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ABSTRACT

" The work presented in the thesis is a study (theoretical,
experimental and field) of the geometrical properties of rotated
'porphyroblasts (Part I) and extended belemnites (Part II) during
tectonic strain. The theoretical study is undertaken with the assump-

tion that rock, under certain conditions, behaves as a viscous fluid.

The theory of the motion of rigid pafticles immersed‘in a
viscous matrix is extended and used to analyse the behaQiour of rigid
porphyroblasts and the surrounding matrix. The results of experiments
simulating the motion of rigid inclusions are in good agreement with
those predicted from the theory. The histdry of rigid rotation and
deformation of the inclusions is complex and depends on the type of
deformation (irrotational strain 6r simple shear), shape, axial ratio

and initial orientation of the included object.

. The second part of the thesis is a theoretical and experi-
mental study of the geometrical properties of the extended belemnites.
The theoretical analysis uses the theory of motion of rigid inclusions
and assumes that a belemnite before deformation can be considered as
an elliptical inclusion (in 2D) set in a viscous matrix. There is a
discrepancy between the theoretical and experimental results. Natural
examples of extended belemnites from Leyt;on, Valais, Switzerland are
also studied to verify the geological implications of the theoretical
and experimental analyses. The study shows that the amount of strain
calculated from extended belemnites is considerably less than the

actual strain suffered by the surrounding matrix.

The formation of structural patterns around rigid inclusions
during deformation is discussed. The stress patterns around a rigid
circular inclusion are derived theoretically and their influence in

the formation of 'pressure shadows' and 'pressure fringes' examined.
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CHAPTER 1. INTRODUCTTION

1.1 GENERAL STATEMENT

The motion of a particle immersed in a viscous fluid has

been studied in the field of suspensions and emulsions since 1911, when
Einstein published a mathematical solution for the motion of a spheri-
cal particle suspended in a viscous fluid. A small particle included
in a deforming fluid may be transported or rotated due to the force
exerted on it by the motion of the fluid. Rocks under certain condi-
tions behave as viscous fluids. There is a considerable field evidence
_ to show that rocks can undergo large-scale flow during tectonic strain
or seidmentary processes. Inclusions embedded in rocks, under such
deformation, may behave in a similar way to particles suspended in a

yi:scous fluid.

Inclusions of known 6riginal shape (e.g. pebbles, porphyré—
_blasts and fossils) that undergo rotation and distortion during the
deformation of the sﬁrrounding rock provide useful data for the
determinatibn of the strain history of the adjacent rocks. There are
" many factors-(e;g. initial orientation, axigl ratio of the object and
the viscosity contrast between the object and matrix) controlling the
-motion of an inclusion‘and each factor contributes to the modification
of strain in the surrounding rock. Unless there is no competency
contrast between the matrix and the inclusion, the inclusion.always
Vbehaves in a different manner to the surrounding matrix during deforma-
tion. One of the objectives of this thesis is to examine how far

the behaviour of inclusions complies with that of the matrix.

The deformation history of an inclusion and its matrix can
not generally be determined from the final position of an inclusion.

A careful model simulation of inclusions in a viscous matrix and a



study of progressive development of different structures around
inclusions gives an insight into the deformation history. Inclusions
of various shapes are commonly observed in nature. Another objective
of this work is to explain the geometric arrangements of the rotated
inclusions with respect to the features (stretching lineation) in the
matrix and to determine influence of the shapes of inclusions on their

motion.

After deformation a considerable amount of ihhomogeneous
strain exists in the matrix around an inclusion. This work attempts '
to éxplain the development of these regions of inhomogeneous strain
and to account for the structures (e.g. pressure shadows and pressure

fringes) that develop within them.

When an incluéion that is able to extend (either by being
non-rigid or having planes of weakness cutting'acrOSS it, e.qg.
‘belemnite) is situated in a deforming viscous matrix, it suffers both
rotation and extension if it lies within the extension field of the
strain ellipse. Deformed belemnites, for éxample, are found in the
naturévas fragmented rigidibgdies which have been stretched and
generally rotated by the force exerted on them by the surrounding
matrix. Many geologists.have'measured the extensién of belemnite
specimens in an atfempt ﬁo deterﬁine the aﬁou&t of elongation that
has been suffered by the surrounding rock. The second part of the
thesis is devoted to the investiéation (theoretically and experimentally)
of whether the amount of elongation obtained from the ﬁeasurements of

extended belemnites represent the true elongation suffered by the

rock matrixe.

The result obtained from the model simulation of any struc-

ture can be very valuable and often can be utilized directly in the



interpretation of field data. The study of field examples of extended
belemnites from Leytron, Valais, Switzerland described in chapter 9,
is an attempt to apply the techniques and interpretations developed

during experimentations.

* ‘The thesis is divided into three parts : Part I (chapter 2
_to 6) is a study of the behaviour of rotated porbhyroblasts and
associated structures, and Part II (chapter 7 to 9) is a study of the
behaviour of extended belemnites. Part III (chapter 10) is the summary

and conclusions of the results obtained from Parts I and IT.

In chapter‘2 (Part I), a review of published works on the
nomenclature, description and interpretation of rotated structures in
and arbund pérphyroblasts has been undertaken. The confusion that
' has arisen due to casual nomenclature that has been used to describe

some of the rotated structureé is discussed and the terms have been
defined strictly in accérdance with Spry (1969). The inhomogeneities
in the matrix around an inclusion give rise to the formation of two

| structures, namely "pressure fringes" and "ﬁressure shadows". The
mechanism of formation of these two stru;tures has been verified
theoretically and experimentaily. Ch;apter 3 deals with the theoretical
analysis of the behaviour of rigid porphyroblasts set in a matrix
.ﬁnde;going deformation by either irrotational strain or siﬁple shear.
The basic derivations have been taken from Jeffewy (1922) and Gay (1966,

1968) and are extended in the present work.

A lozenge-shaped irrotational strain box and a simple shear
box have been used to simulate the behaviour of rigia porphyroblasts
and belemnites set in a deforming viscous matrix. Wooden strips and
rods were used to siﬁﬁlate rigid inclusions (porphyroblasts and

belemnites) and linseed oil putty to simulate the rock matrix.



Gay's (1966) method for calculating the amount of shear
strain (YS) from the geometry of the simple shear box has been criti-
cised and a new technique for determining Y from the change in apical

angle during deformation, has been developed.

Thirty-nine runs of experiments‘set in the two strain boxes
have been performed to investigate the motion of rigid objects set in.
a deforming viscous matrix. The experiments were performed in oxder
to determine the effect of the initial orientation, the axial ratio of
the object and the type of deformation (irrotational strain or simple
shear) on~the motion of the object. A quantitative'analysis of the
experimental results has been made‘and these results compared with the
results predicted from the theory. The behaviour of the matrix material
around different_porphyrobiasts has been studied experimentally by

determining the 'strain pattern' and 'flow lines' in the matrix.

Part IT of the thesls conéists of the results derived from
the theoretical, experimental and field analysis of stretched belemnites.
The results obtained from 29 experimental runs have been compared with
those derived from the theory. A marked disagreement is found between
fhe experimental and theoretical results. An attempt is made to

~ explain this disagreement.

Hundred and ninety-six (196) specimens of stretched belemnites
" have been measured from the field. The results obtained from these
measurements have been interpreted applying techniques developed from

the experimental and theoretical study of extended belemnites.

All the results derived from the theory, calculated from
the experimental simulations and measured from field observations
have been recorded in tables and are presented in the Appendices. A

few examples of experiments simulatiﬁg the progreséive development of



rotated porphyroblasts and extended belemnites are also illustrated

in plates

I to XXXIT at the back of the thesis.

1.2 LIST OF SYMBOLS

ie’ fe

Initial apical angle of the strain boxes.

Apical angle of the strain boxes after deformation.
Complimentary apical angle of the strain boxes after
deformation.

Angle of deflection of a line from any position.

‘Amount of simple shear.

Rate of simple shear.
Eccentricity of an ellipse; =
Recipr0cal.quadratic elongation.
Reciprocal principal quadratic elongation.

Majof and minor semi-axes*of the strain ellipse. Also
used to denote the principal strains.

Axiai ratio of the strain ellipse; strain ratio.

Poisson's ratio of the matrix outside a rigid inclusion.

Poisson's ratio of the material inside an inclusion.

3 - 4v

Resolved stresses with respect to polar co-ordinates r,S.

Principal stresses.

Euler's angles.

Angle of shear.

Initial and final orientation of an ellipticél object
measured with reference to the normal to the principal
extension direc£ion. ‘

Initial and final orientation of an elliptical object with

reference to the principal extension direction.



is’efs: Initial and final orientation of an elliptical object with
reference to the shearing direction.

eb Initial orientation of a belemnite specimen.

9; Final orientation of a belemnite specimen.

ef Initial orientation of a fragment containing in a belemnite
specimen.

9; Final orientation of a fragment containing in a belemnite
specimen.

T Shear stress.

Tmax Maximum shear stress. |
Angular velocity.
'Orientation of the greatest principal stress.

¢ Angle between the fracture plane and the maximum principal
stress.

q& Angle of internal friction.

#(z) A stress function.

?'(z) A stress function subjected to differentiation.

g (z) A stress function subjected to two times differentiation.

(1 + el) same as in.

(1 + e2) séme as JX2.

é,b,c Lengths of thé semi-axes of an ellipsoid. Also iengths of
axes of a belemnite specimen.

a/b Axial ratio of an'elliptical object. Aiso axiéi ratio of
'a belemnite body. |

a,b,c,g,h, £ and M, 9,8 ' Components of distortion and rotation of a
fluid.

A,B,C Real constants for the material outside an inclusion.

.,B.,,C,
Al’ i*7i

Real constants for the material inside an inclusion.



e Extension

G Modulus of rigidity of the material outside an inclusion.
Gi Modulus of rigidity of the material inside an inclusion.
in. Natural logarithm.

K G, /G ‘

11,12,13,m1,m2;m3,n12n2,n3 Direction cosines between two sets of

co-ordinate axes.

1l Original length of a belemnite specimen. ,
10:  Length of an individual fragment of a belemnite.
1,  Extended length of a belemite specimen.
M Moment of couple.'
Mf Moment of frictional couple.
N Normal stress.
. 91 Applied stress along OY direction.
92 Applied stress along OX direction.
R - Radius of a circular inclusion. Also used to represent

strain ratio.

r,8 Polar co-ordinates.

si Inclusion trail inside a porthroElast.

Se Inclusion trail outside a porphyroblast.

T Tangential stress. |

u,v,w Components of fluid velocity parallel to the x,y,z axes;

Algo‘used to deﬁote displacement compohents.

h',v',w' . Components of fluid velocity pafallel to the x',y',z' axes.
Also displacement components of deformation.

wi,wz,w3 Rates of rotations of ellipsoid about its gwn X,Y,2 axes.

X,Y,2 Co-ordinate axes fixed parallel to the particle semi-axes
a.bec. Also represent co—ofdinates of any point.

x',y',2' Co-ordinate axes for strain or flow. Also to represent

co-ordinates of any point after deformation.



Initial lengths of the diagonals of the lozenge-shaped
strain box.
Lengths of the diagonals of the lozenge-shaped box after

deformatione.
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PART - I

- CHAPTER 2. ROTATED STRUCTURES IN AND AROUND PORPHYROBLASTS

2.1 INTRODUCTION

Relatively rigid inclusions showing different amounts of
deformation aﬂd rotation (real or apparent) from that of thelr matrix
are commonly observed in metamorphic rocks. Concretions, pebbles,
boudins, fossils and porphyroblast of any mineral included in the rock
matrix are te;med here rigid inclusions. The present study is involved
mainly with an investigation of the geometric forms of rotated struc-—

tures in and around pre-tectonic porphyroblastse.

Porphyroblasts which have undérgone a differential rotation
to that of their matrix as a result of deformation will be termed
'Rotated porphyroblasts'. These rotated porphyroblasts leave behind
some geometrical evidence from which the behaviour of the included
porphyroblast and surrounding matrix can be determined. This evidence
‘is preserved in such featﬁres as rotational-, snowball and helicitic
structures many of which have been described by previous workers (Flett,
1912; Niggli, 5912; Kreig, 1918; Schmidf, 1518; Baily, 1923; Becke, |
1924; Mugge, 1930; Harkér, 1939; Turner, 1949; Collétte, 1959; Zwart,
1960, 1962, Peacey, 1961; Howkiné, 1961; Spry, 1963,.1969;“
Johnson, 1963; Chadwick, 1965; Powell, 1966; Powell and Treagus, 1967,
1§70; Cox, 1969; Wiléon, 1971). The differentiétion of various types
vof rotated porphyroblasts has largely been obtained by'studying
5-inclusion patterns.. This S-plane is a non-genetic nomenclature
referring to any surface (bedding, foliation and etc.). wﬁen the
surface is present inside porphyroblast it is termed Si and when situ-

ated outside it is known Se' The structural forms known as snowball-

and helicitic structure occur in syntectonic and post-tectonic



porphyroblasts respectively. Because of the occasional geometrical
similarity of the forms of the internal marker lines of Si in these
rotational-, snowball- and helicitic structures, some confusion iﬁ
nomenclature has arisen in the past. Spry (1969) clarified the situa-

tion and suggested ways by which they might be unambiguously distin-

guished.

As this thesis is mainly coﬁcerned with rotation of pre-
"tectonic porphyroblasts, the structures associated withlthe syntectonic
and_post~tectonic porphyroblasts will not be considered in any detail.
A study of previous works shows that the terms rotational-, snowball-
‘and helicitic structure have been used interchangeably by some previous
workers without reference to the genesis of the structure. To avoid
ali such éonfusion, the more generalised term 'rotated structures'
will be used throuéhout this thesis for defining the structures
developed by the rotation of pre-téctonic porphyroblasts. The structures
knowntas 'pressure.shadows' and 'pressure fringes' found in the matrix
around the pre-tectonic porphyroblaéts can also be used to analyse the

deformation history of the rocks.

2.2 DESCRIPTIONS OF ROTATED STRUCTURES

An investigation of the morphology of the inclusion tréils
insidé (Si) and outside (Se) porphyroblasts has enabled fhe history
of deformation of the enclosing rock to be determined. The amount .
of total differential rotation of the porphyroblasts can easily be
"bbtained by measuring Si/\ Se. Previous evaluations of this angle
shows a considerable range from 50°-60° (Zwart, 1960); 120° (Spry,
1963); 130° (Rast, 1958); 173° (Schmidt, 1918) and 540° (Flett, 1912).
Somé qf these results may be over—estimates as the Si/\ Se was not

necessarily measured from a thin section cut perpendicular to the



axis of rotation. However; accurate measurements of the angle between
Si and Se can be derived.by using the method proposed by Powell and
Treagus (1967, 1970). It is observed from a study by Powell and
Treagus (1970) that the serial sections of a garnet pofphyroblast from
Norwegian schists exhibit a gradual chénge of inclusion trails (Fig.
2.1). Many authors have measured the total amount of differential
rotation from the inner and cuter S—trails of the crystal which led to
the obvious misleading interpretation. Powell and Treagus (1967)
suggested that the rotation axis of a crystal in thin sectlon may be
located by reference to the sections with inclusion trails of straight,
abD -, )(~ and () patterns (Fig. 2.2). Having located the rotation
axis, the amount of diffe;ential rotation that has been suffered by
the crystql can be obtained from the.section perpendicular to the

axis of rotation.

Another aépect of the rotational effects is often seen in
the geometric form of Se in the matrix material around the porphyro-
blasts. Structures known as 'pressure shadows' and 'pressu;e fringes'
are often'deve;oped in the zones of low strain around pre-tectonic

rigid or semi-rigid porphyroblasts.

2.2.1 Rotated structures in and around pre-tectonlic porphyroblasts

Tﬁe inclusion trails (Si) inside pre—teétonic porphyroblasts
afe stréight whereas those outside (Se) the objéct are curved. Occa-
.sionally‘crystals grow with complete assimilation of all pre-existing
material and show no traces of internal trails. Thg curved Se
generally show a morphology termed "wrapping around" the inclusion

(Figs.2.3; 2.4,a,b; 2.5).

The relationship of Si and Se is comparatively simple when

porphyroblasts are completely rigid. Geometrical complications arise



Fig. 2.1 Serial sections of a garnet from Norwegian schists showing
the change of shape of inclusion trails through the same

crystal. (After Powell and Treagus, 1970).
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Fig. 2.2 (a) Inclusion patterns by which the axis of rdtation.(R) can be
located in a thin section.

(b) Natural examples of inclusion patterns from which the axis
of rotation can be determined. (i) Thin section of a garnet
from the Dalradian of Glen Shee showing )( pattern (after
Powell and Treagus, 1970). (ii) Drawn from a thin section

from Cox (1969) showing the QD pattern of inclusion.



where the object or porphyfoblast is ductile or semi;ductile. Objects
such as this suffer simultaneous deformatioﬁ ana rotation during
tectonic strain. The final orientation of Si inside such object
represent a combination of the body rotation and the internal deforma-
tion of the porphyroblast éue to its shape change. If the initial and
findl orientation of these pdrphyroblasts are known, it may be possible

to compute the amount of strain and body rotatidn.

2.2.2 Rotated structures iﬁ and around syn-tectonic and post-tectonic

pdrp@yroblasts

The rotated sfructures presérved in syn—tectonic porphyro-
blasts referred to as 'rofational—', 'snowball~' and helicitic
structures have long been kﬁown in the literature. Spry (1969) has
defined these terms so that they are no longer interchangeable (Fig.

2.4).

Certain crfstals which are rotated by tectonic strain at
the same time as they grow give rise to the formation of rotational-~
and snowball structures. These two structures are syn;tectonic and
are diffegentiated b& the amount of rotation tha£ has taﬁen placé.
duriné deformation. When the apparent angle of rotation is less than
90? the structﬁre is generally called as rotational structure (Fié.
2.4,a).and if it is greater than 90° it is called snowballtstructure
(Fig. 2.4;b). The growth of post~tectonic crystals in a schistosity.
that already contain deflection (e.g.'microfolds) may results in the
formation of 'helicitic structures' (Fig. 2.4,c). These structures
may resemble rotational structures but do not represent syntectonic

growth of the crystal.



Fig. 2.3 'Wrapping around" schistosity shown by slates around a large

inclusion ( Concretion ), Leytron, Valais, Switzerland.

Fig. 2.4 Models describing the distinction between rotational-, snowball-
and helicitic structures. (a) Rotational- (b) Snowball- and

(c) helicitic structures (after 8pry, 19€9).



2.3 DEVELOPMENT OF SHADOWS AND FRINGES ARCUND PORPHYROBLASTS

Any rigid or semi-rigid pprphyroblast embedded in a rock
matrix undergoing deformation, sets up stress and strain variations
around itself, and these set up a variety of different textures in
its immediate environment. The local deformation is marked by
inhoﬁogeneities referred to és 'pressure shadows', 'pressure fringes',
'halos de etirement' and 'streckungshofe' etc. (Knopf, 1929; Pabst,
1931; Bain, 1933; Miles, 1945; Fairbairn, 1950; I'rankel, 1957; Ramsay,
1967; Joplin, 1968; and Spry, 1969). Most of these terms have never
been strictly defined and they have generally been used interchangeably.
Bain (1933) and Sbry (1969) have suggested refinements of these terms

which enable the terms to be employed more exactly.

The term 'préssure shadows' was ofiginally used by Harker
(1889) to describe the formation of fibrous quartz concentrations in
eye~-like secticngaround pyrite. Moss (1927) described a similar sort
of structure as 'streckungshofe'. The elongated and wedge-shaped
quartz, calcite.or chlorite associated witﬂ the pyrite porphyroblasts
were also termed'pressure shadows' by Pabst. (1931). Frankel (1957)
described muscovite flakes around pyfite porphyroblasts.as‘pressure

. shadows referring to the general terminology of Harker (1889) and |
Pabst (1931). Bain (1933) was the first to describe the appearance
of these areas comprised of chlorite flakes around pyrite crystals

,‘ias 'pre§sure fringes'. Spry (1969) supported the term éroposed by
Bain (1933) to describe the new mineral formation around such crystéls

~and further suggested that the term 'pressure shadows' should be used

for relatively undisturbed areas around rigid ﬁorphyroblasts.
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2.3.1 Pressure shadows

A pressure shadow is that region of the rock matrix adjacent
to a relatively rigid object which is protectedAfrom deformation by
the presence of the object (Spry, 1969). Such pressure shadows develop
around many types of relatiQely resistant objects such as fossils,

worm-tubes, pebbles and large rigid crfstals (porphyroblasts).

From field and experimental observations; it is seen that

any initial planar structure becomes curved around a rigid object
(Figs. 2.5 and 2.6). The relatively low strain regions around a rigid
inclusion have an approximately ellipsoidal form,_and are here strictly
described as '‘pressure shadows'. The shapes of the éﬁadow regions do
not always conform to that of the porphyroblasts. The elliptical zones
often contain coarse, granular and un-oriented quar£z in contrast to
the other quartz in the matrix which has elongated, fine grained and

oriented crystals.

Presgure shadows and pressure fringes both develop in the low
strain areas around a porphyroblast. The pressure shadow areas are
charaCtérised by the influx.of material (often quartz or calcite) into
the low ;train area, the new mineral often show no crystallographic

orientation and develop within the matrix material.

2.3.2 Pressure fringes

Pressure fringe is a term used to describe the texture
arising from the growth of new minerals adjacent to a rigid porphyro-
blast as a result of the pulling away of the material from the porphy-
roblast contact (Fig. 2.7). The shape of the area of new crystalline
mat;rial in the pressure fringe is dependent on the type of deformation

and the shape of the included object (Fig. 2.7, a and b). The minerals

inside fringes are often fibrous in habit with their long axis parallel
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Development of pressure shadow regions (P) around a r

Fig. 2.5

(a) Shadow regions around an elliptical

d inclusions.

semi-rigi

(b) Shadow regions around a rectangular

lusion (2D).

inc

(approxly.) shaped inclusion.

Both the illustrations are

drawn from Spry (1969).
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to the maximum principal extension direction. The fibres may be
straight, curved or even irregular according to the complexity of the
deformation history during their growth (Durney, 1972). The minerals
most commonly found in pressure fringes are fibrous quartz, calcite,

chlorite and muscovite.

Pressure fringes afe commonly observed around ﬁretectonic
porphyroblasts. When rocks with included objeéts are subject to
deformation, the porphyroblast-matrix interface often appear to become
detached and the disconnected surfaces are pulled apart in a direction
parallel to the principal extension direction. Crystallisation of new
minerals fakes place in the interspace between the object and ﬁatrix.

The crystals of pressure fringe minerals grow as the deformation
continues and the amount of separation of the initial surfaces increases.

These crystals grown in the fringe zone are therefore syn-tectonic.

The elliptical cross-section shape of pressure fringes is
sometimes similar to that -of pressure shadow zones. Pressure fringes
can, however, bé distinguished from pressufe shadows on account of
orieﬁted mineral growth Fompletely distinct from those teg?ures seen

in the matrix away from the pressure fringe area.
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Fig. 2.7 Natural examples of pressure fringe regions around rectangular
(a) and semi~circular inclusions (b). (a) Quartz filled
pressurg fringe regions around pyrite cube, Rio Tinto, Spain
(Drawn from Ramsay, 1967, fig. 4-40). (b) Quartz filled
pressure fringe regions around a semi-circular pyrite crystal.
City,Deep Mine, Witwatersrand (Drawn from a photomicrograph,

Frankel, 1957, fig. 7).
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Fig. 2.8 Experimental production of 'open spaces' simulating pressure

fringe regions.
(2 Around a rigid circular inclusion undergoing simple shear deformation.

(bYAround a rigid rectangular inclusion undergoing irrotational deformation.



CHAPTER 3., THEORIES OF THE MECHANISMS OF RIGID PORPHYROBLAST ROTATION

3.1 INTRODUCTION

This chapter deals with the mathematical theories cf rotation
of pre-tectonic rigid porphyroblasts in materials undergoing deformation
by progressive pure shear and progressive simple shear. The accuracy
" of the original eqﬁations?deduced by Einstein (1896) and Jeffery (£§22)
which have later been discussed by Gay (1966, 1968) will be reviewed.
The equation for the motion of rigid objecﬁsembedded in a fluid under-
going simple shear défbrmation proposed by Gay, does not take into
account the initial orientétion of the object. This equation is

discussed and a more complete expression is obtained.

Since the end of the last century, many research workers in
fhe field of physical sciences have shown concern regarding the proper-—
ties of fluid in which small particles are suspeﬁded. It is observed
that during deformation the presence of any particle in a viscous
matrix influences the beha&ioﬁr of adjacent material. Einstein (1896)
investigated the properties of a spﬁerical particle immersed in viscous
Fluid and determined the mathematical-expre;sions describing the rota-
tional properties of the particle. This work was extended £y Jeffery
(1922) to cover‘the behaviour of ellipsoidal particles included in
viscous matrix. This 1atte£ contribution is clearly a more general
: aﬁalysis thaﬁ that of Einstein. Subsequent work.(Taylor, 1932, 1934;
Trevelyanvand Mason, 1951; Bartok and Mason, 1958, 1959; Ramscheidt
and Mason, 1961) has extended and experimentally verified the predic-

tions of Einstein and Jeffery.

Gay (1966, 1968) discussed the theory of the motion of rigid
particles by extending the methods of previous work by Jeffery (1922)

and Taylor (1932, 1934) on the properties of suspensions and emulsions.



The results obtained by Jeffery were applicable to defQFmation by
simple shear. Gay (1966, 1968) extended the analysis to derive the
mathematical solution for deformation by pure shear. The analysis

of the behaviour of a particle immersed in viscous fluid is applicable
to that of porphyroblasts included in a ductile host rock if it is

assumed that the rock behaves as a highly viscous fluid.

Chapter 5 describes experiments performed to test the behav-
iour of rigid pre-~tectonic porphyroblasts includedfina ductile matrix.
In order to draw much benefit from these experimental results, it is
useful to discuss the predictions of these theories‘and so a review of

the theories proposed by Jeffery (1922) and Gay (1966, 1968) with some

modifications and extension will now be given.

3.2 BASIC ASSUMPTIONS AND EQUATIONS

As previously stated, it is assumed thét rocks, under certain
condition, behave like highly viscous fluid with a small Reynold's
number and deform by laminér flow. It is also assumed that in the
experiments, the matrix in which the rigid objects are included behaved
as a linear viscous fluid and that no slip Sr separation takes place

at the porphyroblast-matrix interface.

The basic equations describing the deformation by fluid flow
and particle motion are obtained by using Gay's method. The systems
" of co-ordinate axes are illustrated in figure 3.1,a. The relationships

can be obtained by following the system of direction cosines,

X = lix' + miy' + niz'

<
1}

; lzx' + mzy' + nzz' : (3.1)

— ' L] 1]
Z~_'13$ + m3y + nBZ



Fig. 3.1 (a) System of co-ordinate axes.

,y,z - axes parallel to the semi-axes of the
elliptical object.
x',y',z' - Axes for the undlsturbed motlon of the fluid.

(b)‘SYStem of Euler's angles e s ¢~, ¢ used to fix the
position of the axes of-an ellipsoid of revolution
during simple shear (after Gay, 1968).

N : ~N

<

Fig. 3.2 Change in the arm of the couple length of an elliptical

particle set in a matrix during simple shear deformation.



By referring figure 3.1,b, it can be seen that the direction cosines

can be expressed as

11 = =sin 0" .Cos z"

1, = Cos y.Sin & -Cos 0 .Sin {.Cos &

1, = -Sin ¢.sin g + Cos 8'.cos ¥.Cos @'

m, = -Sin 0 .sin & |

m, = Cos y»Cos ¢'—Cos o' .sin Y. Sin ﬁ' (3.2)
m, = —Sin V.Cos & ~Cos © .Cos ¥.Sin &

n1 = Cos 0'

n, = Sin e'.Sin ¢ﬁ

53 - Sig_e'.cOs v

The components of velocity for each point are

u' = dx'/dt
v' = dy'/dt L | (3.3)
w' = dz'/dt

in the x, y and z directions respectively.

