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PREFACE

One can study the earth without becoming involved with granite as
one may appreclate German literatufe without reading Thomas Mann, or enjoy
clasical music without having heard of J.S. Bach. A "granitoid'" or granite
§.1. 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 fieid, 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 thebsource rock, on the melt—fréctiqﬁ 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, pérmeability, heat- and electrical conductivity etc., and to
its plastic deformation at high pressure and femperatpre. 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 studieé; each concerned with
different physical properfies 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.l The detérmination 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 thebthermal 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 o-f transition temperature' by its discoverer,kern (1978, in prep.),
The transition temperature of»quartz‘in'granite is found to increase
roﬁghly three times more with confining pressure than in the case of single
crystals, because of stress inhomogeneities in the granite polycrystal.
A model fof granite and an elasticvtheory 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 modél 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 ignedus
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

11. . ' o o -4 g . B - ! .
“With apologies to those who have submitted proposals along these lines.
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in the crust.

Part II1 (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 understandihg 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 direcf 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 o-8
"shift" (part II). In natural rocks,for geological periods at high litho-
static pressure and high temperature, stress inhomogeneities will tend to
reiax, cracks will be closed in the absence of a pore £luid and there will

be no shift of the quartz o-B transition.
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PART I

EXPERIMENTAL DEFORMATION. OF PARTIALLY-MELTED éRANITE



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_propertiesjof partially-melted granite. Subsequent microséopic
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: 1) melt redistri-
bution into films perpendicular to the least comp;essive stress, ii)'relétivé
movement of grains, and 1ii) axial fracturing of grains - the latter occur-
ring even at low differential stress. At low melt fractioms the deforming
rock tends to take up melt by a mechanism of dilatancy pumping. The observed
rhedlbgical behaviour is discussed in termslof simple models of rigid and
élastic 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 10-5s~! 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.BO to 35‘volume percent. The relevance of‘these.results to

natural conditions involving partially-melted rocks is discussed.



(9%

Chapter 1

" THE PROBLEM

1.1 Introduction

Geological procesées 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 exampies of such processes. On atlarger scale, flow of partially-
'melted peridotite with low melt fraction is commonlybbelieved 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.l 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 geophysicél
pfoblems has been indicated above. More generaily, the understanding of the
rheological behaviour of mixtures of solid grains aﬁd a viscous pore fluid
‘has applicatidns in a variety of fields. As examples may be given the fields
of ceramics (hot-glass cerémics), chemical ehgineering (slurrie flow), soil

mechanics (stability and strength of wet soils, liquefaction), metallurgy

lParticularly in magmas at or near to the surface df the earth.a third

phase may origiﬁate in the form of gases leaving the melt under influence
of reduced pressure. This "vesiculation"’may affect flow prbperﬁies of
magmas markedly (e.g. Shaw et al., 1968) but will not be further considered

in this thesis.,




(partially-melted alloys), glaciology (temperate glaciers with water as a
pore fluid) and sedimentology (debris flbw, 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 diséiplines 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 mel;ed rock. However, for
discussion it is convenient to define two rheological fegimes within this
range. The first regime is one of suspension-like behaviour in which the
‘crystals or groups of crystals can pass one anofhet during volume-constant
flow without becoming "locked-up'", and in which the flow properties are’
largely contrplled by the viscosity of the suspending melt andrthe 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
frécturing 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 propertieé 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 meltAfraction‘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 éomposition 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, 19563 Shaw, 1963, 1965, 1972; Burnham, 1964;




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
(>2GPal; see Waff, 19753 Kushiro, 1976; Kushiro et al., 1976).

To estimate the yiscosity 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 Suépension and that of the suspending fluid. Shaw (1965) and Arzi
(1978 a) based extrapolations on the theoretical results of Roscoe (19525;
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
whethor 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 al. (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 aod McBirney (1973); . for a'discussion
of the rheological measurement of yield stresses see Shaw (1969). Bingham
behaviour would explain naturally observed featores such as the flow
morphology-of lava (Johnson, 19703 Hulme, 1974) and xenolith transport in

magma (Sparks et al., 1977) more satisfactorily than ideally viscous behaviour.
lThroughout 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).



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 orvhighef 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 suspensidns 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 expectéd 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 pércent“. This estimate is based on the
model of Roscoe (1952) for the relétive viscosity of suspensions of
uniform spheriéal grains which approaches 1nfinity when the closest packing
density corresponding to 26 percent porosity is approached. The effect
of grain angularity is to increaée thisvnumber 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 sdspensions:
(1) For granular materials, the appropriate measurements are those of

critical void ratio, the quantity used in soil mechanics tQFSPecify

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. 1In general the fluid fraction at the



.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 porbsity is 42-43 percent (Brand, 1973; Dickin,
1973), and the critical void ratio détermined in shear tests at‘

| minimal effective confihing pressure corresponds to a porosity of
40 percent for uniform steel Balls and 42 percent for uniform glass
balls (Roscoe et al., 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 pressuré (Cornforth, 1973) or by liquefaction
tests (Castro, 1969; Durham and Townsend, 1973). The‘iatter figure
is slightly higher than for steel and-glasé balls, ﬁrobably
reflecting some departure fromvspherical shape of the sand grains
since the porosity at minimum bulk density also increases with
increasing angularity in grain shabe (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 sepérated out by gravitational settling of the crystals
in a specimen melted to 55 volume percent.b

(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 obServationsbby KriegerIOn
suspensions of spherical particles,. taken at the limit where Brownian
movement and electrical effects are’unimportanf, have béen.extrapo—
lated to infinite viscdsity_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.



This phenomenon has been ascribed to the "Bagnold Effecct", a
mechanism of grain dispersive pressure acting between suspended
phenocrfsts 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; Barriére, 1976). In the
present context it is important to note that the phenocryst
concentration does not exceed 50 to 70 percent, again indlcatlng

‘a major change in rheological propertles of magmas around 40 percent

melt fraction.

The values of critical fluid fraction deduced erm'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 rangé of fluid fractions studied
(greater than 50 percent) and so not being fully feflected'iﬁ 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 apprbximately at the
fluid volume_frac;ion‘of 38~39 percent. However, the observations of
Chong et al. (1971) on the influence of mixed particle sizes on the viscosity
of suspensions, and the observatidn’that fhe maximum porosity decreases with
increasing range of grain sizes (Dickin, 1973; Youd, 1973) suggests that
this critical fluid fraction will decrease quite markediy with‘the intro-
duction of a wide range of grain sizes, although that effect could be

mitigated in some degree by increased aﬁgularity of grain shape.

Finally it seems appropriate fo pointvout thét the estimates
of critical melt fraction presented above are essentiall§ based on a change
in rheological behaviour‘when approaéhed from the high melt or fluid
fraction-side. The proper definifibn of critical melt fraction reléted to
- stress éhanges over the transition interval between the suspension-like
and grénular 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 helow the crltical

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, pdres and cracks can open ‘up
and lead to early cohesive failure in a way thst would not occur af depth
in the earth. To avoid this limitaﬁion, 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 6700 and
'720°C réspectively at confining pressures of 450 MPa and a strainrate of
lO-szlf Earlier Ave'lLallemant and Carter (1970) had observed local
partial melting in a lherzolite defbrmed in solid medium apparatus at 1500
MPa confining pressure; they noted that the zones of melt tended to be
oriented parallel to the makimum compressive principal stress. Arzi (1978
a snd b) experimentally deformed three partialiy—meltedAgranite specimens
~at 8600>(6 percent melt) 96Q0 (12 percent melt) and 10200C (17 percent melt)
but ‘gives little experimental detail. The results were expressed as
"effective viscosities" respectively>108, 108 and 10® 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. Tb‘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 1bw melt fraction, in which the crysfals
behave as rigid-brittle grains, will tend to increase in volume dsring
deformation (dilatancy)bwhen grains climb over one another to overcome
‘interlocking, and that localiied deformation in the form of shear failure,
rather than bulk flow, may be expected. Twa 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 grainsiare not coherent,

the fluid occurs in a tortuous interconnected pofe-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
egseﬁtially solid matrix.

(2) Defbrmutidn mechantism within the solid. Under normal conditions

for wet soils, sand grains behave essentially as rigid material,
they may uﬁdergo~small elastic deformations or fracture wﬁen local
stresses on the grains are high. Howe?er, 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 ﬁith
partial melting in rocks. The grains could again behave eésentially
rigid—brittlé, but théy 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 T

The background of the'problem having been set out above, a study
will now be presented covering the experimental deformaﬁion 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, -8000¢

after 100 minutes heating prior to deformation.

Chapter 2 describes the experimental techniqué and the precision
of measurement. In Chapter 3 the specimen material is described, together
with the methods by which different aﬁounts'of melt are_obtainéd and
teCognised. ‘'The stress-strain results and the microscopical observations
for partially—melted.speeimens,which were deformed under standard conditions
are given in Chapters 4 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 1is not to be sought  in lack of interest or imagination, but rather in
the substantial experimental difficulties which have to be overcome before
meaningful testé can be performed. The‘high temperature viscometer technique
used.by Shaw (1969), to study the flow behaviour of melt—cryétal suspensidns
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 1arge'volumes have to be

kept under constant pressure and.temperature during an experiment. For
partially-melted rocks différential Stresses less than 100 MPa have.to be
réadily'meaéurable, the latter requirement making the Griggs solid

medium apparatus (Griggs, 19673 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 showﬂ in Figuré 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.



13.

Figure 2.1 Specimen assembly.
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2.3 ~ The measurement of pressure

A detailed description of the ﬁressﬁre 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 Ménganin resistance gauge
direcﬁly exposed to the gas inside the bomb, is recorded on a strip chart;
control contacts in the recorder autométically 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 manualiy with a release valve on the.
intensifier. The confining pressures thus obtained are belieﬁed to be

precise within 5 MPa.

2.4 The measurement of temperature

Temperatures were recorded during the runs with two platinum,
platinﬁm - 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 controllef
since the temperature at this position.is within 20°C of the temperature
within the specimen itself. The required powér ratio in the two furnace
zones for minimum temperature gradient within the sﬁecimen 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 speéimen 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 Vafiation 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 cbnstant 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 wés 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 ét 800°C, 300 MPa are indicated in Figure 2.2.
The load supported by the copper jackét 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 thé’strength of specimens of~high.melt fraction that
can be studied readily with the present arrangements. Conversely, the
detectable strenéth 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 1s approximately 0.2 MPa, but larger uncertainties arise

because of the jacket load correction.

2.6 The measurement of strain

Cross-head displacement was‘meaSuredeith 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 iﬁ Figure 2.3,.
could be entirely attributed to elastic length changes in the loading
aésembly. Strain differences of 5 x 10”™% in the specimen can be
distinguished within one rum, 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 Testingjprocedurés

ALl experiments reported here were done at 300 MPa confining
pressure and 800°C, unless stated othérwise. The hydrostatic confining
pressure waé applied first, then the temperature was raised to 800?C,
typically in 45 minutes; about one third of this time beingbspent 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 rum, 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[vérious 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:
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 eléstic
distortion of the loading assembly (Figure 2;3),-3 constaht rate
of ﬁiston advancement results in a change in strainrate within the.
specimen, if large"stress,differeﬁces occur ‘over small intervals ‘
in strain, as in the case of failure of the specimen. In practice,
however, this gives few serious problems. Thé 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. ’ .

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 piéton advancement, and letting the
load rise slightly with increasing strain, in accordarce with
calculations for cross-—sectional increase of the specimen assuming
volume constant deformation.

In cycling tests the specimen was deformed at a constant rate of

107557 in all cases to a given stress, after which the piston was

backed off by hand, and part of the strain recovered in a time

depehdent 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 Specimén, or the loadbwaé 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 rémoval

is not better -than 2 seconds.

Microscopy and photography

After each run the specimen was recovered by carefully removing

the copper jacket and the endpieces. 1In 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 spili off from the outside of the failure zone. The
cores were then potted in epoxy resin énd sectioned through the center,
parallel to the axis of the core. The orientation of thin sections in
specimens with localized fallure zones was taken parallel to. the core

axis, and perpendicular to the plane of the failure zone. High qualiﬁy
polished thin sections ot 30u thickness were subsequently studied optically

using a Leiltz 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 granularl
framework - controlledlreglme will not only be Influenced by the rheo-
logical properties of the individual crystals making up tﬁe 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
éggregate. It seemed necessary theréfore, to use'for specimen material
a natural fine grained rock. Granite, having the lowest eutectic melting
temperatufe in the presencé 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 metamofphism, 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 aitered. The rock
appears isotropic and uniform in hand specimen but a faint pink spotting
~1is revealed on a polished slab, due to the K-feldspar being slightly
concentrated in clusters of 5 mm size. This heterogeneity was not
recdgnized 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 ektreme sluggishness of the reactions producing melt in _
oven-dry graﬁite, 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 al. (1973) and Arzi (1978-b) previously studied

the kinetics of melt formation in natufal 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 mélting
inside a specimen is followed by a very slow increése 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 ﬁelted grainboundaries within the specimen (Arzi,v
1978-b). Apparentiy, the melting rateé in the presence of free water are’
high, while those in its absence are 1ow; that is when all water directly
available has dissolved into the melt, the rate of melting élows,down,
even when geochemical équilibrium Would'require higher amounts of water-
undersaturated melt, or when more water for saturatéd melting can be

tapped through diffusion from outside the specimen.

After the initial melting stage, time does not influence the
melt fréction»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. A
It therefore becomes possible to control the amount of.melt formed by
- adding different amduﬁts of water, and to perform rheological experiments
at effectively constant amounts of‘melt after an initial melting period.
1f mofe water is added. than can’be'accommodated within the specimen at
the pressure-temperature conditions of the experiment, an exﬁernal melt
film.develops in between the specimer and the jacket (FigUreFZ.l). -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 fractioms 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, depénding
somewhat on the amount of added water, but in excess of 50 percent, would
therefore represent the eqﬁilibrium condiﬁion at 8Q0°C (see for instance
Winkler, 1974; Whitney, 1975). The composition of the melt phase in
the experiments is thought to bé constanfly close to the water-saturated
granitic minimum composition; the rheologigally important physical
properties of the melt, its viscosity and compressibility are therefore
takenito be constant at 800°C and 300 MPa, irrespective of the amount of °

melt.

