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PREFACE

One can study the earth without becoming involved with granite as 
one may appreciate German literature without reading Thomas Mann, or enjoy 
clasical music without having heard of J.S. Bach. A "granitoid" or granite 
s.Z. is a granular igneous rock consisting of K-feldspar, quartz, plagioclase, 
minor amounts of mica or hornblende and accessory minerals. Granites occur 
in intrusions in a wide range of shapes and sizes, and form together with their 
gneissic counterparts the dominant rock type of the upper half of the contin
ental crust. By nature of their importance and high degree of exposure at the 
surface, granites are also the most widely studied rocks. Tens of thousands 
of geologists have studied their petrology and mineralogy, their relationships 
with surrounding rocks in the field, their deformation structures, their 
ore content, their age, chemistry and possible origin. Geochemical studies 
both experimental and on natural granites, have put important constraints 
on the pressure and temperature during granite formation, on the composition 
of the source rock, on the melt-fraction of the magma and on the amount of 
mixing and unmixing during transport and emplacement. An increasing number 
of studies is devoted to physical and mechanical properties of granite, to 
its strength, permeability, heat- and electrical conductivity etc., and to 
its plastic deformation at high pressure and temperature. Further parameters 
of geophysical importance are the elastic properties of granite controlling 
the transmission of seismic waves, and other small recoverable deformations.

This thesis contains three experimental studies, each concerned with 
different physical properties of granite under high pressure and temperature 
conditions as pertaining at depth in the crust. The studies have in common 
the use of the same specimen material and the same experimental apparatus, but 
may - apart from some cross references between parts II and III - be read 
separately.

In part I (Chapters 1-8) , I discuss the rheological properties of 
granite magma placing emphasis on the role of melt fraction. In spite of the 
wealth of data on granites there are no satisfactory answers to many 
simple questions related to their origin and emplacement: How does melt
collect if it separates from its source rock, and what melt fraction is needed 
before a magma body develops a sufficiently high density contrast with its 
surroundings to rise at a geologically appreciable rate in the earth’s 
gravitational field? To what extent is the rising of a magma body controlled
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by the rheological properties of the surrounding material (highly unlikely 
to be Newtonian as often assumed), and to what extent by rheological 
properties of the magma itself? How do these properties vary if heat 
exchange takes place with the surroundings during migration of the magma?
What strainrates and what stress-systems are involved and what volumes of 
material? Such questions are not restricted to granites, Yoder (1976) 
discussed some of them in relation to the generation of basaltic magma. 
Geochemical and field studies alone cannot provide the answers. Indeed, 
it would appear that a stage has been reached where the general understanding 
of magmatic processes might be better advanced by study of the mechanical 
aspects of the problem than by renewed mapping efforts, more measurements 
of Rare Earth Element distributions or new detailed studies of simple 
geochemical systems.^ The determination of flow properties of partially- 
melted granite is but a small contribution to answering the problems posed 
above. However, the general conclusions from this study of deformation of 
partially-melted granite (Chapters 7 and 8) are thought to be relevant also 
in the wider context of general magmatic processes.

Part II (Chapters 9-12) deals with the thermal expansion of 
granite over a range of confining pressures. A by-product of this study 
is the confirmation of an effect which has been called the "shift of the 
quartz a-ß transition temperature" by its discoverer Kern (1978, in prep.). 
The transition temperature of quartz in granite is found to increase 
roughly three times more with confining pressure than in the case of single 
crystals, because of stress inhomogeneities in the granite polycrystal.
A model for granite and an elastic theory are proposed which account for 
both the magnitude of the "shift" and for the observation that the transition 
in the polycrystal does not occur over a large range in temperature. The 
prediction of the model for the maximum confining pressure at which cracks 
may open in granite due to differential thermal expansion of the constituent 
minerals is in good agreement with the experimental observations. The theory 
may further be used to relate the small crack porosities, observed in igneous 
rocks to volume changes of the constituent minerals during decompression and 
cooling on the way to the surface. Possible practical application of the 
thermal expansion data may be found in relation to the drilling of deep holes

'With apologies to those who nave submitted proposals along these lines.
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in the crust.
Part III (Chapters 12-14) may be read as a progress report on the 

development and testing of a specimen assembly with which the velocity of 
compressional - and shear waves through specimens of natural crystalline 
rocks can be measured at high pressure and temperature with the ultrasonic 
pulse transmission method. Preliminary results for dry and water saturated 
granite are presented and discussed in Chapter 14. The study has a bearing 
on the interpretation of seismic wave velocities through crustal rocks and 
some progress is made in understanding the factors controlling the temperature 
and pressure dependence of the elasticity of granite. It is argued however, 
that the large effect of cracks on velocity as observed in experiments, limits 
the direct application of the measurements to geophysical problems. The 
stress inhomogeneities caused by differential thermal expansion of the 
constituent minerals of granite persist over the period of an experiment and 
keep cracks open against the confining pressure, and cause the quartz a~3 
"shift" (part II). In natural rocks,for geological periods at high litho- 
static pressure and high temperature, stress inhomogeneities will tend to 
relax, cracks will be closed in the absence of a pore fluid and there will 
be no shift of the quartz a-3 transition.
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ABSTRACT

Control of melt fraction (up to 25 volume percent) by addition 
of different amounts of water to granite has facilitated a series of constant 
strainrate-, creep-, and cycle experiments at 800°C, 300 MPa, to study the 
rheological properties of partially-melted granite. Subsequent microscopic 
study of the deformed specimens reveals that under these conditions, most 
of the uniform deformation prior to macroscopic shear failure is accomplished 
by the concurrent operation of three distinct mechanisms: i) melt redistri
bution into films perpendicular to the least compressive stress, ii) relative 
movement of grains, and iii) axial fracturing of grains - the latter occur
ring even at low differential stress. At low melt fractions the deforming 
rock tends to take up melt by a mechanism of dilatancy pumping. The observed 
rheological behaviour is discussed in terms of simple models of rigid and 
elastic grains with a viscous fluid filling the interstices, and a dilatancy 
hardening relationship is derived for the case of hexagonally close-packed 
spheres. The strength of the partially-melted rock at 10“^s-  ̂ is found to 
decrease gradually from about 250 MPa at 5 volume percent melt to about 60 
MPa at 15 percent melt, and then to drop rapidly to less than 1 MPa at 24 
percent melt. The critical melt fraction separating granular - framework - 
controlled flow behaviour from suspension-like behaviour is deduced to be 
approximately 30 to 35 volume percent. The relevance of these results to 
natural conditions involving partially-melted rocks is discussed.
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Chap ter 1 

THE PROBLEM

1.1 Introduction

Geological processes in the earth's crust and mantle often involve 
rocks that are melted in some degree, ranging from complete or extensive 
melting in igneous rocks to a small fractional melting in some migmatites.
The generation, transport, differentiation and emplacement of magmas are 
important examples of such processes. On a larger scale, flow of partially- 
melted peridotite with low melt fraction is commonly believed to take place 
within the asthenosphere. In all these situations a knowledge of the 
mechanical properties of partially-melted rock is of importance in under
standing the dynamics and structural aspects.

The physically most important property of partially-melted rock 
is its two-phase nature of solid crystals and a viscous melt.1 The present 
study explores the rheological behaviour of such mixtures as a function of 
melt fraction, placing particular emphasis on the influence of low degrees 
of partial melting, and the results of an experimental study on the 
deformation of partially-melted granite with melt fractions up to 25 volume 
percent will be presented.

The relevance of such a study to petrological and geophysical 
problems has been indicated above. More generally, the understanding of the 
rheological behaviour of mixtures of solid grains and a viscous pore fluid 
has applications in a variety of fields. As examples may be given the fields 
of ceramics (hot-glass ceramics), chemical engineering (slurrie flow), soil 
mechanics (stability and strength of wet soils, liquefaction), metallurgy

^Particularly in magmas at or near to the surface of the earth a third 
phase may originate in the form of gases leaving the melt under influence 
of reduced pressure. This "vesiculation" may affect flow properties of 
magmas markedly (ß.g. Shaw et at. , 1968) but will not be further considered 
in this thesis.
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(partially-melted alloys), glaciology (temperate glaciers with water as a 
pore fluid) and sedimentology (debris flow, turbidity currents, bedload 
transport etc.)* A comprehensive review of all the relevant literature 
from such fields is beyond the aim of this thesis. Reference to authors 
working in different disciplines will be made at appropriate places in 
the text.

1.2 Scope of behaviour in partially-melted rock

A large range of flow behaviour can be expected between the 
endmembers of completely solid and completely melted rock. However, for 
discussion it is convenient to define two rheological regimes within this 
range. The first regime is one of suspension-like behaviour in which the 
crystals or groups of crystals can pass one another during volume-constant 
flow without becoming Mlocked-up", and in which the flow properties are 
largely controlled by the viscosity of the suspending melt and the fraction 
of suspended material. In the second regime crystals and groups of 
crystals interlock in the undeformed state or after a small deformation, 
and further deformation at constant volume can only be achieved with 
fracturing or plastic deformation of the grains. The latter regime will 
be called granular framework-controlled, since here the flow behaviour will 
be influenced more by the rheological properties of the interlocking solids 
than by that of the melt.

A large rheological contrast may be expected between the two 
regimes, the transition occurring around a critical melt fraction. This 
critical melt fraction or, for systems other than partially-melted rock, 
critical fluid fraction can be conveniently defined as the fluid fraction 
at which the flow stress for volume-constant deformation at a given strain- 
rate changes most rapidly with fluid fraction, that is at the inflection 
in the curve in Figure 1.1.

1.3 Behaviour at melt fractions above the critical

Over the range of strainrates in which measurements have been 
done completely melted rocks behave as ideal Newtonian fluids, the viscosity 
of which depends on the chemical composition of the melt and on the 
temperature (e.g. Bottinga and Weill, 1972; Scarfe, 1973). The amount of 
water in the melt strongly affects the viscosity, especially in the case 
of siliceous melts (Sabatier, 1956; Shaw, 1963, 1965, 1972; Burnham, 1964;
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Figure 1.1 Distinction of two rheological regimes and definition of 
a critical fluid fraction.
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Scarfe, 1973). Consequently pressure has an important Indirect influence 
on the viscosity of siliceous melts through controlling the amount of water 
and other volatiles, that are dissolved in the melt (e.g. Whitney, 1975; 
Winkler, 1974) , although for a given bulk chemical composition the intrinsic 
influence of pressure is not appreciable except at very high pressures 
(>2GPa^; see Waff, 1975; Kushiro, 1976; Kushiro et al. , 1976).

To estimate the viscosity of melt-crystal suspensions the 
theoretical and empirical results for "relative viscosity" from studies on 
suspensions of rigid, neutrally buoyant spheres in a viscous fluid can be 
applied, if the viscosity of the melt and the fraction of suspended material 
are known. Relative viscosity is defined as the ratio between the viscosity 
of the suspension and that of the suspending fluid. Shaw (1965) and Arzi 
(1978 a) based extrapolations on the theoretical results of Roscoe (1952) ; 
in this thesis use will be made of the recent review of Jeffrey and Acrivos 
(1976) on the subject.

However, not all suspensions are known to behave as ideal Newtonian 
fluids at all strainrates or all fractions of suspended solids (e.g. Van 
Wazer et al. > 1963). Whether deviation from ideal Newtonian behaviour is 
observed depends in many cases on the precision of the measurements, and 
whether such a deviation is important depends on the type of problem for 
which rheological parameters are to be used. In the latter connection, 
behaviour approaching that of an ideal Bingham fluid, in which no flow 
occurs below a yield stress while the strainrate is linearly related to 
stress above the yield value, has been observed in magmas under natural 
conditions by Shaw et at. (1968) and Sparks et al. (1977). The measured 
values for the yield strength are of the order of 100 Pa, depending somewhat 
on the melt fraction. Yielding behaviour has also been observed in the 
laboratory by Shaw (1969) and Murase and McBirney (1973) ; for a discussion 
of the rheological measurement of yield stresses see Shaw (1969). Bingham 
behaviour would explain naturally observed features such as the flow 
morphology of lava (Johnson, 1970; Hulme, 1974) and xenolith transport in 
magma (Sparks et al., 1977) more satisfactorily than ideally viscous behaviour.

throughout this thesis the Pascal is used as the unit of pressure or stress:
1 MPa = 10 bars, 1 GPa = 10 kbar. For a table of conversion factors to 
other units of stress see Hobbs et al. (1976, p. 3).
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1.4 Estimate of critical melt fraction

To date no single set of rheological experiments exists covering 
the full range of fluid fractions indicated in Figure 1.1. The critical 
melt fraction therefore has to be estimated theoretically or to be deduced 
from trends observed at fluid fractions lower or higher than the critical 
fraction itself. Later in this thesis (Chapter 7) a combined approach 
is attempted by comparing experimental results for partially-melted 
granites on the low melt fraction side with relative viscosity results 
for granitic melt suspensions on the high melt fraction side. Here 
the value for the critical melt fraction will be discussed in the light 
of the existing literature, and the expected effects of grainsize and 
grainshape variation will be indicated.

Arzi (1978 a) considered the problem in some detail, although 
values as high as 50 volume percent melt are quoted, his estimate of a 
"rheological critical melt percentage" is "a non zero value, probably 
within the range of 20 + 10 percent". This estimate is based on the 
model of Roscoe (1952) for the relative viscosity of suspensions of 
uniform spherical grains which approaches infinity when the closest packing 
density corresponding to 26 percent porosity is approached. The effect 
of grain angularity is to increase this number somewhat. The effect of 
a large range in sizes of spheres is to reduce it. However, the value 
corresponding to the closest packing density is likely to be unrealistic, 
since the packing must be somewhat looser in order that the particles can 
move past each other in a sustainable constant-volume flow without "locking- 
up" through interference.

It would appear to be more realistic to take as a critical fluid 
fraction for mobility as a suspension the porosity value corresponding to 
the random packing density for uniform spheres, that is 38 or 39 volume 
percent (Morgenstern, 1963; Jeffrey and Acrivos, 1976). This figure is 
supported by the following observations on granular materials and suspensions: 
(1) For granular materials, the appropriate measurements are those of

critical void ratio, the quantity used in soil mechanics to specify 
the degree of packing at which the granular mass can be deformed 
without volume change in drained tests (Terzaghi and Peck, 1967, 
p. 94); when extrapolated to zero effective confining pressure, 
the critical void ratio corresponds in principle to the critical 
fluid fraction defined here. In general the fluid fraction at the
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critical void ratio is approximately equal or slightly less 
than the porosity corresponding to the minimum bulk density as 
determined in a pouring test (see various observations in Selig 
and Ladd, 1973). Thus, at the minimum bulk density for uniform 
glass spheres, the porosity is 42-43 percent (Brand, 1973; Dickin, 
1973) , and the critical void ratio determined in shear tests at 
minimal effective confining pressure corresponds to a porosity of 
40 percent for uniform steel balls and 42 percent for uniform glass 
balls (Roscoe et a t 1958). The critical void ratio for uniform 
fine sand corresponds to a porosity of 44-45 percent, as determined 
by zero volume change in triaxial and shear tests at minimum 
effective confining pressure (Cornforth, 1973) or by liquefaction 
tests (Castro, 1969; Durham and Townsend, 1973). The latter figure 
is slightly higher than for steel and glass balls, probably 
reflecting some departure from spherical shape of the sand grains 
since the porosity at minimum bulk density also increases with 
increasing angularity in grain shape (Dickin, 1973; Holubec and 
D'Appolonia, 1973; Youd, 1973).

(2) A critical melt fraction between 35 and 45 percent for material
with approximately equant grains is also suggested by the hydrostatic 
experiments of Arndt (1977) on melt separation in crushed garnet 
lherzolite. Over the time of the experiment no melt separation 
occurred in a specimen melted to 35 percent, whereas one fifth of 
the melt had separated out by gravitational settling of the crystals 
in a specimen melted to 55 volume percent.

(3) In the case of dense suspensions (see review by Jeffrey and Acrivos, 
1976) , empirical formulae have been fitted to the dependence of 
viscosity on concentration and the extrapolation of these formulae 
to infinite viscosity also yields in principle a value of the 
critical fluid fraction. For example observations by Krieger on 
suspensions of spherical particles, taken at the limit where Brownian 
movement and electrical effects are unimportant, have been extrapo
lated to infinite viscosity to give a critical fluid fraction of 32 
percent (Jeffrey and Acrivos, 1976).

(4) The maximum phenocryst concentration found at the centers of flow 
differentiated basic dikes and sills of moderate width varies 
between 50 and 70 percent, the phenocryst concentration dropping 
gradually to values close to zero at the margins of the intrusion.



9 .

This phenomenon has been ascribed to the "Bagnold Effect", a 
mechanism of grain dispersive pressure acting between suspended 
phenocrysts during flow and leading to concentration in the center 
of a conduit where shear rates during emplacement of magmas are 
lowest (e.g. Komar, 1972 a and b, 1976; Barriere, 1976). In the 
present context it is important to note that the phenocryst 
concentration does not exceed 50 to 70 percent, again indicating 
a major change in rheological properties of magmas around 40 percent 
melt fraction.

The values of critical fluid fraction deduced from determinations 
of critical void ratio in granular masses may be too high on account of 
frictional effects, and the value from extrapolated viscosity of suspensions 
may be too low on account of the contact interferences between particles 
not being fully effective yet in the range of fluid fractions studied 
(greater than 50 percent) and so not being fully reflected in the empirical 
formulae used for extrapolation. These observations support the conclusion 
that for uniform spheres the geometrical boundary between mobility and 
immobility in an incompressible fluid medium lies approximately at the 
fluid volume fraction of 38-39 percent. However, the observations of 
Chong et cCl. (1971) on the influence of mixed particle sizes on the viscosity 
of suspensions, and the observation that the maximum porosity decreases with 
increasing range of grain sizes (Dickin, 1973; Youd, 1973) suggests that 
this critical fluid fraction will decrease quite markedly with the intro
duction of a wide range of grain sizes, although that effect could be 
mitigated in some degree by increased angularity of grain shape.

Finally it seems appropriate to point out that the estimates 
of critical melt fraction presented above are essentially based on a change 
in rheological behaviour when approached from the high melt or fluid 
fraction-side. The proper definition of critical melt fraction related to 
stress changes over the transition interval between the suspension-like 
and granular framework-controlled regimes is given in Section 1.2 and 
Figure 1.1. It may be concluded that the critical melt fraction in 
equigranular partially melted rock will lie close to, but somewhat below,
38 - 39 percent.
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1.5 Behaviour at melt fractions below the critical

1.5.1 Previous work

Uniaxial deformation of partially-melted dolerite and micro-
granodiorite was studied by Murrell and Chakravarti (1973). However, in
such experiments with unsealed specimens, pores and cracks can open up
and lead to early cohesive failure in a way that would not occur at depth
in the earth. To avoid this limitation, specimen jacketing and confining
pressure must be used. Preliminary experiments of such a kind were done
by Murrell and Ismail (1976) who deformed two jacketed partially-melted
granodiorite specimens to 5 and 8 percent shortening strain at 670° and
720°C respectively at confining pressures of 450 MPa and a strainrate of 

-5 -110 s • Earlier Ave'Lallemant and Carter (1970) had observed local 
partial melting in a lherzolite deformed in solid medium apparatus at 1500 
MPa confining pressure; they noted that the zones of melt tended to be 
oriented parallel to the maximum compressive principal stress. Arzi (1978 
a and b) experimentally deformed three partially-melted granite specimens 
at 860° (6 percent melt) 960° (12 percent melt) and 1020°C (17 percent melt) 
but gives little experimental detail. The results were expressed as 
"effective viscosities" respectively 108, 108 and 108 times higher than 
the viscosity of the melt.

1.5.2 Two important factors

The experimental work at low melt fractions is thus rather 
limited. To predict the rheological behaviour, comparison could again 
be made with other fields. An analogy with wet sands, see for instance 
the textbook on soil mechanics by Lambe and Whitman (1969) , would indicate 
that a partially-melted rock with a low melt fraction, in which the crystal's 
behave as rigid-brittle grains, will tend to increase in volume during 
deformation (dilatancy) when grains climb over one another to overcome 
interlocking, and that localized deformation in the form of shear failure, 
rather than bulk flow, may be expected. Two factors however may make 
an a priori comparison of partially-melted rock with a wet sand improper.
(1) Melt distribution. In a wet sand the grains are not coherent,

the fluid occurs in a tortuous interconnected pore-system between 
the grains. Geometrically there are other possibilities for melt 
distribution : melt could be interconnected in films at all or 
most grainboundaries, or occur at grain edges only, conversely it
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could be distributed in isolated globular inclusions within an 
essentially solid matrix.

(2) Deformation mechanism within the solid. Under normal conditions 
for wet soils, sand grains behave essentially as rigid material, 
they may undergo small elastic deformations or fracture when local 
stresses on the grains are high. However, it is not clear that 
this will also be the mechanism of deformation within the crystals 
at low stresses, and at the high temperatures associated with 
partial melting in rocks. The grains could again behave essentially 
rigid-brittle, but they could also change their shape plastically 
through a diffusion controlled mechanism or by dislocation processes 
operating within the grains.

These two factors are expected to seriously influence the 
rheological properties of partially-melted rocks. I will return to them 
in Chapter 8, when discussing the application of experimental results to 
geological problems.

1.6 Outline of Part I

The background of the problem having been set out above, a study 
will now be presented covering the experimental deformation of partially- 
melted granite with melt fractions less than the critical value. In order 
to study the role of melt fraction proper most deformation experiments 
were done under standard conditions of 300 MPa confining pressure, 800°C 
after 100 minutes heating prior to deformation.

Chapter 2 describes the experimental technique and the precision 
of measurement. In Chapter 3 the specimen material is described, together 
with the methods by which different amounts of melt are obtained and 
recognised. The stress-strain results and the microscopical observations 
for partially-melted specimens which were deformed under standard conditions 
are given in Chapters A and 5 respectively. Experiments for which the 
experimental technique differed from the standard procedures outlined in 
other chapters, are grouped together in Chapter 6. The experimental results 
are summarised and extensively discussed in Chapter 7, before an attempt 
is made in the final chapter to apply them to geological problems.
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Chapter 2

EXPERIMENTAL TECHNIQUE

2.1 Introduction

The reason that the rheology of partially-melted rock with low 
melt fractions has thus far received only limited attention from experiment
alists is not to be sought in lack of interest or imagination, but rather in 
the substantial experimental difficulties which have to be overcome before 
meaningful tests can be performed. The high temperature viscometer technique 
used by Shaw (1969), to study the flow behaviour of melt-crystal suspensions 
cannot be applied to rocks with low melt fractions, because even at low rates 
of deformation substantially high differential stresses, not accessible to 
a viscometer are required. Specimen jacketing and a confining pressure 
have to be used in order to prevent the formation of voids during deformation. 
To measure bulk rheological properties of a natural crystalline rock, 
specimens with a diameter at least 10 times the grain size and a length 
preferably twice the diameter, have to be used (e.g. Jaeger and Cook, 1976).
To obtain melting uniformly throughout the specimen, a high constant 
temperature has to be achieved. Thus, fairly large volumes have to be 
kept under constant pressure and temperature during an experiment. For 
partially-melted rocks differential stresses less than 100 MPa have to be 
readily measurable, the latter requirement making the Griggs solid 
medium apparatus (Griggs, 1967; Tullis and Yund, 1977), most commonly 
used for deformation of rocks at high temperatures and high pressures, 
less ideal for the measurement of flow stresses in partially-melted rocks.
The present experiments were performed in a high temperature, high pressure 
deformation apparatus using argon gas as a pressure medium (Paterson, 1970, 
1977) .

2.2 Assembly

Cylindrical specimens of 10 mm diameter, 20 mm length were dried 
for at least 24 hours at 110°C and then sealed dry or with a measured amount 
of added water into the assembly shoim in Figure 2.1. The jacket was copper 
tubing of 0.25 mm wall thickness, and platinum discs of 0.025 mm thickness 
were placed between the specimen and the molybdenum endpieces to prevent 
sticking after the run. The assembly was weighed before and after runs to

check for leaks.
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Figure 2.1 Specimen assembly.
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2.3 The measurement of pressure

A detailed description of the pressure system is given by Paterson 
(1970). The required gas pressure is maintained by a 1:16 oil-gas 
intensifier. The gas pressure, measured by a Manganin resistance gauge 
directly exposed to the gas inside the bomb, is recorded on a strip chart; 
control contacts in the recorder automatically actuate the intensifier 
when the gas pressure drops below the required setting due to leakage. When 
there is very little leakage the pressure may exceed the required setting 
during temperature rise due to the thermal expansion of the gas, in such 
a case the pressure was controlled manually with a release valve on the 
intensifier. The confining pressures thus obtained are believed to be 
precise within 5 MPa.

2.4 The measurement of temperature

Temperatures were recorded during the runs with two platinum, 
platinum - 13 percent rhodium thermocouples placed 8 and 18 mm above the 
specimen within the hollow loading piston, the nearer thermocouple also 
being used as control thermocouple for the furnace temperature controller 
since the temperature at this position is within 20°C of the temperature 
within the specimen itself. The required power ratio in the two furnace 
zones for minimum temperature gradient within the specimen was adjusted 
on the basis of the temperature difference between the two thermocouples, 
the required difference being known from calibration runs with a hollow 
dummy specimen in which the complete temperature profile in specimen and 
piston was determined. The specimen temperature is believed to be known 
within 10°C and the temperature variation along the specimen also to be 
less than this.

2.5 The measurement of differential stress

Differential stress in the specimen was obtained from the axial 
load, measured with an internal load cell and recorded on a strip chart 
after correcting for cross-section increase of the specimen, on the 
assumption of homogeneous deformation at constant volume; the internal load 
cell was calibrated in terms of measured shortening of a helical steel 
spring, the spring constant of which had been determined in a commercial 
testing machine. When the differential stress in the specimen is below 
50 MPa the load carried by the copper jacket becomes significant and
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correction was made for this in determining the stress. This correction is 
based on the results of J.A. McDonald (pers. comm.), for the constant 
strainrate deformation of copper in the present apparatus. The values used 
for jacket-load correction at 800°C, 300 MPa are indicated in Figure 2.2. 
The load supported by the copper jacket becomes of the same order as that 
supported by the specimen, when the stress is about 1 MPa, which sets this 
as a lower limit to the strength of specimens of high melt fraction that 
can be studied readily with the present arrangements. Conversely, the 
detectable strength of the copper jacket enabled me to determine the 
displacement at which the loading piston touched very weak specimens, and 
to determine the change in length of the specimen. The sensitivity of 
stress measurement is approximately 0.2 MPa, but larger uncertainties arise 
because of the jacket load correction.

2.6 The measurement of strain

Cross-head displacement was measured with a linear variable 
differential transformer (LVDT), recorded simultaneously with the load on 
the same strip chart, and corrected for elastic distortion in the loading 
assembly in order to give specimen shortening, expressed as engineering 
strain. The elastic distortion was determined using a dummy specimen 
of Kennametal K165 with a high Young's Modulus of ^200 GPa at 800°C, such 
that, at the loads used, the measured displacements as in Figure 2.3, 
could be entirely attributed to elastic length changes in the loading 
assembly. Strain differences of 5 x 10-4 in the specimen can be 
distinguished within one run, while strain determinations can be repeated 
from one run to another within about 2 x 10-3, the additional uncertainty 
here arising from such factors as difference in specimen seating.

2.7 Testing procedures

All experiments reported here were done at 300 MPa confining 
pressure and 800°C, unless stated otherwise. The hydrostatic confining 
pressure was applied first, then the temperature was raised to 800°C, 
typically in 45 minutes, about one third of this time being spent above 
the solidus temperature, 670°C,of the granite plus water system at this 
pressure (Winkler, 1974). The specimens were then held under hydrostatic 
conditions at 800°C for a further 100 minutes to allow melting to occur 
before straining. At the end of the run, cooling from 800°C to 670°C took 
about 5 minutes in all cases.
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Figure 2.2 Load carried by the copper jacket for various strainrates
at 800°C, 300 MPa. Based on measurements of J.A. McDonald. 
The figure represents the linear approximations used for 
the jacket correction.
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Figure 2.3 Displacement correction for elastic distortion of the 
loading assembly of the apparatus at 800°C, 300 MPa. 
The upper abscissa indicates the overestimate in 
strain for a specimen of 20 mm initial length which 
would be made without this correction.
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Three kinds of tests were performed:
(1) In constant strainrate tests, the loading piston was advanced at 

a constant rate; when stress changes gradually with strain, or 
when stress remains constant, this results in a constant engineering 
strainrate in the specimen. In view of the corrections which have 
to be applied to the displacement at high loads for the elastic 
distortion of the loading assembly (Figure 2.3), a constant rate
of piston advancement results in a change in strainrate within the 
specimen, if large stress differences occur over small intervals 
in strain, as in the case of failure of the specimen. In practice, 
however, this gives few serious problems. The reported strainrates 
were determined as the average between zero and final strain, the 
actually observed strainrates do not differ more than a factor of 
two from this average value, except in the case of catastrophic 
failure.

(2) Creep tests were done by advancing the loading piston at a constant 
rate until the load corresponding to the required stress level on 
the specimen was attained. Constant stress was then maintained
by manually varying the rate of piston advancement, and letting the 
load rise slightly with increasing strain, in accordance with 
calculations for cross-sectional increase of the specimen assuming 
volume constant deformation.

(3) In cycling tests the specimen was deformed at a constant rate of 
10~5s-1in all cases to a given stress, after which the piston was 
backed off by hand, and part of the strain recovered in a time 
dependent fashion before a subsequent cycle of the same kind was 
performed. The load was either reduced abruptly to zero, after 
which the time dependent strain recovery was measured by repeatedly • 
touching the specimen, or the load was reduced gradually by with
drawing the piston in small steps whereby an unloading curve could 
be obtained. The precision of the time measured after load removal 
is not better than 2 seconds.

2.8 Microscopy and photography

After each run the specimen was recovered by carefully removing 
the copper jacket and the endpieces. In most cases this could be done 
without damaging the specimen, the quenched melt holding the grains of the 
specimen together; only in those runs where a sharp shear had occurred
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some grains would spill off from the outside of the failure zone. The 
cores were then potted in epoxy resin and sectioned through the center, 
parallel to the axis of the core. The orientation of thin sections in 
specimens with localized failure zones was taken parallel to the core 
axis, and perpendicular to the plane of the failure zone. High quality 
polished thin sections ot 30p thickness were subsequently studied optically 
using a Leitz microscope with an Orthomat photographic attachment.
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Chapter 3

SPECIMEN MATERIAL AND THE FORMATION OF MELT

3.1 Introduction

The flow behaviour of partially-melted rock in the granular 
framework - controlled regime will not only be influenced by the rheo
logical properties of the individual crystals making up the framework, 
but also by the spatial arrangements of those crystals, by the nature of 
their contacts, and by other factors defining the microstructure of the 
aggregate. It seemed necessary therefore, to use for specimen material 
a natural fine grained rock. Granite, having the lowest eutectic melting 
temperature in the presence of water, was chosen to facilitate experimenting 
and because it is the most common crustal igneous rock, which particularly 
in areas of high grade regional metamorphism, can be shown to be derived 
from the country rock by partial melting, also called anatexis or 
migmatisation (e.g. Mehnert, 1968; Winkler, 1974).