Tﬁese velocity components for pure shear deformation are.described as

u' = cox!
v! = —cy' ’ _ (3.4)
w'o= 0

where ¢ 1s a constant.

And those for simple shear deformation are

I

] ]
u P

vt = 0 ' (3.5)

w' = O



3.3 THE ROTATION-OF RIGID PORPHYROBLASTS IN A MATRIX UNDERGOING

PURE SHEAR

Gay (1966, 1968) used the original equations of motion of
rigid particle presented by Jeffery (1922) to describe the behaviour
of rigid inclusion set in a viscous matrix. The expressions describing

- a .
the motion of fluid around the particle simulating/porphyroblast are

.

u = ax +hy+gz+nz-9Yy
v = hx + by + fz +¥x - £z - (3.6)
w o= gx + £y +cz+ By - i (Jeffery, 1922, eq. 2)

where u = dx/dt, v = dy/dt, w = dz/dt, are the undisturbed velocity
compoenets for each'point in the fluid parallel to x, y, z axes and
a, b, ¢, g, £, h, and E, n, ¥ are the components of distortion and the

components of rotation of the fluid reépectively.

Other equétions defining the motion of any ellipsoid sub-

jecEed to forces exerted by the surrounding fluid are

%+ P, = bE + £) + c2(E - £)

1.
‘cz + a2).w2 =.c2§n + g) + a2(1;- g) - (3.7)
(a2 + D) ew, = (9 + h) + b2 (Y - h)  (Jeffery's eq. 37)

3
where a, by ¢ are the lengths of the semi-axes of the ellipsoid and
Wys Woy Wy are the respective rates of rotations of ellipsoid about

‘its own x, y and z axes.

The motion of an.éliipsoid and the systems of Euler's angles
used to fix the position of the axes of the ellipsoid are illustrated
in figure 3.1,b. The derivatiéns of the equations to describe these
angles are given by Gay (1966, 1968). The resultant equation of motion

of an elliptical object (in 2D) included in viscous matrix is given by



In Cot £, = 1n Cot 4 + (a2 - p5)/(a® + b2). In i/, (3.8)

(Gay, 1968, equation 10.a)

This equation re}ates final (Ef) and initial (Qi) orienta~
tion' of the particle to deformation. The angle ﬁf and Bfi are measured
with respect to the normal to‘the extension direction of the strain
ellipse. But for the convenience of measurements, these parameters
are changediso-that the angle of orientation can bé measured with refer—
ence to the extension direction; Let the new angle be denoted by 8
which relates with & as © = 90-@. Modifying this parameter, the equa-

tion 3,8 can be transformed. into

H 2 25 2 2 [y 75
. 8 pr—
In tan Bf = ln tan . + (a b )/(a + b ). 1n }\2/)\1 (3.9)

where Bfe and Bie are the final and initial orientations measured with
reference to the extension direction respectively in the case of pure
shear. This is the required equatibn for the motion of elliptical

porphyroblasts set in a matrix undergoing pure shear.

By substituting a = b in equation 3.9, the expression is

7

reduced to

1n tan © In tan 9,
fe i

e

6 (3.10)

. ) 8
1. fe ie

which is the equation for spherical or equidimensional object. This
equation confirms the statement by Ramsay (1962, 1967) that the equi-

dimensional objects do not rotate during pure shear deformation.

The theoretical motion of a rigid porphyroblast set in
viscous matrix with various axial ratio and initial orientation was
investigated using equation 3.9 and a cohputer. The results are’

recorded in table 1 and presented graphically in figure 3.3. The

o
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Fige 3.3 OGraphical representation of eq. 3.9 showing the motibn
. of e%liptical inclusions set in a matrix during
progressive pure shear deformatidn. The curves 'a',
'b?, ;c‘ represent the graphs for inclusionsihaving
axial ratio a/b = 2:1, a/b = 4:1 and a/b = 6:1

respectively.



amounts of rotation calculated from the difference of final and initial
orientation are also recorded in table 1 and are illustrated in figure

3.4, a and b.
The following predictions can be made from this analysis:

(a) Equidimensional objects subjected to pure shear deformation do

not rotate (eduafion 3.10).

(5) The final orientation (efe) of the elliptical porphyroblasté is a
function of the strain and their initial orientation (Fig. 3.3). It

is seen that the émount of rotation is greatest when the object lies
initially at an angle between 40° éo 70° with reference to the extension
direction. The rotation is least where the long axis of the object lies

¢lose to or almost normal to the extension direction i.e. when eie = 0°

and eie = 90°. Any object lying pa}:allel to or normal to the extension

direction show no or very little rotation after deformation (Fig. 3.5).

(c) The amount of rotation of an elliptical object depends on its
axial ratio. It increases with increase of axial ratio of the porphy-

roblasts (Fig. 3.4, a and b).

- .

(d) Rotation also depends on the value of the finite strain; the rate
of rotation is greatest at the initial stage of development and least

 during the later stages of deformation (Fig. 3.4, a and bl.

‘3.4 THE ROTATION OF RIGID PORPHYROBLASTS IN A MATRIX UNDERGOING

SIMPLE SHEAR

| During simple shear deformation of.a ductile medium contain~
. ing rigid objects leads to rotation of the objects irrespective of
thelr shape and initial orientation. The equations which express the
“behaviour of rigld particles contained within a linear viscous fluid

were obtained by Einstein (1896) and Jeffery (1922). Gay (1966, 1968)
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extended their work and discussed the geological implications of it.

3.4.1 The behaviour of spherical particles

‘Let us first consider the case of a spherical rigid object
immersed in aldeforming viscous fluid. The resolved normal forces
acting on the object:as a result of the deformation of the surrounding
fluid, causes no transiation but the component tangential force will
produce couple which will cause rotation of the sphere. The moment

(M) of the couple acting on the object is given by

M o= oma’t = 2maluy, (3.11)
where 2a = length of arm of the couple
ma = the area on which tangential forces act
T = shearing stress of the fluid = “;s'

This moment of couple must be equal to the moment of fric-—
tional couple acting on a sphere rotating with constant angular
velocity (). Lamb (1932, p-588, eq. 4) deduced this frictional moment

‘Mf)‘gs

Mf = —4na2u;’ . " (3.12)

Equating M and M

£ and remembering that ;S = 2w ,the following

expression is deriVed,
dy /dt = 2.4@/dt . ' (3.13)

This is the equation first derived by Einstein (1896) and later used

by Gay (1966, 1968).

Iflzgand Qf are the initial and final orientatims measured
from the normal to the shearing direction and eis and efs are the
initial and. final orientatims with reference to the shearing direction,

then the relationships between these angles are eis = 90wﬁi and st= 90—Q%.



A more useful expression can be obtained by integrating

equation 3.13 over the limits from Qi to Qf and 0 to g it gives

o, -8, = 1/2.y, (3.14)

.Replacing ﬁf and Qi by efs and eis respectively, the above equation is

expressed as

) = 6 -
fs = ig 1/2.Ys (3.15)

The final orientations of the spherical objects with reference
to the initial orientations for giQen strains are calculated from
equation 3.15 (table 2) and are graphically'presented in figure 3.6.

An unmarked spherical object can not have any definable direction of
orientation. The angle of rotation (efS - eis) might be measﬁred in
deformed porphyroblasts ofbthis shape by the maximum difference in
orientation of the fabric or schistosity preserved inside and outside
thé porphyroblast. It can be seen from the graphs of figure 3.6 that
spherical objects rotate at a constant rate during simple shear

deformation.

3.4.2 The behaviour of elliptical particles

The couple acting on an elliptical particle due to the force
exerted by the fluid matrix under simple shear deformation causes the
object to‘rotate. The couple on an elliptical particle, unlike that
on a spherical particle, varies as the eilipse rotates (fig. 3.2).

The moment of couplé (M) acting on the particle and the moment of
.frictional couple (Mf) are given by

M 2ﬁa2(1—82 sinZZ)-'f

fl

(3.16)

M 2|Tp,w(‘:‘12 + b2)

£

]

where '€' is the eccentricity of the ellipse.
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Equating M and Mf, gives
w = a2/(a2 + b2). Qs(l—sz sin%Z)
ie. [ag/(1-€® sin®) = a%/(a® + 0. Jav, (3.17)

Solving equation 3.17, we get

r

tan & = a/b. tanla.b/(a’ + bo).y_]  (3.18)

(Jeffery, 1922, eq. 43)

This solution is not compleﬁe because an important factor, initial

orientation of the elliptical particle, was not taken into consideration.

To obtain a complete solution for the final orientation with
reference to the initial orientation, the left hand side of equation
3.17 has to be integrated between limits from initial and final orien-
tation and right hand side of the same equation with limits from O to
Ye* Changing Gay's pafameter 2 to 9, according to the relationship of

0 = 90-#, the equation 3.17 gives,

3 Y
fiv 2 2, 2 .2 S
T Jﬁe/m—ez.Cos & = a%/(a" + p7). fﬁys (3.19)
eiS‘ .. ©
or, Cot © = a/b. tanla b/(a2 + b2) Yy + tan_l(b/a Cot 6, )]
) fs ¢ TEREE _ *Ts ° is

(3.20)

This is the exact equation for the motion of elliptical porphyroblast

in the system undergoing simple shear.

The final orientations of elliptical objects of having any
a/b ratio and,initiai orientations have been calculated from equation
3.20 (table 3) and the results are presented graphically in figures
5.7 and 3.8. From the interpretation of the results, the following

eonclusions may be drawn:
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(aXhe final orientation of the elliptical objects is dependent on

their initial orientation and their axial ratio (a/b) (fig. 3.7).

(b) The rate of rotation of the object is greatest where its long

axis makes a high angle to the shearing direction (fig. 3.8).

(c) The variation in the amount of rotation with change in axial

ratio of the object is complex (fig. 3.8).



CHAPTER 4. EXPERIMENTAL PROGRAMME

4,1 INTRODUCTION

Over the last 150 years, various types of experimei.ts have
been performed to investigate geological problems. ‘Two main types of
laboratory experimentations are common in the field of geology :

(i) scale models ané (i) hiéh pressure deformation of réck. The

" present investigation has used scale models to simulate the rigid

rotation of porphyroblasts and the deformation of belemnites.

This tybe of investigation was first undertaken by J. Hall
in 1815, when he simulated fold shapes by compressing a pile of cloth
sheets. Later, Favre (1878) and Cadell (1888) used wet clay and plas-
ter of paris reSpectively as model materials and made model studies of

fgids and faults. Since that time, many workers have used models to

. simulate structural processes, to test theoretical hypothesis or to

bridge the gap between theoretical predictions and field observations.

The aim-of this.chapter is to .describe the instruments, model
materials, experimental procedures and the methods of analysing the
results of thelexperiments;' A lozenge~shaped irrotational strain box
and a simple shear box have been used to perform all the experiments
described in this-thesis; Aidisgussion of thé history of deformation
of the material inside the iozenge—shaped box is éiven. Gay's simple
“shear ng is then described togethér with the modifications which have

been made to obtain high strains in the model materials.

4,2 MODEL STUDY PROBLEMS

. Experimental work with models is often used to test
theoretical predictions about the formation of geological structures.
It also helps in investigating the progressive development and deforma—

tion history of a structure, a feature which is not usually possible



from observations of naturally deformed rocks. Theore£ical studies,
suppor£éd by experimental verifications have been used to predict the
history of rigid rotation of inciusions and the nature of strain around
such objects. These model studies have been carried out wifh definite

objectives and with controlled materials.

Many.workers (including Cadell, 1888; Paulke, 1912; Hubbert,
1951; Cloos, 1955; Bucher, 1956; Saﬁford, 1959; Biot et al, 1961;
_Ramberg, 1955; Donath, 1968; Gosh, 1968; Cobbold et al, 1971) have
undertaken experiments with a variety of materials, although some of
them failed to simulate natural structures very exactly. The reasons
for this ambiguity may be : (i) The relevance to geology of some of
the early results was not certain or the experiméntal conditions were
not -carefully controlled. (ii) Much of the early work was developed
in ignorance of the theory of scale model proportions. (iii) The
goundary condifions of some pf the early ﬁodels were over—simplified
when compared to the natural situations. (iv) And finally, the imposs-
ibility of reducing all the parameters of the model correctly which

might cause the ambiguity in results.

The theory of scale models have been discussed in detail by
Hubbert (1937) and Currie (1966). The practical application of the
conclusions drawn from the theory of dimensional aﬁalysis of small
scale models of large structures poses modelling problems which can be
incompletely resolved as.tﬁe strength or rigidity of material variles
with the size of the body (Hubbert, 1937). The model size problem is
'investigated in the present experiments by varying sizes and shqpes of
‘inclusions. The scale of médels used to simulate the progressive
deformation of stretched belemnites is very close to the original

scale of the natural example (compare figures 4.1 and 4.2).



Fig. 4.1 Natural example of an extended belemnite from Leyctron,

Valais, Switzerland.

Fig. 4.2 Experimental simulation of an extended belemnite set

in a matrix during irrotational strain deformaticn.



There are a few number of features of the mode; studies
whicﬁ can lead to some difficulties of direct interpretaﬁion. For
example, the properties of the model material chosen to represent
rigid particles and belemnite fragments may not be complétely appro-
priate, and the assumption that there is a pre-existing plane of weak-
ness between the fragments of belemnite may limit the direct application
of the experimentél results to the geometry of the natural examples.
It does seem, however, that the results of many of these model studies
~can be used ﬁo ascertain the validity of theoretical predictions and

assist the interpretation of field observations.

4.3 MODEL MATERTALS

The model materials used in the experiments were chosen to
simulate the behaviour of completely rigid inclusions in a ductile
matrix. The matrix material was selected so that the included objects
did not sink under their own weight and so that adhesion between matrix
énd included object was méintained throughout deformation. Care was
taken that the matrix material did not undergo chemical reaction with
the iéclﬁsion énd that there are no changes in the physical properties
_during the course of experiment. The materials were chasen for their
conveniencé and ease of ﬁandling,and particularly for the suitability
of imprinting markers on thé Surface s0 that finife strains could be

compﬁted.

Linseed oil putty was selected as a matrix material for
"experimental work. The complex rheological properties of putty have
been déscribed by Durney (1968). Putty flows when deformed at an
intermediate strain rate but it ruptures at high strain rates. The

experiments described below were all conducted at strain rates within

the ductile range. Putty is composed of approximately 90% fine grained



calcium carbonate and 10% linseed oil and it has a tendency to dry out

when exposed to air.

Wooden rods and strips were used to simulate the rigid
objects. Wooden material was chosen because of its excellent adhesive
properties (after treated by oil) and because it was a simple material

to cut into any required shape and size.

4.4 TIRROTATIONAL STRAIN BOX (LOZENGE-SHAPED BOX)

Anvirrotational strain box used in these experiments termed
the 'Lozenge-shaped shear box' by Beech (1969) was constructed by
N. C. Gay (1966) according to a design by Professor J. G. Ramsay. The
‘essential features of the box are shown in figure 4.3. The box consists
'~ of four rigid sides hinged together to form a rhomb. The shape of the
rhomb changes with the progressive change of its apical angle (fig. 4.4
and 4.5). Sﬁall holes have been drilled at equally spaced intervals
near the base of thé sides and thin nylon has been threaded through
thése holes. This net-work of thin cord enables the material inside
the box to deforﬁ homogeneously. The shapg of the box was changed by
applying pressufe by hand on opposite corners so that two of the prin-
cipal strains are parallel to the diagonals of the box and the third

is normal to the surface of the model material.-

4.4.1 Gebmetry of the box

The area of the box changes with the changes of apical

_angle (fig. 4.5). It increases progressively from a_ = 0° to o, = 90°

0 1

reaching a maximum at o, = 900, and then-decreases with further

1
increase of the apical angle. Hence, the box does not produce pros .

gressive pure shear deformation. The final area of the box is equal

to the initial area when the complimentary aplcal angle 51 reaches



(a)

(b)

FPig. 4.3 Lozenge-shaped irrotational strain box.

(a)
(b)

Photograph taken verticallye.

Drawing showing the side view of the box.
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Fig. 4.5 Graphical representation showing the relationship between the

area of the irrotational strain box and its apical angle (o)

during progressive deformation.
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the value which is equal to @y (51 = 0oy fig. 4.4). When this has
been achieved, the model materials in the box show a finite pure shear

deformation.

The two prihcipal.bulk strains developed in the surface of

the model can be obtained from the geometry of the box (Hossain, 1970)

iy
+

1

I

1= %%
(4.1)
1+e, = yi/yO
where X0 Yy are the‘new lengths of the diagonal of the box and Xg1 Y

are the initial lengths respectively (fig. 4.4). The values of bulk

strains obtained from equation 4.1 are recorded in table 4.

4.4.2 Homogeneity of strain inside the box

Expegiments were carried out to check the homogeneity and
the amount of strain developed in a homogeneous model material inside the
box during deformation. Two thirds of the box were filled with linseed
oil putty and circular markers were printed on a smoothed surface. The
shape of tﬁe box was then changed and the different stages of develop~
ment were recorded photographically (plate I). The strain ellipses on
the model éurface showed that irrotational strain had occurred. Except
;n regions near the boundary and the corners‘of the box, the ellipses
showed approximately homogeneous deformation (fig. 4.6). In all later
experiments it was decided to festrict observations to the central

‘homogeneously strained region of the model surface.

Values of the principal strains\rx; andvrxé were calculated
from the dimensions of the long and short axis of the strain ellipses.
The obsefved strains are compared with theoretically predicted strains
(fig. 4.7). It can be seen that thefe is a close correspondence

between the experimental results and theoretical predictions.



Fig. 4.6 Strain markers showing approximately homogeneous

deformation of the material at the central region of

the irrotational strain box after finite deformation

(VX /A = 2.60).
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Fige 4.7 Deformation history of the material deformed inside

the Lozenge-shaped irrotaticnal strain box.



4.4.3 Deformation history of the box

As the box is not suitable for obtaining progressive pure
shear, a check was needed to investigafe the effect of varialle strain
history during deformation; This can be done by plotting the deforma-
tion paths (in 2D). The two dimensional deformation path can be easily
obtained from the observed strains (table 4) and is shown in figure

-4.8, The deformation path lies in "field-2" i.e. 1 + e, is greater

1
than 1 + e, (Ramsay, 1967) and both the predicted and observed strain

paths correlate well.

This box has been used to investigate the properties of
finite pure shear (cf. Gay, 1966; Beech, 1969; Hossain, 1970). Another
‘check was made to see how close the strains obtained from this box
deviate from those due to perfect pure shear. From the definition.of
pure shear deformation (Ramsay, 1967, p-56), the relationship of the

principal strains in 2D can be expréssed as

1+ e1 = 1/1 + e, : (4.2)'

By considering this relationship the predicted and observed results
are compared (fig. 4.9). The graphs for predicted and observed results’

of the box show a good correlation.

4.5 SIMPLE SHEAR BOX

AThe simple shear box used in the laboratory was designed
b& N. C. Gay (1966) on the basis of Becker's‘(1904) "scission Engine"
.and Ramberg's (1959) "shearing apparatus" principle. One disadvantage
with Gay's box was its'inability to produce during one experimental
run, shear strains higher thap Yo = 0.7 When operated by motor and
Yo = 0.932 when operated by hand. In order to procure higher strains,

the box was slightly modified. The plans of the modified box are

shown in figures 4.10 and 4.11. The apparatus consists of 100
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Fig. 4.9° Relationship between the pure shear condition and the

strain produced in the material deformed inside the

irrotational strain boxe. (a) Pure shear graph.

(b) Theoretically predicted strain state. (c) Experi-
mental graph.
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Fig. 4.10 Plan of the modified simple shear box.
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U~shaped aluminium plates which are clamped together to form a hollow
box between two rectangular aluminium plates. One of these aluminium
plates is fixed while the other is displaced by a moving arm which

displaces all the U-shaped plates.

4.5.1 Geometry of the box

The simple shear box was designed in such a way that any

deformation in the box will follow the linear transformation given by

xl

x+yy
s (4.3)
y' = vy

where x, y are the co-ordinates of any point in the unstrained position
and x', y' are those in the deformed position. Any initial circle

of unit radius drawn on the material inside the box, when deformed by

simple shear, is transformed into an ellipse
%2+ 2y Xy + y2(1 + Y52> = 1 (4.4)

The lengths of the major and minor axis (VT&, Vié) of the above

ellipse (Jaeger, 1962, p-27 -to 28) are

{X; = V(YS/Z) +1+y/2 L “.5)
,vrﬁ——-‘g—‘_‘ . . *
Vﬁ;; = V({y /2)" + 1 - Y./2 | _ :

The orientation of the major axis of the strain ellipse with reference

to the shearing direction is given by

tan 8 = 'Ys/1 + YSZ - (1/11)- - (4.6)

(Ramsay, 1967, p. 87)

which can also be expressed,

8 = m/2-1/2 . tan Ty _/2) (4.7)



Fig. 4.11 The modified simple shear box. Picture taken

from the vertical position.

Fig. 4,42 Ellipsesproduced experimentally show approximately
homogeneous strain on the surface of the matrix
(putty) at the central region of the modified simple

shear box after its finite deformation (ys = 1.4).



Graphical solutions of equations 4.5 and 4.7 are shown in figure 4.17.

4.5.2 Deformation history and homogeneity of the box

The different stages of deformation during one run of an
experiment were rééorded photographically (plate II). The shapes of
experimentally produced strain ellipses show that the finite deformation
(Ys = 1.4) is approximately hqmogeneous in the centre of the box (fig.
. 4.12) and that slight variation in strain do occur near the corners of
‘ the box. Heterogeneity of strain is greatest during the late stages
of deformation. In the two diagonally oppasite corners whefe the
angles'between the walls are increasing, the material became depressed
whereas in the two other corners material bulged up during deformation.
This complexity undoubtedly causes some inhomogeneity in distribution
of strain particularly near the corners of the box. To avoid such
complexity as much as possible, all the experiments performed in the

box were restricted to the central part as shown in figure 4.12.

4,6 A MCDIFIED METHOD OF CALCULATION OF THE AMOUNT OF SHEAR

The shear strain Y, can be-exbressed as a function of

angle of shear ¢,

Both Gay's box and the modified box were set up by fixing the initial
.apifal angle at an angle gréater than 90° i.e. at a = 1i5° and @ =

- '125d resbectively to obtain higher shearing éngle y. Gay (1966) |
obtained total sheariﬁg angles of up to ¢ = 50° (fig. 4.13) and derived
the amount of shear up to v, = 1.2 (?). The present investigation into
the method of calculation of Y shows that the shearing angle { was
misinterpreted by Gay. Hence, another method of calculating Y has been

developed.



y, -tan p :tan 50 =12 (D)

Fig. 4.13 Model demonstrating Gay's method of calculation of the amount

of shear (YS) from the geometry of the simple shear box.
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Fig."4.14 Modified method of calculation of the amount of simple shear

(YS) from the geometry of the simple shear boxe.
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The éhearing angle & is a measure of the deflection of a
pair of lines originally at right angles (Ramsay, 1967, p.53). The
relationship between 4 and Yq in the box has been determined for the
two cases ; (1) a, = 90° and (ii) a = 125°, Comparing figures 4.14,a
and 4.14,b, it is clearly observed that the physical lengths of Ys/x
and Ys/y are different because they are related to the apical angle

(o ).
(o]

A general solution for the determination of § and Y for any
& can be evaluated from figure 4.15. Let us consider any angular
deflection B in a box whose apical angle @ is greater than 20°. Note,

B is not equal to Yy, see figure 4.15.

A | B C | E
Q-\_, u) :
N |
1
[ |
\ . X .;ﬁ;
B Ay ¢ i
ANE '
- :
T D\/\ao

Fig. 4.15 Determination of shearing angle ¢ from the deflection
of a line which was set originally at an angle greater
than 90° (i.e. a_ >90°).

The length 'l' traversed due to the deflection of B is the same
everywhere in the line AE. Measuring '1' from the right angle position
'C' and joining ED, the required angle of shear § can be evaluated

(fig. 4.15).



By following the sine rule in AABD, a relationship can be

obtained,
1/sinp = y/sin(a_ - B) : | (4.9)
where a, is the initial apical angle and y is the length of AD.

In ACED, tan ¢ = 1 (4.10)

since 'xf_is taken as unity.
Substituting equation 4.10 in eq. 4?9, gives
tan ¢/sin B = y/sin(a.O - B) ' (4.11)
Similarly from AACD, it follows that
y = 1/sin o, | _ V | (4.12)
Substituting eq. 4.12 into eq. 4.11, gives the general soiution
| tan ﬁ = sin B/sin(ocO - B) « sin o (4.13)

If the box is set in such a way that a is 90° the above expression

(eq. 4.13) will be reduced to

tan ¢ tan B
iee. ¢ = B - T (4.44)

which conforms with the definition of angle of shear V.

For the comparative study of the deformation history of the
box initially set at a = 1250, the amount of shear strain along with
the corresponding principal strains are derived by using both Gay's
and the modified method. The resﬁlts of the fwo methods were not

"consistent (fig. 4.16). AOne run of experiment was performed to check
the predicted results. Experimental résults (table 5) measured directly
from the deformed ellipses show a close éonsistency (fig. 4;17) with
the results calculated from tﬁe theory using modified method. This

new technique for calculating Y is, therefore, used in all future

analyses.
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of the calculation of Yo from the geomet;y of the simple

shear boxe.
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Progressive development of the observed {from an
experiment) and predicted (from theory) strains in
the matrix deformed inside the modified simple shear

box.



4.7 EXPERIMENTAL PROCEDURE

The deformation procedures for the two boxes are slightly

different and are discussed separately.

The lozenge-shaped irrotational strain box was set on a
greased glass plate and two thirds of it was filled with linseed oil
putty.' The sides of the box were then poéitioned at the desired
initial apical angle (in all experiments o = 65°). Wooden particles
simulatiné prophyroblasts and strips of rectangulaf wooden blocks put
together to.form a rigid layer representing a belemnite, were pressed
into the surface of pﬁtty. The surface of the putty and the object were
levelled very carefully to prevent the development of an uncontrolled
inhomogeneity during deformation. Ayfectangular grid or circﬁiar
markers (or both in some cases) were imprinted on the surface of putty
as strain markers. These markers were printed using graphite powder
which did not disturb any movement of the putty. The box was then
allowed to deform by applying pressure at-the two diagonally opposite
corners by hand. The deformation of the bo# was stopped after reaching
the desired apical angle (ai).‘ Starting from an initial position
(ao = 65°) ‘to final stage (oc1 = 1150); five different stages of deforma—

tion were recorded at various apical angles (ao = 650, @, = 75°, a, =

1 ]

90°%, &, = 105° and @, = 115°). o
Simple shear box was set up with the U-plates together to

form a hollow box. The plates were thoroughly greased in order to
allow them to slide past each othef smoothly. The matrix materials
and inclusions were piaced in the strain box and strain markers were
printed as described above. The box was then positioned at its initial
apical angle (ao = 125°) and deformed by allowing the movable plate

to slide sideways. The progressive stages of ‘deformation were recorded

= 110°, «, = 95°,

at different apical angles (e.g. @ = 1250, o 1

1



o, = 800

1 1

y &y = 65° anq @, = 557).

The matrix‘materials for both the cases were thoroughly
kneaded after each experimental run to remove any anisotropy and
chénges of broperties of materials (e.g. removal of oil in the putty
arouna wooden blocks) that developed during the run. As putty tends
to éry out when exposed to the air for a few days, linseed oil was

added to retain constant ductility of the material during'successive

experimeﬁts.