3.4 The measurement of melt fraction

A detailéd 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 micfoscope with éroséed polarizers from
the anisotropic minerals, while uée 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 thé specimen before thin sectioning.
Distinction of glass from resin is difficult but possible through'the
yellowish colour of the resin and its siight 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 poliéhed 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 méke the uncertainty

‘ rather Iarger than this. Small amounts of glass, too small to determine
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point-counting, were also visible locally at grainboundaries in specimens
to which no water had been added. Since the biotite in these was still
‘unaltered and since a weight loss of 0.25 weight percent occurs upon
heating to 800°C at atmospheric pressure, (see Table 3.1, p.28) it is
thought that some melt is formed with water released from the dehydration‘
of alteration products_.of K-feldspar or from desorption of strongly
adsorbed water. It will be assumed hereafter that this 0.25 percent weight
loss is made up entirely of such water and that the total water available

to form melt is the sum of this amount and that of the added water.

3.5 Results for hydrostatic experiments

The amount of‘melt formed within sﬁecimens heated under hydro-
' static conditions remains leés than 10 volume percent regardless of the
- amount of available water (Figure 3.1, open symbols). No glass was
observed on the surface of specimens with 0 or 0.25 weight percent added
water, while a thin discontinuous film was observed with 0.5 percent added
water; however, with 1 percent or more added water a shining thick
continuous film was present indicating that the amount of melt formed
could no longer be accommodated within- the accessible pore space in the
specimens. The amount of melt within the specimens did not increase
appreciably with time in periods of heating from 1007to 300 minutes. These
‘ observations are copsistent with an estimate of what the accessibie pore
space ié at 800°C, 300 MPa confining pressure, as determined by’water
absorptionband density measurementé on preheated dry specimens, (see

Section 3.7).

3.6 Results for deformation experiments

The amounts of melt present in specimens after deformation are
also shown in Figure 3.1 (closed symbols), there again being no consistent
increase in melt fraction with time for any amount of ‘added water. The’
deformation took between 3 and 400 minutes and was preceeded by 100 minutes
‘heating under hydrostatic conditions. It is seen that, except in the case
of 0.25 weight percént added water, the amount of melt within the specimens
is greater -than after hydrostatic heating, notably so with 1 percent or '
>more added water where the amount of melt is double. Except at the highest
water contents the amount of melt within the specimen is now equal to what

would be expected if all the available water were used to form water
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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,largevstrains (>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 ﬁhe
strainrate for which it is effective.. Thus, a slow_strainrafe run to 10
pércent 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 meltvfilm was observed on the outside of the specimen, and two fast
strainrate runs at 10~% to 107% 7! on specimens to which 1.5 and 1.0 weight
percenf.water respectively were added also showed melt films on the outside
of the specimen and consideiably 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 inéide.a specimen has been shown to
depend on the amount of water added, the amount of wéter needed to saturate
the melt at the temperature pressure conditions of the experiment, and the
pore space dvailable 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.
éccurately, 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 vblume fractions (reported in
Section 3.2) and the mineral densities givén 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. 1In

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 és a function of
strain iﬁ.experiments at 1075s71 strainrate. The
dashed lines indicate the amounts of melt expected
from the model discussed in Section 3.7. The dotﬁed

line represents an increase in melt fraction by a

factor of 1.5 times the strain.
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llowever, when a specimen 1s 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 éame method described above the total porosity after
heat treatment can be calculated (Téble 3.1). A small weightloss, |
discussed in Section 3.3, is observed after heating at 1 atmosphere;
this is also included in Table 3.1l. 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 measﬁred at room temperature and pressure
* in order to determine- the porosity accessible to a fluid permeating the
specimen from the surface. Meésurements were made after oven drying and then
after a cycle of heaﬁing 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 pofosity (Table 3.1). Interesting aspects of -these
results are that there is an exceptionally 1arge-in¢rement in porosity
between 500°C and 600°C, attributable to cracking associated with the d—B
quartz transition, and that the accessible porosity is consistently lower

by about 1.5 perceﬁt than the estimated total porosity. The latter indiéating
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 ﬁlagioclase
observed by Sprunt and Brace (1974) énd 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.

700

Temperature °C 110 . 400 500 600 800
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 - 0.2 0.5 1.5 1.6 1.9
increase 7% A : ‘
(volume measurement) - 0.3 0.4 1.2 1.4 'A 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 meit from available’water.
Added water 0 0.25 1.0 1.5 2.0
(weight percent) ‘ »_’.'> SO
Available water =~ = 0.25 0.5 0.75 1.25 1.75 . 2.25
(weight percent) - :
Estimated melt - 3.5 7 17 24 313

"~ (volume percent)

10
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3.7.3 Estimated water take-up at 800°C

I assume that the accessible pordsity 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 pressurel.
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 néglected 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’

3 dry will take-up a maximum of 0.015 g of water

aplite weighing 2.57 g/cm
at 800°C, 300 MPa, taking a water density of 0.548 g/cm3 (Burnham et al.,
1969); that ié, the water contént'of the saturated rock will be 0.6 weight
perceht»at.800°C, 300 MPa water pressure. - The same result is obtained if

. interpolated values for acceésible porosity and water density at 670°C, 300
MPa are used. It 1s possible that the accessible porosity at 800°C, 300 MPa,
is slightly overestimated due to the preséure sensitivity of the quartz o-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 wéight percent

as the best estimate of the maximum amount of water that can be expeéted

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 és the maximum taken up by
2.57 é of roék at’800°C, 300 MPa will form 0,193 g of melt if the water-
saturated melt contains 8 weight peréent of water similar to the value |
given by Winkler (1974); that is, the expected melt content would be 7.5
weight ﬁercent. Taking the melt to be about 10 percent'leés dense than
the rock (Daly et al., 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.

lFor 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 gllvthe 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 fractioﬁs is rather limited. In a
first approach to the problem of the role of melt fraction in influehcing
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 1076 to 1073s71 ét 800°C on
specimens to which amounts of water from zero to 1.5 weight percent had
been added (Figures 4.l-a-e). The broken line also included in Figure 4.1-a
corrésponds to the elastic deformation (Young's Modulus 50 GPa) to be
expected for an dnmelted granite ffom extrapolation to thése conditions '
(Birch, 1966). -An unsealed dry specimen failed to a cohesionless powder at
a stress of' 60 MPé and strain of 1.2 percent under conditions otherwise the

same as for Figure 4.1-a.

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

shear zones were formed.

There was considerable variation in stress-strain behaviour .
Qithin each group, especially within the group with 0.25 percent added water.
The variation dbes 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.l—c) shows
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Figure 4.l-a-e. Stress-strain curves for constant strainrate
experiments. Strainrate in units df 107%s-1,

The dashed line in Figure 4.1-a represents a

Young's modulus of 50 GPa, the dotted line an

unconfined fun; The dashed curve in Figure 4.1-c

is a differentiél strainrate run. For further

details see Table 4.1.
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the flow stress to be strainrate dépehdent 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 écatter 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 smallv .
étrain intervals at the'larger'water contents. »
(2) The stress-strain curves have a consplcuous 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 ét maximum stress increase, and
the sharpness and magnitude ofvstréss drop'debreaSe, as the amount
of water 1is 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 (Tabie 4.1).

4.3 Creeg: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 greatér>by 1-2 percent, than
" those plotted since the latter wére measured from the point of reaching the
final load and do not include the deformation during the initial loading
at a coﬁstant strainrate of about &4 x 10~ 5s~!, Aé might be expected from
the constant strainrate tests, the amount of creep strain in a given‘time>
increases with amount of édded'water (and hence melt fraction) and with

the applied stress.
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Figure 4.2

Creep experiments. The right-hand side of the
figure represents the strain histofies; the lefﬁ-
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, (timebe) 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 sﬁate creep for a
strain interval of about 2.5 percent tdwardé the end of the run (e.f. the

corresponding constant strainrate experiments).

4,4  After-effects and cycling tests

~ On the release of the load at phe end of a constant strainrate
test, there is both an iﬁmediate 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 méasurable, the duration of
strain recovery after load removal is seen to be between 100 and lOOO‘seconds
(Figures 4.3-b-d), but at least half of thé total reéoﬁerable strain appears
in the first 15 to 20 seconds after load removal. The unloading curves
are steep initially but show marked non—linearitybparticularly'at'low stress
levels, It is also noteWorthy, that in cyclic straining the initial slope
in each stress cycle is very low,‘iqdicating that the immediate reversal

of the strain also requires very low stresses.

in all cases with added water the total amount of recovered strain
greatly exceeds what would be expected for a unifdrm elastic unloading of
an entirely solid rock. This excess is tabulated as e* in Table 4.2 under
the assumption of a Young’sthdulus of 50 GPa for the solid rock. The
quantity e* is vefy 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 cycliﬁg.‘ .
Also given in Table 4.2, are the "relaxed unloading modulus";‘Erelaxed,

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-strailn curves for
loading and step-wise unloading (open symbols);
the last sfress measurement before removal of
the load is indicated by a closed symbol. The lower
half represents sfrain 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. +§22 M;lt Cycle 3{ Erelaxed Eunrelaxed
° ° ° " GPa - GPa
3106 zero - <3 1 0.17 30 +)
' ' 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 10.43 9 31
4 0.27 10 66
3109 1.0. 15 1 0.42 3. +)
2 0.41 2 12 @)
3 0.43 9 @)

+) not recorded @) = complicated by creep
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E , calculated as the secant modulus from the stress at maximum
unrelaxed ‘ :

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 cqntact'with the piston again, and the load rose
from zero to a level cbrresponding 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 aboﬁt 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 specimené wlll be presented: flrst for the hydrostatic casé;
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.ddring 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 boundéry 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 therDelegate 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 al. (1973), Biisch et al. (1974) and Arzi (1978-b).

The principal features are:

@B Melt has formed throughout the specimen at triple point junctions of
quartz, plagioclase and‘K—feldspar, along quartz-plagioclase and
quaftz—K—fel&spar grainboundaries, and to a lesser ektent aldng
plagioclase-K-feldspar grainboundaries and where identical minerals
are in contact. The melf'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) Althoﬁgh ﬁost 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




(3)

(4)

(5)

(6)

(7)

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,

The fraction of grainboundaries'observed to beat melt was

determined to beJmore 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 obéerved decrease is at least in part due to the
increased difficulty of recognizing thinner melt films with
decreasing melt fraction. T therefore conclude that the rock is
substantially disaggregated as a result of this wide spread presence

of melt at grainboundaries.

Melt also occurs in cracks in all minerals including cleavagesb
in feldspars (c.f. Mehnert et al., 1973). These cracks are more

common than in the starting material and are randomly oriented.

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).

Biotite grains are entirely black or show black rims in thin
section owing to an overgrowth of a dehydration phase (c.f. Bﬁsch
et al., 1974), and the melt rims around altered biotites are

slightly wider than around other minerals.

There is some undulatory extinction in the quartz and deformation
twinning in the plagioclase similar to that in the starting material.
No recfystallization is observed; there are some "nests" of the
size of normal grains consisting of fine équare shaped plagioclase
grains, but these are also found in the starting méterial. These
observations apply for all amounts of water, only the‘thicknéss 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~ 7cm?s™! 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

Figure 5.2

Figure 5.3

Radial and concentric cracks filled with melt
around inclusion of quartz in plagioclase; Hydro-

static experiment; melt appears as black isotropic

- glass, .crossed polarizers.

Preferential alignment of melt films in grain-

boundaries and cracks parallel to the maximum

compressive stress, indicated by arrows. (Run.

No. 2841).

Axial fractures in quartz grains, filled with melt

(Run. No. 2841).
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differential thermal expgnsion of the minerals under conditions of low

effective confining pressure.

As noted earlier,’ﬁo bilotite 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 differentialrstresses. The new fractures are statisfically
parallel to the specimen axis and the maximum compressive principal
stfess 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 grainboundafies is sometimes evident.
from the poéition‘and shape of grain fragments (Figure 5.?) or, in.

.tﬁe case of plagioclase, from the offset in defdtmation twins (Figufe
5.4). The axial. fracturing of the.gréins is similar to that observed
by Gallaghér 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 anglé to the
maximum .compressive principal stress while the melt f£ilm 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 meit 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 fractibns.. I did not observe
any clear difference between the melt film distributioﬁé in specimens
which were allowed to relax beforeAcoolingVand'those cooled to temper-—

atures below the solidus while the differential stress was maintained.
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Figure 5.4

Figure 5.5

Figure 5.6

Offset on axial fractures in plagioclasg grain.

Note also the crossing fractures in the quartz

~grain above (c.f. Gallagher et al. 1974). (Run No.

2835).

Sharp, anastomsoing shear with gouge in dry specimen
deformed to 8.5 percent strain. Note intensive axial

fracturing around shear zone. (Run. No. 2922).

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 p 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 6r 1.5 weight percent water has
been added, and which contain more than 15 volume percent‘of melt,
“show only 111 defined inelined shear zones of 2-4 mm width ih which -
grain size reduction is. slightly more intensive than eisewhere
(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. 1In specimens with 0.5 percent added water
'sheer zones occurred at angleS'ffom 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 ﬂe solely a wide zone

of melt filled fraetures.

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. 1In 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’accordingAto 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 chaptef 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 standa;d experiments, is
exploréd by‘assembling powdered granite with added water. The effect of
changing the temperature in otherwise standard experiments is described
in Section 6.3. 1In 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 experiﬁents with solid specimens, it has been shown that
the initial melt fraction is limited torleSS than 10 volume percent, and it
would appéar that even when additional surficial melt is drawn into the
specimen dufing 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 Delegéte aplite was crushed and sieved to separate
a 400-1200 p 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 (Eigure
2.1). The porosity bf 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~%s=1. In spite of this

high strainrate, the load measured during deformation could be entirely
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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 deformatidn 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 %xperiment showed only about 24 volume percent of
melt distributed within the specimen instead of the 31 percent expected for
2 weight percent of addéd 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 (aﬁ effect previously found in aﬁalogous experiﬁents 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 cyclé 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 waé 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. Thfoughout the run constant stress was
maintained by driving the loading piston béckwards 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 o
length changes in thé ldading assembly with temperatﬁre, as established in
a calibration run on a dummy specimen with known thermal expansion.. No.
correction was made for thermal length éhanges in the specimen. A .rough
meééure'of the lineér thermal expansion of granite between 500°C_andj800°C
under low efféctive confining pressutéfbut 48 MPa differential streés can
therefore be obtained from the figure. It is seen that the strain ;n the
specimen decreases by &3 X lO_3Iduring'300°C increase (A-B) and increases
A 10—3vduring 300°C decrease (C-D). Neglecting creep effects during
temperature changes a linear thermal expansion coefficient of the order

1075°C™! is obtained. This value is in reasqnable 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 tﬁe amount of
strain as a function of time, figure b, the temper-
ature history. The.strains are calculated assuming
the initial 1ength 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 '\bzl»O"Ss"1 to 10'65'1, initially at aﬁ 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 temﬁeratures

A specimen with 0.5 weight percent added water was taken to 300 MPa
and 800°C, and kept under hydrostatic conditioﬁs for 100 minutes prior to
performing a constant strainrate test (5 x 107%s71) by advancing the loading
piston at a constant rate until a differential stfess of 60 MPa was reached.
Subsequently a creep test was performed -at this stress level for a period Qf
1 hour. After that, the piston-was withdraﬁn’énd 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 minuﬁeé, 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 fhe same specimen at 800°cC,
850°C and 800°C, using the same period under hydrostatic conditions prior
to deformation, the same piston advan&ement 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 compliéated

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; bto obtain elastic strains the
last point of each cycle has been compared with the
first poinf 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
Figﬁre 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 1073 (compare Chapter 2.6). The permanent
and‘elastic strains are calculated from measurements af‘differenf 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 E of 5 GPa is indicated,

. _ relaxed.
a somewhat low value compared to those listed in Table 4.2 Another
experimént with a high amount of relaxed strain is described in

. Chapter 4.4. 1t 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
Vthé 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 iatter: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).