3.2 Specimen material

All specimens were cored from a single block of Delegate 
aplite (N.S.W., Australia). This is a fine grained granitic rock (0.5 mm 
average, 1 mm maximum grain size), containing roughly equal amounts of 
quartz (31 percent), plagioclase (31 percent) and K-feldspar (35 percent), 
and 3 percent biotite. The K-feldspar is slightly altered. The rock 
appears isotropic and uniform in hand specimen but a faint pink spotting 
is revealed on a polished slab, due to the K-feldspar being slightly 
concentrated in clusters of 5 mm size. This heterogeneity was not 
recognized initially, but it may account for some of the scatter in stress- 
strain results since its scale is comparable to that of the specimens.

3.3 The kinetics of melting in natural granite under experimental
conditions

In this study a melt phase has been produced with the aid of 
added water. The extreme sluggishness of the reactions producing melt in 
oven-dry granite, just above its solidus is well known to experimental 
petrologists, who resort to the use of very fine powders and heating times 
of several weeks, in order to achieve equilibrium {e.g. Brown and Fyfe,
1970; Whitney, 1975; see also Johannes, 1978, for a discussion of the
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attainment of geochemical equilibrium in melting experiments in granitic 
systems). Mehnert et at, (1973) and Arzi (1978-b) previously studied 
the kinetics of melt formation in natural fine grained granitic rocks 
in the presence of excess water at temperatures at and above the solidus.
They found that an initial stage of approximately 1 hour of rapid melting 
inside a specimen is followed by a very slow increase in internal melt 
fraction with time, related to the diffusion of water from a source 
external to the specimen, via a melted margin at the specimen - water 
source interface into melted grainboundaries within the specimen (Arzi,
1978-b) . Apparently, the melting rates in the presence of free water are 
high, while those in its absence are low, that is when all water directly 
available lias dissolved into the melt, the rate of melting slows down, 
even when geochemical equilibrium would require higher amounts of water- 
undersaturated melt, or when more water for saturated melting can be 
tapped through diffusion from outside the specimen.

After the initial melting stage, time does not influence the 
melt fraction appreciably over a period of several hours, the time scale of 
the present experiments. Thus, the amount of melt which forms inside the 
specimen is determined mainly by two factors:
(1) The amount of water needed to saturate the melt under the pressure- 

temperature conditions of the experiment.
(2) The amount of water which can reside within the specimen in 

voids and cracks before melting starts.
It therefore becomes possible to control the amount of melt formed by 
adding different amounts of water, and to perform rheological experiments 
at effectively constant amounts of melt after an initial melting period.
If more water is added than can be accommodated within the specimen at 
the pressure-temperature conditions of the experiment, an external melt 
film develops in between the specimen and the jacket (Figure 2.1). Such 
external melt films can be drawn into the specimen during deformation, as 
will be shown below, whereby in deformed samples higher internal melt 
fractions can be reached than the maximum possible in hydrostatic experiments. 
It will be shown that the results for melt fractions in hydrostatic 
experiments (Section 3.5) and deformation experiments (Section 3.6) can 
be fully explained by a model for water-saturated melting, based on factors 
(1) and (2) which is worked out in detail in Section 3.7.
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Bulk geochemical equilibrium is not reached in the present 
experiments, due to their short duration and the kinetic factors outlined 
above. The composition of the aplite is very close to that of the minimum 
melting or eutectic composition in the granite system of quartz, 
plagioclase, K-feldspar and water. At 300 MPa the solidus of this system 
lies at approximately 670°C and very high degrees of melting, depending 
somewhat on the amount of added water, but in excess of 50 percent, would 
therefore represent the equilibrium condition at 800°C (see for instance 
Winkler, 1974; Whitney, 1975). The composition of the melt phase in 
the experiments is thought to be constantly close to the water-saturated 
granitic minimum composition; the rheologically important physical 
properties of the melt, its viscosity and compressibility are therefore 
taken to be constant at 800°C and 300 MPa, irrespective of the amount of 
melt.

3.4 The measurement of melt fraction

A detailed description of the microstructures developed during 
melting will be given in Chapter 5, here only those factors which are 
relevant to the determination of melt fraction will be discussed. Upon 
quenching after a run, melt transforms into an isotropic glass, which can 
be recognised under the optical microscope with crossed polarizers from 
the anisotropic minerals, while use of a gypsum plate can facilitate the 
recognition of melt from crystals in extinction position by a different 
colour of second order red (Arzi, 1978-b). With polarizers parallel the 
glass has a faint purplish colour of unknown origin, and a low relief with 
respect to the minerals. Occassionally resin occurs in cracks between 
the grains, because it is used to pot the specimen before thin sectioning. 
Distinction of glass from resin is difficult but possible through the 
yellowish colour of the resin and its slight anisotropy ("chickenpox 
texture").

The fractions of melt formed inside specimens with added water 
during the experiments at 800°C, 300 MPA confining pressure were determined 
by point-counting the glass visible in 30 micron polished thin sections. 
Sufficient points were counted to ensure reproducibility within 0.3 percent, 
but systematic errors arising from difficulties such as the detection of 
thin glass films in inclined grainboundaries, will make the uncertainty 
rather larger than this. Small amounts of glass, too small to determine
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p o i n t - c o u n t i n g ,  were a l s o  v i s i b l e  l o c a l l y  a t  g r a i n b o u n d a r i e s  i n  spec im ens  

t o  which  no w a t e r  had been  added .  S in c e  t h e  b i o t i t e  i n  t h e s e  was s t i l l  

u n a l t e r e d  and s i n c e  a w e i g h t  l o s s  o f  0 .2 5  w e i g h t  p e r c e n t  o c c u r s  upon 

h e a t i n g  to  800°C a t  a t m o s p h e r i c  p r e s s u r e ,  ( s e e  Tab le  3 . 1 ,  p .2 8 )  i t  i s  

t h o u g h t  t h a t  some m e l t  i s  formed w i t h  w a t e r  r e l e a s e d  from t h e  d e h y d r a t i o n  

o f  a l t e r a t i o n  p r o d u c t s  o f  K - f e l d s p a r  o r  f rom d e s o r p t i o n  o f  s t r o n g l y  

a d s o rb e d  w a t e r .  I t  w i l l  be  assumed h e r e a f t e r  t h a t  t h i s  0 .2 5  p e r c e n t  w e igh t  

l o s s  i s  made up e n t i r e l y  o f  such  w a t e r  and t h a t  t h e  t o t a l  w a t e r  a v a i l a b l e  

t o  form m e l t  i s  t h e  sum o f  t h i s  amount and t h a t  of  t h e  added w a t e r .

3 .5  R e s u l t s  f o r  h y d r o s t a t i c  e x p e r i m e n t s

The amount o f  m e l t  formed w i t h i n  spec im ens  h e a t e d  unde r  h y d r o 

s t a t i c  c o n d i t i o n s  r em a in s  l e s s  t h a n  10 volume p e r c e n t  r e g a r d l e s s  of  t h e  

amount o f  a v a i l a b l e  w a t e r  ( F i g u r e  3 . 1 ,  open s y m b o l s ) .  No g l a s s  was 

o b s e r v e d  on t h e  s u r f a c e  o f  spec im ens  w i t h  0 o r  0 .2 5  w e ig h t  p e r c e n t  added 

w a t e r ,  w h i l e  a t h i n  d i s c o n t i n u o u s  f i l m  was o b s e rv e d  w i t h  0 . 5  p e r c e n t  added 

w a t e r ;  however ,  w i t h  1 p e r c e n t  o r  more added w a t e r  a s h i n i n g  t h i c k  

c o n t i n u o u s  f i l m  was p r e s e n t  i n d i c a t i n g  t h a t  t h e  amount o f  m e l t  formed 

c o u ld  no l o n g e r  be accommodated w i t h i n  the  a c c e s s i b l e  p o re  sp a c e  i n  the  

s p e c i m e n s .  The amount o f  m e l t  w i t h i n  t h e  spec im ens  d i d  n o t  i n c r e a s e  

a p p r e c i a b l y  w i t h  t im e  i n  p e r i o d s  o f  h e a t i n g  from 100 to  300 m i n u t e s .  These 

o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i t h  an e s t i m a t e  o f  what  the  a c c e s s i b l e  po re  

sp a c e  i s  a t  800°C,  300 MPa c o n f i n i n g  p r e s s u r e ,  as  d e t e r m i n e d  by w a t e r  

a b s o r p t i o n  and d e n s i t y  m easu rem en ts  on p r e h e a t e d  d ry  s p e c i m e n s ,  ( s e e  

S e c t i o n  3 . 7 ) .

3 .6  R e s u l t s  f o r  d e f o r m a t i o n  e x p e r i m e n t s

The amounts o f  m e l t  p r e s e n t  i n  spec im ens  a f t e r  d e f o r m a t i o n  a r e  

a l s o  shown i n  F i g u r e  3 .1  ( c l o s e d  s y m b o l s ) ,  t h e r e  a g a i n  b e i n g  no c o n s i s t e n t  

i n c r e a s e  i n  m e l t  f r a c t i o n  w i t h  t im e  f o r  any amount o f  added w a t e r .  The 

d e f o r m a t i o n  took  be tw een  3 and 400 m in u t e s  and was p r e c e e d e d  by 100 m in u t e s  

h e a t i n g  under  h y d r o s t a t i c  c o n d i t i o n s .  I t  i s  s e en  t h a t ,  e x c e p t  i n  t h e  c a se  

o f  0 .2 5  w e i g h t  p e r c e n t  added w a t e r ,  t h e  amount o f  m e l t  w i t h i n  t h e  spec im ens  

i s  g r e a t e r  t h a n  a f t e r  h y d r o s t a t i c  h e a t i n g ,  n o t a b l y  so w i t h  1 p e r c e n t  o r  

more added w a t e r  where t h e  amount o f  m e l t  i s  d o u b l e .  Excep t  a t  the  h i g h e s t  

w a t e r  c o n t e n t s  t h e  amount of  m e l t  w i t h i n  t h e  spec im en  i s  now e q u a l  to  what  

would be e x p e c t e d  i f  a l l  t h e  a v a i l a b l e  w a t e r  were used  to  form w a t e r
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Figure 3.1 Melt percentage within specimens as a function of 
weight percent water. The dashed lines indicate 
the expected amounts of melt for deformed and 
undeformed specimens from the model discussed in 
Section 3.7.
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saturated granitic melt (Section 3.7). Evidently, during deformation 
dilation of the specimen contributes additional intercrystalline space 
within which all the water-rich fluid tends eventually to be accommodated. 
The results given in Figure 3.1 for specimens to which 0.5 percent water 
or more was added, are all for large strains (>5 percent). Figure 3.2 
shows however, that the increase in melt fraction with straining, is a 
gradual one, and that during the first few percent of strain it is 
1.5 to 2 times the strain. There appear to be upper limits to the increase 
in the amount of melt which can be achieved in this fashion, and to the 
strainrate for which it is effective. Thus, a slow strainrate run to 10 
percent strain on a specimen with 1.5 percent added water, resulted in 21 
percent melt rather than the theoretically possible 24 percent, and a 
shining melt film was observed on the outside of the specimen, and two fast 
strainrate runs at 10-lf to 10 on specimens to which 1.5 and 1.0 weight
percent water respectively were added also showed melt films on the outside 
of the specimen and considerably less melt than expected was found inside. 
These results are indicated by square symbols in Figure 3.1.

3.7 Estimation of water absorption and melt formation

The amount of melt formed inside a specimen has been shown to 
depend on the amount of water added, the amount of water needed to saturate 
the melt at the temperature pressure conditions of the experiment, and the 
pore space available inside the specimen. This idea is worked out 
quantitatively below.

3.7.1 Total porosity

The initial total porosity of the rock is difficult to determine 
accurately, but an estimate can be made from the measured bulk density of 
2.57 g/cm3, and the mean density of the constituent minerals of 2.63 g/cm3, 
the latter being obtained from the measured volume fractions (reported in 
Section 3.2) and the mineral densities given in Robie et al. , 1966 (quartz 
2.648, oligoclase, 2.646, K-feldspar 2.551 and biotite 2.8 g/cm3). The 
bulk density has been determined from the oven-dry weight and the volume 
obtained from micrometer measurements made on diamond cored cylinders. In 
this way the total porosity is estimated to be initially 2.3 ± 0.1 percent.
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*

Figure 3.2 Melt percentage within specimens as a function of 
strain in experiments at 10-5s-1 strainrate. The 
dashed lines indicate the amounts of melt expected 
from the model discussed in Section 3.7. The dotted 
line represents an increase in melt fraction by a 
factor of 1.5 times the strain.
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However, when n specimen is heated at low effective confining 
pressure a dilation occurs, which can be attributed to the formation of 
new cracks in response to internal stresses arising from inhomogeneous and 
anisotropic thermal expansion of the grains.

This effect can be measured directly as a decrease in bulk 
density and using the same method described above the total porosity after 
heat treatment can be calculated (Table 3.1). A small weightloss, 
discussed in Section 3.3, is observed after heating at 1 atmosphere; 
this is also included in Table 3.1. The increase in total porosity can 
also be calculated independently of weight and weight changes from volume 
measurements alone, and the results are seen to be in good agreement with 
the increases in total porosity as determined from bulk density measurements 
(Table 3.1).

3.7.2 Accessible' and inaccessible porosity

Water absorption has been measured at room temperature and pressure 
in order to determine the porosity accessible to a fluid permeating the 
specimen from the surface. Measurements were made after oven drying and then 
after a cycle of heating to temperatures up to 800°C using the same specimens 
as for the total porosity determination. The weight of water taken up was 
determined by reweighing the specimens after immersion in water over
night following evacuation to 10-2-10-3 torr; excess water on the outside 
of the specimen being removed with a paper tissue just before weighing.
The volume of water taken up by the specimen was then calculated and is 
expressed as accessible porosity (Table 3.1). Interesting aspects of these 
results are that there is an exceptionally large increment in porosity 
between 500°C and 600°C, attributable to cracking associated with the a-8 
quartz transition, and that the accessible porosity is consistently lower 
by about 1.5 percent than the estimated total porosity. The latter indicating 
that the increase in total porosity with heating, as calculated from volume 
measurements, is entirely attributable to the increase in accessible porosity 
and that presumably the inaccessible porosity, remaining unchanged, consists 
of small pores within grains which are not intersected by the intragranular 
and grain-boundary cracking. The small equant pores within plagioclase 
observed by Sprunt and Brace (1974) and Montgomery and Brace (1975) may be 
examples of such inaccessible pore space.
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Table 3.1 Weight and porosity changes in two sets of Delegate aplite 
specimens determined after heating for 1 hour at various 
temperatures.

Temperature °C 110 400 500 600 700 800

weight loss % - 0.06 0.13 0.17 0.25 0.23
- 0.05 0.13 0.18 0.24 0.25

total porosity % 2.3 2.6 2.9 3.9 4.1 4.3
(density measurement) 2.3 2.6 2.8 3.7 3.9 4.4

total porosity 
increase % - 0.2 0.5 1.5 1.6 1.9

(volume measurement) - 0.3 0.4 1.2 1.4 2.1

accessible porosity % 0.8 1.1 1.2 2.3 2.4 2.6
(water absorption) 0.8 0.9 1.3 2.2 2.4 2.8

Table 3.2 Maximum saturated melt from available water.

Added water 
(weight percent)

0 0.25 0.5 1.0 1.5 2.0

Available water 
(weight percent)

0.25 0.5 0.75 1.25 1.75 2.25

Estimated melt 
(volume percent)

3.5 7 10 17 24 31
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3.7.3 Estimated water take-up at 800°C

I assume that the accessible porosity is the same at 800°C,
1 atmosphere, as subsequently measured at room temperature. I further 
assume that the same accessible pore space develops at high pressure, 
provided the pore pressure is equal to the applied confining pressure^. 
Actually water will start to react with granite to form melt at the solidus 
temperature of 670°C at 300 MPa, but this effect can be neglected since the 
water take-up is the same as at 800°C, 300 MPa, due to the difference in 
accessible pore space and water densities cancelling out (see below).

Under these assumptions it follows that the 1.02 cm3 of Delegate 
aplite weighing 2.57 g/cm3 dry will take-up a maximum of 0.015 g of water 
at 800°C, 300 MPa, taking a water density of 0.548 g/cm3 (Burnham et at. 3 
1969); that is, the water content of the saturated rock will be 0.6 weight 
percent at 800°C, 300 MPa water pressure. The same result is obtained if 
interpolated values for accessible porosity and water density at 670°C, 300 
MPa are used. It is possible that the accessible porosity at 800°C, 300 MPa, 
is slightly overestimated due to the pressure sensitivity of the quartz a-8 
transition temperature, but on the other hand the lower viscosity of water 
under these conditions than at ambient conditions may lead to a somewhat 
greater accessibility of pore space. I therefore take 0.6 weight percent 
as the best estimate of the maximum amount of water that can be expected 
to be taken up within the rock at 800°C, 300 MPa, with an uncertainty of 
perhaps + 0.1.

3.7.4 Estimated and observed melt fraction at 800°C, 300 MPa

The 0.015 g of water estimated above as the maximum taken up by 
2.57 g of rock at 800°C, 300 MPa will form 0.193 g of melt if the water- 
saturated melt contains 8 weight percent of water similar to the value 
given by Winkler (1974); that is, the expected melt content would be 7.5 
weight percent. Taking the melt to be about 10 percent less dense than 
the rock (Daly et at., 1966; Bottinga and Weill, 1970), and neglecting the 
differences in compressibility, the expected volume fraction of melt is 
therefore between 8 and 9 percent, provided the water available is not less .

“'’For an experimental confirmation of these assumptions see Part II of 
this thesis, Chapter 9.
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than 0.6 weight percent. If the rock dilates during deformation so as to 
accommodate all the added water in the experiment, then the corresponding 
amounts of water saturated melt to be expected are shown in Table 3.2.

These predictions are also shown by the dashed lines in Figure 3.1, 
where they are in good general agreement with the observed results. Some 
of the deviations from predicted behaviour have already been described in 
Section 3.6.
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Chapter 4

STRESS-STRAIN OBSERVATIONS

4.1 Introduction

As outlined in Chapter 1 the previous work on the deformation of 
partially-melted rock with low melt fractions is rather limited. In a 
first approach to the problem of the role of melt fraction in influencing 
rheological properties it was therefore felt necessary to keep as many 
variables as possible constant and only change the amount of melt from 
one run to another by adding different amounts of water. The stress-strain 
results for such standard experiments are described in this chapter, and the 
corresponding microscopical observations in Chapter 5.

4.2 Constant strainrate tests

Using the assembly described in Chapter 2, stress-strain curves 
were determined at constant strainrate of 10*”̂  to 10-3s-1 at 800°C on 
specimens to which amounts of water from zero to 1.5 weight percent had 
been added (Figures 4.1-a-e). The broken line also included in Figure 4.1-a 
corresponds to the elastic deformation (Young's Modulus 50 GPa) to be 
expected for an unmelted granite from extrapolation to these conditions 
(Birch, 1966). An unsealed dry specimen failed to a cohesionless powder at 
a stress of1 60 MPa and strain of 1.2 percent under conditions otherwise the 
same as for Figure 4.1-a.

The sealed specimens were cohesive after the runs, except for a 
few loose grains at localized failure zones. The specimens with zero and 
0.25 percent added water showed sharply defined shear zones. With 0.5 
percent added water, specimens deformed beyond the stress maximum also 
showed localized shears, but in those strained less than about 6 percent 
the deformation was macroscopically uniform except for slight barrelling.
With more added water, the specimens became similarly barrelled or wide 
shear zones were formed.

There was considerable variation in stress-strain behaviour 
within each group, especially within the group with 0.25 percent added water. 
The variation does not obviously correlate with differences in strainrate 
when less than 1.0 percent water is added (Figures 4.1-b and c), although 
a differential strainrate experiment (broken line in Figure 4.1-c) shows
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Figure 4.1-a-e. Stress-strain curves for constant strainrate 
experiments. Strainrate in units of 10-5s-1.
The dashed line in Figure 4.1-a represents a 
Young's modulus of 50 GPa, the dotted line an 
unconfined run. The dashed curve in Figure 4.1-c 
is a differential strainrate run. For further 
details see Table 4.1.
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the flow stress to be strainrate dependent in a given specimen. At high 
water contents (Figures 4.1-d and e) a clear dependence on strainrate is 
noted, and therefore I attribute the erratic behaviour at lower water 
contents to a specimen variability that is obscuring the normal strainrate 
sensitivity in many cases.

Despite the scatter just noted, the following major trends can 
be discerned:
(1) In no case is a steady state reached; the stress is always 

strongly dependent on the strain, except for relatively small 
strain intervals at the larger water contents.

(2) The stress-strain curves have a conspicuous inflected or S-shape 
up to a stress maximum, after which a stress drop occurs. The 
stress at the inflection is roughly half the maximum stress, while 
the strains at the inflection and at maximum stress increase, and 
the sharpness and magnitude of stress drop decrease, as the amount 
of water is increased. The maximum slope of the stress-strain curve 
also decreases with increasing amount of water (Figure 4.1, Table 
4.1).

(3) A strainrate sensitivity is only clearly revealed in the case of
1 and 1.5 percent added water (Figure 4.1-d and e). A simple reading 
of these figures suggests very roughly a doubling of the stress level 
for one decade of increase in strainrate, but the strainrate 
sensitivity for a given melt fraction is somewhat less than this 
because the specimens tested at the highest strainrates also had 
the lowest melt fractions (Table 4.1).

4.3 Creep tests

Five creep experiments were done at 800°C, 300 MPa in which the 
strain was measured as a function of time at constant stress, as shown in 
Figure 4.2. The total strains achieved were greater by 1-2 percent, than 
those plotted since the latter were measured from the point of reaching the 
final load and do not include the deformation during the initial loading 
at a constant strainrate of about 4 x 10-^s-*. As might be expected from 
the constant strainrate tests, the amount of creep strain in a given time 
increases with amount of added water (and hence melt fraction) and with 
the applied stress.



36.

Figure 4.2 Creep experiments. The right-hand side of the
figure represents the strain histories; the left- 
hand side shows the corresponding strainrate 
histories. The numbers above the curves give the 
stress in MPa.
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The strainrate histories are shown at the left of Figure 4.2.
In general, an Andrade, (time1/3) transient creep law is very roughly 
obeyed. In the cases of zero and 0.5 percent added water, the departures 
from such a law are mainly towards a logarithm of time law, as indicated 
by downward curvature in the strainrate plot. Only in the case of 1 
percent added water is there an approach to steady state creep for a 
strain interval of about 2.5 percent towards the end of the run (c.f. the 
corresponding constant strainrate experiments).

4.4 After-effects and cycling tests

On the release of the load at the end of a constant strainrate 
test, there is both an immediate recovery of strain and a subsequent 
recovery that continues with time at a decaying rate. The same behaviour 
is observed repeatedly when the specimen is deformed in further stages to 
higher strains. These effects are shown in Figures 4.3-a-d, for cycling 
tests on specimens with zero, 0.25, 0.5 and 1.0 percent added water. Only 
a weak indication of time dependent elastic recovery is noticed in the 
specimen with no added water (Figure 4.3-a), but in all cases with added 
water in which the quantities of melt are measurable, the duration of 
strain recovery after load removal is seen to be between 100 and 1000 seconds 
(Figures 4.3-b-d), but at least half of the total recoverable strain appears 
in the first 15 to 20 seconds after load removal. The unloading curves 
are steep initially but show marked non-linearity particularly at low stress 
levels. It is also noteworthy, that in cyclic straining the initial slope 
in each stress cycle is very low, indicating that the immediate reversal 
of the strain also requires very low stresses.

In all cases with added water the total amount of recovered straiq 
greatly exceeds what would be expected for a uniform elastic unloading of 
an entirely solid rock. This excess is tabulated as e* in Table 4.2 under 
the assumption of a Young's Modulus of 50 GPa for the solid rock. The 
quantity e* is very small for specimens with zero added water, indicating 
nearly solid unloading behaviour, but in all cases where water was added 
the additional strain is 0.3 percent or more, irrespective of the amount of 
melt, of the magnitude of the stress or strain, or of previous cycling.
Also given in Table 4.2, are the "relaxed unloading modulus", Erepaxecj» 
calculated from the stress at maximum strain and the total amount of 
strain recovered at zero stress, and the "unrelaxed unloading modulus",
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Figure 4.3-a-d. Cycling experiments. The upper half of the 
diagrams represents the stress-strain curves for 
loading and step-wise unloading (open symbols) ; 
the last stress measurement before removal of 
the load is indicated by a closed symbol. The lower 
half represents strain recovery as a function of time 
from the moment of load removal. The dashed line 
in Figure 4.3-a represents a Young’s modulus of 50 
GPa. For further details see Table 4.2.
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Table 4.2 Cycling tests.

Run No. +H20 
w %

Melt
%

Cycle £*
% ^relaxed

GPa
^unrelaxed

GPa
3106 zero <3 1 0.17 30 +)

2 0.16 39 53
3066 0.25 5 1 0.40 10 +)

2 0.52 11 +)
3 0.37 21 +)

3073 0.5 10 1 0.48 8 +)
2 0.36 10 22
3 0.43 9 31
4 0.27 10 66

3109 1.0 15 1 0.42 3 +)
2 0.41 2 12 0)
3 0.43 4 9 0)

+) not recorded 0) complicated by creep
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E ,, calculated as the secant modulus from the stress at maximumunrelaxed
strain to the point of lowest detectable stress during unloading. Because 
of the small stress-strain intervals over which these moduli are determined 
the precision cannot be better than roughly a factor of 2. Nevertheless, 
some clear trends are revealed. The relaxed modulus is seen to decrease 
with increasing amounts of added water and counted melt percentage, while 
the unrelaxed modulus is not obviously dependent on melt fraction where 
recorded.

In another experiment with 0.5 weight percent added water, after 
reaching a stress of 60 MPa at 3.0 percent strain, the piston was retracted 
abruptly to a position corresponding to roughly half the expected total 
recoverable strain. For 15 seconds no load was registered, then the 
growing specimen came into contact with the piston again, and the load rose 
from zero to a level corresponding to 5 MPa in 140 seconds and remained 
there for the next 1000 seconds, slightly relaxing to 3.7 MPa. After 
retracting the piston, further strain recovery occurred until a total 
strain of 2.0 percent was reached after about 300 seconds. In this case 
e* has the high value of 0.9 percent.
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Chapter 5

MICROSCOPICAL OBSERVATIONS

5.1 Introduction

In this chapter the microstructural observations on partially- 
melted granite specimens will be presented: first for the hydrostatic case, 
then for the deformed specimens to illustrate the modifications in 
microstructure which occur during deformation and to gain an impression of 
the mechanisms which are operating during deformation in these experiments.

The methods by which quenched melt can be recognized in thin 
section have been described in Chapter 3, together with some of the 
difficulties encountered when melt films are very thin and not inclined 
at a high angle to the plane of the thin section. Thus it is not possible 
to positively identify an unmelted grain boundary under the microscope.
To determine the degree of wetting of grainboundaries by melt, I have 
therefore adopted the procedure of counting the fraction of grain boundaries 
in which melt can be seen to occur.

5.2 Hydrostatic experiments

The microstructure of the Delegate aplite after heating for 100 
to 300 minutes hydrostatically at 800°C, 300 MPa with added water is in 
general similar to that observed and illustrated for other granites with 
added water by Mehnert et aZ. (1973), Büsch et aZ. (197A) and Arzi (1978-b). 
The principal features are:

(1) Melt has formed throughout the specimen at triple point junctions of 
quartz, plagioclase and K-feldspar, along quartz-plagioclase and 
quartz-K-feldspar grainboundaries, and to a lesser extent along 
plagioclase-K-feldspar grainboundaries and where identical minerals 
are in contact. The melt films at the boundaries have random 
orientations and there are no differences in film thickness between 
the center and the outside of the specimen.

(2) Although most melt films have a fairly constant thickness it is also 
noted that, particularly at low melt fractions, melt appears to 
occur in some grainboundaries in channels separated by bridging 
contacts from one grain to another. A full gradation exists
from such boundaries which seem to be filled with melt only locally
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to those separated by more or less planar films. A sawtooth-like 
contact is often found between melt film and a feldspar grain when 
the cleavages of the feldspar are inclined to the orientation of 
the melt film.

(3) The fraction of grainboundaries observed to bear melt was 
determined to be more than 90 percent for 10 volume percent melt 
and to decrease to 84 and 63 percent for 7 and 5 percent melt 
respectively. These fractions are larger than reported by Arzi 
(1978-b). The observed decrease is at least in part due to the 
increased difficulty of recognizing thinner melt films with 
decreasing melt fraction. I therefore conclude that the rock is 
substantially disaggregated as a result of this wide spread presence 
of melt at grainboundaries.

(4) Melt also occurs in cracks in all minerals including cleavages 
in feldspars (a.f. Mehnert et al. , 1973). These cracks are more 
common than in the starting material and are randomly oriented.

(5) Inclusions of quartz in feldspar or of feldspar in quartz have 
melt rims, and radial and concentric cracks in the host are melt- 
filled (Figure 5.1).

(6) Biotite grains are entirely black or show black rims in thin 
section owing to an overgrowth of a dehydration phase (a.f. Biisch 
et al.j 1974), and the melt rims around altered biotites are 
slightly wider than around other minerals.

(7) There is some undulatory extinction in the quartz and deformation 
twinning in the plagioclase similar to that in the starting material.
No recrystallization is observed; there are some "nests" of the 
size of normal grains consisting of fine square shaped plagioclase 
grains, but these are also found in the starting material. These 
observations apply for all amounts of water, only the thickness of 
melt films increasing with amount of water.

From the short time for melt formation and the absence of gradients 
in melt fraction through the specimen it is concluded that water occurs 
throughout the specimen in cracks and grainboundary cavities at the beginning 
of melting since the diffusivity of water through granite melt once formed 
is low (of the order of 10~7cm2s_1 under experimental conditions, Shaw, 1974; 
Arzi, 1978-b). The increase in crack density can be ascribed to effects of
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Figure 5.1 Radial and concentric cracks filled with melt
around inclusion of quartz in plagioclase. Hydro
static experiment; melt appears as black isotropic 
glass, crossed polarizers.

Figure 5.2 Preferential alignment of melt films in grain- 
boundaries and cracks parallel to the maximum 
compressive stress, indicated by arrows. (Run. 
No. 2841).

Figure 5.3 Axial fractures in quartz grains, filled with melt 
(Run. No. 2841).
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differential thermal expansion of the minerals under conditions of low 
effective confining pressure.

As noted earlier, no biotite reaction was seen in specimens to 
which no water had been added although the conditions are above the solidus 
of dry biotite granite (Brown and Fyfe, 1970). On the other hand biotites 
alter in specimens with added water. Evidently the dehydration reaction 
of biotite is accelerated in the presence of water or water-rich melt.

5.3 Deformation experiments

In deformed specimens in which no macroscopic shear-failure 
occurred, the microstructure described above is modified uniformly throughout 
the specimen in two main respects:

(1) The density of intragranular microfractures is much greater, even at 
the lower differential stresses. The new fractures are statistically 
parallel to the specimen axis and the maximum compressive principal 
stress and so will be described as "axial fractures". They are 
filled with melt (Figures 5.2, 5.3 and 5.4). Differential movement 
on these fractures and on grainboundaries is sometimes evident
from the position and shape of grain fragments (Figure 5.3) or, in 
the case of plagioclase, from the offset in deformation twins (Figure 
5.4). The axial fracturing of the grains is similar to that observed 
by Gallagher et al. (1974) in sand. Melt filled axial fractures 
appear to occur preferentially through the centers of grains.

