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ABSTRACT

The fluid permeability of rocks is a complex rock physical property, in general dependent on such 

factors as effective pressure, stress history and anisotropy. Very little experimental data exist that 

describe the changes in permeability and poro-elastic properties (specific storage) that occur during 

loading to brittle failure, particularly in low porosity rocks.

In this experimental programme the permeability evolution in three different porosity- 

permeability evolutionary situations has been compared; isotropic increases in crack damage, 

hydrostatic compaction (pore closure) and non-hydrostatic deformation (anisotropic pore closure and 

anisotropic pore opening). A methodology has been newly-developed in order to measure 

permeability and specific storage in a low permeability sandstone undergoing hydrostatic and non

hydrostatic deformation. Under hydrostatic stress conditions, permeability has been shown to be 

sensitive to effective pressure and effective pressure history. An empirical effective pressure law for 

permeability and specific storage in Tennessee sandstone has been determined. The evolution of 

permeability parallel to the direction of the maximum compressive stress (aO has been investigated as a 

function of increasing magnitudes of c, in triaxial compression deformation experiments and a unique 

integrated analysis of the stress-strain, pore volume, permeability and specific storage evolution has been 

undertaken. All rocks were deformed within the brittle faulting regime, allowing investigation of changes 

in permeability, specific storage and pore volume during compaction, dilatancy, brittle faulting and stable 

frictional sliding. Over the range of effective pressures investigated (20 MPa - 250 MPa) permeability 

shows a consistent pattern of evolution up to brittle failure. Upon initial loading permeability 

reduces to 0.5 of the starting permeability during compaction, and increases by up to an order of 

magnitude during dilatancy from the permeability ‘minimum’ measured during compaction. During 

stable sliding permeability decreases steadily, possibly reflecting the development of a relatively 

impermeable seal to fluids. An assessment is made of the roles of hydrostatic and non-hydrostatic 

stresses in controlling permeability and specific storage, and stress path dependence of permeability 

and specific storage under non-hydrostatic stress conditions is demonstrated.
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R»/, upstream reservoir

R,/ downstream reservoir

RO valve remotely operated value 

RS residual sliding

sample specific storage

compressive storage of the upstream

reservoir

Sj compressive storage of the downstream

reservoir

SEM scanning electron microscope

TEN Tennessee sandstone sample

TMC transgranular crack

U average velocity

\rock vol ume of the rock

Vt- volume of pore network

20



Acknowledgements

Acknowledgements

A very special and obvious thanks to my family. The last few years have been at the very least 
bewildering for them. I thank them for being kind and for allowing me some space to struggle with 
my own stuff. A special thanks to Thomas whose openness and simple honesty is testimony to the 

madness that is adulthood.
I thank both my supervisors. Professor Phil Meredith and Professor Stan Murrell who really 

deserve great thanks for their patience and support. I thank Phil for helping me to attend a number 

of excellent conferences, and I thank Stan for his constant support and guidance particularly through 
the maths. Many thanks also to Professor John Barker for the software and for making some sense 

of the hydrogeology literature. To the people who I’ve been able to work closely with at UCL there 
are a few who merit very special thanks. In particular, my fellow thesis sufferer Anita Odedra who’s 
been, quite simply, brilliant. Steve Covey-Crump has been, as ever, a great support and great role 

model. I want to thank especially Colin Jones who gave many clues as to how to survive 
experimental work, and thus helped me get going, even though I can’t integrate. I thank enormously 

John Bowles and Neil Hughes on whose competent and enthusiastic support I have been reliant to 
enable me to conduct my experiments. I’m eternally grateful for their perpetual ‘disguised’ support. 
Thanks to Anke Wendt for support and friendship whilst writing this thesis. Also a great thanks to 
Alun Dawson-O’Brien for reminding me not to be scared to just be. Thanks to Charles Morgan for 
being a cool mathematician. Thanks to Ossie-Man and a number of other key players in the Friday 
evening bonding exercises. Thanks to Rob Cuss for sharing his hydrostatic pore volume data and 
thin sections of triaxially deformed samples with me. Both have been of great help. Thanks to Ancfy 
Beard for help with the SEM. Thanks to Sean Moulding for lovingly preparing numerous thin 
sections. Thanks to Toby Stiles for frequent photographic advice and preparation of photographic 
material and thanks to Peter Sammonds for arranging the trip to some of the U.S. labs.

And to a number of people who chose to be my friends even when things were very difficult. 
In particular, I thank Nick Raad, and my wonderful long term friends, in particular. Professor Phil 
Bland, Sue Harris, Sue Young, Louai AUdzwini, Charlottesky, Guy Massey, who all persevered with 
and supported me through my long hibernation. Thanks to Zoe Shackle whose ability to laugh and 
cry was refreshing and hence helped me to balance my own equation. A very special thank you to 

Eric Jousselin whose friendship amazed me. Thanks to Alan Baird who first introduced me to the 
world of Geology and on whose continued mentorship and friendship I have been lucky enough to 

rely. And thanks to La Famille Mainprice who were kind when things were hard. Thanks to Chris 
and Jeimy for rescuing me from a south-east Asian jungle and for being so functional and fim. 
Thanks to Rob Johnson for just being very naughty. To my dear and unique friend Fiona, who 

always gives poetical words of encouragement from afar, a great thanks. Other people I wish to 

thank include Renee Cohen for providing continued support and space in which to work on my 
other’ thesis. Thanks also to Emma Shackle for allowing me into her home.

21



PARTI

BACKGROUND

22



Chapter 1: Introduction to Thesis

Chapter 1

1 Introduction to Thesis

1.1 Fluids in the Crust and Fluid Flow

Crustal rocks are rarely completely solid, but contain pores and cracks which are often fluid-filled. 

There are two types of porous media; (I) granular media with intergranular pore spaces, e.g. 

sediments and sedimentary rocks; and (ii) cracked media, e.g. crystalline rock. The mobility of 

fluids in the crust depends upon the ability of the rock to allow fluid to flow within its pore network. 

This property is described as permeability. Permeability is critically dependent upon the presence of 

continuous interconnectivity between pores or cracks which thus provides pathways for fluid flow. 

In nature, two types of fluid flow occur; steady state flow and transient type flow. More commonly 

transient changes in fluid pressure generate pore pressure gradients which decay with time. In this type of 

flow, the compressibilities of the rock matrix and of the pore fluid become significant since they help to 

control the rate of restoration of pore fluid pressure equilibrium. The compressibility properties of the rock 

and of the pore fluid are introduced through the term specific storage (Ŝ ort).

Fluids may originate from a number of different sources. Detrital sediments originating as 

granular material deposited in an aqueous environment entrap fluid during rapid burial. Increased 

burial and consequent temperature and lithostatic pressure increase may result in the expulsion of 

water, with the onset of diagenesis and lithification, resulting in a change in porosity. In crystalline 

mineral phases dehydration may occur (Hubbert and Rubey 1959). In continental crust much water 

is surface derived (meteoric) (Byerlee 1993) and some is of a deeper hydrothermal source (Rice 

1992).

How do Crustal Conditions Affect Fluid Flow?

The Earth’s crust is a dynamic evolving body, subjected to elevated temperatures, lithostatic and 

tectonic stresses and time-dependent, fluid-enhanced deformation processes. The creation of and 

destruction of different types of interconnected porosity, and hence permeability, is intimately 

dependent on lithostatic and tectonic stresses, temperature and the presence of and migration of 

fluids themselves. In this thesis, we are concerned only with the roles of stresses in changing 

permeability, and the mechanical effect of the pore fluid.

The upper part of the crust forming the seismogenic zone comprises rock which is in a 

brittle state and which contains pore networks of both intergranular (i.e. grain boundary) and crack 

types. Deformation of this layer is accommodated by brittle deformation mechanisms. Increasing
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depth of burial results in an increase in lithostatic pressure leading to the progressive closure of 

pores, grain boundaries and cracks and hence reducing the interconnectivity of pore networks. 

Tectonic, or non-hydrostatic stresses, cause both anisotropic compaction and anisotropic cracking, 

resulting in anisotropic permeability characteristics (Zoback and Byerlee 1976; Zhu et al. 1997; 

Bruno 1994; Schutjens and de Ruig 1997).

Furthermore, the initial microstructure, particularly the porosity, exerts strong control over 

the evolution of permeability with deformation (David et al. 1994; Zhu and Wong 1997; Zhu et al. 

1997). In high porosity material, deformation is accommodated by shear enhanced compaction, 

resulting in a decrease in porosity and permeability, under the application of hydrostatic and non

hydrostatic stresses. In low porosity materials, hydrostatic and non-hydrostatic compaction results in 

porosity and permeability reduction. However, with the onset of dilatant microcrack growth, 

significant permeability enhancement may occur. In nature, fluid flow characteristics over large 

scales tend to be dominated by heterogeneities, in particular, the presence of fractures and faults 

(Bernabe 1992; Brace 1978). Brace (1980) states that local permeabilities may be as high as 10' 

‘̂ m“ down to depths of 10 km where joints and fractures are present. Similarly the relative change 

in permeability associated with the development of a macroscopic shear fault is also a function of the 

initial porosity; high porosity starting materials produce relatively low permeability fault rocks (Zhu 

and Wong 1997; Main et al. 1996; Teufal 1987; Crawford 1998), whereas permeability may be 

locally significantly enhanced due to fractures in low porosity starting materials (Trimmer et al. 

1980; Brace 1980), or at least transiently enhanced associated with the generation of a fault (Keaney 

et al. 1998).

Faults and Fault Zones

The localisation and coalescence of microcracking results in the formation of faults, which are 

responsible for the most significant tectonic displacements in the Earth’s crust. Although 

volumetrically insignificant, faults play a key role in controlling fluid migration throughout the 

crust, and may both enhance fluid migration and inhibit fluid flow. Faults are observed frequently to 

trap economic concentrations of hydrocarbons (when they becomes impermeable) and host valuable 

mineral deposits, yet they provide high permeability fluid conduits at least transiently (Sibson 1990).

Faults and fault zones, due to their origin as shear fractures and history of displacement, 

comprise complex structures and physical properties which evolve both in space and time (Scholz 

and Anders 1994; Knipe 1992; Evans et al. 1998; Seront et al. 1998; Antonellini and Aydin 

1994). Fault zones comprise, in varying amounts, three principal components (Seront et al. 1988; 

Caine et al. 1996; Scholz and Anders 1994) each possessing different porosity-permeability 

structures. These are the host rock, a damage zone (region of enhanced subsidiary fracturing and 

veining) and the fault core continuing wear products from comminution which may or may not 

contain a narrow zone of ultra-cataclasite or clay fault gouge (Scholz and Anders 1994). The
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distribution and amount of each component depends on the lithology and geological setting (Caine et 

al. 1996). Generally the fault core is the lowest permeability component (Seront a/. 1998; Evans 

et al. 1997; Antonellini and Aydin 1994), and the damage zone a relatively high permeability 

component (Seront et al. 1998). In nature all three structures may be further modified by 

dissolution-précipitation processes. Thus throughout the evolution of a fault a complex feedback 

loop between fluid-enhanced deformation and diagenetic processes, and porosity-permeability 

structure change may occur, resulting in both positive and negative changes in fault zone 

permeability (Scholz and Anders 1994; Sibson 1996; Knipe 1994). Sealing-induced permeability 

and mechanical changes further complicate the evolution of the fault zone itself by leading to 

seismic cyclicity and hence cyclical porosity-permeability characteristics. Byerlee (1993) proposed 

the episodic existence of localised compartments of overpressured pore fluid within fault zones, 

which may explain the ‘weak’ rheology of some major fault systems such as the San Andreas fault 

(Byerlee 1993; Sleep and Blanpied 1992).

Importance o f fluids in crust

Fluids in the crust are fundamentally important for a variety of tectonic and geochemical processes, 

and are also of great economic importance (e.g. water resources and hydrocarbons). Pore fluids may 

have both mechanical and chemical effects. Fluids are essential for processes of dissolution, mineral 

transport and re-deposition which result in the formation of economic concentrations of mineral 

deposits. They also aid solution transfer processes such as those responsible for the creation or 

destruction of economically significant volumes of diagenetic porosity in hydrocarbon reservoirs 

(Burley era/. 1989; Knipe 1994).

As long as sediments remain fully permeable the pore pressure due to the aqueous fluid 

remains hydrostatic and at a given depth will be given by . g . h where p i s  the density of the 

fluid, g is gravitational acceleration, and h is the head of fluid, i.e. the depth of any particular level 

of sediment below the fluid surface. Rapid diagenetic change may also lead to the generation of 

overpressured fluids with pore pressures > py/„. g. h. It has been proposed that elevated pore fluid 

pressures are responsible for the ‘weakening’ of seismogenic fault systems (Murrell 1964; Jaeger 

and Cook 1979; Paterson 1978; Murrell and Digby 1970; Sleep and Blanpied 1992; Byerlee 1993). 

Pressurised fluids also play a critical key role in enabling tectonic thrust faulting (Hubbert and Rubey 

1959). The presence of chemically active fluids also aids or accelerates a range of brittle and ductile 

deformation mechanisms such as stress-corrosion (Meredith and Atkinson 1985) and hydrolytic 

weakening (Tullis and Yund 1980). Fluids are also important in enhancing processes of mechanical 

‘healing’ of weak fault zones (Rutter and Mainprice 1976; Blanpied et al. 1992).
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1.2 Rationale of Thesis

Hence, in nature a complex interplay exists between a number of key factors in controlling 

permeability and fluid storage. Currently there is little understanding of the effect of each factor on 

permeability, in particular in low porosity rocks. There exists a body of research into the nature of 

permeability changes with the application of effective hydrostatic stresses (Bernabe 1986, 1987a; 

Morrow et al. 1986; Trimmer et al. 1981; Brace et al. 1968). However, very little is currently 

understood about the relationship between permeability and deformation particularly in low porosity 

rocks (Zoback and Byerlee 1975a; Zhang et al. 1994; Peach and Spiers 1996; Fischer and Paterson 

1992; Kranz and Blacic 1984) and in particular during deformation leading to the formation of a 

brittle shear fault, owing in part to the complexity of experiments investigating permeability changes 

during brittle deformation.

This thesis attempts to further our understanding of the nature of permeability evolution, or 

pore in ter connectivity evolution, and to illuminate the roles played by hydrostatic and non

hydrostatic stresses in changing both permeability and fluid storage in rock samples (specific 

storage), in deformation experiments simulating crustal stress conditions. A number of principal 

questions of interest are; what is the effect of increases in isotropic crack damage on permeability? 

What is the nature of permeability evolution during hydrostatic compaction? How does non

hydrostatic loading affect permeability, and what are the effects of anisotropic crack closure and 

anisotropic crack growth on permeability during triaxial deformation?

Thus, three different cases of microstructural evolution have been investigated in order to 

determine:

• the effect of changes in isotropic crack damage on permeability

• the evolution of permeability and specific storage during ‘isotropic’ hydrostatic compaction

• the evolution of permeability and specific storage during non-hydrostatic loading, leading to 

anisotropic crack closure and anisotropic crack growth, and the ultimate mechanical failure 

through the formation of a brittle shear fault and subsequent stable sliding on the shear fault.

The first case has been used principally as a tool to highlight the nature of critical changes in pore 

interconnectivity, the key to permeability evolution. And the second and third cases have been 

investigated in order to illuminate the relative roles of isotropic and anisotropic changes in 

microstructure on both permeability and specific storage.

In order to study the effects of hydrostatic and non-hydrostatic stresses on permeability 

evolution it was necessary to find an appropriate method to measure permeability during both 

hydrostatic compression and triaxial compression deformation experiments. The method of choice is 

the transient pulse decay method, adapted for use in an existing triaxial compression deformation
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apparatus and using an existing high pore fluid pressure system (pore volumometer). An advantage 

of this method is that it also yields measurements of specific fluid storage in rock samples and thus 

provides information about changes in both porosity and rock compressibility during deformation. 

This method is termed the single-ended transient pressure pulse technique. A series of system 

development experiments and calibrations were undertaken as part of this thesis to ensure that the 

newly-developed measurement method is robust. In total, approximately 800 individual transient 

pulse permeability measurements have been conducted and analysed, related both to the system 

development investigations, and to the investigation into the evolution of permeability and specific 

storage during deformation.

1.3 Thesis Structure

In Chapter 2 the concepts of permeability and specific storage will be defined and the principal 

factors controlling the evolution of both parameters will be discussed, with particular reference to the 

roles of hydrostatic and non-hydrostatic stresses. The concepts of pore interconectivity and 

percolation theory will be introduced.

In Chapter 3 methods of permeability measurement will be described and a number of 

factors which affect the measurement of permeability will be briefly outlined. The steady state flow 

and oscillating pore fluid flow methods will be described briefly, and a fuller discussion will be given 

to the general methods of transient pulse measurement techniques, for which the general analytical 

solution of the flow equation will be given in Chapter 4.

Chapter 5 describes the overall experiment programme. In Chapter 6 the equipment used 

in this experimental programme will be described, the general modes of operation for each 

equipment type and the general method for measuring permeability and specific storage in the 

newly-developed single-ended transient pulse permeability measurement system will be described. 

In Chapter 7 the experimental equipment systems development and single-ended transient pulse 

permeameter system calibrations and results will be described.

The results of the experimental programme are given in Chapters 8, 9, 10, and 11. In 

Chapter 8 the results of a comparison between the steady state flow and single-ended transient pulse 

permeability measurement methods on a single rock sample are given. In Chapter 9 the results of 

the evolution of permeability as a function of increasing isotropic crack damage in rock samples 

induced through heat-treatment are discussed. In Chapter 10 the results of experiments 

investigating the evolution of permeability and specific storage as a function of hydrostatic stress and 

hydrostatic stress history are discussed, and empirically derived coefficients of the effective stress 

law, Ô, are documented and described. In Chapter 11 an integrated analysis of the stress-strain, 

interconnected pore volume, permeability and specific storage evolution during triaxial compression 

deformation experiments has been undertaken. Furthermore, the roles of the hydrostatic and non

hydrostatic stress components in controlling the evolution of interconnected pore volume.
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permeability and specific storage are assessed and a number of experiments investigating stress path 

dependence of permeability and specific storage are also discussed.

In Chapter 12 the microstructures developed at different points in the stress-strain evolution 

leading to failure through the formation of a brittle shear fault in Tennessee sandstone are described 

and the microstructural evolution related to the permeability and specific storage evolution will be 

discussed briefly. In Chapter 13 the principal conclusions of this study are drawn together with a 

general discussion of the achievements and context of this thesis and a number of areas of interest 

for future investigations are suggested.
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Chapter 2 

2 Permeability and Specific Storage

2.1 Introduction

To introduce permeability, a model of porous and permeable rocks will be briefly outlined and the 

key concept of connectivity between pores introduced. Definitions of permeability and specific 

storage will be given. A brief description of the physics of fluid flow in model and natural porous

systems will be given, and the concept of percolation theory will be introduced as a tool to describe

the evolution of permeability in rocks. Some principal factors controlling the evolution of pore 

connectivity and hence permeability will be discussed. Firstly, the effects of changes in applied 

hydrostatic stresses and non-hydrostatic stresses in changing permeability will be discussed and 

reference will be made to the existing body of research investigating the evolution of permeability 

during deformation.

2.2 The Nature of Permeable Rock

Rocks are typically made up of a solid granular, polycrystalline matrix, with inclusions in the form 

of pores or cracks between the solid grains. The pores consist of several types. These are cracks, 

which can be regarded as low aspect ratio voids which may be transgranular or intergranular (i.e. in 

grain boundaries); and nodal pores, with a high aspect ratio. Grain boundaries may be cracked or 

intact and as such permeable or impermeable respectively. Generally crystalline rocks contain both 

coherent grain boundaries and fracture-type pores comprising cracks along grain boundaries 

(intergranular) or within grains and in favourable cases cutting several grain boundaries 

(transgranular) resulting from the brittle character of the minerals. In granular sedimentary rocks 

the initial porosity is the void volume between the stress-supporting grain framework, arising from 

sedimentary packing of particles with porosity reduction following from subsequent compaction and 

diagenetic modification.

Fluid migration occurs through the pore network. It is the combination of cracks and / or 

granular pores which allows the rock to be permeable, provided that the cracks or pore spaces are 

interconnected. Both fracture porosity and intergranular porosity, and the related permeability, may 

be enhanced or reduced by the application of thermal, lithostatic or tectonic stresses. Cracks 

nucleate due to stress concentrations at grain boundaries, pores or pre-existing microcracks, and may 

develop strong anisotropy. Cracks may be isolated or connected to a larger scale pore network 

(Figure 2.2). How does the generation of and subsequent changes to isotropic and anisotropic
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cracking affect permeability? What is the probability that hydrostatic and non-hydrostatic stresses 

will close or open permeable pathways? Currently there is no theoretical solution to this question. 

To answer these questions the concepts of fluid pathway connectivity and the percolation problem 

must be introduced, because permeability is controlled not by the growth or relative closure of cracks 

due to stress or temperature, but critically by relative changes in pore space interconnectivity.

2.2.1 Conceptual Model o f Pore Types

To conceptualise porous media Bernabe (1991) proposed a model of the pore geometry in sandstones 

based on three-dimensional qualitative observations. Three principal sandstone pore types were 

distinguished; nodal pores, sheet-like conduits and tubular pores (Figure 2.1). Nodal pores are 

located at four-grain vertices and are approximately equidimensional and form the bulk of the 

porosity. Nodal pores are connected to each other by two types of connective pore types; sheet-like 

conduits, analogous to microcracks and grain boundaries; and tubular pores which occur along 

three-grain edges. Tubular and sheet-like pores are analogous to pore throats (Doyen 1988). It is 

the connective t>qDe pores which control the transport properties (Doyen 1988) despite their small 

contribution to the overall porosity in granular sedimentary rocks.

N o d a l  ( h i g h  a s p e c t  r a t i o )
p o r e s  at  4 - g r a i n  i n t e r s t i c e sS h e e t - l i k e  t h r o a t s  at 

2 - g r a i n  i n t e r s t i c e s

T u b e - l i k e  p o r e  t h r o a t s  
at  t h r e e  g r a i n  e d g e s

Figure 2.1: Conceptual model of pore types after Bernabe (1991 ) and Zhu et al. (1995).

The relative roles of each pore type in controlling permeability depends on the rock type. 

For example, flow through nodal pore spaces dominates in relatively porous, unconsolidated 

materials and granular sedimentary rocks, with little contribution from grain boundaries and cracks. 

In relatively non-porous rocks such as igneous and metamorphic rocks the bulk of the fluid flow 

occurs through cracks, fractures and fissures.

Heterogeneity

Within any rock body heterogeneities are the prime source of scale dependence of the measurement of 

permeability on the laboratory and field scales (Brace 1980; Bernabe 1992). Permeability is also a 

tensorial property (i.e. the flow rate may be different in different directions) and is sensitive to material
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anisotropy resulting from sedimentary structures and metamorphic fabrics (Jones and Meredith 1998), 

anisotropic cracking (Zhu et ai. 1997)., fractures, and faults (Faulkner and Rutter 1998; Faulkner 1997; 

Evans era/.. 1998).

2.3 Fluid Flow in Rocks and Permeability

Permeability, k, is a transport property which determines the rate of flow of a pore fluid through a porous 

txxly with pore and crack interconnectivity extending fully across the body (Figure 2.2). Permeability can 

be described using models of fluid flow in porous media, and can be measured empirically in the laboratory 

and on the field scale (Brace 1980).

I =  c o n n e c t e d  c l u s t e r  
=  N O  F L O W

3 =  i s o l a t e d  c l u s t e r

C l u s t e r  c o n n e c t e d  to 
l a r s e r  s c a l e  n e t w o r k

2 = c o n n e c t e d  c l u s t e r  s p a n n i n g  a c r o s s  
t h e  w h o l e  s a m p l e  =  F L O W

Figure 2.2: Cracks, clusters of cracks and interconnectivity spanning across the 

sample.

2.3.1 Darcy’s Law

The scientific study of the flow of fluids in the permeable upper crust began with the work of the French 

water engineer Darcy (Darcy 1856). Before that water had been used as a source of mechanical power, and 

the science of hydraulics already existed. In hydraulics and hydrology the pressure is measured by the 

height of the column of water which exerts the pressure. This height is called the ‘head’ of water, h. 

However, it is important to note that water only flows in an aquifer if there are differences of head in some 

horizontal direction. The pressure exerted by head Ah is:

P//„. g . Ah = AFflu 2.1
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where p/;„ is the density of the water and g is the gravitational acceleration, and is the pore fluid 

pressure.

Darcy’s law (Darcy 1856) relates the rate of fluid flow through permeable porous rock to the 

gradient of the head of water across the rock. The relationship between the two depends on the dynamic 

fluid viscosity (|j^„), and on the internal structure of the pore network, in particular the interconnectivity of 

fluid pathways. These factors are brought together through the coefficient of permeability, k. Hence, 

permeability is a geometrical and topological property of the porous medium.

Darcy (1856) showed that the volume of fluid, Q, passing across a unit area per unit time, in a 

porous media is linearly proportional to the hydraulic gradient, Vh;

Q = -K Vh 2.2

where the hydraulic gradient is

A h
V/z = ----  2.3

A j

and Ah is the change in head in distance As in a given horizontal direction (Fetter 1994). The 

proportionality constant, K, is called hydraulic conductivity. It incorporates the permeability, k, of the 

medium and the dynamic viscosityyt^„ ) of the fluid, where

K  = —  2.4

k has dimensions of L" (m" in S.I. units). Although fluid pressures at different vertical levels in the crust 

are in general unequal, no flow will occur under equilibrium conditions (when the pressure on any 

horizontal surface will be constant). However, if the pressure heads at any given point differ from the 

equilibrium level then flow will occur to restore equilibrium. In this case the pressure gradient, which 

drives fluid flow arises from differences of fluid head. Ah, giving rise to differences of pressure due to 

gravity.

In laboratory measurements, however, fluid pressure is generated by pumping so there is a 

pressure gradient;

Ajc

where x is the direction of flow, and the pore fluid pressure. Hence in this case Darcy’s law (Equation 

2.2) can be written in terms of water (or fluid) pressure as;

Q = -K'VPf„ 2.6

where K’ is the hydraulic conductivity defined in terms of pressure, and where

P//„ = . g . h 2.7

and

k
K ' = ----------------- 2.8

P  flu  • S '  P f l u
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Thus

Q =  =  2.9
A r Ac

2.3.2 Flow o f Fluid Through a Tube

Laminar flow of fluid through a regular straight tube of circular cross-section is described by the Hagen- 

Poi seuil le law. Consider a fluid flow channel traversed by a fluid in the -t-x direction. The volume flow 

rate, Q, is defined as the fluid volume that crosses a cross-section, a, normal to the x-axis in unit time. The 

volume of fluid per unit area per unit time flowing through the tube is Q.a (Figure 2.3).

Q . a

X

Figure 2.3: Rate of flow of a fluid through a tube of area a (Q.a) in direction x.

( Reproduced from Gueguen and Palciauskas (1992).

.\i low velocities, flow is laminar (i.e. particle paths are all parallel to the tube axis). At high velocities 

flow becomes turbulent, defined by a critical dimensionless parameter the Reynolds Number (Re), given 

by;

Re = 2.10

where U is the average velocity, d the pipe diameter, the density and p . t h e  fluid viscosity. The flow 

rate at which the flow begins to deviate from Hagen-Poiseuille behaviour occurs when the Reynolds 

number is greater than 1 (Bear 1972). We are only concerned with laminar flow conditions in this thesis.

Under laminar flow conditions, the total volume of fluid passing any section of the tube in unit

time is

7i{p,-pyd^

. " ' I " ' - " ' ' .

where:

d is the diameter, 1 is the length, P| and Pi are inlet and outlet pressures respectively, is the viscosity of 

fluid and a the cross-sectional area of tube.
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For a tube of elliptical cross-section (major axis d, minor axis nd), which could be applied to a 

crack (Duncan et al. 1990);

2/7

( 1 +  //■
%---------------—  .a 2.13

32.

For flow to occur a pressure gradient must exist along the axis of the tube. The rate of fluid flow depends 

on the pressure gradient. Hagen-Poiseuille flow breaks down at high velocities (i.e. in very high 

permeability materials) or with a permeant of very low viscosity since velocities become very high and flow 

becomes turbulent and a non-linear function of the fluid pressure gradient. Furthermore, Hagen-Poiseuille 

flow breaks down with a gas permeant at low pressures when the mean free path of the molecules becomes 

greater than the diameter of the channel cross-section. This is the Klinkenberg effect.

Now consider fluid flow through a series of similar parallel tubular holes in a block of area A. 

The total Hagen-Poiseuille flow through area A is the number of tubes (n) x flow through a single tube of 

area ‘a’. Therefore Hagen-Poiseuille flow per unit area is (n flow through a single flow tube of area a) / 

A (Figure 2.4). Hence the total flow through a block, Q, is volume of fluid per unit area per unit time and 

is defined as:

Q = (n X flow rate through a single tube): 2.14

n
= — a 

A 3 2 . J

to ta lX  — sec tionoftubes

X  — sec tiono fb lock  

X  -  sec tionoftubes

X  -  sec tiono fb lock  

where

_  tiibeX  -  sec tion  * L  

b lo ckX  sec tion  * L  

is the porosity.

 ̂pressuregrad ien t *
32

2.15

2.16

2.17

2.18

Q  =  (n . a)  /  A

Figure 2.4: Flow through channels of cross-section (a) (reproduced from

Gueguen and Palciauskas, 1992).
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If we compare Darcy’s law with the Hagen-Poiseuille law we have

2.19

for a single tube. Thus permeability is in some sense related to the cross-sectional area of the flow path and 

this is reflected in its units [L"j.

2.3.3 Fluid Flow in Disordered Permeable Porous Media (e.g. typical rocks)

In natural rocks fluid flow occurs through more complex, disordered flow path structures, where 

factors such as pore type, pore geometry, heterogeneity, and tortuosity affect the permeability. We 

consider first disorder in the form of tortuosity. In a disordered medium a typical flow path is no 

longer straight but is tortuous (Figure 2.5) and will also not be of regular uniform cross-section. 

Tortuosity, F’, is defined as the ratio of the mean path length to the straight line distance of the 

overall path. Let the path length be 1, and let the actual separation of the inlet (in) and outlet (out) be L, 

then the tortuosity = 1 / f . . Since tortuous flow paths are longer, tortuosity results in a lower pressure 

gradient at any given point in the flow path, thus reducing the flow rate.

I N O U T

P e r m e a b l e  n e t w o r k

F l u i d  s t o r a g e

Figure 2.5: A tortuous fluid pathway in a porous body, and the contribution to 

fluid storage capacity of dead-end porosity and high aspect ratio pores. Fluid flow 

is controlled by the geometry of high aspect ratio pores (cracks, grain boundaries, 

pore throats).

Since flow paths are not in general parallel they may intersect. This will not in general increase 

the flow through the body but connected branches which are not sample-spanning will increase the fluid 

storage capacity. Hence fluid flow and fluid storage are not directly linked, but different parts 

(components) of the pore network contribute to either the permeability or fluid storage capacity, or both.
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Following from Equation 2.17 and accounting for tortuosity we have;

(2 =
X  — sec tionoftubes

* pressuregradient * 2.20
X — sec tionofblock

For parallel tubes the expression in the brackets is the porosity, (|), but for tortuous tubes the volume of pores 

will be given by the tube cross-section * F’ * L where F’ is the tortuosity, and the porosity will be increased 

accordingly. Hence,

Q = . pressuregradient

(p d -  XP

2.21

2.22

2.3.3 Units of Measurement

Permeability has dimensions of L ,̂ and hence in S.I. the unit is m'. A widely used alternative unit is 

the Darcy.

Within this study the unit of the coefficient of permeability (k) in m^ will be used throughout.

UNIT OF MEASUREMENT DARCY (D) COEFFICIENT OF PERMEABILITY (m^)

Equivalents ID 9.87 X1 0 "

Table 2.1 : Units of measurement for permeability; the Darcy and permeability in m .

2.3.4 Typical Values o f Permeability

Values of permeability of natural porous materials range over more than 15 orders of magnitude, and

the permeability of any single rock type may range over at least 3 or 4 orders of magnitude.

Laboratory measurements of rock samples which range in permeability by fifteen orders of magnitude have 

been compiled by Brace (1980) (Figure 2.6). All measurements were made at room temperature and a 

nominal effective pressure of 10 MPa (Brace 1980).
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Figure 2.6: Typical crustal rocks types and their permeabilities, measured at a 

nominal effective pressure o f 10 MPa at room temperature (reproduced from 

Brace et al. 1968).

2.4 Approaches to Modelling Permeability

Since permeability is intrinsically a difficult property to measure in the field much attention has been 

focused on attempts to independently predict permeability from theoretical and empirical 

relationships between permeability and other more readily measurable rock properties.

There are a number of theoretical approaches used to describe permeability. These include 

effective medium theory (David et al. 1990), network modelling (Zhu et al. 1995), and physical 

statistical models and percolation theory (Gueguen and Palciauskas 1992; Gueguen and Dienes 

1989). Further, permeability may be derived indirectly by the use of a number of empirical physical 

relationships, such as those described by the Carman-Kozeny type relations (Carman 1952; Paterson 

1983).

i Network models

Network theory is based on the analogy between the flow of a permeating medium within a porous 

network (Darcy’s law) and the principles of electrical flow (Ohm’s law), where the flow rate is 

proportional to the conduit permeability (conductivity) and the difference in pressure (voltage) 

between the end points. The pore network is replaced by considering a regular network of variable 

elements, i.e. nodes and bonds, where the conductance is located in the bonds. In a network model, 

nodes and conducting bonds are physical analogues of nodal pores and throats (Zhu and Wong 

1996). Network modelling has been used successfully to describe the permeability evolution in 

microstructurally homogeneous systems (Zhu and Wong 1996; Zhu et al. 1997).
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a Effective Medium Theories - Regular Topology at Small Scale

The aim of effective medium theory (EMT) (Kirkpatrick 1973) is to infer an average physical 

parameter from the statistics of local conducting (or permeable) elements. A permeable medium is 

approximated by a 3D network with regular topology, defined and calculated from minivariables, 

which are averages of the grain scale physical variables. From microvariables effective properties 

are defined and calculated, for example pore dimensions (Doyen 1988), and porosity and specific 

surface area (Berryman and Blair 1986). Hence in EMT the real discontinuous medium is replaced 

by an effective, regular continuous medium, and is the homogenous equivalent regular network for 

which the macroscopic conductance (permeability) is the same as for the heterogeneous system and 

physical properties are described in terms of an average or effective property. EMT computations 

rely on the accurate statistical representative data on pore morphology, including 3-D pore geometry 

characterisation (Lin and Cohen 1982), although characterisation of pore connectivity is more 

critical (David et al. 1990). EMT is applicable where the medium is statistically homogenous, but 

heterogeneous on a small scale. However, David et al. (1990) found that EMT solutions 

underestimated permeability in highly heterogeneous media.

Hi Physical Models ~ Disordered Topology

A number of microstructural models have been proposed to relate microstructural parameters to 

permeability. These include statistical (Gueguen and Dienes 1989) and geometrical models 

(Paterson 1983). The ‘microstructure’ refers to the microstructure of the pore network, which is 

described by a set of statistical distributions of microstructural parameters describing the pore 

geometry and pore distribution. Geometrical models approximate real systems by describing 

permeability in terms of networks of capillaries or cracks of different sizes but simple shapes 

(Gueguen and Dienes 1989). Capillary models assume that transport is by means of 1-d randomly 

distributed capillaries of variable length (d), radius (r) and spacing (1) (Figure 2.7) and crack models 

assume transport through the connection of 2-d cracks of aperture (2w), diameter (2c) and 

distribution (1). Permeability is controlled by the distribution of the respective microvariables. 

Capillary models relate best to highly porous sedimentary rocks, and crack models relate best to 

crystalline materials.

Permeability is calculated using statistics (Gueguen and Dienes 1989) to relate the three 

independent microvariables; average pipe (crack) length, average pipe radius (crack aperture) and 

average pipe (crack) spacing. The microvariables which control permeability are crack aperture or 

pipe radii, where small changes in either variable result in large changes in permeability.

Gueguen et al. (1987) successfully applied the crack model to determine permeability 

changes with stress for a low porosity sandstone (Fontainebleau) and a North Sea chalk. In the case 

of crack nucléation and crack growth, permeability changes are proportional to changes in crack
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length as long as the network is above the percolation threshold. In the case of crack closure the key 

microvariable is crack spacing (1) since crack closure results in a decrease in crack density.

2w n

Figure 2.7: a) Pipe and b) crack models of porous media (reproduced from 

Gueguen and Palciauskas 1992).

IV Percolation Theory

Consider the following problem: we have a granular solid and create porosity and permeability by 

removing grains or creating cracks (grain boundary or transgranular) randomly. Initially these pore 

and cracks will be isolated, but at higher densities of pores and cracks there is a finite probability 

that some pores and cracks will intersect to form clusters although permeability is still zero; at still 

higher densities some clusters will be even larger, and at some critical density (the percolation 

threshold) pores and cracks will form an infinite cluster, spanning the porous body (Figure 2.8). At 

this point the body becomes permeable. Percolation theory attempts to address this problem 

(Gueguen and Palciauskas 1992; Gueguen and Dienes 1989).

Percolation threshold effects occur which cannot be anticipated through effective medium 

computations, for example in relation to permeability and electrical conductivity near the percolation 

threshold (Gueguen and Dienes 1989). Using the crack model of Gueguen and Dienes (1989) 

percolation theory has been used to predict permeability changes with stress (Gueguen et al. 1987).
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P E R M E A B I L I T Y  T H R E S H O L D
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F R A G ME N T A T I O N
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t

Figure 2.8: Homogeneous and Inhomogeneous cracking with the

development of two levels of percolation threshold (reproduced from 

Gueguen and Palciauskas 1994).

V Empirical Relationships and the Carman-Kozeny Type Relationships

Based on an ‘equivalent channel model’ (Paterson 1983), where the pore space is replaced 

by a single, cylindrical, tortuous, non-intersecting channel or pipe of constant cross-sectional area, 

Carman-Kozeny type relations have been used to relate permeability to relatively easily measured 

rock properties. The Carman-Kozeny relations vary depending on variations in porosity, tortuosity 

and particle size distributions (Berryman and Blair 1986). Carman-Kozeny relations have been 

derived by constraining microstructural parameters using quantitative image analysis (Doyen 1988; 

Gueguen and Dienes 1989; Lin and Cohen 1982), porosity and mercury injection measurements 

(Carman 1956; Jacquin 1964; Bourbie and Zinszner 1985), intergranular surface area (Carman 

1956), and formation factor, F, derived from electrical conductivity measurements (Heard and Page 

1982; Brace era/. 1965, 1968; Archie 1942; Katz and Thompson 1986).

A general expression of the Kozeny formula is; 

k = C R- Ô 2.23
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where (]) is the porosity, R is the hydraulic radius, defined as the ratio of pore volume to the pore 

surface area. C is a numerical constant dependent upon the shape of the cross-sectional area of the 

pores, which varies between 3/5 for high aspect ratio pores and 1/3 for slits, analogous to cracks 

(Wyllie and Spangler 1952). Hence, R, the hydraulic radius, is the characteristic cross-sectional 

dimension of the equivalent channel for determining the bulk flow rate. Since natural flow paths are 

tortuous, equation may be adapted to take tortuosity into account via F’, 

k = C R- / F’ 2.24

Where

F’ = (1, /1) - / (j) 2.25

1„ is the actual path length and 1 the length of the porous body. Both hydraulic radius, R, and 

tortuosity, F’, can be derived from electrical conductivity measurements, where F, the formation 

resistivity factor or formation factor, F, relates the electrical conductivity of a pore fluid (Vjif) to the 

effective conductivity of a rock through

.̂fu.
-  p

where F depends primarily on the pore microstructure and incorporates tortuosity.

Brace et al. (1968) found a consistent relationship between F and (j) over a porosity range of 

0.1 - 0.001, suggesting a linear relationship between porosity and permeability for intact Westerly 

granite. Models using hydraulic radius (from formation factor) based on microstructural 

observations made at atmospheric pressure may underestimate changes in crack and pore dimensions 

due to applied stress and hence may no be used reliably to predict changes in permeability with 

stress.

Vi Permeability : Porosity Relations

Generally, there is no simple relationship between permeability and porosity (Schneidegger 

1974), although in some materials a clear relationship or several families of relationships exist 

where grain size is constant with porosity (Jacquin 1964) over some range of experimental 

conditions (Bourbie and Zinszner 1985). No simple relationship exists between the two properties 

since permeability is a topological property and porosity simply expresses a ratio of void volume to 

rock volume and makes no inference of pore interconnectivity.

Summary to Approaches to Modelling Permeability

Simple empirical and theoretical relationships are limited in that they are not based an a physical 

understanding of the effects of factors which control connectivity and hence permeability, such as applied 

stress. Limitations of empirical and theoretical relationships emphasise the importance of the empirical 

measurement of permeability as an independent property.
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2.5 Specific Storage: the Role of Rock and Fluid Compressibility

In order to investigate fluid flow it is convenient to consider two simple end-member cases:

• steady state flow

• flow resulting from a transient change in pressure or head.

In nature, more commonly transient changes in fluid pressure generate a pore pressure pulse which decays 

with time. In this type of flow, the compressibilities of the rock matrix and of the pore fluid become 

significant since they help to control the rate of restoration of fluid equilibrium (Figure 2.9). The 

compressibility properties of the rock and of the pore fluid are introduced through the concept of specific 

storage (S,„,.;.).

P r e s s u r e  = xP r e s s u r e  = x +

A ) S T E A D Y
S T A T E
F L O W

T I M E
B ) T R A N S I E N T  

T Y P E  F L O W

Figure 2.9 : Steady state and transient types o f fluid flow. Steady state 

flow occurs only where a fixed pressure gradient exists, otherwise flow is 

zero; transient flow occurs more commonly in nature and is affected by 

the elastic properties o f the rock and pore fluid.

Because of the elasticity of a rock matrix and of a pore fluid, changes in stress and pore pressure 

cause changes of the mass or pressure of the fluid in any given volume of rock. The specific storage 

of a saturated porous media is defined as the volume of pore fluid which is expelled or taken into the pore 

volume (or storage) per unit change in hydraulic head, h. Changes in fluid storage are due to the 

compressibility of the rock matrix and the compressibility of the pore fluid.

Considering the change in fluid storage owing to compaction of the porous medium, the volume 

of water expelled from the unit volume of the porous medium is equal to the reduction in volume of the
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unit volume of the porous medium. The volume reduction of the porous network, AV^is negative and the 

volume of the pore fluid released, AV/;„ is positive (Freeze and Cherry 1979), so that 

A = - h V j  = C„„„ 2.27

where the effective stress ( = g Ah), where is the density of water [M/L^], g is acceleration due 

to gravity [L/T"], and is the compressibility of the porous network [1/(M/LT")]. For a unit reduction 

in hydraulic head. Ah = -1 we have

AV/,„ =  C,„„Pj,^g  2.28

Considering the volume of pore fluid produced by the expansion of the fluid

2.29

The volume of water Yflu in the total unit volume is (|)V̂ , Cjiu is fluid compressibility, and ^  is the 

porosity. Hence 2.29 becomes

2.30

The specific storage is the sum of the two terms given by 2.29 and 2.30

^rock -  Pflu Si^pore +  flu ) 2.31

Hsieh et al. (1981) state that specific storage can be determined fi'om;

r̂ock = '̂ fhi [ + Q f-  (1+4)) Qvo/] 2.32

where (j) is the sample porosity, is the specific weight of the permeating fluid, C/?„ is the compressibility 

of water, C,,  ̂is the compressibility of the whole rock, and C,„i the compressibility of the solid (matrix) part 

of the rock.

Since specific storage is defined as the change in pore fluid volume per unit change in hydraulic 

head (Ah) it has the dimensions of [L *], and will be used throughout this thesis. More generally in the 

rock mechanics literature, however, the term commonly used to describe fluid storage in the rock is the 

storage capacity, Q., defined as the change in stored volume of pore fluid, at a given fluid density, per unit 

change in fluid pressure. The storage capacity per unit volume of the sample is related to the porosity and 

compressibilities by;

C, = 4)(q,, -Cm) + ( Q - C ^ )  2.33

where C is the pore fluid compressibility, C is the bulk compressibility of the sample, and On is the 

mean compressibility of the component minerals (Fischer and Paterson 1992; Brace et al. 1966). The 

units of storage capacity are Pa .

Material Specific Storage (m ') Reference
Plastic clay 2.0 X  10'^ to 2.6 X  10 Domenico and Mifflin (1965)
Medium-hard clay 1.3 X  10'  ̂to 9.2 X  10 Domenico and Mifflin (1965)
Loose sand 1.0 X  10 ’’ to 4.9 X  10 Domenico and Mifflin (1965)
Dense sand 4.9 X  10'® to 1.0 X  10 ® Domenico and Mifflin (1965)
Dense sandy gravel 1.0 X  10 ® to 4.9 X  10'^ Domenico and Mifflin (1965)
Low porosity sandstone 6.0 X  10'  ̂a tP ^ 2 0  MPa This study
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(Tennessee sandstone)
Crystalline rocks; 

Iceland basalt 
Westerly granite 
Carrara marble

3.3 X 10'  ̂atP,/^24 MPa
3.0 X  1Q-’ at P,^15 MPa
2.0 X  10'  ̂at P,^20 MPa

This study

by Domenico and Mifflin (1965) are taken from the hydrology literature and the conditions at which 

the measurements were made are not given.

2.6 The Effect of External Loads and Pore Fluid Pressure on Permeability and Specific 

Storage

There are a number of principal factors which affect pore geometry and connectivity, and hence 

control permeability. These factors include external loads (lithostatic and tectonic), pore fluid 

pressure, temperature and chemically active pore fluid. Since this thesis is concerned only with the 

effects of hydrostatic and non-hydrostatic loads and pore fluid pressure on permeability, in this 

section only these factors and the intimate interplay between stress and inherent microstructure, will be 

discussed.

2.6.1 The Role o f Stress

Pressure (lithostatic, tectonic and pore fluid) changes the geometry of the pore spaces and hence 

changes the permeability. A fluid filled porous medium under a lithostatic or tectonic load 

experiences at least two strain producing fields applied independently to the same material; the 

externally imposed hydrostatic and / or non-hydrostatic stresses and the isotropic internal stress 

exerted by the pore fluid. It is therefore important to determine the effect of each of these stress 

fields on a given physical property. How do confining pressure and pore fluid pressure affect the 

pore network and thereby affect the permeability and specific storage? These issues are dealt with 

under the concept of effective stress (Terzaghi 1936; Skempton 1960; Robin 1973; Berryman 1992; 

Zoback and Byerlee 1975c; Murrell and Digby 1970; Ismail and Murrell 1974; Bernabe 1986, 

1987a). Further a complex interplay exists between the effective stress (P^) components and pore 

type, and will be dealt with in Section 2.64.

A wide range of physical and mechanical properties of rocks depend on the lithostatic load, or 

confining pressure (?£,,„), such as fracture strength, ductility, elastic moduli, acoustic wave velocity, 

electrical resistivity, thermal conductivity, pore volume and permeability. The simple effective pressure 

law, taken to be the difference between the confining pressure (?£.„„) and the pore fluid pressure (Pjiu), 

applies for many rock properties but does not hold universally.

Increasing depth of burial creates an increase in lithostatic pressure, reducing permeability by 

progressively closing pores, grain boundaries, pore throats and microcracks, resulting in the loss of fluid
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pathway connectivity and increased tortuosity. Fractures and grain boundaries close relatively easily 

when a hydrostatic load is applied, whereas in granular materials or rocks containing isotropic pores, 

the effect of hydrostatic pressure on porosity reduction is less significant. Hence the effective 

pressure : permeability relationship is different for cracked and granular porous medium (Brace 

1978; David et al. 1994; Zhu and Wong 1997). In the intermediate case where a rock comprises 

both pores and fractures, the effect of pressure on permeability depends on whether the crack 

network is the key to fluid pathway connectivity (David and Darot 1989).

2.6.1.1 Elastic and Inelastic Deformation

The effect of crack closure on permeability is controlled by two factors; elastic crack closure and 

subsequently by inelastic crack closure. At a critical effective pressure which varies depending on 

the pore type, permeability reaches a value which becomes approximately independent of further 

changes in effective pressure. Further crack closure and hence permeability reduction is inhibited by 

crack surface roughness. Repeated hydrostatic stress cycling results in microstructural ‘seasoning’ 

(Bernabe 1987), resulting in a permanent change in microstructure, which becomes insensitive to 

further cycling of the effective pressure (Bernabe 1987; Faulkner 1997). At a second critical 

pressure, denoted by (P*), compactive grain crushing occurs resulting in microcracking, grain size 

reduction and rearrangement, increased tortuosity, and permeability and porosity reduction (Zhu and 

Wong 1997; Zoback and Byerlee 1976; Cuss 1998).

2.6.1.2 Linear Poro-Elasticity in Rocks

The theory of elasticity must be generalised to poro-elasticity in describing the deformation 

behaviour of porous media. Poro-elasticity theory describes the mechanical behaviour of porous 

media at moderate temperature and pressure conditions, and accommodates the mechanical effect of 

the pore fluid. Fluid pressure and fluid volume need to be known in order to describe the 

thermodynamic state of the fluid. Stress-strain relationships, including fluid pressure-strain 

relationships, are assumed to be linear in poro-elasticity as in elasticity theory. To describe the effect 

of a fluid phase in a porous media the issue of drained or un drained conditions must be considered 

and the concept of effective stress must be described.