(4) At 750°C, more strain 1s rccovered clastically 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 fdr 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 glso be caused by the higher temperature
of 850°C during the pfesent run, because the melt rate in granite with
added water increasés_with temperature as démonstratedvby Mehnert et al.
(1973). Thevlarge strains at 85090 may therefore iridicate 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

_ Tﬁe microscopical observations presented in Chapter 5. indicate
that melt films originally at a high angle to the highest'macroscbpic
differential stfess are pushed out during shortening and that the expelled
melt enters grainboundaries and cracks oriented at a smaller angle to
the axial stress. The férces neéded 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. 7In Appendix 1,;the‘following relationship is

derived from the work of Bowden and Tabor (1950, p. 274):

o=1.520 . g2 CegeB. . W

where ¢ 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 fllm of thickness % and viscosity n 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 énvil 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‘testé on partially-

melted granite.



A composite specimen consisting of two cylinders of Anita Bay
dunite (each 9 mm in ieﬁgth and 9.93 mm in diameter) separated by a disc
of 1.23 mm thickness and 9.93 mm diameter of,pétrographic 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 énd 900°C and deformed axlally in
compression. During the experiment the rate of piston advancement V was
kept constanf at 2 x 10"5 cm per second, R and the initial thickness ho
were known from the micrometer measurements prior to the experiment such
that o and % could be determined from the 10éd and displacement chart.

The viscosity of the glass under these conditions 'is not known, but if it
is comparable to that of other common glésses at 900 °C and atmospheric
pressure a value of close to 107 Pascal second (108 Poise) may be expected
(D. Burmann - glassblower, private communication). The test of (1)
consists in determining n from the. known variables during a compression

test. From (1) we have:

10logn = 1010g0 + 3101qgh - lolog(l.SVRz) 4 (2)

- where all quantities are expressed in c.g.s. For each set of o and %
values the same result should be obtained for n and this value has to be

reasonably close to the expected value of V107 Pascal second.

In evaluating the éxperimental results correction was made for
the eiastic distortion of the apparétus, but not for the load carried by
the Cu-jacket during deformation, nor for any strain which did occur in the
dunite speciﬁens. The omission of the jacket correctioﬁ leads to an
overestimate of the load carried by the melt at low loads, and therefore (2)
will give too highrvalues 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.

,Thevresults for the experiment are presented in Table 6.1. It is
éeen 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 measﬁrement of % 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




-

Table 6.1 Determination of melt viscosity during an expulsion

experiment.
o(MPa) h(w) " n(x 10°Pa 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




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. Mostvexpelled melt had collected at
the circumference of the contact, howéver some melt-fiiled intergranular-
axial fractures of several 100 uvinvlength were seen to originate from ‘
the contact film thinning out progressively into the dunite speciﬁens
on either side. The occurrence of these axial fraétures close to the
ceﬁter, rather than at the margiﬁs of the specimen iS';ikely to reflect:
the parabolic pressure gradient existing in the fluid during uniaxial
compression, varying from a value of 20 at the center to 0 at the marginé
(see Appendix I). Thelbbservation of melt-filled axial fractures through
the center of grains in deformed partially-melted granite (Chapter 5) is

recalled in this context.



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, baséd on measurements of
accessible pore space and water saturated meiting.' 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 defdrmation this

external film is drawn into the specimen.

The stress-strain curves of the partially-mélted rock have in
common a generally sigmoidal'shabe but the‘detaiis change substantiélly
with increasing melt fraction, especially beyond about 10 volume percent.
With less than 10 percent of melt there is only a slightly‘deVéloped
initial toe, and the slope soon becomes quite steep (up to 17 GPa slope,
about one third of the elastic slope for unmelted grénite) and the. stress
maximum is usually folloﬁed 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'mﬁch more pronpunced, the maximum s10pe
and.peak stress become much lower and occur at 1arger strains, and there
is a less marked fall after the flatter maximum, whilé 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 Qbsetved. 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




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 senéitivity of the maximum stress. In view of the absence
of a steady state and the low rate sensitivity, éxpression of these results

in terms of "effective viscosities" is not warranted.

-

The effects of temperature are ﬁot 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 microscopicél qbservations point to there being two predominant
and complementary processés 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 thosé 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 éssemblagevof 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-diséggregated and may be. considered
as a jacketed assemblage of separated particles with viscous fluid ih theA
interstices. Compreésive and shear forces can therefore be transmitted

between particles in the models, but not tensile forces.

Melt expulsion and elastic and brittlerdeformation of grains,
as well as sliding between grains, occur concurrently dﬁring'one deformation
increment. Such proéesses will be considered in isolation in the following
sections. Relevaﬁt, but perhaps somewhat unrealistic assumptions will be
made about the shapeAand thé 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 perticles as
rigid and cylindrical to.evaluate melt expulsion from between grainboundaries,'
to another model considering the grains to be rigid and sphericalrto

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 dlscussed 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 1n1t1a1 concave upwards part of the stress-strain
curve. They involve the movemént 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 Wiil 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 sopport compressive differentiel ioading © In doing so, melt will
be squeezed into interstices inclined more nearly parallel to the loading
directlon, and there will be _some tendency towards a denser packing of grains
with movementlof melt 1nto<the annular space between jacket and specimen.

If the melt were ioitially uniformly distributed around the grains,ithe
shortening strain associated with this initial compaction could amount to
roughly one-third of the melt fraction, but in practice it is likely te 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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where N is the viscosity and % the thickness of the melt film, d the grain-
size and & 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.1l.1) indicate that the stress during a constant strainrate experi-
‘ment becomes significant on the scale of precision of the present apparatus,
that is 0>1MPa, if the melt film films perpendicular to the shortening
direction are between 1 and 10 M in thickness. Subsequently stress rises
rapidly'in a non-linear fashion with further melt gxpulsibn to values much
higher than actually reached in any of‘the expériments. 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.facés
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‘fiim 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 presentyanalysis‘suggests thatbdeformation 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 Séction'7.1, may be éapsed to some extent by the

dependency of o in (1) or n-and é&.

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 1is ¢o
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

will be of the order - $—

By analogy with models of hard spheres (Appendix 2), the additional
_uniax1a1 stress ¢ 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.
g = —C'Ap - o . : : (2)’

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

o= G | - 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 10K and 100K. 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 siope expected for the
elastic distortion of nnmelted 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 al., 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) snggests'that the



64 L]

differential stress o in (2) and (3) will be accordingly raised by a

multiplying factor of thé order i t 3 where u is the coefficient of friction.
For uy = 0.5 a three-fold increase in ¢ 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
fiims, the compéction will be significantly time—dependént, and the
compressi&e forces will be effectively transmitted between grains before
they come into direct contact. The compéction and dilatancy stages will
then overlap or be coupled in a rate dependent way. That is, insteéd of

a compaction straining at very low stresses being followed by a very steep
dilatancy hardening stage, one could‘expect in pratticé a concave upwards,
rate dependent, strain hardening éurve of the type obseryed, 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 separéting 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 specimenvénd jacket, in the cases with sufficienﬁ
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 beiﬁg forced into the body of the specimen. As
this movement- occurs additional pofe space has to be made available simul-
taneously by furthér 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 ¢ is the final’melt fraction (Appendix 2). 1In 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 Qiscosity
_of the melt and it is to be expected that, in analogy to the situation with
the Vélidity 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




given strain. This critical rate is evidently of the order of 107% to
10" 3s" 1 for an initial melt fraction of about 10 percent, from the
observations on melt fractions in the spécimens with 1 and 1.5 weight
percent added water at the faster stralnrates (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 10%
Pascal second (105 Poise) (Shaw, 1972). There may also be an upper limit
to the amount of melt that can be drawn into the specimen pfior to macro-=
scopic failure since in the specimén wifh 1.5 weight percent water, not
all melt was drawn in during‘deformaﬁion, even at lO'ss'l'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 Yieldiﬁg

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 ihfleétion. 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 pefhaps a preliminary
transient phase leading to a granular flow process, that may be continued

to indefinitely.large strains.

7.4.2  TFlow

Sustainable granular flow involveé the exchange of neighbours during
the relative movement of the grains, which will incur dilation if the melt
fraction is less than the critical amouht. 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 ihdefinitely 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 gréin 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:

(D Although the specimen with 24 percent melt exhibited negligible
strength in the présent experiments the maximum strain reached was
6nly of the order of 10 percent. It is therefore not clear whether
this flow-is sﬁstainable to large strains since at least 50 pércent
strain is needed for'a single neighbour exchange; moreover, tﬁere‘

are some microscopical indications that the flow is not stable. On
the other hand, the sharp decline in strength beyond'lS percent
melt fraction suggests that a fully mobile state is being approached

at 25 percent melt fraction.

(2) In the spécimens with 15 to 20 percent melt, grains are extensiVeiy
fractured in spite of the low macroscopic stresses. This observation
supports the view that the mqbility:is de?endent on the fracturing
for lowering the critical melt fraction throuéh increasing the range
of grain sizes. The occurrence of fracturing at stresses 6f 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 iﬁvolving the.wéter
present in the melt (c.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 beginsbto 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 étress (Hart et al., 1975; Hart, 1976). Since

the flow of partially-melted granite is relatively insensitive to strainrate,
the stability or instability of flow is presumébly dependent on strain
hardening, in this case arising from the increasing resistance to relative
movement and fraéturing 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 theAstress—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‘beéause the latter, if
controlling, would give a high stréinrate sensiﬁivity 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 dependencé (Chapter 4.4).

7.5.1 Non-linear unloading behaviour

This behavieour is similar to that observed for other cracked or
granular maﬁerials 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; Bibﬁ,
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 préssure drop associated with dilatancy hardenihg,
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 Changés‘in
melt-solid interfacial areas during unloading (the microscopical oBserVatidns
support this conclusion). Elastic distortion of the granularbframework,

however, would account for the observed effects.



68.

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 gfains during partial melting and
of disturbance of the original packing by relative-displacément
in the deformation, it can be expécted that the contacts will be
essentially of the nature of Hertzian contactsvbetween 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.

Calculétipns witﬁ 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 fo be highér 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 pteviously.

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 ekceeded prior to the occurrence of brittle failure, but evidence of
extensive plasticity is lacking in fhe preseﬁt experiments, High plastic
‘deformation rates would be required locally at contacts to completely
prevent an elasticAbuild—up of high contact>stress. This requirement 1is
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.



69.

7.5.2 Time dependencé

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 thé‘solid surfaces are in close proximity,
és in cracks or slightly-opén 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 expécted 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 107%s7!

In Chapter 1, two rheological regimes were distinguished in the
melting intervél, 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 giveﬁ rate changes dramatically. The critical melt fraction was defined
as the flﬁid fraction for which the stress changes most rapidly as a

function of melt fractiom.

In Figure 7.2, I have plotted the maximum stress reached during
constant strainrate compréssion (10_55‘1) of partially-melted granite, as
obtained from Figure 7.1, against the melt fractions couﬁted in thin section
under the microscope. It should be emphasized that the indicated stress
does not represent "fiow stress' since steady state has not been observed
for 107%s™! 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 1076s~l, 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 € = 1073%g7!
using a melt viscosity of 10" Pascal second (105>Poise) and assuming the
trend in relative viscosity of fluids with added uniform spheres as
established by suspension experiments (Jeffrey and Acrivos, 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 107 5s”
The upper curve givés 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 10" Pascal seconds
(Jeffrey and Acrivos, 1976); the horizontal arrows
indicate the influence of mixed grain siée 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 1076s-! (Tullis and
Yund, 1977). The critical‘fraction is between 30

and 35 volume percent melt.

1




1064

DiFFerReNTIAL STRESS (Pa)

|
| | !
,103- | | '0-:
107 4 1
. j l
o R
, \
04 Y
1.
10!

7

1t

109 -
I"L TaY 1977

108_ %F\ﬂ%
!

A

)

10° -

107251

MELT FRACTION

: ; 'I"I'vl"l‘,l"‘
0 0.2 0.4 0.6



71.

very rapid increase to indefinitely large stress values for rigid grains
is predicted by extrapolétion formulae. When a range of particle sizes

is introduced this line should mdve someWhat towards .lower melt fractiomns,
‘as shown by arrows.4 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 coﬁcludé form Figure 7.2 thaﬁ the critical melt fraction in
granite for a strainrate of 107 5%~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,Adeduged ih 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 frameworkf‘
controlled regime; with further increase in melt fraction the stress
drops dramatically if the critical mélt’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
geoiogical conditions is jusfified. ‘The questioﬁ of mechanism is fundamental
But is particularly difficult to resolve because the commonly observed
recrystallization of crystélline igneous rocks previously deformed in a
partially-melted state (Berger and Pitcher, 1970) tends to obscufe 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'regimé 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. Différential
movement, interference and fracture need not be restricted to the scale of
individual grains in a partially4meltéd 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 fhese 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-1like""
and "solid-like" elements of the systém. 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 wifh a furthér increase in melt . .
percentage until the critical melt fraction is‘approached. Increases in
strainrate over this interval are ekpected to be caused b& 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, thé yielding at which determines'
the flowrate; ' such a model might apply to hot-glass ceramics (James and
Ashbee, 1975). 1t 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 histofies, in which the

orientations of contacts between graihs change continuously with respect

to the ﬁécrdscoﬁic différentialfstresé‘will favour .effects as described by
Frank's model. - |

'The experiments of Auten et al. (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,meqhanism 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'pércent 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,vthey found no increase in'steedy Staﬁe 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 pertial
melting. Such caution seems justifiedvin view of the experiﬁental 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 elloy can be.extrapolated to cover
upper mantle conditions. Alumiﬁiuﬁ has a face-centered cubic structure

and a sufficient number of independent siip 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 greinboundaries does therefore not exert a ‘
large ihfluence because compatibility is no problem in the unmelted state.
Olivine, the dominant mineral in the upper mantle, has only three independent
slip systeme (e.g. Goetze and Kohlstedt, 1973). Coherent plastic flow in. |
olivine pplycrystals by dislocation.mechanisms canjstill occur if the‘Von
Mises criterion is somewhat relaxed (Paterson, 1969). The presence<of an
easily redistributed melt phaee at'greinboundaries 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 faciliteted by the presence of a melt phase,

but how much is not known. Apart from this effect it would appear that

the preseﬂcevof a-melt in rocks defbrming'by dislocation. processes will

not chenge the fioﬁ rate for.a‘given macfoscopic differential stress to

any great extent. :That is; unless the'iocal contact stresses at the
grainboﬁndafies ere faieed such that a chenge‘towards a higher sﬁfainfate

mechanism in the solid greins‘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 v
| 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 al. (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 1n 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
C1.4). The effect of differential stress on the equilibrium distribution
of melt 1s not known. - A dynamic equilibrium will be achieved if the deform-

ation, and therefore the microstructure, reaches a steady state.