The differént stages of deformation were recorded photographi-
cally using a 35 mm. camera and necessary measurements were taken from
the photographs using a milimetre rule. Some errors of measurements
were inevitable and it was assumed that the smaller the changes measured,

the higher the proportional error and vice-versa.



CHAPTER 5. EXPERIMENTAL RESULTS OF THE MOTION OF THE RIGID INCLUSIONS

5.1 INTRODUCTION

Observations on natural examples of porphyfoblasts suggest
that the_matrix around each crystal has undergone a complex deforma-—
tion history. Twé simple types of deformations: (i) irrotational
strain and (ii) simp;e shear have been investigated expefimentélly.

The ekperiments represented here were performéd.in‘two boxeé, described

in Chapter 4.

The thebry (Chapter 3) indicates that the distértion of
the matrix and the rigid rotation of the inclusion is a function of
several variables. One of the most iﬁportant is the shape of the
ébject included in the matrix. Two types of shapes, equidimensioﬁal
(circular) and elliptical, were sélected for the experiments. The
behaviour of the included objects and the surrounding matrix depends
'upon’their shape defined by the diameter of the»equidimensioﬁal objects

and axes a, b of the eliiptical objects.

A theoretical study shows that the finite orientation of
~an inclusion is dependent on its iﬁitial orientation. To' examine this
aspect experimentally and to obtain the relationship between the
fihite and‘initial_orienﬁatioﬁs,'geveral runs:of éxperiments were
undertaken each with a different value for initial orientation. The

‘number of experimental runs carried out is shown in the table A.

L

Table A
No. of experiments berformed.(varying i)
Shape
Inside irrotational | Inside simple shear
strain box box
Equidimensional 4 3
W | am =201 4 T4
b
.& a/b = 3:1 4 4
—
— .
=1 a/b = 4:1 4 4




The orientation of the grid lines inside (Si) and outside

(Se) the inclusions were measured from thé photegraphs taken progress~
ively during deformation. These measurements were made with reference
to the extension direction in the irrotational strain experiments and
with reference to the shearing direction in simple shear experiments.
The results of all the experiments are recorded in Appendix B (table

6 - 10). The effect of vari&us factors (e.g. initial orientation,
axial ratio a/b, the type of deformation) on rotation is investigated
experimentally by varying shapes, sizgs and initial orientation of the

perphyroblastse.

5.2 . FINITE ORIENTATION AND THE AMOUNT OF ROTATION OF RIGID INCLUSIONS

The motions of rigid inclusions undergoing irrotational or
simple shear deformation were measured and the results are compared
- with the theoretically predicted motions. The finite orientation and

' the amount of rotation were evaluated from grid markers.

5.2.1 Equidimensional Inclusions

Irrotational Strain

When rigid equidimensional inclusions are subjected to
irrotétional straih‘they‘remain stationary while the surrounding
material suffers rgtationf(plates IIT and IV). The orientétions of
the grid markers measured from fouf different experiments are recorded
in table 6 which are graphically represented in figure 5.1. These
results agree well with the theoretical prodictions and satisfy the
equation 3.10 derived from the theory of pure shear deformation. Any

.

grid markers around the inclusions which are not parallei to the

principal finite elongation directions rotate, and do so by differing
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amounts depending on their initial orientation. Those lines oriented

parallel or normal to the extension direction of the box show no

rotation (fig. 5.1).

Simple shear

Rigid equidimgnsional inclusions undergoing simple shear
Aefbrmation_always undefgo a rdtation (plates XTI and XII). Three
different experiments were carried out with objects of differfng'size
(diameter). Experimental results (tablé 7) and theoretical predictions
for the motion of equidimensional inclusioﬁs.under simple shear defor-
mation aré compared in figure 5f2,and it is found that the experimental
results closely conforﬁ to the theoretical predictions. The relation-
~ ships between the rotation of inclusions and that of the matfix mater-
ials were also.examined. It is obser&ed that the matrix material

always suffers a greater rotation than the inclusionsb(fig. 5.3).

5.2.2 Elliptical Inclusions

With elliptical inciusions, finite §rientation and the
amount of xotafion can not be determined as simple as with equidimen- °
sional objects. The shépé and initial orientation of an elliptical
inclusion influence its rotation. The type of deformation is an
iﬁpértant fgctor~éontrolling the direction and the amount of rotation.
'_Tﬁenty four experimental runs were carried out Qith the two types of
.deformation. The results of some of the experimental runs are shown

in plates V to X and plates XIIT to XVIII.

Irrotational Strain

The results of the experiments performed by changing the

shape and initial orientation eie of ‘rigid object (measured with
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reference tb the extension direction) undergoing irrotational bulk

. strain are recorded in table 8.

The finite orientations of the elliptical inclusions at
differént.stages of deformation for various eie values are shown in
fiqure 5.4 and'these are compared with the predictions derived from
thevthéory. The thedretical curves here relate to pure shear defor-—
‘mation - but the obsgrved results were obtained from the_experiments
performed in the strain box which does not give progressive pure
shear deformation. The exact relationship between the irrotational
strain and.true pure shear condition were discussed earlier (fig. 4.9
in chapter 4). Surprisingly, the curves constructed from experimental
observations of tﬁe motion cf.elliptical inclusion undergoing irrota-
tional strain and curves predicted by the theory of pure shear are in
. close agreement (fig. 5.4). Where the elliptical ébjects were origin-

(o]

ally oriented with ei =0 or 900, they did not rotate.

e

Simple Shear

Table 9 shows the results of all the experiments performed
in theﬁsimple sﬁear box énd these results_are_graphically‘presented in
figure 5.5 along with the theoretical curves. It can be‘seen that
within the limits of expefimental efror, the expegimental and theoreti-

cal graphs are in agreement.

The experimental_results for the amount of rotation of the
elliptical inclusions are plotted in figure 5.6 which show that the
amount of rotation increases with an increase of strain. If is most
significant that the curve for eis = 126" in all the cases (a, b and c
of fig. 5.6) intersects the curve for eis = 90° (in the case of simple
shear deformation, eis represent the initial orientation of an ellip-

tical object measured with reference to the shearing direction). In
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Fig. 5.5
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Motion of rigid elliptical inclusions set in a matrix
undergoing progressive simple shear deformation. Solid
and broken lines represént theoretical and experimental

curves respectively.
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Fig. 5.6 Rotation of rigid elliptical inclusions during
progreséive simple shear deformation. - Yo represents
the amount of simple shear and eis represents initial
orientation of the inclusion with respect to the

shearing direction.

(a) a/b = 2:1; (b) a/b = 3:1; (c) a/b = 4:1



all three experiments the rotation rate for‘eis = 126° is slower than
that for eis = 90° during the early stages of deformation and is
‘higher during the later stages of deformation. On the other hand,
comparisoﬁ of the curves for eis = 90° for different a/b ratios
demonstrates that the rate of rotation decreases progressively with
deformation. The curves for eis < 90° clearly correspond with the
overall trend of that for eis = 90°. If the initial orientation of
the inclusion is such that eis < 900, it is also observed that for any

given strain the amount of rotation decreases with the_decrease of 6,

(initial orientation measured with reference to the shearing direction).

By measuring the orientations of internal (Si)and external
(Se) marker ‘lines (table 10), the relationship between the rotation of
the inclusions and the surrounding matrix was determined. The graphi-
cal rebresentation (fige 5.7) of the results shows that the difference
in orientatioﬁ between (Si) ana (Sé) is generally small and that the
difference is non—linearly related to the amount of shear. The
results indicate that an elliptical inclusion may sometimes rotate
more than the matrix and that the rotation difference depends on ﬁhe
initiel o;ientation eis' For the case of éis = 900,‘the amount of

rotation of the matrix is slightly more than that of the inclusion,

(o]

whereas, with experiments carried out with eis = 33° and with eis = 58",

the situation is reversed (fig. 5.7). Whether the inclusion rotates
faster or slower than the matrix is found to depend on its initial
orientation with respect to the extension direction of the finite

.strain ellipse.

5.3 EFFECT OF AXIAL RATIO (a/b) OF RIGID INCLUSIONS ON ROTATION

5.3.1 Equidimensional Inclusions

From the theoretical point of view, the amount and the rate
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of rotation should not be affected by the variation of the sizes of

the object undergoing simple shear deformation. Three experiments

with various sizes (large = 1.2" diameter, medium = 0.92" diameter

and small = 0.72" diameter) were performed to examine these predictions.
The results are presented in figure 5.2 along with the theoretical

plot and show that the graphs for observed results are approximately
linear. This is in agreement with the theoretical pfediction. Within
the 1limits of éxperimental error, it can be seen that the rate of

rotation of equidimensional'inc1USions is approximately constant.

5.3.2 Elliptical Inclusions

Irrotational strain

A few experiments were carried out with rigld elliptical
objects of fixed initial orientation but varying axial ratios. The
amount of rotation varied with the ‘axial ratio of the elliptical
object. The experiﬁental results are illustrated in figure 5.8.
'-‘Theoretical results show a close conformity with the experimental
'cufves and that the greatest rotation occurs where.the axial ratio is-

largest.

Simple shear

The results of experiments performed by varying'aXial
ratio a/b'and keeping constant initial orientation are presented in
figure 5.9. The amount of rotation increasesiwith increase 1in the
~ amount of shear straln Yo The curves for different inclusions are
close indicating that the axial ratio of the elliptical inclusions

have 1little influence on the rate of rotation during simple shear.
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FPig. 5.9 Effect of the axial ratio (a/b) of elliptiéal inclusions

on the amount of rotation during progressive sirmiple shear
deformation. All the three inclusions were originally
oriented at eis = 90° (measured with reference to the

shearing direction).



5.4 EFFECT OF INITIAL ORIENTATION OF RIGID INCLUSIONS ON ROTATION:

)

5.4.,1 Equidimensional Inclusions

Equidimensional objects do not rotate during irrotational
strain deformation and suffer a constant rate of rotation when deformed

under simple shear.

5.4.,2 Elliptical Inclusions

The shapes of the orientdtion curves are dependent on the
initial orientation ;f the inclusions (fig., 5.4). These curves clearly
indicate that the amount of rotation approaches zero as the initial
orientation (eie) comes closer to values 0° or 90o (i.e. parallel or

normal to the extension direction of strain ellipse).

. To investigate this relationship more precisely, three

experiments were carried out with an inclusion having a/b = 3:1 and
"with varying initial orientation. The amount of rotation after deforma-
tion (strain ratio R = 2.6) are presented graphically in figure S.iO
'along with the theoretical predictions. The overall shape of the

curve éonstructed from the experimental-daté shows a marked similarity
with the tﬁeoretically predicted‘curve. It is seen from this figure
(5.10) that the amount of rotation for given strain clearly depends on

the initial orientation of the inclusion.

A Simple shear’

| The results of four experiments performed with an elliptiéal
inclusion (a/b = 3:1)1with various initial orientation eis (the angle
measured with reference to shearing direction) are graphically presented
in figure 5.11. A predicted curve is also plotted in figure 5.11 from
the theory. The shape of the observed graph shows some conformity with

that of the predicted curvé, but the amount of observed rotation is
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higher than that of the predicted results. The observation of the
.
figure (5.11) shows that the amount of rotation increases with the

increase of initial orientation (eis) of the inclusions.

The overall shapes of the curves of figures 5.10 and 5.11 are
completely different. This shape difference is one of the character-
istic features that can be used to diétinguish between the two types of

deformation.

5.5 BEHAVIOUR OF THE MATERIAL AROUND RIGID INCLUSIONS

The behaviour of the ductile matrix material in the compiex
strain zone around rigid inclusions was studied experimentally uéing
grids and circular markers to evaluate the inhomogeﬁeity of strain.

Thé geometry of the distortions‘around the inclusions have been des-
cribed using two methods: (i) displacement vector analysis and (ii)
stréin analyéié. The simplest method of demonstrating movements that
have tasken place is by evaluating the displacement vectors. These
vectors are obtained by joining the respective initial and final
position of the points of grids. They can be determined for successive
stages of deformation. The differences in.vectors bétween the c&nse—

‘ cutivé stages of deformation define the displacement differenée vectors
which indicate'the flow of matrix during the deformation increment

.between the two stages.

Strain aﬂalysis is an important method of evaluating the
principal aspects of the deformation tensor at different localities
'aiound the figid object. A new technique for evaluating strain from
the deformed grids by using a computer was developed with the colla-
boration of P. R. Cobbold (1973). This technique was used for the
strain analysis in the matrix around rigid inclusions and is described

in Appendix F.



5.5.1 Behaviour of the Matrix Around Equidimensional Inclusions

Irrotational strain

Displacement vectors constructed from two series of gxperi~
ments are shown in figure 5.12 and 5.13. Although the grid lines
simulating schistosity around a rigid inclusion exhibit different
patterns (plates III and IV), the resultant vectors of the two cases
‘show similar pattern. The vectors show variations in magnitude and in

orientation around the object (figs. 5.12 and 5.13).

"As eie (initial orientation measured with reference to
extension direction) has no significance in these experiments with
.equidimensional objects, only one series of experiments was necessary
for strain analysis. Figuré 5.14 shows the progressive changes in
the shapes of finite strain ellipses defined by the values and orient-
ations of the principal finite stra?n axes. The inspection of the
figure 5.14 also shows that the maximum and minimum values of the
strain are distributed symmetricélly at four positions around the

object.

Simple shear

Displacement vectors derived from one experiment (plate XI)
are shown in figure 5.15. The progressive displacement of -the material
around the inclusion demonstrates that the material generally flow
towards the shearing direction and not to fhe‘extension direction of
the strain ellipse. The materials on either éide of the shear box
‘flow in opposite directions and there are certain regions where 1i£t1e

or no displacement takes place (fig. 5.15).

Strain values and orientations were calculated from the

deformed grids in the matrix around the equidimensional inclusion and
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Pig. 5.13 Flow pattern of the matrix material around a rigid equi-
dimensional (circular) inclusion during progressive
 irrotation strain deformation. The initial grid lines
were printed at an angle to the extension direction.

(a) ¢x1/>\2=1.61; (B) in/x2=2.08; (c) V)\17X2=2.60
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Distribution of the magnitude and orientation of
the principal axes of the strain ellipses in the
matrix around a rigid equidimensional inclusion

undergoing progressive simple shear deformation.



the computer plot for the strain values are presented in figure 5.16.
The maximum and minimum strains were found to be systematically
distributed in four different positions. The flow direction and the
direction of the major axes of the bulk strain ellipse are not parallel

to each other (compare figures 5.15 and 5.16).

Inspection of figures 5.14 and 5.16 shows that a similar
pattern of strain around a rigid circular inclusion is developed
in both irrotational strain and simple shear deformation. However,
_ the patterns of the flow of the material around the inclusion are
very different for the two types of deformation (figs. 5.12, 5.13 and

5.15).

"5.5.2 Behaviour of the Matrix Around Eiliptical Inclusions

Irrotational strain

Displacement vectors evaluated for different stages of
deformation up to a total bulk strain of R = 2.6 from one series of
experimenté of obliqueiy oriented ellipticél inclusions are shown in
figure 5.17. The general pattern of.ﬁhe vectors is somewhat similar
to that deVeloped around an equidimensional object. There‘is,
however, a slight variation dﬁe to the shape'and orientation of the
inclﬁsion. |

Thé nature of finite strains at successive stages during
one series of experiments were determined from the grid data (fig.
5.18) in order to illustrate the distribution of'straiﬁs in the
matrix around an elliptical inclusion. Coﬁparing tﬂe strain
distribution afound circular and elliptical inclusions (compare
figures 5.14 and 5.18), it can be seén thét there is very little

difference between the two strain patterns. The deflection of the
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Fige 5.18 Distribution of the magnitude and orientation of
the principal axes of the strain ellipse in the
matrix around an elliptical inclusion undergoing
progressive irrotational strain deformation.



axes of strain ellipses in the matrix near the elliptical object is

influenced by the shape of the inclusion.

Simple shear

The displacement vectors (fig. 5.19) describing the flow

lines were derived from the simple shear experiments performed using
In these experiments (hcw'mg Salk aumount of sheae)

an elliptical inclusion.WV The strain pattern around an inclusion
deformed by simple shear do not show any significant difference to
that developed during irrotational strain (compare figures 5.14 and
5.18). Hence the computation of strain ellipses in the matrix around
an inclusion would not be sufficient to determine whether these strains

ellipses were produced by the irrotational strain or simple shear

deformation.

5.6 DEVELOPMENT OF PRESSURE SHADOWS AND PRESSURE FRINGES ADJACENT

TO RIGID INCLUSIONS

The regions around inclusions comﬁonly known as pressure
shadqu ana pressure fringes have been investiéated experimentally.
Althouéh shadow regions eannot'generally be developed in the experi--
ments, fringe regions can be directly simulated by the formation of
‘open spaces' in the matﬁix adjacehf to the rigid-inclusion.

. The gebmetry of thé low strain fegions ﬁas‘been assessed
'by studyiﬁg the behaviour of the grid markérs. Examples of the
shadow areas deﬁeloped in ﬁﬁevlow strain zone adjacent to the rigid
inclusions derived from the experiments are illustrated in figures
5.20 and 5.21. Vhere the grid lines are initially parallel to the
ektensibn directién of the bulk straiﬂ ellipse, they are deflected
around the object during irrotational stgain deformation (fig. 5.20,a).

The least deformed areas located where the grid lines are widely



. Fige. 5.19 Flow lines of the matrix material around a rigid
elliptical inclusion during progressice simple shear
deformation.



spaced adjacent to the object are shown as dotted areas (figs. 5.20

and 5.21). Grid line markers normal to the extension direction of

the bulk strain show the low pressure areas even more clearly. During
deformation, these lines gradually move apart in a direction parallel
to the extension direction of the strain ellipse, and this displacement
is less pronounced in the regions of low deformation. Hence, the area
where the maxima of the curvature of these grid lines are situatéd,

may be taken as the area of least deformation (fig. 5.20,b).

A few experiments were undertaken using relatively stiff
mafrix material and during deformation 'open spaces' developed at some
localities adjacent to the rigid inclusion (Plates XIX, XX and XXI).
Two examples of fringe regions (open spaces) around the rigid inclu-
sions of different shapes developed during deformation'are illustrated
in figure 2.8. The shape of the 'open spaces' varies with the shape

of the object.

These models only illustrate the shape of the fringe areas.

. In_order to evaluate the likely orientatioﬁ of fibrous minerals that
mighé'grow in these spaégs.qnder geological condition the_progressive
opening of the spaces was studied. The progressive development of
the 'open spaces' for two examples has been investigated and the
probable patterns 6f thelfringe mineral growtﬁ obtained (fig. 5.22).
.The progressive "displacement trends" show straight and curved pattern

for irrotational strain and. simple shear deformation respectively.

Pressure shadow and pressure fringé regions both develop
in the same area adjacent to the inclﬁsions and the presence of éne
or the other depends on the amount of strain and the properties of the
material. Pressure fringe éreas ére clearly distinguished from the
pressure shadow regions in that the matrix has actually been pulled
away from the inclusion and in nature the gap formed filled with new

minerals.



(a) : (b)
Fig. 5.20 Low strain zone (shown by the dotted line) assessed by the
behaviour of the grid lines around a rigid circular object
after finite irrotational strain deformation (Vl1/12= 2.6).

(a) Grid lines parallel to the principal extension direction.

(b) Grid lines normal to the principal extension direction.

Fig. 5.21 Area of low strain (shown by the dotted line) in the -

matrix around a rigid equidimensional inclusion deformed

under simple shear.(ys = 1.4).
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Fig. 5.22 Progressive development of open spaces around rigid inclusions
simulating pressure fringe regions and a probable pattern of
mineral growth inside these regions.
- (a) During irrotation strain experiment. (i) Open spaces
(ii) Fibrous mineral growth patterns.
(b) During simple shear experiment. (i) open spaces
(ii) Probable patterns of mineral growth.
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CHAPTER 6. STRESS DISTRIBUTION AROUND THE EQUIDIMENSIONAL INCLUSION

6.1 INTRODUCTION

In the previous chapters, theoretical and experimer tal
studies have dealt with the distribution of strains and their depen~
denceion the deformation history of the material around inclusions.
The state of strain results from the displacements produced by an
épplied stress. It is therefore, important to investigate the state
of stress and its role in the formation of the structure. It is
generally impossible.to determine from the geometry of deformed rocks
the magnitude of the stress associated with the deformation. The
evaluation of the stress conditions around a certain structure can be
made ﬁathematically, or by using finite element or photoelastic models.
Photoelastic studies are widely used in Rock mechanics and Engineering
Geology. These studies provide two sets of information: (i) Isoclinics
and (ii) Isochromatics from which stress trajectories and the distri-
bution of the differential stress can be evaluated. The folloWing

study presents a theoretical analysis of the stress distribution in

o

the matrix around the rigid inclusion. The.complete analytical
solution for stress around an inclusion of various shapes is complex.
The solution is developed for a circular inclusion and the geological

implication of their result is discussed.

- The problem of stress distribution in and around a particle
‘has been tréated previously.by Goodier (1933), Sezawa (1933), Coutinho
(1949), Muskheliéhvili (1953), Eshélby (1957) and Wilson (1961). The
. stress distribution afound a holé has been studied among others by
Nadai (41950), Savin (1561) and Jaeger and Cook (1969). Recently,
Strdmgard (1972) presented the results of a study of stress around a
rigid inclusion. All these studies analyse how a uniform stress field

is disturbed by the presence of a hole or an inclusion. The basic



equations (Jaeger and Cook, 1969) are extended in this chapter and a
complete solution for the stress distribution around a circular rigid

inclusion is determined.

6.2 THEORETICAL ANALYSIS

From the Saint Venants principle it follows that any dis-
turbance will be confined to the neighbourhood of the inclusion. It
is assumed that the matrix material is homogeneous and has the ideal
properties of linear elasticity. It is also assumed that the matrix
material is firmly attached to the boundary of the included object so

that the continuity of stress and displacement is maintained.

6.2.1 General solution

P,
4
y
<
p2 - o X P

Fig: 6.1. A rigid circular inclusion under uni form

stress from infinity.

Let a circular inclusion inside homogeneous matrix be

" subjected to uniform stress P, along OY direction and P, along OX

1 2

direction from infinity (fig. 6.1). For the case of uniaxial stress,

P, is zero and only P

5 is applied on the inclusion and its surrounding

1

) 1]
matrix. ‘r' and 9 are the parameters of polar co-ordinates and 'R’



is the radius of the circular inclusion. It is assuméd that the
material outside the inclusion (i.e. in the;region r > R) ié linearly
elastic with shear modulus and Poisson's ratio G and v respectively
and that the material'inside the inclusion has elastic moduli Gi and

\’i'

The stresses in an infinite region due to the applied stress
Pi'can be represented by a standard stress function (jaeger and Cook,
1969, p.236) as

2(2)

1
L
e
N

. (6.1)
¥(2)

1
—~P Z
2 P1

The matrix material in this .region contains a circular inclusion. In
this situation, as suggested by Jaeger and Cook (1969), some terms
must be added to the above function to represent the effect of the

inclusion. The expression (6.1) betomes

1 . 2
M) = TP, [z + (A/Z)R"]
(6.2)
$(2) = é Py [z + (B/Z)R® + (c/zHr>]

where A, B and C are the real constants. Following the similar
argument, the stress function in the }egion inside the inclusion can

be expressed as

: 1 2.3

ﬁi(Z) = 78, EAiz + (Bi/R )z~ ]
. (6.3)
1

wi(z) = -5 91 C,2

The values of these constants were discussed by Jaeger and

Cock (1969) and their conclusion will be outlined here.

. The amount of displacement (u and v) can be determined from

the stress function by using the standard equation,



2G(u + iv) = % H(Z) - Z B(E) ~ V(D)
where K= 3-4y.

Using equation 6.2, the equation for the displacement at
the boundary of the inclusion (i.e. r = R) can be obtained and is given
by

216

. - -e
4G(u  + ive)/P R = 1(‘)t- 1) + B + (i'M.A + 1)e + (iA + C)e21 (6.4)
r % 2 2 2

where u and vg are the displacements with respect to polar co-ordinates

etc.

Using equation 6.3, the required expression for the displacement

at the region r = R is obtained

‘ - 16 . -216

4G, (u_, +ivg )/ R=2A O - 1) +2u.Be® + (¢ - 382 (6.5)
i ri ah 1 2 1 i 2 i'i i 2°i

where W= 3‘- 4y .

% = 3 . 4Vi fgr plane strain

Equating the coefficient of both the equations (6.4 and 6.5) and

writing K = Gi/G’ gives

K(w -1 +2B) = A, (N, - 1)
MR A
K(MA + 2) = 2C, - 3B, (6.6)
’ A 1 t. .
K(A + 2C) = MN. B,
: 1 R

Let us now considef the normal and tangential stress at the
boundary of the inclusion (i.e. in the region r = R). The relation—
ship between the resolved stresses (cr,_ce and Tre) and the stress

function is given by



o *og=0,* o, = 2[g' (z) + 2'(z2)]
and

mg +2iT a=1lo -0 +2i1_1=2[Z g"(2) + 11:'(2)]ezLe (6.7)
ae cr. . re - Y x }cy - - ) .

10 3 0
where Z = rel and e2l = Cos 26,

At the boundary, the difference of the normal and tangentiai

stress (N and T respectively) can be expressed as
—_— _ : 216
N - iT = 2'(2) + 2'(2) - [Z 2(2) + y'(2)]e _ (6.8)

Differentiating equation 6.2 and substituting it in equation 6.8,

gives

2(N - iT)/P; =1 - B~ (% A+ 302 4 (1 - %A)ez'e (6.9)
Similarly from equation 6.5,
20N— iT)/B, = A, + (C; - 2 Bi)ez.i'e + 3 Bie‘Zie (6.10)

Now equating the coefficient of equation 6.9 and 6.10, we obtain

A. = 1-B

i
B, = -A-2C , . (6a11)
2C. - 3B, = 2 - A

1 2

From equations 6.6 and 6.11, the final solution for the real constants

can be determined,

B. = 0
l -
A, = K(A+ 1)/(2K + %, - 1) _ (6.12)
. ) i
ci = K( %+ 1)/(K%n + 1)
and
A = 2(1-K)/(KH® + 1)
B o= [uy-1-Kx=-DIEX+x%; -1 (6.13)

C = (K-=1/(K%n + 1)



The general solution for the stress distribution in the
matrix around a circular inclusion is obtained by differentiating

equation 6.2, substituting it into equation 6.7, o, Og and T g can be.

determined
2 2 4
1 BR 1 2AR 3CR 6
o. = 591(1 - —5—0 + 591(1 - -3 )Cos 2
r r r
2 : 4
_ 1 BR 1 3CR 8
og = §P1(1 + —E—J - §P1(1 - =7 )Cos 2 (6.14)
r r :
2 4
1 AR 3CR . 0
Tre = - "2'91(']_ + rT+ r4 )S 2

6.2.2 Solution for the Rigid Circular Inclusion

The required solution for the distribution of the different
“aspects of stresses in the matrix due to the applied uniaxial stress
loaded under plane strain are obtained by solving the values for real
constants. The rigidity contrast K, in this case is infinity, as the
matrix material is assumed to be ductile. For plane strain, the other
Qafiable % is given by W= 3 - 4y. Substituting v = %-for non—

compressible material, the value of M = 1. Similarly s is also

equal to 1.