Concept o f Effective Pressure 

The mechanical effect of the pore fluid is expressed in terms of the principle of effective stress, 

introduced into soil mechanics by Terzaghi (1936). This law states that all the components of the 

principal normal stresses are reduced by an amount equal to the pore fluid pressure. Robin (1973) 

states that the effective stress law is property dependent and therefore that the effective stress law 

must be determined for each specific physical property.

The effective pressure is expressed as;

P,.ff = Pam ■ SP̂ /„ 2.34
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where is the effective confining pressure, the confining pressure, P „̂ the pore pressure, and 5 is a 

function of the rock poro-elasticity, and is called the effective stress coefficient. When 8=1 the 

effective pressure is equal to the difference between the confining pressure and the pore fluid 

pressure. The effective stress law does not apply if the coefficient of the effective stress law, 5, is not 

constant as a function of P,.„„ and Py;„.

Otherwise 8 is determined as:

8 = 1 - E / E,,,; 2.35

where E,„/is the bulk modulus of the solid part of the rock, and E is the bulk modulus of the rock and 

pore network combined. This equation was derived by Nur and Byerlee (1971) who determined that 

the deformation of a solid submitted to both a hydrostatic confining pressure (P„,„) and a pore fluid 

pressure (Py/„) can be obtained by superimposing two states of equilibrium (Figure 2.10). The first 

state corresponds to where a pressure (Pc„„ - Py7„) is applied to the external surface of a rock which 

has an apparent bulk modulus of E, or the rock ‘frame’ modulus corresponding to ‘empty’ pores 

(Figure 2.10a).

y

p  — pcon  ■* flu
2.36

where £w is the volumetric strain. Where the internal pore fluid pressure

equals the externally applied confining pressure, the pores can therefore be ignored because they are 

at the same pressure as the solid phase (Figure 2.10b). The volumetric strain is therefore governed 

by the bulk modulus of the solid part of the rock. As the solid rock bulk modulus is Ev„/, it follows 

that;

A y f l u
2.37

so l

As in poro-elasticity linear theory is used, the above two states can be superposed where the solid is 

submitted to a hydrostatic pressure and the fluid to a pressure P/7„: (Figure 2.10c).

A y

y
p  — pcon flu flu

’ so l

p  — p
con flu 1 -

so l J
2.38

or:

2.39
E  E

where 8 = 1 -  (E/E,,,/), in agreement with 2.35. The effective pressure P,^ pi ays the same role as Vcon- 

^ E,„/ is usually very small, so that 8 = 1 .
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Figure 2. JO: Solid submitted to hydrostatic pressure and pore fluid

pressure. State c is achieved by superimposing states a and b. See text for  

description (reproduced from Gueguen and Palciauskas 1994).

2.6.1.3 Poro-Elasticity and Deformation

Two deformation conditions are considered: drained and undrained. In the former case the fluid 

pressure remains constant while the mass of fluid present in the rock changes with deformation 

(fluid drains out of or into the rock). In the latter case pore pressure varies with deformation and the 

fluid mass remains constant. The stress-strain relationships remain the same as those for elasticity 

for drained conditions and the effective stress law applies. Under hydrostatic stress conditions the 

strain (e) is proportional to the stress (a);

<7 ..

£  = 2.40

where is the effective hydrostatic stress. Under undrained conditions pore pressure variations are 

governed by the internal deformation of the medium. As pore pressure is an unknown the rock-fluid 

system is considered as an equivalent effective medium, with the elastic constant where ‘u’ 

(subscript) denotes undrained conditions. Hence;

(7
£  =

£  u
2.41

Under undrained conditions the effective stress conditions are difficult to determine since pore 

pressure changes in response to volumetric strain. Pore pressure change (APfiu) is a function of the 

bulk modulus of the fluid/rock system the bulk modulus of the solid rock m atrix^, and Ô by;

- É
2.42

By combining 2.40 and 2.41 and introducing the dimensionless coefficient B, the Skempton 

Coefficient (Skempton 1954), where

2.43
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(Gueguen and Palciauskas 1994), the pore pressure increase can be expressed in terms of the 

increase in hydrostatic confining pressure, such as;

APjj^ = - B { o )  2.44

Therefore, linear poro-elasticity depends on the independent rock c o n s t a n t s a n d  5. E., the 

frame modulus, is determined from drained or dry hydrostatic experiments and E u  determined 

through undrained experiments by measuring pore pressure change with strain. Under drained 

conditions, the fluid mass changes with strain as a function of the bulk strain of the rock and pore 

pressure.

2.6.2 Effective Stress Law for Permeability

The effective stress law for permeability states that as the is changed by a given amount (APco„) 

the Pflu must be changed by (APfl„ / Ô) to maintain a constant permeability (Bernabe 1987). Effective 

pressure can be expressed a function of and Pfiu ;

Pc# = F (P(»n, P/zJ 2.45

which can be represented graphically by families of curves of constant permeability (k); k(Pf„„ , ) m

the (P/;„, P,.„„) co-ordinates (Figure 2.11) (Bernabe 1987a). Each curve corresponds to a different 

value of V̂ ff where it intersects the Pc„„ axis. The 5 coefficient of the effective stress law is 

determined by the slope of the iso-permeability curves in the (P^„, Pt-„„) plane (David and Darot 

1989; Bernabe 1987a). For permeability, it is even possible that 5 is not constant and may vary as a 

function of the conditions under which it was measured (David and Darot 1989). In Figure 2.11 

three cases are shown. These are; the simple case where 6 = 1 ;  the linear case where 5 is constant 

but 1 ; and the non-linear case where 6 is not constant. In the first case the simple effective stress 

law applies. In the last case. Equation 2.34 no longer holds.

The effective stress coefficient, 6, evaluates the relative efficiency of P/;„ compared to ?c„n in 

maintaining a permeable network, and depends on how the volume and shape of flow paths change with 

confining pressure when pore pressure is zero. Values of 6 near to 1 are indicative of narrow crack-like 

flow paths, and values lower than 1 indicate pore types of a more equant dimension. 6 was found to be 0.9 

for joints and polished surfaces (Kranz etal. 1979 and Walsh 1981), 0.6 - 0.7 for intact Chelmsford granite 

(Bernabe 1986), and between 0.56 and 0.91 for faulted Barre granite with different surface roughness 

(Walsh 1981 ; Kranz et at. 1979). 6 is not necessarily constant but depends on the topography of firacture 

surfaces, pore type and rock type (Walsh 1981, Bernabe 1987a). Kranz et al. (1979) demonstrated that 

the permeability of fractured and whole Barre granite was less at higher confining pressures for an 

equal value of simple effective pressure (i.e. - P/z„). This relationship also shows a sensitivity to

fracture roughness with the greatest change in permeability occurring in fractures with the roughest 

surfaces. Both Berae (1987) and Bernabe (1986) showed that 6 was highly dependent on the order 

of application of and P/7„.
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P

Figure 2.1 J: A set of hypothetical curves o f constant permeability plotted 

with respect to confining pressure and pore fluid pressure (reproduced 

from Bernabe J987).

For a 6% porosity sandstone, Fontainebleau sandstone, Ô was between 0.6 - 0.75 and found 

to increase slightly with increasing or decreasing permeability as the deformation of the porous 

network became increasingly sensitive to the internally imposed pore fluid pressure (David and 

Darot 1989). Permeability increased with increasing pore fluid pressure, suggesting that and 

do not play a symmetrical role in the deformation of this material (Figure 2.12).
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Figure 2.12: Linear permeability increase with increasing pore fluid

pressure with lines joining equal confining pressure. (Reproduced from  

David and Darot 1989)
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Berryman (1992) suggested that was least effective in counteracting transport changes

caused by but that P/?„ was most effective in maintaining the fluid content of the pores.

Similarly Zoback and Byerlee (1975c) demonstrated that permeability was sometimes more strongly

influenced by than by in Berea sandstone, comprising pores coated with a highly compressible

material. Further, Zoback and Byerlee (1975c) determined a strong anisotropy of Ô parallel and normal to

bedding (2.2 and 4.0 respectively) in Berea sandstone.
Investigating crvstallinc rocks, Bcrnabe (1987) determined a decrease in b with ?con owing

to a transition between elastic strain of the cracked material at relatively low P,„« and localised strain

caused b> asperitv indentation at high P,,„„. Pressure dependence of b was attributed to crack wall

deformation (Bernabe 1986, 1987a). As cracks close with pressure, asperity contact increases and a

single crack may transform into an array of coplanar interconnected cracks (Figure 2.13) with a

higher aspect ratio, resulting in lower b. where aspect ratio is determined b> dividing the short axis

of the void by the long axis, thus cracks have a relatively low aspect ratio, and circular voids a

relatively high aspect ratio.

lb)

(c)

Figure 2.13: Crack closure leading to the transformation o f  single low 

aspect ratio cracks into arrays o f relatively high aspect ratio voids, 

resulting in a decrease in 6 for permeability (reproduced from Bernabe

Mcnvc, u 15 sensitive to microstructure and may be sensitively dependent on pore pressure 

and confining pressure and deformation history (David and Darot 1989; Zoback and Byerlee 1975c; 

Kranz et al. 1979; Bernabe 1987). Such sensitivities to inherent microstructure and elevated 

confining pressure leads to the notion of non-elastic or permanent hydrostatic deformation, resulting 

in stress path dependence and the breakdown in the effective stress law for permeability (Kranz et al. 

1979; Bernabe 1986a, 1987) and will be discussed in Section 2.6.5.

2.6.3 The Dependence o f Permeability on Effective Pressure
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Brace et al. (1968) determined that the permeability of Westerly granite decreased from 350 

nD at 10 MPa to 4 nD at 400 MPa, with almost half the total permeability loss occurring during the 

application of the first 100 MPa of effective pressure. They also postulated that at depth elevated 

pore fluid pressure could enhance permeability. Trimmer et al. (1980) determined permeability as a 

function of simple effective pressure in Westerly granite and Creighton gabbro, where permeability 

decreased linearly by factors of 4 and by over an order of magnitude over a range of 10 MPa - 25 

MPa of in Westerly granite and Creighton gabbro respectively. Kranz et al. (1979) demonstrated 

the role of fracture roughness in reducing permeability decay with increasing effective pressure. 

They observe a slower rate of permeability decay with increasing P ^  in both joints and fractures and 

whole samples for rough surfaces compared to well-polished surfaces.

2.6.4 The Effect o f the Interplay Between Pressure and Pore Types on Permeability 

Evolution under Hydrostatic Pressure

Applied pressure reduces permeability and specific storage by changing the pore network geometry. The 

effect of pressure on the permeability is therefore also related to the inherent pore structure, suggesting an 

intimate interplay between porosity, pore type and pore dimensions, and the effect of load on permeability. 

Several pore types may be identified as defined by Bernabe (1991) (Figure 2.1). Sedimentary rocks may 

contain both isotropic pores (or nodal pores; Bernabe 1991) and pore throats, made up of cracks, fractures 

and grain boundaries (i.e. sheet-like conduits or microcracks, and tubular pores; Bernabe 1991). In 

granular sedimentary rocks grain boundaries, particularly those comprising junctions between authigenic 

mineral overgrowths, may contribute to fracture-type porosity, corresponding to Bernabe (1991)’s sheet

like conduits. Crystalline rocks may contain both intergranular and intragranular cracks.

An increase in hydrostatic pressure causes relative crack closure resulting in a large relative 

porosity reduction and greatly reducing crack network connectivity and hence permeability. Therefore, in 

a porous sedimentary rock containing intergranular pore spaces and grain boundary cracks, it is the 

volumetrically insignificant grain boundary crack porosity which determines the efficiency of fluid 

flow. The maintenance of elevated permeability at higher confining pressures depends on the crack 

network maintaining interconnectivity to assure hydraulic conductivity, which may result from the 

presence of asperities (irregularities) on crack surfaces.

Pore type exerts an effect on permeability change due to stress (David and Darot 1989; 

Jones and Meredith 1998). Results of experiments conducted on a single rock type which contains a 

heterogeneous porosity, ranging between approximately 6 - 25%, owing to varying degrees of 

diagenetic cementation are illustrated in Figure 2.14 (David and Darot 1989).
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Figure 2.14: Permeability reduction as a function of confining pressure in 

a) high porosity (12%) Fontainebleau sandstone comprising isotropic 

pores, and in b) low porosity (6% ) Fontainebleau sandstone where the 

pore network comprises cracks and grain boundaries with isotropic pores 

contributing to fluid storage and forming the bulk of the porosity. Note the 

different scales for permeability (reproduced from David and Darot 1989)

Figure 2.15 shows the permeability evolution as a function of effective pressure for three 

microstructurally contrasting materials; low porosity, crystalline Westerly granite, a porous 

sedimentary rock (Berea sandstone, -21%), and a granular material Ottawa sand (of initial starting 

porosity approximately 32%). Deformation of the granite occurs by crack closure and in the porous 

sedimentary rock by grain rearrangement. In the Ottawa sand two regimes of pore closure occur, 

above and below the critical pressure (P*) at which grain crushing and pore collapse occur. From 

Figure 2.15 it is clear that crack closure is the most efficient deformation process for permeability 

reduction due to hydrostatic pressure.
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Figure 2.15: Dependence of permeability evolution on initial rock

microstructure under hydrostatic pressure. The dashed lines show trends of 

permeability evolution. (Reproduced from David et al. 1994).

2.6.5 Stress-History Dependence o f Permeability

Experimentally, hydrostatic pressure cycling results in a combination of both elastic and permanent 

deformation, resulting in non-recoverable permeability reduction. Subsequent to pressure cycling the 

effective pressure law coefficient, 6, may be different. Hysteresis or stress path dependence may be 

attributed to friction (Walsh 1965) and non-recoverable deformation of crack wall asperities (Bernabe 

1986; 1987a).

Morrow et al. (1986), Bernabe (1986; 1987a), Kranz et al. (1979) and Faulkner (1997) 

studied the effects of stress cycling and stress path on permeability. Permeability is dependent on the 

order in which either or is changed (Bernabe 1986; 1987a). Morrow et al. (1986) observed a 

continuous reduction in permeability with increased number of hydrostatic stress cycles. Bernabe 

(1986) observed a decrease in the effective stress law coefficient, 5, with increased number of 

hydrostatic stress cycles in Chelmsford and Barre granites and attributed it to the effects of changes 

in crack wall asperity cross-sectional area during crack closure. Coyner (1984) demonstrated how 

repeated cycling or 'seasoning' minimises hysteresis and results in an 5 of close to 1. Similarly, 

Bernabe (1987a) found the effect of friction on hysteresis disappeared with increasing the number of 

stress cycles or sample ‘seasoning’. Scholz and Hickman (1983) observed strong hysteresis and 

permanent closure of a nominally flat joint subjected to normal stress cycles, the effect of which
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disappeared after the first few cycles, suggesting that microcracks in crystalline rock may 

individually behave in a similar manner. Kranz et al. (1979) also observed a confining pressure 

dependence of permeability reduction with stress cycling where stress cycling at higher confining 

pressure resulted in a smaller permeability loss. Wissler and Simmons (1985) observe both 

recoverable and non-recoverable hysteresis on strain in hydrostatically stress-cycled sandstone.

Further factors which may contribute to permanent permeability reduction and stress path 

dependence of Ô and permeability include frictional sliding of grain contacts and cracks. Bernabe 

(1986) observed a permeability increase with number of stress cycles as grain boundaries opened, 

with grain sliding or grain rotation. He attributed this effect to stress heterogeneity and anisotropy 

of the elastic moduli of the solid matrix which may generate shear stresses even under a 

macroscopically hydrostatic stress (Bernabe 1987a). Dey (1986) proposed that stress-induced 

rearrangement of pore-filling clays may account for irreversible permeability changes due to 

hydrostatic stress cycling in Berea sandstone.

A reduction in applied stress results in a rapid relaxation of elastic stress, and a time- 

dependent recovery of anelastic strain which may affect permeability. In experiments investigating 

the effect of pressure cycling on permeability, a three fold increase in permeability to near to the 

initial permeability measured in the first pressure cycle was observed in samples of Westerly granite 

which were exposed to rest periods of a number of weeks under ambient dry conditions (Morrow et 

al. 1986). This feature was termed ‘permeability recovery’. Morrow et al. (1986) concluded that 

irreversible damage only accounts for a small portion of the non-elastic changes in Westerly granite. 

Bernabe (1987a) suggests that time-dependent stress relaxation of residual stresses stored inside the 

rock are responsible for permeability recovery. However, in similar experiments, neither Bernabe 

(1987a) nor Kranz et al. (1979) observed any significant permeability recovery.

2.6.6 Effect Of Non-Hydrostatic Stresses On Permeability

Non-hydrostatic stresses exert a complex control on the evolution of permeability and specific 

storage in that they generate anisotropy due both to preferential compaction and to preferentially oriented 

microcracking. In the case of brittle deformation this results in microcracking oriented approximately 

parallel to the maximum principal compressive stress direction (a,). Further brittle deformation may result 

in the coalescence of microcracks and strain localisation within a shear fault, and fault zone development. 

This has important implications for the permeability of fault zones, and fault zones have been shown to 

display strong permeability anisotropy (Faulkner and Rutter, 1998; Evans et al. 1998). Little is 

understood about the relationship between permeability and deformation through the brittle 

deformation cycle, particularly in low porosity rocks. This is because of the complexity of such 

experiments and results in only very few experimental studies conducted to date.
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In this section the evolution of permeability and porosity in rocks during brittle deformation 

leading to the formation of a brittle fault will be discussed, with some reference to a number of other 

physical property changes. Owing to the lack of available data on changes in specific storage during 

deformation, porosity, as the ratio of void volume to bulk sample volume, will be used as an approximate 

description of relative changes in fluid storage during deformation. The case for stress-induced 

permeability anisotropy will be outlined.

The evolution of permeability during deformation is a function of the initial microstructure, 

particularly the porosity (David et al. 1994; Zhu and Wong 1997; Zhu et at. 1997). Similarly 

permeability changes due to the development of a macroscopic shear fault are also a function of the 

initial porosity; high porosity starting materials produce relatively low permeability fault rocks (Zhu 

and Wong 1997; Main et al. 1996; Teufel 1987; Crawford 1998), whereas permeability may be 

locally significantly enhanced as flow becomes dominated by the hydraulic properties of fractures in 

low porosity starting materials (Trimmer et al. 1980; Brace 1980), or at least transiently enhanced 

associated with the generation of a fault (Keaney et al. 1998).

Five main deformation phases are identified during the brittle deformation cycle and relate 

to the model of Paterson (1978). These will be described in the following section. Throughout the 

brittle deformation cycle a rock experiences phases of linear-elastic compaction due to elastic crack 

closure, followed by dilatant microcrack nucléation and growth. Therefore throughout the brittle 

deformation cycle permeability anisotropy becomes increasingly significant, ultimately resulting in 

brittle faulting, with the development of a localised zone of highly cracked rock and fault gouge with 

a specific porosity and permeability differing from the more intact rock.

2.6.7 Permeability Evolution with Deformation (leading to the formation of a fault)

Five principle deformation and porosity-permeability evolution phases may be identified within the 

brittle deformation cycle leading to brittle failure through the formation of a discrete fault zone 

(Figure 2.16).

1 Compaction;

In brittle deformation compaction describes the decrease in pore space associated with increased 

compression (hydrostatic or triaxial). Generally compaction is non-linear when expressed as a 

relationship between hydrostatic stress and total volumetric strain and results from the combination 

of elastic compaction of minerals and the closure of pre-existing cracks. Compaction is associated 

with a reduction in interconnected pore volume (Aves 1995; Keaney et al. 1998) and an increase in

acoustic wave velocities (Jones and Murrell 1989). With the application of a differential stress

preferential compaction occurs through the closure of existing cracks or grain boundaries oriented at 

high angles to the maximum compressive stress direction (a,) (Zoback and Byerlee 1975a; Trimmer 

et al. 1980).
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Figure 2.16: The five principal deformation phases leading to the formation 

of a brittle shear fault, and the relationship between deformation and a 

number of physical properties (based on Paterson 1978).

All experimental studies demonstrate a systematic permeability decrease with the 

application of differential stress with anisotropic closure of existing cracks and grain boundaries 

oriented at high angles to Q| in both low porosity and high porosity starting materials (Zoback and 

Byerlee 1975a; Kranz and Blacic 1984; Keaney et al. 1998; Zhu and Wong 1997; Main et al. 

1996). Zoback and Byerlee (1975a) assert that the relatively small permeability decrease with 

increasing differential stress in Westerly granite is because pre-existing cracks have already closed 

under a hydrostatic stress before the axial load is applied. Similarly, Wilhelmi and Somerton (1976) 

determined that in Darley Dale sandstone (14% (j)) the greatest permeability reduction occurred 

during hydrostatic loading but that still significant permeability reduction occurred with the 

application of a differential stress, whereas Holt (1989) found that permeability decrease was more 

pronounced due to the application of non-hydrostatic stress in a weak sandstone.

Since elastic stresses relax and anelastic strain may recover with the removal of load (both 

hydrostatic and non-hydrostatic) permeability in this region may be recoverable or non-recoverable 

depending on the material type (Morrow et al. 1986; Bernabe 1987a).

2 Linear elastic region

Deformation occurs predominantly through elastic strain of the grains and pore with some 

permanent deformation occurring observed as hysteresis (Paterson 1978). There is very little further 

change in porosity, permeability and acoustic wave velocities.
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3 Onset o f dilatancy followed by stable microcrack growth

This phase relates to the onset of new dilatant microcrack nucléation and growth. It may be 

observed as a departure from perfect linearity on a volumetric strain curve and also with the onset of 

acoustic emission (AE) (Jones and Murrell 1989; Perami and Thenoz 1969), positive changes in 

pore volume (Aves 1995), and a decrease in elastic wave velocities (Ayling et al. 1995; Jones and 

Murrell 1989). These physical property changes are the result of the proliferation and propagation 

of a larger number of microcracks and results in volumetric strain increase. In rocks >5% porosity, 

compaction may overlap with the onset of microcrack nucléation (Wong and Zhu 1997), and occurs 

between approximately 65% to 75% of the peak differential stress. In low porosity rocks (<5%) 

dilatancy becomes active from between 50 % - 75% of the fracture stress (Ismail and Murrell 1976; 

Zoback and Byerlee 1975b; Tapponnier and Brace 1976). Initially fine microcracks nucleate at 

grain boundaries, cleavage or healed cracks. New transgranular cracks form at around 75% of the 

fracture stress and crack density approximately doubles up to peak stress (Tapponnier and Brace 

1976). During dilatancy significant anisotropy develops both with the growth of microcracks 

aligned parallel to the maximum compressive stress direction and with the closure of microcracks 

oriented at high angles to the maximum compressive stress (Oi) (Zoback and Byerlee 1975a; 

Trimmer era/. 1980).

Leading up to peak stress compaction and dilatancy are approximately homogeneously 

distributed throughout the material (Tapponier and Brace 1976). Hence, the permeability and 

porosity changes are approximately homogeneous throughout the rock, although in triaxial 

deformation experiments a relatively un deformed zone adjacent to the deformation rams exists 

(Paterson 1978).

In low porosity starting materials permeability increases during dilatancy to above the 

initial starting value measured under hydrostatic stress (Zoback and Byerlee 1975a and 1975c; 

Keaney et a i 1997; 1998; Kranz and Blacic 1984; Fischer and Paterson 1992; Trimmer et al. 

1980). In high porosity (> 14%) materials permeability decreases even if the material shows positive 

dilatancy, attributed to increased tortuosity of flow paths (Zhu and Wong 1997).

The propagation of microcracks is a stable process in low porosity materials, where cracks 

extend only in response to increments of applied stress (Zoback and Byerlee 1975b), observed as a 

hiatus in AE activity until the previous differential stress is exceeded; this is the Kaiser effect 

(Stuart 1992). Thus permeability may be expected to remain stable or axial stress cycle independent, 

although time dependent creep may enhance dilatancy and hence affect permeability (Kranz and 

Blacic 1984; Scholz and Koczynski 1979).

Closer to peak stress microcracking becomes increasingly concentrated in the potential 

fracture and an increase in anisotropy of microcrack distribution develops (Yanagidani et al. 1987).
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4 Strain Softening and Localisation

Peak stress is followed by a phase of strain softening associated with marked localisation of 

microcracking and the growth of a macroscopic fracture. This is a period of enhanced crack 

connectivity and crack linkage which leads to the growth of a macroscopic shear fracture. However, 

outside of the fracture zone a relative decrease in crack connectivity occurs resulting from the 

dynamic stress drop.

Acoustic wave velocity continues to decrease in high porosity rocks (Ayling et a/. 1995; 

Sammonds et al. 1989; Jones and Murrell 1989). In both low porosity and high porosity rocks there 

may be some relative increase in porosity owing to the reduction in the compressive stress (Aves 

1995; Keaney et al. 1998). In high porosity rocks permeability decreases even if there is some 

relative increase in the porosity as the permeability becomes controlled by the properties of the fault 

rock (Zhu and Wong 1997; Teufe.1 1987). However, in low porosity rocks permeability may 

increase at least transiently with the initiation of a fault (Keaney et al. 1998). Fractures in low 

permeability crystalline rocks possess relatively high permeability in relation to the permeability of 

the host rock (Trimmer etal. 1980; Brace 1980).

5 Fault Development and Stable Sliding

Deformation becomes highly localised within the shear fault; the relative width of the shear fault is 

a function of confining pressure and scales with amount of displacement. Deformation occurs 

through stable sliding on the fault at a residual sliding stress. With increasing localisation the 

mechanical and permeability and porosity behaviour are macroscopically heterogeneous within the 

sample, characterised by a combination of different properties in the intact rock and in the fault zone 

respectively.

In high porosity rocks the development of a brittle fault causes an accelerated rate of 

permeability reduction (Zhu and Wong 1997; Bruno 1994; Teufel 1987), whereas porosity may 

either increase during stable sliding but at a slower rate of increase than pre-brittle failure during 

dilatancy (Aves 1995; Zhu and Wong 1997) or decrease during stable sliding (Teufel 1987) 

attributed to grain size reduction and enhanced packing of gouge particles (Marone and Scholz 

1989). The presence of pore-clogging detrital fragments may contribute to further permeability 

reduction (Main et al. 1996). Generally permeability decreases with increasing displacement on a 

shear fault (Keaney et al. 1998; Teufel 1987; Morrow et al. 1980; 1984; Zhu and Wong 1997; 

Crawford 1998) attributed to increasing localised deformation along the fracture and the 

development of gouge (Teufel 1987). Gouge particles have been found to follow a fractal grain size 

distribution (Sammis et al. 1986; Marone and Scholz 1989) leading to efficient packing during 

comminution and hence a reduction in porosity and permeability. Both grain size and porosity in 

the fault rock have been shown to decrease with increased shear displacement, and porosity and 

permeability are sensitive to normal stress (Figure 2.17) (Teufel 1987; Crawford 1998).
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Figure 2.17: Normal stress sensitivity of permeability reduction during 

stable sliding on simulated gouge as a function of confining pressure.

( Reproduced from Teufd- 1987).

Owing to the complex structures of fault gouge, permeability anisotropy may also be 

significant in natural fault zones (Faulkner 1997; Faulkner and Rutter 1998; Evans et al. 1997), 

and has been demonstrated in experimentally sheared synthetic fault gouge (Zhang et al. 1996).

2.6.8 Contrasting Permeability and Porosity Evolution in Low Porosity and High

Porosity Rocks

The starting microstructure and porosity exert a significant control on both the mechanical (Rutter 

and Hadizadeh 1991; Scott and Nielsen 1991; Wong and Zhu 1997) and permeability and porosity 

evolution (Zhu and Wong 1997; Zhu et al. 1997; Zoback and Byerlee 1976; Bruno 1994; Evans er 

al. 1997) of a material. In relatively porous rocks, permeability decreases with effective mean stress, 

even if dilatancy occurs (Zhu and Wong 1997). In contrast, below a threshold porosity of -15% 

(Zhu and Wong 1997; Zhu et al. 1997) permeability and porosity both increase during dilatancy 

(Zoback and Byerlee 1975a; Zhu and Wong 1997; Mordecai and Morris 1971; Keaney et al. 

1998).

In high porosity rocks deformation occurs predominantly through combinations of grain 

boundary cracking at relatively low differential stresses followed by intragranular Hertzian cracking, 

grain crushing and pore collapse, and relative grain movement at higher differential stresses 

(Menendez et al. 1996; Zhu and Wong 1997; Schutjens and de Ruig 1997) resulting in enhanced 

compaction, and porosity and permeability reduction. In low porosity materials deformation occurs 

at low differential stresses by crack closure, grain boundary cracking, and the opening of healed 

cracks (Tapponnier and Brace 1976). At higher differential stresses, transgranular cracking and
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crack growth initiate at pores and grain boundaries, which results in a relative increase in 

permeability in the direction parallel to the dilatant microcracks.

In comparing the porosity and permeability evolution of an unconsolidated sand (Ottawa 

sand), Darley Dale sandstone (-11% (j)} and Westerly granite during dilatancy. Brace (1978) 

observed that relative changes in porosity were comparable, but in strong contrast, that permeability 

in Westerly granite increased nearly 4-fold, and increased by only 10-20% in the sandstone, and 

decreased dramatically in the unconsolidated sand, emphasising that it is not relative changes in 

interconnected porosity, but relative changes in connectivity of the porous network and fluid pathway 

tortuosity which control permeability.
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Figure 2.18: Contrasting permeability evolution in Westerly granite,

Darley Dale sandstone and Ottawa sand as a function of % fracture stress 

during triaxial deformation, k is the permeability under hydrostatic 

pressure and A,, is the permeability measured under a differential stress. 

(Reproduced from Brace 1980).

2.6.9 Permeability Anisotropy

Inherent microstructure may exert a strong influence over permeability anisotropy (Zhu et al. 1997) 

even under hydrostatic stress (Jones and Meredith 1998) (Figure 2.19). A material subjected to non-
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hydrostatic stresses will experience deformation anisotropy, and hence permeability anisotropy (Zhu 

et al. 1997; Zoback and Byerlee 1976; Trimmer et al. 1980; Bruno 1994; Schutjens and de Ruig

1997).
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Figure 2.19: Permeability anisotropy under hydrostatic stress owing to 

contrasting pore types in three rocks: In a) high aspect ratio voids (tuff), 

b) predominantly grain boundaries (Tennessee sandstone), c) laminar 

fissile bedding (shale). Permeability measurements were made parallel 

(circles) and normal (hexagons) to the principal bedding or foliation in the 

tuff. In the tuff the circles are parallel to the direction of maximum 

acoustic velocity and the hexagons and stars parallel to the intermediate 

and minimum acoustic velocity directions. (Reproduced from Jones and 

Meredith 1998).

Trimmer et al. (1980) and Zoback and Byerlee (1975a) assert that the permeability anisotropy 

behaviour under differential stress in low porosity rocks is strongly affected by the orientation of 

microcracks, with preferential closure of those cracks orientated at high angles to a ,, whereas those 

at low angles to 0| tend to open and grow at high differential stresses. Thus, at high differential 

stresses relatively highly permeable dilatant microcracks may become isolated from each other
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owing to the closure of connective-type cracks oriented perpendicular to the maximum principal 

stress direction.

In high porosity materials subjected to triaxial compressive deformation both Zhu et al. 

(1997) and Zoback and Byerlee (1976) found that fluid flow parallel to the maximum compressive 

stress direction (ct,) was greater than fluid flow parallel to the minimum principal stress. This was 

attributed to a higher density of microcracking aligned parallel to Gi, providing additional conduits 

for flow parallel to 0 |, thereby increasing permeability. Zhu et al. (1997) suggest that permeability 

anisotropy becomes significant only after the onset of dilatancy during cataclastic flow in high 

porosity materials.

2.7 Chapter Summary

In this chapter the concepts of permeability and specific storage have been introduced and defined. 

The principal factors which control permeability and the evolution of permeability have been 

outlined with particular reference made to the roles of lithostatic and tectonic stresses in controlling 

permeability. As a tool to describe the evolution of permeability in rocks the concept of percolation 

theory has been introduced.
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Chapter 3

3 The Measurement Of Permeability

3.1 Introduction

In this chapter, permeability measurement methods will be described. Emphasis will be given to the 

transient pulse method as this is the principal method adopted and modified in this study. Some of the 

practical considerations of the transient pulse measurement technique will be discussed with reference to 

the general transient pulse method. Specific techniques, practicalities and limiting cases for the transient 

pulse method, determined in this study, will be dealt with in Chapters 6 and 7. The theoretical analysis for 

the transient pulse permeability measurement method will be given in full in Chapter 4.

3.2 Three Methods of Permeability Measurement

In the laboratory three permeability measurement techniques have been applied to rocks:

• steady state flow method;

• decay of a transient pulse of fluid pressure method;

• sinusoidal variation of fluid pressure method.

3.2.1 Steady State Flow Method

In the steady state flow method a fixed pressure gradient is established along the sample length and the 

fluid flow rate is monitored until steady state flow is achieved, determined by a constant and equal rate of 

flow into and out of the rock sample. At this point the steady state flow measurement is made. 

Permeability is calculated from the volume flow rate per unit time for a given sample dimension, pressure 

gradient and fluid viscosity. Darcy’s Law is then used to calculate the specific permeability (k), using;

Q =
kA f l u

3.1
J

where Q is the volume of fluid flowing per unit area per unit time; k is the permeability, \x ̂  is the 

dynamic viscosity of the pore fluid, A is the cross-sectional area of the sample perpendicular to the 

direction of flow, AP/7„ is the pore fluid pressure gradient and 1 the sample length.

The selected pressure gradient and flow rate must maintain laminar flow, and the pressure 

gradient must be sufficiently small to minimise changes to the effective pressure conditions of the sample 

(Bernabe 1987a).
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Historically, the lowest permeabilities measurable using the steady state measurement were of the 

order of 10 m" (Brace 1980) owing to the lack of available technology to maintain steady state flow. 

More recently Jones et at. (1997) and Jones and Meredith (1998) have shown that through the use of servo- 

controlled pore pressure intensifiers, used to generate and maintain constant pore fluid pressure, very slow 

flow rates may be achieved and maintained under steady state conditions for the long time periods required 

to measure steady state flow in rocks with permeabilities as low as 1 - 2 x 10 m“ (Jones and Meredith

1998).

3.2.2 Transient Pore Pressure Pulse Decay Method

Historically, permeability measurements using the steady state flow method in low permeability rocks (10' 

m “ - 10'""̂  m") (Brace 1980) were not possible owing to a lack of available technology to maintain steady 

state flow. As a result, the transient pressure pulse decay method was developed (Brace et al. 1968; 

Bernabe 1987b; Trimmer 1981; Trimmer et al. 1980) for the measurement of low permeabilities. This 

method is based on the fact that in low permeability rocks saturated with fluid the diffusion of a pressure 

gradient is much faster than the steady state flow of fluid. The pore pressure-time relation is a function of 

the permeability and fluid storage capacity of the rock, and the physical characteristics of the pore fluid.

3.2.2.1 The Basic Measurement Technique 

Since the formulation of this technique (Brace et al. 1968) the experimental set-up has typically comprised 

a rock sample saturated with a pore fluid which is in hydraulic connection with an upstream and a 

downstream fluid reservoir (Figure 3.1). The sample and reservoir assembly is brought to a fixed 

equilibrium pressure at time t=0. A small transient pressure change of less than 10% of the pore fluid 

pressure, is introduced into the upstream reservoir (R ,̂,), creating a transient pressure difference 

between the upstream reservoir and the sample. Fluid diffuses into the sample driven by the pressure 

gradient until a non-changing, or equilibration, sample pore pressure is restored. The decay of the pore 

pressure (P„;,) in the upper reservoir and, where it exists, the change of pressure in the lower reservoir are 

monitored continuously. The pressure measured in the upstream reservoir decays, while the volume of 

fluid in the reservoir remains constant. The pressure-time relationship is a function of the permeability of 

the rock, fluid storage in the rock sample, sample length, and elastic properties of the reservoirs.
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Figure 3.1: Transient pulse pressure profiles across a schematic sample-

reservoir system as a function o f time. P„ refers to the equilibrium pore pressure at 

the start o f the experiment. In this case both upstream (Rup) and downstream (Rj) 

reservoirs exist (reproduced from Brace et al. 1968). In our set-up there is only an 

upstream reservoir, hence the term single-ended permeameter.

3.2.3 Sinusoidal Pore Pressure Oscillation Method

The sinusoidal pressure variation method is an analogue of thermal diffusivity measurements with 

oscillating boundary conditions given in the literature. In this method a pre-set sinusoidal pore 

pressure oscillation is superimposed on the ambient pore pressure at one end of the sample. Both the 

rock hydraulic diffusivity and permeability may be determined from the pore pressure phase 

retardation and amplitude attenuation of the sinusoidal pore pressure change as it propagates 

through the sample at the downstream end of the specimen (Fischer 1992; Fischer and Paterson 

1992; Kranz et al. 1990; Faulkner 1997; Figure 3.2), where the hydraulic diffusivity, D, (m^/sec), 

defined as the hydraulic conductivity, K (m/sec) divided by the sample storage capacity, Q. (Pa'’) 

(Equation 2.33):

3.2
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Like the transient pulse method, both permeability and specific storage can be derived from this 

measurement. This method may be used to distinguish between effective or channel porosity from 

dead-ended or storage porosity (Kranz et al. 1990).

S A M P L E

C O N T R O L L E D
I NPUT
UP S T RE AM

M E A S U R E D
O U T P U T
D O W N S T R E A M

Figure 3.2: Experimental configuration for the pore pressure oscillation

permeability measurement method. A sinusoidal pressure pulse is generated 

at the upstream end o f the sample and the phase lag and amplitude change o f 

the signal are monitored downstream o f the sample.

3.3 Comparison of Permeability Measurement Methods

Kamath et al. (1992) compared the steady state flow and transient pressure pulse permeability 

measurement methods for a number of different homogeneous sandstones. Their results show excellent 

agreement between the two measurement types (Table 3.1).

Sample Number Steady State Permeability (mD) Transient Pulse Permeability (mD)
1 0.06 0.08
2 22 23
3 11 - 19 15-17
4 0.14-0.16 0.17
5 0.09-0.19 0.11-0.23
6 0.42 0.40
7 0.03 0.03
8 4 4
Table 3.1 : Comparison of permeabilities derived from the steady state flow and transient pressure

pulse methods. Reproduced from Kamath et al. (1992).

Faulkner (1997) demonstrated an excellent correlation between permeability measurements made on 

a single sample of clay bearing fault gouge as a function of (Figure 3.3) using the transient pulse 

method and the sinusoidal pore pressure oscillation methods, and Kranz et al. (1990) similarly 

obtained a good comparison between the two measurement techniques during creep of Tennessee 

sandstone.
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Figure 3.3: Comparison o f permeabilities measured using the pore pressure 

oscillation and the transient pulse techniques on a single clay gouge sample. 

Measurements were made at different effective pressures. Reproduced from  

Faulkner (1997).

3.4 Chapter Summary

The transient pulse technique is a relatively rapid permeability measurement methcxl. It is therefore 

appropriate for the measurement of permeability during a deformation experiment. It has been 

found experimentally (Chapter 7) that stable conditions in the rock sample, and hence constant 

permeability and specific storage, must be achieved in order to make a permeability measurement. 

The transient pulse measurement is well adapted to this case. The times required vary, depending 

on the permeability, and in the case of Tennessee sandstone measurements require approximately 2 

minutes for the pressure to decay to a non-changing value. The sinusoidal pore pressure oscillation 

method takes longer to make a measurement at each point since several pressure cycles must be 

performed. In the case of Tennessee sandstone a single pressure cycle takes of the order of 300 - 350 

seconds (Kranz et al. 1990). Since in very low permeability rocks it is necessary to reduce the 

oscillation period to achieve a measurable downstream pressure response Kranz et al. (1990) 

consider the transient pulse method to be preferable owing to the relative speed of the measurement.

The principal objective of this experimental programme is to investigate permeability changes 

during deformation, requiring the use of an existing triaxial deformation apparatus (Chapter 6). The
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steady state flow method requires a fluid outlet downstream of the rock sample. Since the downstream end 

of the sample assembly in the existing deformation apparatus currently contains no fluid outlet, it was 

decided to use the transient pulse method in this experimental programme. However, the steady state flow 

method has been used in similar experimental programmes for investigating permeability during both 

hydrostatic and triaxial deformation in suitably modified triaxial deformation apparatus (Zhu and Wong 

1997; Tenthorey et al, in press). Similarly, as no downstream reservoir exists in our triaxial deformation 

apparatus, the sinusoidal pore pressure oscillation method was not adopted.

In the light of the relative merits of each measurement technique and the specific objectives 

of this thesis, i.e. to monitor permeability changes during deformation, the transient pulse method, 

owing to the relative speed of such measurements, set up in a single-ended configuration, determined 

by the characteristics of the existing deformation apparatus, has been selected as the best method for 

this study. The use of this methodology also has the additional advantage that it yields 

measurements of specific storage, which are not provided from the steady state flow measurement. 

The steady state flow method, owing to its relative simplicity and recent application to low 

permeability rocks (Jones et a l 1997; Jones and Meredith 1998) has also been used in an 

independent hydrostatic permeameter (Chapter 6 and Chapter 8) in order to compare with 

measurements made using the newly-developed single-ended transient pulse measurement 

technique.
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Chapter 4 

4 Theoretical Analysis of the Transient Pressure Pulse Permeability 

Measurement

4.1 Introduction

In this chapter, a mathematical model and general theoretical solution for the transient pulse permeability 

measurement method will be given following Hsieh et al. (1981). A number of special or limiting cases 

will be outlined, with particular reference to the case of the single-ended transient pulse permeameter 

system. Then a novel method for determining permeability and specific storage using a computerised 

curve-fitting program for the single-ended transient pulse measurement will be described. Both the 

simplicity of the theoretical analysis and a number of practical considerations lead us to conclude that the 

single-ended transient pulse permeability measurement technique is advantageous for our experimental 

purposes.

4.2 The Single Ended Transient Pulse Permeability Measurement

The single-ended transient pulse method comprises an experimental configuration where the downstream 

end of the sample is an impermeable interface. Thus, the transient pressure pulse decays into the sample 

itself, and the pressure decay response of the transient pulse is a function only of the sample permeability 

and specific storage, and the elastic properties of the upstream reservoir. This is the system in our 

experiments in the triaxial single-ended transient pulse permeameter.

4.3 General Analytical Solutions to the Transient Pulse Method

Brace et al. (1968) originally presented a mathematical model of the transient pulse measurement 

assuming that compressive storage in the rock sample may be ignored and that the pressure decay response 

in the upstream reservoir may be approximated by an exponential decay with time. Later Lin (1977, 

1982), Trimmer (1981) and Trimmer et al. (1980) modified this model in a numerical method 

incorporating known sample specific storage, and found that the pressure decay is not a simple exponential 

function of time owing to fluid storage in the rock sample. Since compressive storage is significant in 

many rocks, Hsieh et al. (1981) derived a general analytical solution for the transient pulse test for 

determining both permeability and specific storage for flow of a slightly compressible fluid in a porous 

compressible medium based on an equivalent heat flow equation derived by Carslaw and Jaeger (1959). 

Hsieh et al. (1981) and Neuzil et al. (1981) adapted the general solution for various experimental
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configurations. This analysis assumes that the rock sample is homogeneous for the duration of the 

permeability measurement (Hsieh era/. 1981; Kamath era/. 1992).

4.3.1 The Mathematical Model

The initial boundary value problem describing pore fluid pressure in the upstream and downstream 

reservoirs (Chapter 3: Figure 3.1) is given by Hsieh et al (1981) as:

f l u

'd x -  K  ' d t

P//u (^,0) — 0,

P/7w (0 ,t) =  P^/(t)

P//i( ( f  0  — P»/? (0

^d P ,

=  0

KA d t  

P,,(0) = 0

KA 'dt

P»/, (0) = A Pup

flu

d

' ^ p

=  0
; r = 0

f l u
= 0,

J  x = l

for 0 < X < 1 and t > 0

for 0 < X < 1 

for t >0 

for t ^

for t>0

for t > 0

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

where

Pflu
p

is the pore fluid pressure in the sample [ML'‘T^];

is the pore fluid pressure in the upstream reservoir [ML' ' T^] ;

P,/ is the pore fluid pressure in the downstream reservoir [ML'‘T"];

A Pup is the instantaneous increase in pore fluid pressure [ML''T"] at the upstream reservoir at t =

0 ;

X is the distance along the sample [L]; x = 0 is the downstream interface and x = 1 is the

upstream face of the sample;

A is the cross-sectional area of the sample [L“];

1 is the sample length [L];

is the compressive storage of the upstream reservoir [L ]̂; and is defined as the change in 

volume of fluid in the upstream reservoir per unit change in pressure in the reservoir;

S<y is the compressive storage of the downstream reservoir;

SnxA is the specific storage of the sample [U'], where;

SrwA- = [ (t)C/7u 4- - (1 + (J)) Cfo/] 4.9

where (j) is the sample porosity, is the specific weight of the permeating fluid, defined as 

the product of fluid density (py/„) and gravitational acceleration (g); is the compressibility
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of water, C,jf is the compressibility of the whole rock [LT“/M], and C,„i [LT^/M] the 

compressibility of the solid (matrix) part of the rock. Sr„ck of a saturated porous media is 

defined as the volume of pore fluid which is expelled or taken into the pore volume (or 

storage) per unit change in head.

r̂ock yr,Kk is the compressive storage of the sample [L̂ ] ;

K is the hydraulic conductivity [L/T] of the sample, where;

K = (k Y /7 y W  4.10

where \\̂ iu is the dynamic viscosity of water [M/LT], and k is the permeability [L‘].

Equation 4.1 is the equation of one-dimensional flow of a slightly compressible fluid in a 

saturated, porous medium where permeability and are constant. Equation 4.2 states that the pore 

pressure distribution in the sample is uniform and defined to be zero at the start of the experiment. 

Equations 4.3 an 4.4 state that the upstream and downstream ends of the sample are in hydraulic 

connection with the pore fluids in the reservoirs. Equations 4.5 and 4.7 express conservation of mass at the 

sample-reservoir interfaces. Equation 4.6 states that the pore pressure in the downstream reservoir is equal 

to the pore pressure in the sample. And Equation 4.8 states that the pore pressure increase (AP„^) is 

instantaneously applied to the upstream reservoir at the start of the experiment.

The compressive storage in the fluid reservoirs is the sum of two effects; the compressibility of 

the fluid and the deformation of the reservoir. If the reservoir is assumed to be perfectly rigid, the 

compressive storage of the upstream reservoir is defined as;

So/, = Cfiu Yy/oVo/, 4.11

where is the volume of the upstream reservoir.

4.3.2 The Analytical Solutions

The initial boundary value problem given in equations 4.1 - 4.8 is solved by the Laplace 

transform method (Hsieh etal. 1981; their Appendix U), but this will not be dealt with here. Permeability 

and Sr„ck are assumed constant for the duration of the measurement.

The general solutions for the pore fluid pressure in both the upstream and, where 

appropriate, the downstream reservoirs are expressed in terms of a dimensionless time variable a, 

where:

Kt
a  = —-------- 4.12

and two dimensionless parameters, (3 and y, where:

p  =  4.13
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7  =  —  4.14

which relate permeability, specific storage and the elastic properties of the reservoir. K is the 

hydraulic conductivity [L/T], [3 is the ratio of the compressive storage of the sample to the compressive 

storage of the upstream reservoir, and y is the ratio of compressive storage of the downstream reservoir to 

the compressive storage of the upstream reservoir.

The general solutions for the transient dimensionless pressure in the upstream and downstream 

reservoirs are given by Equations 4.15 and 4.17, which are the sums of terms involving the (infinite 

number of) roots of a transcendental equation in p and y (Equation 4.16). The solution for dimensionless 

pressure in the upstream reservoir (Pup) is:

SP„„ \ + p  + y  [y-(p‘ l p ^ + ( y ^ p  +  y ^ + Y  + p)<l) l ip +  ( j i - + y P  + P)\

4.15

where P̂ ,, is the pore fluid pressure in the upstream reservoir, and the instantaneous increase in 

pore pressure in the upstream reservoir, and where 6^ are the roots of

(1+ 7)0

The dimensionless pressure in the downstream reservoir (P )̂ is given by:

Pg _  1  ̂  e x p ( - # j  ) ( / ) - # ; _iP)_________________

i + P + r  n,=i +ir^P+r^ ^P+(P~ +rP+P)]cos(j)„^

4.17

where are the roots of equation 4.16 above.

4.3.3 Solutions For Limiting And Special Cases

Hsieh et al. (1981) determined the behaviour of the analytical solution for a number of special cases, 

including the case where the downstream rock-reservoir interface acts as an impermeable interface (y = 0), 

and the case where the downstream reservoir has infinite storage (y = 00). The case where y = 0 is the 

principal case of interest used in this study.