(2) There is now a strong trend for melt films to be reduced in thickness 
or removed from grainboundaries and cracks at a high angle to the 
maximum compressive principal stress while the melt film thickness in 
grainboundaries and cracks in a more axial orientation has increased 
(Figure 5.2). This feature is observed in all specimens in spite of 
the increase in total melt fraction in specimens to which more than 
0.25 weight percent water has been added, but becomes less pronounced 
in the specimens with the highest melt fractions. I did not observe 
any clear difference between the melt film distributions in specimens 
which were allowed to relax before cooling and those cooled to temper
atures below the solidus while the differential stress was maintained.



45.

Figure 5.4 Offset on axial fractures in plagioclase grain.
Note also the crossing fractures in the quartz 
grain above (c.f. Gallagher et at. 1974). (Run No. 
2835).

Figure 5.5 Sharp, anastomsoing shear with gouge in dry specimen 
deformed to 8.5 percent strain. Note intensive axial 
fracturing around shear zone. (Run. No. 2922).

Figure 5.6 Wide, ill defined shear characterized by moderate 
grain size reduction and melt enrichment in a run 
with 18 percent melt deformed to 11.5 percent strain. 
(Run. No. 3026).
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Specimens taken beyond a stress maximum showed the following types 
of localized deformation features:

(1) In specimens to which no water has been added and which contain very 
little melt a sharp shear zone of about 100 y width and containing 
gouge crosses the specimen at 30° to the axis (Figure 5.5). Locally 
pinch and swell occurs along the shear. Axially-fractured grains 
are found throughout the specimen but occur preferentially in a zone 
of 2 mm width around the shear.

(2) In contrast, specimens to which 1.0 or 1.5 weight percent water has 
been added, and which contain more than 15 volume percent of melt, 
show only ill defined inclined shear zones of 2-4 mm width in which 
grain size reduction is slightly more intensive than elsewhere 
(Figure 5.6); gouge is seen only very locally over the length of
a few grains. It would appear that most of the deformation has 
occurred by widespread melt redistribution and cataclastic flow.

(3) Specimens to which 0.25 and 0.5 percent water has been added show 
intermediate microstructures. The variability of stress-strain 
results for specimens with 0.25 percent added water is reflected
in their microstructures. Thus specimens which failed at relatively 
low stresses and strains have sharp 30° shear zones with gouge, as 
in runs without added water, while those which failed at higher 
stresses have conjugate shears or shears at a high angle to the 
axis (even 50° and 70°) and a high degree of axial fracturing 
outside the shear zone. In specimens with 0.5 percent added water 
shear zones occurred at angles from 30° to 50° and part of such a 
shear may be narrow and gouge bearing with a zone of intensive axial 
fracturing around it, while another part may be solely a wide zone 
of melt filled fractures.

There is little evidence of intragranular plastic strain in the 
specimens, although the presence of some strain features in the starting 
material, as noted above, confuses the issue slightly. The only clear 
indication of plasticity induced in the experiments is given by an occassional 
altered biotite grain which is kinked or smeared out in a shear zone. In a 
few cases, K-feldspar grains show an S-shaped extinction not observed in 
specimens subjected to hydrostatic pressure only, but in view of the electron 
microscope observation of Tullis and Yund (1977) that undulatory extinction 
can arise from submicroscopic fracturing, one should be cautious in inter
preting this effect as evidence of crystal plasticity.
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No features were observed that suggested preferential melting at 
highly stressed contacts according to Riecke’s pressure melting mechanism 
(Riecke, 1895; Paterson, 1973).
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Chapter 6

MISCELLANEOUS EXPERIMENTS

6.1 Introduction

All deformation experiments described above were done at 800°C 
after 100 minutes under hydrostatic conditions on specimens assembled in 
the same way. In this chapter I have grouped together a number of experiments 
in which the procedures followed were different. In Section 6.2, the effect 
of a higher melt fraction than can be obtained in standard experiments, is 
explored by assembling powdered granite with added water. The effect of 
changing the temperature in otherwise standard experiments is described 
in Section 6.3. In the final section of this chapter, I will describe the 
testing and confirmation of a theoretical relationship which allows 
calculation of the stresses needed to expell viscous melt from between two 
grains approaching one another during compression. Discussion of the results 
is deferred to Chapter 7.

6.2 Powder experiment

In the experiments with solid specimens, it has been shown that 
the initial melt fraction is limited to less than 10 volume percent, and it 
would appear that even when additional surficial melt is drawn into the 
specimen during deformation a limit of about 25 volume percent may be set 
by the circumstance that the strength falls to a negligibly low level at 
this amount. In an attempt to explore the behaviour at larger melt 
fractions, another approach was therefore made, beginning with a specimen 
of compacted powder having a high initial porosity.

Some of the Delegate aplite was crushed and sieved to separate 
a 400-1200 y diameter fraction. A suitable amount of this fraction was 
compacted in a 10 mm diameter pellet press to 200 MPa before sealing with 
2.0 weight percent of added water into the same assembly as before (Figure 
2.1). The porosity of the pellets was about 40 percent as determined from 
bulk density.

Following the same pre-heating and testing conditions as before 
(100 minutes at 800°C, 300 MPa) a constant strainrate experiment was carried 
out to 12 percent shortening, at a strainrate of 10-l+s-1. In spite of this 
high strainrate, the load measured during deformation could be entirely



attributed to that supported by the copper jacket, showing that the flow 
stress in the partially-melted specimen was very low - less than 1 MPa.

The deformation was fairly uniform as shown by the overall shape 
of the jacket which was straight although buckled on a fine scale. A thin 
section made after the experiment showed only about 24 volume percent of 
melt distributed within the specimen instead of the 31 percent expected for 
2 weight percent of added water (Table 3.2, Figure 3.1), and a layer of 
glass was observed on the outside of the specimen. There was a bimodal 
grain size distribution, thought to result partially from crushing during 
pellet pressing (an effect previously found in analogous experiments on 
olivine: P.N. Chopra - private communication).

6.3 Experiments at various temperatures

6.3.1 Creep test during a temperature cycle

Figure 6.1 represents the results for a creep experiment on a 
specimen with 0.5 weight percent added water at 48 MPa differential stress, 
during a temperature cycle between 500°C and 800°C ,at 300 MPa confining 
pressure. The temperature history is shown in Figure 6.1-b : at 500°C 
stress was applied first, then the temperature was raised gradually to 
800°C in approximately half an hour and the creep strain was recorded for 
almost 2 hours before the temperature was lowered again to 500°C in half 
an hour, followed by unloading. Throughout the run constant stress was 
maintained by driving the loading piston backwards or forwards to comply 
with the creep strain in the specimen and thermal length changes in both 
the specimen and the loading assembly.

Figure 6.1-a shows the strain history. Correction was made for 
length changes in the loading assembly with temperature, as established in 
a calibration run on a dummy specimen with known thermal expansion. No 
correction was made for thermal length changes in the specimen. A rough 
measure of the linear thermal expansion of granite between 500°C and 800°C 
under low effective confining pressure but 48 MPa differential stress can 
therefore be obtained from the figure. It is seen that the strain in the 
specimen decreases by ^3 x 10 3 during 300°C increase (A-B) and increases 
^4 x 10 3 during 300°C decrease (C-D). Neglecting creep effects during 
temperature changes a linear thermal expansion coefficient of the order 
10-5°C-1 is obtained. This value is in reasonable agreement with (although
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Figure 6.1-a, b. Creep during a temperature cycle between 500°C 
and 800°C at 300 MPa confining pressure and 48 MPa 
differential stress. Figure a, gives the amount of 
strain as a function of time, figure b, the temper
ature history. The strains are calculated assuming 
the initial length at 500°C to be equal to that at 
ambient conditions. The "strain differences" between 
A and B, and C and D are caused by length changes in 
the specimen with temperature.
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slightly lower than) the more precise measurements of thermal expansion In 
the presence of a pore fluid under 300 MPa hydrostatic confining pressure, 
presented in Part II (Chapter 9.4.4). If the apparent difference is real 
the effect could be ascribed to the differential stress preventing the 
opening of cracks in the axial direction plus possible creep effects.

The initial deformation at 500°C is essentially elastic : creep 
is not recorded immediately when the solidus is exceeded at 670°C but becomes 
noticable at 800°C. This delay in the onset of creep presumably reflects 
unfavourable melting kinetics and perhaps also decreasing melt viscosity 
associated with the increasing temperature. At 800°C creep occurs at a 
rate decreasing from ^10-5s"'1 to 10“6s""1, initially at an increasing melt 
percentage. Experience from other runs at 800°C (Chapter 3) would suggest 
that the melt fraction remained constant after an hour or so at the finally 
observed value of 11 volume percent. Another experiment at 25 MPa 
differential stress gave similar results. However, the complicated correc
tions needed to analyse the data and the uncertainty about the state of 
melting reduce the precision and usefulness of this type of experiment.

6.3.2 Creep and cycle test at three different temperatures
A specimen with 0.5 weight percent added water was taken to 300 MPa 

and 800°C, and kept under hydrostatic conditions for 100 minutes prior to 
performing a constant strainrate test (5 x 10-5s-1) by advancing the loading 
piston at a constant rate until a differential stress of 60 MPa was reached. 
Subsequently a creep test was performed at this stress level for a period of 
1 hour. After that, the piston was withdrawn and the specimen allowed to 
relax for 5 minutes before the temperature was decreased to 750°C in another 
5 minutes. The specimen was then kept under hydrostatic conditions at 750°C- 
for 20 minutes, followed by a constant strainrate test to the same differential 
stress of 60 MPa and one hour creep at that stress. In a third, fourth and 
fifth cycle similar experiments were performed on the same specimen at 800°C, 
850°C and 800°C, using the same period under hydrostatic conditions prior 
to deformation, the same piston advancement rate, the same creep stress and 
the same creep period, the same time for relaxation after unloading, and the 
same time to change temperature by 50°C. The results for this complicated 
experiment which lasted more than 10 hours are indicated in Figure 6.2.

Stress-strain results are indicated in Figure 6.2-a. Correction 
was made for length changes in the loading system with temperature and
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Figure 6.2-a,b. Creep and cycle test at three different temper
atures, 800°C, 750°C and 850°C, at 300 MPa confining 
pressure and 60 MPa differential stress. Figure -a 
gives the stress-strain curves for five cycles with one 
hour of creep in each cycle. The downward arrows 
indicate unloading; to obtain elastic strains the 
last point of each cycle has been compared with the 
first point of the next. Figure -b gives the 
loading -, creep-, elastic- and permanent strains of 
each cycle. For further explanation see text.
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differential stress. In Figure 6.2-b, I have indicated the amounts of 
strain during loading to 60 MPa, the creep strain in 1 hour, the elastically 
recovered strain and the permanent strain for each cycle as obtained from 
Figure 6.2-a. The elastic strain represents the strain recovered between 
the removal of differential stress with unloading at the end of a cycle 
and the application of differential stress in the next. The permanent 
strain is the difference between the initial strain at the beginning of a 
cycle and the initial strain at the beginning of the next. The measurements 
of loading strain and creep strain are made at constant temperature and are 
believed to be correct within 10-3 (compare Chapter 2.6). The permanent 
and elastic strains are calculated from measurements at different temper
atures and depend on a correction, the results are therefore believed to 
be somewhat less precise.

The following features can be observed:

(1) On the scale of precision of the present experiments the elastic 
recovery does not change with the number of the cycle, or with the 
temperature. The viscosity of the granitic melt however changes by 
a factor of ^6 over the 100°C temperatures interval covered (see 
Shaw, 1972). As expected the relaxed unloading modulus (Chapter 4.4) 
is independent of melt viscosity. An Ereiaxec| of 5 GPa is indicated, 
a somewhat low value compared to those listed in Table 4.2 Another 
experiment with a high amount of relaxed strain is described in 
Chapter 4.4. It is not known what causes this variation between 
specimens.

(2) By comparing cycles 1, 3 and 5 at 800°C it is seen that during the 
first cycle part of the finally observed permanent strain is induced 
during loading and part during creep. In subsequent cycles most of 
the permanent strain is induced during creep, while the loading 
strain is elastically recovered. The amount of creep strain per 
hour decreases with increasing cycle number and increasing total 
strain. The latter observation is in good agreement with the results 
of creep experiments described in Chapter 4.3.

(3) Increasing temperature increases the amount of strain per cycle.
By comparing cycles 2, 3 and 4 in Figure 6.2-b it is seen that the 
permanent strain per cycle increases by a factor of ^3 per 50°C, 
in spite of the trend noted under (2).
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(4) AL 750°C, more strain is recovered elastically than induced
during loading. This indicates that part of the creep strain 
can be recovered elastically afterwards. Such an effect is not 
noted for the cycles at higher temperatures.

The counted melt fraction was 14 volume percent, 3 to 4 percent 
higher than for deformation experiments at 800°C, with 0.5 weight percent 
added water (Figure 3.1). This difference may be partly explained by the 
unusually long run period, but could also be caused by the higher temperature 
of 850°C during the present run, because the melt rate in granite with 
added water increases with temperature as demonstrated by Mehnert et at.
(1973). The large strains at 850°C may therefore indicate an increase 
in melt fraction, but it is noticed that the deformation in the subsequent 
cycle at 800°C agrees well with the trend obtained from previous cycles.

6.4 Melt expulsion experiment

The microscopical observations presented in Chapter 5 indicate 
that melt films originally at a high angle to the highest macroscopic 
differential stress are pushed out during shortening and that the expelled 
melt enters grainboundaries and cracks oriented at a smaller angle to 
the axial stress. The forces needed to expell melt from between two grains 
approaching at a constant rate are strongly dependent on the grain size and 
the melt film thickness, and to a lesser extent on the approach velocity 
and the melt viscosity. In Appendix 1, the following relationship is 
derived from the work of Bowden and Tabor (1950, p. 274):

o = 1.5 —  • R2 e.g.s. (1)
h 3

where o is the stress needed to bring two rigid, cylinders of radius R 
together in the axial direction at a constant velocity V by expelling a 
fluid film of thickness h and viscosity q from between them. The geometry 
is shown in Figure A.1.1 in Appendix 1. A similar relationship was applied 
by Bowden and Tabor to the case of a hammer hitting an anvil covered by a 
thin fluid film with a low viscosity. Here a simple test will be described 
demonstrating the validity of (1) during conditions of low approach velocity 
and high melt viscosity as they pertain during deformation tests on partially- 
melted granite.
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A composite specimen consisting of; two cylinders of Anita Bay 
dunite (each 9 mm in length and 9.93 mm in diameter) separated by a disc 
of 1.23 mm thickness and 9.93 mm diameter of petrographic microslide glass 
was jacketed in thin Cu-tubing and sealed off with Mo-endpieces and rings, 
as used in the standard assembly of Figure 2.1. This assembly was then 
taken up to 300 MPa confining pressure and 900°C and deformed axially in 
compression. During the experiment the rate of piston advancement V was 
kept constant at 2 x 10 5 cm per second, R and the initial thickness 
were known from the micrometer measurements prior to the experiment such 
that a and h could be determined from the load and displacement chart.
The viscosity of the glass under these conditions is not known, but if it 
is comparable to that of other common glasses at 900°C and atmospheric 
pressure a value of close to 107 Pascal second (10® Poise) may be expected 
(D. Burmann - glassblower, private communication). The test of (1) 
consists in determining p from the known variables during a compression 
test. From (1) we have:

•̂®logn = l®logo + 3^®log h -  ̂®log( 1.5 VR^ ) (2)

where all quantities are expressed in c.g.s. For each set of a and h 
values the same result should be obtained for q and this value has to be 
reasonably close to the expected value of 'vlO7 Pascal second.

In evaluating the experimental results correction was made for 
the elastic distortion of the apparatus, but not for the load carried by 
the Cu-jacket during deformation, nor for any strain which did occur in the 
dunite specimens. The omission of the jacket correction leads to an 
overestimate of the load carried by the melt at low loads, and therefore (2) 
will give too high values for the viscosity of the melt. Neglecting the 
strain in the dunite specimens at high loads results in an underestimate of 
h and therefore (2) will give too low values for the viscosity.

The results for the experiment are presented in Table 6.1. It is 
seen that for stress values between 2 and 50 MPa reasonably constant 
viscosity values of 6 x 10® to 9 x 10® Pascal seconds are obtained, in 
satisfactory agreement with the expected value. At stresses lower than 
2 MPa the influence of the Cu-jacket is appreciable in good agreement with 
the magnitude of the jacket corrections presented for 800°C in Chapter 2.5. 
The measurement of h becomes increasingly less precise towards higher loads 
in view of its decreased magnitude and the higher apparatus distortion 
correction (Chapter 2.6). Nevertheless, it can be concluded that deformation
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Table 6.1 Determination of melt viscosity during an expulsion 
experiment.

o(MPa) M v ) n(x 106Pa s)

0.6 1000 85
0.9 630 30

2.0 290 6.4
2.4 280 7.2
3.0 250 6.4
4.4 220 6.2
6.3 200 7.2
9.8 180 7.9
18.2 160 9.1
31.0 130 8.9
39.0 120 9.1
46.8 110 8.3
49.0 100 6.6

63.1 80 4.2
117.5 55 2.6
150.3 <10 <0.02
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of dunite under these conditions becomes significant at stress levels above 
50 MPa.

Microscopical examination of the thin section made after the 
experiment revealed that the glass disc had been reduced in thickness from 
1.23 mm to 20 to 40 y during the test. Most expelled melt had collected at 
the circumference of the contact, however some melt-filled intergranular 
axial fractures of several 100 y in length were seen to originate from 
the contact film thinning out progressively into the dunite specimens 
on either side. The occurrence of these axial fractures close to the 
center, rather than at the margins of the specimen is likely to reflect 
the parabolic pressure gradient existing in the fluid during uniaxial 
compression, varying from a value of 2a at the center to 0 at the margins 
(see Appendix I). The observation of melt-filled axial fractures through 
the center of grains in deformed partially-melted granite (Chapter 5) is 
recalled in this context.
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Chapter 7
DISCUSSION

7.1 Summary of results

The observations described above give the following general 
picture. In the first 100 minutes under hydrostatic conditions at 800°C 
melt is formed at grainboundaries and triple point junctions. The amount 
of melt within the specimen depends on the amount of water that can enter, 
and is in good agreement with expectations, based on measurements of 
accessible pore space and water saturated melting. In a hydrostatic 
experiment the maximum water take-up is 0.6 weight percent giving rise to 
8 to 10 volume percent melt; any extra added water resides between the 
specimen and the jacket and causes melting there. During deformation this 
external film is drawn into the specimen.

The stress-strain curves of the partially-melted rock have in 
common a generally sigmoidal shape but the details change substantially 
with increasing melt fraction, especially beyond about 10 volume percent.
With less than 10 percent of melt there is only a slightly developed 
initial toe, and the slope soon becomes quite steep (up to 17 GPa slope, 
about one third of the elastic slope for unmelted granite) and the stress 
maximum is usually followed by a relatively sharp fall associated with the 
formation of a sharply defined shear failure. With greater than 10 percent 
of melt, the initial toe becomes much more pronounced, the maximum slope 
and peak stress become much lower and occur at larger strains, and there 
is a less marked fall after the flatter maximum, while the deformation 
becomes more homogeneously distributed throughout the specimen. When the 
melt fraction reaches about 25 percent the maximum stress has fallen to an 
undetectable level, below 1 MPa. In no case is steady state behaviour 
manifested over a substantial strain interval, an aspect that is further 
emphasized by the creep observations which suggest almost entirely transient 
creep behaviour associated with some sort of exhaustion mechanism.

Some strainrate sensitivity is observed. For experiments at 800°C 
the maximum slope of the stress-strain curves during loading is found to 
increase somewhat with increasing strainrate for melt fractions exceeding 
10 volume percent. The maximum stress reached during constant strainrate 
experiments is rather insensitive to strainrate as is shown in Figure 7.1 
for the various melt fractions studied. An ideally Newtonian fluid would have
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Figure 7.1 Maximum differential stress versus strainrate for 
various melt fractions. Note the low strainrate 
sensitivity. Star indicates powder experiment.
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a slope of -1 on such a plot, whereas the results here are seen to give 
a slope closer to -0.1, suggesting only a minor contribution of the viscous 
melt to rate sensitivity of the maximum stress. In view of the absence 
of a steady state and the low rate sensitivity, expression of these results 
in terms of "effective viscosities" is not warranted.

The effects of temperature are not explored in detail in this 
study. The preliminary results of Chapter 6.3.2 suggest that the relaxed 
unloading modulus of partially-melted granite is uninfluenced by temperature 
between 750°C and 850°C. The maximum slope of the stress-strain curves 
during loading decreases with increasing temperature, while the creeprate 
for a given stress increases.

The microscopical observations point to there being two predominant 
and complementary processes contributing to the deformation. Firstly, there 
is movement of melt, it being transferred from grainboundaries and cracks 
inclined steeply to the applied axial stress into those inclined at low 
angles, as well as being drawn into the specimen from surface films. Secondly, 
there is fracturing of many grains and relative movement of the grains or 
their fragments. Melt films, are detected at the majority of grainboundaries, 
even with low melt fractions, indicating that the initial polycrystalline 
solid has been largely disaggregated into an assemblage of grains with 
negligible cohesion between them.

7.2 Outline of the discussion

The two-phase nature of partially-melted rock has been stressed 
throughout this study. In the following discussion I will attempt to analyse 
the deformation characteristics of granite with melt in terms of simple two- 
phase models suggested by the microscopical observations. It will be pre
sumed that the material is completely disaggregated and may be considered 
as a jacketed assemblage of separated particles with viscous fluid in the 
interstices. Compressive and shear forces can therefore be transmitted 
between particles in the models, but not tensile forces.

Melt expulsion and elastic and brittle deformation of grains, 
as well as sliding between grains, occur concurrently during one deformation 
increment. Such processes will be considered in isolation in the following 
sections. Relevant, but perhaps somewhat unrealistic assumptions will be 
made about the shape and the physical properties of the grains, or about 
the distribution of melt films in order to illustrate specific aspects.
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Thus, I will move freely from one two-phase model taking the particles as 
rigid and cylindrical to evaluate melt expulsion from between grainboundaries, 
to another model considering the grains to be rigid and spherical to 
evaluate dilatational aspects, to yet another model in which the elastic 
unloading effects are analyzed by considering spherical elastic particles.

It is convenient to separate the various conceivable aspects of 
the rheological behaviour into three groups as discussed in Sections 7.3 to 
7.5, although in practice a great deal of overlap can be expected.

In the final section of the discussion the concept of the critical 
melt fraction, introduced in Chapter 1, will be taken up again, using the 
experimental data of this study for the lower melt fractions and the findings 
of suspension studies for the higher fractions.

7.3 Consolidation aspects

Under this heading are grouped the aspects of behaviour that 
probably predominate in the initial concave upwards part of the stress-strain 
curve. They involve the movement together of the grains to form a closer 
packed assemblage, small distortion of this assemblage, and the concomittant 
movement of fluid relative to the particles. One can distinguish the 
following specific effects.

7.3.1 Initial compaction

In the initial stages of straining, the grains will be moved 
generally towards each other in the direction of shortening, squeezing out 
intervening melt, until a continuous framework of contacts is established 
that can support compressive differential loading. In doing so, melt will 
be squeezed into interstices inclined more nearly parallel to the loading 
direction, and there will be some tendency towards a denser packing of grains 
with movement of melt into the annular space between jacket and specimen.
If the melt were initially uniformly distributed around the grains, the 
shortening strain associated with this initial compaction could amount to 
roughly one-third of the melt fraction, but in practice it is likely to be 
considerably less on account of the observed non-uniform melt film thickness.

The stress on two cylindrical grains needed to expell a flat melt 
film from between them is calculated in Appendix I from the following 
equation derived from the work of Bowden and Tabor (1950):
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a = 3 (!) *
where h is the viscosity and h the thickness of the melt film, d the grain- 
size and e the over all strainrate. That such an equation can be applied to 
the case of slow approach velocity or low strainrate, and high melt viscosity 
has been demonstrated in Chapter 6.4. The results of the calculation 
(Table A.1.1) indicate that the stress during a constant strainrate experi
ment becomes significant on the scale of precision of the present apparatus, 
that is ö>lMPa, if the melt film films perpendicular to the shortening 
direction are between 1 and 10 U in thickness. Subsequently stress rises 
rapidly in a non-linear fashion with further melt expulsion to values much 
higher than actually reached in any of the experiments. A flat melt film 
of constant thickness has been assumed in the calculation above. The effect 
of different melt film shapes may be evaluated qualitatively. If the faces 
of the approaching grains are parallel but curved, the distance to which each 
unit of melt has to travel before it is expelled from between the grains 
increases for the same initial melt film thickness and grain diameter. The 
rate of shear in the melt is thereby increased such that higher stresses 
may be expected than calculated for flat melt films. If on the other hand, 
the approaching faces of grains are not parallel, the stress needed for 
expulsion during constant strainrate compression will be less than in the 
parallel cases considered when the faces diverge towards the perimeter of 
the grains, and more when they converge towards the perimeter.

The present analysis suggests that deformation of individual grains 
during axial compression of partially-melted granite may start before the 
grains are in physical contact with each other across intervening melt films 
(see also Bowden and Tabor, 1950). The strainrate sensitivity and the 
temperature sensitivity of the maximum slope of the stress-strain curves 
during loading, noted in Section 7.1, may be caused to some extent by the 
dependency of a in (1) or n and t.

7.3.2 Dilatancy hardening

So long as the grains remain intact further straining beyond the 
initial compaction can only be achieved by the grains sliding or rolling 
over each other. Since the compacted granular assemblage will have a fairly 
high density of packing, higher than would correspond to the critical melt 
fraction defined in Chapter 1.2, this further deformation will involve 
dilatancy. The amount of dilation can be expected to be of the order of
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the shortening strain e (see Appendix 2). If the initial porosity is (|)
the dilantancy can be expressed as a volumetric strain of the order of
£ in the pore space. Thus if the pore space is filled with an expansible 
fluid of bulk modulus K, and the specimen is sealed so that no fluid moves
in or out of it, then the pore pressure drop Ap accompanying the dilatancy

Ye-will be of the order - t—  .

By analogy with models of hard spheres (Appendix 2), the additional 
uniaxial stress g on the sealed specimen needed to bring about a dilation 
involving a pressure drop Ap in the pore fluid will be, in the absence of 
friction:

a = -C’kp (2),

where C' is a constant having a value of about 1 to 4. 
expect the dilatancy hardening relation to be:

CKe0 = T~ r0

Therefore, we can 

(3)

where C is a constant of order unity to ten. For example, with 10 percent 
melt the slope of the stress-strain curve associated with dilatancy hardening 
would be expected to be between 10A and 100A. With a value of the order of 
10 GPa for the bulk modulus of silicate melt (Murase and McBirney, 1973) 
this slope is very steep, steeper in fact than the slope expected for the 
elastic distortion of unmelted granite with a Young’s Modulus of 50 GPa, and 
so only very small amounts of strain and dilation will be associated with 
such a homogeneous distortion of the packing assemblage of rigid grains 
at the stress-levels observed. Even if the pore pressure drop according 
to equation (2) led to the release of some water, the bulk modulus of which 
would be about 0.5 GPa at 800°C, 300 MPa pressure (Burnham et at. , 1969), 
the dilatancy hardening slope would not be markedly reduced in order of 
magnitude in view of the.small volume of water likely to be released.

7.3.3 Influence of friction and viscosity

The dilatancy hardening just discussed arises from a balance 
between compressive contact forces between grains and a suction or pressure 
difference between the fluid and the region exterior to the sealed specimen. 
However, there will also be a frictional force component associated with 
the contact forces, which will augment the required differential stress. 
Further analogy with hard sphere models (Appendix 2) suggests that the
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differential stress a in (2) and (3) will be accordingly raised by a 
multiplying factor of the order y  -j-y  where y is the coefficient of friction. 
For y = 0.5 a three-fold increase in a is indicated, but the effect could 
be smaller if the melt acted as a lubricant. When the viscosity of the 
melt is sufficiently high relative to the local strainrates in the melt 
films, the compaction will be significantly time-dependent, and the 
compressive forces will be effectively transmitted between grains before 
they come into direct contact. The compaction and dilatancy stages will 
then overlap or be coupled in a rate dependent way. That is, instead of 
a compaction straining at very low stresses being followed by a very steep 
dilatancy hardening stage, one could expect in practice a concave upwards, 
rate dependent, strain hardening curve of the type observed, in which the 
stress level is determined by a combination of dilatancy hardening and 
a viscous-frictional component reflecting viscous shearing resistance 
in melt films separating grains as well as any normal contact friction that 
may arise.

7.3.4 Dilatancy pumping

So far I have not taken into account the presence of melt initially 
in the annular space between specimen and jacket, in the cases with sufficient 
water added to form melt fractions in excess of 8 to 10 percent. The pressure 
differential associated with the dilatancy discussed in Section 7.3.2 will 
cause this surficial melt being forced into the body of the specimen. As 
this movement occurs additional pore space has to be made available simul
taneously by further dilatation, calling for an additional shortening strain 
of the same order of magnitude as the dilation itself. Thus during dilatancy 
pumping of surficial melt a strain of the order of ({) - 0.10 can be expected, 
where (j) is the final melt fraction (Appendix 2) . In practice the results in 
Figure 3.2 indicate that the increase in porosity is related to the axial 
strain by a factor 1.5 to 2; this factor is consistent with values of 3 and 
smaller, predicted by models for contacting rigid spheres of equal and unequal 
sizes (Appendix 2).

The effectiveness of dilatancy pumping will depend on the viscosity 
of the melt and it is to be expected that, in analogy to the situation with 
the validity of Terzaghi's effective stress-law in brittle fracture with 
pore pressure (Brace and Martin, 1968; Ladanyi , 1970; Rutter, 1972), there 
will be a critical strainrate above which the dilatancy pumping of a given 
amount of melt will not be completed in the course of an experiment to a
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given strain. This critical rate is evidently of the order of 10 14 to 
10 3s 1 for an initial melt fraction of about 10 percent, from the 
observations on melt fractions in the specimens with 1 and 1.5 weight 
percent added water at the faster strainrates (Table 4.1, Figure 3.1).
The viscosity of the granitic melt phase saturated with 8 weight percent 
water at 800°C, 300 MPa (Winkler, 1974) can be estimated to be around IO14 
Pascal second (10^ Poise) (Shaw, 1972). There may also be an upper limit 
to the amount of melt that can be drawn into the specimen prior to macro
scopic failure since in the specimen with 1.5 weight percent water, not 
all melt was drawn in during deformation, even at 10-5s-1 strainrate to 
10 percent strain, while the stress maximum occurred at about half that 
strain (Table 4.1, Figure 4.4-e).

7.4 Flow aspects

7.4.1 Yielding

As the differential stress rises, a stage is eventually reached 
at which there is, in a macroscopic sense, some sort of yielding in the 
specimen to give rise to the bending-over of the stress-strain curve 
beyond the inflection. There is no evidence in the present experiments 
that this yielding involves plastic yielding of the grains themselves or 
any significant amount of pressure melting of the grains. Rather,the 
yielding would appear to consist of an increased facility of the relative 
movement of grains, closely associated with intragranular fracturing. Thus 
the yielding can be viewed as the initiation of, or perhaps a preliminary 
transient phase leading to a granular flow process, that may be continued 
to indefinitely large strains.