Now substituting K = G/Gi = and %=1, W= 11in

equation 6.13, the required values of the real constants are

A = -2
B = 0 ' (6.15)
e - 1

Finally, the expressions for the resolved stresses (cr, og
and Tre) in the material around rigid circular inclusion loaded under
plane strain are obtained by substituting equétion 6.15 into equation

6.14. This gives



(i) In case of applied uniaxial sfress,
: 2 4
. 1o 4" _ 3R 8
g, = %Pi + =P 54 (1 + 5 ~—~—)Cos 2
. ' . r r
1 4 )
0g = 2, -3, Lo(1- Ercos 2 (6.16)
r
2 4
QU S PR~ = 8
T —3 1(1 5=+ )Sin 2
r 'r
(ii) For the applied bi-axial stress,
2 4
:_]__ _']__ 4R 3R o
o, = 2(P'1 +P2) + 2(9'l P2)(1 > -———)cO 2
K r r
1 1 ar? 6
. 2 4
- ~Lp - _ 2R L3R )
T8 - 2(91 P2)('l 2 + r4 )Sin 2

From the above resolved stresses, the distribution of the
principal stresses and their orientaption in the matrix around the

rigidbcircular inclusion can be obtained using the following relation-

ship
o+ og
v o B9 2 3
o, = > * 2E(cr - ce) + 4Tre]'
% %01 )2 1% (
03 = —Z——E[o'r—ce +4Tre 6.18)
2Te
n o= 3ta =)
Gr - Og
where o4 and o, are the greatest and least principal stresses

respectively and is the orientation of the greatest principal stress.

Geologically significant aspects of the state of stresses,
such as, the maximum shearing stress (fmax)’ tensile stress zone and

the mean stress can easily be determined when ¢, and o, are known.

1

The values. of Tmax and the mean stress are obtained from the relation-

ships,



)

Tmax = 291~ %3
. (6.19)
Mean stress = E(cl + 03)

6.3 INTERPRETATION OF THE RESULTS AND GEOLOGICAL IMPLICATIONS

All the following calculations were made from equations
6.16, 6.17, 6.18 and 6.19 using a computer. The stress trajectories
and contours of values of principal stresses etc. were constructed by

hand.

6.3.1 Stress Trajectories and Fracture Patterns

Stress trajectories or isostatics are the orthogonal system
-of.curveé representing the directions of the principal stresses at
every point. These sets of curves are very usefulvfbr deducing the
potential deformation (specially fracture) patterns in the field of

geology, rock mechanics and engineering.

Jaeger and Cook (1969) described the geometry of shear
fractures developed in the material during compressive stresses. The
angles, which the planes of these fractures made with the axis of

maximum principal stress is given by

+, o .
@ = —(45 - :pi/Z)

_ where Py is the angle of intefnal friction of the material. The
‘results of many experiments performed to determine p; are listed in
Jaeger and Cook (1969, p.59). It is observed that the value of Py
isAalways positive and less than 45° irrespective of the rock type.
Hence, the angle éf fracture § is always less than 45° with reference

to the greatest principal stress o direction.
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F.ig. 6.2 Principal stress trajectories around a rigid circular (equidimensional)} inclusion.
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~ The stress trajectories in the matrix around a rigid
equidimensional inclusion are obtained from:equations 6.1é and 6.18,
and are shown in fig. 6.2. The direction of the principal stresses
observed frgm the computer output is constant for any value of applied
stress. The orthogonal trajectories shown in fig. 6.2 show a marked

deflection around the rigid object.

Having established the stress field, it 1s possible to
compute the_orientation of any shear fractures which might be developed
around the rigid object, should the matrix undergo brittie failure.
Fractures initiate along two planes having certain value of ¢ with the

direction of ¢, . As 9y depends on the type of the rock material,‘the

1.
angle of potential fracture is variable. For most rocks, @ falls
between 20° and 400, hence . the choice of 30° for ® seems appropriate

(Hafner, 1951). The two sets of potential shear failure curves are

plotted in figure 6.3.

6.3.2 Distribution of the Principal Stresses and their Influence in

the Material Around the Rigid Inclusion

The values of greatest (ci) and least (GB)Aprincipal stresses
. ‘ -

for an applied stress P, have been evaluated from equation 6.18. These

1
values vary from point to point in the matrix around the rigid inclusion.
Because the values ofigreatest principal stress (01) could be geolo~
gically significant their distribution have been illustrated by joining
the points of equal value ‘of gilP1 in figure 6.4. The variations in

~value of o4 (compressiye, ~ve; and tensile; +ve) are éymmetrically,
dis£ributed around the inclusion. High local compressive stresses
are found on the side of the inclusion facing the direction of greatest

regional compression and high local tensile stresses are found on the

sides facing the direction normal to the greatest regional compression.
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Flg. 6.4 Distribution of maximum principal stress (ci/Pl) around a rigid

c1rcular inclusion under applied uniaxial stress.
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FPig. 6.5 Areas of tensile stress 0-1/91> 0 (dotted regions)
adjacent to a rigid circular inclusion.

(a) P2/P'l = 0.33 (i.e. I?1 = 3) -

5)

"
]

(b) P2/P'l 0.2 (iv.e. P
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It is well known that tension fractures can be developed in
regions of tensilelstress where 517P1 > 0. The regiogs of tensile
stréss for two cases of an applied bi-axial stress condition are shown
in figure 6.5. The extent and shape of the tensile zone is related
to the applied stress ratio Pz/Pi' Tensile fractures'deve;oped in this
area might accommodate pressure solution and be deposition siées of
material derived from the surfoundiﬁg area. In natural rocks tensile
fractures that are subéequently filled with minerals (quartz, calcite)
often develop at the matrix - inclusion junction to form pressure
fringes. Stramgérd (1972) suggested that the secretionary type of
mineral growth assoclated with tensile fracture at the matrix - inclusion
interface does not occur if P2/P1 > 0.5. In this situation minerals
migrate into the low strain areas but are depﬁsited in a more diffused

manner with the matrix and form a pressure shadow.

Observations of naturally deformed rocks and experimental
results show that the initiation of fractures usually starts along
the inclusion - matrix contact (figs. 2.7 and 2.8 in chapfer 2, and
platéé_XIX, XX and XXI). Pressure fringes appear-to be generated by

the dialation of an initial tensile fracture at the matrix - inclusion

interface.

6.3.3 Maximum Shearing Stress (Tuax) or the Differentlal Principal

Stress

Contoured values of the maximum shear stresses calculated
from equation 6.19 are illustrated in figure 6.6. The maxima and-
minima of Toax 2F€ symmetrically distributed around the object and
a;e located at some distance from the boundary of the inclusion. The

experimental study by Strémgard (1972) shows that the theoretically

predicted pattern of T hax around the inclusion is in good agreement



Fig. 6.6 Distribution of Tmax/P 1 in the matrix around a rigid circular inclusion
' under uniaxial stresse.

SOL
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Fig. 6.7 A photo-elastic model showing the distribution of
' isochromatics. Numerical numbers represent the fringe

order. (After Stromgard, 1972)
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with the pattern determined photoelastically (fig. 6.7).

Y

e3.4 Role of Mean Stress in the Developmént of Pressure Fringes

and Pressure Shadows

Mean stress or pressure in the matrix around the rigid
circular incluéion has been evaluated from equations 6.18 and 6.19
and the variations are shown in figure 6.8. The highest value of
mean stress lies along the plane parallel to the applied compressive
- stress (i.e. along OY) whereas the lowest value of mean stress lies
along the plane normal to the compressive stress (i.e; along OX
direction). The magnitude of the mean stress at any point in the

matrix varies proportionally with the applied compressién.

Field and experimental obsérvations show that the pressure
fringes and pressure shadows are formed in the regions which coincide
with areas of low mean stress around the inclusion. Ramberg (1952,
1961) and Gresens (1966) have studied the problem of diffusion and
mineralogical differentiation as a result of pressuré variation. Many
factors afe involved in the diffusion and movement of the material
from one place‘to another, but it is'théught that minerals migrate
from high pressure zone into adjacent low prgssure zones. It seems
likely that new minerals‘would crystallise in the low mean stress
zone; to form pressure fringes and preésure shadows and that this
' méterial would be derived from areas in the surfounding matrix where

the mean stress was high.

Two main factors are involved in the formation of pfessure
shadows . and pressure‘fringes. The variation of the mean stress
governs the migration of material and the tensile zone near the
object (determined by the nature of the greatest principal stress cl)

provides the area for deposition. Surprisingly, the areas of tensile
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stress and the regions of low mean stress approximately coincide
(figs. 6.4 and 6.8). The type of structures (whether pressure shadows
or pressure fringes) that develop in these low mean stress regions is
controlled by the magnitude of the ratioc of the applied regional

compressive stresses PZ/Pi'
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PART II

CHAPTER 7. THE EVOLUTION AND THEORETICAL ANALYSIS OF STRETCHED

BELEMNITES

7.1 INTRODUCTIION

The presence of objects of known original shape (foséils,
oolites, pebbles and other porphyroblasts) in sedimentary rocks is
particularly useful in evaluating the amount of deformation of the
surrounding rocks as @a result of sedimentary and tectonic processes.

" Belemnites are particularly valuable in thi; respect, because the bel-
emnite guards are resistant to distortion by flow. The guards become
fragmented and the length of the original guard may be calculated by

- reassembling the fragments (Daubree,.1876; Heim, 41919; Brace, 1960;

Badoux, 1963, and Ramsay, 1967).

Experiments have been carried out to investigate the behaviour
of fragments of rigid material chosen to simulate the behaviour of
naturally deformed belemnites. The basic pfinciples associateq with
the Aevelopment of bogdinage structuré are found té be similar to those .
associated wifh the fofmation’of strefched belemnites. By considering
belemnite specimen to be a fragmented rigid inclusion, the established
solution for the motion of rigid inclusions in a viséous matrix can
5e_used to determine the amount of elongation ( {X-= 1 + e). A tech-
pique of constructing models simulating stretched belemnites and a
method of'evaluating the amount of elongation from the models are aléo
described. A comparison is made of the results obtained from the
theoretical models with those derived from the experimental simulations

of stretched belemnites (in chapter 8).



~
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7.2 THE DEVELOPMENT OF STRETCHED BELEMNITES

Belémnites are composed of material of different composition
or structure from that of the surrounding matrix. Examination of the
structure of the guards of naturally fragmented belemnites shows that

the guards generally behave as rigid bodies. The contact between the

‘quards of a belemnite is composed of fibrous calcite crystals, the long

axis of which are arranged perpendicular to the long axié of the
belemnite body. This fibrous structure provides a weakness which assi-
sts fragmentation and separation of the parts during deformation. The
guards being resistant to breaking are then preserved in the host rock
(figs. 9.4 and 9.5). The regions between the separated fragments are
often filled with fibrous crystals of quartz and calcite probably

precipitated from interstitial fluids during the course of deformation.

The géometry of the stretched belemnites is very similar to
that of the boudins (figs. 7.1 and 7.2). The shape of boudins is

often modified during deformation but that of the belemnite fragments

' generally remains rectangular. Rectangular shaped boudins (fig. 7.2)

- are common where there is a high ductility contrast between the boud-

inaged layer and surrounding matrix. There is a close resemblence

between the strain in the matrix around these rectangular boudins and

.the strain in the matrix around extended belemnites. The development

of(stretchgd‘belemnités discussed below draws on.many of the ideas

regarding the formation of rectangular boudins.

Field and experimental obsefvations show that'separation of
the fragments of belemnites is caused by an extension along the long
axis of the belemnite body. When a belemnite lies oblique to the
major axis of the strain‘ellipse but within the extension field, the

separated fragments are generally arranged to form an 'en-echelon'
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Fig.. 7.1 Sketch of an extended belemnite specimen from Leytron,

Valais, Switzerland.

Fig. 7.2 An example of rectangular boudins of amphibolite
in granite gneiss, West Greenland. Thickness of
the layer is 3 cm. (Drawing from a photograph after

Ramberg, 1955, plate 2B)
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structure (fig. 7.2).

7.3 THE THEORETICAL ANALYSIS OF THE DEVELOPMENT OF STRETCHED BELEMNITES

A complete mathematical solution for calcating a value for
the extension using fragmented belemnites is complicated by the many
factors which are involved (initial orientation, axial ratio of the
belemnite body, axial ratio of the individual fragments of belemnite
and the values.qf finite strain). Field observations (fig. 7;1)
provide the information on the final orientation (G;)’ the deformed
length and the original length of the belemnite body. Using these
parameters, it is possible to determine approximately a value for the
finiﬁe elongation in one direction. It is also possible to compute
théoretically the elongation suffered by a belemnite knowing the final
orienfation (9;) and the length of the belemnite specimen and making

use of the solution for the motion of elliptical inclusion (in 2D)

inside a viscous matrix.

Basic Assumptions

It is aésumed that the behaviour of belemnite specimens
embedded in rocks is similar to the behaviour of rigid inclusions
* embedded in a viscous\matrix. In the model work carried éut it is also
assumed that the matrix materials are viscous fluids and that they
always remain in contact with the boundary of the included object
(i.e. the object does not 'slip').v Belemnites oriented at an angle
to the direction of maﬁor axis of strain elliﬁse undergo rotation as
'Qell as separation during deformation. Experimental observations
(plates XXII to XXXII) show that the whgle body simulating a belemnite
even after the fragments have separated, fotates as a single body
- towards the extension direction. It is also seen that the separated

fragments tend to behave independently of the whole body. In the
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analysis below, the belemnite body, after being stretched, is first

considered as a single elliptical body (in 2D) with a high axial ratio

a/b and then as separated fragments.

For the purpose of determining theoretical models of stretched
belemnites the solutions for the motions of elliptical rigid inclusions

(described in chapter 3) are utilized. They are:

(1) For pure shear deformation:

2 2 '
L 3 -
ln tan © = 1n tan ©_ + a -b . 1In VA_/A (3.9)
b b a2 + b2 21

.
where eb and eb are the initial and final orientation of a belemnite

‘specimen with reference to- the major axis of strain ellipse.

'a' and
'b' represent the length and width of the belemnite body.
(ii) For simple shear deformation:
r -
Cot 8, = a/b.tan[Z=" D,y 4 tan 102.Cot )]
b ) 2.2 s a b
‘ a+b
. .
where eb and eb are the initial and final orientations respectively of

a belemnite specimen with reference to the shearing direction.

Reconstruction of stretched belemnite (Theoretical model?)

The reconstrucfion éf s£retched belémni£e models has been
made using equations (3.9 and 3.20). Measurements have been taken
“from these models to determine the émount of their extension. The
;esults obtained from thesé mddels have been analysed in order to

examine the geometrical pafameters of stretched belemnites.

Consider a belemnite specimen of known axial ratio a/b
embedded in a ductile matriz and whose long axis 1s at an angle to
the extension direction before deformation. Using egs. 3.9 and 3.20

1
the finite orientation of a belemnite specimen (eb) has been calculated
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for two types of finite strains (pure shear and simple shear). The
belemnite specimen as a whole suffers rotation about its mid-point

toward§ the major axis of strain ellipse.

The géneral method of constructing such models and deter—
" mining extension from the geometrical properties of the reconstructions
will first be discussed. Three rigid rectangular objects placed
tdgether in such a way that they represent a belemnite body (in”2D)
with axial ratio (or length/widfh) a/b = 6:1 and they are included in

a ductile matrix making an angle eb = 60° with reference.to the major
axis of the strain ellipse (fig. 7.3). The reference iines 'GH' and
'TJ' are parallel to the principal extension direction and shearing
direction for pure shear and simple shear deformation respectively.

It is assumed that the body of the moéel (belemnite) has developed
fractures which divide it into.three fragments of equal size, a/b =

2:&. The poinfs used for measuring.the length of the whole object are
the two middle points 'a' and 'c' of fragments # and z, since the
amount of extension at the two ends of x and z cannot be measured
accurately. The reference lines were, therefore, drawn through these
points. The final orientation of the specimen (eé) is then calcﬁlated '
~and a.solid line 'AB' is drawn through the point 'b' at an anéle 9;
with reference to GH. The line 'AB' cuts across the reference lines
at 'a"and 'c'. Tﬁese points are the new positions of the ffagments
'x' and 'é' after deformation. Hence, the length 'a'c'; is.the
extended length of 'ac' aﬁd the direction of 'AB* represents the
average orientation of the belemnite model (fig. 7.3). Before complet-—
ing the construction, the rotation made by the individual fragments is
calculated. The fragﬁents, when separated from each other tend to

behave in a way governed by their individual shapés and axial ratios.

1
Knowing their axial ratio, the final orientation of fragments (Bf) is
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Fige 7.3 Theoretical model illustrating the method of
:,'cgnstruction,of extended belemnites undergoing

‘homogeneous deformation.
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obtained from equations 3.9 and 3.20 and is represented by the dotted

line 'CD' through the point 'b' in fig. 7.3« The final reconstruction

is performed by drawing the 6rigina1 fragments at their respective

deformed positions and keeping them parallel to the dotted line 'CD’.

The required amount of extension is then determined by measuring the

original length (ac) “and deformed length (é'c') of the spécimen and
a'c' - ac

using the relationship, e = c . Repeating this procedure, for

different wvalues of finite strain, it has been possible to compute

" the progressive development of "stretched belemnites". Several models
of stretched belemnites have been.investigated by varying their axial
ratio, initial orientation and the £ype of deformation. Two of the
models (one for each type of deformation) are illustrated in figures
7.4 and 7.5. The amount of elongation derived from a number of'such

examples is recorded in tables 11 and 12 (Appendix C).

7.4 INTERPRETATION OF RESULTS

The resu1£s of the theoretical analysis of stretched belemnite
indit@te that the amount of extension of "belemnites is dependént mainly
on thejinitial érientatidh of the whole belemnite body (9;5, the type
of deformation (irrotational strain or simple shear) and'the axial

ratio of belemnites.’

The results show that a simple relationship exists between
‘the amount of extension of belemnites and their initial orientation
(eb) in case of irrotational strain deformation (fig. 7.6). It is seen
from the graphs in fig. 7.6 that the amount of extension of belemnite
models lying finally within the extension field, increases progress-—
i;ely with the decrease of their initial orien£ation with reference to
the major principal axis of the strain ellipse. The amount of extension

is largest when the belemnite specimen lies at eb = 0% (i.e. parallel
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Fige. 7.4 An example of construction of a theoretical model of an extended

belemnite undergoing progressive pure shear deformation.

(a) Undeformed; (b) Vli[Kz = 1.21; (c) Vli/lz = 1.61;
(d) ij/mz = 2.08; (e) Vki/kz = 2.6

Fig. 7.5 An example of construction of a theoretical model of an

extended belemnite undergoing progressiQe éimple shear deformation.

(a) Undeformed; (b) y_ = 0.267; (c) y_ = 0.876; (d) y_ = 1.4
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Fig. 7.6 Theoretical graphs for the elongation (1+e) of stretched

belemnites being deformed during progressive pure shear.

eb represents initial orientation of the specimen with

reference to the principal extension direction.
(a) belemnite body a/b = 3:1; fragments a/b = 1:1
(b) belemnite body a/b = 6:1; fragments a/b = 2:1
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to the principal extension direction). The graphs representing the
behaviour of belemnite models during simple shear deformation demon-
strate that the relationship between the extension of belemnitg models
and their initial orientation (eb) (fig. 7.7, a, b) cannot be expressed
as simply as in the case of irrotational strain deformation. For a
particular valﬁe of eb the amount of extension for a given amount of
strain is seen to dgpend on the axial ratio of the specimen. Comparing
graphs presented in (a) and (b) of fig. 7.7 it is observed that the

curve of 9b = 60° for, belemnite model with a/b = 6:1 do not agree with

that for belemnite model a/b = 3:1. This curve (representing eb = 60°)
indicates a lower amount of extension in fig. 7.7,a and a higher amount

of extension in fig. 7.7,b than that for 8 = 30°.

It is observed (theoreticaily and experimentally) in éhapter
4Ithat the major principal axis of the strain ellipse, producéd by the
simple shear defo.métion, rotates progressively from 4So.to 28.5°
during deformation ub to Ys = 1l.4. The principal extension direction
and the extension field, therefore, rotate during simple shear deforma-
tion. The rotation of any inclusion set in a matrix undergoing simple
shear deformation is the result of two effects. There are.the teﬁdency
for a body to rotate towards the principal ex_tension direction and the
tendency of a body to rotate towards the shearing direction. Depending -
on tﬁe initigl orientation of the belemnite body these two effects
’ mﬁy oppose or compliment each other. The tendenéy of a body to rotate
éowards the shearing direction due to the movement of the surrounding

matrix increases as the axial ratio of the specimen increases.

Results derived from the theoretical models demonstrate
that a belemnite specimen having a/b = 3:1, when situated initially
at .9 = 30° tends to remain within the extension field during subse-

b

quent deformation and thus suffer a large amount of extension (fig.7.7,a).
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Fig. 7.7 Theoretical graphs for the elongation of stretched

-~

belemnites undergoing progressive simple shear deformation.
eb'represents the initial orientétion of the specimen with
respect to the shearing direction.

(a) belemnite body a/b = 3:1; fragments a/b
(b) belemnite body d/b = 6:1; fragments a/b

1:1
2:1
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A gelemnite specimen having a/b = 6:1, when situated initially at

eb = 3OOlshows much less extension (fig. 7.7,b) than the belemnite with
smaller axial ratio (a/b = 3:1). This is because the belemnite with
the larger éxial ratio rotates towards the shearing direction faster
than the belemnite with the smaller axial ratio and actually moves out

of the extension fieXd of the strain ellipse.

Theoretical studies also indicate that the individual frag-
ments behave differently fo the whole belemnite model. The en—-echelon
type of structure developed in stretched belemnite forms due to the
‘differential amount of rotation between the individual fragments and

the whole belemnite specimen (fig. 7.4 and 7.5).

The conclusions drawn from these studies may not provide
accﬁraté results as'cerfain factors have not been taken intoc considera-
tion in the theoretical analysis. The amount of extension has been
calculated from eb and e::).considering a belemnite model with an a/b
ratio that is fixed throughout the different increments of deformation.
In a reéal situation the a/b ratio of a belémnite changes with each
incréﬁenf of deformation an.the flow of the matrix insidg‘ﬁhe spacesl
created between the fragments by.stretching modifies the.strain state.

These two factors could not be incorporated into the theoretical model

and therefore the ﬁodel did not cémpletely satisfy the field situation.
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CHAPTER 8. EXPERTIMENTAL VERIFICATIONS OF THE BEHAVIOUR OF STRETCHED

BELEMNITES

8.1 INTRODUCTION

Experimehtal model deformation simulating the development of
stretched belmnites has been performed in order to verify the evolution
and the theoretical ;nalysis of distorted belmnites; Tweﬁty—nine
experimental runs were made varying the type of deformation (irrotational
strain or simple shear), initial orientation (Bb) and the axial ratio
of the‘belmnite models. The results are quantitatively analysed and

in the light of these results, a few methods of interpreting available

field data are suggested.

The model materials, experimental.procedure and the strain
boxes used for the experiments, were described in chapter 4. The
e#perimental results are not in complete agreement with the theoretical
results. A possible explanation for this disagreement is given and
in conclusion, it is suggested that the measured elongation of belemnites
is a%ways less than the actual elongation that has been suffered by

the éurrounding'matrix.

8.2 PROGRESSIVE DEVELOPMENT OF STRETCHED BELEMNITES

‘ The deveiopmentlof‘exteﬁded belemnites can be reproduced
experimentally. Twenty-nine experiments were perforﬁed in order to
“obtain é quantitative undersfanding of the different aspects of
stretched belemnites. Of these 29 experiments, two carried out in an

irrotational strain box are selected for detailed discussion.

. Three wooden strips (a/b = 2:1) were placed inside a matrix
of putty in such a way that they resembled a belemnite body embedded in

a matrix (fig. 8.1,a). The contacts between the fragments are assumed
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Fige 8.1 Progressive separation of fragments simulating extension of a
belemnite specimen lying initially parallel to the principal
.extension direction undergbing progressive irrotational strain

deformation.
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to be the contact between the belemnite quards. In one expériment,
‘the wooden strips were placed pérallel to the extension direction of
the strain box and the matrix was deformed by irrotational strain.

The stretching of .the body started as soon as the compression normal
£o the length of the body was applied. Figure 8.1 illustrates the
progressive stages in the deformation. It can also be compared to the
development of boudinage which may develop in a layer lying parallel
to the maxiﬁum‘extension direction of éhe strain ellipse. The deformed
grids in-the.matrix around the body specimen show that.tﬁe deformation
neér the fragmentsvis inhomogeneous (fig. 8.1, b,c,d and 8.2, b,c,d).
From the distorted érids, it can be seen that during deformation the
matrix material moves towards the embedded body in a direction per—
pendicular to its }ong axis. The flow of the surrounding matrix
produces a tensile stress on the boundary of the fragments which leads
to their separation kfig. 8.1, b,c,d). The 'open spaces' formed in
between the fragments are filled by the surrounding matrix quring

the later stages of deformation. This 'open space' can be éorrelated
with the space between the fragments of belemnites which are usually

filled with quartz or calcite (or both).

Another common type of structure developed in stretéhed'
belemnites ié the 'en-echelon' type of structure (figs. 8.2 and 9.5).
This structure was found to develop in experiments in which £he long
axis of wooden strip waé at an angle to the extension direction. The
specimen (belemnite model) was deformed inside an irrotational strain
box. Figure 8.2 illustrates how the separating fragments develop an
'en—-echelon' type of structure during progressive deformation. When
allowed to deform, the body starts to rotate towards the extension
direction. The individual fragments move away from each other and

rotate. It has been established in chapter 5 that the surrounding
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Fig. 8.2 Progressive development of ten-echelon® structure in a layer
simulating a belemnite specimen Jriented initially oblicue
to the extension direction during progressive irrotational

strain deformation.
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' matrik rotates féster than any inclusion when subjected.to irrotational
straiﬁ deformation and that the smaller the:axial ratio of the inclusion
the sléQer it rotates. Hence, the matrix material forces the whole
body_to rotate along with it whereas the fragments, being smaller in
éize, fotate less than the whole body. This differential amount of
rotation of the whole body compared to the individual fragments causes
the development of the 'en~echelon' type of structure. The above
experimental observations show that the formation of the 'en-echelon'
type of structure is due to the symmetry axes of the whole belemnite

body being at an angle to the principal extenslon or compression.

_8.3' RESULTS FROM THE EXPERIMENTS UNDERGOING IRROTATIONAL STRAIN

Twelve experiments‘simulating the development of stretched
belemnites weré performed in the irrotational strain box. Five of
these ére shown in plates XXII to X%VI; Measﬁrements were taken from
the phofographic records of the experiments and the results are pres-
ented in table 13, a,b,c (in Appendix D). The experiments have been
dividéd into three groups based on the axial ratio of both the body
specimen and the fraéments. The results of the elongation (1 + &)
and the amount of rotation obtained from these experiments are preéented

in fig. 8.3 along with the theoretically predicted results.

Inspeétion of fig. 8.3 shows that the amount of elongation
increases with the decrease of initial orientation (eb) of the specimen

body with reference to the extension direction of the box. 0 _ = 0°

b

_ .represents the condition when a specimen body is parallel to the
extension direction of the bulk strain ellipse. Hence, the graph for
eb = 0° records the largest amount of elongation. The experimental

results presented in fig. 8.3, a,b,c, show that considerable differences

exist between the experimental and theoretical results. The probable
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Fig. 8.3 Experimental graphs for the elongation (1+e) of extended
belemnites undergoing progressive- irrotational strain deforma-
tion. Solid lines and broken lines represent experimental and
theoretical graphs respectively. éb is the initial orientation
of the whole belemnite body with reference to the principal
extension direction. (a) belem. body a/b=3:1; frags. a/b=1:1;
(b) belem. body a/b=6:1; frags. a/b=2:1; (c) belem. body

o e Qede Ffryaase a/b=3:1
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reason for the difference of the results will be discussed in section

8.5.