4.3.3.1 General solution for y -  0, Le. the case of a single-ended transient pulse permeability 

measurement

For the case where the downstream rock interface is an impermeable boundary (y = 0) a simplified solution 

for dimensionless pressure in the upstream reservoir is given by Hsieh et al. (1981):
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P„„ 1 e x p ( - # j  )
+  ^ 2  ^ 2 ,  o— ; r ^  4.18

1 +  P m = l  (t)~ / P + P + I 

where c})̂  are the roots of

tan0 = —— 4.19

4.33.2 General solution for  y =  o°. Le. the downstream reservoir has infinite storage 

This case corresponds to an experimental configuration where the volume of the downstream reservoir is 

much greater than the upstream reservoir, so that the pressure increase at the downstream end is 

negligible. This would be the case if the downstream end of the sample was open to the atmosphere. The 

solution for the dimensionless pressure in the upstream reservoir is:

4,20
m = \ ( p l l p + p + ^

where ({)„, are the roots of

P
tan 0 = — 4.21

0

4.4 Determination Of Permeability And Srock From The Transient Pulse Measurement 

Through Curve Matching

From the analytical solutions described in Section 4.3.2, Hsieh et al. (1981) produced theoretical type 

curves with which to compare experimental data for a number of different experimental configurations 

(Figure 4.1) to derive both permeability and specific storage. The curves plot as P^/ AP„/, against a|3^, and 

P ranges between 0.001 - >1000 depending on the particular case. Theoretical type curves exist for 

experimental configurations including the case where there is equal compressive storage in the upstream 

and downstream reservoirs (y = 1; Figure 4.1b), the case where the downstream reservoir has ‘infinite’ 

compressive storage (y = oo; Figure 4.1c), and the case where the downstream reservoir interface is an 

impermeable boundary (y = 0). This last case (y = 0) corresponds to our triaxial permeameter 

configuration (Figure 4.1a). The value of y is determined experimentally (Equation 4.14).
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Figure 4.1: Theoretical type curves of P̂ ,, /  APu,, versus a(5̂  for experimental 

configurations corresponding to; a) y= 0, b) y = 1, and c) y = oo. In a) the y-axis 

has been expanded for ease of analysis. Reproduced from Hsieh et al. {1981 ).
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The pore fluid pressure decay with time is monitored continuously during the transient 

pulse measurement. The pore pressure measured is normalised to the size of the instantaneous 

increase in pore pressure (AF;,,,) required to generate the transient pressure pulse. The resulting 

dimensionless pressure AP^) is plotted against the logarithm of time (Figure 4.2). The 

experimentally derived normalised pressure versus time curves are then compared manually with the 

theoretical type curve relevant to the particular experimental configuration to find a close-fitting 

curve. When a close fit is achieved, a convenient match point is selected (for example the time taken 

to reach a stable non-changing pore fluid pressure, i.e. equilibration time), at which point the values 

of aP ‘ and (3 are taken from the theoretical type curve and equilibration time taken from the 

experimental data plot. Time and a(3“ are used to determine permeability (k) using the following 

equation (Hsieh er a/. 1981)

a p -  =
S

4,22
up

where K is given by Equation 4.10 and is calculated from the value of p corresponding to the 

convenient match point (Equation 4.13) and if the reservoir is assumed to be perfectly rigid, the 

compressive storage of the upstream reservoir (S«̂ ) is determined from Equation 4.11.
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Figure 4.2: Example of experimentally derived curves of dimensionless pressure 

versus log time for Tennessee sandstone corresponding to y = 0. The 

dimensionless pressure axis scale was increased for ease of resolution.
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Problems with Curve Matching 

In practice, the determination of permeability, and (3 from curve matching is not always possible. 

Both at low values of p (<0.1) and high values of p (> 10 ) experimental and theoretical type curves 

become very similar in shape and therefore are difficult to distinguish from each other.

The manual curve-matching analysis method is also labour-intensive. Over 800 individual 

transient pulse measurements have been made during the course of this experimental programme. 

In order to address both these problems, a computerised curve-fitting analysis method has been 

written and implemented and will be described in the following section.

4.5 Numerical Solution for the Single-Ended Transient Pulse Permeability Measurement

For this study a novel analysis method of computerised curve fitting for the single-ended transient 

pulse permeability measurement was developed in conjunction with Professor John Barker of the 

Hydrogeology Group at University College London. The objective was to develop an automated 

method to analyse large numbers of experimental pressure-time data to derive permeability and 

specific storage.

The computer code solves Equations 4.1 - 4.8, as in Hsieh et al. (1981), by the Laplace 

Transform method, using the dimensionless variables given in Equations 4.12, 4.13 and 4.14 (a, p 

and y) above. The computer program then searches for a set of values of the dimensionless variables 

which gives the best least-squares fit to the time dependent experimental data obtained during any 

particular measurement. From these dimensionless variables values of permeability and specific 

storage are obtained and the least squares errors give an estimate of the standard deviations of these 

values. The computer code is listed in Appendix I.

Data is prepared in versus time format, and an assessment of expected permeability

and specific storage made. Upper and lower limits of permeability and specific storage for the 

permeability and search are input to guide the random search. Results are presented as

hydraulic conductivity (K) from which permeability is calculated (Equation 4.10), and specific

storage, and estimates of the errors in the search parameters are produced.

Analysis of experimental data is relatively rapid using this method as up to 10 sets of 

pressure-time data may be analysed together. The program does not depend on manual curve fitting 

and thus diminishes errors associated with human bias.

Figure 4.3 shows very close agreement between the results of analyses for permeability and 

specific storage obtained using the curve matching method of Hsieh et al. (1981) and the numerical 

curve fitting program developed by John Barker. There are no consistent variations between

analyses and in general the agreement is good.

76



Chapter 4: Theoretical Analysis of the Transient Pressure Pulse Permeability Measurement

3E-18

E 2.5E-18

5 1.5E-18

*  Barker Permeability | 

^  Hsieh Permeability I

606 

1 IDE-06 T

610 612 614 616 618

T ra n sie n t P u lse  M ea su rem en t N um ber

1 OOE-06

m 700E-07

I :I  600E -07  *  

& 5 00E-07 

4.C0E-07

A Hsieh Specific Storage 

■  Barker Specific Storage

608 610 612 614 616 618 620 622

T ransien t P ulse M easurem ent Num ber

Figure 4.3: Comparison of results of two different analysis methods for the

transient pulse permeability measurement: curve matching (Hsieh et al. 1981) and 

numerical curve fitting method developed by John Barker. Results of a) 

permeability, and b) specific storage measurements made in a triaxial deformation 

experiment.

4,6 Rationale For The Use Of The Single-Ended Transient Pulse Method In This Study

The development of and use of the single-ended transient pulse measurement technique in this study 

has been undertaken for a number of principal reasons. Firstly, the single-ended transient pulse 

permeameter system is part of an existing single-ended triaxial deformation apparatus (Figure 6.2) 

(Murrell 1989; Aves 1995; Read et al. 1989). The upper end of the sample is attached to one (open) 

end of the rock sample and the lower end of the sample is impermeable since the sample is assembled 

adjacent to the lower solid deformation ram which remains fixed during deformation experiments.
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There was no practicable way to modify the existing apparatus to be double-ended. Such 

modifications would involve either installing a downstream fluid reservoir with a downstream 

pressure transducer in order to conduct the conventional double-ended transient pulse permeability 

measurement method (Brace et al. 1968; Trimmer 1981), or installing a downstream pore pressure 

intensifier to the lower sample end to permit the measurement of permeability using the steady state 

flow. In the light of results of tests conducted where a small downstream reservoir was introduced in 

the traixial deformation equipment (Chapter 7; Section 7.5.2) and from a twin study conducted in 

the hydrostatic permeameter to compare the transient pulse measurement for the case of y = 0, y = 1 

and y = oo (Chapter 7; Section 7.5.3), no benefit was found from including a downstream reservoir 

either from a practical viewpoint or in reference to the theoretical analysis of the transient pulse 

measurement. The results from the twin study conducted in the hydrostatic permeameter 

demonstrate that the presence of a downstream reservoir results in longer times to reach a steady 

state pressure (i.e. equilibration time). Leakage and ambient temperature effects have a greater 

effect on the transient pulse measurement at long times since the rate of change of the transient pulse 

measurement decreases with time. Results of the comparative study are given in Chapter 7; Section

7.5.3.2 and Chapter 8: Results I).
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Chapter 5

5 Outline of the Experimental Programme

5.1 Scientific Objectives

This thesis attempts to further our understanding of the nature of permeability evolution in rocks by 

comparing three different porosity-permeability evolutionary situations. The objective is to 

determine the evolution of permeability with;

• changes in the density of isotropic crack damage (i.e. isotropic crack opening); 

and to determine the evolution of both permeability and specific storage with

• macroscopically ‘isotropic’ closure of pores (i.e. ‘isotropic’ pore closure) during hydrostatic 

compaction

• non-hydrostatic deformation encompassing both anisotropic pore closure, and anisotropic 

dilatant microcracking and the formation of a brittle fault (i.e. anisotropic crack opening and 

anisotropic pore closure).

There are a number of critical questions; which type of pore structure change most affects the 

evolution of permeability? What are the roles of and interaction between hydrostatic and non

hydrostatic stresses in controlling permeability, specific storage and interconnected pore volume? 

Are permeability and specific storage sensitive to stress history? What is the relationship between 

permeability and microstructural damage?

5.2 Experimental Programme

In order to investigate these questions, three principal experiment types were undertaken and these 

are summarised below.

5.2.1 Experiment Types

•  Effect of isotropic crack damage on permeability evolution

This investigation involved two separate types of experiments which were conducted in conjunction with 

Dr. Colin Jones. The study is based on research summarised in Jones et al. (1997). Firstly, in order to 

generate a suite of rocks containing crack damage which is isotropic at the level of isotropy of the starting 

material microstructure, rock samples were heat treated to a range of peak temperatures (< 900 °C) whilst 

cracking events were monitored using acoustic emission monitoring equipment. Secondly, the fluid
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permeability of the heat treated rock samples was measured in a hydrostatic permeameter using the steady 

state flow permeability measurement method. Both heat treatment, acoustic emission monitoring (Glover 

et al. 1995; Jones et al. 1997) and steady state permeability measurements (Jones et al. 1997; Jones and 

Meredith 1998) were conducted using existing equipment and established experimental methodologies. 

Crack density data derived from acoustic velocity measurements (conducted by Dr. Colin Jones) was used 

to relate the microcrack density changes to permeability evolution.

• Evolution of Permeability under the Application of Hydrostatic Loads

To measure permeability and specific storage changes during hydrostatic and non-hydrostatic loading 

required that a new methodology was developed for this study. The selected method is a modified transient 

pulse permeability technique, adapted for use in an existing triaxial deformation apparatus (Murrell 1989; 

Read et al. 1989). Since only one end of the sample is hydraulically connected to the equipment used to 

measure permeability (i.e. the pore fluid intensifier/volumometer system), the permeability system has been 

termed a single-ended transient pulse triaxial permeameter. The development and calibration of the 

transient pulse measurement will be described in Chapter 7.

In the measurement of permeability and specific storage under hydrostatic stress conditions 

the roles of effective pressure and effective pressure cycling were explored, and the effective stress 

law for both permeability and specific storage for Tennessee sandstone was established.

• Evolution of Permeability under the Application of Non-Hydrostatic Loads

Experiments conducted under non-hydrostatic stress were classic drained triaxial deformation 

experiments within the brittle faulting deformation regime. At various points during deformation 

transient pulse permeability measurements were made. The results of which are presented as an 

integrated analysis of the stress-strain, interconnected pore volume, permeability and specific storage 

evolution during traixial compressive deformation. Further, the roles of axial load cycling and stress 

path dependence of permeability and specific storage were explored.

5.2.2 Choice of Rock Types and Characterisation of Rock Types

To undertake these investigations, a number of suitable rock types were selected. These are; one 

sedimentary rock type (Tennessee sandstone) and three igneous rocks (Westerly granite, Ailsa Craig 

microgranite and a basalt from Iceland). Tennessee sandstone was used most extensively in the 

investigation of the effects of hydrostatic and non-hydrostatic loading on the permeability and 

specific storage evolution. The three igneous rocks were used to investigate the effect of isotropic 

crack damage on the evolution of permeability. The mineralogy, textures and starting porosity and 

permeabilities of the three rock types are summarised in Table 5.1 and are described below.
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Tennessee Sandstone

Tennessee sandstone is a fine grained sandstone which displays laminar cross bedding on the mm scale 

and contains quartz (-80%), feldspars (<15%), with a matrix of fine grained mixed clays and a limonite 

cement. The average grain size is approximately 150 |im, and the grains are moderately sorted and 

moderately rounded. There is very little discernible intrinsic cracking. The porosity of Tennessee 

sandstone ranges between -5  % - 8%. It has been selected for this study owing to its low initial 

permeability (average 3 x lO '  ̂m ' at Pgff 20 MPa) which thus enables the transient pulse permeability 

measurement method to be employed.

Westerly Granite

Our block of Westerly granite was bought from the Bonner Monument Company, Rhode Island, 

USA, and it is termed the ‘Westerly Blue’. The average non-heat treated permeability is 

approximately 2 x 10'"“ m". The grain size ranges between approximately 400 - 800 jam, with an 

average grain size of approximately 750 jam. The texture is isotropic. It contains quartz (-30%), 

plagioclase (-30%), K-feldspar (-25%), and -5%  biotite and muscovite, with accessory minerals 

including ilmenite and hematite. It has been used owing to the presence of quartz in order to 

determine the effect of the oc/(3 transition in quartz on permeability, and owing to its larger grain size 

relative to the Ailsa Craig microgranite, and also because it has been extensively characterised in the 

rock mechanics literature.

Ailsa Craig Microgranite

The Ailsa Craig microgranite comes from the Ailsa Craig island in the Clyde estuary, Scotland. The 

microgranite comprises essential quartz, K-feldspar and minor plagioclase, with riebeckite amphibole and 

accessory pyroxene, fluorite and oxide minerals. The quartz occurs predominantly as a fine grained 

groundmass with some clustered microcrysts up to 1.5mm in diameter. The K-feldspar occurs as 

occasional glomerophyric clasts within the K-feldspar-rich trachoidal groundmass of microphenocrysts < 

200p.m. The amphibole occurs as anhedral phenocrysts < 300 pm.

Ailsa Craig microgranite has been used in the heat treatment experiments because of its 

exceptionally low initial permeability (i.e. at the time of these experiments the permeability was 

immeasurable by us), and because it shares a similar mineralogy with Westerly granite (i.e. quartz is 

present) but has a finer grain size.

Traditionally, the Ailsa Craig microgranite has been used to make curling stones since it 

possesses an exceptionally low initial fracture density.
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Icelandic Basalt

The basalt comes from a road stone quarry near Reykjavik, Iceland (Colin Jones, pers. comm.). 

Macroscopically it is isotropic. Microscopically it has an aphyric texture, comprising euhedral laths of 

unaltered plagioclase of 200 p.m length, anhedral augite microphenocrysts of 100 jam diameter, with 

accessory oxides up to 100 |im in diameter. No free quartz was visible by either optical or SEM 

microscopy. The basalt was sampled as discreet columnar units within a 20m thick columnar jointed 

section. The basalt has been used in particular in the heat treatment experiments as a quartz-free material 

to contrast with quartz-rich materials.

Rock Type Mineralogy Grain
Size
(mm)

Signific
ant
Phases

Fabric
or
Texture

Starting
Permeability
(m-)

Starting 
Porosity (%) 
at ambient 
pressure

Tennessee
Sandstone

quartz 
feldspars 
biotite and white 
mica
limonite cement

0.15
mm

strong
laminar
cross
bedding

3 X 10‘‘̂  m" at 
Peff20MPa

4.5 - 7.5 %

Westerly
granite

albite
microcline
quartz
biotite,
muscovite
chlorite
apatite,
ilmenite,
hematite,
titanite.

Avg.
0.75
mm

quartz
present

isotropic 2 X 10'^" m  ̂ at 
Peff 15 MPa

0.4

Ailsa Craig 
microgranite

K-feldspar
albite
quartz
reibeckite

0.2
mm

0.15
mm
0.3
mm

quartz
present

isotropic Unmeasurable Unmeas
urable
(0.26% at 
200 °C)

Icelandic
basalt

plagioclase
clinopyroxene
magnetite

0.15
mm
0.15
mm
0.05 -
0.25
mm

no
quartz

aphyric 
with no 
preferred 
orientati 
on

9.4 X 10 m  ̂
at Peff 60 MPa

2.73

Table 5.1 : Summary of the properties of the Virgin Samples
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5.2.2.1 Sample Preparation

Samples were cored from single, non-oriented blocks of each rock type using a diamond core drill to 

produce right-cylindrical cores with dimensions of either 45 x 15mm, giving a 3:1 length to diameter ratio, 

or 37.5mm x 15mm, giving a length to diameter ratio of 2.5:1. The 3:1 ratio is important so that the 

sample length is longer than the minimum length required for consistent triaxial strength measurements 

(Paterson 1978). In all the investigations conducted in the triaxial deformation apparatus, the standard 

sample length adopted was 45mm. Samples used in the heat treatment experiments were 38 mm in length 

by 38 mm diameter. All samples were ground flat to within 0.02mm. To remove any debris produced 

during the coring or grinding processes which may have infiltrated the pore network, samples were 

cleaned in a water ultrasonic bath for ten minutes prior to drying in an oven at 70 °C before use. A 

relatively low oven temperature was selected compared to 105°C conventionally adopted, since thermally- 

induced microcracking can occur in the temperature range 85°C - 100 °C (P. Meredith, pers. comm.).

5.2.2.2 Determination o f Porosity

Sample porosity was used to indicate sample variability. To determine porosity the saturation and 

buoyancy technique was used (Franklin et al. 1977), as recommended by the International Society of Rock 

Mechanics. Samples were oven dried for three days at 70 °C, and then weighed initially after being oven 

and vacuum dried, giving the weight of the solid rock matrix. Samples were then saturated with water 

under vacuum and re-weighed, and then were suspended in water and weighed again. Porosity and pore 

volume were determined from these three measurements using the following equation:

4) = (M,,,f - M^ .̂)* 100/ M,.„, - M,.^) 5.1

Where (j) is interconnected sample porosity, M,„„ is the weight of the sample saturated with water, M̂ ;̂ . is 

the weight of the oven dried sample, and M,.„/, the sample saturated and suspended in water.

5.3 Equipment Development and Calibrations to Enable the Measurement of Permeability 

Using the Single-Ended Transient Pulse Method

To make novel single-ended transient pulse permeability measurements in the existing triaxial deformation 

apparatus and high pore pressure intensifier (volumometer) system, a series of calibration experiments and 

system developments were undertaken to determine the factors which affect the measurement of 

permeability. These factors include:

• effect of the magnitude of the instantaneous change in pore pressure required to generate the transient 

pressure pulse

• errors associated with potential leaks from the pore fluid pressure system

• errors associated with ambient temperature effects
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• effect of elastic distortion of the upstream fluid reservoir

• effect of a downstream fluid reservoir

• effects resulting from stress relaxation of the deformation piston particularly at high differential stresses

In order to compare the newly developed single-ended transient pulse measurement with an

established permeability measurement methodology, a twin study was undertaken using an 

independent hydrostatic permeameter in which the steady state flow method (Jones et al. 1997; 

Jones and Meredith 1998) was used. The results of these investigations are discussed in Chapters 7 

and 8.
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Chapter 6

6 Experimental Equipment and General Experimental Procedures

6.1 Introduction

In this experimental programme, three principal pieces of experimental equipment have been used. 

These are; the triaxial rock deformation apparatus with high pressure pore fluid intensifier 

(volumometer) system, which was the principal equipment used in the study for the investigation of 

changes in permeability and specific storage as a function of hydrostatic and non-hydrostatic 

stresses; the hydrostatic permeameter, used for the measurement of permeability using the steady 

state flow method on heat-treated rocks, and also used in a comparative study of the steady state flow 

and transient pulse permeability measurement methods; and a high temperature furnace and 

acoustic emission (AE) monitoring equipment used in heat-treatment experiments in order to 

produce a suite of thermally-cracked rocks.

6.2 Triaxial Rock Deformation Apparatus Modified for Single-Ended Transient Pulse

Permeability Measurements

The transient pulse permeability measurement method (Brace et al. 1968; Trimmer 1981) has been 

applied with our existing single-ended triaxial deformation apparatus by using a pore fluid pressure 

intensifier attached to one (open) end of the rock sample, the other end being impermeable (Read et al. 

1989; Aves 1995). In this section, firstly the triaxial deformation apparatus and the pore fluid pressure 

system will be described, then the general procedures use in order to make single-ended transient pulse 

permeability measurements during hydrostatic compression and trie^xial compression deformation 

experiments will be described.

6.2.1 Tnoxial Rock Deformation Apparatus

The triaxial deformation apparatus is a gas medium deformation rig (Figure 6.1) comprising a pressure 

vessel rated to 14 Kbars confining pressure, with a servo-controlled 200kN axial load actuator, and an 

internal furnace which can provide temperatures up to KX30 °C. The deformation apparatus is housed in a 

steel cubicle with 30 mm thick walls for safety. All the machine controls and logging equipment are 

located outside the safety cubicle. Differential load is supplied by a 2(X)KN servo-controlled actuator 

through a balanced ram assembly. The servo-control feedback signal comes either from the two LVDT’s
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situated adjacent to the upper ram which measure sample axial strain, or from the load cell measuring 

axial load (Figure 6.1).

S e r v o -
A c t u a t o r

X - Y r e c o r d e r
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E x t e r n a l C o n t r o l l e r
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P r e s s u r e  
I n t e n s i f i e r
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H e a t e r  
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C o n f i n i n g  
P r e s s u r e  
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P r e s s u r e
V e s s e l

R o c k
S a m p l e

Figure 6.1: Schematic diagram o f the triaxial deformation apparatus

( reproduced from Aves 1995).

6.2.1.1 Stress and Strain Measurements

The axial load, from which differential stress is calculated, is measured by an Elliott Type S external load 

cell, positioned at ambient pressure and temperature conditions between the loading ram and the servo- 

controlled actuator. The external location implicates that the load measured is a combination of three 

forces; the load on the rock sample, the strength of the copper jacket, and the resistance generated by 

various high pressure sealing 0-rings. Following the method of Jones (1989), the seal friction is the axial 

load required to drive the deformation ram past the seals until the touchpoint with the rock sample is 

achieved. The sample touchpoint is identified by a sudden rapid increase in the applied load. The value of 

axial load at the touchpoint is then subtracted from all subsequent load measurements throughout the test. 

The strength of the copper jacket was determined by Jones (1989) and also given as a function of 

temperature. The stress measurements were corrected for the strength of the copper jackets. Since the 

displacement of the deformation ram is measured externally, elastic ram strain is subtracted in order to 

determine the actual sample strain.
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The external load cell was calibrated and shown to be within 1 % accuracy over the full 200 KN. 

range by Aves (1995). The axial displacement LVDT’s were regularly calibrated using a micrometer 

where the voltage output on the servo-controller panel is plotted over the full 10 mm range of the LVDT’s.

6.2.1.2 Servo-Controlled Actuator and Strain Rates

To generate axial loads a 200 KN servo-controlled actuator was used. The full load range translates to 

1100 MPa differential stress on a 15mm sample. The actuator was installed, commissioned and fully 

described by Ayling (1991). The actuator can function under four control modes; fixed axial load control, 

constant load rate control, fixed deformation ram position control, or constant deformation ram 

displacement rate control. The actuator servo-control feedback signal is transmitted either from the 

external load cell for the constant load or constant load rate tests, or from two LVDT’s situated adjacent to 

the upper ram for the fixed deformation ram position or constant displacement rate tests.

In princip/e, experiments conducted with the actuator operating under constant displacement rate 

control are constant strain rate experiments. In practice, the strain rate is not strictly constant between the 

peak stress and dynamic failure. Post-peak stress when the differential stress reduces, elastic energy is 

released from the deformation ram into the sample and the strain rate accelerates (Sammonds et al 1989). 

This is not important for the permeability measurements made in this programme as no permeability 

measurements were made in the strain-softening phase between peak stress and dynamic failure.

All experiments conducted in this experimental programme were conducted under constant 

displacement rate, which approximates constrain strain rate up to peak stress (Sammonds e ta l  1989).

6.2.2 Components of the Pore Fluid Pressure Intensifier/Volumometer and Permeameter

System

The pore fluid pressure in the rock is controlled and monitored through the pore fluid intensifier system 

(Figure 6.2). The pore fluid pressure system comprises a servo-controlled pore pressure intensifier 

(volumometer), an upstream fluid reservoir and a remotely operated valve (RO valve) closely coupled to 

the sample.

The pore pressure intensifier is rated to 700 MPa and may function under fixed piston 

displacement (constant volume) or under constant pore pressure control, enabling the effects of dilatancy 

and compaction on the interconnected pore volume to be monitored, i.e. interconnected pore volumometry. 

Under the fixed intensifier piston displacement mode of operation, a control feedback signal is provided by 

an internal LVDT; under constant pore pressure control the feedback signal is supplied by a pressure 

transducer located adjacent to the intensifier (PTim). A second pressure transducer (PT^p) monitors the pore 

pressure in the sample and is located on the sample-side of the remotely operated (RO) valve (Figure 6.2).

The entire upstream fluid reservoir comprises high pressure piping and high pressure elbow joints 

and piping connector ports which provide continuous hydraulic connection from the upper surface of the 

sample to the intensifier. The RO valve is closely coupled to the sample, and is closed to isolate a volume



Chapter 6: Experimental Equipment and General Experimental Procedures

of upstream reservoir from the intensifier in order to make transient pulse permeability measurements. 

Furthermore, the close-coupling of the RO valve to the deformation vessel ensures that the fluid reservoir is 

contained within a temperature controlled environment. The volume of the effective upstream reservoir, 

which is the volume between the upper surface of the sample and the RO valve, is 2, 496 mm'’. Three 

different lengths of large bore high pressure piping, creating additional reservoir volumes of 1500 mm^ 

3060 mm\ and 6000 mm’, may be attached at the connector pores at the sample-side of the RO valve to 

vary the volume of the upstream reservoir. Hence, the volume of the upstream reservoir may be varied 

between 2496 mm" and 13,056 mm\ The RO valve is operated from outside of the safety cubicle.

The components of the pore fluid system required to make transient pulse permeability 

measurements include (Figure 6.2);

• R„p = upstream reservoir

• R(i = downstream reservoir

• Pore fluid pressure intensifier

• PTint = pore pressure transducer in the intensifier

• PTi,p= pore pressure transducer in upstream reservoir

• Rock sample

• RO valve = remotely operated valve
U.Y OPF.R AT E D

UP S T R E AM RES ERVOI R ( R E S l )
R E M O T E L Y  O P E R . A T E D  
S H U T  O F F  V A L V E .

P O R E  P R E S S U R E  
I N T E N S I F I E R

I N T E N S I F I E R  
C O N T R O L  

T R A N S D U C E R  
( P t . )

I N T E N S I F I E R
D I S P L A C E M E N
L V D T
( C O N T R O L )

P O R E  P R E S S U R E
T R A N S D U C E R ( P T „ )

( M O N I T O R I N G )

C O N T R O L

P R E S S U R E  VESSEL

M O N I T O R

;
= a

ROCK S AMP L E

Figure 6.2: Schematic diagram of the triaxial deformation apparatus and

pore fluid pressure system, coupled as a single-ended transient pulse 

permeameter.
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6.2.3 Lagging and Recording

Axial load (kN), axial displacement, which is monitored via the two LVDT’s mounted adjacent to the 

actuator, two pore pressure measurements (PTim and PTup) and pore fluid pressure intensifier piston 

position, and confining pressure are monitored continuously during the experiment and recorded on a data 

logger. Axial load and axial displacement signals are also connected to a Hewlett Packard 7035B X-Y 

plotter to monitor the mechanical evolution in real time.

6.2.4 Apparatus Modifications

6.2.4.1 Temperature sensitivity o f the transient pulse permeability measurement

Bernabe (1987b) states that temperature fluctuations are the main source of noise in experimental 

data and that the greatest associated errors occur in lower permeability rocks as the probability of 

thermal fluctuations increases with increased length of time. For our experimental set-up to 

minimise the effect of changes in the ambient temperature on the measurement of permeability, an 

air conditioner was installed in the safety cubicle housing the deformation apparatus and pore fluid 

reservoir. Tests show that ambient temperature in the air conditioned room may be maintained to ±1 

°C throughout a working day. This small temperature fluctuation was measured to have negligible 

effect on either the specific volume of fluid in the upstream reservoir or the on viscosity of the pore 

fluid during the transient pulse measurements. The investigations into these factors are discussed in 

full in Chapter 7.

6.3.3 Modes of Operation in the Triaxial Deformation Apparatus

In this experimental programme, the tr/\xial deformation apparatus has been used under both hydrostatic 

and triaxial compressive stress conditions. In this section, the general procedures for assembling 

hydrostatic compression and triaxial compressive deformation experiments will be described, and then 

specific methodologies for experiments conducted under non-hydrostatic stress conditions will be 

described.

6.2.5.1 Rock sample /  experimental assembly in the traixial deformation apparatus for

hydrostatic and triaxial deformation experiments

The rock sample and pore volume are isolated fi-om the gas confining medium by a copper jacket. The 

copper jackets are prepared fi'om copper tubing manufactured from C106 standard 99.85% purity copper, 

prepared to a wall thickness of 0.25 mm. The tubing is cut and shaped using brass shaping mandrills to fit 

the shape of the upper and lower rams. To reduce the risk of work hardening in the copper, the copper 

tubing is annealed in a Bunsen burner, and then immediately quenched in water between successive stages
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of shaping. Before use the jacket is cleaned in a 3:1 water to nitric acid solution to remove surface deposits 

of copper oxide. The high pressure seal is then made through forcing two steel rings over the copper jacket 

as the rams taper to a larger diameter. The seal has proved to be a problematical area and has required 

continual monitoring of seal ring quality and excessive thinning of the jacket due to oxidation at the 

annealing stage.

The rock samples are wrapped in PTFE taping to prevent any leakage of pore fluid between the 

rock sample and the copper jacket. A fluid distribution plate is inserted between the sample and upper ram 

and the jacket sealed onto the ram, and the ram assembly loaded into the triaxial deformation vessel. A 

nominal axial load (0.5kN) and a low initial confining pressure are applied.

Since permeability is known to be very sensitive to effective pressure (Bernabe 1986; 1987a) it is 

desirable that the effective pressure at which the permeability measurement is conducted is not exceeded 

prior to the permeability measurement being made in case there were irreversible changes in permeability 

and specific storage caused by the application of the effective pressure. Usually in deformation 

experiments the confining pressure is first raised and then the pore pressure increased to achieve the 

desired effective pressure. Using this traditional procedure, the sample experiences a higher effective 

pressure than the effective pressure at which the experiment is to be conducted, resulting in compaction of 

the sample. Our experiments demonstrate a stress-history dependence of permeability. Therefore it is 

essential to increase both confining pressure and pore pressure simultaneously so that the desired effective 

pressure (P,^) is not exceeded. Once the desired effective pressure is attained the system is left to stabilise 

for approximately one hour.

6.2.5.2 Experimental procedure for making transient pulse permeability measurements

under hydrostatic stress conditions 

The remotely operated valve (RO valve) is closed from outside the safety cubicle to isolate the upstream 

reservoir from the intensifier. The system is again left for 10-15 minutes. The transient pressure pulse is 

then generated. To generate the instantaneous increase in pore pressure, firstly a fixed external voltage is 

applied to the intensifier to generate a temporary pore pressure increase in the intensifier. The RO valve is 

then opened to inject a small volume of fluid into the upstream reservoir, valve creating an instantaneous 

pressure increase (AP»,,) in the upstream reservoir. The RO valve is then immediately closed again. The 

injected volume is calculated from the intensifier piston displacement. The exponential decay of pore 

pressure into the sample against time is recorded using the PTup transducer. Once the permeability 

measurement is complete, the external voltage input is switched off so that the pressure in the intensifier is 

returned to the test pore pressure. The RO valve is then opened and the deformation experiment continued 

at the same displacement rate until the next permeability measurement is to be made.
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6.2.53 The conventional triaxial compression deformation experiment

To investigate the effect of non-hydrostatic stress on the evolution of permeability during the 

dynamic evolution of the rock, a series of triaxial deformation experiments were conducted where at 

different stages of deformation a transient pulse permeability measurement is made in the axial, or 

the maximum compressive stress (aO direction. These experiments are a modification of the 

conventional triaxial deformation experiment.

Samples were deformed under drained conditions at room temperature in the conventional 

triaxial configuration where a, > o? = O3. Drained deformation experiments ensure that the sample 

pore fluid pressure (P/7„) is maintained constant during the deformation by the servo-controlled 

intensifier and changes in pore fluid volume are monitored through the servo-controlled 

volumometer. Once the desired effective pressure is attained (Section 6.2.5.2) a number of 

permeability measurements are made to characterise the starting permeability under hydrostatic 

stress conditions at the given value of effective pressure. The differential stress is then applied by a 

servo-controlled hydraulic actuator. To ensure fully ‘drained’ conditions, a sufficiently low 

displacement rate of lO'^s ' is pre-set on the servo-control unit to drive the loading piston that 

generates ct|. During a triaxial deformation experiment the axial strain, axial load and pore volume 

changes are monitored as the sample is loaded through deformation phases of compaction, dilatancy, 

brittle failure and stable sliding. The axial load (kN) and displacement (mm) are recorded and 

converted to differential stress (<?,- 03 ) and (%) axial strain respectively. Throughout the experiment, 

the movement of intensifier piston is monitored and that movement is converted into pore volume changes 

so that continuous pore volume changes and sequential permeability and specific storage measurements are 

made throughout the test. All experiment were conducted at an ambient temperature of 21 °C.

6.2.S.4 Transient pulse permeability measurements under during triaxial compression

deformation experiments 

At each point during deformation where a permeability measurement is made, the change in 

interconnected pore network volume is measured by the pore fluid volumometer. To make a transient 

pulse permeability measurement, the displacement of the deformation ram is stopped for the duration of 

the measurement, the measurement is made and then the loading continued. Hence, to make transient 

pulse permeability measurements requires a finite amount to time (of the order of 10 - 20 minutes for 

samples of Tennessee sandstone) for the transient pressure pulse to decay to a non-changing value. In 

order to interpret the transient pulse measurement the internal structure, and hence the permeability, must 

be stable for the duration of the transient pulse measurement (Hsieh et al 1981 ; Kamath et a l  1992).

We interpret that the internal structure of the sample is stable when parameters measured 

externally to the sample are non-changing (i.e. that the pore fluid pressure remains constant when the 

sample is isolated from the intensifier by closing the RO valve). However, it was found experimentally that 

stopping the actuator displacement does not necessarily lead to stable conditions in the rock sample as a
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stress relaxation occurs in the deformation ram, and this is exacerbated at higher stress levels where 

dilatancy is significant. The criteria for stable conditions in the rock sample and attempts made to find a 

methodology to achieve stable conditions in the rock sample are discussed in full in Chapter 7; Section 

7.11.

When stable conditions in the rock sample are achieved the transient pulse permeability 

measurement may be conducted as described above in Section 6.2.5.2.

6.3 Hydrostatic Permeameter

The hydrostatic permeameter comprises a 400 MPa hydrostatic, hydraulic oil-medium pressure 

vessel with pore pressure provided by two servo-controlled pore fluid intensifiers (Figure 6.3). The 

pressure vessel is a single-ended steel vessel with an upper nut closure; the screw closure houses the 

sample assembly, ram-ends and pore fluid line connectors. Two servo-controlled high pressure 

intensifiers are hydraulically connected to either end of the rock sample through high pressure 

piping. A manual shut-off valve is located between each intensifier and the sample. The volume of 

high pressure piping between each (closed) shut-off valve and the sample ends constitutes the 

upstream and downstream fluid reservoirs for transient pulse permeability measurements. The 

permeameter is housed within a temperature controlled room and temperature is maintained to 

within ±1°C throughout the diurnal cycle.

The pore pressure intensifiers can supply high pressure fluid up to 70 MPa and can function 

under either constant pore fluid pressure control (the intensifier piston adjusts its position to 

maintain a fixed pressure), under constant flow rate (constant intensifier piston displacement rate), 

or may prov/d2,a sinusoidal variation of pore fluid pressure. The permeameter can be used to 

measure permeability using either the steady state flow, transient pressure pulse method, or the 

sinusoidal pore pressure oscillation methods.

In both the upstream and downstream reservoirs, the pore pressure is monitored by two 

separate pressure transducers in each fluid reservoir. One (control) pressure transducer provides the 

feedback signal to the servo-controller for tests conducted under constant pore pressure control. The 

second set of transducers monitor the pore fluid pressure in the sample and are closely coupled to the 

sample. The displacement of the intensifier piston in each intensifier is measured using an internal 

LVDT (Figure 6.3).

93



Chapter 6: Experimental Equipment and General Experimental Procedures

U P S T R E A M  
P O R E  P R E S S U R E  
I N T E N S I F I E R

DISPLACEMENT
TRANSDUCER
i C O S T R O L ]
LVDT

D I S P L A C E M E N T
T R A N S D U C E R

C O S T R O L )
V D T

UPSTREAM
POREPRESSURI 

O S T R O L  
TRANSDUCER

U P S T R E A M  
P O R E  P R E S S U R 3  
( M O N I T O R I N G )  

T R A N S D U C E R

DOWNSTREAM 
PORE PRESSURE 
INTENSIFIERI

(Jl —(Tn— 00 = 0=0

CONTROL VONfTOR I LOGGER
DOWNSTR EAM  
PORE PRESSURE 
C O N T R O L  
TR AN SDU CER

P R E S S U R E  V E S S E

Î
iTOFF VALVE

LOGGER C O m O L M O srro R

IMPERMEABLE MEMBR ANE 
FOR SINGLE-ENDED 
TRANSIENT PULSE 
PERMEABILITY MEASUREM ENT

D O W N S T R E A M  
P O R E  P R E S S U R E  
( M O N I T O R I N G )  
T R A N S D U C E R

Figure 6.3: The hydrostatic permeameter, set up for both the steady state 

flow through and transient pulse permeability measurement methods; refer 

to text for details (reproduced from Jones and Meredith 1998).

6.3.1 Experimental Assembly

Right cylindrical samples of two dimensions can be used; these are either 38 mm in diameter by up 

to approximately 45 mm in length, or 15 mm in diameter by up to 45mm in length. Prior to an 

experiment, rock samples are saturated with water under vacuum as described for experiments in the 

triaxial permeameter. Samples are assembled with fluid distribution plates at either end of the 

sample between the sample and two steel end caps. The assembly is then jacketed in an epoxy-lined 

heat-shrink rubber jacket to isolate the oil confining medium from the pore fluid. The jacketed 

assembly is then attached to the upstream and downstream pore fluid systems and the assembly 

lowered into the pressure vessel. Since permeability is sensitive to effective pressure Bernabe 1986; 

1987a) both the confining pressure and pore pressure must be raised simultaneously so that the 

desired effective pressure is not exceeded. Hence, a small value of confining pressure is initially 

applied using a hand pump and then the pore pressure and the confining pressure raised 

simultaneously.
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6.3.2 Modes o f Operation in the Hydrostatic Permeameter

The hydrostatic permeameter may be set up to measure permeability using three modes of operation. 

These are;

• steady state flow method

• transient pressure pulse method

• sinusoidal pore pressure oscillation method

For this study both the steady state flow and the transient pulse methods were employed and will be 

described.

6.3.2.1 Steady state flow permeability measurements

Since servo-control gives a high degree of control, this allows the intensifiers to maintain constant 

pore pressure and flow rates for long time scales and therefore permits the measurement of 

permeability using the steady state flow method in very low permeability rocks (Jones et al. 1997; 

Jones and Meredith 1998).

Specimen
Saturation

1 r

Upstream Intensifier 
Downstream Intensifier

Time

Figure 6.4: Steady state permeability measurement in the hydrostatic

permeameter. Steady state flow is achieved when the rate o f inflow and outflow 

of the pore fluid is the same.

For the steady state flow measurement the manual shut-off valves located in the high 

pressure piping between the intensifiers and the sample are opened. Once the desired effective 

pressure is achieved, a small pore pressure gradient is established along the sample length and 

maintained constant. For a test conducted at an effective pressure of 30 MPa, the pore pressure in
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the upstream intensifier is set typically to 1 MPa greater than the pore pressure in the downstream 

reservoir. The intensifiers are controlled under pressure control, so that fluid is injected into the 

sample at both sample ends, observed as an increase in piston displacement in both intensifiers 

(Figure 6.4) until full sample saturation is achieved. At this point the intensifier piston displacement 

curves diverge (Figure 6.4) as the piston in the intensifier generating the relatively low pore pressure 

begins to back off and the upstream intensifier piston continues to advance. Once steady state flow 

is achieved, observed as an equal rate of fluid flow into and out of the sample, the steady state flow 

measurement is made. The flow rate is determined from the displacement of the pistons in both 

intensifiers, measured by the internal LVDT’s in the intensifiers. Fluid flow rates can be established 

in either direction along the sample length. With a fixed pressure gradient, measuring the flow rates 

allows us to calculate permeability using Darcy’s law (Equation 3.1).

6.3.2.2 Transient pulse permeability measurements in the hydrostatic permeameter

Transient pulse permeability measurements can be conducted using three different configurations of 

the permeameter. Following the nomenclature introduced in Chapter 4, the three modes of set-up 

are:

• double-ended transient pulse permeameter; upstream and downstream reservoirs present (y = 1)

• double-ended transient pulse permeameter; downstream reservoir has infinite compressive 

storage (y = oo)

• single-ended transient pulse permeameter; upstream reservoir only present (y = 0 ).

In order to conduct transient pulse permeability measurements, the two manual shut-off valves 

located between the intensifiers and the rock sample are closed. The transient pulse method requires 

known volumes of fluid reservoir. The upstream fluid reservoir is defined as the volume of high 

pressure piping between the upper end of the rock sample and the shut-off valve located between the 

sample and the upstream intensifier, and similarly, the downstream reservoir is defined as the 

volume of high pressure piping between the lower end of the sample and the shut-off valve located 

between the sample and the downstream intensifier. The volume of the fluid reservoirs is 

approximately 6000 mm^.

6.3.2.S Double-ended transient pulse permeability measurements (y=  1)

This experimental set-up is similar to conventional transient pulse permeameters where 

both upstream and downstream reservoirs exist (Brace et al. 1968; Trimmer 1981; Trimmer et al. 

1980).

The desired effective pressure is achieved as described in Section 6.3.1. In the case where y 

= 1, an equal pore pressure is generated in both the upstream and downstream intensifiers. When 

the sample and reservoir system are stable, the two manual shut off valves located between the
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intensifiers and the sample (Figure 6.3) are closed, creating an upstream reservoir volume and a 

downstream reservoir volume of known volume. In this way, the pore pressure in the sample and the 

fluid reservoirs is no longer controlled by the intensifiers.

A small pore pressure increase is generated in the upstream intensifier and the upstream 

manual shut-off valve opened momentarily to allow a small volume of fluid into the upstream 

reservoir, creating a pressure gradient between the upstream reservoir and the rock sample. Pore 

pressure changes are monitored continuously in both the upstream and downstream reservoirs, 

through the two monitoring pressure transducers, until the pore pressure reaches a non-changing or 

equilibration value in the sample and the two reservoirs.

6.3.2A Double-ended transient pulse permeability measurements (y=  oo)

In this case, only one intensifier is used to maintain fixed pore pressure at one (upstream) end of the 

sample, the other sample end (downstream) being open to atmosphere. When a steady state rate of 

fluid flow into the sample is achieved a small increase in pore pressure is generated at the upstream 

end of the sample as described above and the manual shut-off valve closed immediately. Pore 

pressure changes in the upstream reservoir are monitored continuously until the pore pressure in the 

sample decays to the same magnitude as the instantaneous increase in pore pressure used to generate 

the transient pressure pulse (i.e. when P„  ̂/ AP ,̂, = 0 ).

6.3.2.5 Single-ended transient pulse permeability measurements (7=  0)

To isolate the downstream reservoir from the sample a piece of rubber cut to the same sample 

diameter (15 mm or 38 mm) is positioned between the sample end cap and the rock sample at the 

downstream interface, creating an impermeable lower sample boundary, corresponding to 7  = 0 

(Hsieh et al. 1981). The rubber is sufficiently pliable and robust that it extruded laterally when 

confining pressure is applied thereby ensuring no pore fluid leakage between the heat shrink 

jacketing and the rubber disk. A transient pore pressure increase is generated in the upstream 

reservoir only, as described above in Section 6.3.2.3, and the pore pressure decays into the sample 

itself.

6.3.2.6 Data reduction for the transient pulse measurements

This double-ended experimental set-up is similar to classic transient pulse permeameters where both 

upstream and downstream reservoirs exist (Brace et al. 1968; Bernabe 1987b; Trimmer et al.

1980). For the three variations of the transient pulse permeability measurement, permeability and 

specific storage were calculated by comparing experimentally derived normalised pressure versus 

time curves with theoretical type curves (Hsieh et al. 1981) appropriate to the particular 

experimental configuration (Figure 4.1) following the procedure described in full in Chapter 4, 

Section 4.4.
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6.4 Heat Treatment Equipment

In order to create a suite of rock samples with varying amounts of crack damage, heat treatment 

experiments were conducted using a commercial Carbolite furnace. Thermal cracking is monitored 

through recording the acoustic emission (AE) events. Due to the high temperatures (<900 °C) 

obtained, it is necessary to locate the PZT AE transducer at room temperature outside of the furnace. 

A stainless steel waveguide is built to transmit the AE signal from the sample to the PZT transducer. 

The waveguide is attached to one flat end of the sample via a stainless steel cone and assembled in a 

sample clamp (Figure 6.5). The use of a waveguide results in the attenuation of the AE signal, 

although since all amplitudes are equally attenuated this does not affect the event 

frequency/amplitude plot from which the b-value is derived (Meredith and Atkinson 1983). The 

furnace temperature is controlled through the in-built Eurotherm temperature controller. The 

sample temperature is monitored independently using a K-type thermocouple attached directly onto 

the sample surface. The transducer is logged by a MISTRAS acoustic emission analyser, and an AE 

threshold of 28 dB is set so that background noise did not swamp the AE signal from thermally- 

induced cracking in the sample.

S a m p l e  A s s e m b l y  W a v e e u i d e

F u r n a c e
T e m p e r a t u r e
C o n t r o l l e r

F u r n a c e "

P Z T  T r a n s d u c e r  
/  P r e - A m p l i f i e r

\

I n d e p e n d e n t
T e m p e r a t u r e
M o n i t o r

M I S T R A S  A c o u s t i c  
E m i s s i o n  A n a l y s e r

T h e r m o c o u p l e

S a m p l e  S a m p l e  C l a m p

Figure 6.5: Experimental set-up for heat treatment experiments, including 

high temperature furnace and AE monitoring equipment (reproduced from 

Glover et al. 1995).
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Chapter 7

7 Permeameter System Developments and Calibrations

7.1 Introduction

In order to develop a robust method for measuring permeability using the novel single-ended 

transient pulse method within the triaxial deformation apparatus, a number of investigations and 

calibrations were undertaken to determine the factors which affect transient pulse permeability 

measurements under hydrostatic and non-hydrostatic stress conditions. The factors investigated 

include:

• effect of background leakage from the pore fluid system

• effects of the volume of and elastic distortion of the upstream reservoir

• effect of the presence of a downstream reservoir

• ambient temperature effects

• an assessment of the range of measurable permeabilities using the transient pulse method

• effect of dilatancy on the transient pulse measurement during non-hydrostatic deformation.

7.2 Fluid Reservoir Volume

The upstream reservoir comprises all the high pressure piping between the RO valve and the upper surface 

of the rock sample (Figure 6.2). The volume of the upstream reservoir includes the fluid distribution plate, 

high pressure piping connecting the deformation ram to the fixed pore fluid system, and a number of high 

pressure elbow joints and connector ports. Additionally a number of volumes of large bore high pressure 

tubing may be attached at high pressure piping ports (Chapter 6 : Figure 6.2). The volumes of these tubes 

are 1560 m m \ 3060 mm^ and 6000 mm^ (Aves 1995), giving upstream reservoir volumes of between 2496 

mm’ - 13456 mm^. In this experimental programme either the minimum upstream reservoir of 2496 mm^ 

or the additional volume of 3060 mm^ was used to create a volume of 5556 mm^. For the purposes of 

permeability measurements, the upstream reservoir volume is closely-coupled to the vessel and contained 

within the temperature controlled safety cubicle.

Analysis of permeability and specific storage using theoretical solutions for the transient pulse 

permeability measurements derived by Hsieh et al. (1981) require that the volume of the upstream 

reservoir is known. Lengths of high pressure piping from the upper sample surface to the RO valve were 

measured and from the known internal diameters of the high pressure pipes and connectors the volume of 

the upstream reservoir was calculated. The minimum fixed reservoir volume is thus 2496 mm^.
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7.3 Effect of Pore Fluid Leaks on the Transient Pulse Permeability Measurement

Since a number of high pressure piping connectors may be opened and closed during sample 

assembly, it is extremely difficult to be absolutely certain that no leakage of pore fluid occurs during 

a transient pulse measurement. This problem is compounded since there is no independent method 

of determining whether leakage occurs or not. In order to address this problem, to determine the 

magnitude and effect of any long term leaks on the transient pulse measurement a set of calibration 

tests were conducted where transient pulse permeability measurements were made using either a 

steel dummy sample or the pore fluid testing apparatus, described by Aves (1995). The pore fluid 

testing apparatus is representative of the typical experimental assembly except that no rock sample is 

present. These techniques demonstrate the presence of pore fluid leaks in the hardware, which can later be 

subtracted from the rock transient pulse decay curves. In total, 16 such experiments were conducted.