7.4.2 Flow

Sustainable granular flow involves the exchange of neighbours during 
the relative movement of the grains, which will incur dilation if the melt 
fraction is less than the critical amount. However, it has already been 
argued that the dilation, apart from that associated with dilatancy pumping 
of excess melt, remains small. Therefore, since the grains of the partially- 
melted rock do not depart markedly from an equant shape or have a great range 
in sizes, it cannot be expected in the light of the factors reviewed in 
Chapter 1, that indefinitely continued flow is possible with the initial 
microstructure unless the melt fraction approaches 40 percent. At melt
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fractions of 20-25 percent and less, large strains can only be expected 
if fracturing of grains occurs so as to introduce a greater range in particle 
size and so reduce the critical melt fraction (it is presumed that 
the effect of fracturing in broadening the grain size distribution will 
outweight its effect in increasing the angularity of particles; in any 
case the latter effect.is probably kept minimal by the tendency to wear off 
the asperities, as observed in another context by Karabelas, 1976). Two 
questions of interest now arise:

(1) Although the specimen with 24 percent melt exhibited negligible 
strength in the present experiments the maximum strain reached was 
only of the order of 10 percent. It is therefore not clear whether 
this flow is sustainable to large strains since at least 50 percent 
strain is needed for a single neighbour exchange; moreover, there 
are some microscopical indications that the flow is not stable. On 
the other hand, the sharp decline in strength beyond 15 percent 
melt fraction suggests that a fully mobile state is being approached 
at 25 percent melt fraction.

(2) In the specimens with 15 to 20 percent melt, grains are extensively 
fractured in spite of the low macroscopic stresses. This observation 
supports the view that the mobility is dependent on the fracturing 
for lowering the critical melt fraction through increasing the range 
of grain sizes. The occurrence of fracturing at stresses of a few 
MPa points to high stress concentrations at grain contacts (see also 
Section 7.5), but the fracturing of grains may also be facilitated
to some extent by a stress-corrosion effect involving the.water 
present in the melt (o.f. Scholz, 1972; Martin, 1972). The absence 
of an obviously high strainrate sensitivity of the flow stress is 
evidence for the fracturing being the rate controlling factor rather 
than the viscosity of melt films in the cases where the flow stress 
is readily measurable.

7.4.3 Stability
It is generally observed in the experiments that with continued 

deformation the stress eventually begins to fall and, probably more or 
less simultaneously, a localized shear develops. That is, the deformation 
eventually becomes unstable under uniformly applied loading. Such an 
instability under approximately constant volume conditions is attributable
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either to a lack of work hardening or to an insufficient strainrate 
sensitivity of the flow stress (Hart et at., 1975; Hart, 1976). Since 
the flow of partially-melted granite is relatively insensitive to strainrate, 
the stability or instability of flow is presumably dependent on strain 
hardening,in this case arising from the increasing resistance to relative 
movement and fracturing of the grains. The shear instability would then 
represent some sort of local weakening during straining. The occurrence 
of some localization of shearing even in the cases of relatively high melt 
fractions, where the stress-strain curve can no longer be determined suggests 
again that here also grain interference and fracturing are largely controlling 
the behaviour rather than the viscosity of the melt because the latter, if 
controlling, would give a high strainrate sensitivity and tend to stabilize 
the flow.

7.5 Aspects of unloading
Further light is thrown on the factors underlying the mechanical 

behaviour of the partially-melted granite by consideration of the observed 
after effects, especially of the non-linear unloading behaviour and the 
time dependence (Chapter 4.4).

7.5.1 Non-linear unloading behaviour
This behaviour is similar to that observed for other cracked or 

granular materials after compression and is commonly ascribed to non-linear 
elastic effects at contacts between curved surfaces or to elastic and 
frictional effects at cracks and grainboundaries (e.g. Walsh, 1965; Biot, 
1973; Warren and Anderson, 1973; Jaeger and Cook, 1976, p. 400). In the 
present case, there are three possible sources of driving force for the 
reverse strain : the pore pressure drop associated with dilatancy hardening, 
surface energy effects and the elastic stresses in the granular framework.
The first two effects seem unlikely to be important because, respectively, 
only very small strains are associated with the dilatancy hardening effect 
at the stress levels observed according to the considerations of Section 
7.3.2, and it is not obvious that there are any substantial changes in 
melt-solid interfacial areas during unloading (the microscopical observations 
support this conclusion). Elastic distortion of the granular framework, 
however, would account for the observed effects.
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It is not feasible to model exactly the elastic behaviour of the 
granular framework during unloading without a detailed description of 
the three-dimensional contact structure. However, markedly non-linear 
behaviour like that observed in unloading could be expected for two reasons:

(1) As a result of some rounding of grains during partial melting and 
of disturbance of the original packing by relative displacement 
in the deformation, it can be expected that the contacts will be 
essentially of the nature of Hertzian contacts between curved 
surfaces. The non-linearity of the force-displacement relationship 
at such contacts is well known (e.g. Landau and Lifshitz, 1959, p.30) 
and will be reflected in macroscopic non-linear behaviour.

(2) The non-linearity of the elasticity will be made more marked by a 
tendency for the number of contacts to change with the load.

Calculations with simple models of spherical grains and one Hertzian 
contact between each neighbouring pair indicate that elastic strains of the 
order of the observed unloading strains can be accounted for (Appendix 3).
The calculation in Appendix 3 also shows that very high stresses, of the 
order of one thousand times the macroscopic stress, are predicted at the 
contacts, giving an explanation for the widespread cracking observed in 
the grains; furthermore, the stresses tend to be higher the smaller the 
radius of curvature, giving a greater tendency for cracking the smaller 
grains and thereby increasing the range of grain sizes and facilitating the 
transition to liquid-like behaviour discussed previously.

The Hertzian equations of Appendix 3 are not strictly correct at 
high values of stress and strain. Nevertheless the occurrence of axial 
fractures in partially-melted granite deformed at low macroscopic differential 
stress of 1-10 MPa, as well as in specimens deformed at higher stresses, may 
be attributed to the high stress concentration at non-parallel contacts. The 
plastic yield strength of the constituent minerals of granite is likely to 
be exceeded prior to the occurrence of brittle failure, but evidence of 
extensive plasticity is lacking in the present experiments. High plastic 
deformation rates would be required locally at contacts to completely 
prevent an elastic build-up of high contact stress. This requirement is 
clearly not met during the constant strainrate experiments on partially- 
melted granite. Some crystal plasticity is likely to have occurred at 
contacts,but this is not visible under the optical microscope.
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7.5.2 Time dependence

Accompanying the elastic rebound in the granular framework there 
will be non-uniform changes in the intergranular spaces, requiring 
accommodating movement of melt. The time dependence in the after effect 
can then be expected to arise from the viscous resistance to this movement 
of melt, especially at sites where the solid surfaces are in close proximity, 
as in cracks or slightly-open grainboundaries. However, representation of 
the effects by a conventional linear spring and dashpot model would be 
inadequate because of the non-linearity required of the spring and the 
wide range of relaxation times to be expected for flow in cavities of 
different aspect ratios. Qualitatively, the unrelaxed modulus would derive 
from elastic unloading displacements in the granular framework which involve 
negligible displacement of the melt, while the relaxed modulus refers to 
complete elastic unloading with accompanying redistribution of melt.

7.6 Critical melt fraction of granite at a strainrate of 10~5s~1

In Chapter 1, two rheological regimes were distinguished in the 
melting interval, a framework-controlled regime at low melt fractions and 
a suspension-like regime at high melt fractions, separated by a transition 
regime in which the stress needed to deform the partially-melted rock at 
a given rate changes dramatically. The critical melt fraction was defined 
as the fluid fraction for which the stress changes most rapidly as a 
function of melt fraction.

In Figure 7.2, I have plotted the maximum stress reached during 
constant strainrate compression (10_5s_1) of partially-melted granite, as 
obtained from Figure 7.1, against the melt fractions counted in thin section 
under the microscope. It should be emphasized that the indicated stress 
does not represent "flow stress" since steady state has not been observed 
for 10-5s-1 for any of the melt fractions studied. For comparison, the 
stress for plastic flow for dry-unmelted granite at higher confining 
pressures for a strainrate of 10“6s-1, derived from Tullis and Yund (1977), 
is also shown. The line depicting increasing strength with decreasing 
melt fraction at high degrees of melting has been calculated for e = 10_5s-1 
using a melt viscosity of 101* Pascal second (10J Poise) and assuming the 
trend in relative viscosity of fluids with added uniform spheres as 
established by suspension experiments (Jeffrey and Acrlvos, 1976). Below 
50 percent fluid fraction no unequivocal measurements are available but a
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Figure 7.2 Maximum differential stress and flow stress as a
function of melt fraction for a strainrate of 10-5s 1 
The upper curve gives the results from this study, 
the star indicates the powder experiment. The lower 
curve shows the relative viscosity for suspensions 
with a fluid viscosity of 104 Pascal seconds 
(Jeffrey and Acrivos, 1976); the horizontal arrows 
indicate the influence of mixed grain size on this 
curve. Also shown is the range of results for 
plastic flow of Westerly granite at high confining 
pressures, 700°C - 900°C and 10~6s-1 (Tullis and 
Yund, 1977). The critical fraction is between 30 
and 35 volume percent melt.
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very rapid increase to indefinitely large stress values for rigid grains 
is predicted by extrapolation formulae. When a range of particle sizes 
is introduced this line should move somewhat towards lower melt fractions, 
as shown by arrows. For a further discussion of these factors see Chapter 
1.4. the line for higher melt fractions represents "flow stress", because 
a steady rate of deformation is obtained after some initial changes when 
a constant stress is applied to suspensions (Jeffrey and Acrivos, 1976).

I conclude form Figure 7.2 that the critical melt fraction in 
granite for a strainrate of 10” 5s~ 1 is fairly well bracketed at a value of 
30 - 35 volume percent. This is in excellent agreement with the expected 
value of somewhat below 38 - 39 percent, deduced in Chapter 1.4. The 
slightly lower value may reflect the grainsize variation caused by the 
fracturing of grains during deformation of the aggregate. Up to 15 volume 
percent melt, the stress decreases gradually in the granular framework- 
controlled regime; with further increase in melt fraction the stress 
drops dramatically if the critical melt fraction is approached. Similarly, 
the flow stress increases rapidly below fifty percent melt when the critical 
melt fraction is approached from the high melt fraction side.
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Chapter 8 

APPLICATION

8.1 The problems of extrapolation to natural conditions

8.1.1 Deformation mechanism in the solid grains

Although the temperature and pressure in the experiments are 
similar to those in the crust where partial melting of granitic material 
is thought to occur, it is not clear that the mechanisms of flow are the 
same in the two cases, since the experiments are necessarily conducted at 
high strainrates and high stresses.

It is therefore not clear to what extent extrapolation to 
geological conditions is justified. The question of mechanism is fundamental 
but is particularly difficult to resolve because the commonly observed 
recrystallization of crystalline igneous rocks previously deformed in a 
partially-melted state (Berger and Pitcher, 1970) tends to obscure any 
evidence of plastic or brittle deformation in the grains.

At least three types of potential behaviour in rocks with small 
melt fractions, as in migmatites or in a partially-melted upper mantle, 
can be envisaged:

(1) Deformation by relative movement of grains with interference 
between grains being accommodated by grain fracturing, as observed 
in the experiments.

(2) Deformation by relative movement of grains in which diffusion 
within the melt provides the accommodation mechanism and is rate 
controlling.

(3) Deformation involving plastic flow within the grains; flow by 
dislocation movement within grains could lead to maintenance of 
large contact areas between grains through localized yielding at 
points of stress concentration and provide the rate controlling step.

These three distinct possibilities will be discussed in turn below.

By analogy with the experiments on partially-melted granite 
reported here, and with the observations of soil mechanics (e.g. Lambe and 
Whitman, 1969; see also Chapter 1.5.2) it may be expected that a steady 
state flow regime will not be attainable in the earth for the first type
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of behaviour, as local shear zones will tend to develop. Differential 
movement, interference and fracture need not be restricted to the scale of 
individual grains in a partially-melted rock. Groups of crystals with 
melt in between them may act as interfering and breakable entities on any 
scale. Similarly the fluid phase in between these entities need not be 
completely melted, but may contain a fraction of crystals, as long as 
there is a large difference in flow properties between the "fluid-like" 
and "solid-like" elements of the system. This idea is applied to the 
agmatic structure of migmatites in Section 8.2.

If diffusion along grainboundaries is the rate controlling step, 
the onset of melting can be expected to increase the flowrate for a given 
stress, or to decrease the flow stress for a given rate (Stocker and 
Ashby, 1973). Once melt has formed and a fast diffusion path has become 
available however, it seems unlikely that the rate of deformation for a 
given stress will rise appreciably with a further increase in melt 
percentage until the critical melt fraction is approached. Increases in 
strainrate over this interval are expected to be caused by the increase in 
average contact stress with increasing fluid fraction. Frank (1965) has 
proposed a model for the deformation of aggregates with fluid in which by 
continual rearrangement of grains during flow a small number of highly 
stressed contact points is maintained, the yielding at which determines 
the flowrate; such a model might apply to hot-glass ceramics (James and 
Ashbee, 1975). It is difficult to assess whether such a mechanism can 
be operative in a rock with a very small melt fraction (<5 volume percent), 
but it may be expected that non-coaxial deformation histories, in which the 
orientations of contacts between grains change continuously with respect 
to the macroscopic differential stress will favour effects as described by 
Frank’s model.

The experiments of Auten et at, (1974) and Auten and Gordon (1975) 
suggest that the introduction of a melt phase will have only a minor effect 
on the creep rate for a given stress if the rate controlling mechanism is 
dislocation creep in the solid grains. Auten and co-workers studied the 
uniaxial (unconfined) compressive creep of a eutectic alloy, Al-2at. percent 
Ga, at temperatures just below and just above the solidus of 27°C. At 
lower temperature Ga occurs in the grainboundaries of aluminium grains which 
deform by dislocation creep, at higher temperatures ^1 volume percent melt 
forms at the grainboundaries while the deformation mechanism in the solid 
grains remains dislocation creep. Apart from a small transient upon melting,
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likely to be associated with the expulsion of melt and the removal of 
any asperities from grainboundaries at a high angle to the compressive 
stress, they found no increase in steady state creep rate. This result has 
been quoted by Nicolas and Poirier (1976) and Goetze (1977) to point out 
that the zone of low flow strength, thought to occur under the lithosphere 
- this zone is often equated to the low velocity layer and the high 
attenuation layer - does not necessarily have to be caused by partial 
melting. Such caution seems justified in view of the experimental results 
and the widespread acceptance that the dominant flow mechanism in the upper 
mantle involves dislocation processes. However, one aspect has to be 
considered before the results on this alloy can be extrapolated to cover 
upper mantle conditions. Aluminium has a face-centered cubic structure 
and a sufficient number of independent slip systems to meet the Von Mises 
criterion for coherent plastic deformation with complete compatibility at 
grainboundaries in a polycrystal (Paterson, 1969). The presence or absence 
of a small melt fraction in grainboundaries does therefore not exert a 
large influence because compatibility is no problem in the unmelted state. 
Olivine, the dominant mineral in the upper mantle, has only three independent 
slip systems (e.g. Goetze and Kohlstedt, 1973). Coherent plastic flow in 
olivine polycrystals by dislocation mechanisms can still occur if the Von 
Mises criterion is somewhat relaxed (Paterson, 1969). The presence of an 
easily redistributed melt phase at grainboundaries provides a way of relaxing 
the requirement of complete compatibility at grainboundaries, and it is 
therefore expected that deformation of partially-melted olivine-rich rocks 
by dislocation creep will be facilitated by the presence of a melt phase, 
but how much is not known. Apart from this effect it would appear that 
the presence of a melt in rocks deforming by dislocation processes will 
not change the flow rate for a given macroscopic differential stress to 
any great extent. That is, unless the local contact stresses at the 
grainboundaries are raised such that a change towards a higher strainrate 
mechanism in the solid grains can occur (compare Stocker and Ashby, 1973).

8.1.2 Melt distribution

As stressed in Chapter 3.3, the fine grained granite with melt is 
not in geochemical equilibrium when the deformation experiments are performed. 
Similarly structural equilibrium of the melt distribution has not been 
achieved in the experiments lasting a few hours. The distribution of melt 
appears to be governed by pre-existing cracks and grainboundaries in which
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water occurred prior to melting (Chapter 5). In equilibrium the distribution 
depends on the interfacial energies of the melt against the grainboundaries 
and of the grainboundaries against one another, as well as on the total 
amount of melt present (e.g. Smith, 1948). It has commonly been assumed 
that wetting of grainboundaries by melt in partially-melted rocks in 
equilibrium under hydrostatic conditions is more or less complete. Arguments 
presented in favour are such experimental observations on natural rocks as 
given in this thesis and by Mehnert et at. (1973), and the microstructures 
obtained in geochemical equilibrium studies in which crystals are formed 
during cooling and melt is found to wet grainboundaries.

The assumption of complete wetting is currently being questioned 
and it is argued that the periods used in the experiments quoted in favour 
have been insufficient to reach textural equilibrium. In a recent pair 
of papers Bulau and Waff (in prep.) consider the thermodynamical constraints 
on equilibrium melt distribution, and present experimental evidence that 
1-2 volume percent of basaltic melt in an olivine rock at hydrostatic pressure 
is distributed at grainedges only, while melt films are absent from 
grainboundaries. Taking their argument to the extreme, it would appear that 
complete wetting may only be expected if every grain has the shape of a 
sphere, that is, at 26 volume percent melt and higher for a uniform grain 
size, or at lower fractions for a large range in grain sizes (compare Chapter 
1.4). The effect of differential stress on the equilibrium distribution 
of melt is not known. A dynamic equilibrium will be achieved if the deform
ation, and therefore the microstructure, reaches a steady state.

8.2 Application of the critical melt fraction concept to geological
problems

Despite the uncertainties about the relevant mechanisms and the 
melt distribution, the present experiments help to bring into focus some 
general questions connected with flow in partially-melted rocks in nature.

The concept of a critical melt fraction representing the threshold 
of suspension like behaviour, introduced earlier, is clearly of considerable 
practical importance in connection with the mechanical response of partially- 
melted rock bodies in tectonic environments. The nature of the dramatic fall 
in flow resistance occurring at this melt fraction can be deduced from Figure 
7.2. The general form of this curve is expected to remain valid under 
geological conditions even if the mechamisms of flow at lower melt fractions
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are modified, as will be argued below.
Temperature rises over the melting interval of a natural rock; 

in general this will result in a decrease of flow stress for a given strain- 
rate in both the melt and the solid fraction irrespective of what deformation 
mechanism is operating in the grains. The chemistry of the meltphase changes 
over the melting interval, generally from silicic towards more basic 
compositions, which apart from the temperature effect will also cause a 
lowering in melt viscosity. The strainrate sensitivity of solids is in 
general lower than that of a viscous melt. Commonly strainrate sensitivity 
is expressed in terms of a stress exponent n such that e ^ J 1. Viscous 
fluids have an exponent of n = 1, the brittle deformation of solids on the 
other hand is rather insensitive to strainrate (high n-values), while for 
plastic deformation of rocks and minerals due to dislocation processes 
n-values of 3-5 have been obtained. Only at very low stresses and strain- 
rates have n-values close to 1 been obtained for crystalline solids (e.g. 
Stocker and Ashby, 1973; Ashby and Verrall, 1977). Now reconsider Figure 
7.2, for the right hand side of the diagram, that is at melt fractions 
exceeding the critical, a drop of one decade in strain rate will result 
in a drop of one decade in stress for all strainrates. On the other hand, 
a drop in strainrate of one order of magnitude will result in only a small 
drop in stress on the left side of the diagram since deformation is still 
in the brittle field, compare also Figure 7.1. With further decrease 
in strainrate different deformation mechanisms will start operating in 
the solid fraction in the granular framework-controlled regime, but the 
difference in stress level on the left and the right of a diagram such as 
Figure 7.2 will continue to increase until the rate sensitivity of the 
deformation mechanism in the solid has reached an n-value of 1, beyond 
which the difference will remain constant. From the discussion in Section 
8.1.1, and from the arguments presented in Chapter 1.4 and those given here, 
it is concluded that the general distinction between a suspension-like 
regime and a granular framework-controlled regime will be enhanced under 
geological conditions of lower stress and lower strainrate. It is felt 
that the critical melt fraction will not change appreciably, because there 
will be large stress differences between the stress needed to deform 
suspensions at a certain rate and corresponding granular aggregates at 
the same rate, irrespective of the mechanism of deformation operating in 
the solids. The factor determining the value of the critical melt fraction 
is therefore essentially a geometrical one. It may be expected that the
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critical melt fraction for partially-melted rock will lie between 30 and 40 
volume percent melt for all strainrates, including geological ones.

The observed tendency to localized shear failure at low melt 
fractions is likely to be most relevant where deformation rates are 
relatively high and it may provide a partial explanation for deep seated 
earthquakes (e.f. Raleigh and Paterson, 1965). More generally, field 
evidence in deformed igneous bodies points to widespread occurrence of 
instabilities in the form of "healed" shear zones and offsets of dikes 
(reviewed by Berger and Pitcher, 1970) and of the agmatic or breccia 
structure of migmatites (e.g. Mehnert, 1968). The observations of Hoffmann 
(1977) are of particular interest in illustrating the large rheological 
contrast with relatively small change in melt fraction around the critical 
value, and possible unstable behaviour on the low melt fraction side. He 
showed by geochemical equilibrium studies that granite intruding granodiorite 
in the Damara Belt of South West Africa may have had 50 to 55 percent melt 
at the time of intrusion while the host had 30 percent melt, explaining 
"the ambivalent characteristics of the Salem Granodiorite acting like blocks 
and being agmatically brecciated at a large scale, but also mingling with 
the Red Granite at sharp edges".

8.3 Some other applications

Another aspect of behaviour of geological interest is the relative 
movement of melt and solid components of the rock. Apart from gravitational 
settling, relative movement of small fractions of melt may also occur in 
response to deformation but the nature of the behaviour will depend on whether 
the system is effectively "open" or "closed" ("drained" or "undrained" in 
soil mechanics terms). The experiments represent a situation that is closed, 
on the larger scale but within which relative movement between specimen and 
surrounding melt layer can occur. The dilatancy pumping effect observed is 
in fact opposite to the effect postulated by Shaw (1969) as a response to 
deformation, namely, that shear will tend to "knead" melt from a partially- 
melted rock. The latter effect is more likely to occur in an open situation 
where there is also a large gradient in the hydrostatic component of the 
stress, introducing an additional filter-pressing effect. In discussing 
the extraction of a melt fraction in geological situations it is therefore 
necessary to specify the mechanical situation in more precise terms than is 
commonly done.
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Both in closed and open situations, local redistribution of melt 
films in grainboundaries and cracks may also be of practical significance. 
Thus, a tendency for the melt films to be oriented normal to the least 
principal compressive stress may contribute to anisotropy in elastic 
wave velocities in the upper mantle (Schlue and Knopoff, 1976; Bamford 
and Crampin, 1977).

/



PART II

A NOTE ON THE THERMAL EXPANSION OF GRANITE 
AT HIGH PRESSURE AND ON THE ASSOCIATED SHIFT 

IN THE a~B TRANSITION OF QUARTZ
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ABSTRACT

Measurements are presented of volume changes in granite during 
room temperature compression followed by temperature increase to 900°C at 100, 
200 and 300 MPa confining pressure. Comparison with thermal expansion and 
compressibility data for the constituent minerals allows changes in porosity 
to be estimated. Under confining pressure, porosity is found to decrease 
with heating to 200°C through expansion of the minerals into cracks which 
are thought to be related to the geological cooling history of the rock.
Between 200°C and 840°C porosity increases as a result of differential 
thermal expansion of the constituent minerals, but crack opening is increas
ingly suppressed at higher confining pressures. Extrapolation of the results 
indicates that differential thermal expansion can no longer cause crack 
opening in dry granite at confining pressures in excess of 450 MPa. The 
quartz ot-8 transition temperature in granite is marked by a kink in the 
thermal expansion curve of the rock, and it is found to increase by 60°C-72°C 
per 100 MPa confining pressure, as opposed to the published value of 26°C per 
100 MPa for single crystals of quartz. An elastic theory based on the classic 
work of Eshelby (1957) is advanced, which allows calculation of the stresses 
and strains in and around a spherical inclusion in a matrix of different 
thermal expansion and compressibility resulting from changes in confining 
pressure and temperature. The theory together with a simple model for 
cracked granite accounts semiquantitatively for the observations of thermal 
expansion of granite and the effect of confining pressure thereon, and for 
the observed a-8 transition temperatures for quartz, if it is assumed that 
grainboundaries have zero tensile strength. Three possible focusing effects 
have been identified which cause the a-3 transition of all individual quartz 
grains in granite to occur at the same temperature: i) the internal pressure 
of quartz grains cannot exceed three times the confining pressure applied to 
the granite as a whole, ii) the finite yield strength of the matrix decreases 
with increasing temperature, and iii) although counteracted to some extent 
by increased compressibility, the large increase in the volumetric thermal 
expansion of quartz grains at temperatures just below the a-8 transition, 
and the pressure sensitivity of that transition cause larger pressure rises 
in those grains with initially lower internal pressures.
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INTRODUCTION AND EXPERIMENTS

9.1 Introduction

The velocities of congressional elastic waves propagating through 
dry natural crystalline rocks are known to be sensitive to the state of 
microcracking of the material. Graphs of ultrasonically determined V versus 
confining pressure show a rapid, non-linear increase in velocity from 1 
atmosphere to 100—200 MPa, beyond which the increase becomes smaller and 
more linear with pressure (e.g. Birch, 1960; Kern, 1978; part III of this 
thesis). The first stage is associated with the progressive closure of 
microcracks by confining pressure, whereas the second is thought to reflect 
the intrinsic pressure sensitivity of the crackfree material. However, 
Christensen (1974) has shown that a small part of the change in V at room 
temperature and higher pressures, up to 1000 MPa, may still be caused by a 
further closure of, presumably more equant, pores.

The last ten years have Been rapid progress in the experimental 
determination of temperature derivatives of V^ for natural rocks at pressures 
between 100 and 1000 MPa and temperatures up to 750°C. For references see 
Table 12.1 in part III. V has been shown to decrease gradually with 
increasing temperature for a wide variety of rocks. Interpretation of these 
results is made difficult by the fact that part of the observed decrease 
is caused by the reopening of old cracks or the opening of new cracks at 
high temperature against the confining pressure. This effect is ascribed 
to the differential expansion of the constituent minerals of the rock 
(Ramananantoandro and Manghnani, 1978; Kern, 1978). The minimum pressure 
needed to prevent the opening of cracks was estimated to be ~100 MPa per 
100°C by Kern (1978).

Notable exceptions to the rule of a gradual decrease in V with
P

increase in temperature are provided by quartzite and other quartz-bearing 
rocks such as granite and granulite. Fielitz (1971, 1976) was the first to 
demonstrate experimentally that V at pressure in such rocks, decreases

P
markedly from its room temperature value to a sharp low at the quartz a—6 
transition temperature, followed by a rapid rise to higher velocities with a 
further increase in temperature. Fielitz further demonstrated the observed 
behaviour to be in good agreement with the Voigt-Reuss-Hill average for a

quartz polycrystal calculated from the known changes in the elastic compliances



82.

for single crystals of quartz at the a-(3 transition.

Studies of granite and granulite (Kern, 1978, in prep.) have 
revealed the same feature but here the lowest V occurs at a higher temperature 
than the single crystal quartz a-8 transition temperature corresponding to 
the applied confining pressure. Kern concluded that the observed low in 
V is associated with the quartz a-3 transition, but that the "shift" towards 
higher temperatures must be due to stress inhomogeneities caused by the 
different thermal expansion coefficients of the constituent minerals of 
granite and granulite.

9.2 Purpose and organization of the present note

Knowledge of the degree of crack opening is essential for an 
understanding of the observed variations in P-wave velocities under conditions 
of confining pressure and high temperature. In this chapter, I will describe 
the results of an experimental study on the thermal expansion of a fine 
grained granite at confining pressures of 100, 200 and 300 MPa and temperatures 
up to 900°C. Comparison of the observations with a hypothetical crack-free 
granite allows estimation of porosity changes as a function of pressure and 
temperature. It will be shown that the a-3 transition of quartz in granite 
is reflected by the bulk volumetric expansion of the rock. Independent 
measurements are therefore obtained for the shift of the quartz a-3 transition 
temperature in granite. Small differences exist, but in general the results 
confirm those obtained by Kern (1978, in prep.) with the aid of P-wave velocity 
measurements.

The remainder of this note will be devoted to a quantitative inter
pretation of the observed effects. For this purpose, Chapter 10 gives an 
analysis of the elastic field due to an ideally elastic spherical inclusion • 
in a matrix of different ideal elasticity. The theory is based on the work 
of Eshelby (1957) , and allows calculation of the elastic field changes which 
result from thermal expansion or contraction of an inclusion relative to a 
matrix maintained at a constant confining pressure.

The experimental results of Chapter 9 will then be discussed in 
terms of the theory in Chapter 11. In view of the major simplifying assump-1 
tions which have to be made to make the theoretical results applicable to 
the case of a real granite, the observations are surprisingly well predicted 
by a model based on the theory.
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9.3 Specimen material, experimental procedure and data reduction

The specimen material used for the thermal expansion experiments 
is Delegate aplite, a finegrained isotropic and equigranular granitic rock, 
consisting out of roughly equal amounts of quartz (31 percent), plagioclase 
(31 percent) and K-feldspar (35 percent) and a minor amount of biotite 
(3 percent). The material and specimen assembly have been described in 
detail in part I, Chapters 3 and 2 respectively.

Experiments were performed in the high-pressure, high-temperature 
deformation apparatus using argon gas as a pressure medium (Paterson, 1970, 
1977) . General descriptions of the apparatus and of the experimental 
procedures have been given in Chapter 2. Here, only aspects of particular 
interest to the measurement of compression and thermal expansion will be 
described.

Length changes of the specimen were calculated from differences 
in "touch-point" displacements as recorded on the load-displacement strip 
chart. Touch-points were determined by advancing the loading piston onto 
the specimen until the internal load cell, which is placed in the anvil 
under the specimen, recorded a load of 10 kg. The piston was then backed 
off and the same procedure repeated three more times to ensure that a 
reproducible measurement was made. The variation in touch-point displacement 
thus determined for each single reported measurement was never more than 
0.004 mm, the equivalent of 2 x 10-L+ linear strain in the specimens of 20 mm 
length.

Changes of touch-point displacement with pressure and temperature 
are affected by length changes in the pressure bomb, the anvil, the piston 
and the specimen endpieces, as well as by length changes in the specimen.
The necessary correction was carefully determined with a dummy specimen of 
the same dimensions as the granite specimens to be used, and for which the 
thermal expansion and compressibility were accurately known. This correction 
was subtracted from the total changes in touch-point displacement to yield 
the length changes of the granite specimens. Prior to the first measurement 
at 1 atmosphere and room temperature the specimen was touched twice with a 
force of 100 kg to ensure good seating of the specimen assembly onto the 
anvil, and of the endpieces onto the specimen. It is estimated that the 
results for length changes thus obtained are precise within 0.02 mm, the 
equivalent of 10“ 3 linear strain of the specimens, for all temperatures and 
pressures reported. Temperature is believed to be known within 10°C for the
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whole specimen, and pressure within 5 MPa Cor the set of experiments 
reported.

Experiments have been performed at .100, 200 and 300 MPa confining 
pressure. First length changes were measured at room temperature during 
compression, then the temperature was raised at an average rate of 3°C per 
minute. Before each measurement, temperature was kept constant for 5 minutes, 
to allow the specimen to equilibrate. Equilibration periods of up to 1 hour 
were used by Cooper and Simmons (1977) in their experiments on the thermal 
expansion of granite at atmospheric pressure. On the scale of precision of 
the present experiments, I have not been able to note time dependent effects 
between 1 and 20 minutes at constant temperature. Measurements were made at 
intervals of 50°C to 100°C at lower temperatures, but more frequently around 
the oc-ß transition temperature of quartz. Conversion of linear strains to 
volumetric strains has been done on the assumption of isotropic volume 
changes through multiplication by a factor of 3.

