic of intact and fractured rockmass and the behavior of
fluid flow through the rockmass are presented in this chapter. Also, the basic governing
laws for the fluid flow through a single fractured rockmass are discussed herein.

2.2  Rock

A rock is composed of naturally occurring solid aggregate of one or more minerals
or an aggregate of organic matter (such as coal), a glassy substance (such as obsidian) which
has no crystalline structure. Rock can be divided into intact rock, i.e. homogenous,
isotropic, solid, and continuous in nature with no obvious structural defects, and mostly
exists only at the hand-specimen scale and rockmass, i.e. heterogeneous and anisotropic in
nature, carrying all the structural defects and is exists at the field scale. The rock mass is
the total in-situ medium containing bedding planes, faults, joints, folds and other structural
features. So, it is essential to characterize the rock mass and fractures for the stability of

any civil or engineering geological structures.

2.3 Rock Mass Classification

Rock mass classification is a classification system in which empirical relations
between rock mass properties and the behaviour of the rock mass in relation to a particular
engineering application, are combined to give a method of designing engineering structures
in or on a rock mass. Based on the different site conditions and situations, a number of
classification schemes for the rock masses have been developed. These classification
schemes assigned the numerical values to those properties or features of the rock mass
which are likely to influence its behaviour, and combined these individual values into one
overall classification rating for the rock mass. The rockmass classifications are done with
an objective to quantify the inherent properties based on previous understanding and to
determine the extent of external loading conditions influencing rock mass behaviour. The
understanding of such processes will help in successful prediction of rockmass behaviour
under different conditions. The earliest attempt of rock mass classification for tunnel
support design was made by Terzaghi (1946), in which the rock loads, carried by steel sets,

were estimated based on descriptive classification known as, Terzaghi’s Rock Mass



Classification. The most commonly used classifications schemes in the mining and civil
engineering practices are the Rock Quality Designation (RQD) developed by Deere et al.
(1967), NGI tunnelling quality index (Q-System) developed by Barton et al. (1974) and
CSIR geomechanics or Rock Mass Rating (RMR) scheme developed by Bieniawski (1973,
1976, 1989). Although, several other classification schemes are, Geological Strength Index
(GSI) introduced by Hoek (1994), Slope Mass Rating (SMR) proposed by Romana (1985)
to evaluate the stability of rock slopes, the Rock Structure Rating (RSR) classification by
Wickham et al. (1972) and the Rock Mass index (RMi) system developed by Palmstrom,
1995.

24 Fracture/discontinuity

A fracture is any planner or curvi-planner separation or discontinuity that divides
the rock into two or more pieces formed due to the stress exceeding the rock strength, such
as joint and fault. Fractures can occur in wide range from micro-scale to continental scale.
All rocks in the earth's crust are fractured to some extent and occur at a range of scales,
from microscopic to megascopic or continental. Fractures can be Joints, Faults,
Discontinuity, Bedding Plane, Shear Zones, Foliations, Cleavage, Schistosity, Gneissic
Layering, etc. Highly fractured rocks may possess both significant permeability and
secondary porosity. Fractures are important in engineering geology, geotechnical
engineering, and hydrogeological practices. They can affect the stability of engineered
structures and underground excavations. Fractures act as a conductor that can provide
pathway for fluid/gas movement such as water, hydrocarbons and ore-forming fluids in
rock mass or as a barriers that prevent flow across them. Also, fractures act as conduits for
or can control the transport of radioactive, nuclear or chemical contaminants into and

through the earth surface.

2.5 Response of stress on fractures

The fractures tend to open or close depending upon the states of stresses. If normal
stress acts perpendicular to the fracture surface, then closing of fractures occur (Fig. 2-1a),
this reduces the permeability significantly. Whereas, when stress acts parallel to the fracture
surface, the width of the fracture increases and hence the magnitude of permeability
increases (Raven and Gale, 1985; Zhang and Sanderson, 1995). However, due to confining
pressure, (o3), the initiation of new cracks retards and it has great effect on the suppression

of the axial splitting (Li et al., 1998). It has also been reported that the laboratory and in-
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situ permeability results of rock fractures do not show significant dilation for the initial
‘elastic’ shear displacement until a peak shear stress is reached (Zhou et al., 2008).
According to Li et al. (1997), in the strain-softening region, o3 has the greatest
influence on permeability. However, ratio of pore pressure, (Lw) to o3 have significant effect
only in the area of the highest permeability. The wider the aperture, (), the greater the
influence of the o3 and pw, on the e, so the o3 and pw slightly influence the permeability in

the pre-peak region but exhibit a significant influence in the post-peak region.

MNormal Stress perpendicular to Joint

'Hr /Hr{rHr__

Normal stress }’A:*:._,,// P
parallel to Joi.nt ay Vv

(a) (b)
Fig. 2-1 (a) Normal stress and (b) shear stress Joint deformation model (modified
after Gangi and Carlson, 1996)

2.6 Influence of fractures on stability of slopes

Fractures play an important role in the stability of deep and steep rock slopes of
open-cast or underground mines. All the joint parameters such as orientation, spacing,
density, size or extent etc., plays an important role in the stability of rock slopes. Joint sets
striking parallel or nearly parallel to the rock slope leads to failure of the rock slopes,
therefore orientation of the joints plays a major role in the mechanical and permeability
parameters of the rock mass. An underground excavation in a jointed rock mass leads to
redistribution of in-situ stresses, which induces substantial amount of deformation (opening
or closing of joints) of pre-existing joints (Kim et al., 2004). This is because of the variation

in normal stresses acting across the joints or by shear sliding along joints (Fig. 2-1b).

2.7 Influence of fluid flow on stability of slopes

The mechanical properties of a rock mass can be affected in two ways (i) water
pressure in the jointed rockmass reduces the effective normal stress, and which reduces the
shear stress. The pore water pressure reduces the ultimate strength of the rockmass, under
saturated condition. An indirect effect of fluid flow on rock mechanical properties arises
from the damaging action of water on particular rocks and minerals such as, in the clay
horizon, presence of groundwater reduces the strength and increases the deformability of

the rock mass. Argillaceous rocks, such as shales and argillitic sandstones, also demonstrate
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marked reductions in material strength following infusion with water (Brady and Brown,
2006). The implications of the effect of groundwater on rock mass strength have significant
role in the steep and deep rock slopes of underground excavations, cavern, longwall or open
cast mines. In general, permeability of a fractured rock mass would be increased in the
zones where stresses are relieved, however, decreased in zones where stresses are increased

due to excavation without accompanying shear deformation (Kim et al., 2004).

2.8  Fluid flow through rockmass- Basic Laws and Concepts

Fluid flow through a porous media can be calculated by using Darcy’s law (1-D
flow):

Q =kiA (2.1)
where Q is the discharge rate per unit area A normal to the flow, i is the hydraulic gradient
in the direction of the flow and k is the permeability, which is a material property of both
the fluid and the geological medium and may be written as

k= kl(%) (2.2)
where ki is the intrinsic permeability, g is the acceleration due to gravity (=9.81 m/s?), u is
the dynamic viscosity of water (=8.90x10"*kg/m-s for water, at 25°C) and p is the fluid
density (=997.05 kg/m3at 25°C).

It must be noted here that Equations 2.1, assume that * A ' remains constant, which
in reality decreases under the influence of external stresses (Lomize, 1951). However, in
case of the fractured rockmass, under the influence of external stresses, the area through
which the fluid flow occurs decreases (Balberg and Binenbaum, 1983; Walsh and Brace,
1984; Sour and Ubbes, 1987; Ranjith, 2010). In addition, it has been reported that the
magnitude of the fluid flow through a fracture is always higher than the corresponding flow
through the surrounding rock matrix (Brown, 1987; Cook, 1992; Min et al., 2009). Further,
it is a well-known fact that these complexities cannot be considered by employing Darcy’s
law and hence differentiating between the fluid flow through a single fracture and through
the surrounding rock matrix becomes mandatory. With this in view, earlier researchers
(Snow, 1965; Somerton et al., 1975; Kranz et al., 1979; Nuezil and Tracy, 1981; Tsang and
Witherspoon, 1981; Brown and Scholz, 1985; Schrauf and Evans, 1986; Tsang, 1992;
Nemoto et al., 2009) have employed the following relationship for computing discharge, Q

(m®/s), through a single fracture.

Q = 227 () 2.3)
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where, p is the density of water, g is the acceleration due to gravity (=9.81 m/s?), W
is the width of the aperture normal to the flow path (m), e is the fracture aperture (m), 4k
is the difference in hydraulic heads over the fracture length (m), « is the dynamic viscosity
of water and | is the fracture length (m).

Equation 1, which is also known as the “cubic law” assumes linear flow between
two parallel smooth plates, spaced at a certain finite distance without any contact, and the
flow takes place only through the fracture and not through the matrix.

However, in general, it is difficult to get a smooth wall fracture in nature, and most
of the time the fracture surface is rough and irregular with uneven walls contacting each
other at discrete points (Rissler, 1978; Brown and Scholz, 1985; Brown, 1987; Indraratna
et al., 1999) in the form of teeth-teeth or teeth-socket arrangement, as depicted in Fig. 2-2.

Fig. 2-2 Typical arra%)ements of irregular fracture surfac(ebza) teeth-teeth and (b)
teeth-socket (modified after Zhou et al., 2008)

It has been reported by the earlier researchers (Somerton et al., 1975; Tsang, 1984;
Brown, 1987; Cook, 1992; Ranjith, 2010) that the fluid flow through a single fracture is a
function of surface roughness, variable fracture aperture, fracture infillings and stress state
relative to the orientation of fracture. As such, for determining the flow properties of a
single fracture, it is necessary to measure the fracture aperture, as there is a significant
decrease in the cross-sectional area of the fracture under the influence of external stress, as
stated earlier. However, it is quite difficult to measure the fracture aperture, as fracture
asperities make contact at discrete points in case of natural and rough fracture surfaces.
Therefore, for the sake of simplicity, simulation of fracture has been done often based on
the assumption that the fracture surfaces are smooth and parallel to each other.

Several researchers have investigated the validity of “cubic law” by computing the
flow rate through the fractured rockmass, with uneven, rough and deformable natural
fracture surface at low confining stresses (Iwai,1976; Witherspoon et al., 1980; Tsang and
Witherspoon, 1983) and the findings of these studies have been used for developing
mathematical models (Engelder and Scholz, 1987; ITASCA, 1996).

Further, the fracture permeability (Kr) can be computed by employing the following
relationship (Raven and Gale, 1985):
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For fracture flow, the Reynolds number, Re, which defines the flow as laminar or
turbulent flow, can be determined by employing the following relationship.

evp
u

Re = (2.5)

where p, v and u are the density, velocity and dynamic viscosity of the fluid,
respectively, and e is the fracture aperture. The flow within fractures becomes turbulent
when Re exceeds the critical value, called the transition Re, which is equal to 2400 for flow
between parallel plates (Lomize, 1951; Louis, 1969).

However, direct measurement of the flow velocity and closure of fracture aperture,
due to the application of confining stress during the fluid flow test under triaxial conditions,
is quite complicated and necessitates usage of sophisticated instrumentation. Hence,
discharge measurement has been preferred over measurement of the flow velocity. Also,
knowing the discharge, the fracture aperture can be computed by employing Eq. 2.3.
However, to avoid usage of sophisticated instrumentation and back computation of e,
earlier researchers (Zimmerman et al., 2004; Ranjith, 2010; Ranjith and Viete, 2011) have

preferred to compute Re, by employing the following relationship.

R, = i—fy (2.6)

where p, O and u are the density, discharge and dynamic viscosity of the fluid, respectively,
and W is the fracture width which is a function of e.

The flow within the fracture(s) becomes turbulent when Re exceeds the critical
value, called the transition Re. Incidentally, a wide range of Re (=10 to 2400) for flow
between the (parallel) walls of the fracture has been reported in the literature (Louis, 1969;
Wang and Davis, 1996; Oron and Berkowitz, 1998; Zimmerman and Yeo, 2000;
Zimmerman et al., 2004; Ranjith and Viete, 2011). However, Zimmerman et al. (2004)
have observed complete inertial effects for Re>20, and Hassanizadeh and Gray (1987) have
proposed that non-linearity in flow becomes significant for Re>10. Marsily (1986) and
Ranjith (2010) have observed the critical value of transition in Re occurs beyond Re equal
to 1150 and 1000, respectively, if Re is computed by using Eq. 2.5. As such, in short, it can
be opined that computing Re by employing Eq. 2.6 would be handy and practical, in case
of straightforward laboratory experimentations, where measurement of flow rates are

preferred over flow velocity.



CHAPTER 3
LITERATURE REVIEW

3.1  General

A brief review of the literature that deals with the investigations on permeability of
fractured rock and the various parameters that influence the flow in steep and deep rock
slope has been presented in this chapter. In addition, literature regarding
quantification/measurement of fracture and fracture roughness has also been included in

the following.

3.2  Permeability of the fractured rockmass

Permeability is the ability of rocks to transmit fluid through interconnected voids or
fractures viz., joints, faults, etc. The behavior of fluid flow through fractured rock mass
depends upon the geometry of fractures (orientation, length, density, and connectivity),
roughness of the fractures, aperture of the fractures and also on the stress conditions.
Several researchers have worked on the permeability of fractured rock mass and are
discussed herein.
3.2.1 Effects of joint geometric parameters

Goodman (1976) has conducted laboratory measurements of joint closure, across
and within a gauge length, as a function of normal stress on artificially induced tensile
fractures in rock cores. Measurements have been made for both mated, two halves of the
core, placed in the same relative position, and non-mated joints, surfaces were rotated from
their original positions relative to one another. It has been observed that non-mated joint
exhibit signs of crushing on about 10% of the area of the joint which represents the area of
contact between the two surfaces. Based on the results obtained author has proposed the

following relationship (Eqg. 3.1) that represents the joint closure stress-curves:

= (S )t (3.1)

dpm—d

where, o is the normal effective stress, {'is an initial seating stress, d is the joint closure, dm
is the maximum joint closure, and t is an exponent.

It has also been noticed that the closure-stress curves are of highly non-linear nature,
which can be attributed to inelastic crushing and splitting at the asperities of contact. In this
study, author has opined that the correlation between the topographies of each surface for
natural joints in the rock mass may differ from those of artificially-induced tensile fractures

for a variety of reasons including different loading to produce the fracture, changes in
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surface roughness due to dissolution and precipitation or weathering and the effects of
relative displacement.

Long et al. (1982) have investigated porous media equivalents for networks of
discontinuous fractures. In this study, two-dimensional permeability of a fracture system
has been estimated based on directional flow-rates by numerical method. It has been
reported that heterogeneity of flow behavior results from fracture geometry in the fractured
rock masses.

Balberg and Binenbaum (1983) have conducted a computer aided study of the
percolation threshold in a two-dimensional anisotropic system of conducting sticks and
have used fracture length, density and orientation to describe the anisotropy of simulated
two-dimensional systems of conducting sticks in a given direction. The results indicate that
heterogeneity of flow in fractured rock masses is due to the fracture geometry.

Bandis et al. (1983) have studied varieties of natural, unfilled joints with different
degrees of weathering and roughness in dolerite, limestone, siltstone and sandstone. In this
study, measurements of the displacement across a gauge length on an intact sample and the
displacement across the same gauge length of a sample containing the joint have been
performed. Later, the difference between these two displacements, at every stress, has been
taken into account to determine the joint closure. The obtained results indicate highly non-
linear closure-stress curves and the slope of the closure-stress curves tends to a vertical
asymptote at high stress, which corresponds to maximum displacement across the joint or
maximum joint closure. Cycles of loading and unloading exhibited hysteresis and
permanent set that diminished rapidly with successive cycles.

Oda (1985) has calculated the crack tensor and permeability tensor of a fracture
system in given directions. In this method, the permeability of a fracture system is
dependent on the fracture geometry, including length, density and orientation of fractures.

Shimo and Long (1987) have done numerical modeling of transport parameters in
fracture networks. It has been found that the percolation threshold (the critical fracture
density) of a fracture system is important to understand the hydraulic and mechanical
behaviors of the rock masses.

Cook (1992) has consolidated results of selected research and given personal
perspective synthesizes with some new material on mechanical, hydraulic, seismic
behavior and properties of single joints, focuses on measurements and analyses of natural
joints. Further, author has described how these properties are related to each other, by

examining the deformation of the asperities of contact between the two rough surfaces of
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joints and of the void spaces adjacent to these contacts through which fluid flows. This
study shows that the mechanical stiffness of joints depends mainly upon the area of contact
between the two surfaces of a joint. The fluid flow through a joint depends mainly on the
smallest aperture in the flow path. The area of contact and the apertures of the void spaces
depend on (i) topographies of the two rough surfaces of the joint and (ii) on their
deformation under applied stress. Laboratory measurements shows that the transmission of
P and S-waves across natural joints at different effective stresses provide the location of
individual joints and their specific stiffness’s and viscosities by measuring seismic
reflections or changes in amplitude and travel time of seismic waves transmitted across
them.

Zhang and Sanderson (1995) have investigated anisotropic features of geometry and
permeability in fractured rock masses. Based on the fracture spacing and its orientation in
a given direction, a geometric anisotropic factor, A, for two-dimensional, natural fracture
system has been proposed. In addition to this, the effect of average fracture length and
fracture orientation on geometric anisotropy factor has also been discussed. The relation of
geometric anisotropy and critical fracture density of a fracture system has also been studied.
Finally, the directional flow-rates of a fractured system have been calculated using a two-
dimensional distinct element code (UDEC). Simulated and natural fracture patterns,
sampled on outcrops in the Lake District (U.K.), have been tested to examine the relation
between geometric anisotropy and permeability anisotropy to demonstrate a power-low
form. It has been reported that geometric anisotropy of fracture system influences the
percolation threshold (the critical fracture density) of a fracture system and below this the
permeability is negligible. The obtained results indicate that different fracture lengths and
their orientation can result anisotropy in geometry of the fracture patterns. Further, authors
have mentioned that fracture orientation has a stronger effect than the fracture length and
are stronger factor in controlling both geometric anisotropy and permeability anisotropy.
Also, it has been mentioned in the study that critical fracture density increases with increase
in geometric anisotropy of fracture pattern. The relation between Ar and the anisotropy
factor of permeability, Ap, follows a power-law form. Different geometries of fracture
patterns have different slopes. Authors have proposed the universal law between average
flow rate and fracture density, d, [q=Ap-(d-dc)?], based on geometric anisotropy of fracture
patterns, which results in different universal exponents, p, and the percolation threshold,
de.
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Zhang et al. (1996) have established an approach to evaluate the 2-D permeability
tensor for naturally fractured rock masses using Modified Universal Distinct Element Code
(UDEC). Directional flow-rates through a unit square of fractured rock under head
gradients in two orthogonal directions have been calculated based on the superposition
principle. The flow-rates have been transformed into flow-rates through a field rock mass
to evaluate the permeability tensor. A sensitivity analysis of fracture pattern geometry on
permeability of fractured rock masses has been discussed. Angle between the reference
axes and one of two fracture sets, angles of two fracture sets, standard deviation of fracture
orientation, fracture length and fracture density etc., have been considered in the study. The
effects of stress, (both magnitude and direction), on the permeability of naturally fractured
rock masses have been discussed, i.e. the changes in hydraulic fracture apertures under
stress condition have been taken into account. The obtained results from sensitivity analysis
of fracture patterns indicate that geometric parameters of fractures, such as fracture
orientation, deviation angle of fracture sets, fracture length and fracture density have a
major effect on the permeability of a fractured rockmass. It has been observed that applied
stress and fracture geometry both dominates the permeability of a fractured rockmass. In
general, magnitude of permeability decreases with an increase in applied stress. It has also
been mentioned that direction of permeability depends on critical value of applied major
stress. Further, rotated stress state has been applied to a fractured rock mass and the value
of major stress has been found above the critical value. It has been noted that the direction
of permeability approximately corresponds with the direction of major stress.