Figure 7.1 shows a number of results including the minimum and maximum leak rates obtained 

from transient pulse measurements conducted using the deformation ram testing apparatus or a steel 

dummy sample. The results of experiments where a steel dummy sample was used show identical 

results to those described above using the pore fluid ram testing apparatus.
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Figure 7.1: Examples o f the maximum and minimum leak rates obtained 

from ‘dummy’ experiments conducted in the triaxial single-ended transient 

pulse permeameter.

100



Chapter 7: Permeameter System Developments and Calibrations

Pore fluid leaks decrease linearly with time after an initial pressure decay in the first 10 

seconds associated with the adiabatic temperature transient (Section - 7.6.1).

Figure 7.2 shows the maximum leak rate, obtained from a transient pulse measurement 

conducted on a dummy sample, together with the measured pressure decay curves from transient 

pulse measurements on Tennessee sandstone and Iceland basalt, with the same pressure decay curves 

adjusted to show the effect of the maximum leak rate on the pressure decay behaviour. In Tennessee 

sandstone comparison between the measured pressure decay curve and the leak-adjusted decay curve 

shows a small change in equilibrium pressure owing to the relatively short times required for the 

pressure to decay to a non-changing value in this material. In the basalt, since the pressure pulse 

decays to a relatively high value of / AP̂ ,, compared to Tennessee sandstone, the pressure pulse 

which has been adjusted for leaks results in a relatively larger change in equilibration pressure in the 

basalt compared to the sandstone sample.

To assess the potential maximum errors in the transient pulse measurement expected 

associated with pore fluid leaks a number of measurements on both Tennessee sandstone and 

Icelandic basalt were adjusted for the maximum leak rate recorded and the pressure decay behaviour 

compared. The results of the permeability and specific storage values derived from measurements 

and data adjusted for the maximum leak are tabulated below (Table 7.1).
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Figure 7.2: Effect of the maximum leak rate on the transient pressure 

pulse decay behaviour on two transient pulse measurements on Tennessee 

sandstone and one transient pulse measurement on the Iceland basalt.
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Rock Type Permeability (m^) 

(Unadjusted)

Permeability (m^) 

(Adjusted)

^wck (m'')

(Unadjusted)

r̂ock (n f’)

(Adjusted)

Tennessee

Sandstone.

0.3 X  10 -'G 0.34 X  10 -'G 0.48 x lO ^ 0.4 X  10 ■*

Tennessee

Sandstone.

1.81 X  lO 'G 2.13X lO 'G 1.21 X  10 1 . 1 1  X  1 0 *

Iceland Basalt 0.13 X  10'** 0.22 X  10-'® 0 .2 4 x 1 0 * 0 . 1 2  X  1 0 ' *

Iceland Basalt 0 . 1  X  1 0 ’ ’ ^ 0.21 X  1 0 '^ 0.24 X  10'* 0.15 X  10 *

Table 7.1: Results of permeability and Sr„ck calculated from the measured transient pulse data and 

data adjusted to account for the maximum pore fluid pressure leak.

Permeabilities which are not adjusted for leaks in Tennessee sandstone are lower by 

approximately 12% in both examples than the permeabilities adjusted for leaks. In Tennessee 

sandstone, specific storage is lower in the adjusted measurements by approximately 15%. In the 

basalt, the leakage-adjusted permeability is higher than the measured permeability by a factor of 

approximately 2, and the unadjusted Sr„ck is higher also by a factor of approximately 2. Comparing 

the pressure pulse decay behaviour of Tennessee sandstone and the basalt it is clear that leaks have a 

greater effect over longer times and hence have a greater effect on very low permeability rocks.

In this analysis the two end member data sets (adjusted and unadjusted pressure decay 

curves) assume that one involves zero leakage and one involves the maximum leakage, with the real 

values of permeability and specific storage bracketed in between. In Tennessee sandstone this 

bracket is only 15%, but becomes more significant in low permeability rocks.

Thus errors resulting from leaks are larger in rocks with both a relatively low permeability 

and relatively low specific storage than in the higher permeability rocks with higher specific storage.

Since leaks can only be monitored when the experiment is assembled with a dummy 

sample, permeability measurements cannot be adjusted in each experiment since leak rates for 

individual tests are not known. However, this investigation has shown that permeability 

measurements on Tennessee sandstone, which is the principal material used in this experimental 

programme, are within an error associated with leaks of 15%. Thus whilst the effect of leaks 

becomes increasingly important in very low permeability rocks, the effect of leaks in the principal 

material used in this experimental programme (Tennessee sandstone) is within the range of 

specimen variability (Tables 10.1 and 11.1) and so no further investigation of the effect of leaks was 

undertaken.
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7.4 Elastic Distortion of the Fluid Reservoir

Trimmer (1981) observed that volumetric distortion of the fluid reservoirs may be 

significant compared to the compressibility of the pore fluid. The compressive storage of the fluid 

reservoir (Su,, ) is defined as the ratio of the change of fluid volume per unit change in pressure in the 

reservoir / AP^J. Sup is a physical constant of the apparatus and can be calculated

theoretically if the rigidity of the upstream reservoir is sufficiently high (Hsieh et al. 1981). In this case, 

can be attributed to fluid compressibility (Hsieh et al. 1981) as in the following equation;

= Cflu Yjju Y  up [L2] 7.1

where is the compressibility of water, Yjiu is the specific weight of water, and is the volume of the 

upstream reservoir.

Aves (1995) calculated the effect of strain on the internal wall of high pressure tubing (hoop 

strain analysis) and concluded that for a pore fluid system o f-2500 mm^ an increase in pore fluid pressure 

of 5 MPa results in a volume increase of 1.5 mm^ in the fluid reservoir, and that therefore the increase in 

volume in the reservoir as a function of increased fluid pressure due to hoop strain is negligible. Therefore, 

the above relationship for Su,> (Equation 7.1) may be used in the analysis of permeability (Hsieh et al.

1981). 

7.5 Effect of Reservoir Volume on the Transient Pulse Permeability Measurement

The transient pressure pulse decay behaviour reflects the rock permeability, the upstream reservoir volume, 

and the poro-elastic properties of the rock. These terms are expressed by three dimensionless parameters oc, 

(3 and y  (see Chapter 4). The pore pressure at which the transient pressure pulse equilibrates is the ratio (P) 

of the compressive storage of the rock sample * A * L) to the compressive storage of the upstream 

reservoir (Ŝ ,,) (Equation 7.1). can be determined where the upstream reservoir volume (Vup ) is known 

and elastic distortion of the upstream reservoir is negligible (Hsieh et al. 1981 ; Section 7.4).

Transient pressure pulse decay tests on Tennessee sandstone typically decay to an equilibration 

pressure of approximately 85-95% of the size of the instantaneous increase in pore pressure (AP„,,). Three 

investigations were undertaken to alter experimentally the pressure decay characteristics in an attempt to 

maximise the resolution of the pressure/time curves to aid data analysis. The following boundary 

conditions were investigated:

7.5.1 the effect of changing the volume of the upstream reservoir (i.e. change Sup)

7.5.2 the effect of introducing a downstream reservoir (i.e. introduce and thus Sj)

7.5.3 the effect of the presence of a downstream reservoir (R )̂ and variation in downstream 

reservoir volume.

Both 7.5.1 and 7.5.2 investigations were undertaken in the triaxial single-ended transient pulse 

permeameter. To investigate 7.5.3 fully, a parallel investigation was undertaken using the hydrostatic

103



Chapter 7: Permeameter System Developments and Calibrations

permeameter where both upstream and downstream reservoirs exist, with pore pressure transducers located 

in both reservoirs (Chapter 6 ; Figure 6.3).

7.5.1 Effect o f Changing the Volume of Upstream Reservoir on the Transient Pulse

Measurement

In our experimental set-up the value of P may be altered experimentally by attaching additional sections 

of large bore high pressure piping of known volume to the high pressure ports closely-coupled to the 

deformation apparatus (Figure 6.2). The volumes of the high pressure pipe sections are 1560 mm^, 3060 

m m \ and 6070 mm^. Thus we can change the value of the compressive storage of the upstream reservoir 

(S„/;) and hence alter experimentally p. is a parameter required in the analysis of permeability (Hsieh et 

al. 1981) and therefore needs to be calculated for our particular experimental set-up. S„,,for three volumes 

of reservoir are given in Table 7.2

Upstream Reservoir Volume (mm^) ( m%)

2500 0.98 X 1 O'”

5560 2.2 X 10"

11,560 5 X 10"

Table 7.2: Volumes of upstream reservoir and corresponding values of compressive storage (S„,,).

To establish the effect of the volume of the upstream reservoir on the transient pulse 

permeability measurement a number of permeability measurements were made at a fixed value of 

effective pressure (40 MPa) on a single sample of Icelandic basalt using two different volumes of 

upstream reservoir and hence two different values of Ŝ ,̂.

The effect of changing reservoir volumes on the transient pressure pulse decay behaviour is 

shown in Figure 7.3. The effect of the volume of the upstream reservoir on the values of permeability 

and specific storage at a fixed value of effective pressure are shown in Table 7.3.

Decay times to the re-equilibration pressures are lower where a smaller upstream reservoir 

is used, corresponding to a higher value of p, thus emphasising that for ease of analysis of 

experimental pressure decay curves using the curve matching method (Hsieh et al. 1981; Neuzil et 

al. 1981) that a relatively small reservoir volume should be used, particularly in low permeability 

rocks with low specific storage since at small values of P (<0 .0 I) experimental and type curves 

become very similar in shape and therefore difficult to resolve manually. This is a less significant 

issue where the curve fitting computer program is employed (Chapter 4).

The volume of the upstream reservoir has no apparent effect on the value of permeability 

derived. However, measurements of specific storage are generally slightly lower, where the smaller 

upstream reservoir volume is used.
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Figure 7.3: Effect o f changing the volume of the upstream reservoir on the 

transient pressure pulse decay behaviour. Results are shown for two 

different values of upstream reservoir.

Upstream 

Reservoir 

Volume (mm'O

Permeability

(m^

Specific 

Storage (m ')

Upstream 

Reservoir 

Volume (mm^)

Permeability Specific 

Storage (m ')

5560 0 5 9 x 1 0 '* 2 ^ x  1 0 -7 2496 0.56 X 10 '* 1.3 X 10 7

5560 0 ^  xlO  '* 3/2 X 10-7 2496 U6 x lO '* 1.5 X  10

5560 O J 7 x lO '* 3/2 X 10 -7 2496 0.85 X 10 '* 3.5 X 10 '̂

5560 1.63 X 10 '* 4.5 X 10 '̂

Table 7.3; Permeability and specific storage for two values of upstream reservoir volume at a fixed 

effective pressure of 40 MPa in Iceland basalt.

7.5.2 Effect of Introducing a Small Volume o f Downstream Reservoir into the Single-

Ended Transient Pulse Permeameter

Many classic transient pressure pulse permeameters have both upstream and downstream fluid 

reservoirs. In this case the transient pressure pulse is generated in the upstream reservoir and the
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pressure pulse decay behaviour is monitored both in the upstream reservoir and the downstream 

reservoir (Brace ef a/. 1968; Trimmer 1981; Trimmer eta/. 1980).

Hsieh et al. (1981) derived analytical solutions for pressure pulse decay characteristics for a 

variety of experimental configurations, including where a downstream reservoir exists (Chapter 4; 

Figure 4.1). However, where a downstream reservoir exists (y = 1; y = oo) the effect of the 

downstream reservoir must be significant in order to obtain a fit to a curve.

In our triaxial permeameter no downstream reservoir exists since the lower deformation 

ram is solid. In order to assess the importance of the presence of a downstream reservoir, some 

experiments were conducted in the triaxial single-ended permeameter by introducing a small 

downstream fluid reservoir within the sample/deformation ram assembly. The ‘downstream 

reservoir’ was created by constructing a cylinder of hardened steel containing holes of known dimension, 

producing a downstream reservoir volume of 555 mm^, and a compressive storage (S )̂ of 2.18 x 10 m“.

The reservoir volume was designed to be 7.5 mm in length and the same diameter as the rock sample (15 

mm) so that it could be located between the lower ram and the rock sample. As such there was no pressure 

transducer to monitor pore pressure in the reservoir.

Since it was possible to analyse the transient pulse decay curves for these experiments using the 

theoretical type curves of Hsieh et al. (1981) for the case where the lower surface of the sample is an 

impermeable boundary (y = 0 ), the presence of a relatively small volume of downstream reservoir does not 

result in a measurable departure from the pressure decay behaviour for the case where no downstream 

reservoir exists.

These results demonstrate that a relatively small volume of downstream reservoir has no 

measurable effect on the transient pulse measurement, and since no pressure transducer exists in the 

downstream reservoir in the is apparatus, it was decided that there was no benefit in creating a downstream 

reservoir.

7.5.3 Effect of the Downstream Fluid Reservoir : Twin Study in the Hydrostatic

Permeameter

Using the hydrostatic permeameter a number of experiments were conducted on single samples of 

Tennessee sandstone to investigate the effect of the presence of a downstream reservoir of a 

significant volume on the transient pressure pulse decay behaviour. Two different experimental 

configurations were investigated;

• the presence of a downstream reservoir of approximately the same volume as the upstream 

reservoir (y = 1 )

• the presence of a downstream reservoir of infinite storage (y = o@).
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In the second case a downstream reservoir of infinite storage was achieved by opening the lower 

sample end to atmosphere. Transient pulse measurements conducted where two fluid reservoirs 

were present were compared with measurements made on the same rock sample but where the 

downstream reservoir was isolated from the sample (Chapter 6 ; Section 6 .3.2.5), thus creating a 

single-ended system (y= 0 ) similar to the set-up in the triaxial deformation apparatus.

In order to derive permeability and specific storage experimental transient pulse pressure 

decay curves were compared with theoretical type curves produced for the two experimental 

configurations (Hsieh er a/. 1981; Chapter 4; Figure 4.1).

7.5.3.1 Rui,=Rd; 7=1-

The transient pressure pulse decay curves for y=  1 for Tennessee sandstone are shown in Figure 7.4. 

The transient pressure pulse decayed to an equilibration pressure of approximately 0.4 - 0.5 of A 

P compared to between 0.75 and 0.95 of Pup / A P for the case where y = 0. The time to achieve 

an equilibration pressure was also longer; > 500 seconds for y = 1 compared = 120 seconds for y = 

0 .

There is an apparent delay in the downstream reservoir pressure response of approximately 

15-20 seconds, after which the pressure in the downstream reservoir increases but at a slower rate of 

increase than the pressure decay in the upstream reservoir (Figure 7.4) reflecting the time required 

for the transient pressure pulse to reach the downstream reservoir for a sample of 45 mm length.

The above experiments demonstrate that the presence of a large volume of downstream 

reservoir affects the pressure pulse decay behaviour. In contrast, the introduction of a relatively 

small volume of downstream reservoir in the triaxial deformation apparatus (Section 7.5.2) does not 

result in a departure from the theoretical solution for the case where no downstream reservoir exists

(y=  0 ).

In comparison to the single-ended transient pulse measurement method, the presence of a 

downstream reservoir volume complicates the transient pulse measurement by increasing the number 

of system parameters (i.e. need to determine Sj in the downstream reservoir) and, since this involves 

the use of more hardware, increases the likelihood of introducing new sources errors from leaks.
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 #739 U pstream  Pressure

 #739 Downstream P ressu re

qIs
3

E

300

Time (seconds)

Figure 7.4: Transient pressure pulse decay behaviour in the upstream and 

downstream fluid reservoirs for the case where y= 1.

7.5.3.2 R j has infinite storage; y=

In this case, the transient pulse decay curves decay at a much faster rate than the cases where y = 1 

or where y = 0 (Figure 7.5). In our set-up the downstream reservoir was open to atmosphere. Hence, 

the experimental pressure decay curves are expected to reduce to / A P u,, < 0. The difference in 

the values of permeability for the cases where y = 0  and y = are attributed primarily to the effective 

pressure conditions under which they were measured. For a fuller discussion of the comparison 

between the results of the permeability measurement methods see Chapter 8 .
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Figure 7.5: Transient pressure pulse decay behaviour in the upstream 

reservoir where the downstream reservoir has infinite storage (y = °°).

Permeability where y = 0 

(P,,̂  19 MPa)

Permeability where y = 00 

(P,^17- 18 MPa)

r̂ock where y = 0 

(P,^ 19 MPa)

S rock where y = 00 

(P,^17- 18 MPa)

2.3 X 10 '^m-

1.5 X  10 '̂  m"

1.3 X  10 '̂  m- 

2.2 X 1 0 '^m-

1.4 X  10 '  ̂m-

1.9 X  10 '*m- 

3.7 X 10 '  ̂m-

2.9 X 1 0 m- 

3.0 X 10 '^ m- 

3.6 X 10 '  ̂m-

10 X  10-̂  m '  

8.9 X  10-’ m ‘

6.8 X  10'  ̂m '

4.4 X  10-' m 

5.3 X  10-' m-'

6.0  X 10"' m"‘

5.8 X 10-' m-'

8.1 X 1 0 ' m-'

8.6  X 1 0 ' m-'

5.8 X 1 0 ' m-’

Table 7.4; Results of permeability and specific storage derived from transient pulse

measurements in the hydrostatic permeameter configured as a single-ended and two-ended systems. 

All measurements were made on a single sample of Tennessee sandstone (sample TEN39) at 

effective pressures of 17-18 MPa for the experiments conducted where y=o= and at 19 MPa for the 

experiments conducted where y = 0 .
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7.6 Temperature Effects

Three temperature related effects have been investigated. These are;

• the effect of the adiabatic thermal transient on the transient pulse measurement

• sensitivity of fluid viscosity to ambient temperature

• pore pressure changes associated with thermal expansion of the pore fluid

7.6.1 Effect o f the Adiabatic Thermal Transient on the Transient Pulse Measurement

Increasing the pore pressure instantaneously in the upstream reservoir in order to generate a transient 

pressure pulse causes a transient adiabatic change in temperature in the fluid reservoir which causes a 

relative increase in pore fluid pressure.

In experiments conducted in the pore fluid ram testing apparatus (Aves 1995) simulating 

the hardware response to a transient pressure pulse (Figure 7.6) the thermal transient decayed within 

10 seconds of the generation of the transient pressure pulse, and resulted in a pressure decay to less 

than 2% of A P so that the magnitude and duration of the thermal transient in are experimental 

set-up are very small.

0 .9 9 5

0 .9 9

0 . 9 8 5  +

o.̂
0 .9 8

0 . 9 7 5  -

0.97 --

0 . 9 6 5  -

0 .9 6

3 0 4 0 5 00 10 20

Time (seconds)

Figure 7.6: The duration of the thermal transient associated with the 

instantaneous change in pore pressure to generate a transient pressure 

pulse.

In their experiments on Westerly granite. Brace et al. (1968) found that the transient thermal 

effect disappeared in 1 0 - 2 0  seconds, and suggested that the best permeant would have both low

110



Chapter 7: Permeameter System Developments and Calibrations

compressibility and low viscosity, and that these two parameters should be known at the specific test 

conditions.

7.6.2 Sensitivity o f the Transient Pulse Measurement to Ambient Temperature

Bernabe (1987b) states that temperature fluctuations are the main source of noise in experimental 

permeability data and that the likelihood of errors associated with ambient temperature fluctuations 

increases over long time scales. This suggests that ambient temperature effects are likely to be more 

problematic in the measurement of low permeability rocks and during long duration deformation 

experiments.

Ambient temperature affects both fluid viscosity and, due to thermal expansion of the pore 

fluid, the fluid pressure for a given volume of water.

7.6.2.1 Water viscosity

Both analytical solutions for the transient pulse method (Hsieh et al. 1981) and Darcy’s law include 

a term to describe fluid viscosity (ji/7„). Dynamic fluid viscosity is defined as the ratio of shearing 

stress to shear motion, and is independent of velocity distribution (Bingham and Jackson 1918). 

Dynamic viscosity is expressed in units of Nsm ". The temperature dependence of | l i  flu for 

temperatures between 10 °C and 30 °C is summarised in Table 7.5 (Bingham and Jackson 1918).

Temperature (°C) Dynamic Fluid Viscosity (|J^  ̂) (mN s m'^)

10 1.304

15 1.137

19 1.028

20 1.002

21 0.975

22 0.956

25 0.891

30 0.798

Table 7.5: Viscosity of water at given temperatures. Reproduced from Bingham and Jackson

(1918).

Figure 7.7 shows the results of permeability measurements conducted at 21 °C and analysed 

using the value of | i f o r  21 °C are shown together with results for the same pressure decay curves 

measured at 21 °C but where permeability is recalculated using values of \iflu corresponding to 20 °C 

and 22 °C.
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Figure 7.7: Errors introduced in the analysis of permeability by using 

incorrect value for pLfiufor a pressure decay curve measured at 21 °C.

Thus, given the control on temperature that we have in the laboratory, the errors introduced 

in the analysis of a pressure decay curve associated with the use of a fixed value of [ijju for 21 °C for 

permeability measurements made over a temperature range of ±1 °C are <5%.

7.6.2.2 Thermal expansion o f the pore fluid; effect on pore pressure in a fixed volume

o f reservoir

To determine the effect of changes in ambient temperature on fluid pressure in a given volume of 

upstream reservoir, an experiment was conducted where ambient temperature was varied between 19 

°C - 34 ° C and the pore fluid pressure in the upstream reservoir was monitored. In this case the 

upstream reservoir contained a fluid volume of 5560 mm^ and the pore fluid was initially pressurised 

to 30 MPa.

The results (Figure 7.8) show a linear relationship between the temperature range studied 

(19 °C - 34 °C), the slope of which is 0.67 MPa/1 °C. Since the largest volume of fluid is contained 

in the upstream reservoir (i.e. the reservoir volume is 5560 mm^ compared to a typical rock sample 

pore volume of approximately 700 mm^ for Tennessee sandstone) it is important to maintain 

constant fluid temperature in the upstream reservoir, for both permeability measurements and 

undrained triaxial deformation experiments.
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Figure 7.5: Pore fluid pressure change in a fixed volume of upstream 

reservoir (5560 mm^) as a function of ambient temperature.

The pressure pulse for a typical transient pulse measurement made on Tennessee sandstone 

decays to between 0.8 and 0.95 of the instantaneous increase in pore pressure (AP„/,). In the 

transient pulse measurement for a typical AP„,, of 4 MPa the pore pressure decays by between 0.2 

MPa and 0.4 MPa to a final equilibration pressure. Hence a change in ambient temperature of 1 °C 

may result in a larger change in pore pressure in a fixed volume of reservoir than the change in 

pressure resulting from the decay of the transient pressure pulse. However, transient pulse 

permeability measurements are relatively rapid in Tennessee sandstone reducing the likelihood of 

the occurrence of changes in the ambient temperature.

Solution to temperature sensitivity 

In order to minimise temperature variations in my experiments an air conditioner was installed 

within the safety cubicle housing the triaxial deformation apparatus and permeameter system. 

Measurements show that ambient temperature in the safety cubicle is maintained to ±1 °C over the 

period of a working day. This small temperature fluctuation was calculated to have a negligible 

effect on both the fluid pressure in a specific volume of the upstream reservoir over the time scale of 

a single transient pulse permeability measurement in Tennessee sandstone, and the fluid viscosity 

during the transient pulse measurements.
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7.7 Effect of the Size of the Instantaneous Pore Pressure Increase to Generate a Transient 

Pressure Pulse

Brace et al. (1968) determined that the transient pressure pulse should be small in relation to the 

background pore fluid pressure, as both fluid viscosity and fluid compressibility vary with pressure, so that 

a significant difference in the pore pressure in the upstream and downstream reservoirs could result in a 

variation of these two properties along the sample length. Perhaps more significantly, since permeability is 

known to be very sensitive to effective pressure (Bernabe 1986; 1987a), large changes in APyz„ may change 

the local effective pressure conditions in the sample and hence alter both the permeability and specific 

storage.

The transient increase in pore pressure generated to make the transient pulse measurement 

changes the local effective pressure conditions. The amount of change in the effective pressure (P^) 

reduces with time as the transient pressure pulse decays. However, because of the effective pressure 

sensitivity of permeability, a sufficiently small transient pulse must be selected to minimise the effect 

of the transient pulse itself on the effective pressure conditions, yet the transient pulse must be 

sufficiently large to be measurable within the resolution of the pressure transducers. Brace et al. 

(1968) and Bernabe (1987a) suggest that the size of the instantaneous increase in pore pressure 

(AP„/,) should be less than a maximum of 10% of the pore fluid pressure in order to minimise 

changes in local effective pressure while providing a measurable decay curve.

A series of experiments were conducted on a single rock sample of Tennessee sandstone at a 

of 40 MPa, achieved through the combination of P(„„:P/z„ of 70:30 MPa respectively, to 

investigate the effect of changing the magnitude AP„/, on the pressure decay behaviour and on the 

values of permeability and specific storage derived. Three values of AP„/, were investigated; 2 MPa, 

4 MPa and 10.4 MPa, which correspond to 6 .6 %, 13.3% and 34.6% of the pore fluid pressure 

respectively, and to 5%, 10% and 26% of the effective pressure respectively.

Figure 7.10 shows a slight sensitivity of permeability to AP„/, , with a general small increase 

in permeability with increasing AP ,̂,. However, appears to be more sensitive to AP„/; , with an 

increase in by a factor of -1.6 as AP„p is increased from 1.7 MPa to 10.4 MPa. Figure 7.9 

shows the effect of AP„̂ , on the pressure decay behaviour of the transient pulse measurement. A 

larger AP„/, results in longer times to achieve an equilibration pressure. This results in a higher 

value of P, and hence a higher value of Sr„ck- This demonstrates that the transient pressure pulse 

itself affects both the poro-elastic properties of porous materials, and that a large AP„,, changes the 

local effective pressure conditions, thus changing the permeability. Therefore a smaller APup is 

important for a number of reasons. Firstly, it minimises change in the effective pressure (P^) 

conditions for the duration of the measurement and hence also minimises the effect of the transient 

pressure pulse measurement itself on rock poro-elastic properties (which may change Srock)- 

Secondly, a small AP ,̂, slightly reduces the time required for the transient pulse measurement to achieve
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an equilibration pressure, and is thus desirable to reduce the possibility of introducing errors associated 

with leaks or thermal fluctuations which increases with time. In this experimental programme a fixed

value of APu„ o f -3  MPa has been used.

A P ,.n = 1 0  M P a

--------------- D elta  P = 1 .7 M P a

--------------- D elta  P = 1 .7  M P a

D elta  P = 4 M P a
D elta  P = 4 M P a

-------------- D elta  P = 1 0 .4  M P a
—  - —  - D elta  P = 1 0 .4  M P a
—  - —  - D elta  P = 1 0 .4  M P a

50  100

Tim  e ( s e c o n d s )

Figure 7.9: Effect o f the size of the instantaneous change in pore fluid 

pressure (APu,,) of the transient pulse measurement on the pressure 

decay behaviour in Tennessee sandstone.
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Figure 7.10: Effect of the size of the instantaneous change in pore fluid 

pressure (AP^p ) o f the transient pulse measurement on permeability and
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specific storage in a single sample o f Tennessee sandstone at P ĵf 40 

MPa. Three sizes o f AP^p were investigated.

7.8 Permeameter Range : the Range of Permeability Values Measurable

Theoretically, the transient pulse permeability measurement may be used in rocks of any 

permeability. In practice, upper and lower limits for the use of the transient pulse permeability 

measurement method are defined by practical considerations. For example, in this experimental 

programme, the upper limit of permeability is constrained by the speed at which the pressure decay 

may be logged. Furthermore, in high permeability rocks the adiabatic thermal transient may last 

longer than the time taken for the transient pressure pulse to decay. However, the use of high 

viscosity permeants, such as refined mineral oils, may extend the range of measurable permeabilities 

(for example up to 10'"* m"; Main et al. 1996; Crawford 1998).

The limit of lower permeabilities measurable using this single-ended transient pulse 

permeameter are restricted further by long measurement times. Trimmer et al. (1980) report the use 

of the transient pulse method in rocks of permeabilities as low as lO'""* m”. However, an individual 

transient pressure pulse required up to 6 months to achieve a non-changing equilibration pressure. 

The lower limit of measurable permeabilities is determined by the ability of the experimenter to 

maintain constant ambient temperature and the integrity of seals an connection in the deformation 

apparatus and pore fluid system. To some extent measurement times can be reduced by minimising 

the volume of the upstream reservoir. Furthermore those experiments conducted where permeability 

was measured during triaxial deformation required constant observation, and as such introduce a 

limit to the amount of time which can be invested in any single experiment.

Within this experimental programme four main rock types were used for permeability 

measurements. These are Tennessee sandstone. Westerly granite, Iceland basalt and Carrara marble. 

The table below shows the values of permeability and specific storage accessed within the range of 

the single-ended permeameter system under hydrostatic stress conditions. A comparison between 

permeability derived using the novel single-ended transient pulse method and the steady state flow 

method will be discussed in full in Chapter 8.

Rock Type Permeability at given Srock at given P,ff

Tennessee

sandstone

3.0 X 10'*^m-@ 20 MPa

3.4 X 10'‘®m^@ 20M Pa

3.1 X 1 0 m^ @ 20 MPa

3.4 X 10''^m^@ 20 MPa

11.0 X 1 0 '^ m '' @ 20 MPa 

9.6 X 1 0 '"^m '' @ 20 MPa

9.4 X 10 '"̂ m '' @ 20 MPa

8.5 X 10'^ m '‘ @ 20 MPa

Westerly granite 1.1 X 10'-" m^ @ 20 MPa 1.6 X 10'^ m '' @ 20 MPa
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3.9 X 10 -" m^@ 20 MPa 0.6 X 10 '̂  m  ' @ 20 MPa

Iceland basalt 1.7x 10-'^m- @ 24 MPa 

1.6x 10-'^m^ @ 24 MPa

3.0 X 10 '̂  m ' @ 24 MPa 

3.3 X 10 '^m  ' @ 24 MPa

Carrara marble 8.5 X 10'^" m- @ 20 MPa 

5.0 X 10'-" m^ @ 20 MPa 

7.3 X 10'^"m^@ 20 MPa

1.5 X 10 '̂  m ' @ 10 MPa 

1.1 X lO '^m  ' @ 10MPa 

3.8 X 10 '̂  m ' @ 10 MPa

Table 7.6: Compilation of different rock types and their permeabilities and specific storage values 

measured in the single-ended transient pulse permeameter system under hydrostatic stress conditions 

at given effective pressures.

7.9 Leakage of fluid along sample/ jacket interface

For the transient pulse measurement method it is important to ensure that the pressure pulse behaviour 

reflects the permeability and specific storage of the rock sample and not effects introduced through 

leakage of fluid between the rock sample and the copper jacket. As the triaxial permeameter is 

single-ended there is no simple method to determine leakage between the sample and jacket. 

However, permeability measurements made using the transient pulse method have been compared 

with those made using the steady state flow method in the hydrostatic permeameter which yield very 

similar values of permeability (see Chapter 8 for a full discussion), thus confirming the integrity of 

the transient pulse measurement made in the triaxial deformation apparatus. Furthermore, to 

minimise the risk of leakage, rock samples were coated in a PTFE taping to fill any gap that may have 

been present between the sample and copper jacket. Kranz et al. (1979) determined that a minimum 

difference between and of 5 MPa was necessary to inhibit surface flow between the jacket and the 

sample. For this study, a minimum P^^of 20 MPa was used in order to minimise the risk of leakage of 

pore fluid between the rock sample and the copper jacket.

7.10 Permeability Dependence on Sample Length

Steady state flow measurements of permeability show an aspect ratio dependence (J. Bloomfield, 

per s. comm.). Does a sample length dependence exist for the transient pulse method? To 

investigate the effect of sample length on the measurement of permeability using the transient pulse 

method a series of calibration experiments were conducted by measuring permeability at a single 

effective pressure (40 MPa) on rock samples of different lengths (35 mm, 45 mm and 51 mm).

The results show that both permeability and specific storage show no sample length 

dependence, and any variation is within the limits of sample variability (TableSl2.l). However since 

these experiments were conducted using the triaxial deformation apparatus, and thus were 

destructive to the rock samples, the use of different samples in this analysis may mask any sample
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length dependence owing to sample variability. Experiments to investigate sample length 

dependence should be repeated in the hydrostatic permeameter using a single rock sample. In this 

case the experiments are non-destructive to the rock sample so that the sample length can be reduced 

between individual experiments.

Sample Sample length (mm) Permeability (m") Specific Storage

(m"')

T095 51 2.3 X 10'’* m^ 4.5 X IQ-̂

Ten 18 45 1.9 X 10''* m- 5.8 X 10'^

Ten21 2.1 X 10'’  ̂m^ 5.3 X 10'^

Ten25/T115 35 2.7 X 10 '^ m- 3.7 X 10'^

Tenl5/T105 35.85 0.5 X 10 '  ̂m- 5.2 X 10'^

Table 7.7: Results of permeability and specific storage for samples of different sample lengths under 

hydrostatic stress conditions at effective confining pressure of 40 MPa.

7.11 Non-Steady State Microstructure During Transient Pulse Measurements During 

Dilatancy

To conduct a transient pulse permeability measurement during triaxial deformation, the 

displacement of the deformation ram is stopped. The transient pulse permeability measurement can 

only be interpreted if the internal structure of the rock, and hence the permeability and specific 

storage remain constant for the duration of the measurement. It was found experimentally that 

stopping the deformation ram does not lead to steady state conditions in the rock, in particular close 

to the peak stress where dilatancy is significant. Instead when the deformation ram was stopped, 

stored elastic energy was released from the deformation ram and absorbed in the rock though 

continued microcracking. Therefore the rock continues to deform at progressively lower strain rates. 

It was found to be impracticable to wait for the strain rate to decrease sufficiently to allow the 

measurement of permeability in this case. Since traixial compression deformation experiments with 

permeability measurements typically last up to 10 hours, long wait times are highly undesirable. In 

order to reduce the length of time for these experiments an investigation was undertaken to develop a 

methodology for measuring permeability at high levels of differential stress.

It was considered that stable, or steady-state, conditions in the rock sample were achieved if 

the pore pressure in the sample remained constant when the rock sample and reservoir were isolated 

from the intensifier by closing the RO valve before a transient pulse was generated.

In Figure 7.11 those measurements labelled ‘dilatancy’ highlight the effect of stress 

relaxation of the deformation ram on the transient pulse pressure decay behaviour. Since the 

pressure decay curves do not attain a non-changing equilibration pressure this suggests that the 

microstructure, permeability and Sr„ck are therefore not constant for the duration of the measurement.
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In this case, the permeability cannot be accurately interpreted (Hsieh et al. 1981). In contrast those 

measurements made during compaction and stable sliding on the fault achieve a non-changing 

equilibration pressure and can therefore be interpreted reliably.

0.9
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Stable sliding
0 .6  -r No equilibration pressure
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------------- com  paction
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“  dilatancy 

------------ stable sliding

100 200  300 400
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Figure 7.11: Ejfect of dilatancy on the transient pulse pressure decay 

curves. No equilibration pressure is achieved during dilatancy and so 

the transient pulse permeability measurement cannot be interpreted.

Since significant changes in the rock microstructure occur during dilatancy it is highly desirable to 

develop a methodology to measure the permeability and specific storage at this point in the 

deformation history. In an attempt to address the problem of the stress relaxation leading to non-stable 

conditions in the rock sample a number of investigations were undertaken and are discussed in the next 

section.

7.11.1 Investigation to Develop a Procedure in Order to Achieve Stable Conditions in 

the Rock Sample to Permit the Measurement o f Permeability and Specific Storage 

During Dilatancy

Initially, attempts were made to switch controls on the actuator servo-control 1er from a fixed piston 

position control to load control for the duration of the permeability measurement. However, changing 

controls on the actuator servo-controller was unreliable and frequently resulted in a sudden increase or 

decrease in applied axial load, sometimes loading the sample to failure, or offloading. Both effects were
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found to be intolerable since permeability and specific storage were found to be sensitive to stress path 

(Chapter 11: Section 11.9).

In order to achieve steady state conditions in the sample it was necessary to reduce the axial 

load, following a standardised procedure, in such a way that each measurement was made at 

successively higher axial strain. When a stable state of stress and strain were achieved in the sample 

the transient pulse permeability measurement was conduced.

Up to the point of the onset of dilatant microcracking, denoted by D, it was possible to make 

permeability measurements by simply stopping the deformation ram displacement, i.e. following a 

normal axial loading path. Once dilatant microcracking begins, and particularly when dilatancy 

becomes dominant over compaction, two types of experimental procedure were devised. These were:

• reduction of the axial load to a fixed value of differential stress and permeability measured 

(Figure 7.12a). In this case a number of permeability measurements were made at the same level 

of differential stress but at different states of strain during dilatancy;

• reduction of the axial load to the differential stress corresponding to the differential stress on the 

normal axial loading path at which the previous procedure of reducing the axial load was 

undertaken and permeability measured (Figure 7.12b). In this case, the first permeability 

measurement made during dilatancy was made where the axial load was reduced to the 

differential stress at which the last permeability measurement was made on the normal axial 

loading path (Figure 7.12b; this measurement is denoted by a t). Importantly, in this case, all 

subsequent permeability measurements were made at successively higher values of differential 

stress

Once the permeability measurement was made at the value of reduced differential stress, the 

axial load was then returned to the value of differential stress as before the load was reduced, and 

normal axial loading resumed until the next point where the next permeability measurement was to 

be made.
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Figure 7.12: Schematic diagram of stress-strain curves showing two

different procedures for reducing the axial load during deformation 

undertaken in order to achieve steady-state conditions in the rock sample 

in order to make transient pulse permeability measurements during 

dilatancy (see text for details). Stars denote points in stress-strain space at 

which permeability measurements were made. See text for details.

7.11.2 Results o f the Effect o f Offloading Applied Axial Load to a Fixed Value o f 

Differential Stress

The results o f the permeability and specific storage measurements are categorised into those made 

under the fo llow ing axial loading paths

1 Normal axial loading path

2 Reduce axial load from normal axial loading path to 175 M Pa differential stress
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3 Reduce axial load from normal axial loading path to 225 MPa.

For example, four separate measurements of permeability were made at a fixed differential stress of 

175 MPa but over a range of approximately -0.8% axial strain.

In Figures 7.13a and b, the effect of reducing the differential stress to a fixed value of 175 

MPa on permeability and specific storage is emphasised in the four measurements made after the 

onset of dilatancy, denoted by D. The form of the permeability and specific storage behaviour 

following the normal axial loading path has been constrained from numerous experiments conducted 

during triaxial deformation and is intended for use as a general trend only. For a full discussion see 

Chapter 11.

Within the scope of experimental error, all permeability and specific storage measurements 

made where the axial load was reduced to 175 MPa differential stress are approximately constant 

despite the accumulation of approximately 0.8% axial strain between the first measurement where 

the differential stress was reduced (or ‘offloaded’) and the final measurement made where the 

differential stress was offloaded(Figures 7.13a and b).

The re-application of the axial load back to the normal axial loading path, i.e. those 

measurements made at differential stresses of -200 MPa and 235 MPa, results in a significant 

increase in specific storage from the measurement made at the offloaded differential stress of 175 

MPa, emphasising the role of the differential stress in maintaining dilatant microcracks relatively 

‘open’. Axial load appears to exert a stronger effect on specific storage than on permeability. The 

‘low’ values of permeability relative to the ‘normal’ experiment may reflect an increase in fluid 

pathway tortuosity due to the relative closure of axially-aligned stress-induced dilatant microcrack- 

type fluid pathways. The reduction in specific storage with a reduction in differential stress reflects 

both a relative decrease in pore volume and a decrease in compressibility due to crack closure. 

These processes will be more fully discussed in Chapter 11.

The distinct difference between the permeability and specific storage measurements made 

on the ‘normal’ stress path and the measurements made where the axial load was reduced to a fixed 

value of differential stress reflects the role of the non-hydrostatic stress field (differential stress) in 

controlling the relative opening or closure of stress-induced axially-aligned microcracks where the 

effective pressure (hydrostatic stress) is maintained constant.

Since both permeability and specific storage appear to be approximately constant when the 

axial load was reduced to a fixed value but at different states of axial strain, this methodology is not 

considered to be a useful tool for exploring permeability and specific storage changes during 

dilatancy, as changes in both properties appear to be masked as axial microcracks close with the 

reduction in the applied axial stress. However, this experiment type does emphasise the significant 

role of the differential stress in controlling both permeability and specific storage during dilatancy 

when the hydrostatic stress is constant. In Chapter 11 the effects of both the hydrostatic and non

hydrostatic stress components on permeability and specific storage will be discussed in detail.
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Figure 7.13: The ejfect on a) permeability and b) specific storage o f reducing 

the differential stress (or ‘offloading’) to fixed values (175 MPa and 225 MPa) 

during dilatancy (sample TEN 16). Both properties are plotted as a function o f 

differential stress in order to compare measurements made over a range of 

axial strain (-0.8%) at a fixed value o f differential stress (sample TEN 16).
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7.11.3 Results o f the Effect o f Reducing the Axial Load to the Differential Stress 

Corresponding to the Differential Stress on the Normal Loading Path at which the 

Previous Procedure o f Reducing the Axial Load was Undertaken and Permeability 
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Figure 11.14: The effect on a) permeability and b) specific storage o f reducing 

the differential stress from the normal loading path during dilatancy. In this 

case, each sequential measurement is made at successively higher differential
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stresses (sample TEN27). Experiments conducted following this loading 

procedure are considered to be representative o f a ‘normal ’ loading path and 

will be referred to as such throughout the thesis.

Figures 7.14a and b show the evolution of permeability and specific storage as a function of axial 

strain. All data are normalised to the values of permeability and specific storage initially measured 

under hydrostatic stress conditions at the start of the experiment, i.e. the initial starting permeability 

and specific storage (see Tables 10.1 and 11.1). Measurements are categorised into those made 

following the normal axial loading path and those made where the axial load was reduced to the 

differential stress at which the last permeability and specific storage measurements were made 

following the sample procedure of reducing the axial load (Figure 7.12b).

Both permeability and specific storage generally increase as each measurement is made at 

sequentially higher differential stresses, so that at each point that the permeability measurement is 

made, reducing the differential stress to the previous differential stress at which an offloading 

procedure was conducted, results in relatively less closure of axial microcracks than the former 

procedure (Figure 7.12a).

Both test types exploring the effect of reducing the axial load on the evolution of permeability and 

specific storage during dilatancy emphasise both the difficulty in making such measurements, and 

the complexity of changes in the permeability and pore structure as peak stress is approached. Both 

permeability and specific storage decrease as axial load is reduced due to the relative closure of 

axially aligned dilatant microcracks. However, in the second type of experiment, since permeability 

and specific storage are measured at sequentially higher levels of differential stress, both properties 

generally increase as peak stress is approached. These measurements may still underestimate both 

properties at a given value of axial strain as reducing the axial load results in the relative closure of 

axial microcracks. However, this second methodology is considered to be the more useful technique 

for exploring permeability and specific storage changes during dilatancy and is the methodology 

adopted throughout this experimental programme. Thus, in all subsequent analyses, measurements 

derived following this methodology will be described as measurements made following a ‘normal’ 

loading path.

Furthermore, these investigations have emphasised the significant role of the axial 

differential stress in controlling permeability and specific storage. The roles of the non-hydrostatic 

stresses in controlling permeability will be fully discussed in Chapter 11.

7.12 Chapter Summary

This chapter documents the principal technical problems encountered and considerations undertaken 

whilst establishing the single-ended transient pulse permeameter, and outlines a number of
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practicalities in making transient pulse permeability measurements. A number of key factors which 

affect the measurement of permeability have been highlighted and discussed. Factors include effects 

resulting from the compressive storage of the pore fluid reservoir, the effect of a downstream 

reservoir, the effect of the magnitude of the instantaneous change in pore fluid pressure of the 

transient pulse measurement, the effects of temperature in terms of the adiabatic thermal change 

associated with generating a transient pressure pulse and ambient temperature effects, the possibility 

of leakage of pore fluid between the jacket and sample, and the effect of active dilatancy during the 

measurement of permeability.

All permeability and specific storage measurements are within an accuracy of +/-10%. 

However, the errors are potentially higher at higher levels of stress (i.e. as peak differential stress is 

approached) because the damaged state of the rock is changing most rapidly under these conditions. 

However, by implementing the method of unloading the axial stress, discussed in detail in Section 

7.11, we are confident that this reduces the errors at the highest stress levels to similar levels to those 

at low levels of stress.
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Chapter 8

8 Results I: Viability of the Single-Ended Transient Pulse Measurement

Figure 8.1 shows the results of measurements of permeability derived using the steady state flow 

method and the transient pulse method using two different experimental configurations (where y = 0 

and Y = °°; Hsieh et al. 1981 ; Chapter 4) on a single sample of Tennessee sandstone.
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Figure 8.1: Comparison of permeabilities derived using the steady state flow,

single-ended transient pulse (y= 0) and double-ended transient pulse where / =  <», 

plotted as a function o f effective pressure. All measurements were made on a 

single sample of Tennessee sandstone.

There is some small difference in the values of permeability obtained from the steady state 

and the two transient pulse measurements. Although there is some significant spread in the data 

particularly in the transient pulse permeability measurements. The difference between the 

measurement methods may be due, in part, to the effective pressure sensitivity of permeability.

However, since the principal objective of this thesis to determine relative permeability 

changes in experiments using only one measurement method in any given experiment, in the
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following three chapters, it will be clearly stated at the start of each chapter which permeability 

measurement method was used.

However, these results demonstrate that in future investigations attempts should be made to 

minimise further any differences between values of permeability derived from different measurement 

methods.
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Chapter 9

Experimental Results II: Influence of Crack Damage and Crack Density 

on Permeability

9.1 Introduction

A series of experiments were conducted to determine the effect of changes in crack damage on the 

evolution of permeability. In order to study this a suite of rocks containing different amounts of 

isotropic crack damage were created using heat treatment. Because of thermal expansion mismatch 

and the anomalously high volumetric expansion of quartz, heat treatment can result in thermally-

induced microcracking, which is approximately isotropic at the level of microstructural isotropy. In

these experiments three different materials were used; Westerly granite, Ailsa Craig microgranite 

and a basalt from Iceland. The microcracking was monitored by means of acoustic emission 

measurements, and was also characterised by acoustic wave velocity measurements in the heat 

treated samples, conducted by Dr. Colin Jones (Heriot-Watt University). Subsequent to heat 

treatment the fluid permeability of the rocks was measured under hydrostatic stress conditions using 

the steady state flow method.

9.2 Experimental Procedures

Right cylindrical oven-dried rock samples of 38 mm diameter by 38 mm length were heated at a rate 

of l°C/min to various peak heat treatment temperatures up to 900°C at ambient pressure. Once the 

selected peak temperature was reached the samples were held at peak temperature for an hour before 

being cooled at 1°C /min to room temperature. A low rate of heating was established to ensure that 

cracking events were the result of temperature alone and not due to thermal gradients across the 

sample. Thermally-induced microcracking was monitored through recording the acoustic emissions 

(AE) during heat treatment. Data from acoustic emission (AE) monitoring was used to relate the 

main periods of thermal cracking to heat treatment temperature. Before and after heat treatment, 

ultrasonic compressional and shear wave velocities were measured on the Westerly granite and the 

Iceland basalt by Dr. Colin Jones. From the changes in velocities a crack density parameter was 

calculated by Dr. Jones using the method of O’Connell and Budiansky (1974). The fluid 

permeability of heat treated samples was then measured by both Dr. Colin Jones and myself in the 

hydrostatic permeameter (Chapter 6), using the steady state flow through measurement method. 

Table 9.1 summarises the effective pressure conditions at which fluid permeability measurements 

were made. All measurements were conducted at room temperature.
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Rock Sample Simple Effective Pressure (where = P,.„„ - ) for 

Permeability Measurements (MPa)

Westerly granite P e o n  30 MPa, P f i u  15 MPa; P ^  15 MPa

Ailsa Craig Microgranite P , „ n  20 MPa, P f l ,  5 MPa; P ^  15 MPa

Iceland Basalt PcoM 90 MPa, P f i u  30 MPa; P^^O MPa

Table 9.1 : Experimental conditions for the measurement of fluid permeability.

9.3 Experimental Results

In Figures 9.1a and 9.2a permeability is normalised to the starting permeability of each individual 

non-heat-treated sample (k/,,/k,„). In Figure 9.3a the permeability data is not normalised as the 

initial permeability was very low and was not resolvable using the steady state flow technique in this 

experimental programme.

The results of the acoustic emission experiments are plotted as AE event rate and 

cumulative acoustic energy in order to relate the principal thermal cracking events to the heat 

treatment temperature at which the cracking occurred. Acoustic energy is plotted in arbitrary units 

and is calculated by the AE analyser from the area under the envelope of the AE waveform. The 

acoustic energy is the average amplitude of the acoustic event multiplied by the duration of the event. 

A full description of the acoustic emission results for the basalt and Ailsa Craig microgranite are 

given in Jones et al. (1997). Here we concentrate on using the data from the AE measurements to 

relate the main periods of cracking to changes in permeability.