Observation of fig. 8.4 demonstrates that the amourt of
rotation of the whole body during progressive deformation is dependent

on its eb value. From the graphs of fig. 8.4, it can be seen that for

low values of eb (i.e. eb‘< 65° approximately), the amount of rotation

increases with the increase of 8  (measured with reference to the

b
principal extension direction). This reiationship does not hold if

the specimen is situated initially at a higher angle (i.e. 9b3> 65°)

to thg principal extension direction. A specimen lying at a low angle

to the compression direction, suffers relatively little rotation. In
figure 8.4,a, the graph for eb = 61° exhibits greatest‘amount of rotation,

whereas, the curve for 8, = 76° shows that the amount of rotation is

b
even less than that for 8 = 30°. The distribution of the other graphs

in fig. 8.4,b and c for different a/b ratio of the body specimen also

follow a similar pattern. .

8.4 'RESULTS FROM THE EXPERIMENTS DURING SIMPLE SHEAR DEFORMATION

Four sets of experiments were performed in the';imple shear
box, each set being characterised by particular axial ratios of the
fragments. The aﬁiél ratios chosen for the ffagments for the first
3 sets of experiments were a/b = 1:1; a/b = 2:1; and a/b = 3:1 respec-
tively. In the fourth set of experiments, fragﬁents of different a/b
ratio were used. Seventeen experimental runs were performed in the
simple shear box and various values for eb (initial orientation of a
belemnite body with reference to the shearing direction) were used in
tge 4 sets of experiments. Six of these are illustrated in plates

XXVIII to XXXII. The amounts of elongatioﬁ (1 + e) and rotation

recorded during the experiments are shown in table 14,a,b,c (in Appendix D)
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Fig. 8.4 Experimental graphs for the rotation of belemnite body set in a

matrix undergoing progressive irrotational strain. 6. represents °
the initial orientation of the specimen with reference to the
principal extension direction.

(a) belemnite bédy'a/b = 3:1; fragments a/b = 1:1
(b) belemnite body a/b = 6:1; fragments a/b = 2:1
= 9:1; fragments a/b = 3:1

(c) belemnite body a/b



- 132 -

and are graphically presented in fig. 8.5. The theoretical curves are

also shown.

The graphs in fig. 8.5, a,b,c show the relationship between

the elongation and the shear strain for the specimens (with a/b = 3:1;

a/b = 6:1; a/b = 9:1) containing fragments with axial ratios of

a/b = 1:1; a/b = 2:1 and a/b = 3:1 respectively. It can be seen from
the similarity of the graphs that the axial ratio of the fragment does
not effect the.defofmatioﬁ history very significantlf. Fig. 8.5,a
shows that the greatest elongation of the belemnite occufs when eb =
64.5°. A most interesting feature of these experiments illustrated by
the graphs (fig. 8.5,a,b,c) is the cross over of the two curves eb =
91° and 8 = 30° at a late stage in the deformation history. The
'speeimen 6riented initially at eb = 1200, when subject to deformation,
started to rotate but did not elongate. Slight elongation ofbthe speci-
men body began'at a late stage in the deformation history. Inspection
of ‘the other graphs (fig. 8.5,b,c) derived from the experimental runs
‘where the axial ratio of the fragments were a/b = 2:1 and a/b = 3:1,
are simila; to thoselderived from experiments with the ratio of fragments,
a/b = 1:1 {(i.e. the axial ratio of the whoie body a/h = 3:1). Tﬁe
slight variation in the amount of elongation is due to the vafiation of
the axial ratio of the specimen. It can also be seen from these graphs

(fig. 8.5,a,b,c) that a specimen body lying parallel to the shearing

direction (i.e. eb = 0°) shows very little or no extension.

The amount of r;tation of the specimen body during progressive
'deformation was also measured and the results are shown in fig. 8.6,
a,b and c. In all three cases the pattérn of the graphs are similar
apd the amount of rotation is largest for largest eb (with reference

to the shearing direction).
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Pig. 8.5 Experimentai graphs for the elongation (1+e) of stretched
belemnites set in a matrix undergoing progressive simple shear
deformation. Yo represents the amount ?f simple shear and eb

is the initial orientation of a specimen with reference to the
shearing direction. Solid and broken lines are experimental and
theoretical graphs respectively.

(a) belemnite body a/b = 3:1j fragments a/b = 1:1

(b) belemnite body a/b = 6:1; fragments a/b = 2:1

ﬂé) belemnite body a/b = 9:1; fragments a/b = 3:1
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Flg. 8.6 Experimental graphs for the rotation of belemnite spec1mens
set in a matrix underg01ng progressive 51mple shear deformation.
Yo is the amount of simple shear and 0p is the initial orientation

of the specimen with reference to the shearlng direction.

(a) belemnite body a/b = 3:1; fragments a/b = 1:1
(b) belemnite body a/b = 6:1; fragments a/b = 2:1
= = 3:1

(c) belemnite body a/b = 9:1; fragments a/b

1.4
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In addition to above observation, three more experiments were
performed in which the individual fragments;had dissimilar a/b ratios.
The results are presented in fig. 8.7a,b. It shows that the pattern
of the curves and their distributions for elongation and rotation are
 similar to the results presented figs. 8.5 and 8.6. This suggests that
dissimilar sizes of fragments thch may exist in a specimen do not

significantly influence its elongation and rotation.

8.5 DISCUSSION OF THE RESULTS

The diécrepancy between the éxperimental and theoretical
résulﬁs is discusséd in this section. Inspection of figs. 8.3 and
8.5 shows that the experimental results (solid lines in the graphs)
for both type of deformation'do not agree with the theoretically
Ipredicted resuits (broken lines). These discrepancies are greater in
the irrotational strain experiments‘than in the simple shear experi-

ments.

In theoretical analysis, the rotations and extension of the
belemnite specimen were calculated assuming that the specimen body
of belemnite deform passively with the matfix. The éffe;t of thé
~ flow éf the surrounding material into the space that opened uﬁ between
the fragments and the possibility of relative displacement of the
fragmeﬁts along their contacts normal to the long axis of the speci-

men body was ignored.

The displacemént vectors in the matrix around the specimen
‘derived from the experiments for both the irrotational and simple
shear are shown in'figs. 8.8 and 8.9. .When deformed under irrotational

strain, a specimen body whose long axis is oblique to the compression

=

direction and which lies in the extension field of the strain ellipse,
undergoes rotation and extension. The surrounding matrix tends to
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Fig. 8.7 (a) Experimental graphs for the elorigation (1+e) of

belemnite specimens having fragments of dissimilar
axial ratio (a/b) during progressive simple shear
deformation.

(b) Experimental graphs for the rotation of belemnite -
specimens having fragments of dissimilar axial ratio
(a/b) set in a matrix undergoing progressive simple
shear deformation.

Y. - Amount of simple shear
s .

8, — Initial orientation with reference to the shearing
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direction.
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‘Flow into the spaces that open up between the fragments. In addition
to this, adjacent fragments may suffer sligﬁt relative displacement
(figs. 8.2, 9.5 and plates XXIII to XXXII). Fig. 8.8 representing
progfessive deformation of a Pelemnite model set in a matrix undergoing
irrotational strain shows thét the flow lines in the matrix generally
moves towards the specimen from both sides in a direction paraliel to’
thé compression direction. The force exerted on the fragments by the
matrix may cauée some shearing along the line of fracture between the
fragments. The tensilé stress thét is built up along thé common
‘boundary'of the fragments due to this force will partly be resolved
by the develobment of shear. The experimental observations show that
" the infilling of the spaces.that open up between the fragments of the
specimen by the surrounding matrix causes maximum disturbance of the
‘homogeneous strain state that develops when a homogeneous material
is subjected to an irrotational strain. The amount of sfrain that is
needed for the slip along the fragment contacts and the flow of the
matrix into the space created by the separation of the fragments is
to be deduced from the total predicted strain. Slip along the frag-
ment boundéries and’flow of the matrix into the spacés wﬁich opeﬁ ﬁp
between the fragments, are mainly responsible for the elongation

observed experimentally being less than that predicted theoretically.

In simple shear deformation, the matrix flows paréllel to
the shearing direction as shown by the flow lines in fig. 8.9. This
configuration of flow lines enables the specimen to rotate easily
-and does not force.the_matrix into the spaces which open up between
the specimen fragments (compare figs. 8.8 and 8.9). The relative
displacement along thé plane of fracture, in this case, is less
pronounced than that in}the experiments involving irrotational

strain. In experiments involving simple shear the differences
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Fig. 8.8 Displacement of matrix material around a belemnite specimen

undergoing irrotational strain deformation.




Fig. 8.9 Displacements of matrix material around a belemnite specimen

undergoing simple_shear deformation.
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between the experimental and predicted results are somewhat less than

those obtained from irrotational strain experiments.

'

In order to determine how closely the strain produced by the
two defprmation boxes approximated to pure shear and simple shear,
experimental runs were performed in both the irrotational strain box
and simple sﬁear box with no inclusion set in the matrix. Strain

~markers étamped on the matrix showed that the strain patterns developed
in both the boxes were in close agreement to the theofetically predicted
strain pattern (figs. 4.7 and 4.17 in chapter 4). Theoretically, the
amount of elongation of a belemnite specimeﬁ Qould be equal to the
elongation that has developed in the matrix. However, the experiments
described in section 8.3 and 8.4 show that the measured elongation is
always less than that expected. The experimental productionAof stret-
ched belémnites-indicaté that values of elongation determined from
stretched belemnites will always be less than the elongation suffered

by the surrounding material.

8.6 INTERPRETATION OF THE EXPERIMENTAL RESULTS

The énaiyses of the results'inlfhe previous sections (8.3
and 8.4) indicate that the experimental and theoretical results are
not consistent. The behéviour of the model experiments of stretched
bele&nite are probably very like those.of naturally stretched belemnites.
' Tﬁere is almost certainly a-closer correlation of behaviour than that
bredicted‘theoretically. Hence, an attempt is made to use the experi-
mental results ratherwthén the theory to determine strain state from

the examples of stretched belemnites.

8.6.1 Effect of a/b ratio of fragments on elongation

It is commonly observed in the field that the fragments of
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broken belemnite guards are of dissimilar a/b ratio. In the light of
these field observations, one might ask whefher the accuracy of
measurementé of elongation from stretched belemnites depend on the a/b
ratio of Fhe individual fragments. This problem has been investigated
experimentally. The specimens in these experiments were orientated at
the samé angle to the extension direction but the a/b ratio of the
fragments was different ih.each experiment (i.e. a/b = 1:1; a/b = 2:1
and a/b = 3:1); The results obtained from these experiments are
presented graphically in figs. 8.10 and 8.11. These figﬁres indicate
that during both irrotational strain and simple shear, the relationship
between the elongation and the strain is, within the limits of experi-

mental error, independent of the a/b ratio of the fragments.

) ' 1
. . e e .
B.6.2 RelatlonShlp between ! and £

In ekamples of naturally gtretched belemnites the final

' [
orientation of the whole specimen body (eb) and that of the fragments

1
f,

can easily be measured in the field and hence, an attempt is made to

1 ] .
(ef), are generally not parallel. These two parameters, eb and ©

establish a relationship between them.

The final orientations of the specimen body and_their frag-
ments were measured from all the experiments undergoing both irrotational
strain and simple shear deformation. The results are presenfed in
figs. 8.12 and 8.13 which show a non-linear relationship between 9;
and 9;. Iﬁspection of the graphs in fig. 8.12 demonstrate that all the
.curves for irrotational strain deformation pass through the origin.

This observation indicates that any specimen of belemnite situated
initially parallel to £he extension direction, in the case of irrcta~

1 1
tional strain, will show parallelism of'eb and ef for any value of

strain. This is not so in the case of simple shear. However, in
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Fig. 8.10 Effect of the axial ratio (a/b) of individual fragments of a
belemnite specimen on the amount of elongation durlng progress-—
ive irrotational strain deformation.
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Effect of the axial ratio (a/b) of the individual fragments
of a belemnite specimen on the amount of elongation (1+e)
during progressive simple shear deformation.
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Fig. 8.12 Relationship between the final orientation of the -

L ’
whole belemnite specimen (eb) and that of the individual
) .
f) after finite irrotational strain deforma-

tion (Vli/lz = 2.6).
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Fig. 8.13 Relationship between the final orientation of the whole
1
specimen (eb) and that of the individual fragments after
finite simple shear deformation (Ys = 1.4).

(a) Orientations measured with reference to the shearing
direction.

(b) Orientations measured with reference to the principal
extension direction.
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simple shear, a specimen originally at 45° to the shearing direction
(i.e. parallel to the extension direction of the strain ellipse for
the first increment of shear) does not remain at 45° to the shearing
direction for the subsequent increments and therefore, )

b

not rémain parallel to each other. For this reason, no curve in

|
and Sf will

fig. 8.13 passes through the origin. This essential difference between
the two types of deformation can be used in conjunction with field
déta to determine whether deformation was by progressive irrotational
strain or alternatively by some rotational strain processes like that

of simple shear.

1
8.6.3 Relationship between elongation and final orientation (eb)

of extended belemnites

The amount of elongation (1 + e) and final orientation (9;)
cah‘easily be measured from the field. Hence, the analysis of the
experimental results using final orientation of the whole belemnite
body (9;) and the amount of elongation (calculated from the measurements
of extension) is undertaken. The measurements of 9; were taken with
referehce to tﬁe extensién'direction éf the strain ellipsé.from the
experiments ﬁndergoing both i;rotational strain and simpie shear

deformation.

The history of deformatiop on the surface of the matrix
inside both the strain boxes shows that the deformation falls into
' field 2 (i;e. the strain ellipse has one principal extension and one
principal contraction; Ramsay, 1967, fig. 3.54, p.112 and also shown
in fig. 8.14,a). On the basis of the above observation, the deforma-

tion effects on linear elements can be either compressional or exten-

r

sional (fig. 8.14,b).
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Fig. 8.14 (a) Strain state in the three fields of strain ellipse
(after Ramsay, 1967, fig. 3-54).°
(b) Relationship between the compression and extension

field in a strain ellipse.

o
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, Any cbmpgtent layer undergoing deformation is likely to be
folded in the compression field and boudinaéed (extended) in the
extension field. Belemnite guards are rigid and resist folding. The
amount of compression (Vx; of the strain ellipse) cannot, therefore,
be evaluated from thé belemnites lying in the compression field. The
measurement of any 5elemnite specimen from this field can give only
its initial length and is not useful data for the strain analysis.
However, all thé measurements‘of extension from the experiments were
limited to the exténsion field and are used here for the.present

analysis.

The results obtained from the experiments undergoing both
irrotational strain and simple shear are graphically presented in
figﬁres 8.15 and 8.16 respectively. These figures indicate the results
measﬁred from the.extension field of the strain boxes and demonstrate
_ that the amount of elongation decredses with the increase of‘eg. The
-value of VX; can eésily be evaluated from the interprétation of the
curves (figs. 8.15 and 8.16) as 9; = 0 represent extension direction of
the strainlellipse. . Theoretically, the same curve shoulq record‘\(x;
when it meets 6; = 90°. This is not feasible in this present'analysis
due to the experimental condition. However, the determination of{VXA

. \J
and . JX;, using the relationship between elongation and eb can be under-

taken from the stretched belemnites where they deform in the field 1

(i.e. VT’.L > ‘/Té> 1, fig. 8.14,a).

"



- 147 -

2.2

"ELONGATION

[
o

1.0 6 -1o o Vo Vg To g Tty °
0O 10 20 30 40 50 60 70 80 90

o, .

Fig. 8.15 Expérimentél relationship betweén the elongation
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(1 + e) and the final orientation (eb) of stretched
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tion ( X1A2 = 2-6)0
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Fig. 8.16 Experimental relationship between the elongation (1 + e)
. j .
and final orientation (eb) of stretched belemnites under-

going simple shear deformation.
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CHAPTER 9. FIELD EXAMPLES OF STRETCHED BELEMNITES FROM LEYTRON,

VALAIS, SWITZERLAND

9.1 INTRODUCTION

This chapter deals with field applications of the theoretical

and experimental studies on the behaviour of stretched belemnites. An

‘analysis of the behaviour of stretched belemnites from Leytron was

undertaken in tbe light of various methods of interpretation of results
discussed in the previous chapters (chapters 7 and 8). A statistical
method for the determination of strain from the field data is intro-
duced and is believed to give more ac;u;ate results than those obtained

by other methods.

Analyses of the behaviour of extended belemnites and strain
determinations using them were made on the Liassic slates of Leytron

(fig. 9.1). These slates contain an abundance of stretched belemnites

. : 1 _
and have a well developed stretching lineation. The angle (eb) between

_ the stretching direction and the stretched belemnite axis was measured. '

The field data was collected by two methods. Sixty-~two specimens were
directly measured in the field and 134 specimens were recorded by
tracing them onto tracing paper from which the required measurements

were later taken. Only 26 of the 196 specimens were measured insitu.

9.2 EXPOSURE AT LEYTRON

Leytron, a small wine producing village in Valais, Switzerland,
is geologically reknowned for the impressive number of well preserved

stretched belemnites in the Liassic slates of the area. They are best

exposed in the Leytron slate quarries. These are situated on the

Ardéve mountain which constitutes the Liassic core of the Morcles nappe.
The geographical situation of the area is shown in the location map

(fig. 9.1).



area

ovronnax

BELEMNI%E Ardeve \\\§ &V

EXPQSUREL 1t/ Chamosdr

50 . eyl
1340 \‘ |
N\ |
Dugny ° \\\\ Leytro“
Produit ’ )-
1181
" Plin
des Cofnbes
Le Daitley

- Fige 9.1 Location map of the eiposure of stretched belemnites

in Leytron.
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The photograph (fig. 9.2) taken from the bank of the Rhone
shows the village of Leytron and the Ard&ve mountain. The physical
features of the mountain face show that there are areas of accessible
outcrop and screes, areas of vertical cliff and areas that are covered

with vegetation.

-

The belemnite specimens lie in the bedding surfaces which
are almost parallel to the planes of schistosity, the folds here being
almost isoclinal. They are randomly orientated. The generél geology,
stratigraphy and major structures of the adjoining areas of Leytron was
summarised by Durney (1972) on the basis of the works by Lugeon (1937,
1940); Badoux et al (1959); éadoux et al (1962) and Badoux (1963).
According to Badoux (1963), the folds of the Ardéve mountain are tight
and plunging towards N.E. The schistosity shows a very distinct
stretching lineation directed towards N.E. which is approximately

parallel to the axis of folding.

9.3 GENERAL DESCRIPTION OF LEYTRON BELEMNITES

The bglemnites found in Leytron, are generally cylindrical
with a circular or oval goét;um. A natural weekness in Fﬂé guaré
causes the specimen to break up into fragments during deformation
(figs. 9.3 and 9.4).. The spaces created between the fragments are
filled by quartz and calcite. The quartz occurs in a band across the
centre of the space and is separated from the belemnite fragment by
two bands of calcite (fig. 9.5). Although the belemnites have been
fragmented i1t is possible for the fragments to be fitted together tb
réconstruét the original length of the undefqrmed belemnite. The
f;agments have not undergone any destruction at the interface between

adjacent fragments and hence the initial length of the specimen can be

evaluated by suming the lengths of the individual fragments. This



Fig. 9.2 A view of the MountainArdeéve from the bank of the

Rhone.
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Fig. 9.3 Natural example of a stretched belemnite from

Leytron, Valais, Switzerland.

Figs 9.4 Development of ‘'en-echelon' type of structure in

a stretched belemnite specimen, Leytron, Valais,

Switzerlande.
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observation also demonstrates that the calcite crystals in the space
between the fragments did not originate by the partial transformation
_of the shell. The calcite seems to have been derived by pressure

solution transfer from adjacent limestone and marl (Durney, 1972).

A belemnite body situated oblique to the stretching lineation,
lafter deformation; ‘shows an en—echelon type of structure (fig. 9.4).
This type of en-echelon arrangement of the fragments was reproduced in
the experiments where the specimen was placed at an angle to the exten-
sion direction (fig. 8.2 in chapter 8). The en—-echelon arrangemeht is
the result of the synchronous occurance of rotation and extension.

~

9.4 DETERMINATION OF THE AMOUNT OF EXTENSION

The total length after deformation (belemnite fragments +
quartz + calcite) and the initiai length (1 = E:lo) for each specimen
were measured (fig. 9.6) and the extension of each sample calculated
using the following equation.

total length — initial length 1
initial length B 1

The'finite orientation of each belemnite (9;) was also measured with
reépect to the st;et;hiné linéation which is taken to represent the
direction of principal exfension of the strain'ellipsoid (Badoux, 1963).
From the field observation, it was found that the specimens lying
parallei to the stretching 1inea£ion generally showed the largest
"amount of extension (except in some special cases). Thé values of
extension for the 196 field specimens'stﬁdied arelrecorded in table 15

(in Appendix E) and are shown graphically in figure 9.7.

The plots of the extension against the final orientation of

belemnites (fig. 9.7) exhibit a considerable scatter. But the general



Fige. 9.5 Close up of a stretched belemnite specimen showing

quartz (q) and calcite (c) infilling in the space

between fragments.

Fig. 9.6 Method of the measurement of extension from a

stretched belemnite specimen.
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trend of the distribution reveals that the amount of extension decreases
]
with the increase of eb' This observation agrees well with that of

Badoux (1963, fig. 2).

An attempt has been made to determine the reason for such a
scatter of the field data about their field of distribution in fig. 9.7
It is generally assuhed that the most reliable values for extension
are obtained when the belemnite has broken into a large number of
fragments. In order to determine whether or not the scatter was due to
the plotting of data from stretched belemnites with various number of
fragments,.the data was. replotted (fig. 9.8) with the number of fragments
mafked on each point. Inspection of fig. 9.8 shows that the data
obtained from belemnites broken into same number of fragments still
shows a large scatter about their field of distribution. It is suggested
fhatthe scatter of data is not dﬁe to inaccuracies in measurement but
is a feature related to real variations of the values of the fiﬁite

deformation of the Liassic slates.

9.5 - DETERMINATION OF STRAIN

-

Two methods haveigeen used fb evaluate the straiﬁ from the
field da£a : (1) the "average elongation" method and (ii) the "statis-
tical analysis". 'Pfincipal.elongations (in énd<YX;) can also be
calculated by a Mohr circle construction kRamsay, 1967, p.79-80).
However, this method is lengthy -and time consuming and is not used in
the presen£ study. |

9.5.1 The 'Average elongation' method

The amount of extension is transformed into elongation

(v

= 1 +e) for the convenience of the analysis. The average of the

elongation are calculated considering the specimens lying between
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Numerical numbers shown in the plot represent the

number of fragments involved in the measurement of

extension of a specimen.
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6 = 0°-2.5%; @

b

b = 7.5°-12.5° etc. and by taking their

o o '
= 2.5 7.5 ; Gb
arithmetic mean. This mean value was calculated for both elongation

t
and final orientation (eb). The average elongations, calculeted from

196 specimens are recorded in table 16 and are graphically presented

in figure 9.9.

It is clearly seen from the field observations and also
from the figures 9.7 and 9.9 that the belemnites shgw extension even
if they lie normal to the stretching lineation. Theoretically, if
the Leytron slates suffered defofmation in field 2 (i.e. extension in
one direction and contraction in the other), the data cannot be used
to obtain extension values in the direction normal to the stretching
lineation. Inspection of these figures (figs. 9.7, 9.8 and 9.9)
suggests that the Leytron belemnites stretched in two directions (i.e.
deformed in field 1, fig. 8.14,a). The pattern of the graph (especially

t

t
in the region between & = 45° and eb = 90°) in fig. 9.9 is not like

b
that obtained from the experiments (fig. 8.15 in chapter 8). The
maximum amount of compression cannot be measured from this t&pe of

2D field data (i.e. data collected on a plane containing Fhe maximum

and intermediate principal axes of extension).

The amount of straih thét has heen sufféred by the belemnites
emﬂedded in the planes of schistosity can only be obtained from this
"methéd.. The two principal stgaihs VX;.and Vxé being represented by
the curve in fig. 9.9 at 9;,=-oo and 9; = 90° respectively are evaluated

and the strain ratio in this place is calculated as “}‘1/>‘2 = 2.382.

9:5.2 The "statistical method"

The value of the reciprocal quadratic elongation in a

T
direction eb to the extension direction can be expressed in terms of
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Fig. 9.9 Relationship between the average elongation
. 1
(1+e) and finite orientation (eb) of Leytron
' .
. belemnites. eb measured with reference to

the stretching lineation.
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] ]
the two principal reciprocal quadratic elongations ki and A2’

A

] \j ] .
Ai Coszeé + A Sin28 (9.1)

2 b

The "statistical method" of determining the principal strain is based
on using field data to solve this equation (9.1). For any stretched
belemnite 9; and A'can be measured. Theoretically only two stretched
belemnites at different orientation to the principal extension are
required in order to calculate the two unknown (k; and k;) of equation
9.1. In practice however, this technique is of little use as in areas
where many samples of stretched belemnites are available for measure-
ment, it is found that widely varying'values for h; and A; can be
obtained depending on how the palrs of belemnites are selected.
quever, the relationship exbressed by equation 9.1 can be used in

conjunction with the widely varying field data to determine the best

apparent values of principal strain.

Equation 9.1 can be rewritten as

A’ 26" _ A" LA
/Cos b = 4 +

1]
tanzeb (9.2)

) LI A . 1] L]
~ Putting A/Coszeb =Y, Ai = C, A2 = m and tanzeb = x, equation 9.2

_becomes

Yy = ¢+ mx - . (9.3i
the equatipn of a straight line.

The physical significance of equation 9.2 is illustrated in

2
‘the slope of the line and the point of contact of the line with the

.
fig. 9.10 which shows that the value of A_ and 11 can be derived from

y-axis respectively.
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Pig. 9.10 Straight line concept for the determination of the

principal strainse.

The data obtained from the 196 belemnites has been graphically
» s 2" . 2! 2g'
represented by plotting values of tan b against /Cos b for each
~ specimen (fig. 9.11). The graph shows a large scatter of points about
its best fit straight line. A method of least square is used to obtain
the best fit straight line through these scattered points (Moroney,
1951). A relationship is established by Moroney (1951, p.284) to
determine 'm' and 'c' of the best fit straight line through such a

scatter of points.

Y (9.4)
m = - L ]
2
_ (Tx) (Txy) = (Ty)(¥x") (9.5

(5x)% -~ N(Ex2)

N is the number of points involved in the calculation.

Using these expressions (eqs. 9.4 and 9.5) the 196 values of
1 1 ]
x and y (x = tanzeb, y = A /coszeb) determined from the field data,
1 1 ~
can be used to derive 'm' (lz) and 'c'.(li). Applying this method,

the value of 'm' and 'c' for the Leytron belemnites are 0.547 and 0.135
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/
X=Tan eab

Fige. 9.11 Determination of the principal strains by the statistical

me thod (uéing straight line concept and field data from

196 specimené).
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respectively. Once 'm' is known, the slope of the best fit straight
line is determined (m = tan 9). It is shown in figure 9.11. The

strain ratio obtained by this method is VA 1/>\2 = 2.013.

The value of the strain ratio determined using the 'statis~

tical method"is slightly lower than that obtained using the method
of 'Average elongation'. Durney (1972) studied 85 specimens of
belgmnites from the same area. He used the method described by
Badoux (1963) and obtained a value of 2.083 for VA /A | a value

1 2
encouragingly close to the result obtained by the 'statistical method'.

| |
9.6 RELATIONSHIP BETWEEN Bb AND © c

Thirty specimens, composed of fragménts of varying a/b ratio
were selected for determining the relationship between 9; and 9;.
The fragments were divided into two groups based on the a/b ratios of
their fragments : (i) a/b < 2:1 and (ii) a/b > 2:1. Measurements for
'

1
both 8 and ©

b F were taken from the selected specimens and the results

are shown in figure 9.12.