8.2 Appllcatlon of the critlcal 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 decréase of flow stress for a given strain-
rate in both the melt and the solid fraction irrespective of what deformation
mechanism is operatinghin 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
vlowering in melt viscosity. The strainraté sensitivity of solids is in
general lower than that of a viscous melt. Commonly strainrate semnsitivity
is expressed in terms of a stress exponent n éuch'that £ v Jt. 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 wiil 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 ;esulf 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 gfandlar 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 thefarguments presented in Chapter 1.4 and those giﬁen hére;
.it is concluded that the general distinction between a suspension-like
regime and a granular framework-controlled regime will be enhanced under
geological éonditidns 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
suSpehsions at a certain rate and cbrresponding granular aggregates at

‘the same rate, irrespective of the mechanism of deformatioﬁ operating ih

the solids. The factor determining the value of the c¢ritical 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 omes.

The observed tendency to localized shear failure at low melt
fractions is likely to be most relévant where deformation rates are
relatively high and it may provide a partial explanation for deep seated
earthquakes (c.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 Hof fmann
(1977) are of particular interest in illustrating the large rheological "
4contrést with relativély 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 thét 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 brepciated'at a large scale, but also mingling with

‘the Red Granite at sharp édges”{

8.3 Some other applications

Another aspect ofrbehavioﬁi of geological interest is the relative
movement of melt and solid components of the rock. "Apart from gravitational
settiing, relative moﬁement 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 "oﬁén" or "closed" ("drained" or "undrained" in
‘soil mechénics terms). The experimenté represent a situation that is closed.
on the larger scale but within which relative movement between specimen and
spfrounding 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, némely, that shear will tend to "knead" melt from a partially-
melted rock, The latter effect islmorellikely 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 thereforé
necessafy.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 grainboundarieé and cracks may also be of practical significance.
Thus, a tendency for the:melt films to be oriented normal to the least
“principal éompressive.stress may contribute to anisotropy in elastic
wave velocities in the upper mantle (Schlue and Knopoff, 1976; Bamford

and Crampin, 1977). -~
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ABS'IRACT

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 thermél expansion and
compressibility data for the constituent mincrals allows changes in porosity
to be estimated. Under confining pressure, porosity is found to decrease
with heating to 200°C thrdugh 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 rgsulf.of differential
thermal expansion of the constituent minerals, but crack opening is increas-
ingly suppressed at higher confining‘pressures. Extrapoiation 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
unartz a-B 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
kper 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 classié
wérk 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 resﬁlting from changes in confining
pressure and temperature. The theoryytogether with a simple model for
cracked granite accounts semiquantitatively for the observations of thermal
expansion of granite and the effect of confining pressure thereoﬁ, and for
the observed a-B transition temperatures for quartz, if it is assumed that
grainboundafies have zero tensile strength. Three possible focusing effects
have been identified which cause the a-B transition of all individual quartz
grains in granite to occur at the same temperature: i) the internal pressﬁre
of quartz grains1cunnot cxceed three times the confining pressurc applicd to
the granite as a whole, ii)A the finite yield strength of the matrix decreases
‘with increasing temperature, and iii) althbugh counteracted to some extent
by increased compressibility, the large increase in the volumetric thermal
expansion of quartz grains at temperatures just below the a-B transition,
and'the pressure sensitivity of that transition cause larger pressure rises

in those grains with initially lower internal pressures.
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Chapter 9

INTRODUCTION AND EXPERIMENTS

9.1 Introduction

The velocities of compressional elastic waves propagating through
dry natural crystalline rocks are known t§ be sensitive to the state of
microcracking of the material. Graphs of ultfasonically 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 firstAstage‘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 seen fapid progress in the experimental
determination of temperature derivatives of V¥ forbnatural rocks at pressures
between 100 and 1000 MPa and temperatures up io 750°C. TFor references see
Table 12.1 in part III. V? has been shown to decrease gradually with
increaéing 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 minérals‘of the rock
(Ramananantoandro and Manghnani, 1978; Kern,‘l978). The minimum pressure
needed to prevent the opening of cracks was estimated to be ~iOO MPa per

100°C by Kern (1978).

Notable exceptions to the rule»qf a gradual decrease in Vp with
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'bressure in such rocks, decreases
markedly from its room temperature value to a sharp low at the quartz o-B
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 polycrystél calculated from the known changes in the elastic compliances
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for single crystals of quartz at the o-B 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 oa-B transition tgmperature corresponding to
the applied confining ﬁressure.' Kern concluded that the observed low in
Vp is associated Qith the quartz o-B transition, but that the "shift" towards
higher temperatures must be due to stress inhomogeneities caused by the
different thermal expansion coefficients of tﬁe 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 ekpansion of a fine
grained granite at confining pressurés of 100, 200 and 300 MPa and temperatures-
up to‘9OQ°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=8 trénsition 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 o~f transition .
temperature in granite.‘ Small differences exist, but in general the ;esults
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 thé work
of Eshelby (1957), and allows calculation of the elastic field chaﬁges which
result from thermal expansion or contraction of an inclusion relative to a

matrix maintained at a constant confining pressure.

The experimeﬁtal results of Chapter 9 will then be discussed in
terms of the theory in Chapter 11. In view of the major simplifying aséump*
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 isotrppic 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, oniy 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" displaéements as recorded on the load-displacement strip
chart. Touch—pdints 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 Qas 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 measﬁrement was never more than
0.004 mm, the equivalent of 2 x 1074 linear strain in the specimens of 20 mm

length,

Changes of touch-point displacement with pressure and temperature
are éffected by length changes in the pressurefbomb, 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
thé same dimensions as the granite specimens to be used, and for which the
thermal expansioh and compressibility were accurately known. . This correction
was subtracted from the total éhanges in touch-point displacement to yield
the length changes ofrthe granite specimens. Prior to the first measurement
at 1 étmosphere 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 épecimen. 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 for 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 ratelof 3°C per'
minute. Before each mégsurement,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
intefvals of 50°C to 100°C at lower temperatures, but more frequently around
the o-f transition temperature of quartz. Conversion of linear sfrains to
volumetric strains has been done on the assumption of isotropic volume |

changes through muitiplication by a factor of 3.

9.4  Experimental results

9.4.1 Compression at room temperature

The measured compréssion for belegate aplite at room temﬁerature is
shown in Figure 9.l1-a for three dry rums to 100, 200 and 300 MPa, and for
one "wet" run to 300 MPa iﬁ a specimen with 0.7 weight percent or 1.8 volume
percent addéd water. For comparisdn, Figure 9.1-b shows the compression of
water (Burnham et al., 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 granité 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.l In the hyppthgtical 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 follewed
here. The differences resulting from taking Voigt's assumption, or calculating
the Voigt-Reuss-Hill average, (e.g. Watt et al., 1976), are small and do not

affect the arguments presented here.
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Figure 9.1-a Compression of wet and dry granite at room tempér-
ature. The dashed line indicates a possible decrease

in compressibility for the highest pressure.

Figure 9.1-b Compression of water (Burhham et al.,1969) and of
| the constituént 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).
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The compression of a similar hypothetical "wet granite" with 1.8
volume percent H,0 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 Smallbspherical pores inside grains,
and part of which consists of crack shaped cavities mainly at grainboundaries,
An accessible porosity sf 0.8 volume percent, associated with grainboundary
cracks has béen 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 apbiication of 200-300

MPa confining pressute. Probably most of the accessible porosity is removed

at ~200 MPa.

The measured sverage 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 persent per 100 MPa, at the
highest confining pressure. The formsr'value is in good agreément with the

measured compressibility of other granites at low confining pressure (e.g.

‘Brace, 1965), although a wide range of values ekists (Birch, 1966). The

latter value agrees well with the compfessibilities*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 hypotﬁetical "granite"
of Figure 9.l—b. |

The resulfs 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 persent) has entered into the accessible porespace (0.8 volume

percent), thereby preventing the closure of cracks.
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9.4.2 = Estimated éxpansion 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. 1In Figure 9.2-a the volumetric
thermal expansions of the constituent minerals of granite are shown (data
from Skinner,‘l966). Quartz has a steep, non-linear thermal expansion ‘
curve up to the o-f 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 dryAhypotheticaZ
"granite" which has a coefficient of expansion equal to the average of

those for real quartz, oligéclase and microéline.l Again in the hypothetical
case there is no effect ‘due to differential éxpansions 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
hypdthetical granite of the upper figuré. The résul; is represented by.a
dashed line in Figure 9.2-a. Uncertainties,iﬁ the estimate arise from the
assumption that there is no change in porosity in unjacketed specimens
during cooling from the highest temperature réached, from'the porosity
measurements themselves and from the unceftainties»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 atmospheré
to temperatures exceeding the quartz o-f transition. The estimated result
for Delegate aplite at 400°C is in good agreement with the accurate measure-
ments of thermal expansion in various grahites at 1 atmdsphere 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

1 . ' .
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-a

Figure 9.2—b‘

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).

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 aﬁd 300

MPa confining pressure. The marked kinks in the
expansion curves are associated with the o—-B trans-
ition of quartz. The dashed line represents the

estimated atmospheric expansion of granite.
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9.3 for 100, 200 and 300 MPa cohfining pressure. The estimated thermal
expansion at ‘1 atmosphere.is shown by a dashéd line for comparison.
Similar measurements were presented by Kern (1978, in prep.) for granite
and granulite to lower temperatutes. fhere is good general agreement

between the two sets of data.

Several imporﬁant conclusions may be drawn from this diagram,

these will be discussed in turn below.

i. Shift in the quartz a-f transition temperature

All curves are characterized by a sharp kink which is associated
with the a-B'transition of quartz. The'tempefature'interval in which the
“transition occurs is estimated froﬁ Figure 9.3, and shown against confining
pressuré in Figure 9.4 by solid symbols. The o-B transition temperature
for single crystals of quartz ihcreaées by ~26°C per 100 MPa confining »
pressure from 573°C at 1 atmosphere (e.g. Coe and Patérson, 1969; Koster
van Gfoos_and Ter Heege, 1973). This effect is shown by a solid line in
- Figure 9.4. The temperéture intervalslin which Ehe quartz o-B transition
‘occurs in the'fine grained granite are displaced to considerably higher
temperatures than the single crystal o0-f transition temperatures cprfesponding
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 discfepancy 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‘sbmewhat 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
temperéture 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 séctions of this study, that the magnitude of the
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Figure 9.4 The quartz o-B transition temperature in granite as
function of confining pressure. The pressure
dependence of Ta-B for single crystals of quartz is
also indicated. The dashed line represents the

model discussed in Chapter 11.
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volumetric expansion at 1 atmosphefe repfesents 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-B 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 aplité ét 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 pofosity may be due to a higher efficiency
of the confining pressure in closing cracks at higher témperature 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 likeiy that the poroéity 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 geoiogical 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, paft
of the crack porosity which originated due to differential contraction in the
earth during codling; 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).

iid. Increasing porosity at high temperatures

From Figure 9.3, it is seen that the volume of dry Delegate ablite
increases between 200. and 840°C by~ 4.0, ~3.6, ~3.0 and ~2.6 volume percent
respectively for 1 atmoéphere, 100, 200 and 300 MPa pressure. An upper bound

‘to the thermal expansion of the constituent minerals at préssure 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 incfease 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 éomewhat
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 o~f 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 épecimen 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 o-B transition of quartz takes place. At even
higher temperatures, the porosity may femain constant, or even decrease
somewhat if the contraction of quartz at 1Vatmosphere beyond the transition
(Figure 9.2-a) also occurs at preésure; The expahsion 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 ofrpoposity
as a function of temperature. Further complications arise:from the stress iﬂ-
homogeneities which occur on the scale of grains in the granite during thermal

expansion. Discussion of these factors is deferred to Chapter 1l.

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 specimén with 0.7 weight percent, or
1.8 volume percent added waﬁer. An'estiﬁated 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 repfesents>the estimated étmospheric 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 méasurements 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 0-B transition of
quartz in granite with water as a pbre‘fluid is shifted to higher temperatures
than for single crystal§ 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 expefiment (not represented in the fiéUre), 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 érgon gas was able to enter the specimen. The run was characterized

by simiiar volume increases as the wet case shown, (about 0.3 volume percent
’higher), but ﬁith a clear kink in the thermal expansion curve between 740°C
and 800°C. These results suggest that the shift in the quartz a-f transition
temperature noted for dry granite does also occur in the preSenée 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 graﬁite 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 peréént. The totalbporosity 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
éOnditions. In the dry granite ~1.3 volume percent porosity has been
removed by compression to 300 MPa at room témperéture 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. 1In 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 calcqlated 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
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the assumptions made in Chapter 3,,ab6ut porosityiat 800°C and 300 MPa in

Delegate aplite with excess added water.l

The effect of the Quartz o-f 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 materiél is surrounded by an
infinite matrix of another ideally elastic iéotropic material. Let the
kinclusion 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’tﬁe 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 yu,
and let the bulk modulus of the inclusion be X;. We adopt a sign con&ention
in which compressive stress and compressive pressﬁre are positive, and in
which expansive volumetric strain (dilatation) and elongation are negative,

for example:

where A is volumetric strain.