9.3.1 Results from the Iceland Basalt

Comparing the permeability and AE results in Figure 9.1 we can discern three phases of 

permeability evolution with cumulative acoustic emission (AE), corresponding to 0°C - 300 °C, 300 

°C - 700 °C, and above 700 °C. Up to 300 ®C the acoustic emission data shows some new crack 

growth but which results in no detectable change in permeability. Between 300 °C and 700 °C 

cumulative AE energy increases by a factor of 4, but permeability increases by a factor of almost 9 

following an empirically determined exponential law with an exponent of 0.005. However, the most 

significant increase in permeability occurs above 700 °C, following an exponential law with a higher 

exponent of 0.014. This supra-exponential phase is associated with less than 10% of the total 

emitted acoustic energy. This suggests that above 700 °C that relatively few new cracks are needed 

to cause the connectivity of existing cracks to increase significantly.
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Figure 9.1: a) Normalised permeability, and b) cumulative acoustic energy and 

AE event rate as a function o f heat treatment temperature for the Iceland basalt.

The permeability is grouped into 3 families and exponential best fits applied to the 

two families of higher heat treatment temperatures.

9.3.2 Results from Westerly granite

As with the basalt three distinct phases o f permeability evolution with heat treatment temperature 

may be identified in Figure 9.2a for W esterly granite and can be correlated with significantly
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different phases of crack growth indicated by the cumulative AE plots in Figures 9.2b and 9.2c. Up 

to 300 °C there is little change in the permeability, associated with small amounts of cracking, 

although significantly, a separate slight decrease in permeability occurs associated with the broad 

peak of low energy AE events centred around 100 °C. This result may reflect a permeability 

reduction associated with the relative closure of pre-existing cracks and grain boundaries as the 

minerals begin to expand. Both Darot et al. (1992) and Glover et al. (1995) observed a 2 - 3 fold 

reduction in permeability in La Peyratte granite between non-heat treated samples and those heated 

to l25°C .
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Figure 9.2: a) Permeability as a function of heat treatment temperature, and b) 

cumulative acoustic energy and AE event rate as a function of heat treatment 

temperature for the Westerly granite for the whole temperature range (20°C - 800 

°C) and c) from 20 °C - 400 °C. As with the basalt, the permeability’ is grouped 

into 3 families and exponential best fits applied.

Between 300 °C and 700 °C, permeability increases exponentially, with an exponent of 

0.012, by over two orders of magnitude. This phase is associated with the accumulation of -35% of 

the total emitted energy (Table 9.2), and incorporates the a/(3 transition in quartz. Very large 

increases in permeability occur above 700 °C, following an exponential law with a higher exponent 

of 0.034. Between room temperature to 800 °C, permeability increases by almost 5 orders of 

magnitude. In the case of Westerly granite above 600 °C, and particularly above 700 °C 

permeability changes are associated with significant cracking, and enhanced crack linkage.

9.3.3 Ailsa Craig Microgranite

Figures 9.3a and b show the permeability and the AE data as a function of heat treatment 

temperature. No permeability measurements exist for samples of Ailsa Craig microgranite heated to 

peak heat treatment temperatures up to 500 °C due to the exceptionally low permeability which was 

not measurable using the steady state flow permeability measurement method with the equipment 

available at the time that these experiments were conducted. For this reason permeability
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measurements in this case are not normalised. However, from the AE data it is clear that significant 

cracking has occurred by the time the sample has been heat treated to 400 °C.
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Figure 9.3: a) Permeability as a function of heat treatment temperature, and b) 

cumulative acoustic energy and AE event rate as a function of heat treatment 

temperature for the Ailsa Craig microgranite.

In this case three phases of evolution can again be identified. At heat treatment 

temperatures up to 400  °C permeability remains immeasurably low, even though substantial new  

crack growth has occurred, as evidenced by the accumulation o f approxim ately 80% of the total
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emitted cumulative acoustic energy. Between 400 °C and 500 °C there is a relatively small further 

increase in crack density which results in sufficient enhancement of the crack network connectivity 

to render the permeability of the sample measurable.

Between 500 °C and 900 °C there is a significant increase in permeability by more than 

three orders of magnitude corresponding to only approximately 15% of the total AE energy emitted 

over the whole experiment.

Thus, in the case of Westerly granite, significant permeability enhancement at the higher 

heat treatment temperatures (700 °C - 800 °C) is a result of both significant new cracking and crack 

linkage. Whereas in the case of the Ailsa Craig microgranite and the basalt, significant 

enhancement of the existing crack network occurs despite the creation of relatively few new cracks.

Rock Type Grain Size Total

Energy

(arbitrary

units)

Significant Peaks of 

Energy Release

Change in 

Permeability

Westerly

granite

0.75 mm 70,000 570 and 700 °C 49,241 (20 °C - 800 

=C)

Ailsa Craig 

microgranite

0.15 mm 

(quartz)

0.2 mm (K- 

fsp)

210,000 170-350 °C 

610 - 640 °C 

700 °C

2362 (500 °C - 900

°C)

Iceland

basalt

0.15 mm 

(plagioclase 

and cpx)

40,000 380 °C 

450 °C 

540 °C 

580 °C

38 (20 °C - 800 °C)

Table 9.2; Summary of AE data and permeability changes in the three heat treated rocks.

9.4 Permeability Relationships with Crack Density and with Porosity

A crack density parameter (CDP) analysis conducted by Dr. Colin Jones was used to highlight the 

role of connectivity in enhancing permeability. For a full description of the analysis method see 

Jones et al. (1997).

In both the basalt and the Westerly granite, as with the relationship between permeability 

and heat treatment temperature, two exponential relationships between permeability and CDP are
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identified which possess higher exponents at the higher values o f CDP (Figures 9.4a and 9.4b). In 

W esterly granite above a critical CDP of 0 .4  significant permeability enhancem ent occurs for a given  

change in CDP.

Thus in both materials, permeability change is not a sim ple function o f crack density, but is 

dependent upon critical changes in the connectivity o f the crack network. A s such the measurement 

o f crack density alone does not describe the evolution o f permeability over the full range o f crack 

densities in these experiments.
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Figure 9.4: Permeability change as a function of crack density parameter (CDP) 

in heat treated rock samples of a) and the Iceland basalt, and b) Westerly granite. 

CDP data supplied by Dr. Colin Jones.
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In sam ples ot heat treated W esterly granite and A ilsa Craig microgranite, porosity increases 

exponentially with increasing heat treatment temperature (Figure 9 .5). However, unlike the 

evolution o f permeability as a function o f CDP or heat treatment temperature, a single exponential fit 

holds well over the whole range o f heat treatment temperatures. In contrast to the porosity 

evolution, permeability increase at a critical heat treatment temperature, or crack density, becomes 

supra-exponential.
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Figure 9.5: Log interconnected fluid porosity as a function of heat treated rock 

samples of Ailsa Craig microgranite and Westerly granite.

When log permeability is plotted as a function o f log porosity (Figure 9 .6), as with the 

permeability versus CDP relationship, tw o fam ilies o f permeability-porosity relationships are 

identified for W esterly granite and A ilsa Craig microgranite. In each fam ily, perm eability increases 

with increasing porosity according to an em pirically determined power law (Figure 9 .6). The power 

law exponents are summarised in Table 9.3.
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Figure 9.6: Log permeability as a function of log interconnected fluid porosity in 

heat treated samples of Ailsa Craig microgranite and Westerly granite. The 

temperatures (annotated) approximately correspond to the change in slope of the 

permeability- porosity' relationship.

Rock Type Low Temperature Exponent High Temperature Exponent

Ailsa Craig 1.9 6.7

Westerly granite 1.4 8.5

Table 9.3: Exponents of the power law fits for the two families of permeability-porosity

relationships identified in heat treated Westerly granite and Ailsa Craig microgranite.

Thus for both materials, no single simple relationship exists between porosity and 

permeability over the range of porosities in these samples (i.e. 0.25 - 3.1 in Westerly granite and 

0.76 - 4.9 % in Ailsa Craig microgranite). This result emphasises that the relationship between 

permeabil/^nd|»ro£ify and permeabili^nd crack density are very complex. This is because some 

cracks conlrriiute to the pore volume but do not contribute to the interconnectivity of the pore 

network, and thus do not control the permeability.

Phillips (1991) shows for a permeable and porous model material, consisting of either tube 

or crack type pores, that permeability is proportional to the square of the average diameter of the 

pore structure through which the fluid flows. In our case, the pore structure comprises microcracks.

Four cases of porous-permeable model media are given. These are:

1 Parallel tubes of equal diameter, %, inclined at angle 0 to the pressure gradient;
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k = — .cos^e 
32

where (j) is the porosity and k the permeability.

2 Randomly oriented tubes of equal diameter (%);

<I>Z'

9.1

k  =

3

k  =

4

k  =

96
9.2

Parallel fractures of width % and spacing 1q;

%0X  ____
12 I2/„

Isotropic assembly of plane fractures;

9.3

9.4

9.5

36

In all cases;

- - r  
<t>

Thus each relationship takes a similar form, with a small difference in the numerical factor, so that 

all cases may be as summarised as k / (|) «: %̂. Thus, following Equation 9.5, quotients of k /  (j) for 

relatively low values of heat treatment temperature (i.e. low (j)) and for relatively high heat treatment 

temperatures (high (j)) may be derived. The quotients of k / (|) are proportional to the square of the 

aperture of cracks. These results are summarised in Table 9.4. In both Westerly granite and Ailsa 

Craig microgranite a change in porosity of between -3  - 4% results in an increase in the average 

crack aperture of over an order of magnitude. Thus, significant increases in the mean size of the 

pore structure (in our case crack aperture) occur at relatively high heat treatment temperatures. 

Thus, permeability enhancement at relatively high heat treatment temperatures is associated with 

both an increase in crack density, but also with an increase in the average crack aperture. Locally 

however, crack apertures may be significantly larger, indeed qualitative microstructural observations 

of heat-treated samples of Westerly granite strongly confirm that between 600 °C and 800 °C that 

both significant new cracking and widening of crack apertures occurs (Figure 9.9).

Sample 4)(%) X (Average crack aperture, m)

Westerly granite 0.25 5 X 10 -9

Westerly granite 3.11 9 x  10-8

Ailsa Craig 0.76 1.7 X lO'^

Ailsa Craig 4.9 3 X 10 -8

Table 9.4; Change in average crack aperture with heat treatment.
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9.5 Microstructural Observations of Heat-Treated Samples

Five principal crack t>pes have been identified and are summarised in Figure 9.7. Cracks 

which originate at grain boundaries and propagate into the grain are termed grain boundary- 

intragranular (G B-IN T) microcracks.

1 = grain boundar ie s  c ons i der ed  to be cracked ( G B C
2 = grain boundar y- int ra gr anular  ( G B - I N T )
3 = true intragranuiar ( I N I )
4 = transgranular ( I M G )
5 = fel dspar c l e a v a g e

B l o c k y  texture in fel dspar

Figure 9.7: Terminology for crack types in heat treated rocks.

Westerly granite

In sam ples heated to 300 °C all grain boundaries are considered to be cracked, based on the 

observation by Fredrich and W ong (1986), who conducted a quantitative microstructural analysis o f 

heat-treated W esterly granite sam ples (<620 °C) using ion-m illed SEM specim ens. At 500  °C 

cracks which originate at grain boundaries and propagate into quartz grains (G B-IN T cracks) begin 

to occur, particularly where quartz is bounded by biotite. Som e splitting o f biotite along the cleavage  

occurs, and som e K-feldspar grains contain intragranuiar cracks oriented normal to the cleavage. By 

the tim e the sam ple has been heated beyond the 0(/p transition in quartz (600 °C sam ple) the quartz 

has become distinctly more cracked, and suffered grain size reduction resulting in irregular 

subgrains (approximately 50 )im - 250 (im diameter) (Figure 9.8) through both G B-INT and 

transgranular microcracking. W here quartz is bounded by feldspar, cracks propagate into the 

feldspar in preference to the quartz which occurs predominantly above 600 °C and more 

significantly above 700 °C. Significant new intragranuiar cracks occur in the feldspar resulting in a 

blocky texture. The amount o f both transgranular (TMC) and intragranuiar cracks which originate 

at grain boundaries (GB-INT) increases between 400  °C and 700 °C, after which temperature T M C ’s 

continue to increase. By 700 °C the aperture of the grain boundaries and the cracks (TM C and GB- 

INT) appears to increase, and large transgranular cracks emit from grain boundaries and cross-cut 

several grain boundaries, between 700 °C - 800 °C the significant increase in both the networks of 

intragranuiar cracks in feldspar, and new transgranular cracks in both feldspar and quartz in
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samples between 600 °C to 800 °C result in significant increases in linkage between grain 

boundaries, existing microcracks and cracks forming in this temperature range (Figure 9.9).

Fredrich and Wong (1986) state that by 620 °C significant cracking has occurred but that 

crack coalescence is not appreciable. However, permeability studies (this study; Figure 9.2a) show 

that by the time the sample has been heated to 600 °C, permeability has increased by approximately 

2 orders of magnitude from the starting material, testifying to significant crack coalescence at this 

temperature. This highlights inherent difficulties in deriving physical properties from 

microstructural observations.

Ailsa Craig Microgranite

In all samples heated <400 °C the quartz remains very fresh (Figure 9.10), with some 

intragranuiar cracking occurring in the feldspar. By the time the sample has experienced 600 °C 

some cracks originate at grain boundaries in the feldspar normal to the cleavage and occasional 

cracks propagate from grain boundaries into the quartz. At 700 °C there is an increase of TMC 

cracking in both the quartz and the feldspar. At 900 °C the quartz has become fragmented into 

irregular subgrains (-50 jam - 100 jam) (Figure 9.11) and the aperture of transgranular cracks 

appears to have widened.

9.6 Discussion: Permeability Evolution in Westerly Granite with Increasing Amounts of 

Isotropic Crack Damage

By 300 °C most of the grain boundaries in heat treated Westerly granite are cracked, based 

on observations made by Fredrich and Wong (1986). Therefore the cracking of grain boundaries 

results in no significant permeability change from the initial starting permeability.

Although a significant increase in permeability occurred between 500 °C and 600 °C, 

spanning the 0(/p phase transition in quartz in both Westerly granite and Ailsa Craig microgranite 

(approximately a 3 fold increase in permeability between 500 °C and 600 °C in both materials), in 

both rocks more significant increases in permeability occur above 700 °C. Darot et al. (1992) and 

Reuschle (1989) identify intense crack nucléation at the oc/(3 transition, which is exacerbated above 

645 °C owing to a large difference in the thermal expansivities of |3-quartz and feldspar. From 

microstructural observations, it appears to be both the significant increase in transgranular (TMC) 

and intragranuiar cracks within the feldspar above the oc/p transition in quartz (i.e. above -600 °C) 

which are responsible for the increase in crack density (Figure 9.4b) and crack connectivity and 

hence the concomitant supra-exponential increase in permeability as a function of heat treatment 

temperature between 700 °C - 800 °C.
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^ t z

Figure 9.8: Westerly granite heat treated to 600 °C; thê  quartz has become fragmented into subgrains. 
Scale bar is 500 microns. iaLcn. m c/c^s- A

Figure 9.9: Westerly granite heat treated to 800 °C; significant new transgranular cracking occurs, 
linking grain boundaries and pre-existing cracks. Crack apertures appear to be wider. Scale bar 
is 500 microns, X fL  .
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@warfz

Figure 9.9: Ailsa Craig microgranite heat treated to 300 °C, the quartz remains very fresh, although there 
is some cracking in the feldspar (difficult to resolve). Scale bar is 500 microns. hxMjUx u\ X/L -

Figure 9.10: Ailsa Craig microgranite heat treated to 900 °C," the quartz has been fragmented into subgrains 
by networks o f  transgranular cracks. The cracks appear to have wide apertures. Scale bar is 500 microns. 

/uJ\sLA- -
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Coupling the CDP analysis, porosity measurements and the microstructural observations, 

the significant enhancem ent o f crack connectivity and hence of permeability between 700 °C - 800  

°C in W esterly granite is associated with a large increase in crack density corresponding to a supra- 

exponential relationship, and a significant increase in microcracking, identified in particular as 

intragranuiar cracking within the feldspar and transgranular type cracks, and an increase in crack 

aperture.

I n t e r c o nne c t e d  cr ac ks

Isolated cracks

N o  cra c k i n g  (?
1

H e a t  T r e a t m e n t  T e m p e r a t u r e  

Figure 9.12: Schematic diagram of the general evolution of permeability with heat 

treatment temperature. From the basalt and Westerly granite two temperatures 

can be identified related to critical enhancements of crack network 

interconnectivity.

In all three sam ples, three populations of permeability versus heat treatment temperature 

relationship are observed. The similarity o f the permeability evolution in these three rocks suggests 

that two levels of critical changes in pore network connectivity may be identified as two fam ilies o f 

permeability increase as temperature is increased. The critical points are identified at 300  °C and 

700 °C (or at C D F’s o f -0 .4 3  and -0 .5 1 )  for W esterly granite, and at 300 °C and 700 °C (or C D F ’s 

o f -0 1 2  and -0 .1 3 )  in the basalt. Sim ilarly an initial critical ‘threshold’ is observed in the A ilsa  

Craig microgranite at 500 °C. Comparison o f the three rock samples shows that either large changes 

in crack density leading to increases in crack linkage (W esterly granite) or small changes in crack 

density leading to increased crack linkage (the basalt and A ilsa Craig microgranite) are responsible 

for these critical changes in pore connectivity. This has very important im plications for m odelling  

o f permeability through the use o f more easily measurable parameters such as acoustic wave
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velocities, porosity or quantitative microstructural analysis, since permeability evolution as a 

function of changes in isotropic crack damage is highly material, or more specifically starting pore 

structure, dependent. Thus, permeability evolution with increasing crack damage is highly non

linear and critically dependant upon certain critical points of changes in connectivity.

9.7 Chapter Summary

Stresses originating from the thermal expansion mismatch and anomalously high volumetric 

expansion coefficient of quartz generate thermally-induced microcracking which is as isotropic as 

the microstructure of the starting material. Increasing crack damage results in permeability 

enhancement although no simple relationship between permeability and crack density or 

permeability and porosity exists over the whole range of heat treatment temperatures. The 

relationship between permeability evolution and amount of crack damage (characterised by a crack 

density parameter and interconnected porosity) generally follows a three phase evolution. At low 

levels of crack damage or isolated crack damage (Ailsa Craig) permeability remains approximately 

constant and low (Westerly granite and the basalt) or immeasurably low (Ailsa Craig); at higher 

levels of crack damage only a relatively small proportion of cracks become interconnected and 

sample spanning, resulting in an exponential permeability increase; at even higher heat treatment 

temperatures, significant crack interconnectivity occurs, associated with either both an increase in 

crack density (Westerly granite and basalt) and an increase in crack aperture (Westerly granite), or 

with no significant change in crack density but with an increase in porosity and crack aperture (Ailsa 

Craig) resulting in a higher exponential increase of permeability with increasing heat treatment 

temperature. These results emphasise that it is changes in crack interconnectivity, and not crack 

density or porosity alone, which is the critical factor in controlling permeability evolution.
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Chapter 10

10 Experimental Results III: The Effect of Hydrostatic Stress on

Permeability and Specific Storage

10.1 Introduction

This chapter describes the results of permeability and specific storage measurements conducted 

under hydrostatic stress conditions. All permeability measurements reported in this chapter were 

made using the newly-developed transient pulse permeability measurement method, and were 

conducted in the single-ended transient pulse permeability measurement system coupled to the 

existing triaxial deformation apparatus. Three experiment types have been conducted under 

hydrostatic stress to determine the;

• simple effective pressure dependence of permeability and specific storage

• effective pressure law (i.e. the 5 coefficient) for permeability and specific storage

• effect of effective pressure cycling on permeability.

In this chapter, firstly the starting porosity, permeability and specific storage properties will be 

documented for the six samples used in this investigation. The effect of simple effective pressure 

- Pflu) on permeability and specific storage will be described. An empirical determination of the 

Ô coefficient of the effective stress law for both permeability and specific storage is then discussed. 

The relationship between permeability and specific storage under hydrostatic stress is also explored. 

The theory and previous experimental studies pertinent to these experiments can be found in Chapter 

2; Sections 2.6.1 - 2.6.5.

10.2 Starting Porosity, Permeability and Specific Storage for Rocks Used in this 

Investigation

The starting porosity was measured under ambient pressure conditions using the buoyancy technique 

(Franklin et al. 1977) described in Chapter 5. In this chapter the results from six samples of 

Tennessee sandstone will be described. All samples of Tennessee sandstone are labelled as TEN, 

e.g. TENIO. The so-called starting permeability is defined as the first permeability measurement 

made at the lowest practicable effective pressure; this cannot be zero since a small positive pressure 

is necessary to ensure that the jacket seals against the sample particularly because the system 

requires the use of thin copper sleeving as jacketing material. The lowest P^y was generally 20 MPa 

(Table 10.1).
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Permeability (m") at P^/^(MPa) Specific Storage (m ')at Peff 
(MPa)

Porosity ( % ) 
at 0 MPa Peff

Rock
Sample

3.2 X 10-'* @ 20 MPa 9.5 X 10 '̂  @ 20 MPa 5.10 TEN12
2.8 X 10 @ 20 MPa 5.8 X 10 '̂  @ 20 MPa 6.29 TENIO
0.5 X 1 0 @ 4 0  MPa 5.2 X 10 @ 40 MPa 5.75 TEN 15
0.43 X 10 '* @ 100 MPa 1.7x10'^ @100 MPa 8.11 TEN 23
0.26 X 10 '* @ 120 MPa 1.7x10'^ @120 MPa 7.87 TEN 22
0.25 X 10 '* @ 250 MPa 0.85 X 10'’ @ 250 MPa 7.97 TEN 29
Table 10.1; The starting properties of the samples used in this investigation.

10.3 The Effect of Simple Effective Pressure on Permeability and Specific Storage

The dependence of permeability and specific storage on both simple effective pressure and simple 

effective pressure cycling, where in both cases the Ô coefficient of the effective stress law is taken to be 

equal to 1 so that - P̂ „, has been investigated under hydrostatic stress conditions. No single

sample has been subjected to ranges of effective pressures beyond 80 MPa. Throughout the wider 

experimental programme, permeabilities of different samples cored from the same block of 

Tennessee sandstone have been measured at effective pressures ranging between 15 MPa and 250 

MPa. However, it is difficult to determine precisely the relationship between effective pressure and 

permeability using different rock samples owing to specimen variability. Independent measurements 

of starting interconnected porosity have demonstrated that Tennessee sandstone porosities vary 

between 5.1% and 8.1% (Tables 10.1 and 11.1). In this analysis only single sample results will be 

analysed although measurements made up to effective pressures of 250 MPa on a number of separate 

samples will be used when discussing the relative effects of hydrostatic and non-hydrostatic stress on 

permeability and specific storage evolution in Chapter 11.

10.3.1 The Experiments

In a single rock sample a number of permeability measurements were made at the same value of Peff, 

ranging from 15 MPa to 80 MPa but achieved using different combinations of P̂ on and P^u (Figure

10.1). Firstly, a number of permeability measurements were made at a fixed value of a relatively low 

Peff (e.g. 20 MPa). The given value of P,^ was achieved through different combinations of P̂ „„ and 

Pfju, ensuring that the desired value of P ^  was not exceeded to avoid the effects of irreversible 

hydrostatic compaction on permeability and specific storage. When a number of permeability 

measurements had been made at a given Peff, the Peff was then raised to a higher value of Peff, and a 

number of permeability measurements made at the new higher value of Peff, similarly achieved 

through different combinations of P,.„„ and Pyj„. The Peff was increased in increments of 10 MPa.
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120
Peff = 4 0  M Pa

Peff = 6 0  M Pa Peff = 20
100 --

I  80 --

2
60

&o>
L ines of eq u a l e f fe c t iv e  p r essu re

20 - 9 eft = 10  M Pa ♦  Permeability Measurement

30 70 80 900 10 20 40 50 60

Pore Fluid Pressure, P„„ (MPa)

Figure 10.1: Example of the range o f effective pressure conditions and 

combinations o f Peon and Pfĵ  used to achieve a given effective pressure at 

which permeability measurements were made on a single sample of 

Tennessee sandstone (TENU). The lines join measurements made at 

constant values of P^ff.

Figures 10.2a and 10.2b show the permeability and specific storage respectively as a function of 

simple effective pressure in a single rock sample. The data are normalised to the starting permeability 

measured at P,,ÿ 20 MPa. In a single rock sample permeability decreases by approxim ately one order o f  

magnitude as the effective confining pressure is increased from 20 MPa to 80 MPa. In contrast, the 

specific storage decreases only by a factor o f approximately three over the sam e effective confining  

pressure range. This is significant as a small change in specific storage, which is a measure o f both 

the rock com pressibility and porosity (Equation 2.31), is associated with a relatively large change in 

permeability. In Figure 10.3 the results from Figure 10.2 are combined with m easurem ents made on 

a number o f different rock sam ples subjected to effective pressures o f 100 MPa, 120 M Pa and 250  

MPa so that this data set may be extended to higher values o f  effective pressure (Figure 10.3).
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1.2
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0

Initial specific storage 
initial) = 9.5 x 10  ̂my =  10.089%

R- = 0.8538

0 10 30 50 60 70 80

Figure J0.2: a) Permeability and b) specific storage as a function of

simple effective pressure (P^m - P/iJ- 2{ll measurements were made on a single 

rock sample (TEN 12).

As expected both permeability and specific storage decrease with increasing effective 

pressure according to an empirically determined power law relation with negative power law 

e.xponents o f -1.2 and -1.0 respectively over the whole effective pressure range (20 MPa - 250 MPa). 

Thus significant initial permeability loss occurs at relatively low effective pressure range due to the 

relatively easy closure of low aspect ratio cracks and grain boundaries, where aspect ratio is 

determined by div iding the long axis of the void by the short axis, thus cracks have a relatively low 

aspect ratio, and circular voids a relatively high aspect ratio Low aspect ratio pores are not
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significant volum etrically but exert dominant control on fluid pathway connectivity and therefore on 

permeability. The proportion o f low aspect ratio pores decreases at high effective pressures as low  

aspect ratio cracks transform into arrays o f relatively high aspect ratio voids where asperities are 

present (Bernabe 1986, 1987a; Figure 2.13). At relatively high effective pressures the material is 

still permeable showing that all cracks do not com pletely close, and that those rem aining relatively  

high aspect ratio voids become more resistant to changes in pressure. Thus above approxim ately 100 

MPa both permeability and specific storage decrease at a very much reduced rate, i.e. both properties 

show a reduced dependence on effective pressure. The lower rate o f permeability reduction with 

increasing effective pressure at the higher effective pressure range reflects a ‘backbone’ permeable 

network which is maintained ‘open’ through these newly-created, m echanically more resistant voids.

The slower rate o f decrease o f specific storage with increasing P̂ ff in the higher pressure 

range (80 MPa to 250 MPa) reflects both a relative decrease in porosity and the relative 

incom pressibility of the remaining relatively high aspect ratio pores. Furthermore, an increase in 

asperity contact area may result in more tortuous fluid pathways and hence a reduction in 

permeability for a relatively small change in pore volume. Further closure o f the rem aining pore 

volum e requires elastic, plastic or brittle deformation, or the onset o f grain crushing (P*), where the 

onset o fP *  for Tennessee sandstone has been estimated at approxim ately 1.4 GPa (Rob Cuss, pers. 

com m .).

1.60E-06

■  Permeability 
A Specific Storage

- Power (Specific Storage) 
- - Power (Permeability)

3.51 E-18 - 1.40E-06Permeability 
y=1E-16x’” ’ 

Ff = 0.9119
3.01E-18

Q osure of high 
aspect ratio cracks 

in reiatviely low 
pressure range

C  2.51 E-18 1.00E-06

8.01 E-07 32.01E-18

Remaining higher 
aspect ratio voids

CL 1.51E-18
Sample
TEN23

Sam ple
TEN29

Sample
TEN22

4.01 E-071.01E-18
Specific storage 
y=2E-05x'°“’’ 

Ff = 0.9243 2.01 E-075.10E-19 -r

1.00E-091.00E-20
200 2500 50 100 150

Simple Effective Pressure, P ,^ - P,„ (MPa)

Figure 10.3: Permeability and specific storage as a function o f simple effective

pressure - Pfl̂ ) up to 250 MPa. The measurements in this figure are compiled from 

four separate rock samples (labelled).
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10.4 An Empirical Effective Stress Law for Permeability and Specific Storage

Within the limits of reproducibility of experimental data, Figure 10.2 (sample TEN 12) shows that 

the values of permeability in a single loading cycle of effective pressure agree with the effective 

stress concept, i.e. that permeability is approximately constant for a given irrespective of the 

particular combination of and Pfiu (Bernabe 1987). However, it is clear from Figures 10.2 and

10.3 that permeability and specific storage are not linearly related to effective pressure. We can see 

this from the following procedure used by David and Darot (1989) and Bernabe (1987) where lines 

of approximately constant permeability are plotted with respect to Fjiu and Pam in Figure 10.4a. 

Permeability is grouped into four ranges of permeability; < 1 - 6 x 1 0  m ,̂ 7 - 9 x 1 0 ^ *  m", 1.5 -

2.5 X 10 m~ and 2.5 - 3.5 x 10 m^. The linear effective stress coefficient, 5, is equal to the slope

of the lines of constant permeability (David and Darot 1989; Bernabe 1986, 1987a). The best fits for 

each range of permeability are found through linear regression and the results are summarised in 

Table 10.2. Similarly, Figure 10.4b shows the results of specific storage plotted with respect to P/7„ 

and P,„;, with lines joining values of equal specific storage.

Range of Permeability (m") 5 coefficient Range of Specific 

Storage (m ')

6 coefficient

<1 - 6 x  1 0 -'9 0.5 2 - 4 x 1 0 ^ 0.8

7 -9 x 1 0 ^ * 0.7 4 - 6 x 1 0 ^ 1.2

1.5-2.5 X 10 '8 0.7 6 - 8 x 1 0 ^ 1.2

2.5 - 3.5 X 10 '8 1.1 9 - 1 0 x 1 0 ^ 1.1

Average 6 for whole range 

of permeability

0.75 Average 5 for whole range 

of specific storage

1.1

Table 10.2: Summary of values of the 5 coefficient of the effective stress law for permeability and 

specific storage for Tennessee sandstone under hydrostatic pressure.

Values of Ô for permeability are not constant over the effective pressure range experienced 

by the sample (20 MPa - 80 MPa), but range from 1.1 at low effective pressures (relatively high 

permeability) to 0.5 at relatively high effective pressures (relatively low permeability). Allowing for 

experimental error, 5 at relatively low effective pressures is approximately equal to 1. The average 

values of 5 for permeability and specific storage over the whole effective pressure range (20 MPa - 

80 MPa) are 0.75 and 1.1 respectively. An average value for 5 of 0.75 for Tennessee sandstone 

appears to be very reasonable, and comparable to values derived for a low porosity (6% (])) 

Fontainebleau sandstone (5 = 0.6 - 0.7; David and Darot 1989). The author currently knows of no
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other derivation of an 6 coefficient of the effective stress law for specific storage and hence no 

comparison can be made.

A) 140
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Figure 10.4: a) Values o f four ranges of constant permeability, and b) specific 

storage plotted with respect to confining pressure and pore fluid pressure for  

the sample TEN12. The slopes of the linear best fits joining the values o f
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constant permeability or specific storage are equal to the 5 coefficient o f the 

effective stress law.

However, for Tennessee sandstone, when 5 is determined for different ranges of 

permeability and specific storage, ô shows an effective pressure sensitivity, where 5 decreases with 

decreasing permeability or with increasing effective pressure. Likewise, 5 for specific storage 

decreases with increasing effective pressure.

For both permeability and specific storage the sensitivity of S to effective pressure reflects a 

change in the pore structure due to hydrostatic deformation. At relatively high permeabilities, high 

values of 5 reflect low aspect ratio crack and grain boundary pores. At relatively high effective 

pressure 5 appears to reflect the relative closure of cracks and grain boundaries and the increasing 

dominance of both existing and newly-formed relatively high aspect ratio voids at higher effective 

pressures.

Values of 5>1 at the low effective pressure range may also reflect, in part, the presence of 

pore-lining clays and limonite cement which occupy both some nodal pore spaces and some grain 

boundaries. Similarly, Zoback and Byerlee (1975c) found values of Ô ranging between 2.2 an 4.0 

(for flow parallel and normal to bedding respectively) in Berea sandstone. This they attributed to the 

strong sensitivity to pore fluid pressure of highly compressible pore coating clays and accessory 

minerals.

Similarly, Bernabe (1986) observed that 6 decreased with increasing confining pressure (or 

decreasing permeability) in experiments on Chelmsford granite. This, he attributed to a transition in 

deformation from elastic to local permanent asperity indentation damage and the effect of crack 

asperities inhibiting crack closure, thus transforming low aspect ratio cracks into arrays of relatively 

high aspect ratio voids (Figure 2.13).

A decrease of 5 at higher effective pressures therefore reflects that deformation becomes 

increasingly accommodated by the solid matrix as these newly created higher aspect ratio voids are 

mechanically more resistant than the low aspect ratio cracks which remained relatively open at lower 

effective pressures. P/7„ in this case, plays a less significant role in the deformation of these high 

aspect ratio voids and hence 6 becomes relatively small.

Therefore, the simple effective stress law, where = P(.„„ - Py?„ does not hold for 

permeability over the whole range of effective pressures in this rock sample. However, since the 

average values of 6 for permeability and specific storage are 0.75 and 1 respectively, and thus close 

to or equal to 1, in all subsequent expressions of effective pressure, will be taken to be the 

difference between the P<..„„ and Py?„.
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10.5 Effect of Effective Pressure Cycling on Permeability and Specific Storage Evolution

To investigate the effect of hydrostatic stress history and hydrostatic deformation on the evolution of 

permeability, one sample of Tennessee sandstone (TEN12) was subjected to three cycles of effective 

pressure. Once the sample had been exposed to a relatively high value of effective pressure (80 

MPa), the effective pressure was then reduced to a lower value where permeability had previously 

been measured (20 MPa) and permeability was then re-measured at this lower The P^^ was 

again raised to a relatively high value (60 MPa), permeability again re-measured and the P^y cycle 

repeated. Changes in the effective pressure were achieved by changing both the Pf„„ and the P^ .̂

Those permeability measurements made in the second pressure cycle demonstrate a clear 

reduction in permeability in comparison to the measurements made at that particular P^^ during the first 

cycle (Figure 10.5). For example, at P ^  20 MPa permeability reduced to 0.4 of the initial starting 

permeability measured at P ^  20 MPa of 3.2 x 10 m“. Thus, permeability in Tennessee sandstone shows

hysteresis. However, at 40 MPa and 60 MPa there is no difference in the value of permeability between the 

first and subsequent pressure cycles. A further pressure cycle has no resolvable effect on permeability, but 

permeability achieves a value which becomes independent of subsequent pressure cycles. Similarly, in 

experiments conducted on Chelmsford granite (Bernabe 1986) and on a black schist-derived gouge 

(Faulkner 1997), permeability eventually reached a reproducible cycle-independent value with 

pressure cycling or sample ‘seasoning’.
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Eigure 10.5: Effect o f cycling the effective pressure on permeability in

Tennessee sandstone (sample TEN 12). The arrows indicate the effective 

pressure loading history' (solid = first loading cycle; dashed = second loading 

cycle).

To investigate whether this permeability reduction is permanent or related to elastic stresses 

which ‘relax’ over time a series of experiments were conducted to investigate the effect termed as 

permeability ‘recovery’ (Morrow et al. 1986). In a single sample of Tennessee sandstone (TEN 15), 

firstly, the initial starting permeability was measured at a relatively low value of of 40 MPa. At 

this point 40 MPa was the highest value of effective pressure experienced by the rock sample. The 

effective pressure was then increased to 60 MPa by reducing the Py?„ and permeability was again re

measured. The was then reduced back to 40 MPa and the permeability re-measured several 

times (Figure 10.6). The effective pressure history experienced by the rock is summarised in Table 

10.3.

Tennessee Sandstone - Number of Measurements i^cnn - P/7«)
2 40
5 60
4 40
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2 60
2 40

Table 10.3; Effective pressure history o f  sample TEN 15.

As seen in Figures 10.5 and 10.6 (pressure cycle dependence o f permeability) once the 

sam ple has experienced a relatively elevated effective pressure permeability is reduced. In Figure

10.6 no systematic increase in permeability was observed over the tim e scale (30 m inutes) between 

measurement numbers 8 - 1 1 .  However, when the effective pressure was again reduced from 60 

MPa to 40 MPa and left for 2 hours there appeared to be som e permeability ‘recovery’ although  

permeability did not recover to the original values measured when the sam ple first experienced a P ^  

o f 40  MPa. Although the ‘rest’ periods in the experim ents reported here are very short, there does 

appear to be som e small recovery.
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Figure 10.6: Investigation into permeability ‘recovery’ in Tennessee

sandstone (sample TEN 15).

A similar observation was made by Morrow et al. (1986) in sam ples o f W esterly granite. 

However, in the case of Tennessee sandstone ‘recovery’ behaviour the presence o f a significant 

proportion o f m ixed clays and a lim onite cem ent may inhibit permeability recovery. Hydrostatic 

deformation may result in irreversible deformation o f the pore-filling materials which may clog pore 

throats (D ey 1986). L ikewise, Bernabe (1987a) observed no permeability recovery in Pottsville 

sandstone (3% porosity quartzite) ow ing to heavy irreversible damage in the sandstone.
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However, Bernabe (1986) and Morrow et al. (1986) observed that permeability increased 

with a reduction in effective pressure. Both the stress history dependence of permeability and time- 

dependent permeability ‘recovery’ can be explained by permanent and anelastic deformation within 

the sample (Bernabe 1986, 1987a). Bulk hydrostatic loading may generate shear stresses within the 

samples due to heterogeneities of the solid matrix (Bernabe 1987a). This may result in frictional 

sliding on favourable grain boundaries and microcracks. During unloading some cracks and grain 

boundaries may not fully re-open due to friction (Walsh 1965), resulting in a reduction of 

permeability. This process may therefore also generate residual shear stresses which relax over time, 

resulting in time-dependent permeability recovery (Bernabe 1987a; Morrow et al. 1986).

In Tennessee sandstone, it appears that there is both some permanent, and some anelastic 

deformation causing the permeability reduction, so that over longer periods when the sample ‘rests’ 

at relatively low effective pressures there may be some time-dependent permeability recovery as 

residual stresses relax. Therefore, based on the slight permeability recovery observed in these tests, 

it would be interesting to repeat these experiments using much longer rest times to fully investigate 

time-dependent recovery.

10.6 The Relationship Between Permeability and Specific Storage under Hydrostatic Stress

In Figure 10.7a permeability, compiled from a number of rock samples as in Figure 10.3, measured 

under hydrostatic pressures up to 250 MPa is plotted as a function of specific storage. In Figure 

10.7b, permeability is plotted as a function of specific storage for a single rock sample (TEN 12). In 

this case, the data are plotted in groups according to the values of Ô, the effective stress law 

coefficient, obtained from the permeability data (Figure 10.4a). All measurements were made in the 

first effective pressure cycle. The arrows reflect the effective pressure sequence in which the 

measurements were made; from right to left the measurements reflect an overall increase in applied 

effective pressure. An approximate sigmoidal shape defines the trend of data from relatively low P^y 

to relatively high P̂ ff.

The apparent sigmoidal form of the data suggests an approximate threshold P ^  value 

(between 30 MPa - 40 MPa) at which a significant relative breakdown in connectivity of the 

volumetrically insignificant connective-type pores occurs. This results in a marked decrease in 

permeability for a correspondingly relatively small change in specific storage. Above an effective 

pressure threshold of approximately 80 MPa relatively large changes in specific storage, have a 

decreasingly significant effect on the connectivity of the pore network.
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Above an effective pressure of approximately 80 MPa, as the low aspect ratio cracks 

close, the rock becomes harder to deform as the pore structure comprises an increasing proportion of 

relatively high aspect ratio voids, which are thus increasingly resistant to deformation, and hence 

help to maintain a relatively connected permeable structure.

10.7 Chapter Summary

In this chapter, both permeability and specific storage have been shown to be sensitive to effective 

pressure, where both properties decrease with increasing effective pressure following empirically 

determined power law relationships. Changes in the microstructure brought about by hydrostatic 

deformation results in a stress history dependence of permeability. Permeability and specific storage 

decrease occurs due to a combination of permanent (inelastic) damage and anelastic, or time- 

dependent deformation. Both properties obey the effective stress concept, i.e. that both properties are 

approximately constant at a given effective pressure irrespective of the particular combination of Peon 

and P/7̂ . Empirical determination of the Ô coefficient for the effective stress law shows that Ô is also 

sensitive to effective pressure, reflecting a change in microstructure associated with hydrostatic 

deformation.
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Chapter 11

11 Experimental Results IV: Evolution of Permeability, Specific Storage 
and Interconnected Pore Volume During Triaxial Deformation

11.1 Introduction

An integrated investigation has been carried out on the stress-strain, interconnected pore volume, 

permeability and specific storage evolution in Tennessee sandstone undergoing brittle deformation 

leading to ultimate sample failure through the development of a brittle shear fault. A series of 

triaxial deformation experiments were conducted where at different stages of deformation a transient 

pulse permeability measurement was made in the axial direction (parallel to the maximum 

compressive stress direction, c,). All permeability measurements reported in this chapter were made 

using the newly-developed transient pulse permeability measurement method, and were conducted in 

the single-ended transient pulse permeameter system coupled to the existing triaxial deformation 

apparatus. Firstly, the problem of making discrete measurements of permeability and specific 

storage during deformation will be addressed. Then the general form of the stress-strain, 

interconnected pore volume, permeability and specific storage evolution will be discussed in detail. 

The dependence of the compressive failure strength, interconnected pore volume, permeability and 

specific storage on effective pressure has been investigated, and an assessment has been made to 

determine whether the same parameters obey the effective stress concept. The relative effects of 

hydrostatic and non-hydrostatic stress components in controlling permeability, specific storage and 

interconnected pore volume changes are also discussed. Further, the role of a brittle shear fault in 

controlling the permeability of the whole sample is discussed. Having determined the general 

evolution of permeability and specific storage during the brittle faulting cycle following a simple 

axial loading path, the effects of stress path on permeability and specific storage evolution have been 

examined through an investigation into the roles of cycling of the axial (differential) stress and the 

effect of changes in both the differential and hydrostatic stress components.

11.2 Starting Porosity, Permeability and Specific Storage for Samples Used in this 

Investigation

Permeability (m^) under 
hydrostatic stress at

Specific Storage (m ') 
under hydrostatic stress at
Pe/f

Porosity ( % ) at 0 
MPa Peft

Rock
Sample

3.2 X  10 '  ̂ @ 20 MPa 9.5 X  10'^ @ 20 MPa 5.10 TEN 12
3.8 X  10 '  ̂ @ 20 MPa 5.37 X  10'  ̂ @ 20 MPa TEN 31
2.7 X  1 0 @ 40 MPa 3.7 X  10'^ @ 40 MPa TEN 25
1.9 X  10 '* @ 40 MPa 5.8 X  10'^ @ 40 MPa 5.28 TEN 18
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5.1 X  10 '^@ 40 MPa 5.2 X  10'^@ 40 MPa 5.75 TEN 15
not available not available 6.26 TEN 14
2.3 X  10 '̂  @ 40 MPa 4.5 X  10" @ 40 MPa 7.87 TEN 27
1.7 X  10 '*@ 40 MPa 4.9 X  10'^@40 MPa 7.89 TEN 28
0.74 X  10 '* @ 40 MPa 3.5 X  10"@ 40 MPa 8.0 TEN 30
0.43 X  10 '* @ 100 MPa 1.7x 10" @ 100 MPa 8.11 TEN 23
0.26 X 10 '* @ 120 MPa 1.7 X  10" @ 120 MPa 7.87 TEN 22
0.25 X  10 '* @ 250 MPa 0.85 X  10 ' @ 250 MPa 7.97 TEN 29
Table 11.1; Permeability and 

pressure for samples used in this 

buoyancy technique (Franklin et al.

specific storage measured under given values of hydrostatic 

chapter. Porosity was measured at room pressure using the 

1977; Chapter 5).

11.3 Repeatability of Stress-Strain, Interconnected Pore Volume, Permeability and Specific 

Storage Measurements during Triaxial Compression Deformation Experiments

Throughout this experimental programme, there have appeared to be inconsistencies in the measured 

behaviour of permeability and specific storage during triaxial deformation. Before the principal 

results of this chapter are documented and discussed, a general introduction to the nature of the 

problem of repeatability of permeability and specific storage measurements will be given.

350

 Stress-strain TEN14
—  Stress-strain TEN18 

Stress-strain Teres
— - Stress-strain Terez

300

c 200

CO 150

2 100
TEN14
6.26%

80 2 3 4 71 5 6
% Axial Strain

Figure 11.1: Repeatability of stress-strain behaviour for four separate

experiments conducted at PeffdO MPa (P^m 70 MPa; 30 MPa). Porosity 

is given as a measure of sample variability.
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Figure 11.1 shows the stress-strain behaviour for four separate tests on Tennessee sandstone 

deformed at the same effective pressure conditions 70 MPa: P//„ 30 MPa). In Figures 11.2a 

and b the stress-strain, interconnected pore volume change, permeability and specific storage 

evolution are shown for two separate tests to indicate repeatability. There is some small variability 

in both the stress-strain and interconnected pore volume evolution (Figures 11.1 and 11.2a and b). 

For reference the initial starting porosity for each rock sample is given. There appears to be no clear 

correlation between either the stress-strain or interconnected pore volume behaviour and initial 

starting porosity. Therefore variations in the stress-strain and interconnected pore volume evolution 

appear to be due to variability in factors other than starting porosity. However, the repeatability of 

the peak and residual stresses is good. Comparing the two data sets in Figure 11.2a and b the two 

stress-strain and pore volume curves are very similar, thus we can be confident that the evolution of 

porosity is very similar in the two tests. However, there is some difference in the measured 

permeability and specific storage behaviour between the two tests, particularly during dilatancy and 

during stable sliding on the shear fault (Figures 11.2 a and b). More generally, however, a clear 

pattern in the behaviour of both properties emerges. Permeability and specific storage measurements 

are not made continuously during deformation (unlike the pore volume change) but are made at 

discrete points in the stress-strain evolution. Thus each measurement reflects the permeability and 

specific storage at the specific point in the deformation history at which it was made. This problem 

is exacerbated at points in the stress-strain history when the rate of change of the microstructure, and 

hence the rate of change of the permeability and specific storage, accelerates but the rate at which 

measurements are made remains relatively slow.

Therefore, to aid interpretation, throughout this chapter, permeability and specific storage 

measurements made sequentially during deformation, when mapped as a function of axial strain, 

will be shown with a general trend line, where the general trend has been constructed from 

comparing numerous data sets.

The various factors which affect the accuracy of the permeability and specific storage 

measurements are discussed in detail in Chapter 7 (Sections 7.3 - 7.12). All measurements are 

within an accuracy of +/-I0%. The errors are potentially higher at higher levels of stress (i.e. as 

peak differential stress is approached) because the damaged state of the rock is changing most 

rapidly under these conditions. However, by implementing the method of unloading the axial stress, 

discussed in detail in Section 7.11, we are confident that this reduces the errors at the highest stress 

levels to similar levels to those at low levels of stress.

In subsequent figures, the error bars refer to the estimate of the standard deviation of the 

permeability and specific storage values obtained from the computer program used to determine the 

best least-squares fit of the experimental data (Section 4.5).
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11.4 Stress-Strain, Interconnected Pore Volume, Permeability and Specifîc Storage 

Evolution During Triaxial Compression Deformation Experiments: Effective Pressure 

Sensitivity

Under hydrostatic stress conditions permeability and specific storage have been shown to be sensitive 

to effective pressure (Chapter 10; Section 10.3) where both properties decrease with increasing 

effective pressure. To investigate the effect of effective pressure on the evolution of permeability and 

specific storage during triaxial compressive deformation a series of experiments were conducted 

using Tennessee sandstone over a range of effective pressures from 20 MPa to 250 MPa (Table

11.2). All deformation experiments were conducted in the field of brittle deformation with ultimate 

failure occurring through shear localisation in Tennessee sandstone.

The rock sample was pressurised to the desired effective pressure prior to non-hydrostatic 

loading ensuring that the desired effective pressure was not exceeded. The initial permeability and 

specific storage under hydrostatic stress at the selected was first established. Axial loading was 

then commenced and the sample deformed under drained conditions in the conventional triaxial 

configuration where G| > G? = (J3 . All tests were conducted at a constant strain rate of 10'  ̂ s \  All 

experiments were conduced at a fixed Py?„ of 30 MPa with different values of P„,„ (Table 11.2), except 

for the highest effective pressure test in this programme of P ^  250 MPa, where Peon was 260 MPa 

and P/;„ was 10 MPa.

Combination of P(.„„; P/7„(MPa) Simple Peff (Pc«„ - Pflu) (MPa)

260:10 250 MPa

150:30 120 MPa

130:30 100 MPa

90:30 60 MPa

70:30 40 MPa

50:30 20 MPa

Table 11.2: Effective pressure conditions and combinations of Pc„n and Pfiu used to achieve the given 

effective pressure.