This figure (9.12) shows that the-.a/b ratio of the fragments
does not influenEe‘the distribution of the points. Howevef, this may
be due to very low variation (2:1 < a/b < 4:71) of the a/b ratio of
the fragments involved in the plét. The distribution of the points

in fig. 9.12 also indicates that the relationship between 9; and 9;
is slightly non—linear.\'This agrees with that obtained from the
expérimenﬁs (fig. 8.12). An 'eyeballed-in' curve drawn through thesé
points passes through 6r close to the origin which signified that
1

'

b g are both zero when the specimen lies parallel to the extension

direction (stretching lineation). Comparing figure 9.12 with experi-~
mental curve in fig. 8.12 (in chapter 8) and following the same argu-

ment used to interpret the experimental observation, 1t is suggested
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that Leytron belemnites have probably suffered deformation of an

irrotational type.

9,7 DETERMINATION OF THE INITIAL ORIENTATION OF THE LEYTRON BELEMNITES

The initiai orientation of any line deformed by pure shear
(irrotational strain) can be obtained if the final orientation with
respect to the extension direction of strain ellipsoid and the amount
of strain that‘causes the distortion are known. By assuming that the
stretched belemnites can be treated as 'lines', thenlif fhe strain
state is known, an attempt can be made to derive the initial orienta~

tion of the 196 specimens of Leytron belemnites.

' After subjecting a circle to homogeneous deformation it
becomes an ellipse. The position of a point (x, y) on the circle is
transformed to a new position (x', y') and the angle 0 petween the
’ '

x—-axis and a line joining that point to the origin is changed to 0

(fig. 9.13).

y
y
7z (x,y) ( ,
z xl' yl
\4 sz 4 y'
@] X S X
X o] vﬁa

Fig. 9.13. Relationship of the initial and final orientation

. . hpmogeneous |
of a line stamped in a matrix undergo%ng deformation.

(After Ramsay, 1967, fig. 3.8).
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The new position of the line 'OZ' in the ellipse can be described by

|
-
>

x! 1
‘ (9.6)
y' = y\ﬁ;

1
and the new angle ® is expressed as

-

tan ' = y'/x! (9.7)

substituting equation 9.6 into equation 9.7 and replacing y/x by tan e,
the relationship between the initial and final orientation of a line is

obtained. -

tan © R tan O

v (9.8)
where R =V ’\1/;\2

(Ramsay, 1967, eq. 3.34)

With the help of a computer, eqg. 9.8 was used to construct a series
1
of curves relating © and ® for various values of finite strain ratio R.

These curves are shown in fig. 9.14.

. !
u As eb and the strain state for the field example are known,
equation 9.8 or the reference graph (fig. 9.14) can be used to determine

the initial orientation of each belemnite from Leytron.

If the bélémnites originally had a réndom orientation on the
bedding plane (how parallel to the éleavage), a histogram of their
distribution (number plotted against orientation) would have been a
straight line parallel to the orientation axis. The superposition of
an‘irrotational homogeneous deformation would cause the belemnites to
rotate towards the principal extension direction. A histégram of

belemnite distribution in the strained state would therefore peak.

around the principal extension direction.
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A histogram showing the distribution of Leytron belemnites
in the strained state is sﬁown in.fig. 9.15. Using the field data
and equation 9.8 the initial orientation of each of the 196 stretched
belemﬁites was determined for the apparent finite strain (\[Z;;K;=2.013).
The results are illustrated in fig. 9.16. Fig. 9.16 shows that although
the belemnites were rot originally completely randomly oriented, no
important prefered orientation existed prior to deformation. The
prefered orientation of the belemnites shown up in fig. 9.15 is prob-

ably a consequence of the deformation.

9.8 DISCUSSION AND CONCLUSIONS

The observaticns from the field examples show that the
development of stretched belemnites agree well with the mechanism
predicted by the theoretical and experimental analyses. It is found
that most of the belemnite specimens are obliquely oriented with refer—
" .ence to the stretching lineation and thus exhibited an 'en-echelon'

type of structure.

From experimental work it has been shown that the strain
determination made from ;tfeéched belmenites is often lowéf than the
actuéi strain that has been suffered by the matrix material. Following
a similar a?gument’aé made ig the interpretation Qf the experimental
results, it has been found that the amount of strain obtained from the
field is also considerablyiles; thaﬁ the true stfain. This opinion is
supported by Durney (1972) Qho also studied belemnites from the Leytron
area. Durney also determined the finite-strain ellipse by direct
measurement of micro-boudinage. This is thought to give a closer
aﬁproximation to the true strain of Leytron slates.. These studies
indicate that the belemnites give on average, only about 50% of the

true elongation.
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It may be concluded from the experimental work and the field

studies that,

(a)

(b)

(c)

(a)

: (g)

The development of the stretched belemnites is the result of

extension along the test of belemnites.

s

The en~echelon type of structure developed in the distorted belem-

nites is due to the oblique situation of the specimen with respect

to the extension direction of the strain ellipse.

1
Observing the field relationship between eb and ef,.and comparing

it with the experimental observation (compare figs. 9.12 and

8.12), it can be stated that the Leytron'slateé have probably

been deformed by a strain with nearly irrotational properties.

Both the experimentations and the field observations suggest
that the value of apparent strain evaluated from the extension (e)
of stretched belemnites is considerably lower than the actual

strain that has been suffered by the matrix materials.

The initial orientation of the Leytron belemnites feppesented in
fig.. 9.16 shows fhat no important prefered orientation of the
belemgites exié£ed before deformation; The.preferea finite. |
érientation §f Leytron belemnites shown iﬁ fig. 9.15 is primarily

a consequence of deformation.
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PART TIII

CHAPTER 10. SUMMARY AND CONCLUSIONS

10.1 On rotated porphyroblasts

10.2 On extended belemnites
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CHAPTER 10. SUMMARY AND CONCLUSIONS

This thesis presents the geological implications and the
results of a theoretical and experimental investigation into the
behaviour and geometrical properties of rotated porphyroblasts (Part I)
and extended belemnites (Part II) during irrotational strain and simple
shear deformation. The experimental simulation of rotated péfphyroblasts
and extended belemnites was performed in an irrotational strain (Lozenge-
shpaed) box and.simple shear box. The results obtained from the experi-
ments have been quantitatively analysed and compared witﬁ those derived

" from theory.

10.1 ON ROTATED PORPHYROBLASTS

(1) Published works on thé geometry and nomenclature of rotated
structures have been briefly reviewed. The present study supports

the refinementé of nomenclature of these structures proposed by Spry
(1969). This work is also in agreement with the method of calculation
" of the differential rotations between porphyroblasts and matrix using
Si and Se'from thin ;ections cut perpendicular tq the axis of rota?ion

suggested by Powell and Treagus (1967, 1970).

- (2) The confusion of the terms 'pressure shadows' and 'pressure
fringes' used to describe the inhomogeneities around porphyroblasts has
been discussed and the terms have been used in accordance wi£h Spry .
(1969). Pressure shadows are defined as the relatively unstrained
areas composed of randomly.oriented mincrals adjacent to the rigid
'object and being protected from deformation by thé presence of the’
object. Pressure fringes consist of fibrous oriented new minerals
(such as quartz, calcite and chlorite) grown as a result of the pulling

away of the matrix from the porphyroblast.
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(3) In chapter 3 the theory of motion of a rigid inclusion during
deformation and the accuracy of the equatioﬁs’derived by Jeffery (1922)
and used by Gay (1966, 1968) have been reviewed. An equation for the
motion of a rigid object set in a matrix undergoing pure shear is
obtained,

In tan © = 1n tan 9, + S=——=__ 1nVA_/A

fe ie 2 2" 1

: a +b
This equation indicates that an equidimensional object does not rotate,
and that the amount of rotation of an elliptical inclusion increases
with the increase of its axial ratio a/b. The amount of rotation is
also dependent on the initial orientation of the object. The amount
of rotation per strain increment is greatest when ei‘= 400-70O and

least when 8. = 0° and 0, = 900.
i i

(4)  The equation for the motion of an elliptical particle inside
a matrix undergoing simple shear derived by previous workers has been
modified and a more complete solution relating the final and initial

'Qrientation of the inélusion with the deformation is derived.

fs 2

Cot ©_ = a/b tan Eaz' by . tan-1(b/a cot 6, )]
a“+b° S ' 1s

- This equation indicates that an equidimensional object rotafeé at a
constant rate and that the motion of an elliptical inclusion is depen-
" dent on its initial orientation. Tﬁe greatest amount of rotation
occurs in elliptical objects when the long axis of the object lie at‘

‘a high angle to the shearing direction.

'(5) | Geometry and the deformation history inside the irrotational’
strain (Lozenge-shaped) box and simﬁle ‘shear box designed to perform
all the experiments have been studied both theoretically and experi~-
mentally. The results obtained from the theory and experiment are in

complete agreement. Experimental observations show that the strains
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developed in the central region of both the boxes are falrly homogene-

ous.

(6) The measurements of the amount of shear YS made by Gay (1966)
from the geometry of the simple shear box are shown to be inaccurate
and a modified method of determining Ys is suggested.

Y Sin B

s  Sin(a_ - B).Sin «
o o

This equation relates the angular deflection (B) caused by the change
of apical angle of the box and the initial apical angle (ao) of the

box.

7 In order to test the theoretical predictions of the motion
of rigid inclusions in a viscous matrix, 31 experimental runs using
inclusions of different shapes haQe been performed in both the irro-
tétional strain box and simple shear box. The results obtained from
these ekperiments show that the motion of the inclusions depends on
many factors, e.g. the initial orientation, the shape of the object
and the type of deformation (irrotational.strain or simple shear) they
undé;go. The results obﬁaiqed from the experiments have been compared
with those predicted from the theory and Within.éhe limit of experimental
efror, a close agreement is found. The model studies reaffirmed the
conclusion that eéﬁidimeﬁsional inclusions do‘not.rotate when set in
.matrix deforming by irrotational strain and rotate at a constant raﬁe

when set in a matrix deforming by simple shear.

(8) The experiments show that the behaviour of elliptical
inclusion depends mainly on the orieﬁtaéion of thé object with respect
to the axes of finite strain ellipse. For irrotational strain, the
amount of rotation for an elliptical gbject approches zero as ei (the

angle between the long axis of the object and the major principal
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extension direction) approaches either 0° or 90°. ~For simple shear
deformation, the amount of rotation for an elliptical object increases
with the increase of ei ( the angle between the long axis of the object

and the shearing direction).

(9) The stﬁdy of the effect of shape defined by the axial ratio
of the object shows that the rotation of elliptical inclusions when
deformed under irrotational strain is greatest where tbe axial ratio
a/b of the object is largest. However, this axial ratio of elliptical
inclusions has very little influence on the rotation of the inclusions

in the case of simple shear deformation.

(10) Generally, it is seen ‘that the matrix materials rotate
_faster than the included object. This behaviour is always observed in
tge case of irrotational strain deformation. But the models deformed
in simple shear‘showva very little amount of Si/\‘Se and sometimes

the included object rotates more than that of the matrix.

(11) = The strain patfefns in the matrix around the rigid inclusion
with respect to Ehe principal extension direction have been experimen-
tally determined from the distorted grids; they are similar for both
irrotational etrain aﬁd simple shear deformation. In orde? to investi-
gate the movement.of the material around the'rigid inclusions, the
flow'lines associated with both irrotational strain and simple shear

~ have been constructed. The flbw lines produced in the ir;otational
strain experiments indicate that the material moves towards the
compressive direction in the compression field and towards principal
extension direction in the extehsion field. ’However; the flow lines
obtained from simple shear experiments moved towards the shearing
direction. The study of Si A Se from the experiments seems to provide

a feature that can be used to distinguish whether the matrix has
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undergone irrotational strain or simple shear deformation. During
deformation by irrotational strain Si/\ Se is generally large and
during simple shear, the value of Si.A Se is very small even for high

strains. prowlded T welnsions suifer gotabion umder e condihon as
Sek wp w the axperiments . '

(12) It has been possible to simulate experimentally the formation
of pressure shadows and pressure fringes which in nature develop
adjacent to the rigid inclusions. The progressive development of the
‘open spaces' that formed around an inclusion shows that‘the shape

of the 'spaces' depends on the shape of the inclusion. The low strain
regions, where the pressure shadows are thought to develop, show up in
the experiments as regions of relatively widely spaced grid lines

adjacent to the inclusions. -

(13) The state of stress in the matrix around a rigid circular
inclusion has been studied mathematically. The basic equations (Jaeger
and Cook, 1969), have been extended to obtain solutions for the resolved

stresses in the material around a rigid circular object loaded under

plane strain. The solutions are

(i) For uniaxial stress
2 4
i i 4R; 3R 6
o, = 3 91 + > P1(1 + 5 - 4) Cos 2
r . r
1 1 3r? 6
g = Epi—zpi(i——r'?i‘) Cos 2
2 . a4 :
! 2R 3R, .. g
Tre = -3 P1(1 - 5+ 4) Sin 2
r r
(ii) For biaxial stress
2 4
. 4 1 4R” 3R )
o, = 3®, +'92) +5 (P, = P (1 + =55 = S0)Cos 2

r r
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4
1 1 3R
O, = = - (P - - 8
0 2(P1 + P2) 2(P1 P2)(1 - r4)Cos 2
2 4
R 2R_ 3R .. 50
T.6 = - 2(P1 - P2)(1 - r2 + r4)Sln 2

The distribution of principal stresses (°'1

the maximum principal stress have been evaluated with the help of a

and 53) and the direction of

.computer using the above equations. The stress trajectories, the
distribution of maximum principal stress, maximum shearing stresses

(differential stresses) and mean stresses have also been determined.

(14) The principal stress trajectories constructed in the matrix
around a circular inclusion show a marked deflection around the object.
These trajectories have been used to evaluate the fracture patterns
which are likely to develop if the matrix underwent brittle failure.

The distributiqn of magnitude of ¢, shows that the largest local

1
stresses occur on the side of the object facing the regional pressure.
High local tensile stresses occur on the sides perpendicular to the

greatest regional compression. These tensile zones are the regions

in which pressure fringes -and pressure shadows are likely to form.

(15) The study of mean stress in the material around a circular
rigid inclusion demonstrates that the highest value of the mean.stress
liés along the plane paraliel to the direction of gféatest regional
pressure and the lowest value lies along the plane normal to the
direction of greatest regional pressure. The‘a;eas of low mean stress
and areas of tensile stress are found to coinéide. .During geological
'deformation, pressure shadows and pressure fringes are formed in tﬁe
low mean stress gegions around an object as a consequence of minerals
migrating from high pressure (high mean étress) regions to low pressure

(low mean stress) regions.
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10.2 ON EXTENDED BELEMNITES

(1) The behaviour of extended belemnites has been studied both
theoretically and experimentally in conjunction with field examples
from Leytron, Valais, Switzerland. A theoretical study of the geom-
etric properties of strétched belemnites has been made using the
solutions for the motion of rigid elliptical inclusion set in a viscous’
matrix undergoing homogeneous deformation (both irrotational strain and

simple shear).

(2) ' | The theoregical analysis predicts. that during pure shear
deformation, the amount of extension of belemnite models lying within
the extension fieid increases as the initial orientation of belemnites
(9b with reference to the major extension direction) decreases.

However, in simple shear deformation a more complex history‘of extension

of belemnites is observed.

(3) It is seen from the theoretical studies that the individual
fragments of a belemnite sbecimen rotate independently of the whole
specimen. The rotation of the fragments is go§erned by their a/b
ratio. The difference in amount of rotation of individual fragments
compared t§ the specimen as a whole is one of the mechanism by which

an 'en—~echelon' arrangement of the fragments occur.

(4) - The change of a/b ratio of the whole specimen during deforma-—
' tion and the modification‘of strain state due to'the flow of the matrix
into the spaces created by the sepafation of fragments, have not been
teken into account in the theoretical analysis. This may account for

certain differences between the theoretical and experimental results.

(5) Twenty-nine runs of experiments simulating extended belemnites
have been performed in the two strain boxes, varying the initial

orientation (eb) and the axial ratio of belemnite models. Comparison
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between the results determined from the theory and those:obtained
from the experiments shows that the experiméntal exténsion are always
1e$s than those derived from the theory. It is also observed from the
éxperiments that the strain (Vq; and VX;) measured from the matrix
undergoing a certain amount of finite defo;mation and having no inclu-

sion is considerably higher than that measured from the experimental

simulation of stretched belemnites undergoing same amount of deformation.

(6) " Experimental reproduction of an 'en-echelon' arrangement of
fraéments in an extended belemnite reaffirmed the theoretical prediction
tha£ the 'en~echelon' arrangement develops as a result of.different
ambunt of rotation of the fragments compared to that of the specimen as
a whole. Experimental studies demonstrate that the dissimilar axial
ratio (a/b) of fragments do not influence significantly the behaviour

of the whole specimen.

(7) Studying the relationship between the final orlentation of
[}

the whole specimen (eb) and the average finite orientation of the

. ‘ ]

fragments Cef) from the experiments, it is observed that during irro-

] 1
tational strain eb and ©_ remain the same when the specimen was

£
initially parallel to the extension direction (9b = 0°). It is also

observed from the experiments after simple shear deformation, regard-
L]

less of the original orientation of the belemnite, eb

1
and ef_are

never parallel.

(8) Because the belemnites act as fragmgnted rigid bodies, they
can only be used to measure strain if they lie within the extension

vfield of the strain ellipse. If they are situated in the compression
field, they do not shorten and hence do not reflect the strain in the

surrounding matrix.
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(9) Hundred and ninety-six (196) specimens of extended belemnites
from Leytron, Valals, Switzerland, have been measured and a strain
énalysis has been performed uéing the methods of interpretation of
.results derived from the theoretical and'experimentalstudies. The
field occurence of the 'en—-echelon' arrangement in the fragments of
belemnites that were not originally parallel to the exéension direction
and the dependence of the amount of offset of the individual fragments

on the initial orientation of the belemnite are in good agreement with

the experimental observation.

(103 The amounts of extension obtained from the field examples of
stretched belemnites show that the Leytron belemnites suffered exten—
sion both in the direction parallel and normal to the stretching
lineation. The strain determined normél to the stretching lineation is
the strain paréllei_to the intermediate principal axis of the strain
ellipse (eré). The strain ratio determined on the schistosity plane
is, therefore,vc[;7x;. However, it has been experimentally demoﬁstrated
that the strain determinations made from exf:ended belemnites are always
considerably less than the actual strain that has been suffered by

the surrounding matrix.

(11) The strain (\/X1 and ‘/xz) suffered by the Leytron slatés
.on the schistosity plané has been détermined~from measureﬁents of
stretched belemnites, using two methods : (i) the 'average elongation'
.method and (ii) the 'statisfical method'. The strain rafio calculated
by the 'éverage elongation' method is 2.382 and that obtained by the
'statistical method' is 2.013. The value obtained by the 'statistical
'metﬁod' is close.to the result obtained by Durney (1972) from the same

areae.
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(12) The relationéhip between 91; and 9; has been studied from the
field and the results have been compared with those obtained from the
experiments. As a result of the comparison, it appears that the
Leytron slates most probably underwent an irrotational strain deforma—
tion. Field study also agrees well with the experimental observation
that the. a/b rs;{:io of the individual fragments of a belemnite have

little effect on the behaviour of the whole specimen.
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APPENDICES

Results predicted from the theory of the motion of rigid
inclusions undergoing pure and simple shear deformatione.
(calculated by the help of 'a computer)

(tables 1 - 3)

Experimental results.of the motion of rigid inclusions
undergoing irrotational strain and simple shear deformation.

{tables 4 - 10)

Predicted results of the elongation (1+e) of stretched
belemnites determined from the theoretical models.

(tables 11 - 12)

Experimental results of extended belemnites.

(tables 13 -.14)

Results obtained from the measurements of extehded belemnites
of Leytron, Valais, Switzerland.

(tables 15 - 16)

Determination of strain from the distorted gfids.
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APPENDIX A. RESULTS PREDICTED FROM THE THEORY OF THE MOTION OF RIGID

INCLUSIONS UNDERGOING PURE AND SIMPLE SHEAR DEFORMATION

(CALCULATED BY THE HELP OF A COMPUTER)

Table 1. Results for the motion of rigid elliptical inclusions set

in a viscous matrix undergoing pure shear deformation.

Calculations were made from eduation 3.8.

(o]

(a) 8, = 30
le
a/b = 2:1 a/b = 3:1 a/b = 4:1 a/b = 6:1
v/ §3= 8 . Rota- | 8__ Rota- | 8_ Rota~ | 8__ Rota-
2 . tion . tion . € tion . tion
in . in . in . in .
an in . in an
deg. deg. deg deg. deg. | deg. deg. deg.
1.0 | 30.0 0 30.0 0 30,0 | o0 30.0 0

1.21| 27.25 | 2.75 |26.37 | 3.63 | 26.01 | 3.99 | 25.74 | 4.26
1.61| 23.45 | 6.55 |21.53 | 8.47 |{20.77 [ 9.23 | 20.20 | 9.80
2.08| 20.41 | 9.59 |17.82 |12.18 | 16.83 | 13.17 | 16.11 | 13.89
2.60| 18.03 |411.97 |15.05 |14.95 |13.95 | 16.05 | 13.16 16.84
3.0 | 16.63 |13.37 [413.48 |16.52 |12.35 | 17.65 | 11.54 | 18.46
3.5 | 15.23 [14.77 1&}97 118.03 [10.82 | 19.48 | 10.01 |19.99

4.0 14.11 }15.89 [10.78 |19.22 9.64 | 20.36 8.84 21.16

4.5 13.18 }16.82 9.83 }20.17 8.71 | 21.29° 7.92 22.08
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() O _ = 60°
a/b = 211 a/b = 3:1 a/b = 411 a/b = 6:1

\/in 5 : Rota~ | © Rota- | © Rota- | © Rota-
h2 e feon |2 | don (if fton | ¥ | ton

) ain in in in

deg. deg. deq. deg. deg. deg. deg. dege.

1.0 | 60.00 0 60.00 0 60.00 0 60.00 0
9.21 | s57.09 | 2.91 |s56.08 3.92 |55.66 | .4.34 | 55.34 | 4.66
1.61 | 52.47 | 7.53 |49.80 {10.20 | 48.69 |11.31 | 47.83 | 12.17
».08 | 48.15 | 11.85 |43.96 |16.04 |42.23 |17.77 | 40.91 | 19.09
.60 | 44.32 | 15.68 |38.89 |21.11 | 36.71 |23.29 | 35.05 | 24.95
3.0 | 41.86 |18.14 |35.73 |24.27 |33.31 |26.69 | 31.50 | 28.50
5.5 39.25 | 20.75 |32.45 27.55. 29.84 |30.16 | 27.91 | 32.09
4.0 | 37.02 |=22.98 |20.75 [30.25 |27.01 |32.99 | 25.02 | 34.98
4.5 | 35.09 | 24.91 |27.48 |32.52 |24.68 |35.32 | 22.66 |37.33
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(c) 6 = 85°
ie
a/b = 2:1 a/b = 3:1 a/b = 4:1 a/b = 6:1
. ; .
Vv -——i : Rota- | © Rota- | © Rota- | © Rota-
h2 .fe tion .fe tion .fe ' tion .fe tion
in - in . in . in .
in in in in
deg. deg. deg. deg. deg. deg. deg. deg.
1.0 85.0 0 85.0 0 85.0 0 85.0 0]
1.21 84.40 0.60.]| 84.18 0.82 84.09 0.91 84.02 0.98
1.6% 83.36 1.64 82.71 2.29 82.42 2.58 | 82.19 2.81
2.08 82.27 2.73 81.08 3.92 80.53 4,47 80.09 | 4.91
2.60 81.19 3.81 79.37 5.63 78.52 6.48 77.83 7.17
3.0 80.41 4.59 78.12 . 6.88 77.03 7.97 76.13 8.87
3.5 79.50 | 5.50 76.61 8.39 75.22 9.78 74.06 10.94
4.0 78.65 6.35 75.17 9.83 73.47 11.53 72.04 12.96
4.5 77.84 7.16 73.78 11.22 T71.77 13.23 70.08 14.92
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Results of the motion of rigid circular (equidimensional)

object included.in a viscous matrix deformed under simple

shear. Calculations have been made from equation 3.15.
Orientations W.R.T. Shearing Direction in Deg.
Yg -
8, = 30° 8, = 50° 8, = 70° 6, = 90°
is is is is
0 30.0 50.0 70.0 90.0
0.267 22.35 42.35 62.35 82.35
0.577 i3.47 33.47 53.47 73.47
0.876 4.90 24.90 44.90 64.90
1.166 -3.40 16.6 36.60 56.60
1.4 -10.10 9.90 29.90 49.90
~Tabie 3. Results of the motion of rigid elliptical inclusions set in
a viscous matrix undergoing simple shear deformation.
Results were derived from equatién 3.20.
(a) é:i.s = 10° )
a/b = 2:1 a/b = 3:1 .a/b = 4:1
Yg - _ .
efs Rotation efs Rotation efs Rotation
in deg. in deg. in deg. in deg. in deg. in deg.
0 ' 10.0 16.0 0 10.0 0
0.267 6.74 3.26 8.16 1.84 8.74 1.26
0.577 3.11 6.89 6.17 3.83 7.39 2.61
0.876 -0.32 10.32 4.34 5.66 6.17 3.83
1.166 -3.66 13.66 2.63 7.37 5.05 4.95
1.4 -6.40 16.40 1.27 8.73 4.19 5.81
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() O, = 30°
~is
a/b = 2:1 a/b = 3:1 a/b = 4:1
Ys
6 Rotation | © Rotation | © Rotation
fs fs fs
in dege. in deg. in deg. in deg. in deg. in deg.
0 30.0 b 30.0 0 30.0 0
0.267 24,98 5.02 25.80 4.20 26.12 3.88
0.577 19.88 10.12 21.72 8.28 22.43 7.57
0.876 15.51 14.39 18. 40 11.60 19.50 10.50
1.166 11.64 18.36 15.60 14.40 17.08 12.92
1.4 8.70 21.30 13.58 16.42 15. 37 14.63
(c) 8, _ = 50°
is _
a/b = 231 a/b = 3:1 a/b = 4:1
Ys
8 Rotation | © Rotation | 6 Rotation
fs fs fs
in deg. in deg. in deg. in deg. in deg. in deg.
0 50.0 0 50.0 0 50.0 0
}10.267 42.19 7.81 42.15 '7.85 42.13 - 7.87
0.577 34.55 15.54 34.89 15.11 . 35.03 14.97
0.876 28.33 21.67 29.32 20.68 29.71 20.29
1.166 23.14 26.86 24.91 25.09 25.59 24.41
1.4 19.60 30.40 21.88 28.12 22.81 27.19
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(@) 8. = 70
is
a/b = 2:1 a/b = 3:1 a/b = 4:1
Ys
0 Rotation | © Rotation | © Rotation
fs fs fs
in deg. in deg. in deg. in degq. in degq. in deg.
0 70.0 0 70.0 0 70.0 0
0.267 . 59.46 10.54 58.59 11.41 58.23 11.77
0.577 48.93 21.07 - 47.76 22.24 47.33 22.67
0.876 40.45 . 29.55 39.56 30.44 39.25 30.75
1.166 33.53 36.47 33.24 36.76 33.18 36.82
1.4 28.70 41.30 29.03 40.97 29.23 40.77
(e) 6, = 90
. is
a/b = 2:1 a/b = 3:1 a/b = 4:1
Yg
. 6 Rotation 6 Rotation 6 Rotation
fs fs fs
in deg. in deg. in deg. in deg. in deg. in deg.
0 90.0 0 90.0 0 - 90.0 0
. 0.267 77.90 12.10 76.46 13.54 75.88 14.12
0.577 64.83 25.17 62.32 27.68 ©.61.35 28.65
0.876 53.84 36.16 51.09 38.91 50.09 39.91
1.166 44.80 45.20 42.42 47.58 41.61 48.39
1.4 38.57 51.43 36.74 53.26 36.18 53.82
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APPENDIX B. EXPERIMENTAL RESULTS OF THE MOTION OF RIGID iNCLUSIONS

UNDERGOING IRROTATIONAL STRAIN AND SIMPLE SHEAR DEFORMATION

Table 4. Results to verify the deformation history of the matrix inside

Lozenge~-shaped irrotational strain box.