The following relationships can now.be derived from Eshelby's

(1957) general equations l:

1 Notice that there is a misprint on p. 390 of Eshelby (1957), the last

term on the right hand side of the equation for ‘1p7:Z has to be:

1, 1+0 2u , 4, 1
3 1o  3x AP (mpng =380
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The volumetric strain of the inclusion is:

_ P 3K + 4y , , , :
BT F 3K+ du .
The hydrostatic pressure in the inclusion is:

K | -
mp . o 3K* 4y o
PL=P " F T 3Kt by | (2).

"The linear strain in the matrix at the contact in directions normal to the

inclusion surface is:

- 2(Xy - K)
T %'[ %'+ -1 : : | 3.
* T 3K t b4y

The linear strain in the matrix at the contact in directions parallel to

‘the inclusion surface is:

3K + 4y

By R
€
0// 3K 3K1+ 4].1
(4).
= D [ 1_ EEE_:_fl
K 3 3K1 + .l}u

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

the contact is:

- . |
AC €. + 280// 7 . ‘ (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:

| Ky 3K + 4y b Ky - B
- K 3Ky + 4u © K(3Ky + 4u)
and A |
[ 2u(Ky - K) )
o ,=p - ——— :
e/ © K(3Ky + 4n)

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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1t 1s seen that the "hydrostatic component' of the stress in the matrix at

the contact is:

p = ——— = D ‘ (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_bf the
elastic strain-field of the matrix due‘to the inclusion decays with

distance r from the inclusion as %3 (compare Eshelby (1957) equation 2,18).

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

2 (1)

and - 1l<v<l; (Jaeger, 1969, p. 57). For holes in the matrix XKy = 0, for

here, K>0, u>0, u » where v is the Poisson ratio of the matrix,

inclusions more compressible than the matrix 0<K;<K and for inclusions less
éompressible than the matrix K;>XK. Thus in the present case, where all

" the strain in the inclusion is caused byvthe applied compressive pressure
p we also havé the condition K;20. For reasons which will becbme.apparent
in Section 10.2, we wili also consider when tensional stresses would

develop if it were possibie that K;<0. From (2) and (6) it is seen that:

pr =0, < 0 . if:
' (9-a).

bu (K -0 _
X 3k, + 4y <71

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 =0, > 0 if:

Ky >0 for: - = : : : (9-b).

-1<v<ls
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Figure 10.1-a.

Figure 10.1-b

Values of the effective or eqﬁivalent 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 pessible.

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.



$'0-  I-
: —0

¥ SaWIlL

_4|t
01lvY
NOSS10{

W SIWIL

O N T M N O

.
OIlvd

NOSS 10




101.

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 K1<0:

—

py =0, < 0 if:

- %-u < Ky <0 for: ' . _ ' (9-¢).
-1<v<lh

Next we determine the conditions under which the tangential
stress in the matrix becomes tensional during>compressioh (p>0). From

(7) it is seen that:

ocAV < 0 if:

, _ (10-a).
2y (X1 - K) 1
K (3K1 + 4].1)

Substitution of inequality (10-a) into (6) or (2) indicates that (10-a) is
equivalent to:
o] <0 if:

e/ T

p1=2¢

(10-b).
> 3p

c1
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 K; 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:

for: » ' (10-c).
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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;>>X.

We notice however, that if it were possible that K;<0, tensional

tangential stresses could also develop for a positive Poisson ratio of the

matrix during eoMpression provided any of the following conditions is met
(Figure 10.1-b):

OcAV <0 if:
6uK ‘
Ky > m for -1<v<0 (lO—c)
. S v
or K, < - 3 for -1<v<0
if: - | 10-d).
and Sy < 0 if _ | ( )
4 6uK
- 3‘].1 > Ky -211—_—3]{ for O<v<is
and UCAV <0 if: ‘
| Ky < - ZK for v=0..

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 sl by the application of a pressure
p to the matrix and the resulting pressure in the inclusion, p;, is

given by K14,

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

volumetric strain:

Ay =By | | 1y,
and develops the same inclusion pressure:

b= - a,

but where a part Ay* of the strain A, 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 ola one,
described in the previous section, without altering the state of stress
and strain in the matrix, or the pressure and the total strainlin the 7

inclusion.
Equation (12) is ensured if:-
Ko (bp - Bp%) =Koy . (13),

and from (1), (11) and (13) it follows that:

3K + 4y Xy
A2=B¢—-————-—-—=.——

K agy ¢ b K-k

. Az* . . (14).

From (14) we solve for Ky and obtain:

% (3K + 4y) = buby* : s
' 1. | 15).

Ky = K, [ »
?]% (3K + 4u) + 3Kphp% -
The expréssion 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 A; and the inclusion pressure p, were to be caused by

the application of a confining pressure p to the matrix.

Substitution of (15) into (1)-(8) now allows one tojexpress
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 bﬁlk modulus Ko
of the inclusion material plus its "preséure—free" strain Ay*. The

resulting relationships are somewhat cumbersome and not represented here.

From (15) we note that, while K520 (the bulk modulus of the new
inclusion materiél can again not bé negative), it is now possibie for the
- "equivalent" bulk modulus to become negative for certain combinations of
the values of u, X; Ky and.Az*. It is for this reéson that we have
considered negative values for Kj in the previous section. From a
combination of Figures 10.1l-a and b if can now be seen that for positive

Poisson ratios of the matrix tensional stresses will exist during compression
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when- X1<0. (It should be remarked however, that for no value of v can

Ky = - %u because substitution of that into (15) would imply that K2‘=-%v,
in contradiction with the requirement that X,20.)

Substitution of (15) into (9-c) allows us to calculate the value
of the pressure-free strain Ap* 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:

p2 = Oc_'.,< 0 if:

3 1, _
Ap* > p(l;_ﬁ + ?{-) for: , 4 , (16),‘
-1’§ v <k

where it should be remembered that volumetric contractions are.taken -
positive with the sign convention uséd.‘ 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
insténce by différential 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 (10-4d) now allows us to
calculate the values of Ay* needed to cause tensional tangential stress
in the matrix during compression by a pressure p. It is found that:

Py =0, > 3p and UcAV <0 if:

. 1 3 ’
A2*<p(}l{-—;—u—-]€;) for: an,

-l<v <k

where it should be remembered that volumetric expansioﬁs 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‘inglus10n relative to the matrix which is
not caused by the appiied compressive pressure, but for instance by

differential thermal expansion of matrix and inclusion during a temperature

rise.




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 témperature compressioh. Let there be zero stress
and zero strain in the matrix and in the inclusion at'rooﬁ temperature
and atmospheric pressure. It is further assumed that the Poisson ratio
of the matrix v = 0.25, so tha; uv= %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:

9K .
=g = (_____l___g
Py ™% TP U5k v K :
o (18),
=P GGg~543)
1
K. + 6K
and’ o =p (=)
T e/ 5K, + 4K
3B + 6B.
=p (=)
P Ysp ¥ 4B’

where the subscript < now refers to the inclusion and no subscripts to the

. : 1574 g1 . : 1
matrix. B and Bi 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 pér 100 MPé) and plagioclase (0.0179 per 100 MPa)
at room temperature as given by Birch (1966). The extreme cases for
which the inclusion is a.holg (Bi=='w)or ingompressible (Bi =(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.

1 : . ., .
The letter B has been chosen instead of the more conventional B for

compressibility to avoid confusion with o and B-quartz.



106.

o

Table 10.1 Stresses in and around én inclusion in an infinitermatrix

during isothermal compression by a pressure p.

P; = % OcAV
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

Inclusion is a hole 0.000 p 1.500 p




107,

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:

K. (9p- - 4Kb.*) = 9pB - &b *
Py = = ' (20),
i 5K, + 4K | 5B + 4B

where subscript 7 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 A * of the inclusion is increased from

0 to Ai*‘ For expansion of the inclusion relative to.the matrix (Ai*<0)

we get:
; 2
-0 > Spi = -4A7:*v‘f‘-§.k-;:.__+____ﬁE |
A s _ - (21).
= -4 EE{%ZEQ .

That is, the increase in pressure of the inclusion is independent of the
magnitude of the confining pressure p provided A *,B and B are independent
of the conflnlng pressure, and provided B and B are 1ndependent 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 thaﬁ now for p = 300 MPa the internalrpressgre of
the 1nc1u31on is the same as the applled confining pressure. For lower
values of p the 1nc1u81on pressure has risen above the confining pressure

" and for hlgher values of p it is still below that.

10.3.2 Tensional stresses during thermal expansion at pressure

In this example I.invesfigate the effect wﬁich the confining
pressure has on the amount of relative thermal expansion Ai* peeded 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:
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o1
. 9 (22),
Ai >p Z-B
and P; = a1 > 3p and % <0 if:
A* < -p (5B +3B) ,

Two examples are shown in Figure 10.2-a, for elastically isotropicA
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 withvé "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'.

Figure 10.2-b shows the difference in volume percent between the |
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 volumétrig thermal expansion
behaviour of Figure 10.2-b is éttributed to the hypothetical (i.e. isotropic)
~‘inclusion and matrix materials in Figure 10.2-a, they may be compared. For
instance at 200 MPa confihing pressure a témperatufé-fise to 4400°C is
needed before tensional normal stresées develop across ﬁhe 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‘giveﬂ A
the differential thermal expansion behaviour of Figure 10.2-b, there cannot
exist tensional stresses between ''quartz'" matrix and "plagioclase' inclusion
if the confiﬁing préssure exceeds ~600 MPa.- Similarly, the maximum confining
pressure for which tensional tangential stress may develop in a "plagioclaée"
matrix around a "quartz" inclusion is reached at ~340 MPa. |

The calculations presented above are for a temperature-insensitive

"quaftz". The compressibility of real quartz is

compressibility'value of
known to increase with temperature towards the a-f8 transition at 1 atmosphere

(Coe and Patérson, 1969; for details see also Chapter 11 and Figure 11.1 ).
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Figure 10.2

Differential'thefmal expansion behaviour of quartz
and plagioclase and the pressures for which this

may lead to tensional stresses.

The absolute value of the pressure free strain Ai*’

" 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.*,
1z .

Relative volume change between quartz and plagio-
clase as a'fgnction 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
o—-f8 transition to higher temperaﬁures (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
o-B trénsition and ‘the displacement of the transition to higher temperatures
at pressure cooperate to increase the temperature’interVals needed to
produce tensional spresées 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 thérefore be obtaineé for the maximum confining pressures
‘at which tensional stresses may develpp; if the properties of matrix and
"inclusion are éhosen 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 thevpore 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 ZOOSC.to 840°C. It has also been found that the
porosity increase over this temperature interval decreéses as the confining
pressure is increased. From‘thevtrend 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 o-B 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.

Quélitatiﬁely, the opening of pores in granite against a confining
pressure may be ascribed to the‘differential thermal expansion of the
constituent minerals. Diffefeﬁces 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-B transition of quartz in granite to higher
tempefatureS’has been attributed qualitativel& 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,temperafure rise?
ii, What factors determine the magnitude of the observed shift in
thetquartz a—-B transition temperature?
iii. Why is the a-B transition for quartzes in granite at pressure not
~spread out over a range of temperatures? Curves of Vp 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
Itemperature presented in Chapter 9, exhibit a marked kink, not

a gradual change. If the shift in the o~B transition is caused
by stress dinhomogeneities in the‘aggregate at pressure, what
causes those inhomogeneitiesvin'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. : ‘ - S '

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 o Lume changes of hatfix and
inclusion. As such it is not directly applicable to the minerals quartz,
plagioclase and K-feldspar, because thesé are anisotropic, both in their
linear compressiﬁilities (Birch, 1966) and in their linear thermal expansion
coefficients (Skinner,'l966). Howevef, 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 frém the anisotropy of the minerals, but over the whole of the
specimen these tend to cancel out, since there is no preferredAcrystallo—
graphic orientation in the material studied. It is therefore believed that
the large effect which differential stress has on the o—f8 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. Thé}latter conclusion isvstrengthened by the observation of Kern
(in prep.) that there is no shift for the o-8 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



113,

spherical inclusion. The same remarks apply to inclusions which have a
smooth.surface but a non-spherical shape (for the general ellipsoidal
inclusion see Eéhelby, 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 eertain maximum differential expansion) will
be higher in the case of non-spherical than in the case of spherical

inclusions.

The theory considers an isolated inclugsion in an infinite
homogeneous matrixz. The most serious differences between the theory and
the real granite arise here. Occasionally, in granite an indiyidual quartz
grain may be completely’surrounded by feldspar crystals, and less likely
still an occasienal 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 #iewed 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 sectidn contiguons 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. VMoreover, the matrix around any
quartz graln is full of dlscontlnuities in the form of gralnboundarles,
pre- ex1st1ng 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 "inelusionsﬁ modify the homogeneous
disturbance caused by a single inclusion in a flawless homogeneous matrix.
There will be stress concentratione 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.
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11.3 - Application of the elastic theory to the case of a real granite

11.3.1 The model

Deiegate aplite is viewed as a matrix of plagioclase and K-feldspar
grains with spherical inclusions of quartz. The matrix contains gréin—
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 incluéion‘is surrounded by several matrix
grains, so there are matrix—grainboundéries perpendiculér 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 ih 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,'és a resuit of resisted differential volumetric
expansion of the inclusion rélative to the>matrix, the grainboundaries
perpendicular to the contact will Open‘up because they have zero tensional
stréngth. Any further volumetric increase of the quarté 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 gfanite consisted of such inclusions of quartz in
a crack freé matfix at room conditions, it would be predicted that craéks
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. AEyen 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, ahd therefore

a larger interval in temperature for reopening while the granite is at a

confining pressure p.

The progressive cibsing of more and moreiporespace-in Delegate

- aplite by confining pressures up to 300 MPa has been demonstrated iﬁ 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 leés than 340 MPa
calculated above for the initially crack free case. The extrapolation of

. the experlmental results for Delegate aplite indicates that the maximum

pressure for crack opening in this materlal is of the order of 450 MPa.

11.3.2 Focusing effects

"For any crack to oﬁen,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 inelusion plus thé crack allows such a differential -
movement to occur. The opening up of a crack allowed by the matrix may be
expected to be limited, increasinglnyO at higher confiniﬁg,pressuré 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 tlmes 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 préssure 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 focuélng effect arlses from the temperature sensitivity
of the finite yield strength of the matrix material which enablés 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 Whichvyielding occurs
in the matrix (through plastic flow,Asliding 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-f transition of quartz, and the associated
changes in its compressibility and expansion. The tranéition 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). 1In Figure 1ll.l-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 o-f transition af atmospheric
pressure. The thermal expansion curve is calculated from the data of
SkinnerA(l966) 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 pfessure as at 1 atmosphere, but that the.
changes are sﬁread.out over larger temperature intervals because of the
pressure sensitivity,of the o-f transition temperature. This assumption
is shown séhematically in Figure 11.1—B for two inclusions of quartziin
granite under confining pressure. Due to stress heterogeneities in the
aggregate inclusion 1 has a lowéf internal pressure than inclusion 2, and
‘at a given temperature T, the first grain is therefore nearer to its o-8
transition temperature than the second. An incfease 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 exbansion coefficient and compressibility of

quartz as a function of temperature and pressure.