There are four sets of data for the non-hydrostatic stress experiments. The stress-strain data 

for selected triaxial deformation experiments are shown in Figure 11.3 in terms of differential stress (ct, - 

cf) versus % axial strain for several effective pressures (20,40, 60, 1(K), and 120 MPa, where the pore fluid 

pressure was fixed at 30 MPa; and for one test conducted at P ĵf 250 MPa, where P„,„ was 260 MPa and Pjiu 

was 10 MPa). All samples were deformed within the brittle faulting regime, and failed by the formation of 

a discrete shear fracture. These experiments allowed the investigation of permeability and specific storage
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evolution during phases of compaction, dilatancy, brittle faulting and stable frictional sliding on a shear 

fault.

Several deformation stages are distinguished in the stress-strain (Figure 11.3) and 

interconnected pore volume change curves (Figure 11.4 and 11.6). The spikes in both the stress- 

strain and interconnected pore volume curves are an artefact of the permeability measurements made 

at those points. In the stress-strain curves, at relatively high differential stresses either some stress 

relaxation occurs, or the deformation piston is purposefully offloaded in order to make the 

permeability measurement (Chapter 7; Section 7.11). The spikes in the interconnected pore volume 

curves reflect the volume of fluid injected into the fluid reservoir in order to generate the transient 

pressure pulse.

With the application of an effective confining pressure and of a further compressive 

deviatoric stress the sample initially compacts. This results in a stiffening of the sample (upward 

curvature of the stress-strain curve) and a reduction of interconnected pore volume (Figure 11.4). 

This involves predominantly elastic closure of existing cracks and grain boundaries that are oriented 

at high angles to Gi (Trimmer et al. 1980). Compaction in directions normal to G, continues after 

the onset of new microcrack nucléation and growth, or dilatancy, in directions parallel to G, occurs, 

and which begins at between approximately 65% - 75% of the peak differential stress. The onset of 

dilatancy, denoted by D, may be observed as a departure from linearity in the stress-strain and 

interconnected pore volume curves (Figure 11.4). After D, the rate of pore volume reduction begins 

to decrease due to crack growth. The point at which both processes occur equally is identified as the 

minimum in the interconnected pore volume curve (Figure 11.4) and is denoted by D’.

Eventually the stress reaches a peak, which is followed by strain softening associated with 

enhanced crack connectivity and crack coalescence in a localised zone leading to the development of 

a macroscopic shear fracture. Between the peak stress and the residual sliding stress the 

interconnected pore volume in the unfaulted parts of the sample increases due to the reduction in 

axial compression (and hence in compaction) but there is no further increase caused by the formation 

of new dilatant cracks. Between the peak stress and the residual sliding stress there may be a time 

lag in the change of interconnected pore volume due to the need for fluid to flow into the sample 

which will be controlled by the permeability. This effect would be complicated by the presence of 

the fault zone.

Deformation becomes highly localised within the shear fault and occurs through stable 

sliding on the fault at some residual sliding stress. Interconnected pore volume generally continues 

to increase slightly during stable sliding (Figure 11.4). All samples deformed up to an effective 

pressure of 120 MPa follow a similar interconnected pore volume change behaviour, summarised 

schematically in Figure 11.4. However, the sample deformed at P ^2 5 0  MPa (Figure 11.6d) shows a 

decrease in interconnected pore volume with compaction but with only a slight increase in 

interconnected pore volume as peak stress is approached.
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Figure 11.3: Stress-strain evolution at several effective pressures for

Tennessee sandstone.
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Figure II .4: Schematic diagram of the general shape of the interconnected 

pore volume curve at relatively low P,,ffconditions (<I20 MPa).

Figure 11.5 shows the peak differential stress and the differential stress at the residual 

sliding stress plotted as a function of simple effective pressure - ?/?„) for Tennessee sandstone. 

The fit of the data is good using a linear regression. Thus the ultimate strengths of the samples 

approximately fit a linear M ohr -Coulomb law suggesting that Tennessee sandstone follows the 

effective stress law. Furthermore, of importance for the measurement of permeability, since the data 

fit this linear law we can be confident that the pore fluid in the rock samples was in equilibrium 

during the experiments (Anita Odedra, pers. comm.).
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Figure 11.5: Plot of ultimate and residual sliding strength against effective 

pressure for Tennessee sandstone. All experiments were conducted with a pore 

fluid pressure of 30 MPa except for the highest pressure test where the Pfî  was

Figures 11.6a - d show  the stress-strain, interconnected pore volum e change and normalised  

permeability and normalised specific storage evolution as a function of axial strain for the 

deformation experiments described above.

Over the range of effective pressures investigated (20, 40, 60, 100, and 120 MPa) 

permeability and specific storage show a consistent pattern of evolution up to brittle failure. Both 

permeability and specific storage reduce during elastic compaction by up to a factor o f 2 from the 

starting values, continuing the trend caused by the application o f the effective confining pressure 

(Figures 10.2 and 10.3). Once dilatant cracking becomes dominant (i.e. beyond D ’) there is a 

relative increase in permeability and specific storage to values considerably higher than the starting 

value. Measurements made approaching peak stress are characterised by a relative increase in both 

properties. Im mediately post-brittle failure either a significant transient permeability increase or a 

value o f permeability which is higher than the starting value occurs. A  17 and 15 fold increase in 

permeability from the minimum values is observed at the transient permeability high in the sam ples 

deformed at 20 MPa and 100 MPa effective pressures respectively (Figure 11.4 a and b). The 

robustness o f the analysis of permeability measurements made im m ediately post-brittle failure will 

be comm ented on in Section 11.7. The residual sliding stress is generally characterised by a relative
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reduction in permeability and specific storage below the peak value measured either immediately 

prior to the peak stress but which is still higher than the starting value (Figure 11.6a) or a transient 

permeability high immediately post-brittle failure (Figure 11.6b). Over a relatively extended range 

of stable sliding, a clear trend of permeability reduction with increased stable sliding is distinguished 

(Figure 11.6a). Immediately post-failure and during stable sliding the evolution of specific storage is 

less consistent, with both a transient increase from the starting value and, more generally, with a 

reduction to a stable value which is approximately equal to the starting value.

Thus, inconsistencies exist in the permeability and specific storage behaviour particularly 

during dilatancy and immediately post-brittle failure before significant stable sliding has occurred. 

It appears that the measured values of both properties are intimately dependent upon the exact point 

in the stress-strain evolution and on the stability of the microstructure at the point at which they are 

measured. For example, both properties appear to change rapidly within a very small increment of 

axial load and axial strain as peak differential stress is approached. Furthermore, the procedure of 

reducing the axial load required in order to investigate changes in permeability and specific storage 

may also affect the measured properties, since reducing the axial load results in the relative closure 

of axial fluid pathways (see Chapter 7, Section 7.11 for a fuller discussion of this methodology and 

results). In addition, the transient permeability ‘highs’ often observed immediately post-brittle 

failure reflect the transient nature of the evolving microstructure as the intact material decompacts 

due to a reduction in axial load and the mechanical and permeability evolution become controlled by 

the properties of the newly-formed shear fault.

In view of the inconsistencies in the behaviour of the permeability and specific storage, 

particularly in the immediate post-failure phase, it is worth considering the longer-term evolution of 

both permeability and specific storage over extended stable sliding strains. This will be discussed in 

Section 11.7.

As noted for the relationship between permeability and specific storage under hydrostatic 

pressure (Chapter 10; Figure 10.3), permeability and specific storage do not evolve in parallel to 

each other. The relationship between permeability and specific storage becomes complex once 

dilatant microcracking occurs, because the pore microstructure then becomes increasingly 

anisotropic.
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The experiment conducted at the highest effective pressure (P,,  ̂ 250 MPa; P,.„„ 260 MPa, 

P//„ 10 MPa) yields some interesting results (Figure 11.6d). Permeability decreased continually with 

increasing axial stress until the peak stress was reached (no data are available beyond this). Specific 

storage likewise decreased, but the final measurement made just below the peak stress showed an 

increase in specific storage.

Attempts were made to measure permeability during post-failure stable sliding on the fault. 

However, it was not possible to achieve an equilibration pore pressure during the transient pulse 

permeability measurements and hence no values of permeability or specific storage could be derived. 

Examination of the sample when recovered from the experiment shows that there was a small 

amount of specimen barrelling, combined with macroscopic failure through a fault. Although the 

brittle faulting / cataclastic flow transition in Tennessee sandstone occurs at approximately P^^ 400 

MPa (Rutter and Hadizadeh 1991), the interconnected pore volume curve shows that between 

immediately prior to the peak stress and stable sliding that there is only a slight dominance of 

dilatancy over compaction (Figure 11.6d). Therefore, it is suggested that the deformation and 

porosity behaviour in this sample of Tennessee sandstone at an effective pressure of 250 MPa is 

slightly different to that observed in experiments conducted up to effective pressures of 120 MPa. It 

may therefore be interesting to speculate on the evolution of permeability at this and higher effective 

pressures. This point will be more fully discussed in Section 11.5.1.

11.5 Analysis of Permeability, Specific Storage and Interconnected Pore Volume Changes 

as a Function of Effective Mean Stress

Permeability, specific storage and interconnected pore volume change mapped as a function of 

effective mean stress demonstrate the relative roles of hydrostatic and non-hydrostatic stresses in 

controlling the evolution of the three parameters during triaxial deformation. Effective mean stress, 

is defined as;

^ ‘‘.ïï ~ ((^1 + 2 c t 3 ) / 3 )  - Vfiu 11.1

For reference the results of permeability, specific storage and interconnected pore volume 

measurements conducted under hydrostatic stress conditions up to a P^^ of 250 MPa are shown 

(where under hydrostatic stress conditions effective pressure, P^, is equal to the effective mean 

stress). The permeability and specific storage hydrostatic data comprise results of a number of 

different samples and are discussed in Chapter 10; Section 10.3. The reference interconnected pore 

volume hydrostats for Tennessee sandstone were provided by Rob Cuss (Rock Deformation 

Laboratory, University of Manchester). Permeability, specific storage and interconnected pore 

volume evolution are described in terms of D, the onset of dilatancy, and D’, i.e. the balance between 

compaction and dilatancy, identified as the pore volume minimum.
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Sample Effective

Pressure

(M P a)

C5,ff at D’ 

(MPa)

% Axial Strain at 

D’

Peak Effective 

Mean Stress 

(MPa)

Peak Differential 

Stress (MPa)

Ten 27 40 MPa 110 1.6 133 278

Ten23 100 MPa 200 2.3 242 426

Ten29 250 MPa 483 4.16 483 705

Table 11.3: Summary of triaxial deformation experiments; % axial strain and effective mean stress 

at which D’ occurs, and peak differential and peak effective mean stress values are given.

In Figure 11.7a and b the results of a number of experiments conducted at two different 

effective pressures (P,-;̂ 4̂0 MPa and 100 MPa) are plotted as a function of effective mean stress. In 

both tests, the first measurement was made under a hydrostatic stress, i.e. the starting permeability. 

All permeability measurements subsequent to the first measurement were made at increasing 

magnitudes of non-hydrostatic stress. Thus the starting permeability may be expected to coincide 

with the reference hydrostat. However, in Figure II.7a the triaxial and hydrostatic permeability data 

do not coincide for the test conducted at P,^ 40 MPa, although this is attributed to sample variability 

(Table 11.1).

Up to the onset of dilatancy, D, both permeability and specific storage changes 

approximately correlate with the hydrostat. However, comparing the amount of permeability and 

specific storage reduction between a range of effective mean stresses of 40 MPa - 70 MPa, achieved 

through hydrostatic and non-hydrostatic loading respectively, in sample TEN12 (hydrostatic) and 

TEN27 (non-hydrostatic), shows that the non-hydrostatic stress results in a slight increase in 

permeability reduction through non-hydrostatic loading compared to hydrostatic loading along.

At D, permeability starts to positively deviate slightly from the hydrostat. However, the 

most significant departure in permeability behaviour from the hydrostat occurs at D’, corresponding 

to the effective mean stress at the interconnected pore volume minimum (Table 11.3). In contrast to 

the permeability behaviour, a significant departure from the hydrostat occurs for specific storage at 

the onset of dilatancy (D) (Figure 11.7b). However, as with the permeability evolution, D’ again 

marks the most significant departure from the hydrostat.
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Subsequent to brittle failure the permeability and specific storage measurements were 

conducted during stable sliding on the fault at a residual sliding stress and thus at a lower effective 

mean stress. There is no consistent pattern as to whether there is a relative increase or decrease in 

either property immediately post-failure. However these figures reflect how strongly the post-failure 

permeability and specific storage behaviour deviates from the hydrostatic data at a given residual 

(effective mean) sliding stress, reflecting that permeability and specific storage are functions of not 

only the applied stresses but of accumulated microstructural damage and deformation heterogeneity, 

i.e. a new, higher porosity, material is created whose porosity and permeability versus effective mean 

stress relationship is different from the starting material and different to the permeability 

measurement made on the pre-failure loading path in the intact rock at the same value of effective 

mean stress.

As suggested in Section 11.3 (Figure 11.6d) there appears to be a transition in the 

permeability behaviour between 120 MPa and 250 MPa. Below P f̂f 120 MPa a clear increase 

in both permeability and specific storage occurs as dilatancy becomes dominant. In the test 

conducted at P ^  250 MPa permeability decreases by a factor of 2.3 from the starting permeability to 

the lowest value measured immediately prior to brittle failure (3.5 % strain and 635 MPa differential 

stress) (Figure 11.6d and 11.8). It was not possible to measure permeability successfully post-brittle 

failure.

Figure 11.9 shows the evolution of normalised interconnected pore volume as a function of 

effective mean stress. The reference hydrostats for Tennessee sandstone were provided by Rob Cuss 

(Rock Deformation Laboratory, University of Manchester). Thus the interconnected pore volume 

behaviour under hydrostatic and non-hydrostatic stress conditions is compared in a similar way to 

the permeability and specific storage behaviour (Figures 11.7 and 11.8). The starting interconnected 

pore volume for the non-hydrostatic tests is normalised to the pore volume measured at the start of 

the triaxial deformation test.

Hydrostatic stress always results in a pore volume decrease. Whereas, with the application 

of an additional non-hydrostatic stress, as in the case of permeability and specific storage evolution, 

the interconnected pore volume begins to deviate from the hydrostat at D, and deviates strongly from 

the hydrostat at D’, marking the point where dilatant crack growth dominates over compactive 

volume loss. Thus, beyond D’ it is the non-hydrostatic stresses which exert dominant control on the 

evolution of interconnected pore volume in experiments conducted up to an effective pressure of 120 

MPa.
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11.5.1 Discussion: General Evolution o f Permeability, Specific Storage and Pore 

Volume with Deformation

W ithin the range o f effective pressures 20 MPa - 250 MPa under hydrostatic stress 

conditions, the permeability, specific storage and interconnected pore volum e evolve due to sam ple 

compaction. During the triaxial deformation of Tennessee sandstone, up to the onset o f dilatancy, 

D, the difference between the hydrostatic and non-hydrostatic stress com ponents is not sufficiently  

large to cause cracking and thus the sample continues to compact. With the application o f a non

hydrostatic stress in addition to the hydrostatic pressure, much crack closure as already occurred, 

although a slight enhancem ent o f permeability reduction with the application of non-hydrostatic 

stresses suggests that the non-hydrostatic stress results is som e additional anisotropic crack and 

grain boundary closure which controls fluid pathway connectivity and increases tortuosity. Sim ilarly,
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Holt (1989) found that permeability reduction in a weak sandstone was greater under the application 

of non-hydrostatic loading compared to a slight decrease in permeability measurements under 

hydrostatic stress.

At D, the difference between the hydrostatic and non-hydrostatic stresses becomes 

sufficiently large that microcracking initiates. It is at this point that the non-hydrostatic stresses 

begin to exert control on the evolution of permeability and specific storage and thus both properties 

begin to deviate from the hydrostats. The magnitude of control of the non-hydrostatic stresses 

accelerates beyond D’, when dilatancy begins to dominate over compaction. Therefore the 

permeability and specific storage respond to changes in the microstructure, which are controlled by 

the magnitude of the stress difference.

The effect of compaction anisotropy on permeability cannot be determined from these 

experiments although other authors (Zhu et al. 1997; Schutjens and de Ruig 1997; Zoback and 

Byerlee 1976) have found significant permeability anisotropy during non-hydrostatic compaction. 

We can therefore expect that radial permeability (i.e. normal to ct,) would be significantly lower 

during both compaction and during dilatancy owing to the anisotropic closure of fluid pathways 

aligned at high angles to a ,, i.e. kai > kct? = kct].

The difference in the effective mean stress corresponding to the departure of permeability 

and specific storage from the hydrostats emphasises that the two properties are not inextricably 

linked to each other. Permeability relies on the effective interconnected porosity, whereas specific 

storage includes both the percolating network and dead-end storage.

Furthermore, interconnected pore volume mapped against effective mean stress confirms 

that between the relatively low effective pressure tests (<P^ 120 MPa) and the test conducted at 

250 MPa that the deformation behaviour has changed. In this case, compaction appears to dominate 

over dilatancy up to immediately prior to the peak differential stress (Figures 11.6d, 11.8 and 11.9). 

At and beyond the peak stress during strain softening there is a very slight dominance of dilatancy 

over compaction.

Zhang et al. (1994), Peach and Spiers (1996) and Fischer and Paterson (1992) found that in 

low porosity rocks deformed within the cataclastic flow regime that when the non-hydrostatic 

stresses become sufficiently large to initiate pervasive microcracking that both porosity and 

permeability increase significantly, i.e. that deformation in low porosity rocks is accommodated by 

dilatant cataclastic flow. In contrast, in high porosity rocks, the transition from shear induced 

dilatancy, denoted by C’ (Wong and Zhu 1997; Zhu and Wong 1997) to cataclastic flow is 

accompanied by porosity and permeability reduction, attributed to shear enhanced compaction which 

results in decreased connectivity and an increase in the tortuosity of flow paths.

Microstructural observations show that deformation has been accommodated by both a 

macroscopic shear fracture, but also that the ‘host’ rock has suffered pervasive axial microcracking 

and intense grain size reduction with some rotation of particles (Figure 13.9). Thus, the use of the

182



Chapter 11: Experimental Results IV: Evolution o f Permeability, Specific Storage and
Interconnected Pore Volume During Triaxial Deformation

interconnected pore volume mapped in effective mean stress space leads us to speculate that the 

effective pressure o f -250 MPa in our samples of Tennessee sandstone appears to be approaching the 

range of effective pressures at which the transition from shear induced dilatancy to dilatant 

cataclastic flow may occur, and as such we may therefore expect to see a systematic increase in 

permeability and pore volume during dilatant cataclastic flow with increasing strain (Zhu and Wong 

1997; Zhang era/. 1994).

The results from this relatively high pressure experiment (P ^  250 MPa) suggest that repeat 

experiments conducted up to (and beyond) the localised brittle to ductile cataclastic flow transition 

should be conducted as a matter of great interest to illuminate the nature of permeability evolution 

(i.e. »  P,-/^400 MPa; Rutter and Hadizadeh 1991), and that thought should be given to developing 

a method to measure permeability in these difficult experiments.

11.6. Specific Storage and Rock Compressibility

Specific storage is a measure of both porosity and rock compressibility (Equation 2.31). In Figure 

11.10 changes in rock sample compressibility are plotted as a function of effective mean stress for a 

test conducted under hydrostatic stress conditions (sample TEN 12) and in Figure 11.11 during a 

traixial compressive deformation experiment (sample TEN27). In Figure 11.10 the slope of the 

r̂ock / 9 versus effective mean stress is a measure of the compressibility of the rock as a function of 

simple effective pressure (P̂ .„„ - Pjiu). Compressibility reduces according to a empirically determined 

power law relationship with a negative power law exponent. As hydrostatic pressure is increased 

(i.e. as porosity decreases due to crack closure) the rock becomes stiffer. Similarly, Jones (1989) and 

Jones and Murrell (1989) report an increase in P-wave velocity and hence a reduction in sample 

compressibility with increasing effective pressure.
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Allowing for sample variability, up to the onset of dilatancy (D) the trend of the 

compressibility curve under triaxial stress conditions approximately follows the form defined by the 

hydrostatic curve. However, as dilatancy dominates over compaction the rock becomes significantly 

more compressible for a given incremental increase in effective mean stress, with a stiffness 

‘minimum’ achieved just prior to peak differential stress reflecting that the pore volume comprises a 

significant proportion of microcrack type pores. Furthermore, the high axial load ensures that these 

cracks are relatively ‘open’. Subsequent to brittle failure, there is a net increase in sample porosity, 

and a reduction in the compressibility associated with the relative closure of axial microcracks with 

the dynamic stress drop.

11.7 Evolution of Permeability and Specific Storage to Extended Stable Sliding Strains and 

the Role of the Fault Rock in Controlling Permeability

Owing to the transient behaviour of both permeability and specific storage immediately post-brittle 

failure (Figures 11.2a and b, 11.6a - c) in order to study the longer term evolution of permeability 

and specific storage an experiment was conducted where the sample was deformed to a relatively 

extended axial strain (11% total axial shortening) where -8%  of the total axial strain was 

accommodated through stable sliding on a shear fault. Figure 11.12a shows the results of the stress- 

strain and interconnected pore volume, and Figure 11.12b shows the longer-term permeability and 

specific storage behaviour of the faulted rock sample respectively. Only two permeability 

measurements were made pre-failure, which show a relative increase in permeability associated with 

dilatancy. Immediately post-failure this sample is characterised by a 7 fold increase in permeability 

from the minimum value measured during compaction. With the establishment of a fault and stable 

sliding over approximately 8% of the total axial strain, corresponding to a shear displacement of 

-2.7 mm, a distinct general reduction in permeability with increased displacement along the fault is 

observed.

Prior to brittle failure there is a sharp increase in sample specific storage associated with 

dilatancy. Immediately following brittle failure there is a relative decrease in specific storage. 

However, with an increase in stable sliding specific storage generally increases. The longer-term 

evolution of specific storage in this example closely follows the interconnected pore volume data 

measured independently using the servo-controlled pore volumometer. This is not so clearly 

observed in other similar experiments conducted to lower axial strains. These results emphasise that 

it is necessary to conduct experiments to large axial strains to establish longer term trends in 

permeability and specific storage evolution.
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Figure 11.12: a) Stress-strain and interconnected pore volume change, and 

b) permeability and specific storage evolution to extended axial strain at an 

effective pressure o f 40 MPa. The vertical lines join the permeability: and 

specific storage data with D ’ and with the peak differential stress.

11.7.1 Discussion

From microstructural observations (Chapter 12) it is inferred that post-brittle failure the 

permeability behaviour is controlled by the properties o f the lowest permeability com ponent o f the 

sample. The fault zone in this sam ple is a discrete zone (-1 m m  wide) o f intense grain size reduction 

and com m inution o f grains, form ing the gouge material in the fault core. Grain size reduction and
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comminution in gouges has been found to result in a fractal distribution of grain sizes (Sammis et al. 

1986; Marone and Scholz 1989), which with increased displacement on the fault may lead to 

efficient packing of particles resulting in compaction and porosity reduction (Marone and Scholz 

1989; Morrow et a l  1984; Teufal 1987) and an increase in fluid pathway tortuosity. Furthermore, 

clay and cement smearing approximately parallel to the edges of the fault also occurs (Figure 12.8; 

Chapter 12). Permeability of natural fault gouges has been shown to be extremely anisotropic, with 

permeability measured perpendicular to clay fabrics significantly lower than permeability measured 

parallel to the fabric (Faulkner 1997; Faulkner and Rutter 1998; Evans era/. 1997).

In addition, the gouge zone broadens with increasing stable sliding, that a

component of the host rock, which is transitional between the gouge and the intact host rock, 

becomes incorporated into the gouge with shear strain.

Furthermore, brittle failure and the development of a localised shear band is accompanied 

by a sharp reduction in the axial load (and effective mean stress) resulting in the relative closure of 

axial microcracks held open by the high axial loads before dynamic failure. Since the axial stress 

remains constant during the stable sliding, it may be assumed that the solid rock on either side of the 

fault zone maintains an approximately constant microstructure except immediately adjacent to the 

fault. Therefore the pore volume change with increasing fault displacement may be associated with 

continuing dilatancy in the host rock in the transitional zone adjacent to the fault zone and in the 

gouge itself, since better packing of gouge particles makes the gouge harder to deform, so that 

renewed dilatancy may be needed (Figure 11.12a). Since the sliding stress is constant we may also 

therefore assume that the permeability of the ‘intact’ host rock probably remains approximately 

constant during stable sliding. Furthermore, permeability in fault rocks is sensitivity dependent on 

effective mean stress (Teufdl 1987; Crawford 1998; Evans era/. 1998; Caine era/. 1998), so that it 

may be useful to normalise those permeability measurements made at the residual stable sliding 

stress to some stress factor.

We conclude, therefore, based on microstructural observations, that the fault rock probably 

controls the permeability evolution during stable sliding. As such, the results of permeability 

changes with stable sliding along the fault are consistent with several other studies investigating the 

evolution of permeability in faults during shearing (Teufal 1987; Morrow et a l  1984; Zhu and 

Wong 1997; Crawford 1998).

However, the calculation of permeability and specific storage in the above analysis (Figure 

11.12) assumes a homogeneous permeability structure throughout the whole sample. If the discrete 

fault zone indeed possesses a significantly lower permeability than the host rock, then the values of 

permeability derived in the above analysis may be significantly overestimated. Thus, with the 

presence of a relatively low permeability fault zone, the sample may be considered to comprise three 

components; these are two relatively high permeability ‘intact’ host components and one relatively 

low permeability fault rock (Figure 12.2).
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An attempt has been made to estimate the permeability of the fault rock itself based on an 

analysis outlined by Crawford (1998). Two principal assumptions are made; firstly the permeability 

of the fault rock is very much less than then permeability of the stressed rock matrix, and secondly, 

that the fault zone conforms to a shear band geometry with finite uniform thickness. Thus if these 

two assumptions are valid, virtually all of the transient pulse pressure is considered to decay across 

the fault zone. An approximate expression for shear band permeability is given by:

^fuuh 11-2

where k/,,,,./ is the value of permeability derived using the whole sample volume, Ahoxi is the area of 

the intact sample, I is the sample length, A/o„/,is the area of the fault, 03 is the thickness of the fault 

and k fauu is the permeability of the fault rock. For a fuller discussion of the derivation of this 

relationship see Crawford (1998).

In Figure 11.13a the permeability for the measurements made during stable sliding are re- 

estimated using the above analysis. In Figure 11.13b the same permeability measurements are 

normalised to the permeability measured in the intact sample during the pre-failure loading path at 

the same value of differential stress (-125 MPa) as the residual sliding stress. Thus, the difference 

in permeability is therefore independent of stress state and can be attributed uniquely to the 

properties of the fault rock. Since the fault zone widens with shear strain, two estimates of fault rock 

thickness are used to estimate the permeability of the fault rock. From microstructural observations, 

a thickness of 350 jam has been taken for a relatively ‘young’ fault, and the final thickness of the 

gouge in the sample deformed in this experiment is approximately 1mm. Thus, the permeability 

may be expected to evolve within the band of values defined by the estimates for fault thicknesses of 

350 |Ltm and 1mm.
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The results show a reduction in permeability by almost 2 orders of magnitude to that of the 

intact host rock during stable sliding. The author is currently unaware of experimental studies 

monitoring the evolution of permeability in a single low porosity material through the brittle 

deformation cycle leading to the formation of a brittle shear fault and subsequent stable sliding. As 

such, no direct comparison can be made. However several studies on relatively high porosity rocks 

(Clashack sandstone, 1 8 - 2 1  % (j)) do indeed show an approximate 2 order of magnitude 

permeability decrease associated with the formation of a shear fault (Crawford 1998), and Morrow et 

al. (1984) concluded that even non-clay-rich, fine grained comminuted gouges, derived from a 

granitic gneiss, may possess very low permeabilities which further decrease with shear displacement 

(10 ' ^ m- -  lO '- 'm -).

If the pattern of permeability decrease with displacement is extrapolated to larger axial 

strains the fault may potentially act as a relatively low permeability seal to migrating fluids. Indeed, 

the conclusion that the fault rock controls the permeability evolution of rocks samples has been 

drawn by several other authors investigating the evolution of permeability in relatively high porosity 

rocks (>12%(j)) (Zhu and Wong 1997; Teufal 1987). Alternatively, an equilibrium fault rock 

structure may be achieved, resulting in a slip-independent stable permeability. However, the 

complex structure of the fault zone and the transitional zone suggest that in reality strong 

permeability anisotropy may exist.

The results of the above analysis lead us to question the validity of the transient 

permeability high frequently observed immediately post-brittle failure. It is difficult to decide at 

which point in the stress-strain evolution that the permeability of the sample becomes controlled by 

the fault rock. A clear transient permeability increase may be expected in low porosity rocks due to 

microcracking leading to fracture. For example an increase in permeability of between 6 and 9 

orders of magnitude was found by introducing a single tensile fracture in low permeability 

crystalline rocks by Trimmer et al. (1980). However, microstructural observations of Tennessee 

sandstone (Chapter 12; Figures 12.1 - 12.3) suggest that between the peak stress and stable sliding 

that fault gouge does indeed begin to develop at least within sections of a wider damage zone 

comprising axial cracks. There is both a fracture zone of axially aligned microcracks and local 

developments of gouge, which, combined with the reduction in the differential stress and the 

possible role of shear heating resulting in a local reduction in effective stresses, emphasises that the 

permeability structure and stress dependence of the microstructure, and hence the permeability, is 

extremely transient.

In conclusion, extreme care should be taken in interpreting results immediately post

dynamic failure. However, we may be confident that at larger axial strains that the stress state, and 

permeability structure are stable and the measurements of permeability reflect the properties of the 

lowest permeability component of the material, i.e. the fault gouge. However, in the case of the 

relatively ‘tight’ Tennessee sandstone, the first assumption inherent to this analysis (i.e. that the
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fault rock permeability is significantly less than the intact host material) may not be strictly valid. 

However, this analysis and microstructural observations leads us to infer that the permeability 

structure of the sample becomes extremely complex once a brittle fault has formed, and highlights 

the problems in interpreting single ended transient pulse measurements made during stable sliding. 

In future investigations, either a two-ended transient pulse permeameter comprising both upstream 

and downstream reservoirs or the steady-state flow through measurement methods should be used.

11.8 The Effective Stress Law for Permeability and Specific Storage Evolution during 

Deformation

Permeability and specific storage have been demonstrated to be sensitive to effective pressure 

(Chapter 10; Section 10.3). The 5 coefficient of the effective stress law is property dependent 

(Terzaghi 1936; Bernabe 1986, 1987a; Robin 1973). The 6 coefficient of the effective stress law 

has been determined empirically for permeability and specific storage under hydrostatic stress 

conditions (Chapter 10; Figure 10.4), and Tennessee sandstone has been shown to obey the 

concept for brittle failure during triaxial compressive deformation (Rutter and Hadizadeh 1991). 

Both permeability and specific storage were found to follow the effective stress concept under 

hydrostatic stress conditions, i.e. that both properties yield approximately constant values at a given 

effective pressure achieved through different combinations of Pam and Py7„. To determine if 

permeability and specific storage obey the effective pressure law during triaxial deformation two 

experiments were conducted at a fixed value of P ^  of 40 MPa but achieved through two different 

combinations of P„,„ and (Table 11.4). However, no attempt is made here to derive a 5 coefficient 

for permeability and specific storage during triaxial deformation.

Sample Effective 

Pressure (P,^)

Confining 

Pressure (P,.„„)

Pore fluid 

Pressure fPfif)

Starting

Permeability (m^)

Starting Specific 

Storage(m’)

Ten 30 40 50 10 0.74 X 10'’* m ^ 3.5 X 10'^ m '^

Ten27 40 70 30 2.3 X 10''® m ^ 4.5 X 10'^ m '

Table 11.4: Combinations of P„;„ and Pyj„ used to achieve P ^  40 MPa, and starting permeability and 

specific storage.

Figure 11.14 shows the results of two deformation experiments conducted at a fixed value of 

P,,/^40 MPa but achieved by using different combinations of Pc„„ and P/?„, (Table 11.4). There is very 

close agreement between the stress-strain and pore volume behaviour. The permeability and specific 

storage data for the two experiments also show excellent agreement (Figures 11.15a and b). Thus 

these experiments suggest that the effective stress concept is well obeyed for triaxial compressive
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strength, interconnected pore volume change, permeability and specific storage evolution during 

drained triaxial deformation under the given range o f experim ental conditions.
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S tress-S train  Ten27, 70:30M Pa 
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0 2 3 4 5 6 71
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Figure 11.14: Stress-strain and interconnected pore volume for two tests

conducted at P,.ff 40 MPa, achieved using different combinations o f and

P f l l r

Furthermore, the excellent reproducibility o f these two data sets clearly demonstrates the 

relative changes in permeability and specific storage as a clear function of the stress-strain and pore 

volum e evolution. These tests em phasise how sensitive the measurement o f permeability and 

specific storage is to the exact position in the stress-strain space at which they are measured. From  

such results we can confidently construct a general trend for the evolution o f both permeability and 

specific storage under these given experimental conditions.
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Figure I I . 15a) Stress-strain. interconnected pore volume change, permeability
and specific storage evolution in Tennessee sandstone at an effective pressure of 40 MPa
achieved using P„„ 70 MPa and 30 MPa.
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11.9 Stress Path Dependence of Permeability and Specific Storage during Triaxial 

Compressive Deformation

Under hydrostatic stress conditions, permeability and specific storage have been shown to be 

sensitive to hydrostatic stress path (Chapter 10; Section 10.5: also Bernabe 1986, 1987a). To 

investigate the effect of non-hydrostatic stress path dependence on the evolution of permeability and 

specific storage under non-hydrostatic stress conditions, a number of experiment types were 

conducted and are summarised below;

11.9.1 Cycling of the axial load

11.9.2 Combinations of changes in both axial load and effective pressure

11.9.1 The Effect of Cycling of the Axial Load on Interconnected Pore Volume, 

Permeability and Specific Storage Evolution during Triaxial Deformation

To investigate the effect of ‘cycling’ of the axial load an experiment was conducted where at various stages 

during deformation, the axial load was reduced to zero, thus returning the sample to an effective 

hydrostatic pressure of 40 MPa, and then the axial load was re-applied to the same value of differential 

stress as prior to the axial load ‘cycle’ (Figure 11.16). Permeability measurements were made at the given 

differential stress on the ‘normal’ loading path and at the same differential stress subsequent to the axial 

load cycle. Two stress cycles were conducted pre-brittle failure and one stress cycle was conducted post- 

brittle failure, so that the points at which the axial load was cycled occurred during quasi-elastic 

compaction, during dilatancy and subsequent to the formation of a brittle shear fault in order to access as 

many modes of deformation as possible. The experimental methodology is summarised in Table 11.5 and 

in Figure 11.16. Interconnected pore volume changes were monitored throughout using the pore 

volumometer. The permeability and specific storage measurements are subdivided into those 

measurements made:

a following the ‘normal’ axial loading path

b after the axial load was cycled.

Results of the permeability and specific storage measurements are described as four measurements sets 

(MS = measurement set) of these measurement pairs (a = normal loading path and b = after axial load 

cycle). This experiment was conducted at Ppjy40 MPa, with P„,„ 70 MPa and Pflu 30 MPa.

Measurement Set Deformation Phase Differential Stress ( MPa ) Axial Strain ( % )

MS 1 compaction 100 1

MS2 onset of dilatancy 200 1.75

MS3 post-failure stable sliding 134 4.5
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Table 11.5: Sum m ary of m easurem ent sets during axial load cycling experiments.
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M S2
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loading and un load ing  path100

R e-app lica tion  o f  axial load

0 0.5 1.5 2 2.5 3 3.5 4.5 51 4
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Figure 11.16: Stress-strain curve showing the triaxial loading path

experienced by the sample. There are 3 measurement sets. The solid arrows 

indicate the direction of the loading path. Permeability measurements were 

made at the three measurement sets (MSI - MSS) (sample TEN 15)

Pre-brittle failure, cycling of the axial load results in no change in interconnected pore volume 

during either compaction or at the particular point during dilatancy at which M S2 was conducted (Figure 

11.17a). Although measurement set 2 was made after D ’, interconnected pore volume changes in M S2 are 

fully recoverable. In contrast, immediately post-brittle failure (MS3) cycling of the axial load results in 

large changes in interconnected pore volume. The pore volume decreases during both the loading and 

reloading of the axial stress, where 87% of the net permanent interconnected pore volume loss occurring 

during offloading and the remaining pore volume loss occurring during the re-application of the axial load.

Some small changes in permeability due to stress cycling were observed pre-brittle failure (Figure 

11.17b). Specific storage appears to show more sensitivitytoaxial load cycling. As with interconnected 

pore volume changes, changes in permeability and specific storage due to axial load cycling immediately 

post-brittle failure are more significant. Immediately post-failure the permeability is characterised by a 

transient ‘high’ approximately 3 times greater than the initial starting value. Subsequent to axial cycling 

permeability reduces to -0 .2 5  of the pre-axial load cycle value.
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197



Chapter I ] : Experimental Results IV: Evolution o f Permeability, Specific Storage and
Interconnected Pore Volume During Triaxial Deformation

No sensitivity to axial load cycling was found for permeability or pore volume during dilatancy. 

However, this measurement (MS2) was made before significant dilatant microcracking had occurred. 

Similar studies investigating pore volume changes as a function of axial load cycling (Aves 1995) in 

Darley Dale sandstone (-14 % porosity) suggest that axial load cycling results in non-recoverable pore 

volume loss during dilatancy. In this case we may expect significant permeability reduction associated 

with axial load cycling. Therefore, this experiment should be repeated and measurements made during 

axial load cycling when dilatancy becomes significant.

It appears, however, that cycling of the axial load exerts a stronger control on the pore volume, 

permeability, and specific storage behaviour post-brittle failure where the permeability behaviour of the 

sample is controlled by the properties of the fault zone. If we assume that the porosity and permeability 

changes are dominated by changes in the newly-formed fault rock, the reduction in permeability at MS3, 

combined with the reduction in specific storage and pore volume, reflects enhanced compaction, probably 

facilitated by changes in the microstructure brought about through fiictional sliding of particles and grain 

rearrangement. Likewise, Marone and Scholz (1989) observed enhanced compaction and porosity 

reduction in synthetic gouges subjected to cyclic axial loading. This, they attributed to shear distortion of 

granular particles in the gouge, which resulted in more efficient packing and compaction of the grains than 

achieved through hydrostatic stress cycling. Changes in permeability, pore volume and specific storage 

post-brittle failure are thus sensitive to the relative compaction and porosity reduction of the gouge through 

cyclic shear loading. '

11.9.2 The Effect o f Combinations o f Changes in Both Axial Load and Effective

Pressure on Permeability and Specific Storage Evolution

Two experiments were conducted to investigate the effect of non-hydrostatic stress path dependence 

of permeability and specific storage pre-brittle failure in Tennessee sandstone. Two points pre- 

brittle failure in the stress-strain evolution were selected, during compaction and dilatancy, where 

the stress field experienced by the sample was altered, achieved through changes in both the axial 

stress and the effective hydrostatic stress, corresponding to two stress path types; Type 1 and Type 2. 

Both experiments were conducted at P,^40 MPa with Peon 70 MPa and P̂ 7„ 30 MPa. The % values of 

peak differential stress at which the permeability measurements were made are summarised in 

Tables 11.6 and 11.7. At each of the two points pre-brittle failure, five separate transient pulse 

permeability measurements were conducted and are summarised below and explained schematically 

in Figures 11.18 and 11.22. In both experiments the value of % peak stress was determined from 

previous experiments on Tennessee sandstone conducted at P ^  of 40 MPa. A summary and 

discussion of the results from both stress path types will be given in Section 11.9.3.
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11.9.2.1 Stress Path Type 1:

M easurement 1 Normal axial loading path; permeability measurement made at 0.5 or

0.85 o f the peak differential stress at P^^40 MPa 

M easurement 2 Reduce axial load to 0.5 or 0.8 o f the peak differential stress for a sam ple

deformed at P ^  o f 20 MPa.

M easurement 3 Reduce P^  ̂from 40 MPa to 20 MPa by reducing P̂ .̂ ^

Measurement 4 Increase the P ^ from  20 MPa to 40 MPa by increasing P„„

M easurement 5 Re-apply axial load to 0.5 or 0.8 o f the peak differential stress for a

sample deformed at P ^  40 MPa.

Test
Number

Stress
path
Type

Permeability 
M easurement 
at % Peak 
Differential 
Stress

Change in 0 | - 03  

(MPa)
Change in 
P./r(M Pa)

D ’

T 120/121 1 0.5 141 - 108 MPa 40  - 20 MPa 1.53%
0.82 234 - 178 MPa 40  - 20 MPa 183 MPa 

(differential stress)
Table 11.6: Summary o f experimental procedure for stress path Type 1 exploring the effect o f

changes in axial and hydrostatic stress path on permeability and specific storage evolution pre-brittle 

failure in T ennessee sandstone (sam ple TEN28).
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Figure 11.18: Schematic diagram to show changes in axial loading

(differential stress) and effective pressure o f one permeability 

measurement set (MS) to achieve stress path Type I. Numbers refer to 

the permeability measurement number.
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Thus, measurements 1 and 5, and measurements 2 and 4 were made at the sam e state o f  

effective mean stress, but achieved by follow ing different stress paths. Figure 11.19 shows the 

stress-strain and pore volume evolution during the experim ent and Figures 11.20a and b show  the 

permeability and specific storage in the same experiment, follow ing stress path Type 1, plotted as a 

function of effective mean stress. In Figure 11.21 the sam e permeability and specific storage data 

are plotted as a function of differential stress. For reference, the results o f the perm eability evolution  

conducted under the sam e experimental conditions but follow ing the normal axial loading path are 

shown (TEN27).
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Eigure 11.19: Stress-strain and pore volume evolution during an experiment 

following stress path Type I (sample TEN28). Note the changes in pore 

volume brought about by changing the differential stress and the effective 

hydrostatic stress.
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In both measurement sets a relative increase in interconnected pore volume (Figure 11.19) 

occurred with the reduction of both the and the differential stress, and a relative decrease in pore 

volume occurred with the re-application of the effective pressure and the differential stress back to 

the normal loading path. The magnitude of pore volume change is greater with changes in the 

effective pressure (Figure 11.19).

In both measurement sets (MSI and MS2), the procedure of changing the stress fields 

between measurements I and 5 results in a clear net increase in permeability. During both 

compaction and dilatancy the most significant changes in permeability occur with a decrease in 

resulting in a net increase in permeability. Changes in the differential stress have relatively little 

impact on the permeability except when the axial load was re-applied during dilatancy (Figures 

11.20a and 11.21a; Measurement number 5). However, somewhat surprisingly, the permeability 

increase associated with the reduction in P,^ was not significantly counteracted when the was 

increased from 20 MPa to 40 MPa.

Unlike the evolution of permeability, specific storage shows a distinctly different evolution 

between the two measurement sets during compaction and dilatancy (Figures 11.20b and 11.21b). 

As with the permeability evolution, changes in the hydrostatic stress (P,^) exert dominant control on 

specific storage during compaction. In strong contrast, during dilatancy (MS2), it is the differential 

stress which exerts dominant control on the specific storage evolution (Figure 11.21b), reflecting the 

relative opening and closure of stress-induced, axially-aligned microcracks. Similarly, differential 

stress was found to exert a strong control on the specific storage in experiments investigating the 

effect of reducing the axial load to a fixed value of differential stress when the effective pressure was 

held constant (Chapter 7; Figure 7.13b). Axial microcracks therefore appear to contribute 

significantly to the storage capacity of the sample, although the relative closure of them appears to 

have a lesser impact on the permeability.

Summary to Stress Path Type 1

During compaction, changes in the applied hydrostatic stresses exert dominant control over 

changes in BOTH permeability and specific storage. During dilatancy, permeability is controlled 

predominantly by changes in the P̂ ff, whereas changes in the deviatoric stress field, generated by 

reducing and reapplying the axial load, exert dominant control on the specific storage.
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11.9.2.2 Stress Path Type 2 

Measurement 1 Normal axial loading path; measurement at 0.55 or 0.94 of the peak

differential stress at P(^40 MPa 

Measurement 2 Increase P^^ from 40 MPa to 60 MPa by reducing Pjiu

Measurement 3 Increase the axial load to 0.5 or 0.94 of the peak differential stress for a

sample deformed at P^  ̂60 MPa 

Measurement 4 Reduce axial load back to 0.5 or 0.94 of peak differential stress for a

sample deformed at P,^ 40 MPa 

Measurement 5 Reduce from 60 MPa to 40 MPa by increasing Pj7„

Test

Number

Stress

path

type

Permeability Measurement 

at % Peak Differential 

Stress

Change in (7, - O3 

(MPa)

Change in P ^  

(MPa)

T125/126 2 0.55 157- 190 MPa 40 - 60 MPa

0.94 (where in MS2 

increase differential stress 

to only 0.86 of peak stress 

at Pejf 60 MPa)

267 - 300 MPa

Table 11.7; Summary of experimental procedure for stress path Type 2 exploring the effect of 

combined changes in axial and hydrostatic stress path on permeability and specific storage evolution 

pre-brittle failure in Tennessee sandstone (sample TEN36).

In the case of stress path Type 2 the five measurements were not made at a fixed value of 

axial strain as the ‘onloading’ procedure resulted in a small increase in axial strain. Following 

stress path Type 2 (Figure 11.22) it was not possible to increase the axial load to 0.94 of the peak 

differential stress at P̂ .ff 60 MPa as this may have resulted in the failure of the sample. In this case 

the axial load was increased only to 0.86 of the peak stress. Following this stress path, measurement 

numbers 1 and 5, and 2 and 4 were made at the same state of effective mean stress, but achieved 

through different paths. The stress-stain and pore volume evolution are shown in Figure 11.23 and 

the permeability and specific storage evolution following stress path Type 2 are shown in Figure 

11.24 as a function of effective mean stress.
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In both measurement sets both hydrostatic and non-hydrostatic stresses appear to have an 

approximately equal impact on the evolution of permeability. However, the effect of each stress field 

is not consistent when comparing measurements conducted either during compaction or dilatancy. 

For example, during compaction (MSI) increasing the is associated, as expected, with a 

permeability reduction, but during dilatancy, (MS2), is associated, surprisingly, with a permeability 

increase between measurement numbers 1 and 2. During both compaction and dilatancy decreasing 

the results in a net permeability increase, as expected, the magnitude of which is greater during 

dilatancy.

The effect of changes in the differential stress is more consistent during both compaction 

and dilatancy, with an increase in differential stress resulting in a decrease in permeability, again the 

magnitude of which is greater during dilatancy, and a decrease in the differential stress resulting in a 

small increase in permeability during both compaction and dilatancy.

The procedure of conducting the stress path itself during dilatancy results a significant net 

permeability increase. This is attributed to both the rapid changes in permeability expected at high 

differential stresses, and to the effect of the procedure itself, since increasing the differential stress 

results in a small net increase in axial strain, and a consequent increase in dilatant axial 

microcracking.

From Figure 11.24 it is clear that during both compaction and dilatancy it is changes in the 

effective pressure which exert dominant control over the specific storage, the magnitude of control is 

greater during dilatancy. In strong contrast, during dilatancy following stress path Type 1, specific 

storage was found to be dominantly controlled by the differential stress.

Summary to Stress Path Type 2

In summary, following stress path Type 2, both the permeability and specific storage appear 

to be more sensitive to changes in the effective pressure particularly during dilatancy, than to 

changes in the differential stress.

11.9.3 Discussion: Stress Path Dependence of Permeability and Specific Storage

In both stress path experiments, (stress paths Type 1 and 2) measurement numbers 1 and 5, and 2 

and 4 in each measurements set (MS) were made at the same state of effective mean stress, although 

arrived at through different loading and unloading paths. Comparing the results of measurement 

numbers 1 and 5, and 2 and 4 demonstrate that both permeability and specific storage generally 

show a clear dependence on stress path. The magnitude of stress path dependence of both properties 

is greater the larger the stress path ‘excursion’, e.g. the difference in permeability measured in stress 

path Type 2 between measurement numbers 1 and 5 is greater than the permeability difference 

between measurement numbers 2 and 4, since between measurements 1 and 5 the rock sample has 

experienced 4 increments of changes in the stress field compared to only a relative cycle of
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differential stress experienced by the sample between measurements 2 and 4. Furthermore, the 

magnitude of stress path dependence is also greater during dilatancy than during compaction. 

However, in general, it appears that changes in the effective hydrostatic stress component of the 

stress path generate the greatest hysteresis, although a marked dependence of specific storage on the 

differential stress during dilatancy was observed in stress path Type 1.

In general, during both dilatancy and compaction changes in the effective mean stress, 

when brought about by changes in the effective hydrostatic stress rather than by changes in the 

differential stress, appear to exert a greater control on permeability. Likewise, Bruno (1994) and 

Yale and Crawford (1998) observed that axial permeability in samples of Castlegate (26% ([)) 

sandstone and in carbonate rocks (ranging in porosity between 14% - 42%) respectively was more 

dependent on changes in radial stress than on changes in axial stress, since radial stresses, or in our 

case the hydrostatic stress, exert a stronger control on the relative opening of axial microcracks than 

the non-hydrostatic stresses.