Predicted from the geometry Measured from the Experiment
Apical of the box
angle )
* Vﬁ;=1+e1 \A;;=?+ez RVAA, VA =tve, \A[;=1+ez Rﬁd§;7;;
65° [ 1.0 1.0 1.0 1.0 1.0 1.0
75° | 1.14 0.935 1.21 1.17 0.92 | 1.27
"90° 1.34 " 0.83 1.61 1.40 0.82 1.70
105° 1.50 0.72 2.08 1.56 0.70 2.23
115° 1.62 0.62 2.6 1.65 0.63 2.63

Table 5. Results for the verification of the deformation history of

the matrix being deformed in simple shear box.

Predicted from the geometry Observed from the

Apical ' " of the box experiment

angle o

o Vs . A1/A2 inedeg. §1/A2 | inedeg.

125° | 0 - 1.0 45.0 1.0 -
115° . 0.176 1.192 12.1 1 1.3 40.87
105° 0.36 1.431 © 39.85 1.53 39.45
0s° | 0.577 1.765 | 36.15 | 1.91 35.08
8s° 0.787 2.154 34.25 2.187 32.37
75° 0.967 2.540 32.1 2.567 . 30.54
65° 1.166 3.031 304 2.948 29.17
55° 1.4 3.692 27.5 3.63 28.50

© - the orientation of the long axis of the strain ellipse. -



Table 6. Experimental results on the motion of grid marker in and around equidimensional (circular) inclusion

undergoing irrotational strain deformation.

9. = 36° 9, = 62.5° 9., = 90°
VA /A :
1/ 2 ,
S S S S S S
i e i e i e
0 R .| e .| oe .| e . e ]
fe Rot. fe .Rot fe Rot fe Rot fe Rot fe Rot
in in in in in | in in in in in in in

deg. deg. deg. deg. deg. deg. deg. deg. deg. deg. deg. deg.

1.0 36 0 36.0 0 62.5 0 62.5 0 .90 0 90 0 %
1.21 36 0 ©29.0 7;9 62.5 0 51.5‘ 11.0 90 0 90 0 '
1.61 36 0 23.5 12.5 | 62.5 0 44.0 18.5 . 90 0 90 0
2.08 36 0 19.0‘ 17.0 62.5 0 36.0 26.5 90 }o 90 0
2.6 36 0 15.0 21.0 | 62.5 0 29.0 33.5 90 0 90 0

Si ~ Grid lines inside the object

Se —~ Grid line cutside the object

Rot.~ Amount of rotation
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Table 7. Motion of an equidimensional inclusion and surrounding matrix

undergoing simple shear deformation.

large = medium = small = Surrcunding
1.2" dia. 0.92" dia. 0.72" dia. matrix
Ys
ef Rota- ef Rota- Bf Rota- ef Rota=-
L8 tion =S tion 5 tion . s tion
in R in . in . in R
in in in in
deg. deg. deg. deg. deg. deg. deg. deg.
0 90.0 0 90.0 0 90.0 0 - 90.0 0

0.267| 80.0 | 10.0 | 80.2 | 9.8 | 79.4 | 10.6 | 70.0 | 20.0
0.577| 71.0 | 19.0 | 71.5 | 18.5 | 70.0 | 20.0 | 58.0 | 32.0
0.876 | 65.5 | 24.5 | 65.0 | 25.0 | 63.0 | 27.0 | 50.0 | 40.0

1.166 | 60.5 29.5 59.2 30.8 56.8 | 33.2 45.5 | 44.5

1.40 55.5 34.5 55.0 35.0 52.0 | 38.0 40.0 50.0

efs — Finite orientation of the grid markers stamped inside

and outside the inciusion.

Table 8. Results of the motion of rigid elliptical inclusions

measured from the experiments undergoing irrotational strain.

(a) a/b = 2:1
o o, = 0o° 0. = 30° o - 5g8° o, = 90°
A ie ie ie ie
1/K2 6
.| Rota- | © Rota- | © Rota- | © Rota—
.fe tion .fe tion .fe tion ‘fe tion
in . in . in . in .
in in in in

deg. deg. deg. deg. deg. deg. deg. deg.

1.0 0 -0 30.0 0 58.0 0 90.0 0

1.24 | © 0 29.0 | 1.0 55.0 3.0 90.0 0
1.61 | 0. 0 24.5 5.5 | 49.5 | 8.5 | 90.0 | ©
2.08 | O 0 20.0 | 10.0 | 43.0 |45.0 | %0.0 | ©

2.60 0 0 18.5 | 11.5 39.0 | 19.0 90.0 0
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(b) a/b = 3:1
6, = 0% 6, = 30° 6, = 63°. 6, = 90°
\f_— ‘ ie ie ie de
A
1/A2 .
0 Rota— Rota- | © Rota- | © Rota-
.fe tion .fe tion .fe tion .fe tion
in . n . an . ain .
an in in in
deg.. deg. deg. deg. deg. deg. deg. deg.
. 1.0 0 0 30.0 | O 63.0 | © 90.0 | ©
1.21 0 0 26.5 3.5 58.0 5.0 90.0 0
1.61 0 0. 22.0 8.0 51.5 | 11.5 90.0 0
2.08 0 0 16.0 | 14.0 43.5 |19.5 90.0 0
2.60 0 0 15.0 1 15.0 38.0 | 25.0 90.0 0
(¢) a/b = 4:1
e, = 0o° 6, = 30° 6, = 58° 8, = 90°
le ie le ie
“Ai/hz
efe Rota- efe Rota- efe Rota—~ efe Rota-~
. tion | . tion . tion ) tion
in . in B in N an .
an in in an
" deg. deg. deg. deg. deg. deg. deg. dege.
1.0 0 0 30.0 0 58.0 0 90.0 0
1.21 0 0 25.5 4.5 52.5. 5.5 90.0.| ©
1.61 0 0 20.0 | 10.0 | 46.5 | 11.5 | 90:0 | O
2.08 0 0 15.5 | 14.5 38.0 | 20.0 90.0 0
2.60 0 0 11.5 | 18.5 31.0 | 27.0 90.0 0
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Table 9. Results for the motion of rigid elliptical inclusions set
in a deforming matrix measured from the experiments performed
during progressive simple shear deformation.

(a) a/b = 2:1

6 = 126° 8. = 90° 8, = 60° 6, = 50°
is is is - is
Yg
Gf Rota- ef Rota- Gf Rota- ef Rota~
ES tion . s tion S tion . s tion
in . in X in . in R
in in in in
deg. deg. deg. deg. deg. deg. ‘| deg. deg.
0.00 126 | 0 9.0 | © 60.0 | © 50.0 | 0
0.267 | 112 | 14.0 | 73.5 | 16.5 | 47.0 | 13.0 | 39.5 | 10.5
0.577 99 27.0 60.5 29.5 37.5 | 22.5 33.0 ] 17.0
0.876 87 39.0 52.5 38.5 33.5 | 26.5 28.5 21.5
1.166 74.5 51.5 44,0 | 46.0 28.0 | 32.0 26.0 124.0
1.4 63 63.0 40.0 50.0 24.0 | 36.0 21.5 28.5
(b) a/b = 3:1
6, = 126° 6 = 90° 6 = 54° 6, - 33°
is is is is
Ys it} ) ) 3]
Rota- Rota- Rota- Rota~-
.fs tion | .fs, tion .fs tion fs tion
in , “in L in . in .
Cin in 1 in in
deg. | deg. | deg. | deg. deg. | deg. deg. deg.
0.00 126 0] 90.0 0 54.0 0 33.0 0
0.267 112 14 73.0 | 17.0 41.0 | 13.0 26.5 6.5
0.577 98 28 60.0 | 30.0 | 36.5 | 17.5 | 22.0 |11.0
0.876 86 40 52 38 33 21 17.5 }15.5
-1.166 71 55 40.5 [ 49.5 26.5 | 27.5 14.0 | 19.0
1.40 61 65 36.0 54.0 23.0 31.0 10.0 23.0




- 196

(¢) a/b = 4:1
8. = 126° 8, = 90° 6, = 57° 6. = 33°
18 1s 1s 18
Y
° ) ) ) 9
Rota~ Rota- Rota- Rota-
.fs tion .fs tion .fs tion .fs tion
an . in N in . in .
) l_n in in mnm
deg. dege. deg. dege. deg. dege. dege. deg.
10.00 126 0 . 90.0 0 57.0 0 33.0 0
0.267 | 108.5 | 17.5 67.0 | 23.0 44.0 | 13.0 24.0 9.0
0.577 | 93.0 | 33.0 55.5 | 34.0 38.0 | 19.0 18.0 | 15.0
0.876 | 80.0 | 46.0 | 48.5 | 41.5 | 30.0 | 27.0 | 16.0 | 17.0
1.166 | 67.0 | 59.0 41,5 | 48.5 27.0 | 30.0 | 14.5 | 18.5
1.40 52.0 | 74.0 36.0 | 54.0 - - 12.5 | 20.5




Table 10. Measurements of the amount of rotation of rigid elliptical inclusions and their surrounding

matrix deformed during progressive simple shear.

(a) a/b = 2:1
8, = 126° 8. = 90° - 8 = 60° ©8, = 50°
is . is is . is
Inclusion Matrix Inclusion Matrix Inclusion Matrix ‘Inclusion Matrix
y .
s
8 . 5] . 8 . 5] . 8 . 0 . e . e .
£s Rot £s Rot £ Rot fa Rot £s Rot £s Rot s Rot £s Rot
in in in ' in in in in in in in in in in in in in
deg. deg. deg. deqg. deg. deg. deqg. deg. deg. | deg. dege. deg. deg. deg. deg. deg. |
| 8
0 .126 0 126 0 90 0] 90 0 60 - 0 60 0 50 0 50 0 9
0.267 112 14 112 14 73.5 | 16.5 71 19 47 13 45.5 14.5 39.5 10.5 40 10 '
0.577 99 27 100 26 60.5 29.5 ‘56 34 37.5 { 22.5 35 25 33 17 36 14
0.876 87 39 91 | 35 52.5 38.5 49.5 40.5 33.5 | 26.5 33.5 26.5 28.5 21.5 33 17
1.166 74.5} 51.5 76 50 44 46.0 40 50 28 32 29 31 26 24 31.5 18.5
1.40

63 63 62 64 40 50 37 63 S 24 36 26 ‘34 21.5 | 28.5 |29 21




3:1

(b) a/b =
0, = 126° 6, = 90° 8, = 54° 8, 33°
is is is is
- Tnclusion Matrix Tnclusion Matrix Inclusion Matrix Tnclusion Matrix
Ys
e S e - e - e + - e - e *
fs Rot. s Rot. 0 fs Rot £s Rot fs Rot s Rot s Rot s Rot
in in in in in in in in in in in in in in in in
deg. deg. deg. dege. deg. deg. deg. deg. deg. deg. deg. deg. deg. dege. deg. deg.
0 126 0 126 0 90 0 90 0 54 0 54 0 33 0 33 0
0.267 | 112 14 114 12 73 -1 17 71 19 41 13 42 12 265 6.5 30 3
0.577 98 28 100.5 | 25.5 60 30 59 31 36.5 17.5 39 15 22 11 27 6
0.876 86 40 84.5] 41.5 |- 52 .38 49 41 33 21 35.5 18.5 175 15.5 22 11
1.156 71 55 71 55 40.5 49.5 40 50 26.5 27.5 29.5 24.5 14 19 18 15
1.40 61 ‘65 60 66 36 54 34.5 55.5 23 31 26 28 10 23 16.5 16.5

~ Finite orientation of the long

reference to the shearing direction.

Rot. — Amount of rotation in degrees.

axis of the elliptical inclusion and grid lines in the matri:: with

86t
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PREDICTED RESULTS OF THE ELONGATION (1 + e) OF STRETCHED

BELEMNITES DETERMINED FROM THE THEORETICAL MODELS

. Table 11. Results from the models simulating stretched belennites

(a) Belemnite body a/b = 3:1; fragments a/b = 1:1

during pure shear deformation.

8. = 30° = 60° 6. = 80°
b 30 eb 60 b 80
VA
1, eme | VAs(aee) | 1, eme | VE=(1ve) 1, eme | VR=(1+e)
1.0 2.0 1.0 2.0 1.0 2.0 1.0
1.21 . | 2.3 1.15 2.2 1.10 2.05 1.025
1.61 2.75 1.375 2.35 1.175 2.08 1.04
2.08 3.36 1.68 2.6 1.3 1 2.10 1.05
2.6 3.8 1.9 2.9 1.45 2.15 1.075
(b) Belemnite body a/b = 6:1; fragments a/b = 2:1
. (o] O (o]
— e = e =
6, = 30 L = 60 , =80
VA2,
11 em. | Vi=(1+e) 11 cm. \/7\-=(1,+e) 11 Cm. \/3\_=(1+e)
1.0 4-0 1.0 4.0 1.0 4-0 1.0
1.21 4.6 1.15 4.22 1.05 4.1 1.025
1.61 5.7 1.425 4.75 1.18 4.2 1.05
2.08 7.0 1.75 5.35 1.337 4.25 1.06
2.6 8.5 2.125 6.0 1.5 4,35 1.07
eb - Initial orientation of belemnite body with reference to the

principal extension direction.
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Table 12. Results from the models simulating stretched belemnites set

in a matrix undergoing simple shear deformation.

(a) Belemnite body a/b = 3:1; fragments a/b = 1:1
8. = 90° 0. = 60° 9 - 30°
b 90 b 60 b 30
¥s 1 e VA= |1 e VX = |1 e |VX =
1 | 1 1 .
CTte (1+e) | cme. (1+e) | cm. (1+e)
0 2.0 0} 1.0 2.0 0 1.0 2.0 0 1.0

0.267) 2.1 [0.05 |1.05 2.25 104125 §1.125] 2.35 | 0.175} 1.175
0.876] 2.55 |0.275 | 1.275| 3.05 [0.525 |1.525} 3.1 | 0.55 | 1.55

1.4 3.35 | 0.675 | 1.675] 3.98 [0.99 [1.99 4.3 1.15 2.15

(b) Belemnite body a/b = 6:1; fraghents a/b = 2:1

8. = 90° 0. = 60° o = 30°
b a0 b 60 b 30
Yo s
A = Vi = A =
11 e 11 e 11 e
. (1+e) |cm. (1+e) | cm. (1+e)
0 4.0 0} 1.0 4,0 0 1.0 4.0 0} 1.0

0.267 | 4.13 | 0.032 | 1.032 | 4.55 [ 0.137 | 1.137 | 4.45 |0.112 | 1.112
0.876 | 5.25 | 0.312 | 1.312 6;15 0.537 | 1.537 | 5.75 {04437 | 1.437

1.4 6.85 | 0.712 | 1.712 | 7.68 | 0.92 | 1.92 |6.9 |0.725(1.725

eb = Initial orientation of the belemnite body with reference

to the shearing direction.
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APPENDIX D. EXPERIMENTAL RESULTS OF EXTENDED BELEMNITES

Table 13. Results obtained from the experiments simulating stretched

belemnites undergoing irrotational straine

(a) Belemnite body a/b = 3:1; fragments a/b = 1:1

Initial Applied Length Elong- Orient. Rotation Average
orient- strain of the ation of the of the orient.
ation specimen whole whole of frag-
0 belemn. belemn. ments.
1 3 [}
b VA A 1. cm. (1+e) 0 specimen 5
in deg. 172 1 b . f
. in deg. .
in deg. in deg.
1.0 2.95 1.0 76.0 0 76.0
1.21 2.95 1.0 70.0 6.0 72.66
76 1.61 3.0 1.017 65.5 10.5 69.33
2.08 3.1 1.05 61.0 15.0 65.26
2.60 3.1 1.05 56.5 19.5 58.66
1.0 3.0 1.0 61.0 0 61.0
1.21 3.15 1.05 54.5 645 59.33
61 1.61 3.2 1.06 46.0 15.0 57.33
2.60 3.2 1.06 32.0 29.0 49.16
1.0 3.0 1.0, 30.0 0 30.0
1.21 3.5 1.166 26.0 4,0 31.0
30 1.61 4.1 1.366 20.0 10.0 33.33
2.08 4.35 1.45 14.0 16.0 37.66
2.60 4.5 1.5 10.0 | 20.0 38.83
1.0 3.0 1.0 0 0 0
1.21 3.55 1.18 0 0 -0.5
0 1.61 4.4 1.466 0 0 —-2.43
2.08 4,94 1.65 0 0 ~-4.76
2.60 5.35 1.78 0 0 —6.66




(b) Belemnite body a/b = 6:1;
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fragments a/b = 2:1

Initial | Applied | Length Elong-| Orient. | Rotation | Average
orient- strain of the ation of the of the orient.
ation specimen whole whole of frag-
'eb bel?mn. Ze2222én men?s.
in deg. -vﬁ]??é 1, cm. (1+e) o, 3 0
in deg. in deg. in degq.
1.0 6.0 1.0 58.0 0 58.0
1.21 6.05 1.008 52.5 5.5 53.66
58 1.61 6.1 1.01 45.0 13.0 49.166
2.08 6.15 1.025 36.0 22.0 44.33
2.6 6.2 1.03 30.0 28.0 39.66
1.0 6.0 1.0 48.5 0 48.5
1.21 6.4 1.06 40.0 8.5 45.33
48.5 1.61 6.8 1.133 | 32.5 16.0 43.0
2.08 7.15 1.19 25.0 23.5 40.0
2.6 7.4 1.23 20.5 28.0 38.0
1.0 - 5.9 1.0 31.0 0 31.0
_ 1.21 6.8 1.152 | 24.0 7.0 27.66
31 1.61 7.45 1.26 20.0 11.0 27.33
- 2.08 8.2 1.389 15.0 16.0 2645
2.6 8.6 1.457 | 12.0 19.0 26.33
1.0 6.0 1.0 11.0 0 11.0
1.21 7.1 1.183 9.5 1.5 11.0
11 1.61 8.5 1.416 7.0 3.0 10.0
' 2.08 9.65 1.608 5.5 5.5 10.83
2.6 10.35 1.725 4.0 7.0 12.0
1.0 5.8 1.0 0 0 0
1.21 7.0 1.206 0 0 0
0 1.61 8.1 1.396 0 0 0
- 2.08 9.35 1.612 0 0 -0.75
2.6 10.0 1.724 0 0 ~1.50




(¢) Belemnite body a/b = 9:1
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.fragments a/b = 3:1

7.65

Initial | Applied | Length Elong- | Orient.| Rotation | Average
‘Jorient- | strain of the ation of the of the orient.
ation specimen whole whole of frag-
eb bel?mn. belewn. ments
in deg. |V*12 |1g o™ (Lre) ® T !
in dege. in deg. in geg.
1.0 4.2 1.0 68.0 0 68.0
S 1.21 4.2 1.0 63.0 5.0 63.75
68 1.61 4.25 1.01 59.0 9.0 59.5
o 2.08 4.3 1.02 | 51.0 17.0 51475
2.6 4.35 1.035 47.0 21.0 48.0
1.0 4.2 1.0 54.0 0 54.0
1.21 4.35 1.035 | 47.5 6.5 49.75
54 1.61 4.4 1.047 40.0 14.0 44.5
2,08 4.4 1.047 | 32.5 21.5 39.75
2.6 445 1.059 28.5 25.5 36.0
1.0 4.3 1.0 28.0 0 28,0
- 1l.21 4.85 1.128 23.0 5.0 24.5
28 1.61 5.5 1-28 19.0 9.0 21.0
2.08 6.25 1.45 13.0 15.0 16.25
2.6 6.65 1.546 10.5 17.5 15.0
1.0 4.3 1.0 0 0 0
, 1.21 5.25 1.22 0 0 0
0 1.61 6.2 1.44 0 0 0
2.08 7.05 1.64 0 0] 0
2.6 1.78 0] 0] 0]
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Table 14. Results obtained from the experiments simulating stretched

belemnites during simple shear deformation.

(a) Belemnite body a/b = 3:1; fragments a/b = 1:1

)

Initial | Applied | Length Elong- | Orient. Rotation| Average
orient— shear of the ation of the of the orient.
ation strain specimen whole whole of frag-
eb bel?mn. Zeiiﬁzén men?s
lin degq. | Vs 1y cm- (1+) ®b ! 3
in deg. in deg. in deg.
0 '5.25 1.0 120.0 0 120.0
0.267 5.25 1.0 104.0 16.0 104.0
120.0 | 0.577 5.25 | 1.0 85.0 | 35.0 §6.37
0.876 5.55 1.057 74.0 46.0 78.62
1.166 6.10 1.162° 65.0 55.0 73.25
1.4 6.55 1.247 63.5 56.5 69.0
0 5.25 1.0 91.0 0 91.0
0.267 5.42 ° 1.032 - | 69.0 22.0 ° 78.62
: 0.577 6.0 1.143 58.5 32.5 78.62
91.0 1 5.876 7.02 5 | 1.337 46.5 44.5 76.25
1.166 8.4 1.60 38.0 53.0 76.25
1.4 9.85 1.876 33.5 57.5 76.0
-0 5.3 1.0 64.5 0 64.5
0.267 6.3 1.188 | 46.0 18.5 ' 51.87
645 0.577 7.25 1.368 39.0 25.5 46.62
- 0.876 8.30 1.566 32.5 32.0 37.0
1.166 9.60 1.811 30.0 34.5 22.25
1.4 10.75 2.028 25.0 39.5 16.50
0 5.3 1.0 31.0 0 31.0
0.267 6e2 1.169 25.5 5.5 18.12
0.577 6.8 1.283 23.0 8.0 4.25
31.0 0.876 7.55 1.424 | 22.5 8.5 ~11.12
1.166 8.2 1.547 . 20.0 11.0 -29.4
1.4 8.95 1.688 19.0 12.0 -41.75




(b) Belemnite body

a/b = 6:1;
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fragments a/b = 2:1

Initial Applied Length Elong- Orient. Rotation Average
orient~ shear of the ation of the of the orient.
ation strain speeimen whole whole of frag-
eb bel?mn. :elizg. men?s
in deg. | Vs 1y cme (1+e) 39 A
in dege. | in deg.’ in deg.
0 6.8 1.0 118.5 0 118.5
0.267 6.85 1.007 98.0 20.5 98.0
118.5 0.577 685 1.007 83.0 35.5 83.0
0.876 7.2 1.058 69.0 49.5 74.16
1.166 7.95 1.169 55.6 62.9 67.16
1.4 9.05 1.331 47.5 71.0 66.5
0 6.8 1.0 89.0 0 89.0
0.267 7.25 1.066 66.0 23.0 73.83
0.577 8.15 1.198 55.5 33.5 69.33
89:0 1 0.87 9.35 1.375 | 42.5 46.5 61.33
1.166 10.9 1.603 37.0 52.0 58.26
1.4 12.45 . | 1.830 33.0 56.0 53.30
0 6.85 1.0 57.0 0 57.0
0.267 8.15 1.189 44.5 12.5 45.83
0.577 9.45 1.379 36.5 20.5 36.33
57.0 0.876 11.45 1.671 32.0 25.0 '28.5
1.166 | 12:6 | 1.839 | 290.0 | 28.0 20.33
1.4 14,15 2.065 25.5 | 31.5 11.161
0 6.8 1.0 31.5 o 31.5
0.267 7.9 1.161 26.0 5.5 21.83
0.577 847 1.279 24.0 7.5 13.83
3.5 0.876 9.5 1. 397 _20.5 - 11.0 3.50
1.166 10.3 1.514 20.0 11.5 -4.83
1.4 11.15 1.639 20.0 11.5 -9.33
0 6.75 1.0 0 0 0
0.267 6475 1.0 . 0 0 -3.166
0.577 6475 1.0 0 0 -5.50
0 0.876 6.77 1.003 0 0 -8.33
1.166 6.81 1.016 0 0 -10.0
1.4 6.81 1.016 0 0 ~11.33
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(c) Belemnite body a/b = 9:1; fragments a/b = 3:1
Initial | Applied | Length Elong- Orient. Rotation | Average
orient- shear of the ation of the of the orient.
ation strain specimen whole whole of frag-
eb : bel?mn. zeiszgén men?s
in deg. Ys 1y em (1+e) ®p ° O¢
in dege in dege. in deg.
0 9.7 1.0 119.0 0 119.0
0.267 9.7 1.0 99.0 20.0 99.83
0.577 9.8 1.01 85.5 33.5 87.16
119.0 0.876 10.5 1.082 - | 70.5 48.5 73.66
1.166 11.5 1.185 58.5 60.5 64.0
1.4 13.1 1.35 49.0 70.0 56.0
0 9.65 1.0 90.0 0 90.0
0.267 10.2 1.056 68.5 21.5 ' 73.16
s0.0 | 0+577 11.4 1.181 55.0 35.0. 61.83
0.876 13.05 1.352 45.0 45.0 51.83
1.166 15.1 1.564 39.0 51.0 43.5
1.4 17.2 1.785 33.5 56.5 21,66
0 9.7 1.0 60.0 0 60.0
0.267 11.8 1.216 44.0 16.0 45.10
£0.0 0.577 13.5 1.391 39.5 20.5 39.83
0.876 15.55 1.603 32.0 28.0 30.66
1.166 17.75 1.829 29.3 30.7 '23.66
1.4 19.9 2,051 27.0 33.0 16.5
0 9.75 1.0 30.0 0 30.0
0.267 * [ 11.55 1.184 | 25.5 4.5 22.66
0.577 12.6 1.292 23.5. 6.5 17.33
30.0 0.876 13.8 1.415 21.0 9.0 10.5
1.166 15.15 1.554 19.0 11.0 3.33
1.4 16.2 1.661 18.0 12.0 0
0 9.7 1.0 0 0 0
0.267 9.9 1.02 1.0 -1.0 -045
0.577 9.9 1.02 3.0 -3.0 ~2.33
0 0.876 | 10.0 1.03 4.0 -4.0 -4.166
1.166 10.05 1.036 5.0 -5.0 -6.83
1.4 10.15 1.046 5.0 -5.0 -10.5




APPENDIX E. RESULTS OBTAINED FROM THE MEASUREMENTS OF EXTENDEDl

Table 15.

[>4
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BELEMNITES OF LEYTRON, VALAIS, SWITZERLAND

Measurements of 4196 specimens of stretched belemn: tes.

Angle between the finite orientation of the whole belemnite

body and the stretching lineation.

Original length of the belemnite specimen derived by the

addition of the length of individual fragments containing in

a specimen.

Total length including the space occupied by quartz and calcite

(extended length).