Zhou et al. (2008) have proposed an analytical model to estimate the flow-stress
coupled permeability tensor for fractured rock mass based on the superposition principle of
flow dissipation energy. The model relies on the geometrical characteristics of rock
fractures and fracture network, also, the pre-peak dilation and contraction effect of the
fractures under shear loading, empirically considered. The developed analytical model has
been validated vis-a-vis with (a) Snow’s (1969) and Oda’s and Oda et al. models (1985,
1986), and (b) in-situ hydraulic packer tests performed at the construction site of the Laxiwa
Hydropower Project, of the Yellow River, China. The authors opined that the proposed
model would be quite helpful in rock engineering practice and demonstrate that coupling
effect between fluid flow and deformation. It has also been noticed that laboratory and in-
situ permeability results of rock fractures do not show remarkable dilation for the initial

‘elastic’ shear displacement until a peak shear stress is reached.
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3.2.2 Effects of in-situ stress

Brace et al. (1968) have carried out investigations to determine permeability of the
granite under high pressure. Tests have been conducted on samples of granites (Intact rock)
for confining pressures ranging from 25 to 444 MPa, and the pore pressure ranging from
15 to 40 MPa. Authors have concluded that the permeability of granite is a function of
effective confining pressure, oefr, and it decreases with increase in oefr, which is the
difference between the confining pressure and the pore pressure, geft.=(o3 -bp).

Jones (1975) has measured permeability of a number of fracture systems (Carthage
marble, Smackover limestone, Ellenberger dolomite, and Portland cement with an artificial
fracture), under hydrostatic stress condition, and has proposed a linear relationship between
the cube root of normalized permeability [permeability at stress divided by permeability at
reference stress of 50 psi (344.7 kPa)] and the log of the confining pressure.

Somerton et al. (1975) have established the permeability behavior and sonic
velocities of coal fracture systems as a function of the applied stress that simulates the
possible in-situ stress condition of underground environment (up to a depth of 2000 ft).
Permeability experiments were conducted on three cylindrical samples of bituminous coals
of two-inch diameter and three inch length, having large differences in hardness and degree
of fracturing with minimum disturbance of the fracture system. For applying radial stress
and axial stress, a high pressure [upto 2500 psi (17236.9 kPa)] Hasler sleeve holder has
been designed. Nitrogen and Methane gases have been employed as model fluids, axially
under a specific sequence of stress conditions. Static elastic moduli and sonic velocities
were measured using electrical resistance strain gauges and barium zirconite titinate based
piezoelectric transducers (a transmitter and receiver) respectively. For measuring strain,
two separate strain gauge indicators (Shinkok model PS7-LT) were connected with pair of
strain gauges. Dilatational velocities measure employing first pulse arrival techniques using
a Sperry Ultrasonic Attenuation Comparator (Model 56A001). It has been observed that
permeability varies over a wide range from 0.1 to 100 milli-Darcy at the lowest stress and
exhibits strong stress dependence except for occasional cases, where the stress level or
excessive differences in principal stresses cause further fracturing and temporary increase
in flow. However, application of repeated stress after further fracturing shows continued
reduction in the permeability. It has also been noticed that the permeability decreases by
more than two orders of magnitude in the stress range of 250-2000 psi (1723.7 — 13789.5
kPa).
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Pratt et al. (1977) have determined the permeability of a 3 m block of granite
containing a joint, by applying uniaxial stress normal and parallel to the joint. It has been
observed that when uniaxial stress of 12 MPa parallel with the joint is applied, permeability
increases by two folds, while permeability decreases to its half of initial value for uniaxial
stress of 3 MPa applied normal to the joint.

Witherspoon and Gale (1977) have studied mechanical and hydraulic properties of
the rocks for induced seismicity. Authors have reviewed many of the complications
apparent from field and laboratory observations and suggested that, at larger scales, more
than a meter, there is large variation in the behavior of individual joints and important
differences from smaller scale fractures.

Brace (1978) has studied the permeability changes in a geologic material due to
applied stress. As stress increases an increase in permeability of nearly threefold in granite,
20% in sandstone, and a hundredfold decrease in compacted sand, has been observed. It
has also been noticed that permeability of sand and sandstone did not follow the effective
stress law.

Gowd and Rummel (1980) have studied the effect of confining pressure on the
fracture behavior of a porous rock by conducting triaxial compression tests on cylindrical
sample of sandstone 6 cm length and 3 cm in diameter. Axial compressive stress, 61, Was
applied by a closed-loop electro-hydraulic servo-controlled loading system using a constant
displacement rate of the axial loading piston (10 mm per hr) and axial strain, €1, was
calculated. Then constant confining pressure, o3, was applied to the specimens by a 2 kbar
capacity triaxial fluid pressure vessel and radial expansion (caused due to fracture
development or axial compression) of the rock specimen was calculated and finally, total
volumetric strain of the rock was determined. The obtained result indicates that
macroscopic shear faults developed in intact porous rock at low confining pressure during
pre-peak micro-fracturing process whereas, post peak dilation occur at low pressure due to
fault dilation. Multiple shear fractures developed at high pressures with progressively less
dilation. At 100 MPa confining pressure, transition from brittle to ductile deformation has
been taken place and also ductile shear occurred without any dilation.

Witherspoon et al. (1980) have investigated the validity of cubic law for fluid flow
in a deformable rock fracture. Experiments of fluid flow through artificial tensile fractures
in granite, basalt and marble for apertures down to 4 um and stresses up to 20 MPa have
been conducted. It has been also reported that one of their results, for a joint in marble,

shows clear departures from a straight line representing the cubic law. It has been reported
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that for apertures <10 um, the flow decreases more rapidly than the cube of the aperture
and at apertures of <6 um, which corresponds to a stress of more than 10 MPa, the specific
flow becomes more or less independent of further reductions in aperture with increasing
stress. Authors have concluded that the cubic law is valid for fluid flow through artificial
tensile fractures in granite, basalt and marble for low stresses and large apertures.

Walsh (1981) has investigated the effect of both the pore pressure and confining
pressure on fracture permeability. It has been shown that the cube root of the fluid
permeability, k, is proportional to In pe, where pe is the effective pressure, which is equal
to (pc-s-pp), Where pc and pp are the confining pressure and pore pressure, respectively, and
s is a constant that varies between 0.5 and 1.0, depending on the topography of the fracture
surfaces and the rock type. The obtained result shows that the permeability of fractures
increases or decreases with increasing or decreasing effective pressure respectively.

Raven and Gale (1985) have studied the water flow in natural rock fractures as a
function of applied stress and sample size. In this study the steady-state radial flows of
water from the central hole to the circumference of cylindrical samples of granite sample
ranging in sample diameter from 0.1 to 0.294 m have been measured as a function of stress.
Also, joint closure-stress curves have been measured on samples of granite. Each
cylindrical sample contained different part of the same natural joint orthogonal to its axis.
The joint was bolted together along the axis of the core to avoid the damage to the joint
surface, and to preserve the relative positions. It has been found that closure-stress curves
were highly non-linear with significant permanent set and hysteresis on the first cycle of
loading. This has been attributed to the disturbances to the joint surface during handling.
For the later cycles, behavior of joint under in-situ condition exhibited greater closure
across the joint for the larger sample. Correspondingly, the specific stiffness has been less
for the larger sample than it has been for the smaller sample. Also the stiffness’s were not
linear functions of stress except for the smaller sample and joint stiffness tends to asymptote
to some constant value at the higher stresses. An asymptotic stiffness indicates that the
geometry of the asperities of contact has no changes due to applied stress. However, there
must still be substantial void space to accommodate the deformations from which the finite
joint stiffness results. It has been attributed to the fact that the distribution of asperity
heights is not exponential rather, it is, Gaussian or inverted chi-square. This has been due
to large fraction of all the asperities contact at certain values of stress. Their results show
departures from the cubic law, i.e., at large apertures, corresponding to low stresses, flow

decreases faster than the cube of the apertures for the fracture surfaces separated by
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particles of grit. However, the specific flow becomes insensitive to changes in aperture
corresponding to high stresses and for small apertures. Actual flow measurements suggest
that, the flow asymptotes to some constant value corresponding to the aperture-independent
flow at the highest stresses.

Zhu and Wong (1997) have studied the transition from brittle faulting to cataclastic
flow, permeability evolution. It has been reported that the permeability of sandstones
consistently decreases with decreasing strain and samples that were subjected to confining
pressures ranging from 13 to 550 MPa and a pore pressure of 10 MPa. These observations
were independent of whether the sample showed strain softening or hardening and failed
by shear localization or cataclastic flow.

Zisser and Nover (2009) have studied the anisotropy of permeability, at effective
pressures up to 100 MPa, and complex resistivity, in the frequency range of 1 kHz to 1
MHz, of low permeable sandstone samples of diameter 30 mm and length 20-35 mm
collected from a depth of 3000 m of a gas reservoir located in the Northwest German Basin.
It has been observed that the permeability of the investigated fractured sandstones decreases
continuously with increasing effective pressure (up to 100 MPa) up to two orders of
magnitude, while the porosities noticed to be remain unchanged. Also it has been noticed
that the anisotropy of permeability is a strong function of applied pressure and for an
applied pressure change of the preferred flow paths occurred. Further, it has been observed
that the formation factor increases with increasing effective pressure and the spectra of
complex resistivity also exhibit dependence on effective pressure. Also, authors attempted
to relate permeability with electrical parameters measured corresponding to a particular
effective stress.

Data obtained from experimental studies (Brace, 1968; Brace et al., 1978; Kranz et
al., 1979; Bernabe, 1988; Zisser and Nover, 2009) on low permeability hard and crystalline
rocks were compiled, as indicated in Fig. 3-1.

The figure shows variation in permeability with effective pressure (confining
pressure — fluid pressure) of different rock types. It can be inferred from the figure that, (a)
significant changes in permeability occur due to increase in effective confining pressure,
(b) jointed/fractured rock permeability is greater than that of intact rock permeability
(Brace, 1977; Kranz et al., 1979). This variation is mainly caused due to the closure of
inter-connected pores or can be attributed to the closure of open cracks and therefore of the
preferred flow paths of the fluid (Gangi, 1978; Jones and Owens, 1980) at higher confining
pressure/stresses. Incidentally, distribution and orientation of the fractures and other rock
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fabric elements (like sedimentary layering, shear zones, lineation, gneissosity etc.) also
influence the permeability, and mechanical characteristics of rocks. In addition, the state of
stress also influences the permeability of the fractured rock mass significantly (Fig. 3-2). If
stress acts perpendicular to the fractures/joints then joints closes up and hence reduces the
permeability significantly, whereas, if fluid pressure becomes higher than the surrounding
stresses, joints opens up and increases the permeability of the medium.
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Fig. 3-1 Variation in permeability (milliDarcy) with effective pressure (MPa)

Confining Closure

Pressure __\/OfCracks
w Outfl
b p Outflow
OI;]fl'ill(l)i‘(‘lf P m of fluid
T

Fig. 3-2 Closure/opening of cracks due to application of pressures

Numerical approach or modeling is essential for scaling the experimental results to
field scale and also preferred over empirical approach due to involvement of complicated
test apparatus and tedious procedures. In this regard, several researchers have worked on
the behavior of fluid flow through fractured rockmass as discussed in the following.

Gangi (1978) has studied variation of the whole and fractured porous rocks
permeability with confining pressure and derived phenomenological models to determine
the variation in permeability with the confining pressure, P, of whole porous rocks and
fractured porous rock. In this study, two models have been used to derive the permeability
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variation, Hertzian theory of deformation of spheres model for whole porous rocks and ‘bed
of nails” model for fractured porous rock. Later, comparison of experimental data with the
theoretical curves have been performed, which shows that good correlation exists between
the two models and given reasonable values for the constants ko, P1 and m, where, P1 is the
effective modulus of the asperities (is of the order of one-tenth to one-hundredth of the
asperity material bulk modulus) and m is a constant (0<m<1) which characterizes the
distribution function of the asperity lengths. Based on the results obtained, it has been found
that for whole porous rocks, the normalized permeability, k(P)/ko decreases with increasing
normalized confining pressure, P/Po, where, ko and Po are the initial permeability and initial
pressure respectively. The permeability and porosity show the same variation with pressure
for more than one cycle, if the effective pressure is not too high and if the porous rock is
well cemented or for well packed non-cemented aggregates.

Li et al. (1994) have investigated the permeability in Yinzhuang sandstone under
various confining pressure and pore water pressure, with respect to a complete stress—strain
path by employing an advanced test setup, MTS-815.02S, Electro-Hydraulic Servo
controlled Rock Mechanics Testing System. It was found that permeability is a function of
the axial stress and strain. By employing curve-fitting techniques, polynomial permeability-
strain equations have been derived that reference different stress—strain regions, such as,
the elastic, elasto-plastic, peak value, post-peak strain softening and plastic flow regions.

Li et al. (1997) have studied the effect of confining pressure, pore pressure and
specimen dimension on permeability, by conducting series of tests using MTS 815 Electro-
Hydraulic Servo-controlled Rock Mechanics Testing System on Yinzhuang sandstone,
based on an orthogonal experimental design and the mathematical statistical analysis.
Based on the result obtained, it has been found that for most regions in a complete stress—
strain path, effects of confining pressure, pore pressure and specimen’s dimensions on
permeability were not obvious. However, in some individual regions, individual factors has
been found to have a significant effect. For example, the confining pressure has great
influence on permeability in the strain-softening region, whereas the ratio of the pore
pressure to the confining pressure has been found significant only in the area of the highest
permeability. It has been observed that wider the aperture of the fissure, the bigger the
influence of the confining pressure and pore pressure on the aperture of the fissures, so the
confining pressure and pore pressure have minor influence on the permeability in the pre-

peak region, whereas, have significant influence in the post-peak region.
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Li et al. (1998) have investigated the stress-strain behavior of rock material related
to fracture under compression and developed a constitutive model to describe the
relationship between the macro deformation of rock and the micro fracture within rock.
Using this model, authors have estimated the propagation of micro-cracks, the non-linearity
of deformation, the loading and unloading hysteresis and the variation of the apparent
Young’s modulus, E and Poisson’s ratio, v. The result obtained from model simulation
demonstrate that i) the fracture toughness, initial crack length, crack density and Young’s
modulus are four crucially important parameters that affect the deformations behavior of
rock, ii) the elastic parameters (E and v) of rock matrix should be measured in triaxial tests,
iii) the confining pressure retarded the initiation of new cracks and has great effect on
suppression of the axial splitting, and iv) the slope of the reloading stress-strain curve has
been a measure of the damage in the specimen.

Wang and Park (2002) have investigated the fluid permeability of sedimentary
rocks (viz., mudstone, sandy-mudstone, sandy-shale, medium sandstone and fine
sandstone) during triaxial compression test on samples of diameter 54 mm and height 55
mm to 80 mm using Electro-Hydraulic Servo-controlled Rock Mechanics Testing System
(MTS 815) under maximum confining and pore pressures of 50 MPa. Results obtained were
correlated with the stress-strain response of these rocks. Also, measurements of in-situ fluid
flow and pressure in floor strata in a double longwall mining face of the Yangzhuang
colliery, China, were carried out. Based on obtained laboratory and in-situ investigations
authors have developed 3-D numerical model using FLACSP for better understanding of
the change in hydraulic behavior around the mining faces and to provide insight into the
mechanism. It has been found that the permeability initially decreases with loading after
which it gradually increases with increasing load, and, in general, it is directly proportional
to the pore pressure and inversely proportional to the confining pressure. It has also been
observed that the permeability of rock is maximum during the strain softening stage rather
than at its peak strength. Authors have also found that the porosity and mineral content of

the rock influence the permeability.

3.2.3 Effects of induced stress due to excavation

Kim et al. (2004) have worked on the flow analysis of jointed rock masses based on
excavation induced transmissivity change of the rough joints. In the present work, a number
of numerical techniques (the Micromechanics-Based Continuum (MBC) model-FE

excavation analysis in a jointed rock mass and FracMan/Mafic package-FE flow and
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transport analysis in the discrete network of joints) has been employed to evaluate the
changes in the flow properties of a jointed rockmass, induced due to excavation. A separate
computational module connecting these two codes has been incorporated to modify the
excavation induced transmissivities by initially imposed ones. The effect of excavation on
the flow properties has been evaluated by including these excavation-induced
transmissivity changes of individual joints in the FE flow analysis. Numerical and
analytical techniques have been developed to compute the excavation-induced
transmissivities of flow through a single rock joint. The excavation-induced transmissivity
calculation involves the distributions of shear displacements and normal stresses around
the excavation, and indirectly takes account of the effect of surface roughness.

Rutgvist et al. (2005) have validated the drift scale test (DST), which is a large scale
underground heating field test, by comparing the results vis-a-vis those obtained from
different numerical models. The basic intention is to predict and simulate the coupled
thermal-hydrological-mechanical-chemical behavior in unsaturated fractured and welded
tuff from a side alcove of an underground tunnel of Yucca Mountains, Nevada, U.S.A. The
test includes simulation of heat transfer by conduction and convection, liquid and vapor
water movements, mineralogical and petrological studies, pore-water chemical and isotopic
analysis, rock-mass stress and displacement, and stress-induced changes in fracture
permeability. The predicted response of models have been evaluated by comparing in-situ
measurements of temperature, water saturation (employing geophysical measurements),
rock-mass classification, fracture mapping, video logging of boreholes, rock-mass
displacement, and changes in permeability estimated through air injection tests. The test
results indicate a good correlation between simulated and measured THM data and adopted
continuum model approaches has been revealed adequate for simulating relevant coupled
THM processes at the DST. Also, thermo-mechanically induced rock-mass deformations
are found to be reasonably well predicted using elastic models, but some local
displacements appeared to be better captured using an elasto-plastic model. It has been
concluded that fracture closure and opening caused due to the changes in normal stresses
across the fractures and were the dominant mechanism for changes in the intrinsic fracture
permeability.

Chen et al. (2007) have developed a methodology to quantify the changes in
hydraulic conductivity resulted from engineering disturbance, material nonlinearity and
anisotropy in rock masses. Authors have developed an equivalent elasto—perfectly plastic

constitutive model for the fractured rock mass under complex loading conditions, non-
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associated flow rule and mobilized dilatancy to describe the nonlinear response of the
rockmass. Fractured rockmass has been modeled by cutting *n” sets of planner and parallel
fractures of constant apertures having different fracture geometry. Based on results from
field tests, numerical simulations, and back analysis techniques, different techniques have
been proposed to quantify the hydraulic conductivity tensor. Strain-dependent hydraulic
conductivity tensor has been formulated for the disturbed rock masses by integrating the
normal compressive deformation of the fractures, the effect of material nonlinearity and
post-peak shear dilatancy and by separating the deformation of fractures from the
equivalent medium. Using this methodology, a closed-form solution has been derived to
describe the hydraulic behavior of a single fracture during combined normal and shear
loading processes. This methodology has been validated under wide ranges of normal and
shear loads by an existing coupled shear-flow test. Numerical simulations has been
performed to investigate the changes in hydraulic conductivities of a cubic block of the
fractured rock mass under triaxial compression and shear loading. Circular underground
excavation has been investigated under a biaxial stress field at the Stripa mine, Sweden.
The observed results demonstrated that the shear load drastically changes (in the magnitude
of as high as 4-5 orders) the hydraulic properties of the fractured rocks, and lead to
anisotropic hydraulic conductivity tensor. The simulation results has been found to match
very well with the in-situ experimental observations as well as with an existing elastic
strain-dependent analytical solution. It has been opined that the proposed model is capable
of predicting the changes in hydraulic properties of the fractured rockmass under loading
or excavation loads.