9.4 Experimental results

9.4.1 Compression at room temperature
The measured compression for Delegate aplite at room temperature is 

shown in Figure 9.1-a for three dry runs to 100, 200 and 300 MPa, and for 
one "wet" run to 300 MPa in a specimen with 0.7 weight percent or 1.8 volume 
percent added water. For comparison, Figure 9.1-b shows the compression of 
water (Burnham et at., 1969) and of quartz, plagioclase (oligoclase) and 
K-feldspar (microcline) as given by Birch (1966). The dashed line marked 
"granite" in this figure represents the compression of a hypothetical, 
crack free granite at room temperature. The compression of this "granite" 
has been calculated by assuming that it has a compressibility equal to one- 
third of the sum of the volumetric compressibilities of quartz, oligoclase and 
microcline.^" In the hypothetical case these is no effect due to differential 
volumetric or linear compression of the constituent minerals.

^"Reuss’ assumption about the compressibility of a polycrystal has been followed 
here. The differences resulting from taking Voigt's assumption, or calculating 
the Voigt-Reuss-Hill average, (e.g. Watt et dl., 1976), are small and do not 
affect the arguments presented here.
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Figure 9.1

Figure 9.1

-a Compression of wet and dry granite at room temper
ature. The dashed line indicates a possible decrease 
in compressibility for the highest pressure.

-b Compression of water (Burnham et at. , 1969) and of 
the constituent minerals of granite at room temper
ature (Birch, 1966). The dashed line represents a 
hypothetical crackfree granite consisting of 
equal proportions of quartz, oligoclase and microcline 
(Reuss average).



Pr essure  (MPa )



8b.

The compression of a similar hypothetical "wet granite" with 1.8 
volume percent H2O and equal fractions of quartz , oligoclase and microcline 
has also been calculated. Despite the high compressibility of water the 
result does not differ much from that for dry "granite" because of the 
small volume fraction of water present. In fact, its compression coincides 
virtually with that of real quartz; to avoid a confusion of lines this has 
not been shown in Figure 9.1-b.

The results for the compression of dry hypothetical granite and 
for real dry Delegate aplite are notably distinct. At 100 MPa a difference 
is noted of ~0.5 volume percent, and at 200 and 300 MPa of 0.7 to 1.0 and 
~1.3 volume percent respectively. It is recalled here that the specimen 
material possesses a total porosity of -2.3 volume percent at ambient 
conditions, part of which is made up of small spherical pores inside grains, 
and part of which consists of crack shaped cavities mainly at grainboundaries. 
An accessible porosity of 0.8 volume percent, associated with grainboundary 
cracks has been measured in water absorption tests (Chapter 3, Table 3.1). 
Comparison of these porosity values with the differences in volumetric 
compression, noted above, indicate that a large part, but not all of the 
total porosity of Delegate aplite is removed by the application of 200-300 
MPa confining pressure. Probably most of the accessible porosity is removed 
at -200 MPa.

The measured average compressibility of dry granite between 1 
atmosphere and 300 MPa is, from Figure 9.1-a, -0.7 percent per 100 MPa, with 
a possible reduction to a value closer to 0.25 percent per 100 MPa, at the 
highest confining pressure. The former value is in good agreement with the 
measured compressibility of other granites at low confining pressure (e.g. 
Brace, 1965), although a wide range of values exists (Birch, 1966). The 
latter value agrees well with the compressibilities of other natural 
granites at a few hundred MPa confining pressure (Birch, 1966), and with 
the compressibility of 0.21 percent per 100 MPa for the hypothetical "granite" 
of Figure 9.1-b.

The results for the wet specimen of Delegate aplite on the other 
hand are, on the scale of precision of the measurements, not significantly 
different from the results for a hypothetical "wet granite" with the same 
amount of added water. It is concluded that part of the excess added water 
(1.8 volume percent) has entered into the accessible porespace (0.8 volume 
percent), thereby preventing the closure of cracks.
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9.4.2 Estimated expansion at 1 atmosphere

The expansion of specimens at atmospheric pressure to high 
temperatures cannot be measured with the present apparatus and furnace 
arrangement. An estimate of the expansion of Delegate aplite to 800°C 
at 1 atmosphere is made in Figure 9.2. In Figure 9.2-a the volumetric 
thermal expansions of the constituent minerals of granite are shown (data 
from Skinner, 1966). Quartz has a steep, non-linear thermal expansion 
curve up to the a-8 transition temperature after which the expansion 
coefficient becomes slightly negative. Oligoclase and microcline experience 
smaller, gradual, and almost equal expansions up to 1000°C. The dotted line 
in Figure 9.2-a represents the thermal expansion of a dry hypothetical 
"granite" which has a coefficient of expansion equal to the average of 
those for real quartz, oligoclase and microcline.'*' Again in the hypothetical 
case there is no effect due to differential expansions of the constituent 
minerals. The changes in porosity observed at room temperature after heating 
in a muffle furnace are obtained from Table 3.1 (Chapter 3), and the average 
is represented in Figure 9.2-b. An admittedly crude estimate of the thermal 
expansion of Delegate aplite at 1 atmosphere is now obtained by adding the 
curve for porosity changes of the lower figure to the curve for the 
hypothetical granite of the upper figure. The result is represented by a 
dashed line in Figure 9.2-a. Uncertainties in the estimate arise from the 
assumption that there is no change in porosity in unjacketed specimens 
during cooling from the highest temperature reached, from the porosity 
measurements themselves and from the uncertainties in the temperature 
measurements for the muffle furnace used (~20°C). I have failed to find 
examples in the literature of the expansion of other granites at 1 atmosphere 
to temperatures exceeding the quartz a-8 transition. The estimated result 
for Delegate aplite at 400°C is in good agreement with the accurate measure
ments of thermal expansion in various granites at 1 atmosphere to 400°C 
by Cooper and Simmons (1977).

9.4.3 Expansion at pressure in dry specimens

The measured compression and thermal expansion of dry specimens 
of Delegate aplite with respect to 20°C and 1 atmosphere are shown in Figure

This is also a Reuss-averaging assumption. The remarks made earlier
(footnote p. 84) apply here as well.
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Figure 9.2

Figure 9.2

-a Atmospheric thermal expansion of the constituent
minerals of granite (after Skinner, 1966; solid lines), 
of a hypothetical crack free granite consisting 
of equal proportions of these minerals (Reuss average; 
dotted line), and of real granite (estimated; dashed 
line).

-b Porosity increase of granite at 1 atmosphere as a 
function of temperature. The bar indicates the 
spread of the data at higher temperatures (Table 3.1).
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Figure 9.3 Thermal expansion of dry granite at 100, 200 
MPa confining pressure. The marked kinks in 
expansion curves are associated with the a-ß 
ition of quartz. The dashed line represents 
estimated atmospheric expansion of granite.
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9.3 for 100, 200 and 300 Mia confining pressure. The estimated thermal 
expansion at 1 atmosphere is shown by a dashed line for comparison.
Similar measurements were presented by Kern (1978, in prep.) for granite 
and granulite to lower temperatures. There is good general agreement 
between the two sets of data.

Several important conclusions may be drawn from this diagram, 
these will be discussed in turn below.

i. Shift in the quartz a-ß transition temperature

All curves are characterized by a sharp kink which is associated 
with the a-ß transition of quartz. The temperature interval in which the 
transition occurs is estimated from Figure 9.3, and shown against confining 
pressure in Figure 9.4 by solid symbols. The a-ß transition temperature 
for single crystals of quartz increases by ~26°C per 100 MPa confining 
pressure from 573°C at 1 atmosphere (e.g. Coe and Paterson, 1969; Koster 
van Groos and Ter Heege, 1973). This effect is shown by a solid line in 
Figure 9.4. The temperature intervals in which the quartz a-ß transition 
occurs in the fine grained granite are displaced to considerably higher 
temperatures than the single crystal a-ß transition temperatures corresponding 
to the same confining pressures. The results of Kern (in prep.) based on 
observations of the P-wave velocity minimum in a cubic anvil apparatus are 
reproduced here by open boxes. Some discrepancy is noted between the two 
data sets, particularly at the highest pressures. The dashed line in Figure
9.4 represents the prediction of a model which will be discussed in Chapter
11.
ii. Decreasing porosity with temperature increase to 200°C

In section 9.4.1 it was concluded that much of the porosity of 
Delegate aplite becomes closed by the application of 100 to 300 MPa confining 
pressure. Figure 9.3 shows that at pressure the volume of the rock remains 
constant, or even decreases somewhat between 20°C and 200°C. A similar 
effect is observed by Kern (in prep.) for granite and granulite to 200°C 
at 200 MPa. The constituent minerals of these rocks expand over this 
temperature interval and it is therefore concluded that more of the porosity 
is closed at 200°C and pressure than at 20°C and the same pressure. The 
magnitude of the porosity change cannot be exactly calculated because 
there are no measurements of the volumetric thermal expansions of the 
individual constituent minerals at pressure. It will be assumed however, 
here as well as in later sections of this study, that the magnitude of the
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Figure 9. The quartz a-3 transition temperature in granite as a
function of confining pressure. The pressure
dependence of T for single crystals of quartz is a-3
also indicated. The dashed line represents the 
model discussed in Chapter 11.
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volumetric expansion at 1 atmosphere represents an upper bound to the 
possible thermal expansion of the constituent minerals at higher confining 
pressures. There is an indication in the work of Koster van Groos and 
Ter Heege (1973) that the large increase of the thermal expansion coefficient 
of quartz at 1 atmosphere towards the a-3 transition temperature may become 
less at high confining pressures. The assumption made above would be in 
accordance with this possible change. The ~0.5 percent volume increase of 
the hypothetical "granite" of Figure 9.2-a between 20°C and 200°C at 1 
atmosphere is therefore taken as the maximum possible volume increase of the 
constituent minerals of Delegate aplite at confining pressure over the same 
temperature range. Combining this result with the observations of Figure 
9.3 it is concluded that there is a decrease in porosity during heating from 
20°C to 200°C at 100, 200 and 300 MPa pressure, but that it cannot be more 
than 0.5 to 0.8 volume percent.

Part of the decrease in porosity may be due to a higher efficiency 
of the confining pressure in closing cracks at higher temperature through 
plastic flow or elastic softening of the minerals. However, in view of 
the low temperature of 200°C, the moderate pressures and the short time 
scale of the experiments, both effects are thought to be small. It would 
seem more likely that the porosity decrease is caused by the differences in 
the thermal expansion coefficients of the constituent minerals and by 
the nature of the cracks and their geometry in the material. Nur and 
Simmons (1970) demonstrated that the occurrence of cracks in igneous rocks 
which are exposed at the surface of the earth may be ascribed to differential 
volume changes of their constituent minerals during the geological cooling 
and depressurisation history of the rock. I suggest, that the reverse effect 
operates during the 200°C temperature rise in the experiments, that is, part 
of the crack porosity which originated due to differential contraction in the 
earth during cooling, becomes closed again with differential thermal expansion 
in the experiments. The thermal expansion of minerals into pre-existing cracks 
during heating of granite at atmospheric pressure has been demonstrated 
by Cooper and Simmons (1977).

iii. Increasing porosity at high temperatures

From Figure 9.3, it is seen that the volume of dry Delegate aplite 
increases between 200 and 840°C by- 4.0, ~3.6, ~3.0 and ~2.6 volume percent 
respectively for 1 atmosphere, 100, 200 and 300 MPa pressure. An upper bound 
to the thermal expansion of the constituent minerals at pressure over this
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temperature interval is given by the 2.0 volume percent increase of the dry 
hypothetical granite of Figure 9.2-a, between 200°C and 840°C. The minimum 
increases in porosity for the specimen material at 1 atmosphere, 100, 200 
and 300 MPa over this temperature interval are therefore found to be ~2.0, 
~1.6, -1.0 and -0.6 volume percent respectively. It is concluded that 
cracks can open up against the applied confining pressures but that this 
becomes increasingly difficult at higher values of the confining pressure.
If the minimum increase were to be the same as the real increase the 
observed trend would suggest that there can be no more opening of cracks 
at pressures higher than ~450 MPa. If the real increase were to be somewhat 
higher,a higher maximum pressure would be obtained,for which the opening of 
cracks is possible against the confining pressure.

The temperature chosen for comparison is 840°C, because it lies 
above the temperature for the quartz a-8 transition in the specimen material 
at all pressures studied. The volumetric expansion of the rock is very 
small or zero above the transition, both in the specimen material and in the 
hypothetical ’’granite" used for comparison.

Thus, the porosity of Delegate aplite is expected to rise gradually 
from above 200°C until the a-ß transition of quartz takes place. At even 
higher temperatures, the porosity may remain constant, or even decrease 
somewhat if the contraction of quartz at 1 atmosphere beyond the transition 
(Figure 9.2-a) also occurs at pressure. The expansion coefficients observed 
above 200°C are initially somewhat lower than for the theoretical granite.
The decrease in porosity from 20°C to 200°C may therefore continue to higher 
temperatures than 200°C before the increase in porosity to 840°C takes place. 
The lack of compressibility data at temperature and of thermal expansion 
data at pressure prevent a detailed calculation of the development of porosity 
as a function of temperature. Further complications arise from the stress in- 
homogcncitics which occur on the scale of grains in the granite during thermal 
expansion. Discussion of these factors is deferred to Chapter 11.

9.4.4 The effect of a pore fluid

Figure 9.5 represents the thermal expansion of Delegate aplite 
at 300 MPa for a dry, and for a wet specimen with 0.7 weight percent, or 
1.8 volume percent added water. An estimated extra 0.25 weight percent 
water is released from within the rock upon heating to 800°C (Chapter 3,
Table 3.1). For comparison, the estimated expansion at atmospheric
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Figure 9.5 Comparison of the thermal expansion of wet and dry 
grainte at 300 MPa confining pressure. The dashed 
line represents the estimated atmospheric expansion 
of granite. The possibility of a kink in the curve 
for wet granite is supported by the occurrence of a 
marked kind around that temperature in a run at 
300 MPa where argon gas occurred as a pore phase 
(not shown in the figure).
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pressure is shown by a dashed line in Figure 9.5. No measurements were made 
beyond 800°C for the wet experiment, it is concluded however, from the 
absence of a marked kink in the thermal expansive curve around 650°C, and 
a possible indication of a kink close to 800°C, that the a-ß transition of 
quartz in granite with water as a pore fluid is shifted to higher temperatures 
than for single crystals of quartz, at the applied confining pressure 
(compare Figure 9.4). The issue is slightly confused by the fact that 
melting occurs in specimens of granite with water at 300 MPa above 670°C 
(Chapter 3). However, the same conclusion about pore fluid effects follows 
from an experiment (not represented in the figure), in which argon gas 
occupied the pore space within the specimen. During one run on dry granite 
at 300 MPa the copper sealing jacket punctured accidentally in such a way, 
that argon gas was able to enter the specimen. The run was characterized 
by similar volume increases as the wet case shown, (about 0.3 volume percent 
higher), but with a clear kink in the thermal expansion curve between 740°C

Oand 800 C. These results suggest that the shift in the quartz a-ß transition 
temperature noted for dry granite does also occur in the presence of a pore 
fluid, whether water or gas, and that the shift is of comparable magnitude.

Following the procedure used earlier by comparing the observed 
results for wet granite at 300 MPa with the hypothetical dry granite at 
1 atmosphere, it can now be shown that there are no changes in porosity to 
200°C. Similarly, the minimum increase in porosity from 200°C to 800°C, 
can be calculated to be ~1.7 volume percent. The total porosity at 800°C 
and 300 MPa is therefore much higher for the wet case than for the dry one.
The initial total porosity in both cases is -2.3 volume percent at room 
conditions. In the dry granite ~1.3 volume percent porosity has been 
removed by compression to 300 MPa at room temperature plus another unknown 
amount less than 0.6 volume percent by heating to 200°C prior to an increase 
by -0.6 volume percent to 840°C. In the wet case there is no decrease in 
porosity during compression to 300 MPa and heating to 200°C. The total 
porosity of wet Delegate aplite at 800°C and 300 MPa is therefore calculated 
to be at least 4.0 volume percent. This result is in excellent agreement 
with the total porosity calculated from density measurements at room 
temperature for dry specimens which were heated in an atmospheric furnace 
to 800°C (Chapter 3, Table 3.1). The present experiments therefore confirm



96.

the assumptions made in Chapter 3, about porosity at 800°C and 300 MPa in 
Delegate aplite with excess added water.

The effect of the quartz a-3 transition on porosity is found to be somewhat 
different than assumed in Chapter 3, because of the observed shift, 
but this does not affect the calculations of total and accessible porosities 
at 800°C made in that chapter.
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Chapter 10 

ELASTIC THEORY

10.1 The elastic field of a spherical inclusion in a matrix subjected 
to hydrostatic pressure

Consider the following three dimensional problem in elasticity.
A sphere of an ideally elastic isotropic material is surrounded by an 
infinite matrix of another ideally elastic isotropic material. Let the 
inclusion be "glued" to the matrix at the contact such that stresses can 
be transmitted even if they are tensional. In the reference state stress 
and strain are zero in both matrix and inclusion. Now a hydrostatic 
stress p is applied at infinity onto the matrix. What is the resulting 
state of stress and strain inside the inclusion, and in the matrix, both 
far away from - and close to the contact with the inclusion?

This problem has been solved by Eshelby (1957) for general 
ellipsoidal inclusions and for a general state of stress applied to the 
matrix. The problem considered above is a considerable simplification of 
the general case and a less complicated notation can be used.

Let the bulk modulus of the matrix be K and its shear modulus y, 
and let the bulk modulus of the inclusion be We adopt a sign convention
in which compressive stress and compressive pressure are positive, and in 
which expansive volumetric strain (dilatation) and elongation are negative, 
for example:

p = K. A ,

where A is volumetric strain.

The following relationships can now be derived from Eshelby's 
(1957) general equations ^ :

Notice that there is a misprint on p. 390 of Eshelby (1957) , the last 
term on the right hand side of the equation for ^p^ has to be:

I 1 + g
3 * 1 - 0

2y
3 K •A* A

P •(n . n* t l 3 6il
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The volumetric strain of the inclusion is:

. _ P 3K + 4y
Al K ' 3Kl + 4y

The hydrostatic pressure in the inclusion is:

Kl 3K + Ay
Pl P * K 3Ki+ 4y

( 1) .

( 2 ) .

The linear strain in the matrix at the contact in directions normal to the 
inclusion surface is:

£ c±
1 2 (AT! - K)
3 + ---------3Ki + 4y

] (3).

The linear strain in the matrix at the contact in directions parallel to 
the inclusion surface is:

3 K + 4y
------- ]
3Ki+ 4y

(4).
1 (*i - K )

3Ki + 4y

From (3) and (4) it is seen that the volumetric strain in the matrix at 
the contact is:

Ao = e +
CL

R
K (5),

which is equal to the volumetric strain of the matrix infinitely far away 
from the inclusion.

The normal and tangential stresses in the matrix at the contact with the 
inclusion are:

Ki 3K + 4y 4y (Kl - K)
o = p * -  * --------- = p [1 + ------------  ] (6) ,

K 3Ki + 4y K(3Ki + 4y)

and

2yUj - K)
V/ -P [1---------] (7)-

" X(3Xj + 4y)
From (2) and (6) it is seen that the internal pressure of the inclusion 
equals the normal stress in the matrix at the contact. The requirement 
of a balance of forces across the contact is fulfilled. From (6) and (7)
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it is seen that the "hydrostatic component" of the stress in the matrix at 
the contact is:

V,
o . + 2 o ,, ox c//

( 8 ) ,

which is equal to the hydrostatic pressure in the matrix infinitely far 
away from the inclusion.

Equations (3) - (8) describe the state of stress and strain in
the matrix at the contact with the inclusion; the volumetric strain and
the pressure in the matrix infinitely far away from the inclusion have also
been given. Intermediate states occur in between; the disturbance of the
elastic strain field of the matrix due to the inclusion decays with
distance r from the inclusion as — o (compare Eshelby (1957) equation 2.18).rö

We will now determine the conditions for which during compression 
(p>0) the hydrostatic pressure in the inclusion and the normal or the 
tangential stress in the matrix become tensional. In the case considered

oK( i _ 2dhere, K>0, y>0, y = -— 4—-— -̂2-, where v is the Poisson ratio of the matrix,

and - 1<V<H (Jaeger, 1969, p. 57). For holes in the matrix K\ = 0, for 
inclusions more compressible than the matrix 0<Ki<K and for inclusions less 
compressible than the matrix K^>K. Thus in the present case, where all 
the strain in the inclusion is caused by the applied compressive pressure 
p we also have the condition Ki>0. For reasons which will become apparent 
in Section 10.2, we will also consider when tensional stresses would 
develop if it were possible that X^<0. From (2) and (6) it is seen that:

pi = o < 0  if: r 1 cx
(9-a).

4y  ( * i  ~ K ) _
K (3K l + 4y)

The possible range of K\ values in accordance with this inequality is given 
as a function of the Poisson ratio of the matrix in Figure 10.1-a. It 
is seen that:

P1 = aax > 0 if:

Ki > 0 for: (9—b)

-l<v<h
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Figure 10.1-a Values of the effective or equivalent bulk modulus 
of the inclusion, as a function of the Poisson 
ratio of the matrix, for which tensional normal 
stresses between matrix and inclusion are possible.

Figure 10.1-b Values of the effective or equivalent bulk modulus 
of the inclusion, as a function of the Poisson 
ratio of the matrix, for which tensional tangential 
stresses in the matrix are possible. For an explan
ation of the term "effective or equivalent bulk 
modulus" see Section 10.2.
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In the present case the pressure in the inclusion and the normal stress in 
the matrix will always be compressive during compression, unless the 
inclusion is a hole when - trivially - the pressure of the inclusion and 
the normal stress in the matrix at the contact are zero.

It is also seen that if it were possible that ^<0:

Pl = a < 0  if: r 1 C-L

- y  y < K\ < 0  for: (9-c).

- 1 < v < h

Next we determine the conditions under which the tangential 
stress in the matrix becomes tensional during compression (p>0). From 
(7) it is seen that:

V/ < if

2y {Ki - K)
K OK-i + 4y)

(10-a).

Substitution of inequality (10-a) into (6) or (2) indicates that (10-a) is 
equivalent to:

o
Q//

< 0 if:

Pl o > 3  p
(10-b).

Tensional tangential stress is developed in the matrix if the pressure in 
the inclusion exceeds three times the compressive pressure applied to the 
matrix. The possible range of values in accordance with inequalities 
(10-a) and (10-b) is given as a function of the Poisson ratio of the 
matrix in Figure 10.1-b. It is seen that:

V/ < if:

K 1 >
6 yK

2y - 3K for: (10-c).

-1 < v < 0
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Thus in the present case the tangential stress in the matrix can only 
become tensional during compression for the (rare) case of a negative 
Poisson ratio of the matrix, and then only if K\»K.

We notice however, that if it were possible that -Ki<0, tensional 
tangential stresses could also develop for a positive Poisson ratio of the 
matrix during compression provided any of the following conditions is met 
(Figure 10.1-b):

for -l<y<0 (10-c)

for -1<P<0

(10-d) .

> K l > f°r 0<v<k

and o // < 0 if: c//

K\ < - 2K for v=0.

ö // < 0 if:
a //

6 \iK
K, >1 2y - 3K

and a ,, < 0  if: o//

10.2 Effect of a volumetric strain in the inclusion which is not caused
by the applied pressure

All equations used thus far were already present in some form 
or another in Eshelby (1957). The inclusion described in the previous 
section underwent a volumetric strain Aj by the application of a pressure 
p to the matrix and the resulting pressure in the inclusion, p\, is 
given by Z]_Aj .

We now wish to consider the situation where an included sphere 
of originally the same size, and with a bulk modulus K2 undergoes the same 
volumetric strain:

A2 = Ai (11)>
and develops the same inclusion pressure:

P2 = Pi (12)»
but where a part A2 * of the strain A2 is not caused by the application 
of a pressure p. Such a "pressure-free" part of the inclusion strain may
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be brought about, for example, by differential thermal expansion of matrix 
and inclusion during a temperature change.

Provided the initial sizes of the inclusions are the same and 
provided (11) and (12) are met, the new inclusion can replace the old one, 
described in the previous section, without altering the state of stress 
and strain in the matrix, or the pressure and the total strain in the 
inclusion.

Equation (12) is ensured if:

K 2 (A2 - A2*) = K 1k l

and from (1), (11) and (13) it follows that:
3K + 4y K 2

R .
3 K, + 4 Ko - K-

A2*

From (14) we solve for K  ̂ and obtain:

R
*i = t

(3K + 4y) — 4yA2*

2 %  O K  + 4y) + 3X2A2*
K

] .

(13),

(14).

(15).

The expression on the right hand side of (15) may now be considered as 
the "effective" or the "equivalent" bulk modulus of the inclusion. That 
is, the bulk modulus that would be required by the inclusion if the total 
inclusion strain A2 and the inclusion pressure p2 were to be caused by 
the application of a confining pressure p to the matrix.

Substitution of (15) into (l)-(8) now allows one to express 
the states of stress and strain inside the inclusion and in the matrix 
at the contact with the inclusion in terms of the elastic constants K 
and p of the matrix, the applied pressure p and the bulk modulus K 2 
of the inclusion material plus its "pressure-free" strain A2*. The 
resulting relationships are somewhat cumbersome and not represented here.

From (15) we note that, while K 2>0 (the bulk modulus of the new 
inclusion material can again not be negative), it is now possible for the 
"equivalent" bulk modulus to become negative for certain combinations of 
the values of y, K , K 2 and A2* . It is for this reason that we have 
considered negative values for in the previous section. From a 
combination of Figures 10.1-a and b it can now be seen that for positive 
Poisson ratios of the matrix tensional stresses will exist during compression
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when Ki<0. (It should be remarked however, that for no value of V can
4 4= - —y because substitution of that into (15) would imply that =--^y, 

in contradiction with the requirement that is^O.)

Substitution of (15) into (9-c) allows us to calculate the value 
of the pressure-free strain A2* needed to cause tensional normal stress in 
the matrix, as well as a state of hydrostatic tension in the inclusion 
during compression of the matrix by a pressure p. It is found that:

Pi = Gö l  < 0 if:

A2* > P ^  + for: (16),

-1 < v < h

where it should be remembered that volumetric contractions are taken 
positive with the sign convention used. The situation described by (16) 
can arise if there is a contraction of the inclusion relative to the 
matrix which is not caused by the applied confining pressure, but for 
instance by differential thermal expansion of matrix and inclusion 
during a temperature rise. Equation (16) is independent of the bulk 
modulus of the inclusion as would be expected.

Substitution of (15) into (10-c) and (10-d) now allows us to 
calculate the values of A2* needed to cause tensional tangential stress 
in the matrix during compression by a pressure p. It is found that:

p? = a > 3 p and o ,, < 0  if:rz cl r q//

A2* < P ( | - ^ 7 - ^ )  for: (17),

-1 < v < h

where it should be remembered that volumetric expansions are taken 
negative with the sign convention used. For positive Poisson ratios of 
the matrix the situation described by (17) may arise if there is a 
volumetric expansion of the inclusion relative to the matrix which is 
not caused by the applied compressive pressure, but for instance by 
differential thermal expansion of matrix and inclusion during a temperature 
rise.
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10.3 Examples

10.3.1 Pressure differences during isothermal compression and during 
a temperature rise at constant confining pressure

Firstly, we calculate the stresses which develop in and around
an inclusion during room temperature compression. Let there be zero stress
and zero strain in the matrix and in the inclusion at room temperature
and atmospheric pressure. It is further assumed that the Poisson ratio

3of the matrix V = 0.25, so that y = —K. This relationship is closely 
obeyed by many rock-forming minerals (e.g. Birch, 1966). It is easily 
seen that (2), (6) and (7) now reduce to:

Pi = V P (5K. + kK

9 B
P (5 B + 4Bi

(18),

and oe//
+ 6 K

p (s T~rü

P (
3 B + 6 B 
5B + 4B

(19) ,

where the subscript i now refers to the inclusion and no subscripts to the 
matrix. B and B̂  are the compressibilities of the matrix and the inclusion.

Numerical examples of (18) and (19) are given in Table 10.1. For 
compressibilities of the inclusion and matrix materials I have chosen those 
of real quartz (0.02706 per 100 MPa) and plagioclase (0.0179 per 100 MPa) 
at room temperature as given by Birch (1966). The extreme cases for 
which the inclusion is a hole (£L = »)or incompressible (5^=0) are also 
shown in Table 10.1. It is understood, that neither quartz nor plagioclase 
are elastically isotropic. To emphasize that only the volumetric 
differential compression of these two minerals is considered, I have used 
quotation marks.

The letter B has been chosen instead of the more conventional ß for 
compressibility to avoid confusion with a and ß-quartz.
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Table 10.1 Stresses in and around an inclusion in an infinite matrix 
during isothermal compression by a pressure p.

H = v v
Inclusion is incompressible 1.800 p 0.600 p
"Plagioclase" in "quartz" 1.177 p 0.912 p
"Quartz" in "plagioclase" 0.815 p 1.093 p

0.000 p 1.500 pInclusion is a hole
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It is seen from Table 10.1 that considerable differences may 
exist between the pressure applied to the matrix and that inside the 
inclusion if their compressibilities are not the same.

Substitution of (15) into (18) yields:

Ki (9p - 4KA>) 
Pi = 5T. + JR

9pB - 4Â .* 
55 + 45. (20),

where subscript i again refers to the inclusion material. This formula 
allows us to calculate the change in the internal pressure of the inclusion 
if the "pressure-free" strain Â .* of the inclusion is increased from 
0 to Â .*. For expansion of the inclusion relative to the matrix 
we get:

0 > Sp̂ -4a .*
K.K

5 K. + 4 K

-4
A .*

55 + 45

(21).

That is, the increase in pressure of the inclusion is independent of the 
magnitude of the confining pressure p provided Â .*, 5 and are independent 
of the confining pressure, and provided 5 and 5^ are independent of 
temperature.

For example let the thermal expansion of a "quartz" inclusion 
relative to a "plagioclase" matrix be 0.25 volume percent. Then the 
internal pressure of the "quartz" inclusion rises by 55.6 MPa. Comparison 
with Table 10.1 shows that now for p = 300 MPa the internal pressure of 
the inclusion is the same as the applied confining pressure. For lower 
values of p the inclusion pressure has risen above the confining pressure 
and for higher values of p it is still below that.

10.3.2 Tensional stresses during thermal expansion at pressure

In this example I investigate the effect which the confining 
pressure has on the amount of relative thermal expansion Â .* needed to 
cause tensional normal stress between the matrix and the inclusion, or 
tensional tangential stress in the matrix. Again taking zero strain in 
matrix and inclusion at room conditions, and assuming V = 0.25 it is 
easily seen that (16) and (17) reduce to:



108 .

p . = ö < 0  if:oi

A * > p ■ jB4
(22),

and

(23) .