Based on the relationship obtained from measurements made under hydrostatic stress, the 

relative increase in permeability associated with an increase in P ^ is  highly unexpected. The slightly 

anomalous results of the dependence of permeability and specific storage on either the effective 

pressure or the differential stress in both tests types suggests that the changes in the stress fields, 

particularly during dilatancy when the microstructure becomes increasingly anisotropic, may have 

induced subtle changes in the microstructure, which have a significant effect on pore connectivity or 

on tortuosity. Bernabe (1986, 1987a) suggested that even under the application of a macroscopically 

hydrostatic stress field some shear stresses can occur at favourable grain boundaries within the 

sample. Hence some shear displacement may have occurred at favourable grain boundaries and pre

existing cracks during compaction or on newly-formed microcracks during dilatancy. For example, 

an increase in the effective hydrostatic stress may result in some shear movement at cracks and grain 

boundaries oriented at relatively high angles to Qi, which then become critical connectors to the 

relatively isolated axial fluid pathways. Thus a relative increase in axial permeability is observed.

11.10 Chapter Summary

An integrated investigation has been carried out on the stress-strain, interconnected pore volume, 

permeability and specific storage evolution in Tennessee sandstone undergoing brittle deformation 

leading to ultimate sample failure through the development of a brittle shear fault. The dependence 

of the compressive failure strength, interconnected pore volume, permeability and specific storage on 

effective pressure has been determined, and the same parameters have been shown to obey the 

effective stress concept. The relative roles of hydrostatic and non-hydrostatic stresses in controlling 

permeability, specific storage and interconnected pore volume changes have been determined.
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During compaction, non-hydrostatic stresses result in some small enhancement of permeability 

reduction in the axial direction (i.e. parallel to a,). Once the stress difference between the 

hydrostatic and non-hydrostatic stresses is sufficiently large to initiate dilatant microcrack growth, 

the non-hydrostatic stresses begin to exert control over the evolution of permeability, specific storage 

and interconnected pore volume. The development of a brittle shear fault and stable sliding has been 

shown to result in enhanced permeability reduction. Both permeability and specific storage have 

been found to be stress path dependent during both compaction and dilatancy.
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Chapter 12

12 Microstructural Analysis of Rock Samples Deformed During Triaxial

Deformation Experiments

12.1 Introduction

In this chapter the evolution of microstructure is described and briefly correlated with the stress- 

strain, pore volume, permeability and specific storage evolution during the deformation of Tennessee 

sandstone during triaxial compressive deformation, leading to failure through the formation of a 

brittle shear fault and subsequent stable sliding upon the shear fault. The mechanical and pore 

volume changes indicate that the samples experience initial compaction, followed by dilatancy, 

localisation and coalescence of microcracking into a shear fracture, with subsequent stable sliding 

upon the shear fault. In this chapter the interaction between microstructure and the permeability and 

specific storage evolution is discussed briefly.

12.2 Procedures

All samples of Tennessee sandstone deformed in this experimental programme during 

triaxial compression tests up to effective pressures of 250 MPa failed by the formation of a 

macroscopic brittle shear fault, oriented at approximately 30° to the maximum principal stress 

direction (o,).

Subsequent to the triaxial deformation experiments, the samples were carefully 

disassembled from the triaxial piston assembly and polished thin sections prepared. However, all 

thin sections prepared in this experimental programme were prepared from samples in which shear 

faulting and stable sliding had already occurred. In order to correlate micrcstructural evolution in 

Tennessee sandstone with the permeability and specific storage evolution in the pre-failure and peak 

stress regions, and immediately post-failure before significant stable sliding on the shear fault had 

occurred, thin sections corresponding to these deformation phases in samples deformed at 100 

MPa were prepared and kindly provided by Rob Cuss (Rock Deformation Laboratory, University of 

Manchester), and are described below (sample numbers RJCC21, RJCC19 and RJCC20).
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12.3 Evolution of Microstructure of Tennessee Sandstone during Triaxial Compression 

Deformation Experiments

In all photomicrographs, the scale bar is 500 um, and the maximum principal stress direction (a ,)  

and the direction o f permeability measurements is vertical. The position on the stress-strain curve 

corresponding to each thin section is shown in Figure 13.1.

4 5 0

4 0 0

3 5 0

3 0 0

RJCT202 5 0

RJCT21200
RJCT19

T083
TEN27
TEN29

1 50

100

RJCT22 (hydrostatic)
5 0

0
0 2 3 5 6 71 4

% Axial Strain

Figure 12.1: Example o f the position in the stress-strain curve where thin

sections were sampled. Samples denoted by RJCCT were supplied by Rob Cuss 

(Rock Deformation Lab, Manchester), and those denoted by T083 or TEN were 

deformed in this study.

In the sam ple compacted hydrostatically at an effective pressure o f 100 M Pa (RJCCI9) 

there is little discernible axial microcracking, and it is difficult to determ ine compaction ow ing to 

the clay and lim onite content, although pore volum e changes (Figure 11.9) testify to significant 

compaction and pore volum e loss. However, som e microcracks, either pre-existing or generated  

through hydrostatic com paction (with no apparent preferred orientation), do exist.

In sam ples retrieved from an experim ent conducted at P ^  100 MPa at -85%  o f the failure 

stress (sam ple RJCC21) there is a macroscopic marked offset in the region o f the potential shear 

fracture. This localised zone is associated with the onset o f som e axial Hertzian-type microcracks, 

which develop at grain boundaries and propagate into the grains (Figure 12.2; R JCC2I), although
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only small amounts of cracking occur at a distance o f -2 m m  from the main damage zone (Figure 

12.3).

Peak differential stress is characterised by the increasing developm ent o f a localised shear 

fracture, although it does not propagate fully through the sam ple (RJCCT20). The fracture zone is 

characterised predominantly by a clear increase in localisation o f axial microcracking and a 

developing gouge zone (approximately 1 grain diameter wide), although in parts the fracture zone 

contains highly fragmented grains but without a discrete gouge zone (Figure 12.4; RJCCT20). The 

density o f axial microcracks increases from the host rock to the fault zone, over approxim ately 2 

mm.

In the sam ple retrieved from the post-peak stress region during stress relaxation before 

stable sliding on the fault, the central part o f the fracture zone has not yet fully developed into gouge 

material, but contains a localised damage zone (<2 grain diameters) o f highly fractured and, in part, 

rotated material with no preferred alignm ent o f rotated grains. W here gouge is present it extends 

over up to 3 grain diameters, and contains som e clay smearing.
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W I T H  C L A Y  
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W i d t h  o f  0 . 3  • 1 m m
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E X T E N T  O F  
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M I C R O C R A C K I N G  

O v e r  a p p r o x i m a t e l y  
2 . 5  - 4 m m

Figure 12.5: Schematic diagram of the distribution of microstructural damage 

and the porosity - permeability structures in faulted sample o f Tennessee 

sandstone.
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Faulted samples comprise three principal components; the host rock, and two components 

of the fault zone, a transitional damage zone and the fault core comprising gouge (Figure 12.5). The 

relatively undeformed host rock grades through a narrow transitional damage zone into the gouge 

(Figure 12.6). The transitional damage zone is characterised by enhanced microcracking, 

containing a high density of axial Hertzian and transgranular extension microcracks which extend 

over several grain diameters adjacent to the gouge. Immediately adjacent to the gouge the 

transitional damage zone is characterised by grain size reduction with some grain rotation. The 

gouge is characterised by extensive comminution and intense grain size reduction, occasionally with 

the development of localised shears, defined by smeared clays, oriented at low angles to the fault 

boundary (Figure 12.7). Occasional grains containing transgranular cracks are carried passively or 

are rotated within the gouge material.

Once stable sliding occurs all samples from this experimental programme generally display 

very similar microstructures. The deformation is accommodated within the fault rock which 

includes both the gouge component and the transitional zone (Figure 12.7). With increased shear 

displacement the transitional damage zone suffers grain size reduction and the loss of comminuted 

particles into the gouge. The gouge zone widens with shear strain, for example from a width of 

approximately 350 |im in a fault subjected to approximately 1.5 mm sliding (Figure 12.7; sample 

TEN27) to approximately 1mm in a sample subjected to stable sliding over approximately 2.7 mm 

(sample TEN 14), and the grain size becomes finer as the gouge is subjected to larger axial strains.

In the ‘host’ rock, axial microcracks extend up to a distance of -3  mm from the gouge 

(Figure 12.8), the density of which increases with increasing effective pressure. At the highest 

effective pressure experiment conducted, the sample failed by shear localisation in a brittle fault, 

although the sample displayed some macroscopic barrelling. At a distance of approximately 3 mm 

from the fault the sample has suffered intense axial cracking and grain size reduction, with some 

amounts of rotation of fractured particles (Figure 12.9).
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-;-?̂ ktws
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figure 12.2: Local development of a zone o f axial niicrocracks in sample retrieved from 
experiment at 0.85 o f the peak differential .stress (sample RJCCT2J). image taken in 
plain-polarised light (PPL)- Seale bar is 500 pm.

figure 12.3: Sample RJCCT2I retrieved from e.xperiment at 0.85 o f peak differential 
sY,y.Y.s\ T/,6. /Ac /?o/c/,//o/ /o»// zoA,c

taken in PPL and scale bar is 500 pm.
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« g » a j
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f'if’tire 12.4: Start of localisation and form ation o f  shear fracture at peak differential 
stress at P,.// 100 MPa (sample RJCCT20). Gouge has developed locally within a zone o f  
an increasing density o f  axial microcracks. Image taken in PPL. Scale bar is 500 pm.

I

Figure 12.5: Nature o f  the transitional zone; relatively undamaged host rock grades 
through transitional zone (<4mm from  the gouge); characterised by axial transgranular 
microcracks with grain size reduction adjacent to the gouge and loss o f  particles to the 
gouge with increased displacement (sample T083; effective pressure 100 MPa). Image 
taken PPL. Scale bar is 500 pm.
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Figure 12.7 Contrasting niicrostnictiire between the gouge and transitional -.one o f  host 
rock (sample TEN27) at P,.ff 40 MPa. The boundary between the gouge and the 
transitional zone in this case is quite sharp. The gouge contains particles carried  
'passively' during comminution, and clays are smeared into long discontinuons bands. 
Image taken in PPL. Scale bar is 500 pm.

Figure I2.S: Axial m icrocracking extending up to 3mm from  the gouge {.sample TEN22, 
P,ff 120 MPa). Image taken in PPL. Scale bar is 500 pm.
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W

Figure 12.9: Axial microcracking and concentrated clusters o f  intense grain size
reduction with some grain rotation and compaction at up to 3mm distance from  shear 

fV: 2^0 MPa TEN29/ (/, PPL
har is 500 pm.
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12.4 Microstructural, Permeability and Specific Storage Evolution

12.4.1 Pre-Brittle Failure Permeability Evolution

Although no microstructural evidence for compaction or compaction anisotropy could be attained, 

owing to the clay-rich nature of Tennessee sandstone, the pore volumometry data (Chapters 10 and 

11) suggest that the application of both hydrostatic and non-hydrostatic stresses causes progressive 

grain boundary, crack and pore closure resulting in permeability and porosity reduction. 

Permeability reduction leading up to the onset of dilatancy, D (Chapter 11; Figure 11.7a) reflects 

compaction. Non-hydrostatic stresses appear to result in a slightly greater rate of axial permeability 

reduction than achieved through hydrostatic loading alone.

During dilatancy, axial transgranular microcracking becomes strongly anisotropic parallel 

to the direction of the maximum compressive stress and to the direction of the permeability 

measurement (Figure 12.5). The proliferation of axial microcracks may therefore be expected to lead 

to significant permeability enhancement parallel to G\. However, since permeability is dependent 

upon the interconnectivity of axial cracks and not on crack density alone, a high density of poorly- 

interconnected axial microcracks will have limited impact on permeability, as highlighted by Zoback 

and Byerlee (1975a) in experiments on Westerly granite.

Leading up to the peak differential stress the density of microcracks changes very rapidly 

over a small increment of strain (Rutter and Mainprice 1978) and this correlates closely with an 

accelerated increase in both permeability and specific storage, for example a 7 fold permeability 

increase from the value measured at the pore volume minimum to the value measured immediately 

prior to the peak stress in sample TEN27 (Figure 11.9)

12.4.2 Post-Failure Permeability Evolution

Small changes in microstructure immediately post-dynamic brittle failure result in significant 

transient changes in permeability and specific storage (Figure 11.6 and 11.12; Chapter 11) 

associated with both the rapidly changing microstructure, and the reduction in the axial compressive 

load. Since stable sliding occurs at a residual sliding stress, the microstructure in the host material 

will remain approximately constant. Thus we may assume that the permeability behaviour becomes 

controlled by the fault rock. The steady reduction in permeability with increased stable sliding 

(Chapter 11 : Section 11.7) may be attributed to the control on permeability evolution exerted by the 

microstructure of the developing gouge. Permeability reduction during stable sliding is attributed to 

extensive comminution and grain size reduction of particles into a broad range of grain sizes, 

resulting in enhanced compaction and porosity reduction in the gouge zone (Marone and Scholz 

1989; Teufal 1987; Crawford 1998) and also to the presence of clay smears (Figure 12.7).
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12.5 Chapter Summary

The microstructural evolution in samples of Tennessee sandstone deformed under triaxial 

compression leading to failure through the formation of a brittle shear fault has been documented 

and correlated with changes in permeability and specific storage. During compaction pre-brittle 

failure, the decrease in permeability and specific storage is associated with the relative closure of 

microcracks and grain boundaries at high angles to a , resulting in a loss of connective paths and an 

increase in tortuosity.

Rapid changes in axial microcrack density and anisotropic crack linkage occur during 

dilatancy, associated with a rapid increase in both permeability and specific storage. The transient 

permeability ‘high’ immediately post peak stress is correlated with both a relatively ‘immature’ fault 

rock microstructure which has suffered little shear strain, and hence limited compaction (Marone 

and Scholz 1989), and with the reduction the axial compressive load. With increased displacement 

on the fault, the permeability reduces steadily as the gouge becomes more efficiently comminuted 

and compacted.
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Chapter 13

13 Conclusions, General Discussion and Future Investigations

To date there have been few experimental studies illuminating the nature of permeability evolution 

in low porosity rocks during hydrostatic deformation (Morrow et al. 1986; Bernabe 1986, 1987a; 

Trimmer et al. 1981; Brace et al. 1968), and even fewer studies conducted during triaxial 

compressive deformation (Zoback and Byerlee 1975a; Kranz and Blacic 1984; Fischer and Paterson 

1992; Peach and Spiers 1996; Zhang et al. 1994). This work, for the first time, integrates an 

analysis of interconnected pore volume, permeability and sample specific storage measured during 

hydrostatic deformation and triaxial compressive deformation. Furthermore, in no other study has 

permeability been measured through a complete brittle deformation cycle leading to the formation of 

a shear fault and stable sliding on the fault in low porosity rocks, or indeed that non-hydrostatic 

stress path dependence of permeability has been demonstrated in low porosity rocks. The results of 

this thesis yield significant new insights into the nature of the evolution of permeability under 

simulated crustal stress conditions.

Permeability is critically dependent upon the interconnectivity of the pore structure. In 

nature, the pore structure changes in response to lithostatic and tectonic loading, and thus 

permeability evolves. Three different cases of microstructural evolution, leading to changes in 

permeability, have been investigated. These are;

• isotropic increases in crack damage, generated through heat treatment (Chapter 9)

• hydrostatic compaction leading to ‘isotropic’ crack closure (Chapter 10)

• non-hydrostatic deformation leading to anisotropic crack closure and anisotropic dilatant 

microcracking (triaxial compression deformation experiments leading to the formation of a 

brittle shear fault) (Chapter 11).

The first case has been investigated primarily as a tool to further our understanding of the nature of 

critical changes in pore interconnectivity in general. Changes of porosity (especially crack porosity) 

not only affect pore connectivity and hence fluid permeability but also they affect the compressibility 

of the porous material which enters the problem of fluid flow through the property known as specific 

storage. All three properties have been measured during the course of this work.
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13.1 Conclusions

13.1.1 Development o f a Single-Ended Transient Pulse Permeability Measurement

System

• A robust new methodology has been developed for the measurement and analysis of both 

permeability and specific storage under hydrostatic and non-hydrostatic stress conditions, based 

on the application of a near-instantaneous change of pore pressure, which subsequently decays as 

fluid diffuses into the rock sample. The experimental apparatus, system parameters and 

measurement technique have been modified in order to minimise errors in the measurement and 

analysis of permeability (Chapter 6, Sections 6.2.1, 6.2.2, 6.2.5.2, and 6.2.5.4; and Chapter 7).

• A new methodology has been established in order to enable the measurement of permeability and 

specific storage during dilatancy (Section 7.11).

• Comparison of the newly-developed single-ended transient pulse measurement with the steady 

state flow method shows good agreement.

13.1.2 Permeability Change as a Function o f Changes in Isotropic Crack Damage

In order to study the effect of changes in the volume of isotropic crack damage on the evolution of

permeability, a suite of rocks containing different amounts of isotropic crack damage were created
(XOOLC^C eA,iA(4SlCl\.

using heat treatment (Chapter 9). acoustic wave velocity measurements were used to quantify the

crack damage.

• Limited micrographie evidence (Figure 9.8 and 9.9) suggests that significant cracking in quartz 

is associated with the cc/p transition (573 °C) in quartz in Westerly granite, and that above this 

temperature (600 - 800 °C) further significant increases in both intragranular cracking in the 

feldspar and new transgranular cracks in both the quartz and feldspar are responsible for the 

large enhancement of permeability (Figure 9.1).

• Over the whole range of heat treatment temperatures (20 °C - 800 °C) permeability in the Iceland 

basalt increased by a factor of approximately 40 (Figure 9.1a), and by over four orders of 

magnitude in Westerly granite over the same heat treatment temperature range (Figure 9.2a). 

Similarly, between heat treatment temperatures of 500 °C and 900 °C permeability increased by 

over three orders of magnitude in the Ailsa Craig microgranite (Figure 9.3a).

• Permeability evolution with porosity and isotropic crack damage density is highly non-linear and 

is dependent upon certain critical changes in pore network connectivity, which result from 

changes in crack density, porosity and crack aperture.

• Porosity increases with heat treatment temperature following a single exponential relationship 

with exponents of 0.004 and 0.005 in Westerly granite and Ailsa Craig microgranite respectively
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(Figure 9.5). In contrast, a number of different families of permeability change with heat 

treatment temperature and critical changes in crack connectivity have been identified (Figures

9.1 - 9.2, and Figure 9.12). At low heat treatment temperatures (room temperature to 300 °C for 

the basalt and Westerly granite), porosity and crack damage increase significantly but 

permeability remains low and non-changing. At a certain heat treatment temperature (300 °C in 

the basalt and Westerly granite), the first critical change in connectivity occurs so that 

permeability increases with increasing heat treatment temperature following an exponential law 

with exponents of 0.005 and 0.01 for the basalt and Westerly granite respectively (Figures 9.1a, 

9.2a and 9.3a). At a second critical heat treatment temperature, crack interconnectivity increases 

still more rapidly and the permeability increase with increasing heat treatment temperature 

follows an exponential relationship with a higher exponent (0.01 and 0.03 for the basalt and 

Westerly granite respectively) (Figures 9.1a, 9.2a and 9.3a).

These results have shown that the relationship between permeability and crack density and 

permeability and porosity are very complex, since some cracks contribute to the porosity, but do 

not control the overall connectivity of the pore network, and thus do not control the permeability. 

Therefore the relationship between permeability and cracks relates not to the density or volume of 

cracks but to the arrangement of crack networks.

13.1.3 Permeability and Specific Storage Evolution as a Function o f Effective

Confining Pressure

In Tennessee sandstone, increasing effective hydrostatic pressure over a range of 20 MPa - 80 

MPa results in a decrease in permeability by approximately one order of magnitude and a 

decrease in specific storage by approximately 0.6 of an order of magnitude, each property 

following an empirically determined power law with negative power law exponents o f-1.41 and -

0.78 for permeability and specific storage respectively (Section 10.3; Figure 10.2).

If the results from the Tennessee sandstone are compared with data for materials with contrasting 

intrinsic pores structures, the permeability relationship with effective pressure demonstrates a 

clear pore microstructure dependence (Figure 2.19; Jones and Meredith 1998). Tennessee 

sandstone possesses a pore structure dominated by grain boundaries, the tuff a network of high 

aspect ratio pores, and the shale a laminar pore structure. Closure of low aspect ratio voids is the 

most efficient mechanism for permeability reduction with increasing hydrostatic pressure, 

resulting in a permeability decrease of one order of magnitude between 5 MPa and 25 MPa. The 

permeability in Tennessee sandstone, as the intermediate case, is controlled by the relative 

closure of low aspect ratio cracks and grain boundaries, resulting in a 50% permeability 

reduction following a power law relationship over the same effective pressure range. Where 

asperities are present on crack surfaces, with increasing effective pressure cracks and grain
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boundaries may transform into arrays of relatively high aspect ratio voids, and thus the pore 

structure may become less sensitive to changes in effective pressure. Such a low effective 

pressure sensitivity of permeability is displayed by the tuff (Figure 2.19) whch has a primar>jj)re 

structure of high aspect ratio voids.

• Both permeability and specific storage follow an effective stress law (Equation 2.34), i.e. both 

properties are approximately constant at a given effective pressure irrespective of the particular 

combination of and (Figure 10.2 and 10.3). However, empirical determination of the Ô 

coefficient of the effective stress law (Equation 2.34) shows that 6 is non-linearly related to 

effective pressure, reflecting a change in microstructure associated with hydrostatic deformation.

• Changes in the microstructure brought about by hydrostatic deformation results in a stress history 

dependence of permeability (Section 10.5, Figure 10.4). Even after a single cycle of hydrostatic 

loading, permeability in Tennessee sandstone reaches a reproducible cycle-independent value. 

However, some small time-depend&ut permeability ‘recovery’ was demonstrated, so that that 

some hydrostatic deformation may be anelastic (Figure 10.6).

• The stress history dependence of permeability has important implications for the measurement of 

permeability, and emphasises that when pressurising a sample care should be taken to not exceed 

the effective pressure at which the permeability is to be measured.

13.1.4 Evolution of Interconnected Pore Volume, Permeability and Specific Storage 

During Triaxial Compressive Deformation

An integrated analysis has been undertaken of the stress-strain behaviour with the interconnected 

pore volume, permeability and specific storage evolution during the deformation of Tennessee 

sandstone, leading to brittle failure through the development of a brittle shear fault and subsequent 

stable sliding upon the fault. The principal conclusions follow:

• Permeability, specific storage and interconnected pore volume follow a consistent pattern of 

evolution during both compaction and dilatancy leading up to peak differential stress. During 

non-hydrostatic compaction the interconnected pore volume, permeability and specific storage 

decrease due to elastic closure of pores, following the trend of reduction caused by the application 

of a hydrostatic stress. At the point where compaction and dilatancy are equal (i.e. pore volume 

minimum) D’, both permeability and specific storage have decreased to approximately 0.5 of the 

values measured under hydrostatic stress (Figures 11.4, 11.6, and 11.14).

• Permeability reduction during non-hydrostatic compaction is slightly enhanced in relation to 

hydrostatic compaction. This may be associated with the anisotropic closure of connective fluid 

pathways oriented at relatively high angles to Gi which may reduce the overall connectivity of the 

pore network and increase fluid pathway tortuosity.
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When the difference between the hydrostatic and non-hydrostatic stress is sufficiently large to 

initiate dilatant microcrack growth, i.e. at D, the non-hydrostatic stresses begin to exert control 

on the microstructure, and hence control the permeability, specific storage and interconnected 

pore volume evolution. At D, the permeability, specific storage and the interconnected pore 

volume start to increase and the material becomes increasingly anisotropic (Figures 11.4, 11.6, 

11.9 and 11.14), thus we may infer that permeability also becomes highly anisotropic.

The magnitude of control of the non-hydrostatic stresses increases when the deviatoric stresses 

are sufficiently large that dilatant microcrack growth dominates over compaction, i.e. at D’. 

Permeability, specific storage and interconnected pore volume show an accelerated rate of change 

between D’ and the peak differential stress, associated with a rapid increase in the density and 

linkage of axial microcracks, where permeability increases by up to a factor of 7 from the 

minimum value measured during compaction (Figure 11.14).

During stable sliding, the permeability is likely to be controlled by the properties of the fault 

gouge, since this is likely to be the lowest permeability component of the sample. Estimates of 

the fault permeability (Section 11.7) suggest that the fault permeability could be up to 2 orders of 

magnitude less than the intact rock at the same state of effective mean stress. Fault permeability 

has also been shown to reduce steadily with fault displacement. This may well be related to the 

evolution of the fault gouge towards a mature well-comminuted and compacted microstructure. 

At larger displacements, permeability may well then reach a stable or slip-independent value, 

although at the displacements achieved in this study (-2.7mm) this was not observed.

The stress-strain, permeability, specific storage and pore volume evolution show excellent 

reproducibility at a fixed effective pressure, when achieved through different combinations of 

and P//„, when ensuring that the given value of effective pressure was not exceeded, suggesting 

that the effective stress law is well obeyed for all properties during triaxial deformation. 

Permeability and specific storage measurements made at a given state of effective mean stress, 

but arrived at through following stress paths in which the sample experiences a relatively high 

state of effective mean stress before the permeability is measured at a relatively low value of 

effective mean stress, demonstrate a clear stress path dependence. The magnitude of stress path 

dependence is greater during dilatancy than during compaction, and is greater the larger the 

stress path ‘excursion’. In general, during both dilatancy and compaction, changes in the 

effective hydrostatic stress, exert greater control on permeability and specific storage, and 

therefore generate the greater permeability hysteresis. However, both permeability and specific 

storage are also sensitive to a reduction in the axial (differential) stress, due to relative crack 

closure.

Once a shear fault has formed, cycling of the differential stress results in a marked decrease in 

the sample pore volume, permeability and specific storage. Permeability and specific storage 

decrease to approximately 0.25 and 0.5 of the values measured before the differential stress cycle
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(Section 11.9.1; Figure 11.17). This is attributed to shear displacement of the fault gouge 

particles resulting in enhanced compaction in the fault.

13.2 Context of Results

There is much speculation about and evidence for large transient changes in fluid flow and fluid 

storage associated with deformation in nature (Blanpied et al. 1992; Sibson 1981, 1990; Knipe 

1994; Byerlee 1993; Seront et al. 1998; Evans era/. 1997). However, owing to the complex nature 

of permeability evolution, demonstrated in this thesis, particularly in anisotorpic systems, direct 

comparison of laboratory data with crustal conditions is perhaps a little premature at this time. We 

can be confident, however, that within an approximately homogeneous pore system that permeability 

behaves broadly as demonstrated in the laboratory data. However, in nature, the presence of 

structural, metamorphic and sedimentary heterogeneities leads to scale effects which can become 

significant for example when permeability becomes dominated by heterogeneities such as highly 

permeable fracture or relative impermeable faults (Bernabe 1992; Brace 1980: Morrow et al. 1984).

However, Zoback and Byerlee (1975a) compared their laboratory measurements of 

permeability during dilatancy in Westerly granite, which yielded a maximum value of 4 x 10"'  ̂ m“, 

to a diffusion coefficient calculated to be of the order of 10"* cmVs for flow in focal regions of 

earthquakes (Nur 1974; Scholz 1974). Zoback and Byerlee (1975a) concluded that dilatant 

microcracking on the grain scale in local zones is a poor candidate for the large fluid fluxes observed 

in nature, particularly since dilatant cracks aligned parallel to the maximum principal stress 

direction may in fact be relatively isolated from each other owing to the relative closure of non-axial 

‘connector’ type pathways. Instead, in nature, significant fluid flow must occur on the scale of joints 

and fractures (Zoback and Byerlee 1975a; Bernabe 1992; Morrow et al. 1984; Brace 1980), 

particularly in those fractures which have experienced little or no shear displacement and which 

therefore posses few ‘wear’ products. Brace (1980) states that ‘high’ permeability joint or fracture 

conduits possessing permeabilities of up to 10'*̂  m" may indeed exist at depths of 15 km.

13.3 Future Investigations

It is clear that permeability demonstrates a pore structure dependence and is related to the 

arrangement of pores, and that critical changes in pore connectivity control the permeability. This is 

the domain of percolation theory (Gueguen and Palciauskas 1992). In most rocks the initial 

permeability of the starting material is above the percolation threshold, so that there are few 

opportunities to characterise the physical basis of the percolation threshold in natural rocks. Ailsa 

Craig microgranite, owing to its exceptionally low initial permeability in its virgin state, is an ideal
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material for use in future studies investigating percolation thresholds in rocks, since known 

quantities of damage can be generated and the damage evolution in both space and time 

characterised through the use of acoustic emissions and acoustic emission location.

This investigation has highlighted the very important phase changes associated with the 

formation of a brittle shear fault in low porosity rocks. In future investigations, it may be easier to 

characterise the permeability of the fault rock by using a permeameter in which the two-ended 

transient pulse measurement or the steady-state flow through measurement methods could be 

adopted.

Since under a deviatoric stress there is both anisotropic dilatant microcracking and 

anisotropic crack closure, the permeability is also likely to be anisotropic. In future research, 

attempts should be made to develop methods to determine permeability anisotropy, for example 

through the use of permeability measurements in both the radial and axial directions, or through the 

use of extension deformation testing conditions.
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Appendix 1: Numerical Solution for the Single-Ended Transient Pulse 
Permeability Measurement

For this study a novel analysis method of computerised curve fitting for the single-ended transient 

pulse permeability measurement was developed in conjunction with Professor John Barker of the 

Hydrogeology Group at University college London. The computer code Fit_Head.FOR comprises 

three sub-programs; Fit.FOR, MRQSUBS.FOR and BESLTV.FOR and is based on MRQFIT.FOR. 

The aim of the FORTRAN program, Fit_head.FOR, is to obtain a non-linear least squares fit of a 

model to a set of time-dependent data where the model is expressed as a Laplace transform.

To run the program data is prepared in time and format, and an assessment of

expected permeability and specific storage made. Results are presented as hydraulic conductivity and 

specific storage and produces estimates of the errors in the search parameters.

Appendix 1: Fit_head.FOR

$DEBUG
C
C

PROGRAM NAME : HT.HEAD
VERSION : 1.00 (CHANGE IN PARAMETER STATEMENT)

* FUNCTION ; See below
='= PROGRAM HUES ; FIT.FOR (THIS HUE) + MRQSUBS.FOR 4- BESLTV.FOR 

INPUT FILE : First parameter on command line 
OUTPUT FILE : Second parameter on command line 
WRITTEN BY : John Barker

* (BASED ON MRQHT.FOR)
UPDATE RECORD :

=1= DATE DESCRIPTION
 *  _______
* 12/12/94 No. of data points increased to 1000.
:|: *  :|: :|: :|: :|: * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *

=■ AIM OF PROGRAM:
To obtain a nonlinear least-squares fit of a model to a set of 
time-dependent data when the model is expressed as a Laplace transform.

* Normally, the Laplace transform will be expressed in a simplified 
form (e.g., dimensionless variables) and is assumed to take the form 
F(t,P) = A(P) f(tau, alpha(P)) + B(P)

* where P i s a  vector of n parameters, pi, A and B are time independent 
parameters of those parameters, alpha is a vector of parameters in the 
simplified form, each of which is (potentially) a function of the 
orginal parameters.

The derivatives of F with respect to the parameters are required for 
the fitting program and are given by:
d_F/d_pi = A [d_theta/d_pi L'{ - d[s fbar]/ds } / theta *

+ SUM[d_alphaj/d_pi L'{d_fbar/d_alphaj}, j=l,m]
+ d_A/d_pi L' {fbar} + d_B/d_pi for i= 1 ,n
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* where L' inidicates an inverse Laplace transform
* fbar is the LT of f with respect to tau 

theta(P) = tau(P)/t

d_theta/d_pi L'{ - d[s fbar]/ds } / theta can and is be replaced by
* d_theta/d_pi t L'{ s fbar = f(0) } ie using dtau/dtheta df/dtau

C NOTES 
C
C Edit MDAT= and NQS= to change maximum no. of data points and 
C pumping rates.
C
C To compile with MS Fortran compiler set stack option on linker 
C to 2048 bytes. Created FITS.MAK to pull together .for files.
C

THIS VERSION PRODUCES ESTIMATES OF THE ERRORS IN THE PARAMETERS. 
LOOPS TO FIND A SERIES OF LOCAL MINIMA.

MODIFY OPEN STATEMENT AND ROUTINE ISEED TO SUIT ENVIRONMENT.

PERFORMS A LEAST-SQUARES FIT OF A LAPLACE TRANSFORM FUNCTION 
"='^T0 A SET OF TIME-DEPENDENT DATA.
BOTH A RANDOM SEARCH AND A MARQUARDT ROUTINE ARE USED TO 
FIND THE BEST FIT.

NEEDS: MRQSUBS & BESLTV.

PARAMETER (NV=8,NF=100,VER=1.00,MDAT=1000)
REAL X(NV),XO(NV),DX(NV),PMIN(NV),PMAX(NV),
& XOMIN(NV),XOMAX(NV),
& FVEC(MDAT)
CHARACTER*75 TITLE,PNAME*20,CH5*5,ALN*80,FIXNAME*20,ANUM*4 
COMMON/TANDD/ TIMES(MDAT),TDATA(MDAT),NTS 
common/table/ lin Hog2,tlt 1 ,tlt2,dtlt 
COMMON/P ARAM/ FIXNAME(NF),nXED(NF)
COMMON/NAMES/PNAME(NV)
COMMON/VAR/NVAR 
COMMON/LIMITX/ XMIN(NV),XMAX(NV)
COMMON/ANUM/ANUM 
call nooverflow(O)

=':=̂ *FILES NAMES FOLLOW CALL: E.G. HTLT INPUT.FL OUTPUT.FL 
0PEN(5,FILE='FIT_HEAD.DAT',STATUS='0LD',M0DE='READ) 
0PEN(7,nLE='nT_HEAD.0UT,STATUS='UNKN0W N') 
0PEN(9,FILE='FIT_HEAD.SUM',STATUS='UNKN0WN)
0PEN(8)

* * *

='"^*CONSISTENT UNITS MUST BE USED.

WRITE(7,321) VER 
321 FORMATC Running program FIT',/,

& ' John Barker (November 1996) Version: ',F5.2,/)

*  *  *  *  *  *  :|: *  *  :|: *  *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *  *  *  *  *  * * * * * * * * * * * * * *

C RETURN HERE FOR NEXT DATA SET.
1111 CONTINUE
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WRITE(7,'( 1 X,77A 1 )') ('='M= 1,77)
NTITLE=0

10 READ(5,'(A75)',IOSTAT=IOS,ERR=999) TITLE

NTTTLE=NT1TLE+1 
IF(NTITLE.EQ.3) ANUM=TITLE(I6:19)

CH5=TITLE(1:5)
IF((INDEX(CH5,'end')+INDEX(CH5,'END')+INDEX(CH5,’End')).
& NE.G) GO TO 14
WRITE(7,'( 1X,A2,A75,A1 )') '.TITLE,'»'
GOTO 10 

14 WRITE(7,'(1X,77A1)') ('»',I=1,77)

READ(5,»,END=2222) NVARIN 
WRITE(7,300)

300 FORMAT(//,' PARAMETER SEARCH REGION SPECMED 
& ' PARAMETER MIN. MAX.’)
DO 1 1=1,NVARIN 

READ(5,'(A20)') PNAME(I)
READ(5,»,IOSTAT=IOS,ERR=999) PMIN(I),PMAX(I)

1 WRITE(7,400) PNAME(I),PMIN(I),PMAX(I)
400 FORMAT(5X,A20,1P,2G15.3)

WRITE(7,310)
310 FORMAT(//,' FIXED PARAMETERS:-',//,

& ' PARAMETER VALUE')
READ(5,*) NFP 
DO 11 1=1,NFP 

READ(5,'(A20)') FIXNAME(I) 
READ(5,»,IOSTAT=IOS,ERR=999) FIXED(I) 

11 WRI'DE(7,410) FIXNAME(I),nXED(I)
410 FORMAT(5X,A20,1 P,G15.3)

READ(5,=MOSTAT=IOS,ERR=999)NTOIAL,NRNDIT,NMRQIT,NLOOPS 
WRITE(7,500) NTRIAL,NRNDIT,NMRQIT,NLOOPS 

500 FORMAT(/,' SEARCH CONTROL PARAMETERS;-',/,
&10X,'NTRIAL =',I4,/,10X,'NRNDIT =',I4,/,10X,'NMRQIT =',I4,/, 
&10X,'NLOOPS =',I4)

READ(5,»,IOSTAT=IOS,ERR=999) linllog2,tltl,tlt2,dtlt 
WRITE(7,501 ) 11 n 1 log2,tl 11 ,tlt2,dtlt 

501 FORMAT(/,' MODEL CURVE PARAMETERS:-',/, 
&10X,'LIN1LOG2 =',I4,/,10X,'TLT1 =',G12.3,/,10X,'TLT2 =',G12.3,/, 
&10X,'DTLT =',G12.3)

NVAR=0
DO 2 1=1,NVARIN 

IF(ABS(PMAX(I)-PMIN(I)).GT.O.O) NVAR=NVAR+1 
XOMIN(I)=PMIN(I) 
xmin(i)=pmin(i)
XOMAX(I)=PMAX(I)
xmax(i)=pmax(i)
X0(I)=0.5»(PMIN(I)+PMAX(I))
DX(I)=0.5»(PMAX(I)-PMIN(I)) 

c write(7,») 'after do 2 with i,xO(i)=',i,xO(i)
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2 CONTINUE

' READ IN DATA.
TMAX=0.0
NTS=0
WRITE(7,600)

600 FORMAT(//' DATA TO BE FITTED:-',//,
& ' TIME DATA')

3 CONTINUE 
READ(5,'(A80)') ALN 
CH5=ALN(1:5)
IF((INDEX(CH5,'end')+INDEX(CH5,'END')+INDEX(CH5,'End')).
& NE.O) THEN 

GO TO 4 
ELSE 

NTS=NTS-hl 
WRITE(8,'(A)') ALN 
BACKSPACE 8
READ(8,='=,END=4,IOSTAT=IOS,ERR=999)TIMES(NTS),TDATA(NTS) 
WRITE(7,700) TIMES(NTS),TDATA(NTS)

700 FORM AT(3G 15.5)
IF(TIMES(NTS).LE.O.O) THEN
WRITE(6,='=)'* IGNORING ABOVE DATA FOR ZERO OR NEGATIVE TIME *' 
WRITE(7,*)'"= IGNORING ABOVE DATA FOR ZERO OR NEGATIVE TIME *' 
NTS=NTS-1 
ENDIF 

ENDIF
TMAX=MAX(TMAX,TIMES(NTS))
GO TO 3

4 CONTINUE 
IF(NVAR.GT.NTS) THEN

WRITE(6,='=) ' "STOPPING-MORE VARIABLES THAN DRAWDOWNS***' 
WRITE(7,*) ' ***STOPPING-MORE VARIABLES THAN DRAWDOWNS***' 

ENDIF

CALL CHKX(DX,XOMIN,XOMAX)
;|: :|!

NLOOPS=MAX( 1 ,NLOOPS)
D 0 6L 00P=1,N L 00PS

:|: :|: :|;

IF(NLOOPS.GT.l) THEN
WRITE(7,'(///,IX,75A1)') ('-',1=1,75)
WRITE(6,800) LOOP 
WRITE(7,800) LOOP 

800 F0RMAT(3 IX,'BEGIN LOOP',13)
WRITE(7,'(1X,75A1)') ('-',1=1,75)

ENDIF

c write(7,*) 'above do 5 with nvar=',nvar
D 0 5I=1,NVAR 

c write(7,*) 'at do 5 with i,xO(i)=',i,xO(i)
5 X(I)=XO(I)

'= CALL THE RANDOM SEARCH ROUTINE. 

IF(NLOOPS.GT.l) NRNDIT=MAX( 1 ,NRNDIT)
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IF(NRNDIT.GT.O) THEN
IF(NTRIAL.EQ.O) NTRIAL=1
WRITE(6,*)' BEGINNING RANDOM SEARCH -  PLEASE WAIT 
CALL RNDSCH(NTRIAL,NRNDIT,SSQMIN,X,DX,XOMIN,XOMAX) 

ENDIF

'= CALL THE MARQUARDT FITTING ROUTINE.

IF(NMRQIT.GT.O) CALL MRQnT(NMRQIT,SSQMIN,X,DX,XOMIN,XOMAX)

6 CONTINUE

OUTPUT FROM FINAL LOOP ONLY TO PLOT FILE.
CALL FCN(X,FVEC,NDATA,1)

:|: *

GO TO 11 ] 1 
2222 CONTINUE 

STOP
999 WRITE(6,900) lOS
900 FORM AT( ' =1= ************************************* ******' /

& ' READ ERROR (I0STAT=',I5/) CHECK DATA FILE

END
:|: :|: *  *  :|: *  *  *  *  :|: * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *

SUBROUTINE FCN(X,FVEC,NDATA,ITABLE)
CALLED BY; MAIN & RNDSCH 

PARAMETER (NV=8,MDAT=1000)
REAL X(NV),FVEC(MDAT),MODEL(MDAT),XIN(NV),dfdx(nv)
common/table/ lin 1 log2,tlt 1 ,tlt2,dtlt
COMMON/TANDD/ TIMES(MDAT),TDATA(MDAT),NTS
COMMON/VAR/NVAR
COMMON/PASS/ NVTP,ALPHA(NV)

C COMMON/PASS/ XIN(NV) ?????

DO 10I=1,NVAR 
10 XIN(I)=X(I)

DO 1 1=1,NTS 
C TIME=TIMES(I)

TIMEI=I+0.5 
C TAU=TIME 
C FT=FUNC(TAU)

MX=NVAR
CALL FUNCS(TIMEI,XIN,FT,DFDX,MX)
MODEL(I)=FT
FVEC(I)=FT-TDATA(I)

I CONTINUE 
NDATA=NTS 
IF(ITABLE.EQ.O) RETURN
PRINT TABLE OF OBSERVED AND PREDICTED VALUES. 

WRITE(7,100)
100 FORMAT(//,' COMPARISON OF OBSERVED AND PREDICTED:-',//, 

& 1IX,TIME OBSERVED MODEL',
& ' ERROR % ERROR’) 
sumsq=0.0
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DO 20 1=1,NTS 
ERR=MODEL(I)-TDATA(I) 
sumsq=sumsq+err''”''2 
IF(TDATA(I).NE.O.O) THEN 

PCENT=ERR* 100/TDATA(I)
ELSE

PCENT=999
ENDIF
WRITE(7,200) I,TIMES(I),TDATA(I),MODEL(I),ERR,PCENT 

20 CONTINUE
200 FORMAT(I3,3E15.5,2F10.1) 

c write(7,"0' sumsq =',sumsq

IF(LIN1 L0G2.NE. 1 .AND.LIN1LOG2.NE.2) RETURN 
WRITE(7,101)

101 FORMAT(//,' PREDICTED FOR BEST FIT PARAMETERS:-',//, 
& 11X,'TIME LOG(TIME) MODEL')
TLT=TLT1 
1=0 

40 1=1+1
IF(LINlLOG2.EQ.l) THEN 

TIME=TLT
TIMELOG=ALOG10(TIME)

ELSE 
TIMELOG=TLT 
TIME= 10.0**TIMELOG 

ENDIF 
MX=NVAR 
TIMEI=-TIME
CALL FUNCS(TIMEI,XIN,FT,DFDX,MX)
MODEL(I)=FT
WRITE(7,200) I,TIME,TIMELOG,FT 
IF(TLT.GE.TLT2) RETURN 
TLT=TLT+DTLT 
GO TO 40

C
RETURN
END

C-----------------------From Idwsubs.for------------------------------------
FUNCTION FUNC(TAU)
CALLED BY: FCN 

COMPLEX WORK(64)
EXTERNAL FP 
COMPLEX FP
STOP ' GOT INTO FUNG SOMEHOW ! !'
IF(TAU.GT.O) THEN 

nfun=8
CALL GREEN(FT,TAU,FP,NFUN,3,1 ,OE-5,6,WORK,64,IEND 1 ) 

ELSE 
FT=0.0 

ENDIF 
FUNC=FT 
RETURN 
END

C--------------------------- -------------- ------------------------------
FUNCTION FP(P)

C User-supplied routine.

238



Appendix 1;

='=='=='• CALLED BY GREEN AND VIA FUNG 
PARAMETER (NV=8,NF=100)
IMPLICIT COMPLEX (A-H,0-Z)
COMPLEX FD(0:NV)

NV1DUM=1
CALL F0FP(FD,NV1DUM,P)
FP=FD(0)

RETURN
END

C..........................—End of Idwsubs.for----------------------------------

SUBROUTINE RNDSCH(NTRIAL,NRNDIT,SSQMIN,X,DX,XOMIN,XOMAX)
='="=='= CALLED BY: MAIN

PARAMETER (NV=8,MDAT=1000)
DIMENSION X(NV),XTRY(NV),FVEC(MDAT),DX(NV),

& XOMIN(NV),XOMAX(NV),XRMIN(NV),XRMAX(NV)
COMMON/VAR/NVAR
SAVE lENTER
DATA IENTER/0/

IFIRST=1
FACTOR=I.O
DO 500 IRIT=1,NRNDIT
IF(IRIT.GT.l) FACTOR=FACTOR*0.5

SET THE SEARCH RANGE FOR THE ITERATION (NTRIAL POINTS).
DO 20 I=I,NVAR
XRMIN(I)=MAX(XOMIN(I),X(I)-FACTOR*DX(I))

20 XRMAX(I)=MIN(XOMAX(I),X(I)+FACTOR*DX(I))

='=='=='= INITIALIZE RANDOM NUMBER GENERATOR WITH A SEED BASED ON THE 
TIME IF NTRIAL<0. ONLY INITIALIZE ONCE IN A PROGRAM RUN. 

IF(IENTER.EQ.O) THEN 
IENTER=1
IF(NTRIAL.LT.O) THEN 

NTRIAL=-NTRIAL 
IDUM=ISEED(0)

ELSE
IDUM=1

ENDIF
ENDIF

NTRIAL=MAX( 1 ,NTRI AL)
DO 10 IR= I,NTRIAL 
DO 1 I=1,NVAR 
R=RAN3(IDUM)

1 XTRY(I)=R*XRMIN(I)+( 1.0-R)*XRMAX(I)

CALL FCN(XTRY,FVEC,NDATA,0)

SUMSQ=0.0 
D 0 2I=1,NDATA

2 SUMSQ=SUMSQ+FVEC(I)**2

IF(IFIRST.EQ. 1 .OR.SUMSQ.LT.SSQMIN) THEN 
='= ='= ACCEPT THE NEW POINT.
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IFIRST=0 
SSQMIN=SUMSQ 
D 0 3I=1,NVAR 

3 X(I)=XTRY(I)
ENDIF

10 CONTINUE

RMS=SQRT(SSQMIN/NDATA)
PRINT 100,IRIT,SSQMIN,RMS 

100 FORMAT(/,' RANDOM SEARCH ITERATION:',13,/,
& ' SUM OF SQUARES =',G12.5; RMS DEVIATION =',G 12.5)

IF(IRIT.EQ. 1 .OR.IRIT.EQ.NRNDIT.OR.SSQMIN.LT.SSQOLD) THEN 
SSQOLD=SSQMIN 
WRITE(7,I00) IRIT,SSQMIN,RMS 
CALL RANG(X,DX,XOMIN,XOMAX,XRMIN,XRMAX)

ENDIF

500 CONTINUE 
RETURN 
END

FUNCTION ISEED(I)
FOLLOWING MAY NOT BE OK FOR ALL COMPILERS - OK FOR MS FORTRAN. 
INTEGER*2 IHR,IMIN,ISEC,IHUN

* * *

='=='=='= RETURNS A SEED TO INITIALZE RANDOM NUMBER GENERATOR.
='=='=* USER MUST ADJUST COMMENTS FOR ENVIRONMENT.

NEXT 3 STATEMENTS FOR VM FORTRAN AT WALLINGFORD.
C REALMS DATE 
C CALL DATIM(DATE,TIME)
C ISEED=INT(TTME* 1E6)

NEXT TWO STATEMENTS FOR PROSPERO FORTRAN.
C CALL TIME(IHR,IMIN,ISEC,IHUN)
C ISEED=((ISEC* 100+IMIN)* 100+IHR)* 100+IHUN

NEXT TWO STATEMENTS FOR IBM PROFRESSIONAL FORTRAN.
CALL GETTTM(IHR,IMIN,ISEC,IHUN)
ISEED=((ISEC"= 100+IMIN)* 100+IHR)* 100+IHUN+I
RETURN
END

:|: :|; :|: :|: *  *  *  *  *  *  *  :|: * * * * * *  :|: * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *  *  *  *  *  *

FUNCTION RAN3(IDUM)

CALLED BY; RNDSCH 
* * IMPLICIT REAL*4(M)

PARAMETER (MBIG=4000000.,MSEED=1618033.,MZ=0.,FAC=2.5E-7) 
PARAMETER (MBIG=1000000000,MSEED=161803398,MZ=0,FAC=l.E-9) 
DIMENSION MA(55)
SAVE
DATA IFF /O/
IF(IDUM.LT.O.OR.IFF.EQ.O)THEN

IFF=]
MJ=MSEED-IABS(IDUM)
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MJ=MOD(MJ,MBIG)
MA(55)=MJ
MK=1
DO 11 1=1,54 

II=M 0D(21*1,55)
MA(II)=MK
MK=MJ-MK
IF(MK.LT.MZ)MK=MK+MBIG
MJ=MA(II)

11 CONTINUE 
DO 13 K=l,4

DO 121=1,55
MA(I)=MA(I)-M A( 1 +MOD(I+30,55))
IF(MA(I).LT.MZ)MA(I)=MA(I)+MBIG

12 CONTINUE
13 CONTINUE 

INEXT=0 
INEXTP=31 
IDUM=1

ENDIF
INEXT=INEXT+1
IF(INEXT.EQ.56)INEXT=1
INEXTP=INEXTP+1
IF(INEXTP.EQ.56)INEXTP=1
MJ=MA(INEXT)-MA(INEXTP)
IF(MJ.LT.MZ)MJ=MJ+MBIG
MA(INEXT)=MJ
RAN3=MJ*FAC
RETURN
END

SUBROUTINE RANG(X,DX,XOMIN,XOMAX,XRMIN,XRMAX)
='=FIND NEW SEARCH RANGE AND CHECK BEST VALUE AGAINST INITIAL 
' RANGE OF SEARCH.