3.2.4 Effects of slope geometry

Water plays an important role in the stability of the stability of steep and deep rock
slopes of underground excavations, cavern, longwall or open cast mines. As such,
investigations related to the permeability of the deep and steep fractured rockmass under
stressed condition becomes essential. Several researchers have worked on the effect of
fractures and fluid flow on the stability of steep and deep rock slopes under different
stressed environment, and are presented in the following.

Singh and Gahrooee (1990) have determined the stability and sensitivity analysis
of slopes in heavily jointed rock masses with planar, circular or combined modes of failure.
FORTRANTY7 code, has been employed to generate a computerized solution for stability
analysis of slope in heavily jointed rockmass. In this study, two typical slopes of an open

pit coal and iron mines have been selected. In the open pit coal mines, coal seam was
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overlaid by soft tuff and existing failure has been occurred along the coal seam, where the
soft tuff has been broken out at Toe. Whereas, in the iron mine dolerite has been overlaid
by shale formation and within which failure surface has been passed. The data from these
sites has been used and analysed for dry and wet states. In order to assess the effect of water
level on factor of safety, phreatic surface has been arbitrary chosen. The obtained results of
sensitivity analysis indicated that the inter-slice strength parameters have an effect on the
factor of safety. The effect of vibrations (blasting, earthquake, etc.) and acceleration on the
factor of safety of slopes have been shown in the plot of factor of safety (F), against
acceleration (K). The influence of various strength parameters on the F and the K, have also
been considered in this paper.

Pariseau et al. (1997) have studied the large scale open pit copper mine to determine
the effect of water, time and mining activity on the rock slope stability using coupled two-
dimensional finite element code (simultaneous effects of rock mass deformation and
transient fluid flow) assuming poroelastic/plastic behavior. The results have been
compared with the previous poroelastic/plastic results of a generic homogenous, isotropic
rock slope cut at a depth of 300 m (1000 ft) at an angle of 45 degrees and bench height has
been kept as 15 m, in a rockmass with reasonable values of elastic moduli, strengths and
hydraulic conductivity. In this study, the pre excavation total stresses, slope geometry,
elastic moduli, hydraulic conductivities, water pressure and rock mass deformation have
been taken into account. A two dimensional finite element model has been generated for a
cross-section (DD) through the north wall of the pit. A total of 11,248 elements have been
used in this model. The observed results indicates that in the poroelastic case, strength does
not limit stress and potential zones of yielding indicated by regions of low factor of safety
(high stress) diminish in time. It does not occur in the more realistic elastic/plastic model.
In such case, neither hardening nor softening has been allowed, which increases or decrease
stability respectively.

Shiotani (2006) has described the methodologies to mount the Acoustic Emission
(AE) sensors into the rock slope to monitor the AE, developed due to the elastic wave’s
that generated by the initiation, formation/growth and coalescence of cracks for evaluating
the long-term rock slope stability.

Pantelidis (2009) has assessed the rock slope stability based on earlier developed
rockmass classification systems. In this study, attempts have been made to review the
rockmass classification systems in order to identify potentially hazardous rock cut slopes.

The study has illustrated main differences and similarities among the classification systems,
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and the relevant recommendations has also been proposed. The present study highlights
that the existing rock mass classification systems, which contains following parameters, i.)
Intact rock strength, ii.) RQD index, iii.) Groundwater outflows, iv.) Method of excavation
and v.) Failure history. It has been opined that as stability of rock cuttings predominately
governed by discontinuities, and failure occurred due to excess intact rock strength will be
highly improbable. Based on the comparative study, author has given the following
recommendations as, (i) each possible failure type must be examined independently. (ii)
the dip and orientation of discontinuities are the stability (major tectonic or weathering
induced discontinuities) parameters, which can be measured on-site and expressed in a
quantitative manner. Factors related to the rock mass condition and the triggering
mechanism have been found as a key component for the attainment and reliability of every
system envisioned for the assessment of the hazard for failure of rock cuttings

quantitatively.

3.3 Fluid flow through single fracture

Tsang (1984) has investigated the effect of tortuosity and connectivity on fluid flow
rate through a single rough fracture and discussed implications with regard to the theoretical
prediction of fluid flow through rough fractures. In this study, flow paths has been
represented by electrical resistors placed on a two-dimensional grid, and the resistances
varied as the inverse of cube of fracture aperture. Derived and hypothetical analytical
solution generated fracture apertures have been used in a parametric study to investigate
the dependence of tortuosity on fracture roughness. It has been observed that the more the
smaller apertures present in the aperture distribution, the larger the effect of tortuosity. The
aperture distributions has been found to be invariably large at small apertures, when the
fraction of contact area between the fracture surfaces rises above 30%. Further, the effect
of fracture roughness and flow path tortuosity decreases flow rate from the value predicted
by the parallel plate representation of a fracture by three or more orders of magnitude.
Finally, author has finished the discussion with the question that whether tortuosity has
importance or not in flow through real fractures and how the fractional contact area of a
fracture varied as a function of stress.

Brown (1987) has presented a direct approach to the study of fluid flow through
fractures using the finite-difference method, (FDM). In this study, computer simulation of
laminar flow between rough surfaces, based on Reynolds equation, (a form of the Navier-
Stokes equations) has been performed. Realistic rough surfaces has been generated
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numerically using a fractal model of surface topography and pairs of these surfaces were
placed together to form a "joint™ with a random aperture distribution. Flow rate through
joints has been computed on the 2-dimensional aperture mesh employing FDM and solution
has been used in the well-known ‘Cubic low’ to get the hydraulic aperture for various
surface roughness’s (fractal dimensions). Further, the hydraulic aperture has been
compared with the mean separation of the surfaces. It has been observed that at large
separations the surface topography has little effect. On the contrary, at small separations
the flow has been found to be tortuous, tending to be channeled through high-aperture
regions. It has been noticed that the parameter most affects fluid flow through rough joints
was the ratio of the mean separation between the surfaces to the root-mean-square surface
height. It has also been observed that though the aperture has been not unique for a rough
walled fracture, it allowed the cubic law to approximate the flow through fractures within
a factor of 2. It has been noticed that use of the arithmetic mean value of the aperture has
given better results than more complicated arithmetic averages.

Pyrak-Nolte and Cook (1988) have investigated the fluid percolation through single
fracture. Authors have opined that before addressing problem of flow through fractures or
set of fractures in rockmass, it has been necessary to investigate the flow behavior of fluid
through the primary unit i.e., single fracture in rock. In this study, the authors have
investigated the large values observed for the exponent ‘n’ in Equation (3.2) given by,
(Raven and Gale, 1985; Pyrak-Nolte et al., 1987) in a simple way that include mechanical
deformation and results from percolation theory without requiring detailed fluid transport
calculations.

Q — Quo o (e2)"

o (dmax — Amech)” 3.2)
where, Q is discharge; Qw is residual or irreducible flow; and apparent fracture aperture, ea
= (dmax - dmecn), has been defined as difference between maximum value of stress and the
fracture deformation.

Authors have assumed three basic assumptions: (1) cubic-law dependences have
been explicitly assumed at the microscopic level; (2) the details of the deformation
mechanics of the fracture surface have been included to lowest order by requiring
conservation of rock volume; and (3) the macroscopic flow properties have been dominated
by the deformation of the critical neck. Authors have discovered macroscopic dependences
of flow on apparent aperture that have exponents larger than cubic, but with cubic
dependence as a lower bound.
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Hakami and Larsson (1996) have carried out flow experiments and aperture
measurements on the same specimen having a single natural fracture, to compare the
measured flow with the predicted flow based on geometrical parameters describing the
actual fracture void space. Authors have developed a technique to measure the aperture by
injecting fluorescent epoxy in the fracture specimen. An image analysis system has been
employed in this study to take measurements along sections across the fracture surface in
granite having a mean aperture of 360 um at 0.45 MPa, normal stress with spatial
correlation of the aperture of about 1 cm. It has been observed that the predicted and
measured flow through the fracture specimen were in good agreement and ratio between
calculated and measured flow was 2.4.

A comprehensive review of single-phase flow thorough rough walled fractures
including deviation of cubic law has been discussed by Zimmerman and Bodvarsson
(1996). The authors have addressed the problems related to the hydraulic conductivity of a
single fracture to the geometrical parameters (mean aperture, fractional contact area, etc),
topography of the fracture walls and asperities. Authors have also compared various
theoretical models to sets of data available from the literatures in which conductivity and
aperture statistics have been measured on the same rock fracture. It has been observed that
in general, reasonably accurate predictions of conductivity can be made by combining the
perturbation result, and the geometric mean, with the tortuosity factor.

Brown et al. (1998) have developed a method for obtaining precise replicas of real
fracture surfaces using transparent epoxy resins to study the fluid flow paths within a
fracture plane. In this study, rocks having natural fracture were collected and silicon rubber
molds of fracture surfaces have been used to make a transparent epoxy replica of original
fracture. Digitized optical images have been used to observe wetting, saturated flow, and
drying of the specimen. Nuclear magnetic resonance imaging has been used for quantitative
measurement of flow velocity. It has been observed that both video imaging and nuclear
magnetic resonance imaging techniques have distinct and strong channeling of the flow at
the sub-millimeter to several-centimeter scale. Authors have discovered that fluid velocities
range over several orders of magnitude, with the maximum velocity of factor of 5 higher
than the mean velocity. It should be noted that the fluid velocities have been measured
simultaneously at various locations along the fracture plane during steady state flow,
suggests flow channeling in fractured rock, which can cause the break through velocity of

contaminants to far exceed the mean flow.
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Inoue and Sugita (2003) have studied the fourth- order approximation of fluid flow
through rough-walled rock fracture based on Reynolds lubrication equations. In this study,
a stochastic partial differential equation using perturbative expansion method has been
adopted for analyzing the fluid flow through a rough surface of single rock fracture. The
results were compared with the numerical deterministic analysis for randomly generated
aperture distributions and indicate that second-order approximation as shown by
Zimmerman and Bodvarsson (1996), which has been valid only when the aperture
distribution was nearly isotropic.

Giacomini et al. (2008) have investigated the flow anisotropy within a single natural
rock joint subjected to mechanical shear. In this study, micro-scale roughness has been
taken into account to define a reduced coefficient of permeability. Numerical simulations
have been performed by applying Darcy’s law to the rock joint, described as an equivalent
porous medium. The numerical simulations were based on experimental data obtained by
Hans (2002) from a series of hydro-mechanical shear tests on a rock joint replica (five shear
steps of the hydro-mechanical test, from W = 2 to 10mm with a 2mm increment). Further,
the numerical results were compared to the experimental ones, and to the results obtained
by applying the Reynolds equation, to assess the significance of the simulations. The
obtained results indicate that linear evolution of flow rate versus injection pressure has been
seen for relative tangential shear displacement, W, ranging from 4 to 10 mm. It has been
observed that the flow was turbulent at W = 2 mm (non-linear evolution) and the model has
reproduced the flow anisotropy and given realistic values of fluid velocities.

Tempone and Lavrov (2008) have investigated the applicability of discrete-element
method (DEM) for mudloss (occur during overbalance drilling of petroleum wells)
modelling in naturally-fractured formations (Single fractures and fracture networks), and
to perform an initial parametric study using two dimensional discrete-element code UDEC.
In this study, authors have assumed the in-situ stresses as isotropic and equal to 30 MPa,
the formation fluid pressure as equal to 20 MPa. The normal Kn and shear Ks stiffness of
the joints was equal to 10 GPa/m except for the series of simulations in which Kn was
varied as part of a parametric study. The authors have observed that in the case of mudlosses
into a fracture network, the total length of the network and the fracture stiffness control the
cumulative loss. Further, the dynamics of a mudloss event, i.e. the duration, the ramp-up
and the tail in the mudloss flow rate versus time curve, has been controlled by the geometry

of the fracture network (network being more or less isometric or elongated).
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Ranjith (2010) has performed triaxial tests on single natural fractured granite
specimens (width of 54 mm and length of 110 mm), having joint roughness coefficient,
(JRC<10), to discover whether the phases of fluid flow within rock fractures has been
laminar or turbulent using two-phase flow of air and water. It has been observed that the
estimated Reynolds numbers for various inlet fluid pressures were Re<1000. Further, both
single and two-phase flow through rock fractures has been characterized as laminar flows
at moderate inlet fluid pressures. However, for single-phase air flow, an increase in inlet air
pressures has been resulted in the formation of turbulent flow. It has been also observed
that at confining pressure of 1.0 MPa and inlet fluid pressure up to 0.5 MPa, an approximate
linear relationship exist between Reynolds number and fluid pressure, and beyond the fluid
pressure of 0.5 MPa, the linear relationship diminishes. Further, at low confining pressure,
the two-phase Reynolds number of water has been observed as much larger than that of the
air phase and an increase in fluid pressure has caused the Reynolds number to change. The
author has opined that at elevated fluid pressures, flow cannot be modeled using
conventional cubic law. This may be because of the formation of non-linear laminar flow
or turbulent flow. Reynolds number depends mainly on the joint surface roughness, the
fluid properties and the inlet fluid pressure, and Reynolds numbers increases with the
increase in inlet fluid pressure. The magnitude of the critical Reynolds number represented
the flow regimes between parallel walls was 1000 and indicated that the single-phase flow
derived in this study was laminar.

Qian et al. (2011) have studied the effect of roughness and Reynolds number
(Re>10) on fluid flow in rough-walled single fractures to examine the validity of cubic law.
In this study, authors have glued identical square plates on one surface of single fracture to
simulate the fracture roughness precisely and have control over the aperture and surface
roughness. Experiments have been performed on the vertical fracture constructed by
employing two plexiglass plates of dimensions 982 mm in length and 250 mm in width
under varying hydraulic gradient from 0.015 and 0.046 and six different fracture
roughness’s. The different fracture roughness has been created by gluing identical plates
following a regular order on one of the fracture surface. Two different sizes of square of 40
mm x 40 mm and 20 mm x 20 mm with three different thicknesses of 1, 2, and 3 mm have
been used to generate six different roughness patterns. The artificially created single
fracture has been mounted vertically in a tank which has been connected with two constant-
head flumes to establish steady-state horizontal flow in the fracture. Various flow

discharges have been created to examine the flow schemes under various Re values and
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fracture roughness. The results of the study have been illustrated the relationship between
flow rate and the hydraulic gradient for flow in an SF based on various controlled surface
roughnesses. It has been observed that increase in the roughness deviates the flow within
the fracture from the Darcian flow, and becomes more turbulent. Linear flow close to
Darcian flow has been observed through smooth and homogenous fracture surfaces.
Further, greater hydraulic gradient has been lead to greater deviation from the cubic law.

3.4  Quantification (and Measurement) of fractures

As fractures play an important role in fluid/gas flow, in the stability of deep and
steep slopes of underground or open-cast mines, caverns, for storing safely contaminated
materials and nuclear/radio-active wastes in far deep underground sites, designing the
blasting and grouting patterns, their quantification or measurement becomes mandatory. In
the past, several researchers have worked on the quantification of fractures and fracture
geometry with the seismic wave measurements. Some of these efforts have been presented
in the following.

Boadu (1997) has related the seismic properties and fractured rock mass parameters
based on a modified displacement discontinuity fracture model. In this study, models of
fractured medium were developed to represent vertically aligned fractures embedded in an
intact rock and seismic properties viz., compressional and shear wave velocities and quality
factors, Q (which is the inverse of the attenuation), are computed from the seismic waves
measurements. Two models have been developed viz., Model-A and Model-B with four
and seven vertically aligned fractures of average length of 0.8 m imbedded in a section of
sandstone of length of 2 m, respectively. The discontinuity index ld4, fracture density
parameter C, and the RQD, were also computed for simulated distribution of the geometric
fracture properties i.e., the fracture length, spacing, aperture, type of infilling material
(viscosity), and the areal fraction of opposing fracture faces in contact. These factors have
been analyzed and related to the seismic properties. The obtained results has been indicated
that fracture properties strongly influence the hydraulic transport properties or the strength
of the fractured medium. In addition, seismic velocities (both P and S wave) decrease with
an increase in the discontinuity index lqs and the fracture density parameter. It has been
opined that low velocity zones may indicate high transmissivity fractured zones. A
fractured rockmass with high lq indicates high permeability and, hence, lower-velocity
fracture zones will also have higher permeability. Further, it has been opined that a

fractured rock mass with lower strength or RQD value will tend to possess lower seismic
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velocities. Author has also stated that the seismic quality factor Q (P and S) decreases with
an increase in lg and C, and also decreases with a decrease in RQD. In addition, the ratio
Qp/Qs has provided different signature from either Qp or Qs in terms of its variation with Ig,
C, and RQD. It has been further opined that permeable or hydraulically transmissive zones
were indicative of consistent low seismic velocity and Q values associated with a fracture
zone. Lower seismic velocity and Q values were associated with low strength rocks. The
fractures caused a time delay in the propagating waveform and act as a filter by attenuating
the high frequency in the range of the waveform. The results exhibited that reasonable
inferences has characterized the hydraulic and strength properties of fractured rockmass,
which may have been derived from the measured seismic properties.

Kahraman (2001) has developed a relationship between P-wave velocity, number
of joints and Schmidt hammer rebound number by conducting test on artificially created
joints in different types of rocks. Both field and laboratory studies have been carried out.
Schmidt hammer (N-Type) tests have been performed on six different types of rock blocks,
keeping the hammer vertically downwards and at right angles to the horizontal rock faces.
Laboratory tests have been performed on artificially created jointed rock samples having
dimension 100 mm x 200 mm x10 mm and P-wave velocity were measured perpendicular
to the joints after applying the axial load of 20 kKN. Least squares regression method has
been employed to analyze the sound velocity and the Schmidt hammer test results. For each
regression, best-fit line equation, 95% confidence limits, and the correlation coefficient (r)
have also been determined. The test results exhibited that inverse linear relation exists
between the number of joints and the P-wave velocities i.e., P-wave velocity decreases with
an increase in the number of joints. Also, slopes of the regression lines were described as
the sound velocity index (SVI), which exhibits that a linear relationship exists between the
SVI1 values and the rebound numbers. High strength rocks exhibit higher SVI as compared
to the low strength rocks.

Kahraman (2002) has investigated the P-wave velocity of intact rock by correlating
the direct P-wave velocity value and the indirect P-wave velocity values obtained from
laboratory measurements. In this study, measurements have been made on eleven rock
specimens collected from the marble and granite factories in the Konya, Antalya and
Kayseri areas of Turkey. Three of these specimens were igneous, six were sedimentary and
two were metamorphic and are 200 mm x 300 mm x 200 mm in size. The rocks blocks
have been diamond-sawed and subjected to an axial load of 20 kN. P-wave velocities have

been measured by employing E48 pulse generator unit (make, Controls) and two
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transducers (transmitter and a receiver) having a frequency of 54 kHz in three perpendicular
directions repeatedly and the average values were recorded. The results of the sound
velocity tests have been analyzed by using the method of least-squares regression and
equation of the best-fit line. 95% confidence limits, and the correlation coefficients (r) have
been determined for each regression. These results exhibited a linear relationship between
the direct P-wave velocity and both the semi-direct and the indirect P-wave velocities. The
correlation coefficients have been found to be quite high, which has indicated the utility of
the variables for engineering usage.