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

of quartz (calculated ffom compliance data

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

Notice that the thermal expansion increases more

Hrapidly for all temperatures.

(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 iricrease in internal inclusion pressure for the
grain with the lowest initial p;» but the softening effect will tend to
‘favour a larger pressure increase in the grain with the highest initial
value of pi. Thus there are two competing processes operating in granife
during a temperature rise both related to the pressure sensitivity of the V
quértz o-f transition temperature. The thermal expansioﬁ effect tends to
minimise pressure differences between inclusions, but the.softening effect

tends to increase them.

Differentiation of equation’(ZO) from Chapter 10 with respect -to

T at constant pressure yields:

dB B, da
a; Op = 5pp) @GPy, = 4P G p ~ 4 Gy
’ 5B + 4B,

where the same notation and sigh convention are used as in Chapter 10. 1
will assume that the compressiblllty changes of the matrix material feldspar
are negligible compared to those of the inclusion material quartz Now,

since - d.A* = (4. - A)dT, we have:
vt dB..

' _ T

() = ' . _ '(24—a).

5B + 4B.
7

Equations (24) and (24-a) reflect the competing effects mentioned in the
discussion above. A low confining pressure favours high values‘of-Ai
(Figure 11.1-b) relative to 4, and gf course low values of p;s both effects'
tending to produce hlgh values of ii; at low’ pressures. On the other hand
at low pressures, dT " (Figure 11.1-b) and B have hlgh values and tend to .

make 7z%-smaller at low pressure than at- hlgh 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) witﬁ,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 Bbis .

relatively unaffected by pressure andvtemperature'changes. In summary, I

conclude from Figure 11.1, and from equations (24) and (24-a) that a focusihg:
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effect related to the pressure sensitivity of the quartz o-f8 transifion
temperature is.likely to operate in granite during temperature rises. The
effectiveness of similar focusing effecté has been demonstrated and
discussed by Coe and Paterson (1969). They found a sharp o-f 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 duping'
temperature increase the stress heterogeneity would have persistedland the
a-B transition would have occurred at different temperatures for different

parts of the crystal.

11.3.3 The shift of the quartz o-B transition temperature in granite

The focusing effects described above cooperéte to make.the ‘
internal pressure in all quartz incluéions of the model equal to three’
times the applied confining pressure at high temperatures; provided the
confining pressure is not too high toAprevent‘éracking. From the‘present
model it would therefore be predicted that the o-f 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, fhe model predicts that the a-B 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 dashgd 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 pfessure 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.

\ . . 1
The reason for this discrepancy is not known.

lThe 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 o-f 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 0-B transition of quartz woula 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 o-B transition of quartz in granite is a good example of a
physical phenomenon in a polycrystalline aggregate which does not follow

st : . — - " .
Terzaghi s.Effectlve Stress Law (Péff = Pconf ). The effectlve

P
) ) pore
pressure" for the transition of quartz is near 3Pc'

onf

influenced by porepressure. On the other hand, porosity changes due to

, and is not

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 présence of a porefluid is the same as that
formed‘at 8009C_andAatmospheric pressure (Chapter 9.4.4);

at high temperatures is probably somewhat lower than in a gas apparatus.
Howe?er; in view of the a-B transition temperature measured by Kern (in prep.)
forvquartzite at 200 MPa, corresponding to the g-B 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).



121,

11.4  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 Vp at 200 MPa confining pressure
with increasing temperature towards the a-8 transition of quartz is larger
for granite and granulite, containing only a fractlon of quartz, than in
quartzite consisting entirely of quartz. 1In 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 élosure by cdmpression to 200 MPa ét'room‘tempefature 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 elésticity of the
constituent minerals in grahite,on Vb is therefore larger than the effect
of intrinsic changes in the elaéticity of quartz which control Vb through

quartzite at the same confining pressure.

The above example'serves as a warning against uﬁcritical application
of experimentally obtained temperature derivatives of velocity through rocké
to geological and geophysital problems. Ih specimens under conditions of
a few 100 MPa confihing pressure and 500°C - 800°C, stress inhomogeneities
may exisf 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 timelihtervals at thé same pressures and temper-
atures in the earthis crust. It would seem reasonable therefore to expect
no shift in the o-f transition of quartz in a granitic crust with a high
temperature gradieht. 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
porefluid. The value of (Eﬁgﬁ to be expected for quartzite in the crust
is larger than for granite, and 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 inbthe 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 generai 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 stfess;A 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 condiﬁions for whiéh crack opening started in an intrusive

rock on its way to the surface of the earth.

The measurements of thermal expansion at ﬁressure 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 ﬁhysical properties df
the wall rock will change. Wang and Simmons (1978) recently showed that
most of the crack porosity observed in éores 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 equétions
could, for instance,‘be applied to calculate the instantaneoué stress field
'dgveldping around a spheriéal.region uﬁdergoing rapid transformation ‘in

a 1ithoépheric 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 dimeﬁsional eliipsoidal inclusion. The éffeéts qf non-
hydrostatic stress fields applied to the matfix, instead of hydrostatic
confining pressure considered here, can élso 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 o~f 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.
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. PART III

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—(V )
and shear—(VS) wave velocities for dry granite during room temperatere
compression to 300 MPa, and during temperature increase toA500°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
Vb of water as a porefluid in granite has also beenvmeasured o&er 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 foom 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 hybothetical crack free
granite. This comparison indicates,an increase in the everage aspect ratio
(thickness : width) from ~1.8 x 102 to ~5 x 1072 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?, Vs 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 1II). 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 theoretieal predictionvof 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 ef al., 1974; -
Kuster andiToksﬁz, 1974; O'éonnellvand Budiaﬁsky, 1974, 1977; and many others).
An extensive literature recently reviewed by Paterson (1978), quoting more '
than 50.references, also exists on the experimeﬁtal determination of these
properties in real rocks of known composition and structure, with and without
porebfluids 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 éxperimentél worky :
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 ih pressures and.tempet—'
atures, but some study specific aspects such as the influencé of crystallo-
graphic preferred orientétion 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.experimenfs 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 pressurc is generated and on the

position of the transducers relative to the specimen.

In the first group, internally héated 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 thé
specimen 6r near to the ‘specimen on endpieces. In this arrangement sending
and receiving transducers are at pressure and temperature during the experiment.
Transducer materials with high Curie temperatﬁres 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 6vercome. Insulated and
shielded transducer leads have to be brdught 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 technidue 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.tranéducer'to the other, such that dnly 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 hydrbstatic pressure can be generated and
measured in a gas apparatus, while the seaiing of the specimen with an
impervious jacket allows the effect of pore fluids on elastic wave velocitiés
to be studied. Spencer and Nur (1976) used an arrangement whereby the pore
'pressure-couldbbe controlled independently of the confining pressure and the

temperature.

Experiments of the second group comprise those perfofmed in a cubic—
preés 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 Kérl, 1969). Transducers
are placed on the low temperature side of fhe pistons (e.g. Fielitz, 1971),
and no speéial requirement of high Curie témperature is needed for tﬁe
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 nétufal
rocks at simultaneous high pressure and temperature (Table 12.1). P- and
S- waves ha&e,been measured at 200 and 400 MPa by Fielitz (1971, 1976),
and Kern (in prep.) at temperatures as high és 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 experimentél 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 tempeﬁ-
ature. To calculate the dynamic elastic parameters of granite from
V? and Vs’ 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 1iterature (see Section 12.4).

2. To coﬁplement the observation on velocities.th;ough granite at
temperatures around the quartz o-B 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-8

transition temperature in granite, discovered by Kern.

3. To measure changes in velocities through granite with added wéter
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 o-f transition temperature ‘in granite

has already been dealt with by measurement of the thermal expansion of




granite and a model has been proposed to explain the magnitude of the
observed shift (Part II). The Pdissen ratio problem will be introduced
in Section 12.4, and in the last section of thie chapter I will comment
on the expected effects of partial meltiné 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 <v< 0.5 for dlfferent 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. AtAv =0 the volumetric strain eqﬁals the shortening strain
and for v values close to -1 the elastic contraction 1s close to three

times the shortening.

If it is aesumed that cryétalline 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-Vp and VS:

=
I

‘ 2 _ 2 | R ' (D,
p (Vb V ) , ‘ (L)

n=e V2 SR (2),

(3K - 20)/ (6K + 2y)

I

and, since v
v_ 2 Sy 2
v=[lGH-21/126B -21 (3),
_ g |

8

where K, v are the bulk modulus and the sheer modulus and p is the density

of the rocks.

Niur and Simmons (1969) noticed that the Poisson ratio of dry
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granite containing cracks may be very low, or even glightly negative at
low confining pressure, but that the application of confining pressure
closes most cracks, whereby K increases more rapidly than u, such that
values of v between +0.25 and +0.30 are obtained at pressﬁree 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 iﬁcreasing pressure, and that v increases with‘iﬁcreasing
temperature,.more so at a confining preésure 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 euch 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 G—Bltransition temperature, beyond which it increases -
rapidly to +0.21 err 50°C. A much smaller decrease in v, from 0.21 at
room temperature to 0.16 at the a-8 transitioﬁ 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- veiocity with temperature in qﬁartzite :
at 200 MPa to be in excellent‘agreement with the prediction_of a Voigt- ‘
Reuss-Hill average calculated frdm the known changes in the elastic’
parameters of single crystais of quartz at'1 atmosphere. Fielitz'

model calculation for VpAand V  in quartzite would indicate a decrease in v
from 0.12 at room temperature to -0.14 at the a-B transition followed by

‘a rapid increase to high positive values at hlgher temperatures.

Knowledge of ¥ 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 léyers
(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 partlal melting in granite on ultrasonically determlned
velocities

Although .no measurements of‘V? or Vé 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 is not an ideal material to study
the effect of partial mélfing on P- and S- velocities. The results of
Fielitz and Kern discussed earlier indicate that large changes in velocity,
particularly in Vb, may be expected at temperatures in the vicinity of
the quartz o-f 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 gfanite plus water,
which is 670°C at 300 MPa (Part I), will therefore be superposed on those
changes related to the-quartz o-f transition and may be difficult to

separate from them.

Upon melting in the syétem grénite plus water, a highly compress-
ible, low viscosity hydrous porephase is replaced by a relativelyv
incompressible high viscosity melt at grainboundaries (Part I). Apart
from effects of temperature on the elasticity of the matrix minerals,
substaﬁtial changes may therefore be expected to be associated with the .
change in porefluid when tﬁe solidus témperature is exceeded. A self-
consistent theoretical model for the viscoelastic propertiés of an isotropic,
fluid-saturated cracked solid has been developed by 0'Connell and Budiansky
(1977). 1In principle this model enablesicalculation of the effect of the .
melting reaction in granite pluSFWater on the velécity and attenuation of

P- and S~ waves.

Because of uncertainties in some of the input pafameters for the
-calculation, particularly‘for the aspect ratios (g) and the crack densities
€, I will not include a detailed calculation of the expected effects of
melting on P- and S— waves according to the modei. All essential arguments
-leading to the following conclusions are presented by 0'Connell and
Budiansky (1977). For an ultrasonic frequency of 10% 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 floﬁ 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 indistinguishablé from those fof a

crack free granite ("glued case" of 0'Connell and Budiansky).

2. 'Such'chénges in relaxation mechanism would increase both Vp and Vs.
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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 botthf 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 mélt.
In the 1attef,éituation meltfilms are essentially not noticed by high
bfrequenCy waves. Changes in meltfilm éonfiguration, associated with
the static deformation of partially-melted granite (Paft 1), will
then not be reflected by changes in ultrasongially determined»V? and

V..
s

Finally, it should bé nqticed that these conclusions only apply
for ultrasonic frequeﬁcies (w = 1 MHz). At the ffequency 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. 0'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 finegraimed granite in the
high—pressure,vhigh-témperature 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 measureﬁents of
ultrasonic wave velocities can be made iﬁ three mutually perpendicular -
directions undér 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 érrangément 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
(l.8,volume percent at ambient conditions) wés added to the speéimens with
the following procedurer‘ The dried specimens were immersed in water over- '
‘night following evaéuation to 102~ 103 torr as described in Sectioﬁ_3.7.2.
Between 0.3 and 0.4 weight percent water could be introduced into the
specimen in this fashioﬁ, indicating between 0.7 and 1.0 volumg percent
.initial accessible porosity. These Valueé 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 spgcimenS‘ﬁere 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. 'Muhy aspects of this arrangement are specific to the gas
apparatus used and need not be described fully here. Three main‘elements
may be discerned on thg photographs: the specimen assembly proper, the .:
steel piston and the alumina piston-extension whiéh is partly éovered here
by a spring, a plug and a pyrophyllite.sleeve, which are used to minimize
gas convection in the apparatus at high temperaturés. The specimen is
situated between the molybdenum sealing rings and'thé transducers are
located inside the transducer housings on the othér 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 inmer ﬁires of the

transducer leads and their connections are earthed.’

The transducers are gold plated lithium niobate crystals-(LiNb03j,
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 LiNbOj3 crystals therefore operate under
conditions of high temperature andvpressure, and an oxygen fugacity .
determined by thé presence of molybdénum and other metal parts in the

assembly and by impuritiés such as carbon which occur in the gas.

A detailed drawing of the specimen éssembly proper is presented
in Figure 13.2. The upper half of this figure shows how the assembly is
atﬁached to a hollow éteel'rod which provides a mechanical and electrical
connection with the piston (not shown in thebfigure) 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 speciﬁen but ﬁhis 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 diametér, copper inner wire, insulated with
Mg0O powder and sheathed with stéel; Sodern, Ffance), 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 Specimen assembly. The upper halfvof 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 trénsducer leads are brought into.the
transducer houéing and pushed against the trans- |
ducers with a spring. The following features may
be recognized. ‘

Specimen (15 mm diameter, 20 mm length).

Cu-jacket.

Mo-endpiéce.

Mo-sealing ring.

LiNbO3 transducer. -

Mo-location ring for transducers.
‘Mo—housing for transducers.

Stud.

Nut.

W 00 N O B W N
.

=
o

Mo-connector piece.