Two examples are shown in Figure 10.2-a, for elastically isotropic 
materials which have the same compressibilities as real quartz and real 
plagioclase. A "plagioclase" inclusion tends to develop a tensional 
stress normal to the contact with a "quartz" matrix under compression if 
the contraction of the inclusion relative to the matrix exceeds that by 
the line marked "plag" in "q". A tensional tangential stress develops 
in a "plagioclase" matrix if the expansion of a "quartz" inclusion 
relative to the matrix exceeds that by the line marked "q" in "plag".

volumetric thermal expansions of real plagioclase and quartz at 1 atmosphere. 
The figure is obtained from Figure 9.2-a by subtracting the expansions of 
plagioclase from those of quartz. If the volumetric thermal expansion 
behaviour of Figure 10.2-b is attributed to the hypothetical (i.e. isotropic) 
inclusion and matrix materials in Figure 10.2-a, they may be compared. For 
instance at 200 MPa confining pressure a temperature rise to ~400°C is 
needed before tensional normal stresses develop across the boundary between 
a "plagioclase" inclusion and a "quartz" matrix. For the reverse case of 
a "quartz" inclusion in a "plagioclase" matrix the temperature will have 
to rise to ~520°C at 200 MPa before tensional tangential stresses develop 
in the matrix. It is also seen (dotted arrows in Figure 10.2) that given 
the differential thermal expansion behaviour of Figure 10.2-b, there cannot 
exist tensional stresses between "quartz" matrix and "plagioclase" inclusion 
if the confining pressure exceeds -600 MPa. Similarly, the maximum confining 
pressure for which tensional tangential stress may develop in a "plagioclase" 
matrix around a "quartz" inclusion is reached at -340 MPa.

compressibility value of "quartz". The compressibility of real quartz is 
known to increase with temperature towards the a-8 transition at 1 atmosphere 
(Coe and Paterson, 1969; for details see also Chapter 11 and Figure 11.1 ).

Figure 10.2-b shows the difference in volume percent between the

The calculations presented above are for a temperature-insensitive
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Figure 10.2 Differential thermal expansion behaviour of quartz 
and plagioclase and the pressures for which this 
may lead to tensional stresses.

a. The absolute value of the pressure free strain Â .*, 
needed to cause tensional tangential stress in a 
"plagioclase" matrix around a "quartz" inclusion, 
or tensional normal stress between a "quartz" 
matrix and a "plagioclase" inclusion, increases 
with the confining pressure applied to the matrix. 
With the sign convention used, the first case 
represents negative and the second positive values 
of A.*.

b. Relative volume change between quartz and plagio
clase as a function of temperature at 1 atmosphere 
(after Skinner, 1966). If the differential thermal 
expansion behaviour of Figure -b is ascribed to the 
hypothetical matrix and inclusion materials of 
Figure -a, the maximum confining pressures for which 
tensional stresses may arise due to differential 
thermal expansion may be obtained in the manner shown 
by the dotted arrows. (For further discussion see 
text).
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Furthermore, in the above calculations, the relative volumetric thermal 
expansion behaviour of "quartz" and "plagioclase" at pressure has been 
assumed to be constant and the same as that of real quartz and plagioclase 
at 1 atmosphere. In reality the effect of pressure is to shift the quartz 
a-3 transition to higher temperatures (Chapters 9 and 11), and this spreads 
out the thermal expansion curve of Figure 10.2-b over wider temperature 
intervals.

Inspection of equations (22) and (23) and of Figure 10.2 indicates 
that both the elastic softening of quartz at temperatures approaching the 
a-3 transition and the displacement of the transition to higher temperatures 
at pressure cooperate to increase the temperature intervals needed to 
produce tensional stresses at a given confining pressure. The softening 
of quartz will also tend to decrease the maximum confining pressure at 
which tensional stresses are possible at all. Values lower than the 
-340 MPa for "quartz" in "plagioclase: and the -600 MPa for "plagioclase" 
in "quartz" will therefore be obtained for the maximum confining pressures 
at which tensional stresses may develop, if the properties of matrix and 
inclusion are chosen such that they represent the properties of real 
quartz and plagioclase more closely.
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CHAPTER 11 

DISCUSSION

11.1 General

The experimental results of Chapter 9 indicate that volume changes 
in natural granite under experimental conditions of moderate confining 
pressures and increasing temperature are caused both by volume changes 
of the constituent minerals, and by changes in the pore volume in between 
them. In particular it has been shown that confining pressures of 100,
200 and 300 MPa are insufficient to prevent an increase in porosity during 
a temperature rise from 200°C to 840°C. It has also been found that the 
porosity increase over this temperature interval decreases as the confining 
pressure is increased. From the trend at lower pressure, it is estimated 
that porosity can no longer increase during a temperature rise to 840°C 
if the confining pressure exceeds -450 MPa.

The observations of Kern (1978, in prep.) on the shift of the 
quartz a-8 transition temperature in granite have, in general, been confirmed. 
The shifts recorded in the present experiments are towards somewhat higher 
temperatures than those reported by Kern, particularly so at the highest 
confining pressures.

Qualitatively, the opening of pores in granite against a confining 
pressure may be ascribed to the differential thermal expansion of the 
constituent minerals. Differences in volume changes and shape changes 
on the grain scale may lead to local tensional stresses, causing the opening 
of pores in an aggregate which as a whole is held under confining pressure. 
Similarly, the shift of the a-8 transition of quartz in granite to higher 
temperatures has been attributed qualitatively to stress inhomogeneities 
within the crystalline aggregate (Kern, 1978, in prep.).

The experimental observations provoke the following questions:
i. Why are confining pressures of 100 to 300 MPa insufficient to 

prevent the opening of pores during a temperature rise?
ii. What factors determine the magnitude of the observed shift in 

the quartz a-8 transition temperature?
iii. Why is the a-8 transition for quartzes in granite at pressure not 

spread out over a range of temperatures? Curves of V versus 
temperature show a very sharp minimum, not a broad low (see e.g.
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Kern, 1978, in prep.), and the graphs of volume change versus 
temperature presented in Chapter 9, exhibit a marked kink, not 
a gradual change. If the shift in the a-3 transition is caused 
by stress inhomogeneities in the aggregate at pressure, what 
causes those inhomogeneities in stress to be more or less the 
same for all individual quartz crystals, such that sharp changes 
may be observed in the bulk properties of the rock?

11.2 The inapplicability of the elastic theory to the case of a real 
granite.

Before using the results of the elastic theory presented in 
Chapter 10 to solve the problems mentioned in the previous section, it seems 
appropriate to emphasize the large differences between the realities of the 
specimen material and the assumptions of the theory.

The theory consideres only isotropic volume changes of matrix and 
inclusion. As such it is not directly applicable to the minerals quartz, 
plagioclase and K-feldspar, because these are anisotropic, both in their 
linear compressibilities (Birch, 1966) and in their linear thermal expansion 
coefficients (Skinner, 1966). However, it seems reasonable to assume that 
the bulk properties of the granite are governed by the differential volume 
changes of the constituent minerals. Locally second order effects may 
arise from the anisotropy of the minerals, but over the whole of the 
specimen these tend to cancel out, since there is no preferred crystallo
graphic orientation in the material studied. It is therefore believed that 
the large effect which differential stress has on the a-3 transition 
temperature in single crystals of quartz (Coe and Paterson, 1969) will not 
influence the transition temperature in a random polycrystal to any great 
extent. The latter conclusion is strengthened by the observation of Kern 
(in prep.) that there is no shift for the a-3 transition temperature in 
monomineralic quartzite at 200 MPa confining pressure.

The theory describes a spherical inclusion. The real granite is 
more or less equigranular and the average grain shape is equant, but each 
individual grain has an irregular angular surface. In thin section, curved 
grainboundaries may be observed as well as straight and serrated ones, 
and where three grainboundaries meet they can often be seen to make the 
120° triple junction characteristic of crystalline rocks. An expanding 
angular inclusion has a wedging effect on its surroundings and stress 
concentrations arise in the matrix which do not occur in the case of a
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spherical inclusion. The same remarks apply to inclusions which have a 
smooth surface but a non-spherical shape (for the general ellipsoidal 
inclusion see Eshelby, 1957). It may therefore be expected that the 
minimum thermal expansion, needed to produce tensional stresses in a 
surrounding matrix under confining pressure will be smaller in the case 
of non-spherical, than in the case of spherical inclusions. Similarly, 
it may be expected that the maximum confining pressure for which tensional 
stresses are possible (given a certain maximum differential expansion) will 
be higher in the case of non-spherical than in the case of spherical 
inclusions.

The theory considers an isolated inclusion in an infinite 
homogeneous matrix. The most serious differences between the theory and 
the real granite arise here. Occasionally, in granite an individual quartz 
grain may be completely surrounded by feldspar crystals, and less likely 
still an occasional feldspar grain may be completely surrounded by quartz 
crystals. But statistically the matrix around any grain consists of 
two-thirds feldspar (plagioclase + K-feldspar) and one-third quartz. If, 
in the real rock, quartz is viewed as the inclusion material and the feldspars 
are considered to make up the matrix, then there is a very high concentration 
of inclusions unlike the infinitely dilute concentration assumed in the 
development of the theory. In thin section contiguous quartz crystals are 
visible and the distance from one quartz crystal to the next in any direction 
is never more than 3 or 4 grain diameters. Moreover, the matrix around any 
quartz grain is full of discontinuities in the form of grainboundaries, 
pre-existing cracks,cleavages in feldspar and the small amount of biotite 
present in Delegate aplite. The presence of discontinuities in the "matrix” 
and the high concentration of quartz "inclusions" modify the homogeneous 
disturbance caused by a single inclusion in a flawless homogeneous matrix. 
There will be stress concentrations caused by the discontinuities and 
interferences of stress fields of "inclusions" close to one another. The 
resulting inhomogeneous stress field in the real rock is too complicated to 
calculate theoretically.



114.

11.3 Application of the elastic theory to the case of a real granite 

11.3.1 The model

Delegate aplite is viewed as a matrix of plagioclase and K-feldspar 
grains with spherical inclusions of quartz. The matrix contains grain- 
boundaries and cracks which may be closed by a confining pressure. Closed 
grainboundaries and closed cracks are thought to have no effect on the 
transmission of compressional forces, but their tensile strengths are 
assumed to be zero. Each quartz inclusion is surrounded by several matrix 
grains, so there are matrix-grainboundaries perpendicular or at a high 
angle to the surface of each quartz inclusion.

First consider a quartz inclusion of the granite which is 
completely surrounded by feldspar grains at atmospheric conditions without 
open grainboundaries or cracks. A confining pressure p is applied and the 
temperature is increased. It has been shown in Chapter 10 (equations 10-b 
and 17) that tensional stress develops in the matrix tangential to the 
surface of the inclusion if the internal pressure of the inclusion exceeds 
three times the applied confining pressure. Once this pressure is reached 
in the quartz inclusion, as a result of resisted differential volumetric 
expansion of the inclusion relative to the matrix, the grainboundaries 
perpendicular to the contact will open up because they have zero tensional 
strength. Any further volumetric increase of the quartz inclusion relative 
to the matrix causes a further opening of the grainboundaries in the matrix, 
but the internal pressure in the inclusion remains 3p.

If the whole granite consisted of such inclusions of quartz in 
a crack free matrix at room conditions, it would be predicted that cracks 
originate around all inclusions at the same temperature. For instance the 
example in Chapter 10.3.2 would indicate that this temperature will have 
a unique value above 520°C at 200 MPa confining pressure. Similarly, it 
would be predicted that the maximum confining pressure for which the 
formation of porosity due to differential thermal expansion of quartz 
inclusions and feldspar matrix is possible would be less than ~340 MPa.

Next consider a quartz inclusion of the granite which is again 
surrounded by feldspar grains, but this time with an open crack or grain
boundary perpendicular to its surface at room temperature. Assume that 
the application of a confining pressure p at room temperature is just
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sufficient to close this crack, that is, at a confining pressure p for the 
whole granite there is zero compressive stress across the crack perpendicular 
to the quartz inclusion. Even a small increase in temperature resulting in 
a volumetric increase of the quartz inclusion relative to the matrix now 
causes the reopening of this crack which was only just kept closed by the 
confining pressure. A crack perpendicular to another quartz inclusion, for 
which a fraction of p is sufficient for closure at room temperature, will 
require a larger relative expansion of the quartz inclusion, and therefore 
a larger interval in temperature for reopening while the granite is at a 
confining pressure p.

The progressive closing of more and more porespace in Delegate 
aplite by confining pressures up to 300 MPa has been demonstrated in Chapter 
9.4.1. The above considerations would therefore predict a more or less 
gradual increase in porosity with increasing temperature provided the 
confining pressure is not too high to resist all opening of cracks. Because 
of the initial presence of cracks the maximum pressure for which crack 
opening is possible will be higher than the value of less than 340 MPa 
calculated above for the initially crack free case. The extrapolation of 
the experimental results for Delegate aplite indicates that the maximum 
pressure for crack opening in this material is of the order of 450 MPa.

11.3.2 Focusing effects
For any crack to open, a separative movement of the two faces of 

the crack must be possible. This will only be the case if the wider matrix 
around the quartz inclusion plus the crack allows such a differential 
movement to occur. The opening up of a crack allowed by the matrix may be 
expected to be limited, increasingly so at higher confining pressure because, 
there will be fewer open pores available in the rock to accommodate 
displacive movements. During a temperature rise, the expanding quartz 
inclusion plus its crack will at some stage start to require more space 
from the wider matrix than available, and the internal pressure of the 
inclusion will start to rise while the crack is open. Eventually, the 
crack must open further or a new crack must be formed in the matrix if the 
internal pressure in the quartz inclusion reaches three times the applied 
confining pressure. For those cases where the confining pressure does 
not prevent the opening of cracks we may now make the following conclusion. 
At a given pressure p more quartz grains in granite reach an internal
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pressure 3p if the temperature is increased. None of the quartz inclusions 
can reach an internal pressure exceeding 3p. This I will call the first 
focusing effect. Because of the initial inhomogeneity of the granite 
there will still be a range of temperatures for which individual quartz 
crystals reach an internal pressure 3p.

A second focusing effect arises from the temperature sensitivity 
of the finite yield strength of the matrix material which enables the 
existence of stress inhomogeneities. If the matrix were to behave as a 
fluid without a yield strength there could be no shear stresses, and 
therefore no pressure gradients in the matrix between individual inclusions 
of quartz, irrespective of the non-elastic process by which yielding occurs 
in the matrix (through plastic flow, sliding on frictional contacts or 
brittle fracture of individual grains), it is likely that the yield strength 
at a given pressure decreases with increasing temperature. The maximum 
possible difference in internal pressure between nearby quartz inclusions 
will therefore be lower at high temperature than at low temperature.

It would appear that a third focusing effect may arise from the 
pressure sensitivity of the a-3 transition of quartz, and the associated 
changes in its compressibility and expansion. The transition temperature 
of single crystals of quartz is known to increase by 26°C per 100 MPa 
pressure from 573°C at one atmosphere (e .g . Coe and Paterson, 1969; Koster 
van Groos and Ter Heege, 1973). In Figure 11.1-a, I have shown the changes 
in thermal expansion coefficient A and in volume compressibility B of quartz 
as a function of temperature towards the a-3 transition at atmospheric 
pressure. The thermal expansion curve is calculated from the data of 
Skinner (1966) and the curve for compressibility from the compliance data 
for quartz as shown by Coe and Paterson (1969, Fig. 3). In the absence 
of compressibility data for single crystals of quartz at high pressure and 
temperature, or of thermal expansion data for high pressures, I will assume 
that similar changes occur at pressure as at 1 atmosphere, but that the 
changes are spread out over larger temperature intervals because of the 
pressure sensitivity of the a-3 transition temperature. This assumption 
is shown schematically in Figure 11.1-b for two inclusions of quartz in 
granite under confining pressure. Due to stress heterogeneities in the 
aggregate inclusion 1 has a lower internal pressure than inclusion 2, and 
at a given temperature T, the first grain is therefore nearer to its a-3 
transition temperature than the second. An increase in temperature AT 

will now result in a larger volumetric expansion of the first grain than of
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Figure 11.1 Thermal expansion coefficient and compressibility of 

quartz as a function of temperature and pressure.

a. Changes in the coefficient of thermal expansion 
(after Skinner, 1966) and volume compressibility 

of quartz (calculated from compliance data 

presented by Coe and Paterson, 1969), for atmospheric 
pressure and temperatures towards the a-ß transition. 

Notice that the thermal expansion increases more 

rapidly for all temperatures.

b. (Schematic) Assumed influence of pressure (1 atmos
phere, left-hand curves, highest pressure right-hand 

curves) on the thermal expansion coefficient and the 
compressibility of quartz. Notice that, for any 

temperature interval AT and for any given pressure, 

the thermal expansion coefficient increases more 
rapidly with respect to its value at 100°C than 

the compressibility, and more so for low than for 

high pressure.
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the second, but simultaneously the first grain will become much softer (its 
compressibility increases more) than the second. Because of the resistance 
of the matrix against expansion of the inclusion, the former effect will 
tend to produce a larger increase in internal inclusion pressure for the 
grain with the lowest initial p̂ , but the softening effect will tend to 
favour a larger pressure increase in the grain with the highest initial 
value of . Thus there are two competing processes operating in granite 
during a temperature rise both related to the pressure sensitivity of the 
quartz a-ß transition temperature. The thermal expansion effect tends to 
minimise pressure differences between inclusions, but the softening effect 
tends to increase them.

Differentiation of equation (20) from Chapter 10 with respect to 
T at constant pressure yields:

dB dB

dP '
(-----------------------------------------(24) ,

>. dA .*

(—K dT>p
(9p - 5Pi) <35$ - *Pf(ar->p - 4

5 B + 4 Bi
where the same notation and sign convention are used as in Chapter 10. I 
will assume that the compressibility changes of the matrix material feldspar 
are negligible compared to those of the inclusion material quartz. Now,
since - ^A*

dP

(Â  - A)dT> we have:
dB

is4(4. - 4) - 4p . ( ^ )

 ̂dr \ (24-a).
5 B + 4 Bi

Equations (24) and (24-a) reflect the competing effects mentioned in the 
discussion above. A low confining pressure favours high values of A^
(Figure 11.1-b) relative to A, and of course low values of p., both effects

dPi 'ltending to produce high values of — at low pressures. On the other hand
dB-i aiat low pressures, — (Figure 11.1-b) and B. have high values and tend to

dP-i ^make smaller at low pressure than at high pressure.
The lack of single crystal data prevents a quantitative analysis.

It would appear however, that the changes in the first term of the numerator 
in equation (24-a) with changes in pressure outweigh the changes in the 
second term of the numerator, because these tend to cancel each other out, 
and to outweigh the changes in the denominator as well because B is 
relatively unaffected by pressure and temperature changes. In summary, I 
conclude from Figure 11.1, and from equations (24) and (24-a) that a focusing
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effect related to the pressure sensitivity of the quartz oc-ß transition 
temperature is likely to operate in granite during temperature rises. The 
effectiveness of similar focusing effects has been demonstrated and 
discussed by Coe and Paterson (1969). They found a sharp ot-ß transition 
temperature in a hollow specimen of a single crystal of quartz, which 
was in a markedly heterogeneous state of stress at low temperature.
Coe and Paterson argued that without the focusing effect operating during 
temperature increase the stress heterogeneity would have persisted and the 
a-ß transition would have occurred at different temperatures for different 
parts of the crystal.

11.3.3 The shift of the quartz q-ß transition temperature in granite
The focusing effects described above cooperate to make the 

internal pressure in all quartz inclusions of the model equal to three 
times the applied confining pressure at high temperatures, provided the 
confining pressure is not too high to prevent cracking. From the present 
model it would therefore be predicted that the a-ß transition of quartz 
in granite occurs at a temperature which is the same as that for single 
crystals of quartz at three times the applied pressure. Or, stated 
otherwise, the model predicts that the a-ß transition of quartz in granite 
increases by (3 x 26 =) 78°C per 100 MPa confining pressure from 573°C at 
1 atmosphere. This is the dashed line in Figure 9.4. The experimental 
results of the present study indicate somewhat lower values of 60°C to 
72°C per 100 MPa. In view of the major simplifying assumptions which 
were made for the model calculation,this is a surprisingly close agreement. 
In Section 11.2 it was concluded that the non-sphericity of inclusions 
tends to decrease the inclusion pressure for which tensional stresses 
arise in the matrix. The focusing related to cracking around inclusions 
will therefore be to a lower inclusion pressure than predicted for spherical 
grains, which may partly account for the observed discrepancy. The 
theoretical model fails to account for the difference between the present 
results and those of Kern (in prep.) which are also shown in Figure 9.4.
The reason for this discrepancy is not known."*-

^The rock types used in the two sets of experiments are similar, and so
are the experimental procedures (Kern, priv. comm., 1979). The precision
with which confining pressure may be determined in a cubic anvil apparatus
(Footnote continued on following page.)
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The evidence of Chapter 9.4.4 suggests that the absence or 
presence of a porefluid does not markedly alter the magnitude of the 
quartz a-3 transition shift. This result is easily understood if it is 
realized that most of the surface area of a quartz inclusion expanding, 
relative to its feldspar matrix will be in solid-solid contact with the 
matrix. If a pore phase is present, it will occur essentially in narrow 
cracks or tubular pores in the matrix at high angles to the surfaces of 
quartz inclusions. Even if normal contact stresses between the solid 
matrix and the inclusion are much higher than the applied confining 
pressure and the porefluid pressure, the quartz inclusions cannot relax 
their high internal pressures by expanding into these narrow pores or by 
any other non-elastic accommodating mechanism over the time interval of 
the experiments. The a-3 transition of quartz would only occur at a 
temperature corresponding to the applied confining pressure and to the 
pore pressure if the expanding quartz inclusions were completely surrounded 
by porefluid. This may become the case if there is a large volume 
fraction of melt present at the grainboundaries of the rock (Part I), 
but occurs not in the experiments of Chapter 9 where there is only a 
relatively small grainboundary porosity filled with water or argon gas.

The a-$ transition of quartz in granite is a good example of a
physical phenomenon in a polycrystalline aggregate which does not follow
Terzaghi's Effective Stress Law (P „„ = P „ - P ). The "effectiveeJJ conf pore
pressure" for the transition of quartz is near an<̂  as not:
influenced by porepressure. On the other hand, porosity changes due to 
differential thermal expansion of the constituent minerals, are seen to 
follow Terzaghi’s Law more closely. The total amount of porosity formed 
at 300 MPa and 800°C in the presence of a porefluid is the same as that 
formed at 800°C and atmospheric pressure (Chapter 9.4.4).

at high temperatures is probably somewhat lower than in a gas apparatus. 
However, in view of the a-fl transition temperature measured by Kern (in prep.) 
for quartzite at 200 MPa, corresponding to the a-g transition temperature 
for single crystals of quartz, the precisions of pressure and temperature 
determination in a cubic anvil apparatus are thought to be sufficiently 
high to conclude that there is a real discrepancy between the two data 
sets. Note that the deviation from the model at the higher pressures is 
the same for both (Figure 9.4).
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11.A Concluding remarks

The findings of this experimental and theoretical study can be 
used to evaluate the results of other experimental studies. For example,
Kern (in prep.) found that the decrease in V at 200 MPa confining pressure 
with increasing temperature towards the a-ß transition of quartz is larger 
for granite and granulite, containing only a fraction of quartz, than in 
quartzite consisting entirely of quartz. In quartzite each crystal 
has the same volumetric expansion and the creation of new pores at confining 
pressure during a temperature rise will be small. In granite however, the 
crack closure by compression to 200 MPa at room temperature is reversed 
with increasing temperature due to differential volumetric expansion of 
the constituent minerals. The associated changes in V are large, as they 
are during room temperature compression (Chapter 9.1; Part III). The 
net effect of crack opening plus intrinsic changes in the elasticity of the
constituent minerals in granite on V is therefore larger than the effect

Pof intrinsic changes in the elasticity of quartz which control V' through 
quartzite at the same confining pressure.

The above example serves as a warning against uncritical application 
of experimentally obtained temperature derivatives of velocity through rocks 
to geological and geophysical problems. In specimens under conditions of 
a few 100 MPa confining pressure and 500°C - 800°C, stress inhomogeneities 
may exist over relatively short experimental periods of a few hours to a 
few days. It seems likely however, that inhomogeneities in the stress 
field disappear by plastic flow or other non-elastic processes in rocks 
which occur for geological time intervals at the same pressures and temper
atures in the earth's crust. It would seem reasonable therefore to expect 
no shift in the a-ß transition of quartz in a granitic crust with a high 
temperature gradient. Similarly, it may be expected that the opening of 
cracks against a lithostatic pressure, due to differential thermal expansion
will be absent or minimal at deep levels in the crust in the absence of a

dVpporefluid. The value of ) to be expected for quartzite in the crust 
is larger than for granite, ancl the velocity of P-waves through a dry 
granitic crust is probably less sensitive to pressure and temperature than 
experimental results would suggest.

Nur and Simmons (1970) first considered the origin of small 
cracks in exposed igneous rocks in terms of a spherical inclusion model, 
and showed that microcrack porosity is closely related to the presence of
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quartz in many rocks. Their models fail to account for the simultaneous 
(and in the case of quartz competing) effects of decreasing pressure and 
temperature. They noted that "Tension could develop around grains for a 
limited range of values of elastic constants. Since the tensile strength 
of rocks is almost zero, cracks will appear instantaneously", but ascribed 
the general origin of cracks to the limited shear strengths of rocks and 
minerals in a way which is physically not entirely clear. Cracks can only 
open up through the action of tensile stress. If sufficiently precise 
single crystal data become available, the present theory should allow one, 
from a measurement of crack porosity, to place bounds on pressure and 
temperature conditions for which crack opening started in an intrusive 
rock on its way to the surface of the earth.

The measurements of thermal expansion at pressure may find 
practical application in relation to deep drilling in the crust. Plans 
are underway to drill deep holes to extract thermal energy from areas 
of high heat flow, or to dispose of radioactive waste in cooler, stable 
areas. The decompression (stress relief) and cooling at the end of a deep 
drill hole will result in the opening of cracks within the rocks and 
possible expansion into the drill hole, and the physical properties of 
the wall rock will change. Wang and Simmons (1978) recently showed that 
most of the crack porosity observed in cores of gabbro from 5.3 km depth 
in the Michigan basin can be ascribed to the stress relief factor.

The theory derived in Chapter 10 need not be restricted to 
the case of differential thermal expansion. The effect of any relative 
volume change of matrix and inclusion can be calculated. The equations 
could, for instance, be applied to calculate the instantaneous stress field 
developing around a spherical region undergoing rapid transformation in 
a lithospheric slab decending into the asthenosphere. As such the theory 
could contribute to an understnading of deep focus earthquakes. With the 
existing formulae derived by Eshelby (1957) , the theory can be modified to 
cover the two dimensional problem of a cylindrical inclusion, and the case 
of a general three dimensional ellipsoidal inclusion. The effects of non
hydrostatic stress fields applied to the matrix, instead of hydrostatic 
confining pressure considered here, can also be obtained from Eshelby's 
equations.

The theory for an infinitely dilute concentration of inclusions 
plus the simple model presented are capable of predicting the observed thermal
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expansion behaviour and the observed shift of the quartz a-ß transition 
temperature in granite to a large extent, but some discrepancies are 
not accounted for. It is felt that a self consistent theory (e.g. Watt 
et al. , 1976), ascribing the average properties of granite to the matrix 
around each crystal, could remove some of these differences.



124.

PART I I I

MEASUREMENT OF P -  AND S -  WAVES THROUGH DRY AND WET GRANITE 

AT HIGH PRESSURE AND TEMPERATURE
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ABSTRACT

An experimental assembly for the measurement of ultrasonic wave
velocities through specimens of crystalline rock or single crystals, at
simultaneous high pressure and temperature is described. Compressional-(7̂ )
and shcar-(P ) wave velocities for dry granite during room temperature s
compression to 300 MPa, and during temperature increase to 500°C at 100, 200 
and 300 MPa confining pressure are presented and the dynamic elastic moduli 
throughout this range are calculated from the measurements. The effect on 
V of water as a porefluid in granite has also been measured over the same 
range in pressure and temperature, and it is found that the differences 
between the wet and dry specimens are closely related to differences in 
crack porosity and to the compressibility of water. The changes in the 
dynamic bulk modulus, shear modulus and Poisson ratio of dry granite with 
compression at room temperature are compared with the self-consistent model 
for the elasticity of cracked solids of 0'Connel and Budianski (1974) and 
with the Voigt and Reuss moduli calculated for a hypothetical crack free 
granite. This comparison indicates an increase in the average aspect ratio 
(thickness : width) from -1.8 x 10-2 to ~5 x 10-2 between 1 atmosphere and 
50 MPa for the 13 percent decrease of the initial porosity of -2.3 percent, 
pointing to the closure of the flattest cracks over this pressure interval. 
Between 50 and 300 MPa porosity decreases further to -1.0 percent but the 
average aspect ratio of the cracks remains constant. It is emphasized that 
the pressure and temperature derivatives of V , V^ and the elastic parameters 
of dry granite as obtained from the experiments are strongly influenced by 
cracks which open against the confining pressure with increasing temperature 
(part II). The problems encountered in applying the experimental results to 
interpret the seismic velocity structure of the crust are discussed.
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Chapter 12 

INTRODUCTION

12.1 General

The theoretical prediction of elastic wave velocities and attenuation 
in imperfectly elastic crystalline materials containing cracks and pores, which 
may be open or filled with a viscous compressible pore fluid, has received 
a great deal of attention in recent publications (e.g. Anderson et at. 3 1974; 
Küster and Toksöz, 1974; O'Connell and Budiansky, 1974, 1977; and many others). 
An extensive literature recently reviewed by Paterson (1978) , quoting more 
than 50 references, also exists on the experimental determination of these 
properties in real rocks of known composition and structure, with and without 
pore fluids and under varying conditions of temperature, pressure and non
hydrostatic stress.

The ultimate goal of these studies is to arrive at a better under
standing and interpretation of the wealth of seismological data on elastic 
wave transmission through the earth, to obtain information about the state of 
stress, the microstructure, the degree of microfracturing or partial melting 
etc., in rocks at depth which can not be observed directly.

Pressure and temperature increase with depth in the earth, but 
until recently relatively little was known about the combined effect of temper
ature and pressure on the velocity of compressional and shear waves through 
natural rocks. Table 12.1 lists references to recent experimental work, 
references to earlier experimental work may be found in the papers mentioned. 
Many of the studies listed are primarily concerned with exploring the changes 
in velocities over the experimentally available range in pressures and temper
atures, but some study specific aspects such as the influence of crystallo
graphic preferred orientation on seismic anisotropy, or the influence of pore 
pressure on velocities. Such aspects are mentioned in the last column of 
Table 12.1.

12.2 Comparison of experimental techniques

The experiments listed in Table 12.1, have in common velocity 
determination with the "pulse transmission" or "time of flight" method, 
through rock specimens of a few centimeters length using transducers with 
natural frequencies around 1 MHz. Distinction into two groups of experiments
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can be made on basis of the method by which pressure is generated and on the 
position of the transducers relative to the specimen.

In the first group, internally heated gas apparatuses have been 
used with argon or nitrogen gas as a confining medium. Specimens have been 
sealed in thin metal jackets and transducers are placed directly onto the 
specimen or near to the specimen on cndpieces. In this arrangement sending 
and receiving transducers are at pressure and temperature during the experiment. 
Transducer materials with high Curie temperatures are therefore required; 
Lithium Niobate crystals (Curie temperature ~1200°C) have been used success
fully up to 500°C by Spencer and Nur (1976) and Ramananantoandro and 
Manghnani (1978). Several design problems must be overcome. Insulated and 
shielded transducer leads have to be brought into the high-pressure, high- 
temperature volume of the gas apparatus while maintaining a good pressure seal. 
Connections of leads to transducers and of transducers to specimen or endpiece 
have to be made inside the high pressure bomb, where space is at a premium.
An advantage of this technique over the one described below is that the time 
of flight of a pulse through the specimen represents the major part of the 
travel time from one transducer to the other, such that only minor corrections 
are needed for the travel time through endpieces, and that velocity changes in 
the specimen can be easily detected. Another advantage is the high degree 
of precision with which a truly hydrostatic pressure can be generated and 
measured in a gas apparatus, while the sealing of the specimen with an 
impervious jacket allows the effect of pore fluids on elastic wave velocities 
to be studied. Spencer and Nur (1976) used an arrangement whereby the pore 
pressure could be controlled independently of the confining pressure and the 
temperature.