Kahraman et al. (2008) have investigated the depth of fractures in a rock block by
conducting P-wave velocity measurements in the laboratory. Investigations were carried
out on the rocks collected from stone processing plants, quarries and natural outcrops in
Nigde, Kayseri and Konya area of Turkey. The rock block dimensions are 250 mm x150
mm %200 mm. Standard tests such as Density, Porosity, Uniaxial compressive strength and
Brazilian tensile strength were performed on each of the rock types, and their physical and
mechanical properties were determined. Ultrasonic tests were conducted on blocks with a
progressively deepened cut, on nine different rocks with polished surfaces and then a
fracture (measuring 10 mm in depth and of 5 mm aperture) parallel to the measuring
direction was artificially created. The fracture depth was gradually increased from 10 mm
to 80 mm at 10 mm increments, and the P-wave velocity measurements were conducted. A
distance of 150 mm between the transducers was maintained in all tests. In this study, the
E48 Pulse Generator unit made by Controls Company (Nigde, Turkey) and two transducers
(a transmitter and a receiver, which work at a frequency of 54 kHz) were used for sound
velocity measurements. The P-wave velocities were correlated with the fracture depth for
each rock type; an inverse linear relationship was found. The slope of the regression lines
was approximately same for one rock class and varied for the different material types viz.,
igneous and metamorphic rocks have the highest (average 131.44) and lowest slope
(average 21.77) respectively. Some poor non-linear relationship has been observed between
the slope and the rock density and between the slope and the porosity but no correlation has
been proposed with the mechanical properties of rocks. The study highlights the fact that
the depth of a cut fracture can be estimated from the P-wave velocity.

3.5  Roughness measurement of the fracture surfaces
Roughness of any surface can be defined by the geometric properties of a surface
through a quantitative parameter describing the intuitive notions of “rough” or “smooth”
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(Cord et al., 2007). Characterization of geometric properties of roughness of the fracture
surface and aperture, statistics of the asperity height and of the joint aperture are important
(Lanaro, 2000). Roughness measurements by employing 3D laser profile scanner can be
used to capture the texture of fracture surface profiles or the topography of the surfaces
using the laser beam and the co-ordinates of the scanned surface were in general in ASCII
or binary files in the X, Y and Z format. X, Y and Z coordinates represents the width, length
and asperity height of the fracture surface respectively. Statistical analysis can be
performed to generate classical statistical parameters, mean, median, mode, skewness,
kurtosis, standard deviation, etc., on the data generated from the 3D laser topographical
inspection scanner. Several researchers have used root means square, (RMS) roughness, Rq
and Roughness average, Rato detect the variation on the fracture surface roughness.

Rq is a mathematical representation of the asperities height and depth of the fracture
surface, and is defined as average between the asperity height deviations and the mean of
the line/surface, taken over the entire surface. Rais the mean height as calculated over the
entire surface. Rq and Ra were computed by employing the Eqg.3.2 and Eq. 3.3 respectively
(Mellott et al., 2001, Guerrero et al., 2002, Vasconcelos et al., 2006).

Ro = |LZI, (2 - 2)° 32

Ry ==31,1Z; — 7| (3.3)
where, n is the number of data points, and Z is the asperity height.

The above mentioned parameters are scale dependent and their magnitude differs
for the same surface, depending on the measurement done, such as, with a profilometer
(scale from mm to cm) or with an atomic force microscope (scale from A° to mm) (Guerrero
et al., 2002), the parameters Rq and Ra, helps in differentiating the surfaces of different
topography quantitatively.

Rengers (1970) and Fecker and Rengers (1971) have offered an innovative method
to measure statistical characteristics of joint roughness by choosing a reference line parallel
to the common direction of the joint and then digitizing the profile at 1 mm intervals in
discrete steps by recording the maximum positive and negative angles over the profile.
Further, the step length has been progressively increased, and the tangents for the maximum
positive and negative angles for each step size have been plotted. The maximum possible
dilation occurs for any given relative shear movement can be represented as a hypothetical

"free" dilation curve using this data and the method would be effective in addressing scale
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effects of roughness. However, the methodology have been not incorporated any aspects of
strength, and its value as a predictive tool has been limited to either hard rocks, (where
slight surface degradation occurred at moderate stress levels), or to soft rocks with very
low stress levels.

Williams (1980) has worked on rock socketed piles. In this study, the roughness of
wall sockets has been sampled and the socket profiles as a set of statistics of roughness
angles and heights for 2 mm step lengths has been measured.

Haberfield and Johnston (1994) have adopted a similar procedure in their model of
joint behavior by keeping a roughness profile obtained from a typical joint cross-section.
In this study, the joint profile, has been shown as a dashed line could be idealized as the
series of straight lines or chords. Authors have noted that such a typical joint profile was
one of an infinite number of cross-sections of the same joint surface and other joint cross-
section would result in different straight line profiles. Researchers have suggested that each
idealized profile could be analyzed (independently or collectively) on a statistical basis to
obtain different roughness parameters viz., the mean and standard deviation of the chord
absolute inclinations, and the mean and standard deviation of chord end-point and
absolute heights.

Apart from the work relating surface parameters to friction in the field of tribology and
wear theory, e.g. Koura and Omar (1981), many other investigators (Krahn and
Morgenstern, 1979; Williams, 1980; Tse and Cruden, 1979; Reeves, 1985) have
specifically attempted to correlate surface roughness with the frictional behavior of rock
joints by statistical methods. The statistical parameters can be divided into two categories
(Reeves, 1985):

i.  those describing the magnitude of roughness; such as, the center-line roughness and
root mean square roughness;

ii.  those describing the texture of the rough surfaces, namely the root mean squares of
the first and second derivatives of the surface profile, auto-correlation function,

spectral density function, mean square value and structure function.

3.6  Critical appraisal

A comprehensive review of the literature presents investigations on permeability of
fractured rock taking into account, the influence of axial load, confining pressure (Gangi,
1978; Gowd and Rummel, 1980; Walsh, 1981) and pore pressure (Walsh, 1981; Li et al.,
1997). Many theoretical or experimental investigations indicate that the decrease in
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permeability at relatively low pressure is caused by the closure of open cracks and therefore
follows preferred flow paths of the fluid (Gangi, 1978; Jones, 1975). Also, improved
models for fluid calculation have been proposed and practical measures to control fluid in-
rush have been developed (e.g. Jones, 1975; Somerton et al., 1975; Bear et al., 1993; Zhang
etal., 1997; Rutqvist et al., 2005; Zhu and Wong, 1997). Many progresses have been made
in the study of rock mass behavior over the past three decades; however, most of these
methods are noticed to be tedious and time consuming or are found to exhibit logistical
difficulties. Also, several empirical approaches (Brace et al., 1968; Jones, 1975; Somerton
etal., 1975; Goodman, 1976; Witherspoon and Gale, 1977; Pratt et al., 1977; Brace, 1978;
Walsh, 1981; Bandis et al., 1983; Raven and Gale, 1985; Zhu and Wong, 1997; Zisser and
Nover, 2009) and analytical solutions (Indraratna, et al., 2003; Hugh, et al., 2004) have
been developed and adopted by the researchers for investigating the permeability of
fractured rocks. However, most of these researchers have either used numerical simulation
or complicated test setups to study the behavior of fluid flow through the rockmass, which
are either test-specific or rock specific and hence do not yield any generalized relationship.
Major problem with existing methods is that they do not identify the influence of fracture
network within a large rock mass.

Further, permeability of each rock type is conditional to its formation, tectonic
activities and heterogeneities involved and hence behaves differently. Therefore, still there
is a need to study or investigate further in detail, the simultaneous effect of various
parameters on the permeability of fractured rockmass and come up with some generalized
model. Many progresses have been made over the past three decades to study the behavior
of permeability as a function of stress, and several empirical approaches (Brace et al., 1968;
Somerton et al., 1975; Jones and Owens, 1980) have been developed for investigating the
permeability of fractured rocks. Major problem with existing methods is that they do not
identify the influence of fracture network or in particular ‘single fracture’ within a large
rockmass. In addition, the critical issue of scale effects, such as how to relate properties
measured in the laboratory to rock mass properties at the field scale, has not been rigorously
studied. In addition, most of these methods are noticed to be tedious and time consuming
or are found to exhibit logistical difficulties.

Hence, it is essential to investigate (a) the influence of state of stresses on the
permeability of fractured rock mass (b) identify the influence of fracture network within a
large rock mass and simulate the in-situ/field stress condition in the laboratory to study the

fluid-rock interaction.
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CHAPTER 4
EXPERIMENTAL INVESTIGATIONS

41  General

In this chapter, details of the experiments conducted on different types of materials
(both analogue and natural) are presented. The methodologies adopted for determining the
permeability of fractured rock mass have been discussed in details.

4.2  Selection of material

For the simplicity and understanding the basic interdependency of various
parameters on permeability of the fractured- rock mass, the 'Paraffin wax' was selected as
an analogue material. Further, collection of undisturbed rock samples from the deep
locations and creation of the fracture(s) are quite cumbersome.

4.2.1 Analogue material - 'Paraffin wax'

Samples were prepared with the help of molten wax, to emulate the rockmass,
which allows flow of water through the fractures, primarily, and not through the matrix.
Apart from the ease of sample preparation and ensuring the homogeneity of the sample, it
also facilitates creation of a single fracture with well-defined geometrical shape and
aperture of the fracture. The methodology to create a cylindrical samples and fracture of
certain apertures in the sample, are discussed in the following.
4.2.1.1 Sample preparation

Cylindrical samples made of Paraffin wax, imbibing a 'single fracture' were
prepared for simulating flow characteristics of water as described in the following. The
molten wax was poured into the cylindrical mould (38 mm in diameter and 76 mm in length,
as depicted in Fig. 4-1a. This mould consists of a circular base plate, two cylindrical halves,
and an aluminum rectangular plate of 1 mm thickness. The two halves were joined together
with “screw arrangement” by keeping the aluminum plate in between the two cylindrical
halves. After that the molten wax was poured into the mould and it was allowed to solidify
at the room temperature. Before pouring the wax in the mould, both the ends of cylindrical
halves were lubricated with the help of silicon grease. This facilitates easy removal of the
sample from the mould. In this way, two cylindrical halves of the wax sample were
prepared.
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Sand grains adhered on to the

flat faces of wax sample Fracture

Fig. 4-1 The mould used for preparing the cylindrical samples, (b) cylindrical halves
of the sample with adhered sand and (c) the sample with a single fracture
4.2.1.2 Creation of 'single fracture' in the analogue material

For creating a single fracture, of certain aperture, (€), in the sample, standard sand
grains and glass beads were used in an interesting manner. The sand grains were passed
through 500 pm, 600 pm and 850 um sieves and were retained on 425 um, 500 um, and
710 um sieves, respectively. The four different sizes of glass beads were selected, having
diameters as, 0.45 mm, 1.00 mm, 1.42 mm and 1.85 mm. By using these sand grains, and
glass beads, different fracture apertures were created as described in the following. These
samples were designated as S-SG-425, S-SG-500, and S-SG-710, and S-GB-0.45, S-GB-
1.00, S-GB-1.42 and S-GB-1.85, where, S stands for sample, SG and GB, sand grain and
glass beads and numerals, size of the grains, respectively.

In order to create a fracture of certain aperture, the sand fractions or glass beads
were heated up to 50 °C and the flat faces of the cylindrical halves were lightly pressed on
them. This facilitates adhering of the sand grains or glass beads onto the both cylindrical
halves, as depicted in Fig. 4-1(b). These halves when joined together yield a sample with a
single fracture having certain fracture aperture, as depicted in Fig. 4-1(c). Several identical
samples were prepared, following this methodology, and their designation and details are
listed in Appendix A. This Appendix also presents geometrical details of the sample and
the fracture such as: the sample length, | (=60 mm), its initial diameter without sand grains,
di, the final diameter with sand grains, ds, initial aperture of the fracture, ei (=ds-di), the
width of the fracture, W (=34.5 mm), and the initial area of the fracture, Asi (=ei-W). These
dimensions were measured by employing a digital Vernier Caliper with a least count of
0.01 mm. Particle morphology of the sands was determined with an intention to determine
the average particle sizes so as to develop a model which substantiates the assumed value
of e, and the details are presented in the subsequent heading.
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4.2.1.3 Particle Morphology of the Standard Sand Grains

Particle morphology of the standard sand grains has been studied using an optical
microscope and the micro-photographs of the samples are depicted in Fig. 4-2. As
suggested by Robinson, and Friedman, 2002, it has been assumed that the optical micro-
photograph yields the maximum cross sectional area of the grain.

For the sake of completeness, the procedure adopted for determining sphericity, S,
roundness, R, regularity,, and elongation index, El, of a single grain of the sand sample,
S-SG-425, by employing Adobe Illustrator CS2, Ver. 12.0.0, is depicted in Fig. 4-3.

As depicted in Fig. 4-3(a), maximum/largest inscribed circle dmax-in (= 0.568 mm)
and the minimum/smallest circumscribed circle dmin-cir, (= 0.934 mm) were constructed and
S, was computed by using the Eq. 4.1 (Wadell, 1935; Riley, 1941; Robinson and Friedman,
2002; Patel et al., 2009).

d .
: max - in (4.1)
min - cir
R is the average radius of the curvature of corners of the particle with respect to the
radius of the maximum inscribed circle (Wadell, 1935; Patel et al., 2009) and is determined

by plotting several circles for several surface curvatures, and by employing Eq. 4.2,

N
Ro__ N W “2)

r .
max —1In

where riis the radius of curvatures of the convex corners of the grain boundary and N is the
number of the inscribed circles.

£is the average of S and R, and hence can be determined by employing Eq. 4.3,

&= (R+3)/2 (4.3)

The elongation index, El, of these sands was also determined (Fig. 4-3b), which
defines the relationship between the two principal axes of the particle in a two-dimensional
image and is the ratio between the intermediate, l2, and the major, l1, axes of the particle
(Krumbein and Pettijohn, 1938).

The above procedures were repeated for 30 grains of each sand fractions and the
average of S, R, and &, were obtained (refer Table 4-1). In addition, EI was determined and

the details are listed in Table 4-2, which also presents the standard deviation, SD.
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S-SG-425

S-SG-500
Fig. 4-2 Optical micro-photographs of the standard sands (x10)

S-SG-710
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(b)
Fig. 4-3 Method to determine the (a) particle morphology (b) Elongation Index,
using software AutoCAD, v. 2009 software

Table 4-1 Particle morphology of the samples of sand grains

Sample
S-SG-425
S-SG-500
S-SG-710

S
0.820
0.809
0.792

R
0.3260
0.3264
0.3034

9
0.573

0.568
0.548
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Table 4-2 The elongation index of the samples of sands

1
El
Sample (mm) _ SD
Max. Min. Max. Min. Average
S-SG-425 0.94 0.63 0.98 0.53 0.77 0.10
S-SG-500 141 0.74 0.97 0.45 0.75 0.15
S-SG-710 1.73 0.90 0.96 0.44 0.71 0.12

Perfect spherical standard glass beads were purchased based on their grain size. 30
grains of each glass beads, were selected randomly and diameter of the glass beads were
measured by using a Vernier Caliper and accordingly four different types of glass beads

based on their diameter were selected as depicted in Appendix B.

4.2.2 Natural Material - "Hard/crystalline rock’

In this study, granite rock was collected under in situ conditions from in and around
Melbourne, Victoria, Australia (Fig. 4-4). Based on visual identification of the grains, three
different types of rocks of granitic composition were selected. These rocks were brought to
the laboratory in the form of irregular blocks (=300 mm in length, 200 mm in width and
150 mm in height). These blocks were set into the rectangular wooden boxes (slightly larger
than the rock block) and white cement slurry was poured, as depicted in Fig. 4-5. This
facilitates a proper sitting of the block in the wooden box and subsequent coring of the
samples for testing. It was ensured that the flat surface of the rock block is facing upwards,
which helps in smooth coring of the cylindrical samples from each of the rock blocks. The
shallow and deep levels were marked on the top portion of the rock blocks so that the proper
required length of the cores can be obtained.

To obtain the cores, a diamond core driller (120 Diamond Core System) was
employed. Several cylindrical rock cores were retrieved. These cores were 38 mm and 54
mm in diameter, and 76 mm and 108 mm in length. The cores were designated as S1-CG-
38, S2-MG-38, S3-FG-38 and S1-CG-54, S2-MG-54, S3-FG-54, representing the sample
number, grain size (CG- Coarse grain; MG- Medium grain; & FG- Fine grain) and sample
diameter (38 mm and 54 mm), respectively.

The sample designation and their geometrical details are presented in the Table 4-3.
Further, a single vertical fracture running all along the length of the core was created, as

described in the following section.
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Fig. 4-4 Index Map of Victoria, Australia showing location of the granite rock sample collection site
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Table 4-3 Engineering properties of the samples and their geometrical details

Sa&?'e Rock type | dmm) | Imm) | Aqmm?) | ocMPa) [E(@GPa)| PKN)
S1-CG-38 | Coarse Grained | 39.7 | 76.2 152.4 150 42 25
S2-MG-38 | Medium Grained | 395 | 73.3 146.6 172 24 28
S3-FG-38 | Fine Grained 396 | 746 149.2 249 77 35
S1-CG-54 | Coarse Grained | 53.8 |106.94| 213.88 126 35 22
S2-MG-54 | Medium Grained | 53.94 | 96.08 | 192.16 127 21 26
S3-FG-54 | Fine Grained | 53.83 | 99.92 | 199.84 181 62 30
S2-CG-54 | Coarse Grained | 539 | 97.3 | 19461 124 33 23

Fig. 4-5 The rock block placed in the rectangular boxes for coring (a) Fine grained
granite and (b) medium grained granite

4.2.2.1 Creation of 'single fracture® in the natural material

To create a 'single fracture' in the rock core sample a setup made up of high carbon
(1.20% C by weight) steel (refer Fig. 4-6) was fabricated. This setup consists of a pair of
V-blocks and each of the V-block was placed on the flat metal plate. The setup consists of
four holders to clutch the samples in the center of the V-block as depicted in Fig. 4-6(a).
These V-block were fixed on the top and bottom platen of the Universal Compression
Testing Machine, UCTM, respectively as shown in Fig. 4-6(d). To ensure the proper
adjustment and alignment of the top and bottom V-blocks, both the top and bottom platen
of the UCTM were brought close to each other and verified that the sharpen portion of top
and bottom plate of the V-blocks were matching each other [refer Fig. 4-6 (c)]. After
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ensuring the alignment of the V-blocks, the top platen of the UCTM was raised up and the
sample was placed in between the V-blocks, positioning horizontal, so that the contact of
the sharpen portion of the V-block occur along the sample length as depicted in Fig. 4-6(d).
Before, placing the sample in between the V-blocks, 2 mm grove was made on two sides
(at 180°) of the sample, whole along the length. The computed area of grove, Ag (mm?) for
all the samples is mentioned in the Table 4-3. This facilitates, proper coupling of sharpen
portion of the V-blocks and the sample with groove/contact area, mentioned in Table 4.3.
Also, it allows equal distribution of the load throughout the sample length, which allows
the sample to fail in tension, like Brazilian/point load test. Further, loading was applied
perpendicular to the sample length, using the UCTM till failure [refer Fig. 4-6(d)] and
details of the load, P at which the sample failed is listed in the Table 4-3 along with the
engineering properties and geometrical details. In this way, the rock core separated into two
cylindrical halves as depicted in Fig. 4-7(a). Then, both the cylindrical halves were joined
together by means of silicon adhesive, as applied on both sides, along the length of the

sample as depicted in Fig. 4-7(b).