=
[ el

Hollow steel rod linking up with piston.

A1203? piston extension.

(=
N

13. Platinum, platinum—rhodiumlthermocouples.
14..1Coaxial transducer lead (steel sheathed, MgO--

" insulated copper wire, 1 mm outer diameter).
15. Steel block to fit in slotbin transducer housing.
16. ' Bonding medium, silver paint. |
17. Al,03 insulator.
18. Mo-spring, cusp shaped.
19. Al,03 - anvil.. |

20. Furnaée‘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 bondihg medium

(silver paint,Dupont Conductor Composition 4929).

Temperature 1s measured w1th 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 reqoirEd 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 pulee transmission method

A detailed description of the method used in the present
experiments has been given by Liebermann et al. (1974). Tﬁe system is
shown schematically in Figore 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 traﬁsducer. Simultaneous display ofjthe 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‘u sec) to the
observed travel time is required to allow for electronic delays arising from

the use of considerable_lengths_(~lO m) ‘of 50 Ohm (5 nsec m~!) coaxial cable.

13.5 LiNbOj transducers

_b The practical use of LiNbO3 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 (POZ)
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 LiNbO3 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 étudy by referring to the
axes on the right hand-side of the figufe.1 From the results of
'Jorgénsen 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 mn long granite core, with 1000 Ohm resistors in parallel with the
gold-plated faces of P-wave transducers to simulate electrical leakagé

at 900°C showed that a satisfactory signal could be obtained. It was
found in the present experimenﬁs that the délayed‘signal becomes
unrecogniséble-against the backgrbund noise if the transducer resistance
decreases to ~100 Ohm. However, such values are reached at much lower
temperatures (500°C - 700°C) in argonigas in the apparatus, than might

be expected from the literature. TheAexpérimental results in Figure 13.4
indicate that the pressure’ medium has a PO2 more similar to that of
10C0/90C0» than that of argon as measured by Jorgensen and Bartlett.
Extrapolation of their results (op.cit., Figure 4) to the lower temperatures
for the present experiments suggests P values as low as 10720 to 10-30

02
The P, of the commercial grade argon pressure medium is unlikely to be

much gess than 1078, This discrepancy is attributed to the presence of
reducing agents in the furnace environment in the form of molybdenum and
‘carbon. 2 The loss of re31st1v1ty 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 higheét temperature reported (700°C) were made
with crystals used for the first time. After runs to high temperature,
tranéducers had a black discolouring throughoﬁt, which could be removed
by heating the transducers in_aif 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 LiNbOj.
Alfernatively, it is possible that the oxidation state of the transition

metal Nb decreases locally inside the crystal, for instance through the

lR:E%Z’ where R is resistance, C.is conductivity, 7 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 héight.

2A thin precipitate of carbon is often found on the spec1men assembly
(footnote continued on following page.)
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Figure 13.4

The conductivity'of'LiNb03 as a function of tempera-
ture in various gaseous environments (after Jorgensen
and Bartlett, 1969),Aand in the high pressure medium
in the presenf 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- transducefs.
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reactions

2LiNbO3 + C 5 2LiNbOj + CO5

3LiNbO3 + Mo + 3LiNbOp + MoOj

13.6 Vb and Vé 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 oscilloscoﬁe by
subtracting the delay time in the endpieees. The endpiece correetien'was
obtained from separate calibration runs on a 32 mm long, unjacketed molyb-
denum dummy. In Figure 13. 5 the observed ¥ and V values over the temper-
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 Zf(TZM). V is seen to follow the model calculations
closely to 400°C beyond which‘?t decreases more rapidly; the constant
difference between the observed and calculated Vs values could suggest a
' 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 obserﬁed

values the total delay time in the two endpieces (together 12 mm in length)
| isefound to increase from 1.89 usec to 1795 usec for P-waves between 20°C
and 600°C and from 3.53 to 3.68 psec 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 endplece correction of 1. 9
.ﬁsec for P—, and 3.6 usec‘for’S¥waves for all temperatures. Similarly, the
10,05 psec 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 O-rings used for pressﬁre
sealing in the top of the furnace and specimen assembly are the most likely
source for carbon. A‘furthervimprovement iﬁ 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

PO value of the pressure medium close to the transducers, so that.velocity
2

measurements at higher temperatures may be made in the present apparatus.
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Figure .13.5-a, b. P- and S- wave velocities through molybdenum-
alloy (TzM) as a function of temperature. The
observations areAcompared with the Voigt and Reuss
averages as calculated from single crystal data for

pure molybdenum (Hearmon, 1969).
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speclmen with pressure and temperature. The measurements of 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 1s the initial pulse. The delayed signal is characterizedﬂby
an initial period of 1.8 usec of_noise which is due to leakage despite the
precautions taken to insulate and shield'trensducer 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 usec for geod quality signals obtained
at confining pressure and moderate temperature and to within 0.1 psec for more
diffuse signals at low confining pressure orrhigh temperature. The difficulties
encountered with S-wave signals are illustrated in Figure 13.6-b. Again there
is leakage of the input signal, strengly recorded in the first 2 psec and then
leakage decays in a wavy form towards 8 usec. The pulse generated by S-trans-
ducers has a weak P- component and conversion of S-bto 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 psec. 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 psec, 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 ﬁith'pressure and temperature_
as the amplitude and~velocity.of P-waves Qary markedly with these parameters,
while the S-signal experiences relatively small cﬁanges only. The facters ‘
outlined above indicate that fof the short specimen length (20 mm), P- and

S— components qf the delayed pulse are insufficieﬁtly separated to make highly .

accurate measurements of Vé. Precision could be improved upon if longer

~ 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.
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Figure 13.6

Examples of P- and S- wave signals as displayed

on the oscilloscope screen, drawn after photographs.

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).

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 fdrvspecimenslwith added water was
notably better than for dry ones at low éonfining pressures, and about the
~ same at pressure'and temperature. In the case of S-waves the conversion
of S- to P- components is strbnger with added water than in the dry case.
Experiments have been performed with S-transducers at 100, 200. and 300 MPa,
but interference of f* and S— components and leakage in the delayed signal
was such. that reliable Vs measurementé éould not be made. The uncertain
results I have obtained would indicate absolute Vs_values equal toithose
in»the dry case, and no marked change in VS with increasing presspre.

Again, improvement could be obtgined by increasing the specimen length.
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Chapter 14

PRELIMINARY RESULTS AND DISCUSSION

14.1  Introduction

All of the measureﬁents described in this chapter were obtained
from runs on virgin cores of granite. Compressional - (V?) and shear wave
(Vs) velocities were detefmined during compression at room temperature,
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 comﬁarison with observations of other workers possibie. A
few duplicate~experimenté 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, butAfor 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 1l4.1 and 14.2. These
differences reflect experimental-ﬁncertainties (Chapter 13.6) and perhaps
a degree of specimen variability. Most results however are for individual

runs, curves connecting data points havé been fitted by eye.

14.2  Effect of compression at room temperature on Vp and”Vé

The effect of incréasing confining pressure ﬁo 300 MPa at
room temperature on Vp 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 Vb'over the_firstAlOO MPa is ascribed to crack
élosure as discussed in Pért>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).
Howevef, the applicatibn of pressure onto the jacket forces the extra water,
which wés added with a micropipette to the outside of the specimen, into
any remaining acceésible 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 runms, free water was found inside

the'jécket 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

Figure 14.2

V? in wet and dry granite during room temperature
compression to 300 MPa. The repreSenfed 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.

VS in dry granite during room temperature compression -
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
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 Vp'in dry and V? in wet Casco grénite for conditiens of equal

'pdre 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 Vé could be obtained only on dry
specimens of granite (see also Chapter 13.6). The results in Figure 14.2
ipdicate that V8 is less sensitive to confining pressure than Vp over thé
pressure interval studied, where it increases almost linearly. Simmons
(1964) -and Nur and Simmons (1969) demonstrated a large, non-linear increase

in VS through dry granite over the first 100 MPa pressure, comparable to the

"change observed in V?. Theoretical models for the effects of cracks on the

shear modulus also predict a large effect of crack closure in dry materials
on V (e.g. 0'Connell and Budlansky, 1974; see also Sectlon 14.5.1). Such
changes at low pressure could not be detected in' the present experiments
because of interference problems and the low amplltude of the first S-

arrival at pressures less. than ~50 MPa.

"14.3 Effect of temperature'and pressure on VP and Vsrin dry specimens

The changes in Vb and VS through cores of dry granite at 100,
200 and 300 MPa, over the temperature range 20°C - 500°C are shown in
Figure\l4:3 and 14.4 respectively. In two experiments higher temperatures

were reached with new transducers (see Chapter 13.5). The experiment for

‘ Vp at 200 MPa failed at low temperature: accordingly ‘displayed results for

200 MPa have been derived by 1nterpolat10n of results for lOO and 300 MPa

as shown by the dashed line in the flgure.

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. Qualltatlvely
these results agree fully with those of Kern (1978) for granite and granulite,
but there are differences in the absolute values of Vp and de/dT for any

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

Figure 14.4

The dependence of Vb 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.

The dependence of VéAin dry granite on temperature
for 100, 200 and 300 MPa. Notice the small tempera-
ture and pressure sensitivity up to'350°C, beyond

that temperature, Vé for 100 MPa decreases rapidly

‘to reach a minimum at 660°C which is associated

with the o-B transition of quartz in granite at this

pressure.
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starting materials, differences in experimentnl error, as well as differences
in the experlmental procedure. Discussion of the latter factor is postponed

to Section 14.5.2.

S—wave velocities in dry granite are seen to be relatively
1nsens1t1ve 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 Vs at 100
MPa, but not for 200 and 300 MPa over the intervals studied. The quality
of the'éignals 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 Vé above ~660§C, placing the quartz ajB transition
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 ult;asonic V? measurements at the same pressure
(Kern, 1978, in prep.). Kern (in prep.) also studied the change in Vs
through granite at 200 MPa and reports a small decrease from 3.50 km sec™!
at 20°C to 3.41 km sz‘ac‘1 at 500°C, followed by a marked drop to 3.16 km sec"1
at ~660°C. ‘A | -

14 .4 Effect of saturation with water on Vp*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
Vb 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

(e

.. -~ P
confining pore
o-B transition temperature of quartz in granite is sufficiently far away to

= 0).  Over the temperature interval 20°C - 300°C the

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
.constitueﬁt minerals, as well as the pérosities 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
essé;tially 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 Vp in dry rocks is compared with the com-
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Figure 14.5 Cqmparison,ofvthe dependence -of Vb on temperature
in wet and dry granite at 100 and 300 MPa. The
dry fesults are from Figure 14.3. It is not known
whethér the increase in V? between 100°C and 200°C

for 300 MPa in wet granite is reproducible.

Figure 14.6 Comparison of the effect of water on V? in granite
at pressure and temperature with the compressibility

of water under the same conditions.

a. The ratio of V? in wet specimens over V? in dry

specimens as obtained from Figure 14.5

b.. The compressibility of water calculated from

P-V-T data of Burnham et al. (1969).

NOTE: A similar correspondence is obtained if the
difference of V?dry and pret is compared with the

compressibility of water.
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pressibility of water at pressure and temperature as calculated from the

P.V.T. data for water (Burnham et aZ., 1969).

The differences betweenij in wet and dry granite for a‘givép
temperature and pressure are caused by the presence of a compressible pore
phase, as well as'by differences in porosity. The iatter 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'thatvthere’is no marked kink in the Vp—
curves at 300 MPa below 700°C in Figure 14.5, indicating that the quartz
o-B transition must occur at a higher temperature in both the dry and the
wet specimens. The velocity measurements therefore lendAsupport to earlier
conclusiéns about the duartz o-B 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 tranémission of ultrasonically generated
pulses one can calculate the dynamic elastic parameters of granite from a
knowledge of‘Vp, VS and density (Chapter 12.4). Values for the bulk modulus
(X), the shear modulus (u) and the Poisson ratio (v) are presented in Figures
14.7-a, b and 14.9-a, b for dry granite .at cdnfining pressures of 100, 200
and 300 MPa and between 20°C and 500°C. Other elastic parameters may be
calculated from any two of K, u, v (e.g. Jaeger, 1969, p. 57). Over the
temperature pfessurevrange of interest here, the specimen volume differs less
than 2 percent from that at ambientvconditions (Chapter 9).. A constant

‘density of 2.57 g cm” S (Chapter 3.7.1) has been used for all calculations.

14.5.1 Room temperature compression

The results for X, u 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

1 - .
agreement with previously published values (e.g. Birch, 1966). ) The results

of Nur and Simmons (1969) for the Poisson ratio of three different granites

lK 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 Qf dfy granitg
during room temperature compressionvto 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. Fof 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, pu and v
for hypothetical crackfree granitel are;alSO shown in Figure 14.7. Déspite
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-expérimental data. The bulk modulus of
the rea1 material K ingreases'noﬁ—linearly:over the pressure.interval studied
 from 70 pefcent to 85 percent of KVRﬁ’ Poisson's rétio v from 81 to 88vpercent
of v with a maximum of 89 percent at 200 MPa. The shear modulus

VRH

increases from 95 to 104 percent of RH,_thé‘Iafter percentage pointing to

either experimental errors in the detZrmination of u or to deficiencies in
the model calculatlon, because (tr1v1ally) the measured value cannot rise
above the highest possible value. These experimental results are compared
with 0'Connell and Budiansky's self-consistent model2 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

1Voigt averages have been calculated assuming no pressure sensitivity over
the range studied‘with the normal equations for a crackfree composite

(Watt et aZ.,:1976) which consists of equal fractions.of quartz,

plégioélase and K-feldspar. The moduli for these different minerals
were obtained by: ‘ | '

i. for quartz taking the average of the valﬁeé for room temperature
Voigt-polycrystal-modulus for quartz ‘as given by Simmons and Wang
(1971, p. 332). | | |

ii. for plagibclase and K-feldspar taking the Voigt avefages of the
elasticity data for single crystals of oligoclése and microcline
as tabulated by Birch (1966, p. 147). The same procedures and

the same references have been used to calculate the Reuss averages.