Experiments of the second group comprise those performed in a cubic- 
press apparatus with heated anvils. A state of near hydrostatic stress is 
arrived at by advancing six pistons in three mutually orthogonal directions 
onto unjacketed cube shaped specimens (Kern and Karl, 1969). Transducers 
are placed on the low temperature side of the pistons (e.g. Fielitz, 1971), 
and no special requirement of high Curie temperature is needed for the 
transducer material. The travel time of the pulses through the specimen at 
pressure and temperature is obtained by subtracting the calibrated time 
needed for a pulse to travel to and from the specimen through the pistons 
from the total time measured by the transducers. This technique, thus far 
only used in Germany for the present purpose, has been most successful in
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obtaining a large number of velocity data for a wide variety of natural 
rocks at simultaneous high pressure and temperature (Table 12.1). P- and 
S- waves have been measured at 200 and 400 MPa by Fielitz (1971, 1976), 
and Kern (in prep.) at temperatures as high as 750°C.

12.3 Purpose and outline of the present study
Part III of this thesis may be read as a progress report on the 

development and testing of an experimental assembly with which P- and S- 
waves can be measured through natural rock specimens under varying conditions 
of pressure, temperature and non-hydrostatic stress in the gas apparatus 
built by Paterson (1970, 1977).

Aims in starting this project were:

1. To extend the work of Spencer and Nur (1976) on the effect of water 
as a pore fluid in granite on velocities at high pressure and temper
ature. To calculate the dynamic elastic parameters of granite from
V and V , in particular to obtain pressure and temperature derivatives 
for Poisson’s Ratio in dry granite, about which conflicting evidence 
has been recorded in the experimental literature (see Section 12.4).

2. To complement the observation on velocities through granite at 
temperatures around the quartz a-ß transition, as measured in a 
cubic-press apparatus by Fielitz (1971, 1976) and Kern (1978, in 
prep). To advance the understanding of the shift in the quartz a-ß 
transition temperature in granite, discovered by Kern.

3. To measure changes in velocities through granite with added water 
if the temperature is increased to values exceeding the solidus 
where a highly viscous, relatively incompressible meltphase develops 
at grainboundaries, replacing the highly compressible and low 
viscosity supercritical water occurring in cracks and pores at temper
atures just below the solidus (Part I). To investigate whether the 
microstructural changes which were found to occur during deformation 
of partially-melted granite (Part I), are reflected by changes in
ultrasonically measured velocities.

Not all these goals have been reached, essentially due to failure 
to obtain reliable velocity measurements at temperatures higher than 500°C. 
The problem of the shift of the quartz a-ß transition temperature in granite 
has already been dealt with by measurement of the thermal expansion of
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granite and a model has been proposed to explain the magnitude of the 
observed shift (Part II). The Poisson ratio problem will be introduced 
in Section 12.4, and in the last section of this chapter I will comment 
on the expected effects of partial melting in granite on ultrasonically 
measured velocities. Chapter 13 gives a detailed description of the 
experimental assembly and a discussion of the measurement procedures, and 
some suggestions will be given for improvement of the assembly. The 
preliminary results obtained will be presented and discussed in the final 
chapter.

12.4 The Poisson ratio problem

The Poisson ratio V of an ideally elastic isotropic material 
is defined as the ratio of lateral extension to longitudinal shortening 
in a cylinder under uniaxial compression. Values of v may vary between 
-1 <i><0.5 for different elastic materials (Jaeger, 1969, p.57). Values 
close to 0.5 indicate that the uniaxial deformation of the material occurs 
at approximately constant volume, while lower values of V imply volumetric 
contraction. At V = 0 the volumetric strain equals the shortening strain 
and for V values close to -1 the elastic contraction is close to three 
times the shortening.

If it is assumed that crystalline rocks behave macroscopically as
ideally isotropic materials with respect to the small deformations
associated with the transmission of compressional and shear waves, then the
dynamic elastic paramters of the rocks may be obtained from concurrent
measurements of V and V :P s

* = p(y-iV) a)>
y = p v 2 (2),o

and, since v = (3 K -  2\i) /  (6K + 2y) :
V 2 V 2

V = [ (j£) - 2] / [ 20j£) - 2 ] (3),
s s

where K> y are the bulk modulus arid the shear modulus and p is the density 
of the rocks.

Nur and Simmons (1969) noticed that the Poisson ratio of dry
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granite containing cracks may be very low, or even slightly negative at 
low confining pressure, but that the application of confining pressure 
closes most cracks, whereby K  increases more rapidly than y, such that 
values of V between +0.25 and +0.30 are obtained at pressures exceeding 
50 MPa. The observation of Spencer and Nur (1976) on P- and S- wave 
velocities through dry granite at confining pressure indicate that V 
increases with increasing pressure, and that V increases with increasing 
temperature, more so at a confining pressure of 400 MPa than at 300 and 
200 MPa. The results obtained by Fielitz (1971, 1976) and Kern (in prep.) 
on the other hand indicate an opposite effect of temperature on V at a 
given confining pressure in quartz-bearing rocks such as quartzite, 
granite and granulite (see Figure 14.9-c). Kern (in prep.) showed that 
V in quartzite at 200 MPa decreases from 0.12 at room temperature to 
-0.16 at the quartz a-3 transition temperature, beyond which it increases 
rapidly to +0.21 over 50°C. A much smaller decrease in V f from 0.21 at 
room temperature to 0.16 at the a-3 transition temperature of quartz was 
observed by Kern (in prep.) for granite and granulite. These results were 
already known from the experimental work of Fielitz (1971, 1976), who 
also showed the changes in P- and S- velocity with temperature in quartzite 
at 200 MPa to be in excellent agreement with the prediction of a Voigt- 
Reuss-Hill average calculated from the known changes in the elastic 
parameters of single crystals of quartz at 1 atmosphere. Fielitz' 
model calculation for V and V in quartzite would indicate a decrease in V

P s
from 0.12 at room temperature to -0.14 at the a-3 transition followed by 
a rapid increase to high positive values at higher temperatures.

Knowledge of V in granite as a function of pressure and temperature 
is of importance for the interpretation of the structure of the earth's 
crust, in particular for the interpretation of crustal low velocity layers 
(e.g, Fielitz, 1971, 1976; Spencer and Nur, 1976; Kern, in prep.)). The 
discrepancy between the experimental results obtained in a gas apparatus 
and those obtained in a cubic press apparatus therefore warrants further 
investigation of the problem.

12.5 The effect of partial melting in granite on ultrasonically determined 
velocities
Although.no measurements of or V^ were obtained in the present 

study at temperatures high enough to cause partial melting in the granite,
I will include some comments on the effects which may be expected.
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It is noticed that granite :Ls not an ideal material to study 
the effect of partial melting on P- and S- velocities. The results of 
Fielitz and Kern discussed earlier indicate that large changes in velocity, 
particularly in V , may be expected at temperatures in the vicinity of 
the quartz a-3 transition. In granite at 300 MPa this transition occurs 
between 750°C and 800°C (Part II); any effects due to melting at 
temperatures exceeding the solidus of the system granite plus water, 
which is 670°C at 300 MPa (Part I), will therefore be superposed on those 
changes related to the quartz a-ß transition and may be difficult to 
separate from them.

Upon melting in the system granite plus water, a highly compress
ible, low viscosity hydrous porephase is replaced by a relatively 
incompressible high viscosity melt at grainboundaries (Part I). Apart 
from effects of temperature on the elasticity of the matrix minerals, 
substantial changes may therefore be expected to be associated with the 
change in porefluid when the solidus temperature is exceeded. A self- 
consistent theoretical model for the viscoelastic properties of an isotropic, 
fluid-saturated cracked solid has been developed by O'Connell and Budiansky 
(1977). In principle this model enables calculation of the effect of the 
melting reaction in granite plus water on the velocity and attenuation of 
P- and S- waves.

Because of uncertainties in some of the input parameters for the
(jcalculation, particularly for the aspect ratios (—) and the crack densities 

e, I will not include a detailed calculation of the expected effects of 
melting on P- and S- waves according to the model. All essential arguments 
leading to the following conclusions are presented by O'Connell and 
Budiansky (1977). For an ultrasonic frequency of 106 Hz it may be 
expected that melting in the system granite plus water leads to:

1. A change in the possible relaxation mechanism from fluid flow between 
cracks in the presence of water, to viscous relaxation in cracks in 
the presence of melt, or, depending on the average aspect ratio of 
the melted grainboundaries, to a situation where relaxation is no 
longer possible. In the latter case the effective elastic properties 
of granite plus melt would be almost indistinguishable from those for a 
crack free granite ("glued case" of O'Connell and Budiansky).

Such changes in relaxation mechanism would increase both V and V .
p s

2.
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3. If granite plus melt corresponds to the "glued case", a marked
improvement in the quality of the received signals for both P- and 
S- waves may be expected since the attenuation in the specimen will 
decrease upon melting. Dissipation of energy due to flow of water 
from one crack to another will occur at ultrasonic frequencies, but 
in the "glued case" no energy can be lost in deforming the melt.
In the latter situation meltfilms are essentially not noticed by high 
frequency waves. Changes in meltfilm configuration, associated with 
the static deformation of partially-melted granite (Part 1) , will 
then not be reflected by changes in ultrasoncially determined V and
V .s

Finally, it should be noticed that these conclusions only apply 
for ultrasonic frequencies (w ~ 1 MHz). At the frequency of seismic waves 
(w ~ 1 Hz) or during quasistatic elastic deformation (w << 1 Hz) the 
effective elastic moduli of a partially-melted material will be rather 
lower than those measured with the ultrasonic method. As has been pointed 
out by many authors (e.g. O’Connell and Budiansky, 1977; Zener, 1948) 
relaxation mechanisms in viscoelastic materials may be inhibited during 
high frequency deformations and become operative at longer periods.
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Chapter 13

EXPERIMENTAL ASPECTS

13.1 Introduction

In this chapter I will describe the specimen preparation, the 
assembly and the experimental techniques used to obtain velocity measure
ments of P- and S- waves through cores of finegrained granite in the 
high-pressure, high-temperature apparatus built by Paterson (1970, 1977).
A special wide-bore furnace with a 24 mm diameter working space was 
designed by Dr. M.S. Paterson to accommodate the specimen assembly.
The design of the arrangement is such that eventually measurements of 
ultrasonic wave velocities can be made in three mutually perpendicular 
directions under conditions of hydrostatic and non-hydrostatic stress.
Apart from two trial runs, these possibilities have not yet been explored, 
all experiments described will be for an axial transducer arrangement and 
for hydrostatic pressures.

13.2 Specimen preparation

The specimen material used is Delegate aplite, the fine grained 
granitic rock described earlier in this thesis (Chapter 3). The ends of 
cylindrical cores of 15 mm diameter and 20 mm length were ground and polished 
to within 0.02 mm of parallelism. The specimens were then dried for at least 
24 hours in a dessicator at 110°C, before they were sealed in thin walled 
(0.25 mm) copper jackets with molybdenum endpieces and rings (Figure 13.1 
and 13.2). In all wet experiments described, 0.7 weight percent of water 
(1.8 volume percent at ambient conditions) was added to the specimens with 
the following procedure. The dried specimens were immersed in water over
night following evacuation to 10-2- 10-3 torr as described in Section 3.7.2. 
Between 0.3 and 0.4 weight percent water could be introduced into the 
specimen in this fashion, indicating between 0.7 and 1.0 volume percent 
initial accessible porosity. These values are in good agreement with the 
0.8 percent accessible porosity obtained by the same method on smaller 
specimens (Table 3.1). Extra water was added with a micropipette prior to- 
sealing to make the total amount of added water 0.7 weight percent in all 
cases. Assembled specimens were weighed before and after each run to check 
for leaks and loss of water.
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13.3 Assembly

Photographs of the piston and the assembly are shown in Figures 
13.1-a and b. Many aspects of this arrangement arc specific to the gas 
apparatus used and need not be described fully here. Three main elements 
may be discerned on the photographs: the specimen assembly proper, the
steel piston and the alumina piston-extension which is partly covered here 
by a spring, a plug and a pyrophyllite sleeve, which are used to minimize 
gas convection in the apparatus at high temperatures. The specimen is 
situated between the molybdenum sealing rings and the transducers are 
located inside the transducer housings on the other side of these rings. 
Care has been taken to ensure insulation and shielding of the transducer 
leads; all metal parts of the assembly except the inner wires of the 
transducer leads and their connections are earthed.

The transducers are gold plated lithium niobate crystals (LiNbC^), 
36° rotated Y-cut for compressional mode, and 41° rotated X-cut for shear 
mode generation and reception. The gas confining medium can enter the 
transducer housing, and the LiNb03 crystals therefore operate under 
conditions of high temperature and pressure, and an oxygen fugacity 
determined by the presence of molybdenum and other metal parts in the 
assembly and by impurities such as carbon which occur in the gas.

A detailed drawing of the specimen assembly proper is presented 
in Figure 13.2. The upper half of this figure shows how the assembly is 
attached to a hollow steel rod which provides a mechanical and electrical 
connection with the piston (not shown in the figure) through the alumina 
piston-extension. In the case of triaxial experiments the whole assembly 
may be advanced onto the alumina anvil, but for hydrostatic experiments 
it hangs on the piston, -1-2 mm above the anvil. Transducer-housing, 
location ring and specimen are held together with a simple system of two 
studs and nuts. The same system is used to attach the lower transducer 
housing to the specimen but this is not shown in the cross-section at 
90° in the lower half of the diagram. Here it may be seen how the coaxial 
transducer cable (1 mm outer diameter, copper inner wire, insulated with 
MgO powder and sheathed with steel; Sodern, France), is brought into the • 
transducer housing through a small steel block fitting into a slot in the 
wall of the housing. The active wire of the transducer lead is held 
against the transducer with a mammiform alumina insulator, the nipple of 
which fits into a central hole of a cusp-shaped molybdenum spring seated
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Figure 13.1-a,b. Piston and specimen assembly for velocity
measurements.
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Figure 13.2

1.
2 .
3.
4.
5.
6.
7.
8 .
9.
10.
11.
12.
13.
14.

15.
16.
17.
18.

Specimen assembly. The upper half of the diagram 
shows the connection of the specimen assembly to the 
piston extension, and the nut and stud system with 
which the transducer housing is attached to the 
endpieces. The lower half of the diagram (at 90°) 
shows how the transducer leads are brought into the 
transducer housing and pushed against the trans
ducers with a spring. The following features may 
be recognized.
Specimen (15 mm diameter, 20 mm length).
Cu-j acket.
Mo-endpiece.
Mo-sealing ring.
LiNb0 3 transducer.
Mo-location ring for transducers.
Mo-housing for transducers.
Stud.
Nut.
Mo-connector piece.
Hollow steel rod linking up with piston.
AI2 O3- piston extension.
Platinum-, platinum-rhodium thermocouples.
Coaxial transducer lead (steel sheathed, MgO- 
insulated copper wire, 1 mm outer diameter).
Steel block to fit in slot in transducer housing. 
Bonding medium, silver paint.
AI2 O 3 insulator.
Mo-spring, cusp shaped.

19. AI2 O3 - anvil.
20. Furnace wall.
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on a ledge in the transducer housing. This spring is compressed when the 
nut and stud connection is tightened, ensuring at the same time that the 
transducers are pushed against the endpieces to aid the bonding medium 
(silver paint,Dupont Conductor Composition 4929).

Temperature is measured with the aid of two platinum, platinum- 
13 percent rhodium thermocouples positioned respectively 19 and 29 mm 
above the top of the specimen within the hollow steel rod. The temperature 
of these thermocouples, and the furnace settings required for a given 
constant temperature over the whole length of the specimen were calibrated 
with a hollow dummy specimen and a sliding thermocouple arrangement 
(see also Chapter 2.4). The low-pressure end of the thermocouples may be 
seen to emerge from the piston in Figure 13.1-a. It is estimated that the 
temperatures recorded in this part of the thesis are precise to within 15°C 
over the volume of the specimen.

13.4 The pulse transmission method

A detailed description of the method used in the present 
experiments has been given by Liebermann et dl. (1974). The system is 
shown schematically in Figure 13.3. Application of an electrical pulse 
to one of the piezoelectric transducers results in propagation through 
the sample of an acoustic pulse which is reconverted to an electrical signal 
by the receiving transducer. Simultaneous display of the applied pulse 
and the received signal (typically a few hundreths to a few tenths of a 
volt in amplitude) on an oscilloscope with a calibrated time base facilitates 
measurement of the total travel time of the acoustic pulse through the sample 
and the two endpieces. A negligibly small correction (- 0.05 y sec) to the 
observed travel time is required to allow for electronic delays arising from 
the use of considerable lengths (-10 m) of 50 Ohm (5 nsec m“1) coaxial cable.

13.5 LiNb03 transducers

The practical use of LiNbÜ3 tranducers is restricted to lower
temperatures than the Curie temperature of ~1200°C. Increased conductivity
of the crystals at high temperatures and low partial oxygen pressure (Pn )02
results in less electrical energy being converted into compressional or 
shear mode waves at the generating transducer and less mechanical energy 
being converted into electrical signals at the receiving transducer. The 
results of Jorgensen and Bartlett (1969) for the temperature dependence of
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Figure 13.3 The time of flight system.
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conductivity in LiNbÜ3 are given for various gaseous environments in
Figure 13.4. Conductivity values may be converted to resistances for
the P- and S- transducers used in the present study by referring to the
axes on the right hand-side of the figure.^" From the results of
Jorgensen and Bartlett for argon, it was initially expected that velocity
measurements could be made in the present gas apparatus at temperatures
well above 600°C. A simple experiment at ambient conditions through a
20 mm long granite core, with 1000 Ohm resistors in parallel with the
gold-plated faces of P-wave transducers to simulate electrical leakage
at 900°C showed that a satisfactory signal could be obtained. It was
found in the present experiments that the delayed signal becomes
unrecognisable against the background noise if the transducer resistance
decreases to ~100 Ohm. However, such values are reached at much lower
temperatures (500°C - 700°C) in argon gas in the apparatus, than might
be expected from the literature. The experimental results in Figure 13.4
indicate that the pressure medium has a P more similar to that of02
10C0/90C02 than that of argon as measured by Jorgensen and Bartlett. 
Extrapolation of their results (op.cit., Figure 4) to the lower temperatures

_on __ o nfor the present experiments suggests P values as low as 10 to 10 .Ü2
The Pn of the commercial grade argon pressure medium is unlikely to be 

°2 - f tmuch less than 10 . This discrepancy is attributed to the presence of
reducing agents in the furnace environment in the form of molybdenum and 

2carbon. The loss of resistivity of the transducers at high temperatures 
was found to be independent of confining pressure, and could not be 
completely reversed by decreasing the temperature at the end of a run. The 
velocity measurements to the highest temperature reported (700°C) were made 
with crystals used for the first time. After runs to high temperature, 
transducers had a black discolouring throughout, which could be removed 
by heating the transducers in air at 600°C for a few hours, and part of the 
lost resistivity could also be recovered in this fashion. These effects 
suggest that carbon may have entered the crystal structure of LiNbC^. 
Alternatively, it is possible that the oxidation state of the transition 
metal Nb decreases locally inside the crystal, for instance through the

where R is resistance, C is conductivity, l is the height of the
transducer and A its area. The offset between the axes for 1MHz P- and
S- transducers is caused by a difference in height.

A thin precipitate of carbon is often found on the specimen assembly 
(footnote continued on following page.)
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Figure 13.4 The conductivity of LiNbC^ as a function of tempera
ture in various gaseous environments (after Jorgensen 
and Bartlett, 1969), and in the high pressure medium 
in the present apparatus. The resistance of P- and 
S- wave transducers may be read from the scales on 
the right-hand side of the diagram. The offset 
between the two scales is caused by differences in 
the height of P- and S- transducers.
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reactions
2LiNb03 + C X 2LiNb02 + C02

3LiNbÜ3 + Mo + 3LiNb02 + M0O3

13.6 V and measurements through molybdenum and granite

The travel times for P- and S- waves through specimens of granite 
were obtained from the total time of flight recorded on the oscilloscope by 
subtracting the delay time in the endpieces. The endpiece correction was 
obtained from separate calibration runs on a 32 mm long, unjacketed molyb
denum dummy. In Figure 13.5 the observed V and V values over the temper-

P s
ature interval 20°C - 600°C at 300 MPa are compared with the Voigt and Reuss
averages as calculated from single crystal data, for the compliances of
molybdenum (Hearmon, 1969). The "molybdenum" used for parts in the present
experiments is not 100 percent pure, but an alloy with 0.5 percent Ti, 0.15%
C and 0.08 percent Zr(TZM). V is seen to follow the model calculations
closely to 400°C beyond which it decreases more rapidly; the constant
difference between the observed and calculated V values could suggest as
systematic reading error. For all temperatures the differences with the 
models are less than 3 percent. It is not known to what degree the dis
crepancies are caused by differences in grade of molybdenum, by experimental 
error, or by differences between elastic wave propagation in the real poly
crystal and the assumptions of the model calculations. From the observed 
values the total delay time in the two endpieces (together 12 mm in length) 
is found to increase from 1.89 ysec to 1.95 ysec for P-waves between 20°C 
and 600°C and from 3.53 to 3.68 ysec for S-waves over the same temperature 
interval. These changes compare with the errors made in reading the total 
time of flight from the oscilloscope screen. Although small errors have 
thereby been introduced, I have used the same endpiece correction of 1.9 
ysec for P-, and 3.6 ysec for S-waves for all temperatures. Similarly, the
0.05 ysec correction for delay in the coaxial cables (Section 13.4) has
been omitted, and no correction has been made for the length changes in the

after runs to temperature exceeding 400°C. The 0-rings used for pressure 
sealing in the top of the furnace and specimen assembly are the most likely 
source for carbon. A further improvement in design could reduce the temper
ature at the sealing rings, thereby preventing carbon releasing reactions. 
Alternatively a chemical buffering method may be attempted to control the
P value of the pressure medium close to the transducers, so that velocity 02
measurements at higher temperatures may be made in the present apparatus.



Figure 13.5-a, b. P- and S- wave velocities through molybdenum- 
alloy (TZM) as a function of temperature. The 
observations are compared with the Voigt and Reuss 
averages as calculated from single crystal data for 
pure molybdenum (Hearmon, 1969).
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specimen with pressure and temperature. The measurements oi compression 
and of thermal expansion at confining pressure of the specimen material 
(part II, Chapter 9) indicate that length changes are less than 1 percent of 
the original length over the pressure and temperature intervals studied.

An example of a P-wave signal is given in Figure 13.6-a. The 
lower signal is the initial pulse. The delayed signal is characterized by 
an initial period of 1.8 ysec of noise which is due to leakage despite the 
precautions taken to insulate and shield transducer leads in the system as 
much as possible. The first pulse of the delayed signal typically curves 
into a straight limb. I have adopted the practice of reading the travel time 
at the intersection of this straight limb with the abscissa. Travel times in 
such a figure can be read to within 0.05 ysec for good quality signals obtained 
at confining pressure and moderate temperature and to within 0.1 ysec for more 
diffuse signals at low confining pressure or high temperature. The difficulties 
encountered with S-wave signals are illustrated in Figure 13.6-b. Again there 
is leakage of the input signal, strongly recorded in the first 2 ysec and then 
leakage decays in a wavy form towards 8 ysec. The pulse generated by S-trans- 
ducers has a weak P- component and conversion of S- to P-waves may occur at 
interfaces. From separate measurements of P-wave velocities at 100 MPa and 
high temperatures (Figure 14.3) it is expected that the first P-arrival will 
be around 6.7 ysec. Commonly the first P-arrival has a lower amplitude than 
subsequent arrivals (Figure 13.6-a), and in Figure 13.6-b, P-wave signals 
become only clearly visible at 7.6 ysec, which may also be partly due to 
interference with the leakage. The first S-wave arrival is read at the inter
section of the first strong signal with the abscissa (arrow in the figure). 
Interference patterns prior to this S-pulse change with pressure and temperature 
as the amplitude and velocity of P-waves vary markedly with these parameters, 
while the S-signal experiences relatively small changes only. The factors 
outlined above indicate that for the short specimen length (20 mm), P- and 
S- components of the delayed pulse are insufficiently separated to make highly
accurate measurements of V . Precision could be improved upon if longers
specimens are used. Measurements were made consistently according to the 
methods described, it is estimated that absolute accuracy of the P- and S-wave 
velocities in the following chapter are not better than within ~3 percent, 
but small relative changes of ~1 percent in velocity are readily detected with 
the present arrangement.



Figure 13.6 Examples of P- and S- wave signals as displayed 
on the oscilloscope screen, drawn after photographs.

a. Signal for a P- wave through dry granite at 300 MPa 
and 370°C. The lower signal is the attennuated input 
signal (compare Figure 13.3).

b. Signal for an S- wave through dry granite at 100 MPa 
and 550°C. The first S- arrival is picked at
the arrow.
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The quality of P-wave signals for specimens with added water was
notably better than for dry ones at low confining pressures, and about the
same at pressure and temperature. In the case of S-waves the conversion
of S- to P- components is stronger with added water than in the dry case.
Experiments have been performed with S-transducers at 100, 200 and 300 MPa,
but interference of P- and S- components and leakage in the delayed signal
was such that reliable V measurements could not be made. The uncertains
results I have obtained would indicate absolute V values equal to thoses
in the dry case, and no marked change in V with increasing pressure.

s
Again, improvement could be obtained by increasing the specimen length.
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Chapter 14
PRELIMINARY RESULTS AND DISCUSSION

14.1 Introduction

All of the measurements described in this chapter were obtained
from runs on virgin cores of granite. Compressional - (7 ) and shear wave
(V ) velocities were determined during compression at room temperature, 
s

followed by measurements at constant pressure and increasing temperature. 
From the discussion in this chapter, it will be clear that measurements 
also have to be performed after an initial cycle to high temperature, to 
make direct comparison with observations of other workers possible. A 
few duplicate experiments reveal similar variations in V although the 
absolute values were found to vary somewhat (±2 percent of the average) at 
confining pressures above 25 MPa, but for lower pressures the differences 
were as large as ±3.5 percent of the average. The spread about the 
average has been indicated by bars in Figures 14.1 and 14.2. These 
differences reflect experimental uncertainties (Chapter 13.6) and perhaps 
a degree of specimen variability. Most results however are for individual 
runs, curves connecting data points have been fitted by eye.

14.2 Effect of compression at room temperature on and V^

The effect of increasing confining pressure to 300 MPa at
room temperature on V for both dry and wet specimens of granite is shown
in Figure 14.1. The dry results are in good agreement with previously
reported values of V' in granite (e.g. Nur and Simmons, 1969; Kern, 1978)
The rapid increase in V over the first 100 MPa is ascribed to crackP
closure as discussed in Part II, Chapter 9. The initial increase in the 
wet case reflects perhaps the closure of some inaccessible cracks, but it 
seems more likely that complete saturation at atmospheric pressure has not 
been achieved by the specimen preparation method employed (Chapter 13.2). 
However, the application of pressure onto the jacket forces the extra water, 
which was added with a micropipette to the outside of the specimen, into 
any remaining accessible pore space, thereby achieving complete saturation • 
at confining pressures above 25 MPa. Pore pressure is equal to confining 
pressure in the wet experiments. After the runs,free water was found inside 
the jacket on the surface of the specimens. The 0.7 weight percent added 
water is in excess of the amount that can enter accessible pore space, in
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Figure 14.1 V in wet and dry granite during room temperature
tr

compression to 300 MPa. The represented results 
for dry specimens are the average of 5 runs. The 
spread between these runs is largest for low 
confining pressures as indicated by bars.

Figure 14.2 ^  in dry granite during room temperature compressions
between 50 and 300 MPa. The signal quality for lower 
pressures was insufficient to make reliable measure
ments .
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agreement with the results of Chapter 3.

At low confining pressure, saturation with water increases V
P

appreciably (Figure 14.1), but at higher confining pressures (> 100 MPa),
V is found to be less than in the dry case, for example by 3.5 percent 
at 300 MPa. Nur and Simmons (1969) found a larger difference of 10 percent 
between V in dry and V in wet Casco granite for conditions of equal 
pore pressure and confining pressure above 100 MPa. Such discrepancy between 
experimental results is likely to be caused by differences in the starting 
materials, particularly by differences in the pore geometry.

Reliable measurements of Vn could be obtained only on dry 
specimens of granite (see also Chapter 13.6). The results in Figure 14.2 
indicate that V^ is less sensitive to confining pressure than V' over the 
pressure interval studied, where it increases almost linearly. Simmons 
(1964) and Nur and Simmons (1969) demonstrated a large, non-linear increase
in V through dry granite over the first 100 MPa pressure, comparable to thes
change observed in V . Theoretical models for the effects of cracks on the

P
shear modulus also predict a large effect of crack closure in dry materials 
on Vo (e.g. O’Connell and Budiansky, 1974; see also Section 14.5.1). Such 
changes at low pressure could not be detected in the present experiments 
because of interference problems and the low amplitude of the first S- 
arrival at pressures less than ~50 MPa.

14.3 Effect of temperature and pressure on V and in dry specimens

The changes in V and V through cores of dry granite at 100,
P s

200 and 300 MPa, over the temperature range 20°C - 500°C are shown in 
Figure 14.3 and 14.4 respectively. In two experiments higher temperatures 
were reached with new transducers (see Chapter 13.5). The experiment for 
V at 200 MPa failed at low temperature: accordingly displayed results for
200 MPa have been derived by interpolation of results for 100 and 300 MPa 
as shown by the dashed line in the figure.

At constant confining pressure dV^/dT in dry granite increases 
towards higher temperatures; for a given temperature above 200°C dV^/dT 
is seen to be largest for the lowest confining pressure. Qualitatively 
these results agree fully with those of Kern (1978) for granite and granulite,
but there are differences in the absolute values of V and dV /dT for any

P P
given pressure and temperature. The variation between the two data sets may 
reflect differences in composition and pore geometries of the respective
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Figure 14.3 The dependence of V in dry granite on temperature 
for 100, 200 and 300 MPa. The black symbols for 
300 MPa represent the average of 5 experiments, the 
spread between these runs is indicated by a bar.
All other data for individual runs. The dashed 
curve for 200 MPa has been interpolated.

Figure 14.4 The dependence of V in dry granite on temperatures
for 100, 200 and 300 MPa. Notice the small tempera
ture and pressure sensitivity up to 350°C, beyond
that temperature, V for 100 MPa decreases rapidlys
to reach a minimum at 660°C which is associated 
with the a-3 transition of quartz in granite at this
pressure.
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starting materials, differences in experimental error, as wc.1.1 ns differences 
in the experimental procedure. Discussion of the latter factor is postponed 
to Section 14.5.2.