V-Block
( High Carbon Steel)
\

Clamp to hold

Rock Core

Top and Bottom
Overlaid

(a) (b) (c) (d)
Fig. 4-6 V-Blocks setup to create a fracture in the rockmass, (a) Base Plate, (b) Top
Plate, (c) both top and bottom plate placed over each other, (d) sample placed in

between the top and bottom platen

Base Platen Top Platen
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Fracture

N o

Fig. 4-7 (a) Cylindrical halves of the fractured granite sample, (b) samples with a
single fracture

4.3  Testing methodology
4.3.1 Determination of Engineering Properties of Analogue material

The mechanical properties viz. uniaxial compressive strength (UCS) and load-
deformation characteristics of wax specimen were determined by compression testing
machine, Master Loader HM-3000, based on UCS testing procedure of cylindrical rock
cores (ASTM D 4543-08). The test setup consists of UCS testing machine, load cell of
1000 kg capacity, and a sample cage made of three derlin rings, the connecting rods and 4
LVDTs, three in horizontal and one in vertical direction (refer Fig. 4-8 and Fig. 4-9). The
middle ring can support three LVDTs (Linearly Variable Differential Transducers) at 120°
apart, as depicted in Fig. 4-9. These LVDTs (type KL 17) work on the principle that when
AC current (2 Vrms, 5 kHz sine-wave) is applied to primary winding, it produces a
magnetic field which, in turn, induces emf-in two differentially connected, secondary
windings. The magnetic core moving linearly along the axis varies the flux linkage from
primary to both the secondary. The output voltage, thus obtained is linearly proportional to
linear displacement. These LVDTs have rounded tips, which restrict their piercing into the
sample, and can record deformations in the range 0 to 10 mm, with a least count of 1 pm.
The cylindrical wax sample (height 76 mm and diameter 38 mm) was kept inside the, cage
and load was applied by the machine. The LVDTSs record strain in lateral direction, &trans Of
the sample, when it was axially loaded. For measuring strain in axial direction, gaxia Of the
sample, another similar LVDT was employed. A 5-channel readout unit, which has a
computer interface, was used for recording etrans, axiat and the applied load, P. Using these
data the stress-deformation characteristics of the wax specimen can be established by

following the steps as mentioned below.
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Fig. 4-9 Details of the positioning of LVDTs in the above setup (after Patel et. al.,
2009)
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If €1, &2 and &3 are the strains recorded by the three LVDTSs, then the lateral strain
etrans Can be presented as (Gere and Timoshenko, 1987):

& t &+ & V2
Etrans = f + ? i/(gl - 82)2 + (52 - 53)2 + (53 - 51)2 (4'4)

If caxial IS the longitudinal strain then:

Vv = gtrans (45)

Eaxial
where v is the Poisson’s ratio by employing Eq. 4.5, for a particular stress (=P/Ac), where
P is the axial load applied on the sample and Ac is the corrected area:

2
Ac=m- P (4.6)

where, D¢ is the corrected diameter, after successive deformation in the sample (ref. Fig.
4.5): computed as follows:

De=Do += (8, + 8, + 83) (4.7)
where, Do is the initial diameter of the sample and §;, 5, and 65 are the transverse
deformation of the soil sample shown by the three LVDTs.

4.3.2 Determination of Engineering Properties of natural material

Engineering properties, (uniaxial compressive strength and young’s modulus) of
intact rock core samples were determined by employing UCTM as per the ISRM guidelines.
Three samples of each grain size were tested for compressive strength, oc (MPa) and
Young’s modulus, E (in GPa) and their average values are listed in Table 4-3.
4.3.3 Fluid flow characteristics of Analogue Material using FWP

The main objective of this study is to simulate the flow characteristics of water
through a ‘single fracture’ of different fracture apertures under incremental increase in
confining stresses acting on a rockmass. The molten wax was used to emulate the rockmass,
which allows flow through the fractures, primarily, and not through the matrix. Apart from
the ease of sample preparation and ensuring the homogeneity of the sample, this
methodology facilitates proper understanding of the basics of the flow of water through a

‘single fracture” and the influence of various parameters on it.

4.3.3.1 The Test Setup
The FWP has been widely used in geotechnical engineering laboratories for
determining the hydraulic conductivity of soils. Hence, in the present study, the same has

been employed to determine the flow characteristics of the wax sample using the
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methodology employed for saturated soils (as per ASTM D- 5084). The HM-4150
Flexpanel (make Humboldt, USA) which consists of a triaxial cell and three burettes (Cell,
Base and Top) attached to a master control panel (Flexpanel) has been employed in the
present study as depicted in Fig. 4-10(a) & (b). The schematic diagram of the test setup is
depicted in Fig. 4-11. This FWP facilitates determination of the permeability of the
geomaterials (ASTM D-5084). The major advantage of using the FWP is that due to the
application of the confining stress, a3, on the sample, the side-wall leakage that occurs in
conventional permeameters can be eliminated (Samingan et al., 2003). The FWP also
facilitates determination of the influence of o3 on flow characteristics of the sample with
‘single fracture’.

The sample was mounted on the base plate in the cell. Two porous stones of the
same diameter, as that of the sample, were boiled in demineralized water to ensure
saturation. These stones along with filter paper were placed on the top and bottom of the
sample. The high vacuum grease was applied between the porous stone and the top and
bottom surfaces of the sample, and between the porous stone and the top and bottom base
plates so as to reduce friction. The sample was covered with the latex membrane and with
the help of O-rings, the membrane was fixed to the top and the bottom plates. The top tube
was inserted into the holes provided in the top plate, the cell was closed and completely
filled with the de-aired water. Later, the sample was saturated to achieve the complete
saturation by applying the base pressure/injection pressure, bp. After saturation, a constant
bp equal to 10 kPa was applied under o3 of 50 kPa. By collecting the amount of the water
flowing from the base burette, h1, through the fracture, into the top burette, hz, as depicted
in Fig. 4-11, the discharge, Q, was measured over a period of time, t. Both the burettes
come with a 10cc volume with an accuracy of 0.02cc, and the area of the cross section of
the burette is 0.263cmz2. Incidentally, Q (in cc) is equal to the average of the base outflow
and the top burette inflow. Later, o3 was increased in steps of 50 kPa (up to 1200 kPa, which
is the capacity of the FWP) and Q was measured for 15 minutes, corresponding to each os.
For the sake of generality of the test results, several samples were tested with injection
pressure, bp equal to 10 kPa, 20 kPa, and 30 kPa and the results are discussed in the

subsequent chapter.
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Fig. 4-10 The Humboldt Flexi-Panel HM-4150 permeameter for determination of
permeability. a) The Master Control Panel, with the Cylindrical Sample Cell

D}?p!ay
v g Master Control Panel
- e Cell Base To
2 ﬁ SupplyAir Pressure  Burette Bure[:te
— Supply i - I I
g oV ®11192|l1| O
a s ent ; l Ih
3 | | O® _- _VE
| E i .
The Cell
O-Ring — Top PlateL 3
Porous Stone _| ——"’b : . _
with Filter paper - ] h
p— £ 1
Fracture > E" 3 Rvan
1) ! ; Control
I o l 3 . = Valve
Latex 172! i E ‘ :
Membrane | i
Base |Plate
I L Ll
-

Fig. 4-11 The schematic diagram of the test setup (after Singh et al., 2014)
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4.3.4 Roughness measurement of the fracture surface of the Natural Material

In the present work, roughness measurements were performed on the both the
cylindrical halves/fracture surfaces, produced from direct tensile tests conducted on
samples of granites at 0.04 mm point spacing before affixing together, by employing
ROMER 3D laser profile absolute arm scanner, seven axis "SI" series, certified to B:89
specifications. The path of the scanning surface was performed manually by rotating the
scanner 180° with respect to the vertical axis to avoid the problems of shadows and
reflection from the Quartz grains and the measurements were collected automatically and
the co-ordinates of the scanned surface were further discharged into ASCII or binary files.
Statistical analysis was performed to generate classical statistical parameters, mean,
median, mode, skewness, kurtosis, standard deviation, etc., on the data generated from the
3D laser topographical inspection scanner and the results are discussed in the Chapter 5.
Root means square, (RMS) roughness, Rq and Roughness average, Rawere calculated over
the entire surface, by employing the Eg. 3.2 and Eq. 3.3, respectively, as depicted in Fig.
4-12.

Although, these parameters are scale dependent and their magnitude will differ for
the same surface; depending on the methodology of measurement adopted (viz., a
profilometer, scale varies from mm to cm, or with an atomic force microscope, scale varies
from A° to mm, Guerrero et al.,, 2002), they help in differentiating the surface
quantitatively.

In the present study, samples are approximately of same dimension (refer Table 4-3)
and scanning of the fracture surface was maintained as 0.1 mm (resolution). Data obtained
from the 3D scanner (in X, Y, Z format) were exported to the SURFER v.10 to produce
grid file. This was followed by developing the 3D surface profile of both the cylindrical
halves/fracture surfaces. Further, by employing ArcGIS v.9.3, 2D roughness profiles for all
the sample was generated and analyzed, by employing the data obtained from the 3D

scanner, as discussed in Chapter 5.
Asperity height
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Fig. 4-12 The asperity profile and the statistical parameters associated with it
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4.3.5 Fluid flow characteristics of Natural Material using HPTC

The fluid flow characteristics of granite sample imbibing a 'single fracture' were
determined using high pressure triaxial cell, HPTC, as depicted in Fig. 4-13.
4.3.5.1 The Test Setup and Working Principle

The test setup consists of a loading system, loading frame, a triaxial cell compressor
unit, hydraulic oil reservoir, high pressure hydraulic pump, and water pressure pump as
depicted in Fig. 4-13. The schematic diagram of the experimental setup is depicted in Fig.
4-14. The tests setup also consists of a load cell of 150 ton capacity to measure the applied
load and 1 LVDT in vertical direction to measure the axial deformation, caxial. To measure
lateral deformation, ewrans, @ metal-foil strain gage was used.

The cylindrical sample with a single fracture was placed on the base pedestal and
top cap was placed above the sample. Before keeping the sample on the base pedestal, two
porous stones were also placed. Later, the sample was covered with a rubber membrane
and two O-rings and horse-shoe clamps on each top cap and bottom pedestals were placed
over the rubber membrane to avoid shot circuiting with the applied confining pressure, (o3)
and the base pressure, (bp). Hence, the test setup can be idealized creating a one
dimensional, leak proof, flow conditions. A metal-foil strain gauge, was fixed over the
rubber membrane to measure etrans, when confining pressure was applied. Then, the cell
was closed and filled with hydraulic oil ensuring that the cell was free of the air.

Permeability tests were performed on the fractured specimens at different values of
o3 (5, 10, 15, 20, 30 and 40 MPa). Hydraulic oil was used as the fluid media in the cell and
o3 was applied using a hydraulic pump and its magnitude was recorded using a pressure
transducer that carries a combined total error band of +0.75% of the maximum
measurement. Once the sample has been exposed to the target o3, water was pumped from
the high pressure water injection pump to the bottom of the sample and collected from an
outlet hose connected to the top of the sample after 30 min. to 45 min after flow becomes
stabilized. The magnitude of the inflow was recorded by an independent pressure
transducer. The discharge, Q, was collected in an airtight container to avoid the water
losses. The container was placed over a weighing balance of 1200 g capacity along with
computer interface and Q, was recorded at 3 second interval. A 5-channel readout unit,
which has a computer interface, was used for recording o3, &trans, caxiat and the
applied/resistance load, P. The test was continued until the flow becomes stabilized,
corresponding to each bp and the time, t to stop the test was approximately 30 to 45 minutes,

depending upon their stabilization time i.e., Q becomes constant with time, t. Tests were
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carried out at different values o3 and bp, as depicted in Table 4-4. There were 33
experiments in total for each sample and 600-1000 test points depending upon the
stabilization time of the Q. After each experiment, sample was again exposed to the
different target o3. To ensure side wall leakage and to stabilize the fluctuation in target o3,
sample was exposed required o3, for a period of 6-8 hours. In the same manner, several
samples were tested and discussed in Chapter 5. The variation in Q with t corresponding to
o03=5MPa and bp (=1, 2, 3 and 4 MPa), for sample S1-CG-38, has been plotted as depicted
in Fig. 4-15. For the sake of brevity, a typical data sheet used for recording experimental
observations and calculated parameters for natural sample, S1-CG-38 is listed in Appendix
l.

Compressor
Unit

il
Reservoir

Fig. 4-13 The test setup used for determining the flow characteristics of water
through the fractured rockmass

Table 4-4 Detail of fluid flow tests configuration
a3 (MPa)

5 10 15 20 30 40

1 1 2 2 2 2

2 2 4 4 4 4

bp 3 4 6 8 8 8

(MPa) |4 6 8 10 14 14
8
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CHAPTER 5
RESULTS AND DISCUSSION

51  General
This chapter present the results obtained from the experimental investigation and

has been analyzed and discussed in detail.

5.2  Particle Morphology of the Standard Sand Grains

It can be noted from the data presented in Table 4-2 that the sand grains used for
creating a fracture of certain aperture, in this study, exhibit practically same EI. As, the
initial fracture aperture, ei, is dependent on the El and the arrangement of the sand grains,
at least three possible grain arrangements, refer Fig. 5-1, can be hypothesized. However, it
should be noted that for the perfect spherical glass beads such analysis was not required.
Further, it has been assumed that the sand grains and the glass beads glued on the surface
of the wax are in regular pattern and the penetration is negligible. As per Fig. 5-1, one of
the following relationships could be valid for defining the fracture aperture, e.

Computed fracture aperture, ec using sand grains

ec=2h (5.1a)
= |1-(1+EI) (5.1b)
=2 (5.1¢)
Computed fracture aperture, ec using glass beads
=2d (5.1d)
= d-(1+cos 30°) (5.1e)

where |1 and |2 are the major and intermediate axes of the particle, El is the
elongation index and d is the diameter of the grain.

The computed fracture aperture, denoted as ec, of all the samples of sand grains,
obtained by employing Equations (5.1 a), (5.1 b) and (5.1 c) is listed in Appendix C,
Appendix D and Appendix E. Further, the average initial fracture aperture, ecav., were
computed from the data presented in Appendix C, Appendix D and Appendix E for the
samples S-SG-425, S-SG-500 and S-SG-710 is presented in Table 5-1. It can be observed
from the data presented in the table that Equation 5.1(c) yields the value of ec which is quite
close to the initial fracture aperture, ei, obtained by employing the Vernier caliper. This
indicates that the most probable arrangement of the sand grains on the sample halves would

be as depicted in Fig. 5-1(c). Further, ec, obtained by employing Equations (5.1 d) and (5.1
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e), and is listed in Appendix B. It can that be observed from table that practically the ec,
computed by using Equation 5.1 (d) is quite close to the to the initial fracture aperture, ei,
obtained by employing the Vernier caliper. This indicates that the most probable
arrangement of the glass beads on the sample halves would be as depicted in Fig. 5-1(d).
However, the minor difference between ecand ei (obtained by using Vernier caliper) is due
to small amount penetration of glass beads on the surface of the sample halves and is
computed as about 5 to 13 % depending on the size of the glass beads, i.e., lager the glass

beads, more the penetration.

o

I 1,-(1+ET)

»

.
5

T

(@) (b) (©) (d) (e)
Figs. 5-1 Typical arrangements of irregular sand grains (a-c) and perfect rounded
glass beads (d-e) on sample halves

Table 5-1 Computed average initial fracture aperture, ecay., of the samples of sand
based on grain model equations

211 (mm) l1(1+EI) (mm) 2l (mm)

Sample - X
Max. Min. Av. Max. Min. Av, Max. Min. Av.

S-SG-425 1.88 1.27 1.48 1.58 111 130 149 091 112
S-SG-500 2.81 1.48 2.05 211 144 178 180 104 150
S-SG-710 3.46 1.80 2.49 2.50 163 210 191 137 172
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5.3  Engineering properties of the material

To know the material properties, the load-deformation tests was conducted on wax
specimen and the relationship between stress and axial strain for one sample is depicted in
Fig. 5-2. The UCS, which is the stress at failure of the wax, has been found to be 1260 kPa
as depicted in the Fig. 5-2. The young’s modulus, E, for the same obtained from the stress-
strain plot, as depicted in Fig. 5-2 has been found to be 1010 MPa, and Poisson’s ratio, v,

calculated by using Eq. 4.5 has been found to be 0.13.
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Fig. 5-2 The stress vs. strain relationship of the analogue material

5.4  Determination of Flow Characteristics of the Analogue Material

Data obtained from fluid flow tests of the analogue material have been further
analyzed as discussed in the following. For the sake of brevity, a typical data sheet for
recording the observation of fluid flow test of the sample S-SG-425 and S-GB-0.45 are
listed in Appendix F and Appendix G. Fig. 5-3 depicts the variation of Q with o3
corresponding to bpequal to 10, 20, 30 and 40 kPa, respectively, for various values of ei. It
can be observed from the trends depicted in the figure that, as expected, Q decreases with
an increase in o3 in a non-linear manner. Incidentally, it can also be noted that for the
samples with larger ei>1.2 mm, the influence of o3 over Q is much more pronounced as
compared to their counterparts corresponding to bp< 20 kPa. It can also be observed that in
case of bp equals to 10 kPa, for smaller ei<1.2 mm, Q decreases slowly with g3, this indicates
less further reduction in the fracture aperture, whereas, for ei>1.2 mm, corresponding to

03>500 kPa, Q decreases rapidly.
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It must be noted here that due to the applied o3, fracture with ei>1.2 mm, is more
susceptible to closure than the fracture with ei<1.2 mm, corresponding to bp<20 kPa. On
the contrary, for bp>20 kPa, [refer Fig. 5-3(c) and (d)], the influence of o3 on the e, and
hence on Q is less, corresponding to ei>1.2 mm. These observations are consistent with the
findings reported by earlier researchers (Witherspoon et al., 1980; Raven and Gale, 1985;
Engelder and Scholz, 1987; Li et al., 1997). The rapid reduction in Q corresponding to
03>500 kPa for ei>1.2 mm [refer Fig. 5-3(a) and (b)] can be attributed, mainly, to an
increase in grain-to-grain contact (which may also result in an increased tortuosity) and low
values of bp. It can also be noted that as expected, for ei>1.2 mm, the value of Q is higher
than the cases when ei<1.2 mm, corresponding to all the values of by (refer Fig. 5-4). For a
better appraisal of the influence of bp on Q, the variation in Q with respect to o3,
corresponding to different values of bpand for ei<1.1 mm and ei>1.7 mm, have been plotted
as depicted in Fig. 5-4. It can be observed from these figures that Q is quite sensitive to
both o3and bp. A closer look at Fig. 5-4(a), reveals that the influence of by is less prominent
for ei<l.1 mm, and more changes in the Q occurs due to rapid change in fracture aperture
(increase in grain-to-grain/asperities contact) and hence, at 63>800 kPa, Q corresponding
to all bp converges. On the contrary, Fig. 5-4(b), corresponding to ei>1.7 mm, influence of
bp is much more prominent and no significant change in the Q occurs. It can be attributed
to the fact that fracture aperture opens up due to increase in bp, and hence, Q corresponding
to all bp diverges even at ¢3>800 kPa.

It can also be observed that the relationship between Q and o3, for e>1.7 mm,
corresponding to bp>30 kPa, is almost linear as compared to the non-linear trend for bp<20
kPa. Further it can be noted that the influence of a3 over Q is much more pronounced for
bp<20 kPa and ei<1.1 mm. Hence, it can be inferred that though Q is dependent on ei, o3
and bp, the initial fracture aperture, ei, plays a much important role in governing the
behavior of fluid flow through the fracture.