2The moduli of a eracked 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:

2N A2
T < 7;-> ’

€

where M is the number of cracks per unit volume, A the area of a crack

and P its pefimeter.
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Figure 14.8 Comparison of the Voigt-Reuss-Hill averages for
K, u and v with the observed values in terms of
the self-consistent model for the elasticity of
cracked solids with open pores of 0'Connel and
Budiansky»(1974, Figure 1). The present figure

is a slight modification,> = 0.31 has been

v
VRH ,
taken for the Poisson ratio of the matrix

(compare Figure 14.7-b).
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differences for X and v Between 50 and 300 MPa fall close to the mddei results
for a crack density decrease from 0.10 to 0.05, the change in u is also
conslstent with the‘eXpecteq 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'Z.O'percent porosity at 50 MPa to 1.0 percent
between 50 and 300 MPa. An impression of the. changes invthe average shape of
’cracksAmey be obtained by assuming that each crack’hasva-pennyvshaped, flat
ellipsoidal form. From the relationship between the porosity @ and the crack
density in the model, thebehange in the aspect ratio of the cracks may then

be obtained from (0'Connell and Budiansky, 1974):

[11,

I
1
Wi
=
A
QIO
v

_where <§> is the average aépect'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 K, vy and v
values at pressures below 50 MPa have not been determined but extrapolation:
bof the present results to lower pressures and comparison w1th prev1ously
published results (Nur and Simmons, 1969) would indicate that at 1 atmospherev
K < 20 GPa (correspondlng to 32 percent of KVRH) and v £ 0.15 (correspondlng

to 48 percent of v ). These estimates have been given by open symbols

in Figure 14.8, thzzﬂlndlcate that the crack density of the starting
material must have been ¢ > 0.3 which compares favourably with estimates of
crack densities in other graniteé at ambient conditions (0'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 0'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



158.

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 1072 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 ’
assoclated changes iplthé properties of granlte are large, non-linear
increases in K and Vb, smaller almost linear increases in 1 and VS,
and non-linear increases in ¥V in the manner shown in the figures. A
progreséive closure 6f cracks at constant‘crack—width would, accdrding
to the model, resulﬁ’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, u 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 eléstic-moduli of dry gfanite 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-B transition is being approachéd,
resulting in decreasing valﬁes for K, w and v of the granite. This effect
~ 1is strongest for the run-at 100 MPa where the o-B transition temperature of
~quartz in granite (~650°C, Chapters 9 and 11 and Section 14.3) is most
nearly approached. The éécond controlling féctof 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,iat 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 0'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
Vp at that pressure (Figure 14.3). For compéfison
‘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 modull at 300 MPa
(where total pbrbsity 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 Flelltz (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, bothAin 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 experlmental
errers in these studies. The precision with which relative changes 1n Vb and
Vs’ and therefore in v have been determined is sufficiently high however
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, external
‘confining pressure, and internal pore water on sonic velocities
in Westerly granite without the additional effects due. to thermal
mzcrocrackzng We found that there are large initial decreases
in velocity during the first temperature cyele, which probabe
reflect thermal loosening at grainboundaries and the posszble
creation of new eracks. However, the»veZocities decrease little
during subsequent, identical cycles, suggesting that there. are onZy
small increments of thermal damage after the first cycle. FoZZowing
this observation, we adopted the practice of initially cycling each
sample to the anticipated peak temperature, whiZeAat the lowest
confining pressure, and proceeding with the tests on the operational
assumption that subsequent -thermal stress would have only minor

effects on sontic 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. Heatlng a specimen of crystalline rock at moderate conflnlng pressure

causes an increase in porosity, which is not completely reversed upon
subsequent cooling ‘at the same pressure. The reversibility of the V? and Vs

measurements of Fielitz and Spencer and Nur indicate that potosity changes
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in subscquent heating cycles are reversible. Since the clastic modull

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). o

.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 , Vs’ K, w and v
in 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 pressnre in subsequent cycles have not been deter-

mined.

Four factors make application of the experimental results for
V? and VS through ‘granite at high pressure and temperature to the inter-
pretation 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 e 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 pfessures of the experiments are insufficient to close
all cracks in the specimen material, partieularly at high temperatures.
In this part of the thesis it has been shown that P- and S- wave

velocities are sensitive to ehanges in the porosity, and that the
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cracks cause the measured values of Vp and V3 to be lower than

‘expected for a crack free granite.

The quartz a-B shift in experiments. Those unrelaxed elastic stress
inﬁomogeneities which allow cracks to be open in granite under
experimental conditions of high pressure and temperature, also cause
the temperature of the o-B transition of Qua:tz in granite'to be
""'shifted" to higher values than for singlé crystals of quarts at the
same confining pressure (Part II). TFor a given temperature and
pressure (within the a-field of single crystals Qf quartz) the

shift causes the values f@r V? and Vs to be higher than they would
be in the absence of such an effect. The effects of cracking and
the quaftz o-B 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 thfough 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 Vb and Vs

values represent lower bounds.

Geothermallgradients 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. .Cradients range
from 6°C km~! 1 for very low grade, high pressure metamorphic areas
to 100°C km~! for areas with shallow contact metamorphism (Winklér,
1974). .For stable continental shields the gradient ranges between

15°C and 25°C km™?. By judicious choice of gedthermal gradient one

can explain constancy of velocities or velocity increases or decreases'

with depth in terms of the experimental data. Alternatively, if
elasticity déta*for'the constituent minerals of granite were available
over the relevant pressure and temperature range, Voigt's model,
Reuss' model and more sophisticated averaging procedu;es (Watt et al.,

1976) could be used to place bounds on the‘dépendance of Vp and Vs

lApproximately 26 MPa increase in lithostatic pressure is associated with

1 km increase in depth in the crust,



163.

~ 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 applicaﬁion 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 Qith their own dependanée»of Vp and VS -on pressure and
temperature (e.g. Fielitz, 1971, 1976) affect the observed velocitiei

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 undefstood.in terms of variations of

" independently known physical parameters. The need for temperature and

- pressure derivatives of the elastic parameters and thermal expansion
coeffiCiénts of the constituent minerals of granite has become clear‘in this
study. Particularly for quartz, these properties have to be détermined for
simultaneous high pfessure and temperature. Such measurements may readily
be made on oriented cores.of single crystals of quartz in the present

apparatus.
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'Agpéndix 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.1l.1). This element
is shortened in the 2 direction atva'constant»strainrate € by pushing out
the melt film with viscosity n and thickness h, For a total initial

length of 2/ the approach velocity V is given by:
V= 2¢R ; ‘ , (1)

The pressure in the fluid film is given as a function of the distance r

from the z-axis by (Bowden and Tabor, 1950, p. 274):

p= 3V (g2 p2) c.g.s. (2)
this is a parobolic function with pmax = 3nVR?h~3 at r.= 0, and p = 0 .
at r = R. '

The differential stress o on the cylinders needed to produée

a constant approach veloéity 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: o
- =30V 2 -
O =Poy =3 . R | Cc.g.S. : (3-a)

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

3
o=2nt G = 2t © (3-b)

where o 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 = lO“rPascal seconds
(see Chapter 7.3.4) d =1 mm and 3 x 107® < & < 3 x 107%s™!. 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.l1l.1.
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Figure A.l.1 Geometry considered for melt expulsion.



(7 ////

v
|
1
|
|

79 —'axt's

o’ .



Table A.1.1

A3,

and strainrate.

Stresses as a. function of fluid film thickness
h Stress (MPa)
©10u 1 0.1 0.01
1u 1000 100 10
0.1u 108 105 10"
e(s™1) 3x10™4% 3x1075 3x107
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Appendix 2

DILATANCY IN A CLOSE%PACKED HARD SPHERE MODEL

A.2.1 Case of equal spheres

Consider va hexagqnal ciose—packed structure. that is deformed
kby shortening normal to the‘heXagona1 léy§rs. The deformation is accommo-
dated by a ﬁniform increase in the spacing of the spheres within a layer,
while the spheres in one layer remain in contact with those in adjacent
laygrs as the layers move-toWardsvéach other. It is sufficient to
consider the changes in a prismatic primitive»uﬁit cell containing the
equivalent of one sphere (Figure Az.l—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

a? —51- where g is the spacing of the spheres in -this layer. The height

. . . 302 ~ g2 % :
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 1
cell is given by %- (302 = a2)7. Defining shortening strain as
h - h ' R V-7
£ = egz—f—- and bulk dilatational strain as ey = —37——2- (volume increase
o) : o

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

that:

™
1

3e = 6e2 + 2¢3 - S (L,

or

e

ey % 3 R (1-a)

for small strains.

In general dilatational strain'ev leads to an increase in porosity

from an initial wvalue of ¢o to:
_ ®0'+ €y

‘b"’ 1+8V ’ A ) (2),

in the present case. this leads to

o = ¢é + 3e oo (2-a),
for small strains, where

0 =1--—- =0.26.

/18
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Figure A.2.1 Unit cell of the close-packed hard:sphere model.
a. the undeformed state.
b. the deformed state.
c. mnormal force and shear force at the contact

between two grainms.
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Correspondingly a bulk dilational strain eV'involves a volumetric strain €
of the pore space given by: V
3

ep = WE;' | 4 7 . (3),

that is in the present case

If the porespace is initially filled with a fluid of bulk
modulus X at pressure p and if movement of fluid in or out of the assemblage
is prevented ("undrained case"), then the change in pore preésure’Ap through

dilatancy will be in general:

AA. = - k | ’ 4
p € (4),

‘or in the present case approximately
Ap % - 11.5 Ke , - (4-a)
fér small strains.

.In order to bring about this deformationia 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),
o T 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 p at sphere contacts,
then ‘under the same assumptions as above the dilatancy hardening relation

(5-a) is replaced by:
1 +u/vV2

o % 46Ke ’ | (6),
1 - u-/7f_ '
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if u < -l—'. The assemblage becomes rigid if u 2 —l—;
T /7

The derivation of (5) and (6) is best understood by referring
to Figures A.2.l-a, b and c. The undeformed and deformed unit cells are

shown 1in Figures l—a.and b respectively.

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

T ' ‘ o
Fiert F (cos a + u sin a) , | N,

and that the horizontal component of the force between P and T is given by:

Fiz; =F (sin 0~ .| cos a) k | : (8) .

The total vertical force is made up of .contributions from grains P, @ and S
which are in contact with grain 7, this force acts over the area of PQRS
such that the vertical differential stress
. + . B .
-G = 3F (cos o p.sin a) ).

1502 V3 |

o
vert

The horlzontal force FiT acts over the area of QUVXS and'equal horizontal
forces F r’ and FS act over equal areas of PSXU and PQVU respectlvely

Thus the horizontal dlfferentlal stress, which may be equated with ~Ap is
given by: ‘ ’

o an = F(sin o - u cos a) ’
Thop = TP T T ~ h.a o (10).

Reworking (9) and (10) and remembering that cotg o = h V3 /a (Figure 1-¢)

we obtain: y

- cotg o

‘6 = -Ap * 2cotg?a -+ - (11).
: ' 1 - yecotg a :

1+

For small strains h = D V.%’ and ¢ * 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

‘% > /4% - 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 qélculations show that now

m
u

C(4X2 - e - 6X2e2 + 2x2¢3 (12)

or

14

- €

p G2 -ne - . (12-a)

for small strains, and
~ 2 ' 2 Ke : )
o % 4X% (4x4 - 1) - Er‘ (13)
for small strains neglecting friction, or

]?e‘. 14+ /X V2

o = 4X2(4X% - 1) - o _ - (14),
‘ ‘ o 1 - uX /E_ C
- for small strains with friction !
po< 1/x/72,
‘where ' :
, dyg
¢ =1 LI }_j;fég._
=1 = . N
© /18 2%
and
> _ 3 dya _ 1
=g QA+p° -5
The stress-strain relationship (14) has the form
o = Ce gﬁ-f | , .  (l4-a),
10) ‘

where C is a geometrical factor depending on the d/D ratio, and f is a
friction factor depending on p and d/D. Some values for C, ¢0’ and f for
various d/D and u, and the values of u for which the assemblage becomes.

rigid are given in Table A.2.1.
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Table A.2.1 The dilétancy hardehing relationship (14—a).for the case

.of equal and unequal spheres.

d/D - C . @0 =0 0.3 0.5 limiting u
1.0 12 0.26 2.1 4.6 0.71
0.7 3.1 0.35 1.9 3.2 0.93
0.55 1.0 0.32 1.8 2.8 1.12
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Appendix 3

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 Qn‘
spherical contacts with a radius of curvature R. The grains are
symmetfical about the z-axis and have a radius » away from the contact
and an initial height r each. Let the radiué of the contact area be

a if a force F is applied. Then the "macroscopic" stress on the grains is

given by:
F . ' ‘ _ :
= - ' 1
0ma_cr nrz (@,
and the average contact stress by
- _F : .
“contact  ma? : (2).

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

h

€= 97 ' ' f. | . - (3).

. The fundamental Hertzian equations relating the contact radius
a, the shortening # and the contact stress as a function of distance p
from the z-axis (Figure A.3.1-a) to the applied force F and the elastic .
constants E (Ybung's modulus) and v (Poisson Ratio) of the material are

(e.g. Landau and Lifshitz, 1959):

1 1
a=r8 . &R% %),
2 21
nerh o A (5
- _3 F_ o o h :
and 9contact 2 %53-(4 9 (6)f
) _ 3 .1-2v2
where - D —7 (——E'—‘).

The following non-linear stress—strain relationships are derived-

from (1) - (6):

- . %@ . (B B@ . '
macr ¢ € (;) E (7)
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Figure A.3.1

Geometry considered for stress—strain relationship
of two grains with a Hertzién contact.

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 (0 £ p £ a).

radius of curvature less half the grain diameter.
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: 1/' ol
= = Y 2 . .1;. /2 .
%ontact ¢ € '(R) E . (8),
max 3 .
and Ocontact 2 Ycontact (8-a),
where ¢ = —4——£———f 2 0.5 for all reasonable values of the Poisson
3n(l - v?) : '

ratio (Ofl < v < 0.5; Birch, 1966). The'average stress at the contact
1s related to the macrosgdpic stress by (7) and (8):

. o

- _ macr r .

9contact e R v(9)’
irrespective of the elastic parameters of the material. In contrést,
the stress and strain for a flat contact are given by:

o =g

macr contact

- fmacr (10).
FE

A few numerical examples are worked out below.

For a macroscopic differentialAsfress 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
spherical grains (§-= 1) is €= 3.4 x 10~3. For the corresponding case
of a flat contact the strain-is given by (10) : ¢ = 10'”, that is more
than thifty times 1ess. For. lower stresses this factor is higher, and
for higher stresses it is lower than 34, reflectlng the non—llnearlty of

the stress- straln 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_stfess 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
confiningbpressure is of thé 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
:contact is smaller than half the diameter of the grains (§-> 15, as in
Figure A.3.1-b. But fracture will occur at a higher macroscopic stress
than 10 MPa, 1if the radius of curvature of the contact is larger than
half the grain diameter (§-< 1), as in Figure A.3.1-a.

o~
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