S-wave velocities in dry granite are seen to be relatively
insensitive to pressure, and to decrease by only a minor amount between 20°C
and 350°C. Beyond that temperature a marked effect is noted for at 100
MPa, but not for 200 and 300 MPa over the intervals studied. The quality
of the signals in the 100 MPa run was good up to 600°C (Figure 13.6-b) -
beyond that temperature the signal deteriorated. The measurements performed
show an increase in V above ~660°C, placing the quartz a-B transitions
temperature in granite at 100 MPa at about that value. This result is in 
excellent agreement with that obtained from thermal expansion experiments 
(Chapter 9), and that from ultrasonic V measurements at the same pressure

L

(Kern, 1978, in prep.). Kern (in prep.) also studied the change in V 
through granite at 200 MPa and reports a small decrease from 3.50 km sec-1 
at 20°C to 3.41 km sec-1 at 500°C, followed by a marked drop to 3.16 km sec-1 
at ~660°C.

14.4 Effect of saturation with water on V at pressure and temperature

The results for V through specimens with 0.7 weight percent 
added water at 100 and 300 MPa are compared in Figure 14.5 with those for 
V through dry granite as obtained from Figure 14.3. First consider the 
difference between the wet results at 100 and 300 MPa. At both pressures 
the Terzaghi effective confining pressure on the aggregate is equal to zero
(P _. . - P =0). Over the temperature interval 20°C - 300°C thev confining pore
a-ß transition temperature of quartz in granite is sufficiently far away to 
make the influence on the elastic compliances and the thermal expansion of 
the constituent minerals by the pressure difference negligible. This 
argument and the measurements of compression and thermal expansion of wet 
granite (Figure 9.1-a and 9.5), indicate that the elastic properties of the 
constituent minerals, as well as the porosities in wet granite cannot be 
very different between 20°C and 300°C for pressures of 100 and 300 MPa (a 
small difference may arise from inaccessible pores being more closed at 
high than at low pressure). It is concluded therefore that the differences 
in V through wet granite between 20°C and 300°C at 100 and 300 MPa are 
essentially controlled by changes in the compressibility of the water in the 
accessible pores. This conclusion is supported by Figure 14.6-a,b, where 
the ratio of V in wet rocks to V in dry rocks is compared with the com-
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Figure 14.5 Comp a r i s o n  of the d e p e ndence of on temperature

in wet and dry granite at 100 and 300 MPa. The

dry results are from Figure 14.3. It is not k n own

w h e t h e r  the increase in V b e t w e e n  100°C and 200°C
P

for 300 M P a  in wet granite is reproducible.

Figure 14.6 Comp a r i s o n  of the effect of w a ter on V in granite 
at pressure and temperature w i t h  the c o m p r e s s i b i l i t y  
of w a ter under the same conditions.

a. The ratio of V in wet spec i m e n s  over V in dry 
P P

specimens as obtained from Figure 14.5

b. The c o m p r e s s i b i l i t y  of w a t e r  c a l culated from 
P-V-T data of Bur n h a m  et at. (1969).

NOTE: A  similar corr e s p o n d e n c e  is obtained if the
dry wetdiff e r e n c e  of V and V is compared w i t h  the

P P
c o m p r e s s i b i l i t y  of water.
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prcssibility of water at pressure and temperature as calculated from the 
P.V.T. data for water (Burnham et at. , 1969).

The differences between V̂  in wet and dry granite for a given 
temperature and pressure are caused by the presence of a compressible pore 
phase, as well as by differences in porosity. The latter factor is borne 
out by the thermal expansion measurements of Part II, where it was shown 
that the porosity is higher in the wet than in the dry cases (Chapter 9.4.4). 
Finally, it should be pointed out that there is no marked kink in the In
curves at 300 MPa below 700°C in Figure 14.5, indicating that the quartz 
a-3 transition must occur at a higher temperature in both the dry and the 
wet specimens. The velocity measurements therefore lend support to earlier 
conclusions about the quartz a-ß transition shift in wet and dry granite 
(Chapter 9.4.4 and Chapter 11.3.3).

14.5 The dynamic elastic parameters of dry granite at high pressure and
temperature

Assuming isotropic elastic behaviour with respect to the small 
deformations associated with the transmission of ultrasonically generated 
pulses one can calculate the dynamic elastic parameters of granite from a 
knowledge of V , V̂  and density (Chapter 12.4). Values for the bulk modulus 
(K), the shear modulus (y) and the Poisson ratio (v) are presented in Figures 
14.7-a, b and 14.9-a, b for dry granite at confining pressures of 100, 200 
and 300 MPa and between 20°C and 500°C. Other elastic parameters may be 
calculated from any two of K3 y., V (e.g. Jaeger, 1969, p. 57). Over the 
temperature pressure range of interest here, the specimen volume differs less 
than 2 percent from that at ambient conditions (Chapter 9). A constant

_  odensity of 2.57 g cm (Chapter 3.7.1) has been used for all calculations.

14.5.1 Room temperature compression
The results for K , y and V during room temperature compression 

between 50 and 300 MPa are shown in Figure 14.7-a, b. The magnitudes of 
these elastic parameters, and their changes with pressure are in good 
agreement with previously published values (e.g. Birch, 1966).  ̂ The results 
of Nur and Simmons (1969) for the Poisson ratio of three different granites

obtained from length changes in static compression (Figure 9.1-a) varies 
between 14 and 40 GPa, the values obtained here are seen to be appreciably 
higher for confined specimens. The discrepancy is attributed to differences 
in strain-magnitude during static compression and during the transmission of 
a compressional pulse (for further discussion, see Simmons and Brace, 1965).
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Figure 14.7-a-c. The dynamic elastic parameters of dry granite
during room temperature compression to 300 MPa. Also 
indicated are the Voigt, Reuss, and Voigt-Reuss-Hill 
averages calculated from single crystal data assuming 
no pressure sensitivity for the elasticity of the 
constituent minerals of granite over this small range 
in pressure. The bulk modulus and the shear modulus 
are indicated in Figure -a and the Poisson ratio in 
Figure -b. For comparison Nur and Simmons’ (1969) 
results for Poisson ratio in three different granites 
are shown in Figure -c.
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are shown in Figure 14.7-c for comparison.

The Voigt-, Reuss- and Voigt-Reuss-Hill averages for K , y and V
for hypothetical crackfree granite"*- are also shown in Figure 14.7. Despite
its lack of physical significance compared to other more advanced averaging
procedures (e.g. Watt et al. , 1976), I have taken the Voigt-Reuss-Hill average
as a reference for comparison of the experimental data. The bulk modulus of
the real material K increases non-linearly over the pressure interval studied
from 70 percent to 85 percent of Poisson's ratio V from 81 to 88 percent
of with a maximum of 89 percent at 200 MPa. The shear modulus yV KH
increases from 95 to 104 percent of y^^, the latter percentage pointing to
either experimental errors in the determination of y or to deficiencies in
the model calculation, because (trivially) the measured value cannot rise
above the highest possible value. These experimental results are compared

2with O'Connell and Budiansky's self-consistent model for the elasticity of 
cracked solids with open pores in Figure 14.8, which is drawn slightly 
modified after Figure 1 in O'Connell and Budiansky (1974). The measured

Voigt averages have been calculated assuming no pressure sensitivity over 
the range studied with the normal equations for a crackfree composite 
(Watt et al. , 1976) which consists of equal fractions of quartz, 
plagioclase and K-feldspar. The moduli for these different minerals 
were obtained by:
i. for quartz taking the average of the values for room temperature 

Voigt-polycrystal-modulus for quartz as given by Simmons and Wang 
(1971, p. 332).

ii. for plagioclase and K-feldspar taking the Voigt averages of the 
elasticity data for single crystals of oligoclase and microcline 
as tabulated by Birch (1966, p. 147). The same procedures and 
the same references have been used to calculate the Reuss averages.

>’The moduli of a cracked elastic material depend on porosity but may be 
the same for different porosities depending on the shape and the size 
of the pores. The quantity relating the modulus of the cracked solid 
to that of its uncracked counterpart is the crack density defined as:

e =
2N A 2
TT P >

where N is the number of cracks per unit volume, A the area of a crack 
and P its perimeter.
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Figure 14.8 Comparison of the Voigt-Reuss-Hill averages for
K, y and V with the observed values in terms of
the self-consistent model for the elasticity of
cracked solids with open pores of O'Connel and
Budiansky (1974, Figure 1). The present figure
is a slight modification, V = 0.31 has beenV RH
taken for the Poisson ratio of the matrix 
(compare Figure 14.7-b).
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differences for K and V between 50 and 300 MPa fall close to the model results 
for a crack density decrease from 0.10 to 0.05, the change in y is also 
consistent with the expected change over that interval in crack density, but 
the absolute values are too high as discussed earlier. Measurements of volume 
changes between 1 atmosphere and 300 MPa at room temperature (Chapter 9.4.1) 
indicate a decrease in total porosity from -2.3 percent at 1 atmosphere to ~1.8 
percent at 100 MPa, ~1.3 percent at 200 MPa and -1.0 percent at 300 MPa, that 
is a decrease from approximately 2.0 percent porosity at 50 MPa to 1.0 percent 
between 50 and 300 MPa. An impression of the changes in the average shape of 
cracks may be obtained by assuming that each crack has a penny shaped, flat 
ellipsoidal form. From the relationship between the porosity ([) and the crack 
density in the model, the change in the aspect ratio of the cracks may then 
be obtained from (O'Connell and Budiansky, 1974):

♦
[ 1 ] ,

where <—> is the average aspect ratio of the cracks, defined as thickness :
width. It is concluded that the average aspect ratio of the cracks remains
close to 5 x 10“2 during compression from 50 to 300 MPa. The K3 y and V
values at pressures below 50 MPa have not been determined, but extrapolation
of the present results to lower pressures and comparison with previously
published results (Nur and Simmons, 1969) would indicate that at 1 atmosphere
K < 20 GPa (corresponding to 32 percent of K ) and V < 0.15 (correspondingV RH
to 48 percent of V ). These estimates have been given by open symbols 
in Figure 14.8, they indicate that the crack density of the starting 
material must have been e > 0.3 which compares favourably with estimates of 
crack densities in other granites at ambient conditions (O'Connell and 
Budiansky, 1974). From the initial total porosity of ~2.3 percent it is 
therefore estimated from [1] that the average initial aspect ratio at 
ambient conditions is less than -1.8 x 10~2. Comparison of O'Connell and 
Budianski's model with the velocity measurements and the compressibility 
measurements of the present study therefore leads to the following conclusions:

1. Between 1 atmosphere and 50 MPa approximately 0.3 percent of porosity 
is removed which is associated with an increase in the average aspect 
ratio of the pores from less than ~1.8 x 10~2 to -5 x 10-2 and with
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large increases in the dynamic elastic moduli of granite and the 
velocity of ultrasonic waves through it. Cracks with the lowest 
aspect ratios (the flattest) are closed over this pressure interval 
causing a large change in the average aspect ratio for a relatively 
minor change in porosity.

2. Between 50 and 300 MPa the average aspect ratio of the cracks remains 
constant at ~5 x 10“2 while the porosity decreases by half from -2.0 
percent to ~1.0 percent of the total volume. This points to a 
progressive closure of cracks whereby the thickness and the width of 
the cracks are reduced simultaneously by the same factor. The 
associated changes in the properties of granite are large, non-linear 
increases in K and , smaller almost linear increases in y and , 
and non-linear increases in V in the manner shown in the figures. A 
progressive closure of cracks at constant crack-width would, according 
to the model, result in constant values for crack density, velocities 
and elastic moduli. The experiments clearly contradict such a possi
bility.

14.5.2 Temperature increase at confining pressure
The results for K, y and V at 100, 200 and 300 MPa between 20°C 

and 500°C are shown in Figure 14.9-a, b. From arguments presented in earlier 
sections, the following conclusions may be derived. The temperature and 
pressure sensitivity of the dynamic elastic moduli of dry granite in 
experiments depends on two factors. The first factor is the pressure and 
temperature sensitivity of the elastic parameters of the constituent 
minerals, particularly for quartz when the a-ß transition is being approached, 
resulting in decreasing values for K , y and V of the granite. This effect • 
is strongest for the run at 100 MPa where the a-ß transition temperature of 
quartz in granite (~650°C, Chapters 9 and 11 and Section 14.3) is most 
nearly approached. The second controlling factor is the state of micro
cracking of the material. Microcracks cannot be completely closed by the 
confining pressures considered, particularly not at the higher temperatures 
where differential thermal expansion of the constituent minerals tends to open 
cracks. This effect is again strongest for the run at 100 MPa, at 500°C.
A small increase in Poisson ratio for 300 MPa over the first 200°C is 
observed, which could possibly reflect the decrease in porosity over that 
temperature interval noted from the thermal expansion experiments (Chapter 
9.4.3). According to the model of O'Connell and Budiansky (1974), (Section
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Figure 14.9-a-c. The dynamic elastic parameters of dry granite as 
a function of temperature for 100, 200 and 300 MPa. 
The bulk modulus and the shear modulus are shown in 
Figure -a and the Poisson ratio in Figure -b.
K and V at 200 MPa depend on the interpolation for 
V at that pressure (Figure 14.3). For comparison 
the Poisson ratios of granite determined by Fielitz 
(1971, 1976), Spencer and Nur (1976) and Kern (in 
prep.) have been given in Figure -c.
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14.5.1), small changes In porosity should affect the moduli at 300 MTa 
(where total porosity is lowest), more than at 200 and 100 MPa. The 
Poisson ratio is not found to increase for the lower pressures.

The results of the present study for Poisson ratios are compared 
with the results of Fielitz (1971, 1976), Spencer and Nur (1976) and 
Kern (in prep.) in Figure 14.9-b and c. There is considerable discrepancy 
between the various data sets, both in the absolute values of V and in its 
variation with temperature (see also Chapter 12.4). Absolute differences 
are likely to be influenced by the starting materials and the experimental 
errors in these studies. The precision with which relative changes in V and 
V , and therefore in V have been determined, is sufficiently high however
O

for all studies to postulate that the observed discrepancies in the trend 
of V as a function of temperature are caused by differences in the experi
mental procedures. A long quote from Spencer and Nur (1976) may serve 
to clarify this conclusion:

"We wanted, to examine the joint effects of temperature 3 external 
confining pressure_, and internal pore water on sonic velocities 
in Westerly granite without the additional effects due to thermal 
micro cracking. We found that there are lange initial decreases 
in velocity during the first temperature cycle, which probably 
reflect thermal loosening at grainboundaries and the possible 
creation of new cracks. However, the velocities decrease little 
during subsequent, identical cycles, suggesting that there are only 
small increments of thermal damage after the first cycle. Following 
this observation, we adopted the practice of initially cycling each 
sample to the anticipated peak temperature, while at the lowest 
confining pressure, and proceeding with the tests on the operational 
assumption that subsequent thermal stress would have only minor 
effects on sonic velocities. "

All results reported in the present study are for specimens compressed and
heated for the first time. Fielitz (1971, p. 951) also cycled to the
highest temperature first to obtain reversibility, Kern (priv. comm., 1979)
on the other hand used the same experimental procedure as followed by the •
author. Heating a specimen of crystalline rock at moderate confining pressure
causes an increase in porosity, which is not completely reversed upon
subsequent cooling at the same pressure. The reversibility of the V and Vp s
measurements of Fielitz and Spencer and Nur indicate that porosity changes
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in subsequent beating cycles nre reversible. Since the clnstic moduli 
of the constituent minerals of granite decrease with increasing temperature 
it is concluded that porosity decreased, upon heating in the experiments of 
Spencer and Nur (1976) , possibly by reclosing cracks formed by differential 
thermal contraction during cooling after the first heating cycle. The same 
effect is thought to operate in the experiments of Fielitz. It is not 
known what causes the difference between his results obtained in a cubic 
anvil apparatus and those of Spencer and Nur obtained in a gas apparatus.
The results of Fielitz at 420 MPa (Figure 14.9-c) compare favourable with 
the 300 MPa data of the present study (Figure 14.9-b).

14.6 Concluding remarks
To determine the applicability of the results to the problems

of elastic wave transmission through the earth's crust it is mandatory that
a complete understanding of the data is obtained in terms of known changes
in the elastic properties of the constituent minerals and the known changes
in porosity of granite during the experiments. Care has been taken in the
previous sections to interpret the observed changes in V 3 V 3 K3 y and V

P sin terms of these parameters as obtained from the thermal expansion measure
ments of Part II and known single crystal data. It is for this reason that 
I have preferred to measure velocity changes on specimens compressed and 
heated for the first time, rather than follow the initial heating cycle 
procedure adopted by other authors, because the changes in porosity with 
temperature at confining pressure in subsequent cycles have not been deter
mined .

Four factors make application of the experimental results for
V and V through granite at high pressure and temperature to the inter-
P spretation of seismic velocity profiles through the crust difficult. They 
will be discussed in turn below.
1. Crack porosity in experiments. As discussed previously in Chapter 

11.4, it is expected that - in the absence of a pore fluid - cracks 
will be closed in crustal rocks remaining at pressure and temperature 
for geological periods of time. In Part II it has been shown that 
the confining pressures of the experiments are insufficient to close 
all cracks in the specimen material, particularly at high temperatures. 
In this part of the thesis it has been shown that P- and S- wave 
velocities are sensitive to changes in the porosity, and that the
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cracks cause the measured values of V and V to be lower than
p s

expected for a crack free granite.

2. The quartz a-3 shift in experiments. Those unrelaxed elastic stress
inhomogeneities which allow cracks to be open in granite under
experimental conditions of high pressure and temperature, also cause
the temperature of the a-3 transition of quartz in granite to be
"shifted" to higher values than for single crystals of quarts at the
same confining pressure (Part II). For a given temperature and
pressure (within the a-field of single crystals of quartz) the
shift causes the values for V' and V^ to be higher than they would
be in the absence of such an effect. The effects of cracking and
the quartz a-3 shift are therefore opposite and it may not be
concluded a priori whether the observed velocities are upper or
lower limits for the velocities of seismic waves through dry granitic
crust at the same pressure and temperature conditions. An argument
presented in Chapter 11.4 would indicate that the effect of cracking
in experiments dominates and that therefore the observed V and V

p s
values represent lower bounds.

3. Geothermal gradients in nature. In order to interpret seismic 
measurements of crustal P- and S- wave velocities, in terms of the 
experimental results, it is necessary that the geothermal gradient 
in the area is known, which is often not the case. Gradients range 
from 6°C km-1  ̂ for very low grade, high pressure metamorphic areas 
to 100°C km-1 for areas with shallow contact metamorphism (Winkler, 
1974). For stable continental shields the gradient ranges between 
15°C and 25°C km-1. By judicious choice of geothermal gradient one 
can explain constancy of velocities or velocity increases or decreases 
with depth in terms of the experimental data. Alternatively, if 
elasticity data for the constituent minerals of granite were available 
over the relevant pressure and temperature range, Voigt's model,
Reuss' model and more sophisticated averaging procedures (Watt et at. , 
1976) could be used to place bounds on the dependance of V and

"^Approximately 26 MPa increase in lithostatic pressure is associated with 
1 km increase in depth in the crust.
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through dry crack free granite at pressure and temperature. Observed 
seismic velocity profiles could then constrain the possible geothermal 
gradient of an area. There is however, a last factor which makes 
such an application difficult.

(4) Composition of the crust. Although dominant, granite and its gneissic 
counterparts are not the only rock types of the upper half of the 
continental crust. Sediments as well as basic igneous and metamorphic 
rocks, each with their own dependance of and V n on pressure and 
temperature (e . g . Fielitz, 1971, 1976) affect the observed velocities 
of seismic P- and S- waves through the crust.

The dynamic elastic behaviour of natural granite has been studied 
experimentally over a wide range of temperature and pressure, and the 
observed changes are fairly well understood in terms of variations of 
independently known physical parameters. The need for temperature and 
pressure derivatives of the elastic parameters and thermal expansion 
coefficients of the constituent minerals of granite has become clear in this 
study. Particularly for quartz, these properties have to be determined for 
simultaneous high pressure and temperature. Such measurements may readily 
be made on oriented cores of single crystals of quartz in the present 
apparatus.
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Appendix 1

EXPULSION OF MELT FROM BETWEEN TWO CYLINDERS

Consider a cylindrical element consisting of two rigid cylinders 
of radius R with a melt film in between them (Figure A.1.1). This element 
is shortened in the z direction at a constant strainrate e by pushing out 
the melt film with viscosity q and thickness h. For a total initial 
length of 2R the approach velocity V is given by:

V = 2IR (1)
The pressure in the fluid film is given as a function of the distance v 
from the s-axis by (Bowden and Tabor, 1950, p. 274):

(R2- r2) o.g.s. (2)
h 3

this is a parobolic function with p = 3r\VR2h 3 at r = 0. and p = 0max J r
at r = R.

The differential stress a on the cylinders needed to produce 
a constant approach velocity is equal to the average pressure in the fluid 
which can easily be shown to be half of the maximum pressure at r = 0,
thus:

a = p = -y ~  R2 o.g.s. (3-a)
av 2 h3

Now substituting (1) and equating R to half the grain size d we obtain

( 3—b)3 . ,d. 3 a - gne (s) 3 1 3(-)8 a

where a is the ratio of the melt film thickness to its diameter.

Appropriate values for the constant strainrate experiments on 
partially-melted Delegate aplite at 800°C are n = 104 Pascal seconds 
(see Chapter 7.3.4) d = 1 mm and 3 x 10-6 < e £ 3 x 10-t+s_1. The stresses 
needed to expell melt films from grainboundaries perpendicular to the stress 
are calculated from (3-b) for different thicknesses and strainrates and 
given in Table A.1.1.
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Figure A.1.1 Geometry considered for melt expulsion.
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Table A.1.1 Stresses as a function of fluid film thickness and strainrate.

h Stress (MPa)

lOy 1 0.1 0.01

lu 1000 100 10

O.ly 106 105 104

e(s_1) 3xl0~4 3xl0"5 3xl0"6
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Appendix 2

DILATANCY IN A CLOSE-PACKED HARD SPHERE MODEL

A.2.1 Case of equal spheres

Consider a hexagonal close-packed structure that is deformed 
by shortening normal to the hexagonal layers. The deformation is accommo
dated by a uniform increase in the spacing of the spheres within a layer, 
while the spheres in one layer remain in contact with those in adjacent 
layers as the layers move towards each other. It is sufficient to 
consider the changes in a prismatic primitive unit cell containing the 
equivalent of one sphere (Figure A2.1-a, b). The base of the unit cell 
is the 60° parallelogram bounded by the lines joining the centers of four 
initially contiguous spheres in a hexagonal layer and has an area

/3~
a 2 — —  where a is the spacing of the spheres in this layer. The height

3£)2 _ a2
h of the unit cell is equal to the distance (--------) between adjacent

layers, where D is the diameter of the spheres. The volume V of the unit
2

cell is given by y ( 3D2 - a2)^. Defining shortening strain as
h - h V - V

e = — i---  and bulk dilatational strain as eTT = — 77---- (volume increasen V V
o o

and length decrease being represented as positive strain), it can be shown 
that:

3e - 6c2 + 2e3

ZV ~

for small strains.

(1),

(1-a)

In general dilatational strain leads to an increase in porosity
from an initial value of © to:ro

(b +  e T/ 
l ' o V

1 + £, (2) ,

in the present case this leads to

s + 3e (2-a),

for small strains, where

<P = 1 - -^=r /18
0.26.



Figure A.2.1 Unit cell of the close-packed hard sphere model.
a. the undeformcd state.
b. the deformed state.
c. normal force and shear force at the contact 

between two grains.
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Correspondingly n bulk dllational strain Cy involves a volumetric strain 
of the pore space given by:

T (3),
that is in the present case

e ~ 11.5e (3-a)
P

for small strains.

If the porespace is initially filled with a fluid of bulk 
modulus K at pressure p and if movement of fluid in or out of the assemblage 
is prevented ("undrained case"), then the change in pore pressure Ap through 
dilatancy will be in general:

Ap = - Kep (4) ,

or in the present case approximately

Ap ~ - 11.5 Ke (4-a)

for small strains.

In order to bring about this deformation a compressive differen
tial stress o must be applied in the direction normal to the layers. By 
considering the balance of forces between the spheres within the unit cell, 
and assuming that the strains are small it will be shown below that if 
friction is neglected:

G ~ - 4Ap (5),

or, by (4) and (3-a),

ö ~ 46Ke (5-a).

With equation (5-a) we have now arrived at a stress-strain relationship 
for dilatancy hardening in the case of rigid spheres.

If frictional resistance to relative movement of spheres is 
taken into account, with a coefficient of friction y at sphere contacts, 
then under the same assumptions as above the dilatancy hardening relation 
(5-a) is replaced by:

1 + y/ f l
ö ~ 46Ke --------- (6) ,

1 - y./T
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if
/T~

The assemblage becomes rigid if y £
/ T

The derivation of (5) and (6) is best understood by referring 
to Figures A.2.1-a, b and c. The undeformed and deformed unit cells are 
shown in Figures 1-a and b respectively.

Let the normal force between two contacting spheres be F and the 
shearforce at the contact yF (Figure A.2.1-c), then it is easily seen that 
the vertical component of the force between grains P and T is:

F ^  , = F (cos a + y sin a) vert (7),

and that the horizontal component of the force between P and T is given by: 
jPT
hor F (sin a - y cos a) ( 8 ) .

The total vertical force is made up of contributions from grains P3 Q and S 
which are in contact with grain T, this force acts over the area of PQRS 
such that the vertical differential stress

o , = o vert
3F (cos a + y sin a) 

ho2 /~3~
(9).

The horizontal force F^* acts over the area of QVXS and equal horizontal 
forces F ^  3 and F ^ ^  act over equal areas of PSXU and PQVU respectively. 
Thus the horizontal differential stress, which may be equated with -Ap is
given by:

-A p F(sin q - y cos a)
( 10) .hor y h.a

Reworking (9) and (10) and remembering that cotg a = h f~3~/a (Figure 1-e) 
we obtain:

-Ap • 2ootg2a •
i + - £ —cotg a

( 11) .1 - vcotg a
For small strains h ~ D anc  ̂cl ~ D such that cotg a ~ /"2~ , and (11)
reduces easily to (5) and (6) .
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A.2.2 Case of unequal spheres

In order to gain some impression of the effect of having 
mixed sizes of spheres we now consider the case in which the spheres in 
alternating layers are reduced in diamters from D to d. Provided

> / -  1 or approximately 0.53, all previous contacts between spheres

in adjacent layers are preserved, but the amount of relative displacement 
before the larger spheres in alternative layers make contact is reduced as 
this value of d/D is approached. Similar calculations show that now

= (hX2 - l)e - 6X2z2 + 2Z2e3 
or

cy - ( « 2 - 1) e 

for small strains, and

o = 4X2 (4X2 - 1) kc
* Fyo

for small strains neglecting friction, or

,„9/,„9 -| \ Xe 1 + \x/X y/~To ~ kX (4a ^ - 1) • t— • ------------
^  i - v-x

for small strains with friction :

(12)

(12-a)

(13)

(14),

where
< l/x/T“,

„ i + (|)34) - i - -2------ D—

° As 2X
and

X2 = —  (1 + -)2 - —  . A 8 U  D} 2

The stress-strain relationship (14) has the form

a ~ C* F  • f (1^ a) »
ô

where C is a geometrical factor depending on the d/D ratio, and f is a 
friction factor depending on y and d/D. Some values for C, (j)̂, and f for 
various d/D and y, and the values of y for which the assemblage becomes 
rigid are given in Table A.2.1.
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Table A.2.1 The dilatancy hardening relationship (14-a) for the case 
of equal and unequal spheres.

d/D C <() — r----- ^ -------7T-Tro y=0 0.3 0.5 limiting y

1.0 12 0.26 1 2.1 4.6 0.71
0.7 3.1 0.35 1 1.9 3.2 0.93
0.55 1.0 0.32 1 1.8 2.8 1.12
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ELASTIC DEFORMATION OF A HERTZIAN CONTACT

In order to illustrate the elastic deformation of grains with 
curved grainboundaries in contact with one another, we consider the 
geometry of Figure A.3.1. Two ideally elastic grains are touching one 
another on a circular area perpendicular to the loading direction z on 
spherical contacts with a radius of curvature /?. The grains are 
symmetrical about the a-axis and have a radius r away from the contact 
and an initial height v each. Let the radius of the contact area be 
a if a force F is applied. Then the "macroscopic" stress on the grains is 
given by:

Fa - — omacr tt (1) ,

and the average contact stress by

acontact (2).

Let the shortening of this unit element be h for an applied force F 
such that the strain of the element is given by (Figure A.3.1-a):

(3).

The fundamental Hertzian equations relating the contact radius 
a, the shortening h and the contact stress as a function of distance p 
from the a-axis (Figure A.3.1-a) to the applied force F and the elastic 
constants E (Young’s modulus) and V (Poisson Ratio) of the material are 
(e . g. Landau and Lifshitz, 1959):

a - FV3 • V3

h = f '/3 • P j - ) ^

and

where

contact
3 F 
~2 Ho. (a2 - p2)

(4) ,

(5) ,

(6) ,

3 (.1 . - . Ü 2.)
2 K E J

The following non-linear stress-strain relationships are derived- 
from (1) - (6) :

3/„ d l/_
? (7)Cmacr

\ . (F) V2
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Figure A.3.1 Geometry considered for stress-strain relationship 
of two grains with a Hertzian contact, 

a. radius of curvature larger than half the grain 
diameter. The radius of the contact area is a 
and the distance from the center of the contact 
area is p (o £ p £ a) .
radius of curvature less half the grain diameter.b.
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A 1 2 .

5 - C • econtact

and max 3a = -,r ocontact 2 c

where c =  4

. rV2 . v2 . (8) ,

(8-a),

0.5 for all reasonable values of the Poisson
3ii (1 - V2)

ratio (0.1 < v < 0.5; Birch, 1966). The average stress at the contact 
is related to the macroscopic stress by (7) and (8):

o_ macr v /riN
Qcontact e R *

irrespective of the elastic parameters of the material. In contrast, 
the stress and strain for a flat contact are given by:

o = a . macr contact
amacr ( 10) .

A few numerical examples are worked out below.

For a macroscopic differential stress of 10 MPa, and a
reasonable Young’s modulus for the minerals in granite of E = 100 GPa
(Birch, 1966) it is calculated from (7) that the elastic strain for 

R ospherical grains (— = 1) is ez 3.4 x 10 3. For the corresponding case 
of a flat contact the strain is given by (10) : e - 10-4, that is more 
than thirty times less. For lower stresses this factor is higher, and 
for higher stresses it is lower than 34, reflecting the non-linearity of 
the stress-strain relationship of a Hertzian contact.

A large stress concentration at the contacts is indicated by 
equations (8) and (9). For example, in the case of spherical grains 
considered above, the average contact stress will be -1.85 GPa, 185 times 
higher than the macroscopic stress of 10 MPa. The elastic strength of 
dry single crystals of quartz in compression at 800°C and 300 MPa 
confining pressure is of the order of 2 GPa (Dr. K.R.S.S. Kekulawala, 
priv. comm.). Thus, since the maximum contact stress is 1.5 times as 
high as the average contact stress (8-a), two contacting spherical quartz 
grains will tend to break under these pressure temperature conditions 
at macroscopic differential stresses as low as 10 MPa. From equation (9) 
it may further be seen that fracture of the grains will occur for still
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lower values of macroscopic stress if the radius of curvature of the
Vcontact is smaller than half the diameter of the grains (— > 1), as in
n

Figure A.3.1-b. But fracture will occur at a higher macroscopic stress 
than 10 MPa, if the radius of curvature of the contact is larger than 
half the grain diameter (— < 1), as in Figure A.3.1-a.

n
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