Fig. 5-5 (a) depicts the variation of Q with o3 corresponding to various values of ei
for bp equal 10 kPa of samples S-GB. It should be noted that in sample S-GB, perfect
spherical glass beads were adhered on the surface of the fracture instead of, irregular grains
of sand. It can be observed from the Fig. 5-5(a) that as expected, Q decreases with an
increase in o3 in a non-linear manner and Q is more for the larger initial ei(=2.7mm) and
less for smaller initial ei(=0.9mm). Fig. 5-5 (b) depicts the variation of Q with o3

corresponding to various values of bp(=10, 20, 30 and 40 kPa) for initial ei (= 0.9mm) of
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sample S-GB-0.45. It can be noticed from the Fig. 5.5 (b) that as expected, Q increases with

an increase in bp.
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Figs. 5-3 The variation of Q with &3 for by equal to (a) 10 kPa, (b) 20 kPa, (c) 30 kPa,
and (d) 40 kPa of sample S-SG
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Figs. 5-6 The variation of Q with &3 corresponding to ei = (a) 0.9 mm, (b) 1.8 mm

The variation in Q with o3 corresponding to ei (= 0.9 mm and 1.8 mm) have been
depicted in Figs. 5.6 (a) and (b) respectively. It can be observed from the Fig. 5-6 that Q
decreases with an increase in g3 and shows a non-linear relationship. A closer look at the
Fig. 5-6(a) reveals that before 63<400 kPa, Q decreases with o3 in almost similar manner
for both the samples, S-GB-0.45 and S-SG-425. However, Q decreases rapidly with o3 for
sample S-GB-0.45, as compare to sample S-SG-425, corresponding to €i=0.9 mm. It can be
inferred that in case of sample S-SG-425, grains adhered on the fractured surface
(asperities) are rough and irregular as compared to the sample S-GB-0.45, where asperities
are quite spherical, well-rounded and smooth. Hence, closure of e is less even at higher
03>600 kPa, for sample S-SG-425, shows higher Q than the S-GB-0.45. It can be inferred
from the Fig. 5.6 (b), corresponding to ei=1.8 mm that Q decreases with o3and shows cross
cutting behaviour. This can be attributed to the fact that as larger grains adhered on the
surface of the fracture, it creates larger fracture aperture and hence Q vs. o3 relationship is
almost similar for both the samples S-SG-425 and S-GB-0.45. There is significantly less
effect on Q due to roughness or irregularity of asperities.
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Further, the rate of change in flow has been computed from experimentally
obtained data, based on the following two approaches: (1) Q at certain o3 subtracted from
the Q obtained for the previous step of gsand (2) Q at a certain o3 subtracted from the initial
Q corresponding to 03=50 kPa, denoted as AQs and AQi, respectively, as listed in Table 4.
The variations in AQs and AQi have been plotted as depicted in Fig. 5-7(a) and (b),
corresponding to Approaches 1 and 2, respectively. It can be observed that Fig. 5-7(a) does
not yield a proper trend, which indicates that Approach 1 should not be adopted. On the
contrary, the trends obtained by employing Approach 2, depicted in Fig. 5-7(b), are quite
in order and it can be observed that, in general, AQi versus o3 relationship initially shows
increasing trend and then AQibecomes constant after 63>800 kPa, which indicates that with
increase in o3, the rate of change in flow decreases and the rate of change in flow ceases
after 03>800 kPa corresponding to bp=10 kPa. It can be attributed to closure of fracture
aperture due to increase in o3 and at ¢3>800 kPa, fracture aperture has almost closed thus,
no further change in rate of flow was observed. In this context, it is worth mentioning that
though further increase in o3, subsequent to closure of fracture aperture, could have induced
deformation in the sample, even the maximum value of o3 (=1200 kPa), up to which the
samples have been tested in this study, would not yield any significant deformations.

Hydraulic aperture, (e) has been back computed by employing equation Eq. 2.3 for
all the samples of S-SG and the relationship between e and o3, corresponding to bp=10 kPa,
for various values of ei, has been plotted as depicted in Fig. 5-8(a). It can be observed from
the Fig. 5-8(a) that e with o3 relationship is non-linear and as expected, is decreasing with
an increase in o3. It can also be observed that e corresponding to ei>1.5 mm, decreases
rapidly after o3 > 600 kPa as compared to e of sample ei<1.3 mm. This can be attributed to
the fact that asperities created due to presence of sand grains of samples €i > 1.5 mm are
larger (sand grains>600um) and hence possibility of closure of € is more under the stress.
Whereas, for sample of ei<1.3 mm, the possibility of closure of e is less due to the presence
of small asperities (sand grain<425 pm). Further, the relationship between e and o3,
corresponding to various values of bp for ei=1.1 mm is depicted in Fig. 5-8b. It can be
observed from the figure that with an increase in bp from 10 to 20 kPa, e increases upto
03<700 kPa and it decreases rapidly after 03>800 kPa. However, for bp>30 kPa, e is less as
compared to e of bp<20 kPa. It can be inferred that fracture aperture opens up due to
increase in bp from 10 to 20 kPa. However, for bp>30 kPa, the flow becomes turbulent [refer
Fig. 5-9(c) and (d)] and hence, computation of e from Cubic equation would be incorrect

and hence the computed e for such higher bp value is not reliable.
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Re was computed by employing Eq. 2.6 and the variation of Re with o3 is depicted
in Fig. 5-9, for bp equal to 10, 20, 30, and 40 kPa, respectively. A line representing critical
Re>20 (Zimmerman et al., 2004) is also added to show the transition in flow from laminar
to turbulent. From these figures, it can be observed that, as expected, Re is quite sensitive
to both bp and ei, and the later changes significantly with an increase in o3, which further
affects Re. A closer look at Fig. 5-9(a) reveals that flow through the fracture is laminar,
corresponding to bp=10 kPa. On the other hand, for bp>10 kPa, the flow becomes turbulent,
corresponding to 03<500 kPa and ei>1.2 mm, which further changes to laminar flow for
03>500 kPa.

For a better appraisal, the variation in Re with o3 corresponding to different values
of bp for ei>1.2 mm has been plotted, as depicted in Fig. 5-10. It can be observed from the
figure that Re increases with an increase in bpand up to bp=10 kPa, the flow remains laminar
while a further increase in bp results in transition of flow from laminar to turbulent. It can
also be observed that with an increase in ¢3>400 kPa, for bp>20 kPa, Re changes from 23.5
to 12.5 and 27.87 to 18.40, corresponding to ei=1.2 mm and ej=1.7 mm, respectively, which
indicates transition from turbulent to laminar flow. This transition in Re can mainly be

attributed to reduction in Q due to closure of the aperture at 63>400 kPa.

1076:| T T T T T T T T T T 10’5
? @ 3 ' ' o L )
< L Pt rA> ;()3
107} « s ] SPITILL
1l . ;> P .i.l' ]
LIS - g
o V:!' :‘ ’.>:!lo vy ] 107' ..;:i:‘v% E
e A N M AT S AT R SR
mE g < v mE 1v
~ LA » ~ M
qmlo_g E_e, (mlrrl) > <« 1 9Q 3 €j (mm)
. 0:9}425“m 10°¢ . (1’-? 425 ym
10| 4 1-3} > g 12 ]
r <« L < 18 .
N 1.9}710um . 19 }710pm
10 1 L 1 L 1 1 1 L 1 L 1 v L1 N 1 N 1 N 1 N 1 N 1 N 1
0 200 600 800 1000 1200 10 0 200 400 600 800 1000 1200
a, (kPa) a, (kPa)

Figs. 5-7 The variation of (a) AQs and (b) AQ; with &3 corresponding to bp=10 kPa

59



@ ' ' (b 10kPY) © ' ' T edimm
- 1E4} ' .
3 A ] ¢4
e, : : ’ T ¥ L O} H
. A " 1 ' :é: v ; -
\E/ A Q A
™ N . [] o n
14 . v °®
I H
&j (mm) A . b, (kPa)
5| = 09 4 M = 10
10°F o 13 ] e 20
v 15 1E5H 4 30 1
1 4 1.8I 1 1 1 1 [ v 40 1 1 1 1 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
o, (kPa) o, (kPa)

Figs. 5-8 The relationship between e and &3 corresponding to (a) various values of e
(b) various values of by

102 ET T T T T T T T T T T T 3 ET . T r T r T r T T T T —
Zimmerr'gan etzgl., 2004 (Ia) 102 (b)
E = Turbulent A ] i = ]
I T IvaN P R
10F f8°gene, . * 7 10¢ LR ! 3
S tenet S Turbulent Flow 3 S ! - Turbulent Flow ]
i / Prp¥e g | Lamina Fow : & f Laminar Fow
10°F R, =>4 + * e - oL 4 .o i
3 Ranjith nd Viete, 2011 8 3 10 e = E
& el (mm) (Ranjith and Viete, 2011) : U . 3 qu E (Ranjith and Viete, 2011) : . E
1 . € (mm
10'; 5 37 pesum N T Sl ]
E e 11 < * s 12 N
A ig - M o 12f425mmM *
L, v L um 12
10°F « 17 > 1 10%F : 1'3}600um v
» 18 3 <« 16
[ o 16 f0HM ] F L 17 f710mm
10-3 1 1 1 1 1 1 1 1 1 1 10-3 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
a, (kPa) a; (kPa)
102 T T T T T T T TV ] T
(C): 102 E| T T T T T (clj)
| &% X v
: : i i % b 4 <4 4 | ‘ " ‘ L] ! ¢ X Turbulent Flow
. e X ¢ <TubulentFow § | oo P G W T Caminar Fow
T o e T T L S Laminar Fow y Re=2 s
o Re:20 . [ ] ® * ) 101 nd [ E
o 101 o " S o 4 X L ]
N ] .
& (mm) . I
= 100 425um 1 | € (mm)
e 12 " I 11
v 131 %0 . 1.2}425pm .
A 14 | 10°F v 16-600um E
» < 18-710ym A 17-710pm
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
o, (kPa) o, (kPa)
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The applicability of cubic law can be assessed by plotting the logarithm of
fracture/joint aperture (difference between the initial aperture at zero stress and the final
aperture at a certain stress) against the logarithm of a specific flow, Qst (=Q/41), which
results in a straight line with a slope of 3 for Eg. 2.3, (Cook, 1992). To verify the
applicability of the cubic law, e has been back computed, for all the samples used in this
study, by employing Eq. 2.3, as depicted in Appendix F, which also lists the changes in the
fracture aperture, termed as apparent fracture aperture, ea (=ei-er). The relationship between
ea and specific flow, Qst (=Q/4n), has been plotted for bp=10 kPa as depicted in Fig. 5-11.
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Fig. 5-11 The relationship between the apparent fracture aperture and the specific
flow (corresponding to bp=10 kPa)
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It can be observed from the figure that, as expected, Qst decreases with an increase
in ea, which is consistent with the findings of the earlier researchers (Brown, 1987; Cook,
1992; Li et al., 1997; Brown, et al., 1998; Nicholl and Detwiler, 2001). When 1:3 sloping
lines, representing the “cubic law” (Louis, 1969; Pyrak et al., 1987; Thompson and Brown,
1991; Cook, 1992), are fitted to the data, a substantial amount of data confirm the cubic
law. It can be observed from the Fig. 5-11, that in case of bp = 10 kPa, and for ei<1.2 mm,
most of the data points (¢3<900 kPa) fall on the 1:3 straight line. On the contrary, for ei
>1.2 mm, data exhibits deviation (¢3>700 kPa) from the straight line representing the cubic
law. This indicates that the flow reduces more rapidly for ei>1.2 mm at high confining
stress and hence this shows that cubic law is valid only for the smaller fracture aperture,
and at low confining stress. These observations are consistent with the findings reported by
earlier researchers (Witherspoon et al., 1980; Engelder and Scholz, 1987; Pyrak et al.,
1987). Subsequently, the ranges of ea and Qst, for which the data follows the cubic law were
determined and listed in Appendix H. Corresponding to these ea and Qst, the range of o3
was also determined, from the Fig. 5-4(a) corresponding to bp=10 kPa and the same is listed
in Appendix H. It can be observed from the Appendix H that for ei<1.2 mm, the range of
o3 corresponding to ea and Qsr, overlying the straight line cubic relationship is 50 to 900
kPa. This range of o3 reduces further with an increase in ejand exhibits a large deviation of
Qsrand eaas compared to the values represented by the cubic law. A reduction in the range
of o3 corresponding to ei>1.2 mm indicates a rapid reduction in Qst due to an increase in ea.
This rapid reduction in Qst for ei>1.2 mm, as compared to ei<1.2 mm, can mainly be
attributed to rapid closure of the fracture aperture due to an increase in grain to grain
contact, which may further result in an increase in tortuosity, developed due to the presence
of lager grains >600 um in case of €i>1.2 mm, and lower values of the base pressure, bp,=10
kPa. In such case, the flow rate is not proportional to the cube of the fracture aperture, as it
would be for parallel smooth fracture aperture, but to a higher power of fracture aperture
and therefore for ei>1.2 mm, most of the data points show deviation from the straight line
(refer Fig. 5-11).

55 Determination of roughness of fracture surface

Data obtained from the 3D laser scanner of both the surfaces of fracture for the
samples, S1-CG-38, S2-MG-38, S3-FG-38 and S1-CG-54, S2-MG-54 and S3-FG-54 were
analyzed statistically and the following statistical parameters such as, mean, median, mode,
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standard deviation, skewness, kurtosis, along with RMS roughness, Rq and roughness
average, Ra were obtained and presented in Table 5-2 and Table 5-3 respectively. It can be
observed from the Table 5-2, that the standard deviation and range (Max. — Min.), values
of the fracture surface (FS1) of samples, S1-CG-38, S2-MG-38 and S3-FG-38 are 1.89,
2.23, 0.95 and 9.81, 10.00, 4.60, respectively. Further, the parameters mean, median and
variance for (FS1) of samples, S1-CG-38, S2-MG-38 and S3-FG-38 are 4.56, 4.22, 3.59;
5.57,5.64, 4.97; and 2.31, 2.34, 0.34 respectively. It can be inferred that the higher values
of above mentioned parameters indicate rough surface, whereas, lower values indicate
smooth surface and the same can be visualize from the 3D profile of the samples S1-CG-
38, S2-MG-38, and S3-FG-38 (refer Fig. 5-12). Fig. 5-12(b), for sample S2-MG-38, shows
more undulations in topography of the fracture surfaces as compared to Fig. 5-12(a) and
Fig. 5-12(c) for samples S1-CG-38 and S3-FG-38, respectively. It can also be observed
from the Table 5-2, that the calculated Rq and Raby employing Eq.3.2 and 3.3, respectively,
are well correlated and Rq values is systematically higher than the Ra values. Higher value
of Rq and Ra (2.23 and 1.90, respectively) for FS1 of sample S2-MG-38, indicate that the
fracture surface is rough as compared to FS: of samples S1-CG-38 and S3-FG-38. Also,
the FS1 of sample S3-FG-38 shows the least Rq and Ra, values of 0.58 and 0.47, respectively,
indicates the smooth fracture surface. Though, the sample S2-MG-38, consists of medium
grain, the fracture surface developed by using tensile technique is more rough. This can be
attributed to difference in mineral composition (presence of more Biotite mica), grain size
distribution and presence of discontinuities (micro cracks/flaws) in the sample. However,
fracture surface developed for samples S1-CG-38 and S3-FG-38 are rough and smooth,
respectively, and systematically correlated with the grain size (visual identification) of the
samples, i.e., finer the grain size, smoother the developed fracture surface. It is interesting
to note that the fracture surface developed of samples, S1-CG-54, S2-MG-54 and S3-FG-
54, also offers the similar behaviour (refer Table 5-3 and Fig. 5-13).
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Figs. 5-12 3-Dimensional surface profile of the fracture surfaces of Samples (a) S1-
CG-38, (b) S2-MG-38 and (c) S3-FG-38

64



Fracture Surface-1

= 1 T

T T '
0 10 20 JIO 40 50 60 70 80 90 100 110
Fracture Surface-2

0.00

- (All dimensions
100 110" are in mm)

8.31
712

—5.94

) ST

0 -
0 10 20 30 40 50 60 70 80 90

(@)

Fracture Surface-1

—4.75
3.56
2.37

/ 119

0 T T T T T T T T S ) 0.00

0 10 20 30 40 590 60 70 80 90 100 110

Fracture Surface-2 l: 7.98

6.84
—5.70
—=4.56

342
228
Iy f 114
0.00

' (All dimensions

T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110" ;pein mm)

(b)

Fracture Surface-1

6.72
5.76
—4.80
—3.84
2.38
192

0.96

0

0.00

5.00
4.29
- 3.57
- 2.86
2.14
1.43
0.71

Fog 0.00

r
T 1" (All dimensions
100 110 * are in mm)

0 10 20 36 40 50 6I0 7l0 8[0 I0
()
Figs. 5-13 3-Dimensional surface profile of the fracture surfaces of Samples (a) S1-
CG-54, (b) S2-MG-54 and (c) S3-FG-54

65



Table 5-2 Statistical parameters of the surfaces of the fracture/cylindrical halves (all
values in mm) for 38 mm diameter rock samples

Statistical Parameter 51-CG-38 52-MG-38 S3-FG-38

FS; | FS, FS: | FS; | FS1 | FS
Mean 4.56 4.24 5.57 4.20 2.31 2.36
Median 4.22 4.60 5.64 4,12 2.34 2.27
Standard Deviation 1.89 1.47 2.23 1.77 0.58 0.95
Sample Variance 3.59 2.17 4.97 3.15 0.34 0.90
Kurtosis -0.79 -0.53 -1.02 -0.61 0.01 -0.73
Skewness 0.36 -0.60 -0.17 0.30 0.03 0.32
Standard Error 0.003 0.002 0.004 0.003 0.001 0.002
Range 9.81 7.88 10.00 9.35 4.60 5.07
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 9.81 7.88 10.00 9.35 4.60 5.07
RMS Roughness, Rq 1.89 1.47 2.23 1.77 0.58 0.95
Roughness Average, Ra 1.61 1.22 1.90 1.45 0.47 0.80
Confidence Level (95.0%) | 0.007 0.005 0.008 0.006 0.002 0.003

Table 5-3 Statistical parameters of the surfaces of the fracture/cylindrical halves (all
values in mm) for 54 mm diameter rock samples

Statistical Parameter 51-CG-54 52-MG-54 S3-FG-54

FS; | FS; | FSi | FS: | FS: | FSs
Mean 4.29 338 503 417 275 196
Median 4.30 320 517 428 254 1.92
Standard Deviation 1.40 148 153 152 112 0.86
Sample Variance 1.95 218 233 232 125 0.73
Kurtosis -0.70 -055 -0.73 -089 -0.32 0.38
Skewness -0.10 027 -0.31 -0.17 0.60 0.48
Range 7.96 742 831 798 6.72 5.00
Standard Error 0.002 0.003 0.002 0.002 0.002 0.001
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 7.96 742 831 7.98 6.72 5.00
RMS Roughness, Rq 1.40 148 153 152 112 0.86
Roughness Average, Ra 1.16 1.20 1.30 130 092 0.65
Confidence Level (95.0%) 0.004 0.005 0.004 0.005 0.004 0.003
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5.6  Determination of Flow Characteristics of the Rockmass

Experimental results of the samples of rockmass having two different sizes
(diameter to length ratio of 1:2), (a) Small samples - 38 mm and 76 mm and (b) Large
samples - 54 mm and 108 mm, have been analyzed further and the relationship between Q
and by, corresponding to different o3 values, have been plotted as depicted in Fig. 5-14 and
Fig. 5-15 for both small and large samples having coarse, medium and fine grains,
respectively. It can be observed from these figures that there exists a linear relationship
between Q and bp. It can also be inferred from these figures that the flow behavior is almost
laminar for most of the data points except for the case, where the difference in g3 and by is
<1MPa (i.e., 03=15 MPa and bp=14 MPa). In such cases, most probably, the flow starts
entering into the sample through the membranes and hence, the data deviates from
approximately linear relationship between Q and by (such data are enclosed in a circle). As
most of the measured experimental data of the Q and bp plots (refer Fig. 5-14 and Fig. 5-15)
follow the linear trend, it can be assumed that the flow through the fracture obeys the
Darcy’s law. So, the well-known “cubic law”, which assumes linear flow between two
parallel smooth plates (Gangi, 1978; Kranz et al., 1979; Tsang and Witherspoon, 1981;
Schrauf and Evans, 1986) can be employed to estimate the hydraulic fracture aperture (e)
of the fractures (by assuming the density of water =997.05 kg/mdat 25 °C and the dynamic
viscosity of water =8.90x10* kg/m-s for water, at 25 °C). Further, it must be noted that it
would require highly sophisticated instrumentation to measure hydraulic aperture of the
fracture, which decreases due to incremental change in the confining pressure.