='=*='= CALLED BY: RNDSCH 
PARAMETER (NV=8)
DIMENSION X(NV),DX(NV),XOMIN(NV),XOMAX(NV),V(NV),VMIN(NV),
& VMAX(NV),
& XRMIN(NV),XRMAX(NV)
CHARACTER ' 5 WARN(NV)
COMMON/VAR/NVAR

C
DO 1 I=1,NVAR 

V(I)=X(I)
VMIN(I)=XRMIN(I)
VMAX(I)=XRMAX(I)
WARN(I)=' '
IF(X(I).LT.X0MIN(I)+DX(I)*0.05) WARN(I)=' LOW ' 
IF(X(I).GT.X0MAX(I)-DX(I)*0.05) WARN(I)=' HIGH'
IF(DX(I).EQ.O.O) WARN(I)=’FIXED'

1 CONTINUE
CALL PARAMOUT(V,WARN,VMIN,VMAX)
RETURN
END

:|: ;|: *  :|: *  *  :|: *  :|: * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *  *  *  *  *  *  *

SUBROUTINE PARAMOUT(V,WARN,VMIN,VMAX)
CALLED BY: RANG, RANG2
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PARAMETER(NV=8)
DIMENSION V(NV),VMIN(NV),VMAX(NV)
CHARACTER'S WARN(NV),PNAME*20
COMMON/VAR/NVAR
COMMON/NAMES/PNAME(NV)
PRINT 99 
WRITE(7,99)

99 FORMAT(/' Parameter',22X,'Best Warning Min Max')
PRINT 100, (PNAME(I),V(I),WARN(I),VMIN(I),VMAX(I),I=I,NVAR)
WRITE(7,100) (PNAME(I),V(I),WARN(I),VMIN(I),VMAX(I),I=1 ,NVAR)

100 FORMAT(5X,A20,3X,E 11,3,4X,A5,4X,2E11.3)
RETURN
END

:|: :|: :|: *  *  *  *  *  *  =1: *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *  *  *  *  *  *  *  *

SUBROUTINE PARAM0U2(V,WARN,VMIN,VMAX)
■=='=* CALLED BY; RANG3 

PARAMETER(NV=8)
DIMENSION V(NV),VMIN(2,NV),VMAX(2,NV)
CHARACTER'S WARN(NV),PNAME*20,ANUM*4
COMMON/VAR/NVAR
COMMON/NAMES/PNAME(NV)
COMMON/ANUM/ANUM 
DATA IFLAG/0/

PRINT 99 
WRITE(7,99)

99 FORMAT(/'Parameter', 12X,' Best Warning',
&' Confidence Intervals'
&,/,22X, ' SO%Min SO%Max ',
& ' 9S%Min 9S%Max')
PRINT 100, (PNAME(I),V(I),WARN(I),VMIN( 1,1),VMAX( 1,1),
& VMIN(2,I), VM AX(2,I),I= 1 ,NV AR)
WRITE(7,100) (PNAME(I),V(I),WARN(I),VMIN(1,I),VMAX(1,I),
& VMIN(2,I),VMAX(2,I),I=1,NVAR)

100 FORMAT(1X,A20,E11.S,AS,2E10.3,1X,2E10.3)

C SUMMARY DATA FILE OUTPUT 
IF(IFLAG.EQ.O) THEN 

IFLAG=1
WRITE(9,300) ('BEST 9S%Min 9S%Max',I=l,NVAR)

300 FORMAT(32X,S(A30,28X))
ENDIF

WRITE(9,200) ANUM,(PNAME(I),V(I),VMIN(2,I),VMAX(2,I),I=1 ,NVAR)
200 FORMAT(A6,S(A22,3E12.S))

RETURN
END

:|: * * * :|: :|: :|: :|: * :|: :|: * * * * * * * * * ************************ * * * * * * * * * * :|: * * * :|: * * * * 

SUBROUTINE MRQFIT(NITER,SSQMIN,X,DX,XOMIN,XOMAX)
:l: *

CALLS THE NUMERICAL RECIPES MARQUARDT ROUTINE NITER TIMES 
TO MINIMIZE THE SUM OF SQUARES WITH RESPECT TO X.

*  *  :|:

CALLED BY: MAIN 
PARAMETER (NV=8,MDAT=1000)
REAL X(NV),DX(NV),TIMEI(MDAT),SIG(MDAT),COVAR(NV,NV),ALP(NV,NV)

242



Appendix 1:

& ,XOMIN(NV),XOMAX(NV),VAR(NV)
INTEGER NPC(NV)
COMMON/TANDD/ TIMES(MDAT),TDATA(MDAT),NTS 
COMMON/LIMITX/ XMIN(NV),XMAX(NV)
COMMON/VAR/NVAR 
COMMON/LIST/LISTX(NV),NHT 
EXTERNAL FUNCS

:|: =|:
CHOOSE REASONABLE OUTER LIMITS ON THE SEARCH AREA.

dON'T UNDERSTAND FOLLOWING 
write(7,*) ' DONT UNDERSTAND SCALIM'

DATA SCALIM/lE-6/
DO 10I=1,NVAR 

DMM=XOMAX(I)-XOMIN(I)
XMIN(I)=XOMIN(I)-DMM*SCALIM 
XMAX(I)=XOMAX(I)+DMM*SCALIM 

c write(7,-'0 ' at do 10: i,dmm,xmin(i),xmax(i)', 
c & i,dmm,xmin(i),xmax(i)
10 CONTINUE

IF(NTS.GT.IOO) THEN
WRITE(6,*)' STOPPING-MORE THAN’,MDAT,' DATA POINTS***' 
WRITE(7,*)' ***STOPPING-MORE THAN',MDAT,' DATA POINTS***’ 

ENDIF
:|: :i: :|:

LIST THE PARAMETERS WHICH ARE VARYING.

NFIT=0 
NCON=0 
DO 1 I=1,NVAR 
IF(DX(I).GT.O.O) THEN 

NHT=NFIT+1 
LISTX(NHT)=I 

ELSE
NC0N=NC0N+1
NPC(NCON)=I

ENDIF
1 CONTINUE

*** ????????????CHECK FOLLOWING
IF(NHT.LT.NVAR) THEN 

NEXT=NFIT 
D 0 2I=1,NC0N 
NEXT=NEXT+1

2 LISTX(NEXT)=NPC(I)
ENDIF

*** PREPARE TO ENTER THE ROUTINE FROM NUMERICAL RECIPES'.

DO 3 1=1,NTS 
TIMEI(I)=I+0.5

3 SIG(I)=1 
NCA=NV

*** NOTE THE USE OF TTMEI AS AN INDEX TO ALLOW FURTHER TIME-DEPENDENT
*** INDEPENDENT (MEASURED) VARIABLES. SIG GIVES EQUAL
*** WEIGHTING BUT MAY NEED REAL SIG FOR VARIANCE ESTIMATES.
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ALAMDA=-1
MX=NVAR
DO 4 ITER=1,NITER
CALL MRQMIN(TIMEI,TDATA,SIG,NTS,X,MX,LISTX,NnT,COVAR,ALP, 
& NCA,SSQMIN,FUNCS,ALAMDA)

IF(ITER.EQ. 1 .OR.SSQMIN.LT.SSQOLD) THEN 
SSQOLD=SSQMIN 
RMS=SQRT(SSQMIN/NTS)
WRITE(6,100) ITER,SSQMIN,RMS 

100 FORMAT(//,' MARQUARDT ITERATI0N=',I3,/,
& ' SUM OF SQUARES =',G12.5,’ RMS DEVIATION =',G12.5)

WRITE(7,100) ITER,SSQMIN,RMS 
CALL RANG2(X,DX,X0MIN,X0MAX)

ENDIF

CALL CHKVAR(COVAR) 

4 CONTINUE

WRITE(7,200) NITER,SSQMIN,RMS 
WRITE(6,200) NITER,SSQMIN,RMS 

200 F0RMAT(///,I4,' MARQUARDT ITERATIONS COMPLETED',/, 
& ' SUM OF SQUARES:', G15.5,' RMS DEVIATION=',G15.5)

NU=NTS-NHT
IF(NU.LT.1)THEN

CALL RANG2(X,DX,X0MIN,X0MAX)
WRITE(6,300)
WRITE(7,300)

300 FORMAT(/,
*  *  *  *  *  *  *  *  *  *  *  ' j

& ' ='= INSUFFICIENT DATA TO ESTABLISH CONFIDENCE LIMITS. ='',/,
^  ' *  ;|: * * * * * * *  :i! * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  :|: *  *  *  *  *  *  *  ' ̂

RETURN
ENDIF

='=='=='= NOW CALL AGAIN JUST TO GET COVARIANCE MATRIX 

ALAMDA=0
CALLMRQMIN(TIMEI,TDATA,SIG,NTS,X,MX,LISTX,NFTT,COVAR,ALP, 

& NCA,SSQMIN,FUNCS,ALAMDA)
D 05I= I,N V A R  

5 VAR(I)=COVAR(I,I)*SSQMIN/NU
CALLRANG3(X,DX,VAR,NU,X0MIN,X0MAX)

'=*"NCA,SSQOLD,ALP,DMM,ALAMDA,NPC,NU,SIG,MX
RETURN
END

:|: *  *  *  ^: * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *

SUBROUTINE RANG2(X,DX,X0MIN,X0MAX)
CALLED BY; MRQHT 
PARAMETER (NV=8)
DIMENSION X(NV),DX(NV),XOMIN(NV),XOMAX(NV),V(NV)
& , VMIN(NV),VMAX(NV)
CHARACTER*5 WARN(NV)
COMMON/VAR/NVAR
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COMMON/LIMITX/ XMIN(NV),XMAX(NV)
DO 1 I=1,NVAR 

XI=MAX(XMIN(I),MIN(XMAX(I),X(I)))
X(I)=XI

='= * ='= NOTE THAT THE PARAMETERS ARE RESET TO THE SEARCH LIMITS. 
V(I)=XI 
WARN(I)=' ■
VMIN(I)=XMIN(I)
VMAX(I)=XMAX(I)
IF(X(I).LE.XOMIN(D) WARN(I)=’ LOW '
IF(X(I).GE.XOMAX(I)) WARN(I)=' HIGH'
IF(DX(I).EQ.O.O) WARN(I)='FIXED'

I CONTINUE
CALL PARAM0UT(V,WARN,VMIN,VMAX)
RETURN
END

SUBROUTINE RANG3(X,DX, VAR,NU,XOMIN,XOMAX)
='=*='= FINAL RESULT AND CONFIDENCE INTERVAL.

CALLED BY: MRQFIT 
PARAMETER (NV=8)
DIMENSION X(NV),DX(NV),VAR(NV),XOMIN(NV),XOMAX(NV), 

&VMIN(2,NV),VMAX(2,NV),V(NV)
CHARACTER*5 WARN(NV)
COMMON/VAR/NVAR 
COMMON/LIMITX/ XMIN(NV),XMAX(NV)
CALL T50T95(NU,T50,T95) 

c write(7,=0 ' NU,T50,T95’,NU,T50,T95 
DO 1 I=1,NVAR 

XI=MAX(XMIN(I),MIN(XMAX(I),X(I)))
V(I)=XI

IF(VAR(I).LT.O.O) THEN 
WRITE(6,200)
WRITE(7,200)

200 FORMAT(/,
^ ' * * * * $ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ' I

& '* A DIFHCULTY IN ESTIMATING THE CONFIDENCE LIMITS *’,/,
& ’ ='= INDICATES THAT THE SOLUTION IS SUSPECT. PERHAPS: "",/,
& ' * (A) TOO MANY PARAMETERS ARE BEING VARIED. *'J,
& ' ='= (B) THE SEARCH RANGE SHOULD BE EXTENDED. ='=',/,
& ' =:= (C) MORE ITERATIONS ARE REQUIRED. ='=',/,
^  ' *  :|: * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * '  ̂

RETURN
ENDIF

:|: :!: :|:

c SE2=2*SQRT(VAR(I))
SE=SQRT(VAR(I))

*T write(7,='=) ’ I,SE2',I,SE2
DO 2IT=1,2 
IF(IT.EQ.1)T=T50 
IF(IT.EQ.2) T=T95 
XLO=XI-SE*T 
VMIN(IT,I)=XLO 
XHI=XI+SE='T 

c write(7,*) 'it,se2,t,xIo,xhi',it,se2,t,xlo,xhi
VMAX(IT,I)=XHI
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2 CONTINUE 
WARN(I)=’ '
IF(X(I).LE.XOMIN(I)) WARN(I)=' LOW '
IF(X(I).GE.XOMAX(D) WARN(I)=' HIGH'
IF(DX(I).EQ.O.O) WARN(I)='FIXED’

1 CONTINUE
CALL PARAM0U2(V,WARN,VMIN,VMAX)

C
RETURN
END

:!: :|: :|: :|: :|: :|; :|: :|: :|: :|: :|: :|: :|: :|: * * * :|: * * * * * * **********:!:** * * * * * * :|: :|: t- * * * :|: :|: :|: :|: * :|: :|:
SUBROUTINE T50T95(NU,T50,T95)
RETURNS THE STUDENT T VALUE FOR 50% AND 95% CONFIDENCE. 
CALLED BY; RANG3 
REAL T50S(5),T95S(5)
DATA T50S/1.0,0.816,0.765,0.741,0.727/
% T95S/12.706,4.303,3.182,2.776,2.571/
IF(NU.LT.6) THEN 

T50=T50S(NU)
T95=T95S(NU)

ELSE
T50=0.67449+0.24534/NU+0.07949/NU**2 
T95=l .95996+2.3723/NU+2.8225/NU**2

ENDIF
RETURN
END

SUBROUTINE FUNCS(TIMEI,X,FHT,DFDX,MX)

='=='= '• CALLED BY THE NUMERICAL RECIPES' ROUTINE 'MRQCOF, AND 
RETURNS THE VALUE OF THE FUNCTION AND ITS DERIVATIVES 
WITH RESPECT TO THE X'S.

PARAMETER (NV=8,NV2=NV+2,MDAT=1000)
REAL FOFT(-1 :NV),F0FTG(NV2),W1(NV2),X(NV),DFDX(NV),XIN(NV)
& ,ALPHA(NV),DTHETADP(NV),DADP(NV),DBDP(NV),DALPHADP(NV,NV)

INTEGER IEND(NV2)
COMPLEX W2(NV2),W3(NV2,64)
EXTERNAL FOFP

COMMON/TANDD/TIMES(MDAT),TDATA(MDAT),NTS
COMMON/VAR/NVAR
COMMON/LIMITX/ XMIN(NV),XMAX(NV)
COMMON/PASS/ NVTP,ALPHAP(NV) 

c data iprint/0/,ipmax/10/

IF(MX.NE.NVAR) STOP ' MX NOT EQUAL TO NVAR IN FUNCS SUBROUTINE' 
IF(TIMEI.LT.O.O) THEN 

TIME=-TIMEI 
ELSE 

ID=INT(TTMEI)
TIM E=TTM ES(ID)

ENDIF

COULD PICK UP FURTHER TIME-DEPENDENT (MEASURED) VALUES HERE.
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DO 10 1=1,NVAR
XI=MAX(XMIN(I),MIN(XMAX(I),X(I))) 

c if(iprint.le.ipmax) 
c & write(7,=0 'i,xi,xmin(i),xmax(i),x(i) =', 
c & i,xi,xmin(i),xmax(i),x(i)
10 XIN(I)=XI

CALL USERPARAM(NVAR,XIN,NVT,TIME,
& ALPHA,THETA,AOFP,BOFP,DTHETADP,
& DADP,DBDP,DALPHADP)
NVTP=NVT 
DO 111 I=1,NVT 

ALPHAP(I)=ALPHA(I)
111 CONTINUE

:!; *

NOW CALL GREENY WHICH RETURNS THE FUNCTION AND ITS DERIVATIVES 
WITH RESPECT TO THE UNKNOWN PARAMETERS.

NVAR2=NVT+2
NFUN=12
TAU=THETA*TIME 

C write(7,*) ' GOING INTO GREENV,THETA,TIME,tau=',
C & THETA,TIME,tau
C if(iprint.le.ipmax)write(7,*)'NVAR2,TAU,NFUN=',NVAR2,TAU,NFUN

CALL GREENV(FOFTG,NVAR2,TAU,FOFP,NFUN,3,lE-5,6,Wl,W2,W3,64,
& IEND,IFAIL)

C write(7,*) ' OUT OF GREEN'
DO 112I=1,NVAR2

112 F0FT(I-2)=F0FTG(I)

FFIT=AOFP*FOFT(0)+BOFP 
c if(iprint.le.ipmax)
c & write(7,*) ’ffit,aofp,bofp=',ffit,aofp,bofp
:i: :|: ;|: :|: :|: *  *  ;|: *  >|: *  *  *  *  *  *  *  *  *  *  *  *  *  :|: *  *  *  *  * * * * * * * *  *

COMPUTE THE DERIVATIVES
* d_F/d_pi = A [d_theta/d_pi time L'{ s fbar - f(0,alpha) } *

+ SUM[d_alphaj/d_pi L'{d_fbar/d_alphaj}, j=l,m ] *
* + d_A/d_pi L'{fbar} + d_B/d_pi for i=l,n *

* where L' inidicates an inverse Laplace transform *
* fbar is the LT of f with respect to tau *

theta(P) = tau(P)/t *
='■ f(0,alpha) is the initial conditions which can be obtained
* from lim[s fbar] as s->inf. *

='• An alternative to the first term would be
d_theta/d_pi L'{ - d[s fbar]/ds } / theta *

but this does not normally seem as easy to program. *

DO 21=1,NVAR 
SUM=0.0 

DO 1 J=1,NVT 
SUM=SUM+DALPHADP(J,I)*FOFT(J) 

c if(iprint.le.ipmax) write(7,*)'i,j,sum,dalphadp(j,i),',
c & 'foft(J) =',i,j,sum,dalphadp(j,i),foft(J)
1 CONTINUE
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DFDX(I) = AOFP "= ( DTHETADP(I)*nME='=FOFr(-l) + SUM ) +
& DADP(I)*FOFT(0) + DBDP(I)

c if(iprint.le.ipmax) then
c write(7,='=) ’xl23',x(l),x(2),x(3)
c write(7/'') 'i,dfdx(i) =',i,dfdx(i)
c write(7,*) 'aofp,sum =',aofp,sum
c write(7,*) 'dthetadp(i),foft(-l),theta',
c & dthetadp(i),foft(-l),theta
c write(7,='=) 'dadp(i),foft(0),dbdp(i)',dadp(i),foft(0),dbdp(i)
c write(7,*) '=======ABOVE FOR DFDX(I)= ====================='
c endif
2 CONTINUE 

c iprint=iprint+l

:|: ;|: :|: :!: :|; *  :|: *  *  *  *  *  *  * * * * * * * * * * * * *

RETURN
END

:|: *  *  :|: :|: *  :|: *  :|: * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *  *  *  :|: * * * * * * * * * * * *  

SUBROUTINE CHKVAR(A)
CHECK THAT ACTIVE PARAMETERS HAVE SENSIBLE GRADIENTS. 
CALLED BY: MRQFIT 
PARAMETER (SMALL=1E-20,NV=8)
REAL A(NV,NV)
INTEGER NP(NV)
CHARACTER PNAME*20 
COMMON/NAMES/PNAME(NV)
COMMON/LIST/LISTX(NV),NHT

AMAX=0.0 
DO 1 I=1,NFIT

1 AMAX=MAX(AMAX,A(I,I))

NLO=0
D 0 2I=1,NFIT 
IP=LISTX(I)
IF(ABS(A(I,I)).LT.AMAX*SMALL)THEN

NL0=NL0+1
NP(NLO)=IP

ENDIF
2 CONTINUE 

IF(NLO.EQ.O) RETURN
WRITE(6,100) (PNAME(NP(J)),J= 1 ,NLO)
WRITE(7,100) (PNAME(NP(J)),J=1,NL0)

100 FORMATC ******* "1̂ ***************************** ************ ' /
& ' * WARNING: THE FOLLOWING PARAMETERS ARE
& '='= NOT AFFECTING THE MODEL RESULTS:-
& ' *',6(2X,A20) )
WRITE(6,200)
WRITE(7,200)

200 FORMATC * THIS IS LIKELY TO LEAD TO A FAILURE.

RETURN
END

:|: j|: *  *  *  *  :|: * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *  *  * * * * * *  *  *  *  *  *  *  *

SUBROUTINE CHKX(DX,XOMIN,XOMAX)
CALLED BY: MAIN 

PARAMETER (NV=8)
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REAL DX(NV),XOMIN(NV),XOMAX(NV)
COMMON/VAR/NVAR

CHECK RANGE ORDER

IFLAG=0 
DO 1 I=1,NVAR
IF(XOMIN(I).GT.XOMAX(I)) THEN 

IFLAG=1 
DX(I)=-DX(I)
XO=XOMIN(I)
XOMIN(I)=XOMAX(I)
XOMAX(I)=XO 

ENDIF 
1 CONTINUE

IF(IFLAG.EQ.l) THEN 
WRITE(6,100)
WRITE(7,100)

100 FORMAT(/,
^  *  *  *  *  *  *  *  -I: *  ' j
& ’ * ONE OR MORE PARAMETER SEARCH RANGE HAS BEEN REVERSED*',/,

*  *  *  *  *  *  :|: *  *  ' ̂

ENDIF

RETURN
END

*:|::1: * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

FUNCTION ZEROS(V)
='=*='= CONVERT A VERY SMALL NUMBER TO ZERO FOR DISPLAY PURPOSES. 

IF(V.GT.1E-18)THEN 
ZEROS=V 

ELSE
ZEROS =0.0 

ENDIF 
RETURN 
END

*  *  *  :|: *  *  :|: *  *  *  :|: *  *  * * * * * *  M: * * * * * * *  :|: * * * * * * * * * * * *  *  *  *  *  *  *  * * * * * * * *  *  *  :|: *  *  *  *  *  *  *  *  *  *  *  *

SUBROUTINE F0FP(FDG,NV2IN,P)

LEADS TO USER-SUPPLIED ROUTINE FOFPU

='=='==!= DERIVATIVES OF THE (L.T.) FUNCTION WITH RESPECT TO THE 
PARAMETERS.
FD(-l)=-D[pF]/dp, FD(0)=F,

='==1=='= FD(1 )=DF/D PI, FD(2)=DF/D P 2 ,..., FD(NV)=DF/D PNV

CALLED BY: FP, GREENV VIA FUNCS 
PARAMETER (NV=8,NF=100,NV2=NV+2)
COMPLEX FDG(NV2),FD(-1:NV),P

C
IF(NV2IN.GT.NV2) STOP ’ NV2IN>NV2'

CALL F0FPU(FD,NV2,P)
DO I 1=1,NV2 

1 FDG(I)=FD(I-2)
RETURN
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END
subroutine nooverflow(iwrite)
CONTROL WORD SETTING FOR MICROSOFT FORTRAN (OVERFLOW) 

INITCW=SCWRQQ()
NEWCW=4922
CALL LCWRQQ(NEWCW)
CHKCW=SCWRQQ()
if(iwrite.eq.l) WRITE(6,21) INITCW,NEWCW,CHKCW 

21 FORMATC INITIAL CONTROL WORD =’,16,/,
& ’ NEW CONTROL WORK =’,I6,/,
& ' CHECK ON NEW SETTING =',I6,///)
return 
end

:|: :|; :|= * * * * * * * * * =|: ************************* * * * * * * * ****** * * :|: * :|: :|: * * * * * * :|: 5|: * *
SUBROUTINE USERPARAM(NVAR,P,NVT,'nME,

& ALPHA,THETA,AOFP,BOFP,DTHETADP,DADP,DBDP,DALPHADP)
*

USER-SUPPLIED ROUTINE
*  ______________

COMPUTE THE NVT VARIABLES, ALPHA, IN THE TRANSFORM *
IN TERMS OF THE NVAR P PARAMETERS.

c
PARAMETER (NV=8,MDAT=1000,NF=100)
REAL P(NV),ALPHA(NV),DTHETADP(NV),DADP(NV),DBDP(NV),

& DALPHADP(NV,NV)
CHARACTER*20 HXNAME*20 
COMMON/P ARAM/ nXNAME(NF),FIXED(NF)

C
IF(TIME.LT.O.O) STOP ’ In USERPARAM with time<0’

C
C HYDRAULIC DIFFUSION PROBLEM:- 
C Parameters to fit:
C Pl=Hydraulic conductivity P2=Ss
c
c Fixed parameters:
c F1=AREA F2=CoreLength F3=Supper F4=H0 
C
C tau=theta t 
C

NVT=1
IF(NVT.GT.NVAR.OR.NVT.GT.NV) STOP ’ NVT > NVAR OR NVT > NV

c Fixed parameters
AREA=FIXED(1)
C0RELEN=FIXED(2)
SUPPER=FIXED(3)
H0=FIXED(4) 

c Parameters to fit 
HYC0ND=P(1)
Ss=P(2) 

c Parametter for transform
ALPHA( 1 )=AREA*CORELEN*Ss/Supper 
DALPHADP(1,1)=0.0
DALPHADP(1,2)=AREA'=C0RELEN/Supper 

c Time scale parameter
THETA=H YCOND/(Ss*CORELEN* *2)
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C  PRINT * ; t h e t a , h y c o n d , s s , c o r e l e n ’, t h e t a , h y c o n d , s s , c o r e l e n
DTHETADP(1 )= 1.0/(Ss"=CORELEN**2) 
DTHETADP(2)=-HYCOND/(Ss*CORELEN)**2 

c Constant multiplied by transform function 
AOFP=HO 
DADP(1)=0.0 
DADP(2)=0.0 

c Constant added to transform function 
BOFP=0.0 
DBDP(1)=0.0 
DBDP(2)=0.0

RETURN
END

:|: :|: :|: *  :|: *  =|: *  *  *  *  *  *  *  5|: *  *  *  *  :|: :|: *  *

SUBROUTINE F0FPU(FD,NV2IN,P)

USER-SUPPLIED ROUTINE

DERIVATIVES OF THE (L.T.) FUNCTION WITH RESPECT TO THE 
PARAMETERS (aN=ALPHA(N)).
FD(-l)=pF+F(0), FD(0)=F,
FD(1)=DF/D al, FD(2)=DF/D a 2 ,..., FD(NV)=DF/D aNV 

*** [Take particular care with signs.]

CALLED BY: FOFP
PARAMETER (NV=8,NF=100,NV2=NV-t-2)
COMPLEX FD(-1:NV),P 
COMPLEX* 16 S,Q,ONE,TANHQBYQ,CTANH 
CHARACTER*20 HXNAME*20 
COMMON/PASS/ NVTP,ALPHA(NV)
COMMON/PARAM/ nXNAME(NF),FIXED(NF)
DATA ONE/(1DO,ODO)/

C
IF(NV2IN.GT.NV2) STOP ' NV2IN>NV2'

BETA=ALPHA(1)

c fbar(s) = l/[s(l-t-beta * tanh q / q)]
S=P
Q=CDSQRT(S)
TANHQBYQ = CTANH(Q)/Q
FD(0) = ONE/( S*( ONE + BETA * TANHQBYQ))
FD(1 ) = - TANHQBYQ / ( S * (ONE + BETA *TANHQBYQ)**2 ) 
FD(-1)= ONE/( ONE + BETA * TANHQBYQ) - ONE

C
RETURN
END

*  *  *  *  *  !|: *  î|! *  *  *  * * * * *  :|: *  :|: * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *  * * * * * * * *  *  *  *  *  *  *

FUNCTION CTANH(Z)
IMPLICIT REAL*8(A-H,0-Z)
COMPLEX* 16 Z,CTANH,E2 
IF(REAL(Z).LT.1D0) THEN 

E2=CDEXP(Z+Z)
CTANH=(E2-1 D0)/(E2+1 DO)

ELSE
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=-■='= NB WILL PROBABLY WANT TO CHANGE 43 AT SOME POINT ** 
IFCREAL(Z).LT.43D0) THEN 

E2=CDEXP(-Z-Z)
CTANH=( 1 D0-E2)/( 1D0+E2)

ELSE
CTANH=1D0

ENDIF
ENDIF
RETURN
END

* :|: :|: :|: :|: :|: :|: :|: * :|: * :|: *********************** * * * * * :!: * * * *
SUBROUTINE GREENV(FT,NF,T,FSS,NFUN,NSIG,EPS,MMAX,

& FTOLD,FS,WORK,IW,IEND,IFAIL)
;|: *  •* :|: *  :|: *  *  *  :|: * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  * * * * * *  :|: *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *

 ̂SUBROUTINE GREENV =>=
*

AUTHOR; John A. Barker (British Geological Survey) *
VERSION: I - VECTORIZED (November 1988)
DESCRIPTION: Inversion of a Laplace transform either to a *

specified number of significant figures or * 
using a specified number of function evaluations. *

LANGUAGE: Fortran 77.
USAGE: See documentation provided by the author. *

*  :|: :|: :|: *  *  *  :|: * * * * * * * * *  :|: * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *  *  *  *  *  *  *  *  *  *  *  :|: :|:

COMPLEX W0RK(NF,IW),FS(NF),B,B1,B2,WC0NST 
REAL FT(NF),FTOLD(NF)
INTEGER lEND(NF)
PARAMETER (EXAMIN=-87.0)
DO 50 1=1,NF 
FT(I)=0.0 

50 IEND(I)=99

IFAIL=-1
IF(T.LT.O.O) RETURN 

IF(NFUN.EQ.O) THEN

NMAX=2="*MMAX
N0LD=NMAX+1
IFAIL=3
IF(NMAX.LT.8.OR.NMAX.GT.IW) RETURN 
ETA=10.0=' '=(-FLOAT(NSIG)-0.301 )
KSTEP=I
RLAM=6.0/T
CALL FSS(FS,NF,CMPLX(RLAM,0.0))
DO 10I=1,NF 

10 WORK(I,NMAX)=201.71439674636756*FS(I) 
NFUN=1 
N=4 

1 NM1=N-1
PIBYN=3.1415926535897932/N 
NN=NMAX/N 
D 0  2K=1,NM1,KSTEP 
THETA=K*PIBYN 
IF(K='2.EQ.N) THEN 

ALPHA=0.0 
ELSE
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ALPHA=THETA/TAN(THETA)
ENDIF
WCONST=0.5*EXP(MAX(6.0='= ALPHA,EXAMIN))

& ='=CMPLX( 1.0,THETA+ALPHA*(ALPHA-1,0)/THETA)
CALL FSS(FS,NF,RLAM*CMPLX(ALPHA,THETA))
DO 11 1=1,NF

11 WORK(I,K*NN)=WCONST*FS(I)
2 NFUN=NFUN+1 

KSTEP=2 
PSI=6.0*PIBYN 
CP=2.0*COS(PSI)
SP=SIN(PSI)
DO 12I=1,NF 
B=(0.0,0.0)
B1=B
D 0 3 KA=1,NM1
K=N-KA
B2=B1
B1=B

3 B=CP*B 1 -B 2+W0RK(I,K*NN)
12 FT(I)=RLAM*REAL(WORK(I,NMAX)+CP*B-2.0*(B 1-B='=CMPLX(0.0,SP)))/N 

IF(N.GT.4) THEN
NE=0
DO 13I=1,NF 
DIF=ABS(FT(I)-FTOLD(I))
IF(MAX(DIF,ABS(FT(I)),ABS(FTOLD(I))).LT.EPS)THEN 

IEND(I)=I 
NE=NE+1

ELSEIF(DIF/MAX(ABS(FT(I)),EPS).LT.ETA) THEN 
IEND(I)=0 
NE=NE+I 

ENDIF
13 CONTINUE 

IFAIL=0
IF(NE.EQ.NF) RETURN 
IFAIL=2
IF(N.EQ.NMAX) RETURN 

ENDIF 
DO 14 1=1,NF

14 FTOLD(I)=FT(I)
n =n +n
GOTO 1

:|: :|!
ELSEIF(NFUN.GT.O) THEN

RLAM=6.0/T
CALL FSS(FS,NF,CMPLX(RLAM,0.0))
DO 20 1=1,NF 

20 WORK(I,NFUN)=201,71439674636756*FS(I) 
NM1=NFUN-1
PIBYN=3.1415926535897932/NFUN
PSI=6.0*PIBYN
CP=2.0='=COS(PSI)
SP=SIN(PSI)
D 0 24KA=1,NM1
K=NFUN-KA
THETA=K*PIBYN
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IF(K='=2.EQ.NFUN) THEN 
ALPHA=0.0 

ELSE
ALPHA=THETA/TAN(THETA)

ENDIF
WCONST=0.5*EXP(MAX(6.0* ALPHA,EXAMIN))

& *CMPLX( 1 .0,THETA+ALPHA*(ALPHA- 1.0)/THETA)
CALL FSS(FS,NF,RLAM*CMPLX(ALPHA,THETA))
DO 24 1=1,NF 

24 WORK(I,KA)=WCONST*FS(I)
DO 22 1=1,NF 
B=(0.0,0.0)
B1=B
D 0  4 KA=1,NM1
K=NFUN-KA
B2=B1
B1=B

4 B=CP:"B 1 -B2+W0RK(I,KA)
IEND(I)=0

22 FT(I)=RLAM *REAL(WORK(I,NFUN)+CP*B- 
& 2.0*(B 1 -B*CMPLX(0.0,SP)))/NFUN

IFAIL=0

ELSE

IFAIL=4

ENDIF

RETURN
END

SUBROUTINE GREEN(FT,T,FS,NFUN,NSIG,EPS,MMAX,WORK,IW,IEND) 

' SUBROUTINE GREEN

AUTHOR: John A. Barker (British Geological Survey) *
VERSION; 2 (November 1986) *

* DESCRIPTION: Inversion of a Laplace transform either to a *
specified number of significant figures or * 
using a specified number of function evaluations. *

* LANGUAGE: Fortran 77. *
* USAGE: See documentation provided by the author. *

COMPLEX SUMO,WORK(IW),FS,B,B 1 ,B2,W0RK1 
PARAMETER (EXAMIN=-87.0)
FT=0.0
IEND=-1
IF(T.LT.O.O) RETURN

IF(NFUN.EQ.O) THEN

NMAX=2*"'MMAX
IEND=3
IF(NMAX.LT.8.0R.NMAX.GT.IW) RETURN 
ETA= 10.0** (-FLO AT(NSIG)-0.301 )
KSTEP=1
RLAM=6.0/T
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SUM0=20].71439674636756*FS(CMPLX(RLAM,0.0))
NFUN=1
N=4
NM1=N-1

PIBYN=3.1415926535897932/N 
NN=NMAX/N 
D 0  2K=1,NM1,KSTEP 
THETA=K='=PIBYN 
IF(K='=2.EQ.N) THEN 

ALPHA=0.0 
ELSE

ALPHA=THETA/TAN(THETA)
ENDIF
WORK(K*NN)=0.5*EXP(MAX(6.0* ALPHA,EXAMIN))

& *CMPLX(1,0,THETA+ALPHA*( ALPHA-1.0)/THETA)
& ='=FS(RLAM*CMPLX(ALPHA,THETA))

NFUN=NFUN-t-l
KSTEP=2
PSI=6.0*PIBYN
CP=2.0='=COS(PSI)
SP=SIN(PSI)
B=(0.0,0.0)
B1=B
D 0  3 KA=1,NM1
K=N-KA
B2=B1
B1=B
B=CP*B l-B2+WORK(K*NN)

FT=RLAM*REAL(SUM0-t-CP*B-2.0*(Bl-B*CMPLX(0.0,SP)))/N 
IF(N.GT.4) THEN

DIF=ABS(FT-FTOLD)
IEND=1
IF(MAX(DIF,ABS(FT),ABS(FTOLD)).LT.EPS) RETURN 
IEND=0
IF(DIF/MAX(ABS(FT),EPS).LT.ETA) RETURN 
IEND=2
IF(N.EQ.NMAX) RETURN 

ENDIF 
FTOLD=FT 
N=N4-N 
GO TO 1

ELSEIF(NFUN.GT.O) THEN 

RLAM=6.0/T
SUM0=20L71439674636756*FS(CMPLX(RLAM,0.0))
NM1=NFUN-1
PIB YN=3.1415926535897932/NFUN
PSI=6.0*PIBYN
CP=2.0='=COS(PSI)
SP=SIN(PSI)
B=(0.0,0.0)
B1=B
D 0  4KA=1,NM1 
K=NFUN-KA 
THETA=K*PIBYN 
IF(K*2.EQ.NFUN) THEN
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ALPHA=0.0
ELSE

ALPHA=THETA/TAN(THETA)
ENDIF
WORK 1 =0.5 ='=EXP(MAX(6.0* ALPHA,EXAMIN))

& ='=CMPLX(1.0,THETA+ALPHA*(ALPHA-1.0)/THETA)
& ='FS(RLAM*CMPLX(ALPHA,THETA))

B2=B1
B1=B

4 B=CP='=B1-B2+W0RK1
FT=RLAM='=REAL(SUM0+CP*B-2.0*(B1-B*CMPLX(0.0,SP)))/NFUN
IEND=0

ELSE

IEND=4

ENDIF

RETURN
END

Appendix 1: Program  MRQSUBS . FOR

FILE: MRQSUBS FOR Al "= LAST CHANGED AT 10:45:28 ON 25/11/88 * 
SUBROUTINE MRQMIN(X,Y,SIG,NDATA,A,MA,LISTA,MFIT,

GOV AR, ALPHA,NCA,CHISQ,FUNCS, ALAMD A)
EXTERNAL FUNCS 
PARAMETER (MMAX=20)
DIMENSION X(NDATA),Y(NDATA),SIG(NDATA),A(MA),LISTA(MA), 

COVAR(NCA,NCA),ALPHA(NCA,NCA),ATRY(MMAX),BETA(MMAX),DA(MMAX) 
IF(ALAMDA.LT.O.)THEN 

KK=MHT+1 
DO 12 J=1,MA 

IHIT=0
DO 11 K=1,MHT 
IF(LISTA(K).EQ.J)IHIT=IHIT+1

11 CONTINUE
IF (IHIT.EQ.O) THEN 

LISTA(KK)=J 
KK=KK+1 

ELSE IF (IHIT.GT.l) THEN 
STOP 'Improper permutation in LISTA'

ENDIF
12 CONTINUE

IF (KK.NE.(MA+1)) STOP 'Improper permutation in LISTA'
ALAMD A=0.001
CALL MRQCOF(X,Y,SIG,NDATA,A,MA,LISTA,MHT,ALPHA,BETA,NCA,CHISQ,F 

*UNCS)
OCHISQ=CHISQ 
DO 13 J=1,MA 
ATRY(J)=A(J)

13 CONTINUE 
ENDIF
DO 15 J=1,MHT 

DO 14K=1,MFIT
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COVAR(J,K)=ALPHA(J,K)
14 CONTINUE 

C0VAR(J,J)=ALPHA(J,J)*(1.+ALAMDA)
DA(J)=BETA(J)

15 CONTINUE
CALL GAUSSJ(COVAR,MnT,NCA,DA, 1,1)
IF(ALAMDA.EQ.O.)THEN 

CALL COVSRT(COVAR,NCA,MA,LISTA,MFIT)
RETURN 

ENDIF - 
DO 16 J=1,MFIT
ATRY(LISTA(J))=A(LISTA(J))+DA(J)

16 CONTINUE
CALL MRQCOF(X,Y,SIG,NDATA,ATRY,MA,LISTA,MnT,COVAR,DA,NCA,CHISQ,FU 
*NCS)
IF(CHISQ.LT.OCHISQ)THEN 

ALAMDA=0.1 ='= ALAMDA 
OCHISQ=CHISQ 
DO 18 J=1,MFIT 

DO 17 K=1,MFIT 
ALPHA(J,K)=COVAR(J,K)

17 CONTINUE 
BETA(J)=DA(J)
A(LISTA(J))=ATRY(LISTA(J))

18 CONTINUE 
ELSE
ALAMDA= 10. * ALAMDA 
CHISQ=OCHISQ 

ENDIF 
RETURN 
END
SUBROUTINE MRQCOF(X,Y,SIG,NDATA,A,MA,LISTA,MFIT,ALPHA,BETA,NALP, 
='=CHISQ,FUNCS)
EXTERNAL FUNCS 
PARAMETER (MMAX=20)
DIMENSION X(NDATA),Y(NDATA),SIG(NDATA),ALPHA(NALP,NALP),BETA(MA),
='= DYDA(MMAX),LISTA(MHT),A(MA)
DO 12 J=1,MFIT 

DO 11 K=1,J 
ALPHA(J,K)=0.

11 CONTINUE 
BETA(J)=0.

12 CONTINUE 
CHISQ=0.
DO 15 I=1,NDATA
CALL FUNCS(X(I),A,YMOD,DYDA,MA)
SIG2I=1./(SIG(I)*SIG(I))
DY=Y(I)-YMOD 
DO 14 J=1,MFIT 
WT=DYDA(LISTA(J))*SIG2I 
D 0  13K=1,J
ALPHA(J,K)=ALPHA(J,K)+WT*DYDA(LISTA(K))

13 CONTINUE 
BETA(J)=BETA(J)+DY*WT

14 CONTINUE 
CHISQ=CHISQ+DY*DY*SIG2I

15 CONTINUE
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DO 17 J=2,MFIT 
DO ]6K=1,J-1 
ALPHA(K,J)=ALPHA(J,K)

16 CONTINUE
17 CONTINUE 

RETURN 
END
SUBROUTINE COVSRT(COVAR,NCVM,MA,LISTA,MnT)
DIMENSION COVAR(NCVM,NCVM),LISTA(MFIT)
DO 12 J=1,MA-1 

DO 11 I=J+1,MA 
COVAR(I,J)=0.

11 CONTINUE
12 CONTINUE

DO 14I=1,MHT-1 
DO 13 J=I+1,MFIT 
IF(LISTA(J).GT.LISTA(I)) THEN 
COVAR(LISTA(J),LISTA(I))=COVAR(I,J)

ELSE
COVAR(LISTA(I),LISTA(J))=COVAR(I,J)

ENDIF
13 CONTINUE
14 CONTINUE 

SWAP=COVAR(l,l)
DO 15 J=1,MA
CO V AR( 1, J)=CO V AR(J, J)
COVAR(J,J)=0.

15 CONTINUE 
COVAR(LISTA( 1 ),LISTA( 1 ))=S WAP 
DO 16 J=2,MFIT
CO V AR(LISTA(J),LISTA( J))=COV AR( 1, J)

16 CONTINUE 
DO 18 J=2,MA

DO 17I=1,J-1 
COVAR(I,J)=COVAR(J,I)

17 CONTINUE
18 CONTINUE 

RETURN 
END
SUBROUTINE GAUSSJ(A,N,NP,B,M,MP)
PARAMETER (NMAX=50)
DIMENSION A(NP,NP),B(NP,MP),IPIV(NMAX),INDXR(NMAX),INDXC(NMAX) 
DO 11 J=1,N 

IPIV(J)=0 
11 CONTINUE 

DO 22 1=1,N 
BIG=0.
DO 13 J=1,N 
IF(IPIV(J).NE.1)THEN 

DO 12K=1,N 
IF (IPIV(K).EQ.O) THEN 
IF (ABS(A(J,K)).GE.BIG)THEN 

BIG=ABS(A(J,K))
IROW=J
ICOL=K

ENDIF
ELSE IF (IPIV(K).GT.l) THEN
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STOP 'Singular matrix'
CALL SINGUL(l)
ENDIF

12 CONTINUE 
ENDIF

13 CONTINUE 
IPIV(ICOL)=IPIV(ICOL)+1 
IF (IROW.NE.ICOL) THEN

DO 14L=1,N 
DUM=A(IROW,L)
A(IROW,L)=A(ICOL,L)
A(ICOL,L)=DUM

14 CONTINUE 
DO 15L=1,M
DUM=B(IROW,L)
B(IROW,L)=B(ICOL,L)
B(ICOL,L)=DUM

15 CONTINUE 
ENDIF
INDXR(I)=IROW
INDXC(I)=ICOL
IF (A(ICOL,ICOL).EQ.O.) STOP 'Singular matrix.' 

IF (A(ICOLJCOL).EQ.O.) CALL SINGUL(2) 
PIVINV= 1 ./A(ICOLJCOL)
A(ICOL,ICOL)=I.
DO 16L=1,N
A(ICOL,L)=A(ICOL,L)*PIVINV

16 CONTINUE 
DO 17L=1,M
B(ICOL,L)=B(ICOL,L)*PIVINV

17 CONTINUE 
DO 21 LL=1,N

IF(LL.NE.ICOL)THEN
DUM=A(LL,ICOL)
A(LL,ICOL)=0.
DO 18L=1,N
A(LL,L)=A(LL,L)-A(ICOL,L)*DUM

18 CONTINUE 
DO 19L=1,M
B(LL,L)=B(LL,L)-B(ICOL,L)*DUM

19 CONTINUE 
ENDIF

21 CONTINUE
22 CONTINUE 

DO 24 L=N,1,-1
IF(INDXR(L).NE.INDXC(L))THEN 

DO 23 K=1,N 
DUM=A(K,INDXR(D) 
A(K,INDXR(L))=A(K,INDXC(L)) 
A(K,INDXC(L))=DUM

23 CONTINUE 
ENDIF

24 CONTINUE 
RETURN 
END

SUBROUTINE SINGUL(IAT)
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='=*='= PRINT A MESSAGE WHEN THE MATRIX IS SINGULAR.
IF(IAT.EQ.-987743) PRINT '
WRITE(6,100)
WRITE(7,100)

100 FORM AT(/, ' ='= ='= * * ='= =" ='= ='= ='= * ='= ='= ='= * * ='= * "= ='= * * ='= '= =" ='= "= ='= ='= ='= =" :'= ='= ='= ='=
& ' =:= THE SEARCH IS UNABLE TO PROCEED. POSSIBLY
& ' * A PARAMETER IS HAVING NO EFFECT OR TWO
& ' ='= PARAMETERS ARE COUPLED.

' :|: :|: :|: *  :|: ;|: *  :|: M: *  *  :|: *  :|: *  *  *  *  *  *  *  *  M: *  *  *  =|: *  =|: M: :|: '  ̂

STOP
END

Appendix 1: Program ‘Combine’

PROGRAM COMBINE
C TAKES A STANDART FITTING FILE WITHOUT DATA AND MERGES IN TIME AND 
C HEAD DATA.
C FOR GEMMA KEANEY 
C WRITTEN BY JOHN BARKER

PARAMETER (MAXTST=100,MAXTIM=100)
CHARACTER* 80 ALINE(50),ONELINE 
CHARACTER*5 TESTNAMES(MAXTST)
DIMENSION TIMES(MAXTST,MAX'nM),HEADS(MAXTST,MAXTIM) 
0PEN(7,FILE='STANDARD.DAT',M0DE='READ') 
0PEN(8,FILE='TIMEANDH.DAT',M0DE='READ') 
0PEN(9,FILE='C0MBINE.0UT',M0DE=WRITE')

C READ A STANDARD DATA FILE 
N=0

1 N=N+1 
READ(7,'(A80)',END=10) ONELINE 
IF(0NELINE(1:6).EQ.'ENDEND’) GO TO 10 
ALINE(N)=ONELINE
GOTO 1

10 NSTD=N-I

READ(8,I00) (TESTNAMES(I),I=1,MAXTST)
100 FORMAT(20X,A4,100(28X,A4))

1=0
2 1= 1+1

IF(TESTNAMES(I).NE.' ’.AND.I.LT.MAXTST) GO TO 2 
NTESTS=I-1

NP=0
3 NP=NP+1

READ(8,200,END=41)(TIMES(I,NP),HEADS(I,NP),I=1,NTESTS)
200 FORMAT(F8.0,100(F16.0,F16.0))

C CHECK TO SEE IF THERE IS MORE DATA.
IPOS=0
D 0 4I=1,NTESTS 

IF(TIMES(I,NP).GT.O.O) IP0S=1
4 CONTINUE 

IF (IP 0S .E Q .1)G 0T 0 3
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41 CONTINUE

DO 6 ITST= UNTESTS 
WRITE(9,400) TESTNAMES(ITST)

400 FORMAT('=================================
& ,/,'Name of test = ’,a5)

DO 42 N=1,NSTD
42 WRITE(9,'(a80)') ALINE(N)

ITIM=0
5 ITIM=ITIM+1 

IF(TIMES(ITST,ITIM).GT.O.O) THEN
WRITE(9,500) TIMES(ITST,ITIM),HEADS(ITST,ITIM) 

500 FORMAT(2E16.8)
GO TO 5 

ENDIF
WRITE(9,'(A3)') END'

6 CONTINUE

WRITE(9,’(A6)') ENDEND'

STOP
END
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