Further, the variation in Q, with o3, for coarse, medium and fine grained sample for
bp =2, 4, 8, 14, 18, and 25 MPa has been plotted as depicted in Fig. 5-16, and Fig. 5-17,
respectively, for both the sizes of samples. It can be noticed from these figures that the
reduction in Q with o3 is less for the fine grained sample as compared to its counterparts,
for all the values of bp. The trend for fine grained samples can be clearly distinguished in
all these figures, and the variation in Q is much more prominent. Whereas, in case of the
coarse and medium grained samples, the behavior is highly puzzling and crossing over each
other. However, Fig. 5-16(f) shows prominent variation in Q with o3, for coarse, medium
and fine grained samples. It can be observed from this figure that in case of the coarse
grained sample, Q is less as compared to the medium and fine grained sample. This can be
mainly attributed to the fact that at high o3, (>40 MPa), the effect of fracture roughness and

tortuosity are more prominent in case of coarse grained samples and hence the behavior of
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Q at bp=25 MPa is quite distinct. Whereas, Q is higher for fine grains, which is having less
roughness (refer Table 5-2) and hence the less tortuous path of flow as compared to the

medium and coarse grained samples (refer Fig. 5-16f).
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4 30 » 40
20 %
o 5 10 15 20 %
by (MPa)
Fig. 5-14 The variation of Q with b, for samples (a) S1-CG-38, (b) S2-MG-38 and (c)
S3-FG-38
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The variation of hydraulic aperture, e (back computed from the Cubic law relation),
with by, for coarse, medium and fine grained samples for several values of o3, have been
plotted as depicted in Fig. 5-18 and Fig. 5-19, for both the samples, respectively. It can be
observed from these figures that e increases with an increase in bp, and non-linear
relationship exists between e and by for all the samples. It can also be observed from Fig.
5-18 and Fig. 5-19, that the variation in e, with bp, decreases with an increase in o3. This
can be attributed to the fact that at higher values of o3, effect of bp on Q is less significant.
These observations are consistent with the findings reported by earlier researchers
(Witherspoon et al., 1980; Engelder and Scholz, 1987; Pyrak et al., 1987; Ranjith, 2010).

Further, e with g3, for coarse, medium and fine grained samples for several values
of bp, have been plotted as depicted in Figs. 5-20 and Figs. 5-21, for both the samples sizes
(38 mm and 54 mm), respectively. It can be observed from these figures that e decreases
non-linearly with o3 for all the samples. A closer view of Fig. 5-20 (a) and Fig. 5-21 (a) for
smaller and larger samples respectively, corresponding to by, = 2MPa, indicate that before
03<15 MPa, closure of e s quite significant and rapid. However, after 63>15 MPa, reduction
in e is less and gently and becomes almost constant and finally amalgamate at a point (63>40
MPa). It can be inferred that beyond o3>15 MPa, most of the asperities of the fracture have
joined together and hence beyond ¢3>15 MPa, reduction in e is less and gentle. Howver,
further reduction is only possible after the rupture or deformation of the asperities which
requires quite high stress.

It can also be observed from these figures (refer Figs. 5-20 and Figs. 5-21) that
reduction in e is less in samples S3-FG-38 and S3-FG-54 as compared to the S1-CG-38,
S2-MG-38 and S1-CG-54, S2-MG-54. It should be noted that S3-FG-38 and S3-FG-54 are
of fine grained and with less Rq and Ra values (refer Tables 5.2 and 5.3) indicate smooth
fracture surfaces. As the average height of asperities in samples S3-FG-38 and S3-FG-54
are smaller, as compared to samples S1-CG-38, S2-MG-38 and S1-CG-54, S2-MG-54
(refer Figs. 5.12 and Figs. 5.13), the closure of fracture aperture or asperities contact is also
less, for samples with smooth fracture surfaces. On the contrary, samples S1-CG-38, S2-
MG-38 and S1-CG-54, S2-MG-54 indicates more reduction in e as these samples consists
of larger asperities (refer Figs. 5-12 and Figs. 5-13).
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The variation in Q with respect to effective confining pressure, oeft. (=03-bp), for
samples S1-CG, S2-MG and S3-FG has been plotted in Fig. 5-22(a) and (b), for small and
large samples, respectively. It can be observed from the figures that Q decreases almost
non-linearly with efr., and the variation in Q with geft., is less significant for samples S1-
CG-38 and S2-MG-38, and S1-CG-54 and S2-MG-54. On the contrary, the effect of
fracture roughness is quite distinct for the samples S3-FG-38 and S3-FG-54, showing
higher Q.

Further, the variation in Q with oet. is negligible, corresponding to coarse, medium
and fine grained samples at gefr. >20 MPa and oett. >15 MPa, for smaller and larger samples,
respectively. This indicates that fracture roughness does not contribute to fluid flow beyond
certain critical oett. >20 MPa and oeft. >15 MPa, for smaller and larger samples respectively.
Further, the fracture aperture is changing to residual aperture beyond cefr. >20 MPa and oefr.
>15 MPa, for smaller and larger samples respectively. It can be inferred that most part of
the asperities comes in contact with each other at higher effective stress and fluid flow
through such fracture completely ceases and asymptote at a point, as depicted in Fig.
5-22(a) and (b). It can also be observed from the Fig. 5-22 that Q is less for the larger

samples on contrary to the smaller samples.
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Fig. 5-22 Discharge as a function of effective confining pressure, (a) small samples
and (b) large samples

The variation of Re with by for samples S1-CG-38, S2-MG-38 and S3-FG-38 and
S1-CG-54, S2-MG-54 and S3-FG-54, is depicted in Fig. 5-23 and Fig. 5-24, respectively.
For the sake of brevity, typical data sheet of measured and calculated parameters for
sample, S1-CG-38 is depicted in Appendix J. It can be observed from the Appendix J, Fig.
5-23 and Fig. 5-24, that as expected Re is quite sensitive to bp and linear relationship exists
between Re and bp.
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Further, a line representing Re>10 (Hassanizadeh and Gray, 1987) was added to
mark the transition in flow from laminar to turbulent and it can be observed from the Fig.
5-23, that most of the data points of all the samples falls below the line Re>10, except for
the case of S1-CG-38 and S3-FG-38, corresponding to oefr.<2 MPa and bp>2 MPa. It should
be noted that the sample S1-CG-38 is coarse grained sample with high Rqand Ra values
(refer Table 5-2) indicates rough fracture surface and large aperture. In case of large
aperture, effect of surface roughness becomes negligible and hence higher Q and higher
Re>10. On the contrary, sample S3-FG-38 has less Rqand Ra values (refer Table 5-2), which
indicate smooth fracture surface and less tortuous path of the flow corresponding to 03<5
MPa and hence yields higher discharge and higher Re (>10). For such cases, transition in
flow takes place from laminar to turbulent and computation of e employing cubic law
relationship would result in incorrect results.

Also, a line representing Re>4 (Ranjith and Viete, 2011) was added to the Fig. 5-23,
to further quantify the transition boundary and it can be observed from Fig. 5-23(a) that
sample S1-CG-38, yields higher Re (>4), for most of the data points, except for the case,
where geft.<5 MPa. This can be mainly attributed to higher Q, due to less reduction in e. On
the contrary, with an increase in et >5 MPa, Q reduces rapidly due to higher reduction in
e, which indicates Re<4. Flow path increases due to variable surface roughness as indicated
in Fig. 5-25. The length of the fractured surface (I2) has increased as compared to plane
smooth surface (I1).

Further, it can also be observed from Fig. 5-23(c) that sample, S3-FG-38 having
less Rqand Ra values (refer Table 5-2) indicate higher Re>4, for most of the data points,
corresponding to ¢3<10 MPa and for such cases, influence of by on Re is much more
pronounced. On the contrary, with an increase in g3>10 MPa, influence of bp on Re is less.
It can be inferred that in case of smooth fracture surface, corresponding to 63<10 MPa, flow
takes place through less tortuous path and hence higher Re>4, suggest turbulent flow.
However, with 03>10 MPa, due to closure of fracture aperture, Q is less and hence Re<4
was observed. On the contrary, samples, S2-MG-38 and S2-MG-54, are having higher
roughness value [refer Table 5-2, Table 5-3 and Fig. 5-23(b), Fig. 5-24(b)] shows low Re<4,
corresponding to 03>10 MPa.

It can be observed from the Fig. 5-23 that all the data points of all the samples falls
below a line representing Re>10 [Hassanizadeh and Gray (1987)]. However, according to
Ranjith and Viete, (2011), Re>4 indicate turbulent flow, so it can be observed from the Fig.
5-23(a) and (c) corresponding to coarse and fine grained samples respectively that only at
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low confining pressure <5 MPa and bp>2 MPa indicate turbulent flow conditions and others
show laminar flow condition.

The variation in Q with o3 corresponding to both the sample sizes (38 mm and 54
mm diameter, respectively) is depicted in Figs. 5-27, Figs. 5-28 and Figs. 5-29 for coarse,
medium and fine grained samples, respectively. It can be observed from these figures that
larger the sample size, lesser the Q and this variation is quite distinct in all the samples. It
can also be observed from these Figs. 5-27, Figs. 5-28 and Figs. 5-29, that Q decreases with
an increase in o3 and non-linear relationship exists between Q and o3. A closer look at Fig.
5-27(a), indicates that for 03>20 MPa, data of both the samples becomes asymptotic and
beyond 03>20 MPa, no significant variation can be noticed. It can be inferred that the effect
of sample size is not perceptible beyond ¢3>20 MPa, which indicates that effect of o3 is
much pronounced than the bp on the Q.

The variation in Re with cesr., is plotted in Figs. 5-26, indicate that Re is decreasing
non-linearly with gert. Most of the data points falls below the line representing Re>10 shows
laminar flow conditions. It can also be observed that Re is decreasing rapidly with oefr.,
initially upto cetr<20 MPa and beyond cet>20 MPa, data of all the samples becomes
asymptotic and no significant variation can be perceived. It can be inferred that the effect
of surface roughness on Re s insignificant beyond cett>20 MPa. This is mainly because of
complete closure of e at gefr>20 MPa and Q can’t occur hence, Re becomes almost constant
beyond cet>20 MPa.
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5.7 A comparison of the flow properties of the analogue and natural materials

A comparison between the analogue and natural materials was established by
plotting the variation of Q with respect to o3 0n the same scale, as depicted in Fig. 5-30. For
a better understanding, the plotting has been done on a log-log scale. It can be inferred from
the figure that though both the materials are different in terms of strength, S, modulus of
elasticity, E, density, p and Poisson's ratio, v, the mechanism of fluid flow through them
remains unchanged. It can also be observed from the trends depicted in the figure that, as
expected, Q decreases with an increase in o3 for the material in the similar way.
Incidentally, in case of analogue material, sudden decrease in Q corresponds to the data
points beyond o3 (>0.7 MPa), which is due to the complete closure of e. The influence of
o3 over Q is much more pronounced as compared to their counterparts 'natural material'.
However, at higher o3 values o3 (>30 MPa), similar behavior can be observed from the plot,
i.e., complete closure of the fracture at higher confining stress. As such, if the material
properties are ignored, a perfect overlapping of the results would emerge.

Further, correlation between the analogue and natural materials has been established
by plotting e against a3, as depicted in Fig. 5-31. It can be observed from the figure that in

general, e, decreases with an increase in os.
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Fig. 5-30 The variation in discharge with confining pressure for correlation between
analogue and natural material
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5.8  Relationship between a3, bp and Q

A critical analysis of the experimental results was done by employing Mathematica
v. 7.0. A Non-linear Model Fit function was applied to derive the best possible relationship
between a3, bp and Q, for analogue as well as natural samples as described in the following.
5.8.1 Analogue Material

From the obtained results of analogue sample (Fig. 5-4), a relationship is established
between the a3, bp and Qa, as represented in Eq. 5.2,

Qa = Xa3by" (5.2)
where Qa is discharge through analogue sample, A, a and b are empirical constants and
depend on the material properties.

Also, a relationship is established between the a3, bp, €, and Qa, as represented in
Eq. 5.3.

Qa = Xo3°b, e¢ (5.3)
where e, is the hydraulic aperture. The obtained values of the constants A, a, b, and ¢ for
Eq. 5.2 and 5.3, are listed in Table 5-4.

Table 5-4 The value of empirical constants appearing in Eq. 5.2 and 5.3
Equation X a b c
5.2 3.88x107 | -0.49 | 0.89 -
5.3 19.33 -0.017 | 0.99 | 2.85
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5.8.2 Natural Material

From the obtained results of coarse, medium, and fine grained granite sample (Fig.
5-16), a relationship is established between the a3, by and Qr, by employing Mathematica
v. 7.0, as represented in Eq. 5.4 ,

Qr = Aot (5.4)
where QR, is the discharge through the natural sample, A1, a1 and bz are empirical constants
and depend on the material and fracture properties. The obtained values of constants for all
the samples are listed in Table 5-5.

Table 5-5 The value of empirical constants appearing in Eq. 5.4

Equation | Description of the grains AL a1 by
Coarse 1.04x10° | -3.04 | 1.42
5.4 Medium 1.68x10° | -2.14 | 1.07
Fine 4.48x10° | -2.03 | 0.93
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CONCLUSION

In this study, attempts were made to develop a novel methodology to simulate flow

of water through a fractured rockmass using an analogue material- 'Paraffin wax' imbibing

a single fracture. Also, fluid flow properties of the naturally occurring granitic rock

containing a ‘single fracture’ was also investigated under the varied conditions of confining

pressure, groundwater pressure, and by changing the geometry of the fracture (length,

width, and fracture roughness) by employing high pressure triaxial permeability tests

apparatus. In addition, efforts were made to develop a test setup to determine the fluid flow

properties of the rockmass under the laboratory conditions. Based on these studies, the

following conclusions can be drawn.

1.

The use of an analogue material- 'Paraffin wax' to create a cylindrical sample
containing a ‘single fracture’ created with the help of sand grains to determining the
fluid flow properties, can simulate the fluid flow conditions of the single fractured
rockmass quite satisfactorily and was found useful, handy, and economical to use.
This can be attributed to the fact that creation of fracture in the natural rock material
as well as collection of undisturbed rock samples from the deep earth crust is quite
difficult, tedious and time consuming and requires sophisticated and high pressure
equipment. However, natural fractures are of varying thicknesses along the length
and the width and therefore, the analogue material used in the present study are not
truly representative of fractures seen in naturally fractured rocks. Further, the effect
of the temperature on the fluid flow behaviour through analogue material has not
been addressed in the present study as behaviour of wax is very sensitive to
temperature.

The grains of the sands used for creating a fracture of certain aperture in sample
made up of the analogue material, exhibit practically same elongation index, El and
the initial fracture aperture, ei, is dependent on the El and the arrangement of the
sand grains. It can be attributed to the fact that arrangement of sand grains on the
surface of the wax follows one of the hypothesized grain model, even the grains are
affixed randomly.

Experimental observations of the fluid flow experiments on analogue material
employing FWP demonstrate that as expected, Q decreases with an increase in o3

in a non-linear manner.
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It can also been observed from the fluid flow experiments on analogue material that
Q is function of o3, bp as well as ei.

It has also been observed that due to the applied o3, fracture with ei>1.2 mm, is more
susceptible to closure than the fracture with ei<1.2 mm, corresponding to bp<20 kPa.
The rapid reduction in Q corresponding to ¢3>500 kPa for ei>1.2 mm can be
attributed, mainly, to an increase in grain-to-grain contact (which may also result in
an increased tortuosity) and low values of base pressure, bp.

Further, it has also been demonstrated that Reynolds number is quite sensitive to
the fracture aperture and the base pressure, and there is a critical base pressure,
beyond which transition in laminar to turbulent flow occurs.

High precision 3D laser scanning data has been found to be quite useful for
quantifying the effect of fracture roughness and to further correlate the results of
fluid flow experiments on the natural material.

Fluid flow experiments on a cylindrical sample of granite, containing a ‘single
rough walled fracture’, were carried out by employing a high pressure (<60 MPa)
triaxial permeability cell under varied conditions of confining pressures (which can
simulates the condition occurring 1000 m below in the earth crust), elevated fluid
pressures (=25 MPa) and fracture roughness (by selecting different types of rocks
based on their grain size) and the study has demonstrated that Q is quite sensitive
to the confining pressure, the base pressure and the fracture roughness and there is
a critical base pressure, beyond which the pressure gradient relationship starts
behaving non-linearly. However, the present study could not demonstrate real-
world flow problems involving multiple and inter-connected (and not connected)
fractures.

Q decreases almost non-linearly with cetr., and asymptote beyond certain critical
oeff. >20 MPa and oeff. >15 MPa, for smaller and larger samples, respectively. Also,
the variation in Q with oeft., IS less perceptible for coarse and medium grained
samples, on the contrary, fine grained samples displays more discharge. It can be
inferred that most part of the asperities come in contact with each other at higher
effective stress and fluid flow through such fracture completely ceases and becomes

a asymptote at a point of critical oetr.
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FUTURE SCOPE

The present study was an attempt to determine fluid flow characteristic of fractured
rockmass by employing the flexible wall permeameter and high pressure triaxial cell, in
tandem. To achieve this, different methodologies were developed and their utility has been
demonstrated, primarily. However, the scope of the study can be extended by considering
the following:

e For generalization of the findings, exhaustive investigations should be made with
some other analogue materials.

e An effort should be made to determine the permeability of natural rock samples
having different fracture density and orientation.

e Numerical simulation considering different geometry of single and multiple
fractures and with different materials should be performed for better correlation.

e An attempt should be made to explore the use of centrifuge in determining the

permeability of intact and fractured rockmass.
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APPENDIX

Appendix A Sample designation and geometrical detail of the analogue samples and
the fracture, (I=60 mm, W=34.5 mm)

Sample bp di ds &i Asi
(kPa)  (mm) (mm) (mm) (mm?)
10 34.78 3571 0.93 32.09
10 34.57 3563 1.06 36.67
20 34.75 3590 1.15 39.68
S5G-425 o 33.93 3516 1.23 42.33
30 34.77 35.77 1.00 3450
40 34.63 3573 1.10 37.95
10 34.82 36.08 126 43.37
10 34.82 36.29 147 5061
10 34.43 3563 1.19 41.19
20 34.77 3597 121 4161
556300 o, 34.74 35.96 1.23 42.30
20 34.89 36.23 134 46.33
30 34.63 3587 123 4257
40 34.77 3593 117 40.23
10 34.79 3650 1.70 58.79
10 34.79 3656 177 6117
10 34.87 3650 1.62 56.03
20 34.74 36.34 160 55.30
20 34.73 36.38 165 56.93
SSGT10- 4y 34.83 36.27 143 49.47
30 34.65 3657 192 66.34
30 34.73 3657 183 63.27
40 34.73 3639 166 57.27
40 34.73 36.30 157 54.06
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Appendix B Sample designation and geometrical detail of the samples and the
fracture prepared using glass beads (I=60 mm, W=34.5 mm)

ds € Asi €c €c
Ssample kbp d 2.d | d-(1+cos 30°)
(kPa)  (mm)  (mm) (mm) (mm? (mm) (mm)
10 3505 3593 0.88  30.36
10 3474 3558  0.84 2898
20 3474 3557 0.83  28.63
SGBOA 3477 3561 084 2898 | 0 0.52
30 3471 3545 074 2553
40 3464 3547 0.83  28.63
10 347 3622 152 5244
10 3454 3615 161 5555
20 349 3641 151  52.09
SGBL00 o, 3465 3641 176  60.72 2 115
30 3461 3638 177  61.07
40 3453 3626 173  59.68
10 3479 3726 247 8522
10 3479 372 241 8315
scpidr 2 347 3718 248 8556 | , o, Lea
20 3469 3714 245 8453
30 3497 3725 228  78.66
40 3511 3736 225  77.63
10 3482 3769 2.87  99.01
10 3472  37.72 3 103.50
20 3481 3756 275  94.88
>-GB-1.85 20 346 3737 277 9556 | >4 2.16
30 3495 3764 269  92.80
40 3491 3761 27 9315
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Appendix C Computed Initial fracture aperture, ec, of S-SG-425 based on grain
model equations

S-SG-425
lx (mm) | I (mm) El 2li (mm) | Iy (1+EI) (mm) | 2I; (mm)
0.90 0.55 0.60 1.81 1.45 1.09
0.72 0.57 0.79 1.45 1.30 1.14
0.94 0.64 0.68 1.88 1.58 1.28
0.70 0.60 0.85 1.40 1.30 1.20
0.75 0.62 0.83 1.51 1.38 1.25
0.66 0.54 0.82 1.33 1.21 1.09
0.81 0.64 0.79 1.62 1.45 1.28
0.68 0.57 0.84 1.35 1.24 1.13
0.81 0.74 0.91 1.63 1.56 1.49
0.69 0.54 0.78 1.38 1.22 1.07
0.87 0.46 0.53 1.73 1.32 0.91
0.84 0.55 0.65 1.68 1.39 1.10
0.83 0.61 0.74 1.66 1.44 1.22
0.63 0.55 0.86 1.27 1.18 1.09
0.82 0.57 0.70 1.64 1.39 1.14
0.67 0.50 0.75 1.33 1.17 1.00
0.64 0.47 0.74 1.27 1.11 0.94
0.67 0.60 0.90 1.34 1.27 1.20
0.78 0.50 0.64 1.56 1.28 1.00
0.68 0.46 0.68 1.35 1.14 0.92
0.66 0.65 0.98 1.32 1.31 1.30
0.70 0.48 0.68 1.40 1.18 0.95
0.67 0.55 0.82 1.35 1.23 1.11
0.65 0.56 0.86 1.31 1.22 1.13
0.73 0.57 0.78 1.47 1.30 1.14
0.67 0.59 0.87 1.35 1.26 1.18
0.74 0.52 0.70 1.48 1.26 1.04
0.77 0.56 0.73 1.54 1.33 1.12
0.79 0.52 0.65 1.59 1.31 1.03
0.67 0.57 0.85 1.35 1.24 1.14
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Appendix D Computed Initial fracture aperture, e, of S-SG-500, based on grain
model equations

S-SG-500
Iy (mm) | b(mm) | EI | 2li(mm) | L(2+El) (mm) | 2l (mm)
1.15 0.87 0.75 2.30 2.01 1.73
0.83 0.68 0.82 1.66 151 1.37
1.03 0.67 0.65 2.06 1.70 1.35
1.13 0.90 0.79 2.27 2.03 1.80
1.33 0.65 0.49 2.67 1.99 1.31
0.93 0.76 0.82 1.86 1.69 1.52
0.94 0.79 0.85 1.87 1.73 1.59
1.02 0.52 0.51 2.04 1.54 1.04
1.07 0.88 0.82 2.15 1.95 1.75
1.10 0.69 0.63 2.20 1.79 1.39
1.19 0.81 0.68 2.37 1.99 1.61
0.95 0.79 0.83 1.89 1.73 1.57
0.92 0.71 0.77 1.84 1.63 141
0.88 0.61 0.69 1.76 1.49 1.22
0.74 0.70 0.94 1.48 1.44 1.39
1.12 0.68 0.61 2.25 1.81 1.36
1.28 0.83 0.64 2.57 2.11 1.66
0.95 0.90 0.94 1.90 1.85 1.80
0.94 0.73 0.78 1.88 1.67 1.47
0.91 0.81 0.90 1.81 1.72 1.63
1.01 0.76 0.75 2.03 1.77 151
141 0.68 0.48 2.81 2.08 1.36
0.81 0.67 0.82 1.62 1.48 1.34
0.82 0.76 0.92 1.64 1.58 151
1.03 0.90 0.87 2.06 1.93 1.80
0.96 0.77 0.80 191 1.72 1.53
1.36 0.61 0.45 2.72 1.97 1.22
1.13 0.64 0.57 2.25 1.76 1.28
0.93 0.83 0.89 1.86 1.76 1.66
0.92 0.89 0.97 1.83 1.81 1.78
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Appendix E Computed Initial fracture aperture, e, of S-SG-710 based on grain
model equations

S-SG-710
L (mm) | I (mm) El 2l (mm) | Iy (1+EI) (mm) | 2l; (mm)
1.73 0.76 0.44 3.46 2.49 1.52
1.22 0.84 0.69 2.44 2.06 1.68
1.41 0.85 0.60 2.83 2.26 1.70
1.33 0.89 0.67 2.65 2.22 1.78
1.16 0.81 0.69 2.33 1.97 1.61
1.31 0.95 0.72 2.63 2.26 1.90
1.46 0.69 0.47 291 2.14 1.37
1.18 0.87 0.73 2.37 2.05 1.73
1.41 1.11 0.79 2.82 2.52 2.22
1.29 0.84 0.65 2.59 2.14 1.68
1.12 0.79 0.71 2.25 1.92 1.59
1.05 0.91 0.87 2.10 1.96 1.82
1.28 0.78 0.61 2.56 2.06 1.57
1.10 1.03 0.94 2.20 2.13 2.06
0.91 0.88 0.96 1.83 1.79 1.76
1.14 0.88 0.77 2.27 2.02 1.76
1.14 0.88 0.77 2.29 2.02 1.75
1.15 0.90 0.79 2.30 2.05 1.80
1.06 0.71 0.67 2.12 1.77 1.43
1.13 0.91 0.80 2.27 2.04 1.82
1.41 0.95 0.68 2.82 2.36 191
1.14 0.86 0.75 2.29 2.00 1.72
1.23 0.93 0.75 2.46 2.16 1.85
1.12 0.85 0.76 2.24 1.97 1.71
1.52 0.76 0.50 3.05 2.29 1.53
1.11 0.85 0.77 2.21 1.96 1.70
1.45 0.91 0.63 2.90 2.36 1.82
0.90 0.73 0.81 1.80 1.63 1.46
1.14 0.79 0.69 2.28 1.93 1.58
1.68 0.82 0.49 3.36 2.50 1.64
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Appendix F A typical datasheet used for recording experimental observations (for S-SG-425, €i=1.06x10-° m, b,=10 kPa, Trial 1)

wr (m) = | 0.035 | Is(m)=| 0.06 dp(m) =1.02 p (kg/m3) = 1000 u (Pa.S) = 0.00089
os(kPa) | t(9) hy h 0 (co) (x10'm3/s) (x10°m) | (x103m) R
Q AQS AQi e €a

50 29 9.56 10 9.78 3.37 - - 8.56 0.97 10.95
100 31 9.9 10 9.95 3.21 0.16 0.16 8.42 0.98 10.42
150 32 9.94 10 9.97 3.12 0.09 0.26 8.33 0.98 10.12
200 39 9.62 10 9.81 2.52 0.60 0.86 7.76 0.98 8.17
250 43 9.92 10 9.96 2.32 0.20 1.06 7.55 0.98 7.52
300 46 9.57 10 9.78 2.13 0.19 1.25 7.34 0.99 6.91
350 48 9.81 10 9.90 2.06 0.06 131 7.26 0.99 6.70
400 56 9.88 10 9.94 1.78 0.29 1.60 6.91 0.99 5.76
450 58 9.7 10 9.85 1.70 0.08 1.67 6.81 0.99 5.51
500 60 9.76 9.9 9.83 1.64 0.06 1.73 6.73 0.99 5.32
550 65 9.96 10 9.98 1.54 0.10 1.84 6.58 0.99 4.99
600 69 9.6 9.94 9.77 1.42 0.12 1.96 6.41 1.00 4.60
650 73 9.8 10 9.9 1.36 0.06 2.02 6.32 1.00 4.40
700 81 9.9 10 9.95 1.23 0.13 2.14 6.11 1.00 3.99
750 102 9.78 10 9.89 0.97 0.26 2.40 5.65 1.00 3.15
800 127 9.87 10 9.93 0.78 0.19 2.59 5.26 1.01 2.54
850 153 9.95 10 9.97 0.65 0.13 2.72 4.95 101 2.12
900 170 9.74 10 9.87 0.58 0.07 2.79 4,76 1.01 1.89
950 270 9.54 9.6 9.57 0.35 0.23 3.02 4.04 1.02 1.15
1000 346 9.58 9.76 9.67 0.28 0.07 3.09 3.73 1.02 0.91
1050 900 5.14 5.1 5.12 0.06 0.22 3.32 2.19 1.04 0.18
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A

pendix G A typical datasheet used for recording experimental observations (for S-GB-0.45 (ei=0.88x10* m, b,=10 kPa, Trial 1)
ws (M) = | 0.0345 | Ir(m) = | 0.06 dp(m) = 1.02 (kg?mg) 1000 n (Pa.S) 0.00089
-Tm3 -5 -4
o3 (kPa) t (sec) ha h, (C% ) x10 Arzi/s) 10. (xloe m) (><1(;a m) Re
0 88.00
50 29 9.86 10 9.93 3.42 8.61 7.94 11.151728
100 34 9.96 10 9.98 2.94 0.49 0.48 8.18 7.98 9.5596617
200 39 9.84 10 9.92 2.54 0.88 0.39 7.80 8.02 8.2839594
300 53 9.98 10 9.99 1.88 1.54 0.65 7.06 8.09 6.1387581
400 87 9.92 10 9.96 1.14 2.28 0.74 5.98 8.20 3.7284728
600 195 9.96 10 9.98 0.51 2.91 0.63 4.57 8.34 1.6668128
800 900 6.84 6.88 | 6.86 0.08 3.35 0.43 2.42 8.56 0.2482404
900 900 2.96 3.08 | 3.02 0.03 3.39 0.04 1.84 8.62 0.1092837
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Appendix H The computed e, and Qst values corresponding to different e; for by (= 10 kPa)
bp e ea(x10%m) | Qs (X107 m?/s) a3 (kPa)
(kPa) | (mm) | Min | Max. | Min | Max. | Min | Max.
0.9 846 | 881 | 3.12 | 0.62 50 900
S-SG-425 1.0 9.74 | 10.11 | 3.30 | 0.35 50 950
1.2 11.01 | 1151 | 3.77 0.32 50 950
10 1.3 11.70 | 11.88 | 3.90 1.95 50 700
S-SG-500 1.5 13.76 | 14.01 | 4.41 1.73 50 700
1.6 1525 | 15.63 | 452 | 0.97 50 700
1.8 16.04 | 16.19 | 464 | 2.76 50 500
1.9 16.73 | 17.09 | 4.83 1.20 50 500

Sample

S-SG-710
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Appendix | Typical datasheet used for recording experimental observations and
calculated parameters for natural sample, S1-CG-38

S.No. | t(sec) | w(g) | 4w (g) | Q(g/sec) | Q (ml/s) | Q (m?/sec)
1 3 11.56 0.09 0.030 0.030 3.00E-08
2 6 11.65 0.11 0.037 0.037 3.67E-08
3 9 11.76 0.06 0.020 0.020 2.00E-08
4 12 11.82 0.09 0.030 0.030 3.00E-08
5 15 11.91 0.08 0.027 0.027 2.67E-08
6 18 11.99 0.07 0.023 0.023 2.33E-08
7 21 12.06 0.18 0.060 0.060 6.00E-08
8 24 12.24 0.14 0.047 0.047 4.67E-08
9 27 12.38 0.17 0.057 0.057 5.67E-08
10 30 12.55 0.16 0.053 0.053 5.33E-08
11 33 12.71 0.22 0.073 0.073 7.33E-08
12 36 12.93 0.19 0.063 0.063 6.33E-08
13 39 13.12 0.22 0.073 0.073 7.33E-08
14 42 13.34 0.21 0.070 0.070 7.00E-08
15 45 13.55 0.2 0.067 0.067 6.67E-08
16 48 13.75 0.24 0.080 0.080 8.00E-08
17 51 13.99 0.23 0.077 0.077 7.67E-08
18 54 14.22 0.23 0.077 0.077 7.67E-08
19 57 14.45 0.25 0.083 0.083 8.33E-08

20 60 14.7 0.24 0.080 0.080 8.00E-08
21 63 14.94 0.24 0.080 0.080 8.00E-08
22 66 15.18 0.25 0.083 0.083 8.33E-08
23 69 15.43 0.23 0.077 0.077 7.67E-08
24 72 15.66 0.26 0.087 0.087 8.67E-08
25 75 15.92 0.25 0.083 0.083 8.33E-08
26 78 16.17 0.27 0.090 0.090 9.00E-08
27 81 16.44 0.31 0.103 0.103 1.03E-07
28 84 16.75 0.27 0.090 0.090 9.00E-08
29 87 17.02 0.12 0.040 0.040 4.00E-08
30 90 17.14 0.06 0.020 0.020 2.00E-08
31 93 17.2 0.73 0.243 0.243 2.43E-07
32 96 17.93 0.41 0.137 0.137 1.37E-07
33 99 18.34 0.3 0.100 0.100 1.00E-07
34 102 18.64 0.33 0.110 0.110 1.10E-07
35 105 18.97 0.34 0.113 0.113 1.13E-07




Appendix J The measured and calculated parameters for natural samples,

S1-CG-38
p (kg/md) 997.05 u (kg/m.S) 8.90x10*
d (m) 3.97x102 I (m) 7.62x10702
63 bp Oeff. :(63'bp) Qexp. €cal. R
(MPa) (MPa) (MPa) (x108m?%s)  (x105m) e cal.
1 4 8.63 1.21 2.44
. 2 3 20.88 1.29 5.90
3 2 35.84 1.35 10.12
4 1 57.14 1.43 16.14
1 9 2.29 0.78 0.65
2 8 3.35 0.70 0.95
10 4 6 7.51 0.73 2.12
6 4 13.14 0.77 3.71
8 2 19.88 0.80 5.62
2 13 1.08 0.48 0.31
4 11 2.04 0.47 0.58
15 6 9 3.39 0.49 0.96
8 7 4.71 0.49 1.33
10 5 6.77 0.52 1.91
14 1 14.29 0.59 4.04
2 18 0.15 0.25 0.04
4 16 0.25 0.23 0.07
20 8 12 0.99 0.29 0.28
10 10 1.22 0.29 0.34
14 6 2.17 0.32 0.61
18 2 4.12 0.36 1.16
2 28 0.14 0.24 0.04
4 26 0.20 0.22 0.06
20 8 22 0.27 0.19 0.08
14 16 0.59 0.20 0.17
18 12 0.88 0.22 0.25
25 5 1.72 0.24 0.49
2 38 0.10 0.21 0.03
4 36 0.10 0.17 0.03
40 8 32 0.13 0.15 0.04
14 26 0.20 0.14 0.06
18 22 0.27 0.14 0.08
25 15 0.48 0.16 0.14
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SUMMARY

Investigation of permeability is important in understanding the behavior of fluid
flow through the rockmass. Rockmass consists of, intact rock as well as
discontinuities/fractures such as, joints, faults, shear zones, bedding plane, lineation,
foliation, gneissosity etc. The behavior of fluid flow through the rockmass depends upon
the properties of the rockmass (strength, modulus, and poisson’s ratio), properties of
fractures (orientation, length, density, aperture, roughness, in-filling materials, and inter-
connectivity) and properties of the fluid (density and viscosity). Execution of any civil and
hydro-geological engineering projects especially, in the hard and crystalline rockmass will
bring about a concentration of stresses and subsequently local joints or tension fractures in
the rock mass come into existence. Consequently, strength of the rockmass decreases and
in addition, fluid flow through such rockmass results in the development of excess internal
water pressure, which substantially reduces the effective normal stress. Such a situation
may lead to failure of underground constructions (tunnel/mine roof, rock caverns, longwall
mines, etc) and in-stability of deep and steep open cut slopes. Therefore, understanding the
behavior of fluid flow (mechanics and transport of fluid) through a rockmass, especially
occurring at great depth (>200 m) becomes essential.

In this regard, works of earlier researchers are worth mentioning, such as, non-
linear flow behavior through fractured rockmass under different stress conditions and
investigating fluid flow behavior through a fractured rockmass considering several factors
such as, geometry of the fracture (aperture, length, density, orientation, interconnection of
void spaces/fracture and fracture in-filling materials). Experimental results of on air flow
tests conducted on a fractured granite specimen under triaxial test conditions have shown
that the ‘cubic law’ expression used by for parallel plate theory, which assumes linear
flow between two parallel smooth plates without having contact with each other can be
employed to non-Darcian flow case for Re<3.5 to Re<4, depending on flow pressure.
However, in general, most of the time, natural fracture surfaces are rough and irregular,
contacting each other at discrete points. It has been stated that due to the rough/irregular
fracture surface, error in flow estimation occur in terms of 1-2 order of magnitude, if
modeled using parallel plate theory. It has also been reported that the effects of
topography on fluid flow are negligible at low fluid pressures and large joint apertures,
whereas, at elevated fluid pressures, fluid flow properties may not be modeled using

conventional ‘cubic law’ because of the development of turbulent/non-linear flow.



Consequently, several non-linear relationships have been proposed to simulate flow
through a fracture and the most commonly used ones are Forchheimer equation and Izbash
equation. Also, few analytical solutions based on Buckley and Leverett and Barree and
Conway models, were derived for non-Darcy displacement of immiscible fluids in porous
media. It must be noted that the constants of these equations are mainly based on either
numerical simulation or in-situ scale testing conditions. This calls for developing
techniques that would facilitate measurement of permeability through the fractured rock
masses under varied confining stresses and ground water pressures. Based on these studies
efforts should also be made to develop a mathematical model which correlates these
parameters with the rock mass specific parameters.

With this in view, an effort has been made to develop an experimentation technique
that facilitates simulation of flow of water through the fractured rockmass by (a) using an
analogue material - 'paraffin wax' and (b) naturally occurring rockmass, which imbibe a
‘single fracture’” and their details are presented here. Based on these studies, it has been
observed that discharge decreases with an increase in effective stresses and variation in
discharge and base pressure shows linear relationship and deviation occurs due high base
pressure. Reynolds number and pressure gradient relationship is quite sensitive to the base
pressure and fracture roughness. Further, there is a critical base pressure, beyond which
transition in laminar to turbulent flow occurs. It has also been observed that discharge
decreases with increase in the sample size, and increases with an increase in fracture
aperture. The study has demonstrated the usefulness of analogue material for easy and fast
simulation of fluid flow properties of the rockmass in cost effective manner and by avoiding
a collection of the undisturbed rock samples from the deep locations and creation of the
fracture(s) in it, which becomes a cumbersome and tedious task under a laboratory

conditions.
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