Insitu specimens :

Serial e; in dege. lo cm. 11 Ca 1i—lo \/;=1+e
No. )
(o]
1 29 8.5 13.7 0.611 1.611
2 10 6.05 11.8 0.95 1.95
3 43.5 3.1 4.8 0.548 1.548
4 30.5 3.75 7.2 0.92 1.92.
+5 84 . 3.45 4.0 0.159 1.159
6 3 2.9 6.9 1.72 2.72
7 24 4.3 5.9 0.372 1.372
8 40 1.9 3.1 . 0.631 1.63
9 16 . 2.65 5.2 0.96 1.96
10 22 1.6 2.9 - 0.81 1.81
11 27 5.2 8.9 0.71 1.71°
-12 10.5 3.55 7.9 1.22 2.22
13 37 3.5 5.4 0.54 1.54
14 33 3.05 6.5 1.13 2.13
15 5 4.05 9.6 1.37 2.37
.16 18 3.7 8.9 1.40 2.40
17 42 4.55 5.4 0.186 - 1.186
18 43 9.2 18.7 1.03 2.03




Serial e; in dege 1 cm. 1, cm. 1,71, Viz14e
No. o e= 1
(o]
19 20 2.0 3.2 0.60 1.60
20 84 7.9 13.7 0.73 1.73
21 35 6.6 7.5 0.13 1.13
22 36 9.45 10.8 0.14 1.14
23 9 9.0 11.6 0.29 1.29
24 6 10.1 27.2 1.69 2.69
25 28.5 2.95 5.0 0.694 1.694
26 10 5.3 12.3 1.33 2.33
Specimens embedded in slates collected from scress :
Serial 6. in deg. 1 cm. 1. cm. 1 -1 Vi=t4e
No. b T 1 o= 1 ©
. 10
27 22 3.7 5.6 0.51 1.51
28 3 5.25 .| 14.1 1.68 2.68
29 3 2.65 6.25 1.36 2.36
30 23 2.55 3.7 0.45 1.45
-3 20 - 2.25 7.2 2.20 3.20
32 18 3.75 8.5 1.26 2.26
33 20 3.8 6.1 0.60 ©1.60
34 58 2.2 2.7 0.23 1.23
35 30 2.7 6.2 1.29 2.29
36 8 3.1 6.5 1.09 2.09
37 38.5 5.05 7.0 0.38 1.38
38 7 6.4 13.1 1.04 2.04
39 10 4.8 9.0 0.87 1.87
40 57 4.05 4.9 0.20 1.20
41 2 4.55 9.0 0.98 ©1.98
42 20 4.3 7.3 0.69 1.69
43 8 4.15 42:0 1.89 2.89
44 19 3.95 7.1 0.79 1.79
45 28 2.5 4.1 0.64 1.64
46 24 3.35 5.8 0.73 1.73
a7 2 5,95 12,0 1.016 2.016
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Serial eb in deg. lo Ch. l1 Ch. 11-10 \/5\.=1+e
No. e= 0
(o]
48 18 3.15 10.6 2.36 3.36
49 22 3.2 5.3 0.65 1.65
50 56 5.5 7.0 0.27 1.27
51 g8 . 5.6 8.6 0.53 1.53
52 15 2.95 6.8 1.30 2.30
53 72 3.5 4.9 0.40 1.40
54 38 6.4 11.0 0.72 1,72
55 0 - 2.0 5.6 1.80 2.80
56 9 4.9 ‘11.1 1.26 2.26
57 30 2.9 4.6 0.58 1.58
58 2 1.4 10.2 - -
59 69 7.3 8.3 0.136 1.136
60 70° 4.6 7.0 0.52 1.52
61 15 2.4 9.2 2.83 3.83
62 15 3.7 9.1 1.46 2.46
63 9 3.2 11.2 2.50 3.50
64 11 2.35 5.4 1.29 2.29
65 10 4.2 10.5 1.5 2.5
66 21 3.5 11.0 2.14 3.14
67 57 3.9 5.3 0.36 1.36
68 32 5.4 7.3 0.35 1.35
69 14 4.45 8.8 0.97 1.97
70 .18 2.85 9.2 2.23 3.23
71 3 2.0 7.1 2.55 3.55
72 20 2.7 8.4 2.11 3.11
73 0 5.95 12.2 1105 2.05
74 15 2.9 7.1 1.45 2.45
75 26 3.85 6.2 0.61 1.61
76 50 4.7 7.5 0.59 1.59
77 19 2.55 4.6 0.80 1.80
78 3 4.8 9.0 0.87 1.87
79 6 3.3 10.2 2.09 3.09
80 0 7.95 19.3 1.43 2.43
81 3 6.8 10.2 0.5 1.5
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Serial 61‘) in deg. 10 Cme. 11 cm. 11—10 \/?-:=‘1+e

No. e= 1
(o]

82 21 6.5 14.0 1.15 2.15
83 16 2.7 5.0 0.85 1.85
84 50 7.5 9.1 0.21 1.21
85 30 5.55 10.0 0.80 1.80
86 0 3.1 6.5 1.09 2.09
87 6.7 14.5 1.16 2.16
88 2 3.95 13.4 2.39 3.39
89 25.2 3.77 5.6 0.48 1.48
90 4 5.25 14.2 1.70 2.70
91 22 3.35 7.6 1.27 2.27
92 8 4.95 11.3 1.28 2.28
93 26 4.3 7.7 0.79 1.79
94 28 2.7 3.7 0.37 1.37
95 19 3.8 6.1 0.60 1.60
96 17 1.9 6.7 1.31 2.31
97 5 3.75 8.5 1.26 2.26
8 9 3.3 7.4 1.24 2.24
99 60 2.7 3.5 0.29 1.29
100 37 4.95 7.0 0.41 1.41
101 22 4.45 7.5 0.68 1.68
102 42 6.7 9.0 0.34 1.34
103 - 33 6.3 8.9 0.41° " 1.41
104 33 3.7 5.7 0.54 1.54
105 28 7.8 11.1 0.42 1.42
106 50 4.0 5.6 0.4 1.4
107 21 6425 9.5 0.52 1.52

© 108 13 2.75 6.7 1.43 2.43
109 30 3.35 5.6 0.67 1.67
110 34 7.2 11.0 0.53 1.53
111 35 1.5 2.7 0.80 1.80
112 35 6.1 8.8 0.44 1.44
113 69 3.8 5.1 0.34 1.34
114 43 7.75 11.4 0.47 1.47
115 80 3.8 5.2 - 0.36 1.36
116 20 6.65 21.3 2.20 3.20
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Serial e; in deg. 1 cm. 1, cm. 1.1 Vi=1+e
No. © 1 e= 1
10
117 23 2.05 6.5 2.17 3.17
" 118 3.65 9.6 1.63 2.63
119 9 4.2 13.6 2.23 3.23
120 32 5.3 7.0 0.32 1.32
121 26 2.75 4.5 0.63 1,63
122 36 1.45 2.9 1.0 2.0
123 75 3.55 4.2 0.18 1.18
124, 87 6.9 8.8 0.27 1.27
125 3 1.75 2.6 0.48 1.48
126 21.5 13.35 4.9 0.46 1.46
127 8 2.55 12.2 3.78 4.78
128 17 6465 17.9 1.69 2.69
129 24 4.1 6.7 0.63 1.63
430 18 2.45 6.8 1.77 2.77
131 15 5.6 12.7 1.26 2.26
132 26 4.45 7.5 0.68 1.68
133 56 4.6 6.7 0.45 1.45
134 5 4.35 7.8 0.79 1.79
135 7 " 4.5 10.2 1.26 2.26
136 26.5 6.2 8.5 0.37 1.37
137 15 3.5 7.9 1.25 2.25
138 14.5 4.5 5.8 0.28 1.28
139 18 3.3 6.0 0.81 1.81
140 3 1.5 3.6 1.40 2. 40
141 23 3.4 9.9 1.91 2.91
142 33 2.65 5.3 0.96 1.96
143 15 3.2 8.8 1.75 2.75
144 11 4.3 8.8 1.04 2.04
145 44 8.6 13.2 0.53 1.53
146 27 5.15 8.7 7 0.68 1.68
147 24 4.65 7.5 0.61 1.61
148 56 4.9 7.3 0.49 - 1.49
149 41 7.2 14.7 1.04 . 2.04
150 26 4.45 8.5 0.91 1.91
151 58 5.3 6.1 0.15 1.15
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Serigl 81; in deg. 10 Chle 11 Cme. 11—10 \/i=1+e
_ e
' o]
152 40 4.0 5.0 0.25 1.25
153 15 2.6 5.3 1.03 2.03
154 56 3.3 4.8 0.45 1.45
155 65 2.4 3.8 0.58 1.58
156 18 3.9 643 0.61 1.61
157 27 249 7.1 1.44 2.44
158 2.5 3.5 4.7 0.34 1.34
159 31 5.15 10.6 1.05 2.05
160 23.5 3.3 4.8 0.45 1.45
161 27 13.4 24.5 0.82 1.82
162 26 3.05 10.0 2.27 3.27
163 0 5.2 11.3 1.17 2.17
164 48 3.2 645 1.03 2.03
165 53 11.5 15.0 0.30 1.30
166 21 4.5 7.9 0.75 1.75
167 65.5 3.3 4.7 0.42 1.42
168 35 3.8 5.8 0.52 1.52
169 27 8.4 9.3 0.11 1.11
170 17 8475 14.5 0.65 1.65
174 24 6.1 8.5 0.39 1.39
172 22 5.6 . 8.1 0.44 1.44
173 8 4.0 10.7 1.67° 2.67
174 16 649 8.7 0.26 1.26
175 4 5.5 8.3 0.51 1.51
176 85 2.55 4.0 0.56 1.56
177 39 3.5 9.0 1.57 2.57
178 26 6e2 7.5 0.21 1.21
- 479 24 4.45 9.7 1.18 2.18
180 32 3.3 5.6 0.69 1.69
181 23 6435 8.7 . 0.21 1.21
182 42.5 3.6. 5.7 0.58 1.58
183 43.5 6.6 8.2 0.24 1.24
184 17 6.0 14.2 1.36 2.36
185 66 5.55 10.7 0.92 1.92
186 24 5.9 11.2 0.89 1.89
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‘Serial 9; in dedge. 1o Chie 11 Chie 11—1o \/{=1+e
No. e= I
o
187 56 4.0 9.0 1.25 2.25
- 188 18 3.3 6.0 0.82 1.82
189 29.5 ° 4.15 9.0 1.17 2.17
190 34 4.15 6.2 0.49 1.49
191 41 3.15 6.0 0.90 1.90
192 6.5 6.1 - 8.9 0.46 1.46
193 4 5.1 7.9 0.55 1.55 -
194 34 4.85 75 0.54 1.54
195 72 4.45 6.7 0.50 1.50
196 29 4.4 9.5 1.16 2.16
Table 16. Average elongation of Leytron belemnites
Average Average Average
e; in deg. e v = (1+e)
1.25 1.90 2.90
5 1.41 2.41
-10 1.49 2.49
15 1.34 2.34
20 1.31 2.13
25 0.79 1.79
30 0.73 1.73
35 0.57 . 1.57
40 0.69 1.69
45 0.56 1.56
50 0.55 1.55
55 0.47 1.47
60 0.23 1.23
65 0.64 1.64
70 0.37 1.37
75 0.38" 1.38
80 0.36 1.36
85 0.21 1.21
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APPENDIX F. DETERMINATION OF STRAIN FROM THE DISTORTED GRIDS

Squére grids were stamped on the surface of the inclusion
and surrounding matrix .as’ strain markers. Displacement vectors
describing flow lines of the matrix and the magnitude and orientation

of principal strains can be evaluated from the distorted grids.

Two different methods : (i) The "graphical method" developed
by Ramsay (personal communication) and (ii) The "sﬁift image" method
presented by Durelli, Park and Feng (1967) were used to evaluate
strains and displéceménts froﬁ £he grid data. A detailed description
of the graphical method is given in (Hossain, 1970). The "shift image"
méthod invelves the shifting of the image of the distroted grid over
another image of the undistorted grid, or the shifting of the image of
the distorted grid over another image of the same distorted grid in
order to obtain the displacement components and the derivativés of
displacement comﬁonenfs respectively. The strain can be determined
directly from these displacemenf components. Both the "graphical
methed" and ﬂsﬁift image method" are tediéus,time consumipg and

inaccurate. .

A new technique of evaluating grid data using a computer
has been developed in coilabofatién with Cobbéld k1973). The magnitude
and the orientation of prinéipal strains developed in the matrix
‘material has been determined frqm the displacement gfadients using
simple equétions (Ramsay, 1967, Section 3-4). This computer technique
is very accurate and fast. Ancther advgntagé of this technique over
the two other methods is that it produces automatic .plots of the magni-

tude and orientation of the major and minor axes of the strain ellipses.

The technique involves two stages. The first stage is the

recording of the co-ordinates of the nodes (points of intersection of
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the grid lines) using the digital pencél follower (D-MAC). This was
done using photographs of the experiments.' A photograph was placed
on the 'D-MAC!' table ahd the co-ordinates of the nodes were automati-
cally punched into the computer cards using the pencil follower. This
. was done in sequence from left to right for each row. The analysis of
strain for the successive stages of deformation of an experiment can
be made by repeating the procedure of recording co-ordinates from

successive photographs.

The second stage of the technique is the determination of
strains using the displacement gradients calculated from the co-ordi-
nates of the nodes. A computer programme has been developed t§ réad
the node data punched onto the cards and to determine and plot the
magnitude and orientation of the major and minor axes of the strain
ellipses. This computer techniqué has been described in detail by
Cobbold (1973; Appendix C). The computer programme developed for

this purpose is enclosed with this appendix.
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. PROGRAW GRIJ(INPUT,QUTPUT, TARPZA2,TAPZE=INPUT ,TAPEH=0UTPUT)
600002 COMMON Xy Yy RIXgNIYs XIHDy YINC,NNFy NNTy NNXy NNY

000002 COHMON X0, Y0
- 000002 DIMENSION X(25,25)5Y(254525)
c - ..
c CARRIAGE CONTROL
000002 WRITE (6,9999)
c .
C SET INITIAL PLRAMETERS
: p .
000006 NNF=10
000007 NIX=2%
000010 NIY=24
000011 XINC=20. 8/24
0060013 YINC=XINC
000014 NNX=HIX+1
000016 NNY=HIY+1
000017 X0=20.0
000021 . YO=E,0
. C :
. C- START PLOT
000023 CALL START (2)
C
c ,
C SET SCALZ IN INCHES, NOT CENTIMETRES
006024 FACT = 1.0 7/ 2.539947%
000026 CoLL FACTCR(FACT)
- C ‘ :
' ’ c READ Iid CCORDINATE DJATA OF NODES
- 000027 CALL RTAOXY :
‘ c
) c PLOT ARRAY OF NODES
000030 CALL GPLOT
cv . ’
. c CALCULATE FINITE STRAINS
000031 CALL FINSTE
C .
. : c NI PLOT
000032 CALL ENPLOT
. c CARRIAGE CONTROL
000033 WRITZ (8,9Q99) -
. .C .
000037 9399 FIRMAT (1H1)
000037 STOP

000041 .. . END

UNUS: 3 .COMPILER SPAGCL
031700 .
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SUBROUTIME READXY

c .
C READS Iu CUORDINATE DATA, FRCH PUNCHED CARDS
C EACH CARD CONTAINS MdF GROUPS OF X,Y COORDINATES,
Cc CGRRE3POLDING TO CONZZICUTIvVL NODES. tACH NODZ
c HAS AN ADDRESS IXs1Y, THE WUMBERING FROCEDING
c ALCNG X-ROWS. -
C
000001 - COMMOH XY, HIXyNIY,XINC,YINC,HilFy NNT o NNX, NNY
000001 COMMON X0 YO
000001 DIMENSION X (25425),Y(25,25)
000001 DIMENSION T(30)
C
Cc SET INITIAL PAKAMETERS
c N '
000001 IX=0
pooae2 Iy = 1
000003 NNT= HNXERNY
000005 © NFC= W{NT/UMNF
000010 NNR= NNT=- (NHF%NFC)
000013 100 NNZ= NNF*2
C .
Cc READ IN ARRAYS XY
o .
000015 . DO 1084 N=1;5NFC
0000156 -~ RehD (554000) (T (0, J=1,NNZ)
000024 DO 103 H=1,:dNF
000026 IX=IX+1
006027 MY= M*2
000030 MX= MY-1
000031 IF (IX - NHX) 102,102,101
000033 101 Ix=1
000034 IY= Iv+t
000042 102 X(IX,IY) = T(MX)
000043 Y(1XsIY) = T(4Y)
000046 103 CONTINMUZ
000050 ‘104 CONTINUZ
000053 © IF (HMR) 105,106,105 .
00005y 105 NFO=1 ‘
000055 NNF= NR
000099 NNR= 0
000087 60 TO 100
: c = - -
c WRITS OUT AXZAYS X,Y
C00CO0ED - 106 KWRITI (5,1001) C . :
600064 CUWRITE (651002) ((X(T4 ) 51=1,NNX), J=14NNY)
000102 WRITZ (Hy1003) - - :
000106 WAITS (651032) ((Y (T, ) 3I=44NNX) 4 J=1sNNY)
o .
000124 1000 FORMAT (20F L, 2) .
009124 1061 FORMAT (L3HU AXRAY X CHHIX,NNY))
000124 1002 FORMAT(AX,43F7¢2)
000124 . 1003 FORMAT(LEHO ARFAY Y (NMX,KNY))
c .
000124 RZTURN

000125 ENT
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"SUBROUTINZ GPLOT

c
c PRCDUCZS A PLOTy; IN WHICH ZACH NOOE IS
c JOINLD TO ITS NEIGHBOURS dY STRAISHT LINES
C
000001 COMMOIl Xy Yy NIXyHIYy XIHCy YINTy NNF o NNT 3 NN Xy NNY
000001 CoOMNMON X0,Y0
000001 JIHMENSION X(25325),Y(25,425)
000001 DIM=NSIOHN XR(30),YR(30),sXC(33),YC(30)
C ' ‘
c LINK THE NODLS IN EACH ROW
. c . .
000001 - DO 101 IY=1,NNYNIY
000003 - D0 100 IX=1,HNMX
000015 XR{IX) = X(IXsIY) - XO
00001b YREIX) = Y(IX;1Y) - YO
000017 100 CONTIMUL
600020 CALL ARKIST(XRyYRsy1yNNXy5031606514050.0,0,0,4251)
006033 101 CONTINUZ ' :
c
c LINK THZ NuDZS IN EACH COLUMN
o C :
. 000036 DO 103 IX=1,HNHX,NIX
- 000037 DO 102 IY=1,HNNY
000D590 XC{iY) = X(IXsIY) - XO
000051 YC(IY) = Y (IX,1Y) - YO
000053 102 CONTIHUZ. :
000054 CALL ARKIST(XCsYCs1yNNYy5041.051¢0,000,0.0,5241)
0000006 103 COWNT INUZ .
c . :
000071 KETURN .
600071 END :

UNUS:z D COMPILER SPACZ
6341600 ,
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" SUBROUTIHE FINSTR

c . .
c CALCULATES FINITL STRAIN FARAMETERS OF ZACH
c ZLLMENT, GIVEN THE INITIAL AND FINAL
c COORDINATES OF THE HUDES.
000001 © COMMOH Xy Y yNIXyNIYyXINC,YINCyNHFy NNT 3 NNX,y [N
906001 COMMON X0,Y0
000001 DIMENSION X(25,25),Y(25,25)
000001 DIMZINSION £(2)y ALPH(2)
000001 DIMENSION TH(352)5F(3,4)
C -
000001 WRITE (6,1001)
000005 Ni = NIXEHIY /7 &
000010 NNa= Nyt g
c
' c SET SCAL: FACTOR
000012 SKALZ = D28
. C . .
- 00001t 00 114 IY=1,MIY
600015 D0 113 IX=1,NIX
000025 IX1=IX+L
000026 IY1=IY+1
c
c RLTRICVE FINAL COORDINATES OF NOD:iS
c | \
000026 X1 = X(IXsIY)
- 000027 X2 = X(IX;1IY1)
000032 X3 = X(IX1,IY)
000035 X4 = X(IX1,1Y1)
00004 Y1 = Y(IX,1Y)
000042 Y2 = Y(TXyIY1).
000045 Y3 = Y(IXi,iY)
000046 Y4 o= Y(IX15IVY1)
C - .
c CALGULATE COJRDINATES (XS,YC) OF SENTROID
‘ c : . o . .
000051 XC = (XL + X2 + X3 + X4) / 4,0
000055 YO = (Y1 + Y2 + Y3 + Y4) / 4.0
600051 XCO = XC - XQ : :
0D0CE3 YCO = YC - YO
' C. . ' . :
c CALCULATE ZLINMEZNTS OF DISPLACEMINT GRADIENT MATRIX
c : ‘ :
£00065 TA = 0.5 % (X3-XL + X4 = X2)/ XING
000073 . "B = 0.5 % (X2 ~ X1 F X4 - X3) / YINC
600077 © = 0.5 *(Y3 -~ Y1 4 Y4 - Y2) / XINC
800104 D=0.5% (Y2~ YL + Y4 = Y3) /7 YING
c ,
c CALCULATE IMVARIANTS
: c
000111 AUXL = (A * C) '+ (B * )
000114 AUX2 = (A*52) + (B<¥2) = (C*%2) = (DF%2)
000120 AUX3 = A3S(A+0 = B*C)
c
c CALCULATE PRINCIPAL ORIENTATION

c CHLCK FOi ZLrRUL DIVISOR
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c : : :
600126 IF (AUX1) 101,100,101
000127 100 ALPH(1) = 040
000130 GO TO 104
000134 101 IF (AUX2) 103,102,103
000132 102 ALPH(1) = =~0,785¢4
000134 GO TO 104
000134 103 TeMF = 240 * (AUXL 7/ AUX2)
000136 ALPH(1) = 05 % ATAN(TEHNP)
000142 104 ALPH(2) = ALPH(1) + 1.,5708
c CALCULATE PRINCIPAL EXTEHSIONS
. C ) -
0001L4 D0 105 I=1,2
000146 SA = SIN(ALPH(1))
0001950 CA = COS(ALPH(I))
000154 TEMPL = (D = Ch) = (B * SA)
000157 ToMP2 = (A * 34) = (C ¥ CA)
000162 80T = SQRT{TENF1%%2 + TEHUP2~+*2)
000166 E(1I) = AUX3 / BOT )
000171 105 CONHTINUL
c
000173 COIF (E(L) - £(2)) 106,107,107
000175 106 EXT1 = £(2) :
000176 cXT2 = £(1)
0pozo0o0 RATIO=LXTL/EXT2
000201 ALPHA = ALPH(2)
000202 GO TO 108
000203 107 IXT1 = £(1)
00020 4 EXT2 = & (2)
000206 RATIO=TXTL/EXT2
000207 ALPHA = ALPH(1)
000210 IF (RRTIO (LT, 1¢2 «AND. RATIO ¢GT¢ 0.9) GO TO 108
c PLCT THE LORG AND SHORT AXES
c OF THZ FINIT: STRAIN ELLIPSOID
c .
000221 . DO 200 I=142 . .
0608222 EMOD = Z(I) * SKALE S
006224 XADD=:M0D* COS(ALPH(TI))
0060227 YADO=ZMON*SIHIELPHI(T))
000234 XP = XCO + X&3O
000235 YP = YCO + YADOD
0C024L0  CALL PLOT(XP,YP,3)
ov0242 XP = XCO « XAUO
000244 - YP = YCO = YADJD
000245 ~ CALL PLOT(XPyYP;2) .
0002514 . 200 COWTINUZ T
c . .
c CONVERT PRINCIPAL ORISNTATION TO JEGREES
C . . .
000253 108 ALPHA = (ALPHA / 3.1416) * 130,0
c
. C CALCULATEL VOLUME CHANGE
c
c DELTA = AUX3 = 1.0
c
c

WRITL OUT PAXAMETLRS
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C .
000256 109 L = (iY - 1) ¥ HIX + IX
600262 : IF (L = NN4) 140,111,112
000265 110 Ly =L /7 &
0002¢6 LR = L =~ (L&%L)
000270 IF (LR «SQse 0) GO TO 114
000273 IM{LRs1) = IX
00027 4 IW(LR,2) = IY
000275 FILRy1) = £XT4
000277 F(LRs2) = EXT2
000300 F(LRs3) = RATI1O
000302 FI(LRs4) = ALPHA
000304 GO TO 113 '
000304 111 WRITE (5,1002) IW(1,1)3IH(1,2),F(1;1),F(1,42),F€1,3)5F (1,%)
1 IN(2y1)3IH(252)sF (231)sF(252)3F(293)yF(2454),
2 IH(351)sIH{3s2) ;F(3 s1) yF (342) ,F(3;3) sF(3s4),
0003780 GO TGO 113 ' :
0600371 142 WRITE (651003) IX;IYSoXTLyEXT24RATIO,ALFHA
poonid 113 CONTIHUEZ
600414 114 CONTINUZ '

000410 1001 FORMAT (26H0 FINITE STRAIN PARAMETERS// 1X,
1 4(8H ZLIMENTy&H E£XT1,6H =ZX72,6H RATIO,6H ALPHL))

~000&16 1002 FORMAT (1X,4(1XsI352H~yI3y3FCc2yF6a1))
0004160 1003 FORMAT (2X3I3y1H=3I343F6e2,3F0.1)
000410 RE TURH '
000417 ZND

UNUSZD COMPILER SPAGE
030400
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LIST OF PLATES

Successive stages of an experiment showing progressive

‘deformation of the matrix material inside the Lo~enge

shaped irrotational strain box.

(a) Undeformed; (b)Vki/}\z = 1.61; (c)\/ki/k2 = 2.08
(d)\./)\i/)\z = 2.60

Successive stages of an experiment showing progressive
deformation of the matrix material inside the modified simple
shear box.

(a) Undeformed; (b) = 0.577; (c) = 0.876; (d) = 1.40.
Yg Ys Y

Successive stages of an experiment showing the behaviour
of a rigid equidiﬁensional inclusion and the deformation
of the surrounding matrix undergoing progressive irrotational
strain deformation. Grid markers were initially oriented
parallel and normal to the principal extension direction.
(a) Undeformed; <b>\f7 = 1.61; (VA /A, = 2.08;
(d)\/x L y

Successive stages of an experiment showing the behavicur of
a rigid equidimensional inclusion and the deformation of
the surrounding matrix undergoing progressivg irrotational
strain deformation. Grid lines were printed at an aﬁgle

to the principal extension direction.

(a) Undeformed, L)V A = 1.61; (c) VA /X = 2.08;
(d) VA = 2.6

Successive stages of an experiment showing the behaviour
of the matrix and an elliptical. inclusion (a/b = 2:1)
lying parallel to the principal extension direction during

progressive irrotational strain deformation.

(a) Undeformed; (b)VA 2 = 1.61; (c)VA = 2.08;
(d)\/)\ /)\ = 2.6

Successive stages of an experiment showing the behaviour
of the matrix and an elliptical inclusion (a/b = 2:1)

oriented initially at eie = 30° during progressive



Plate VII

Plate VIII

Plate IX

Plate X

Plate XI
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irrotational strain deformation.

(a) Undeformed; (b)\/liﬂ\2 = 1.61; (c)\/)\i/)\2 =
(d) \/)\1/7\2 = 2.6

Successive stages of an experiment showing the behaviour
of the matrix and an elliptical inclusion (a/b = 2:1)
oriented initially at 80 T 90° during progressive

irrotational strain deformation.

(a) Undeformed; (b)\/l,l/l2 = 1.61; (c)\/l&/lz = 2.08;

(a) \/)\1/)\2 = 2.6

Successive stages of an experiment showing the behaviour
of the matrix and an inclusion (a/b = 3:1)oriented initially
at eie = 0 (i.e. parallel to the principal extension direc-

tion) during progfessive irrotational strain deformation.
(a) Undeformed; (b)\/ = 1.61; (c)\/l /7\ = 2.08;
(d)\/)\ /7\ = 2.6

Successive stages of an experiment showing the behaviour

of the matrix and an inclusion (a/b = 4:1) oriented initially
at e. = 30° during progressive irfotational strain defor-
matlon.

(a) Undeformed; (b)\/l /x = 1.61; (c)\/l /% = 2.08;

(d) 11/12 = 2.6

Successive stages of an experiment showing the behaviour of
the matrix and an inclusion (a/b = 4:1) oriented initially
at eie = 90° during progressive irrotational strain

deformation.

(a) Undeformed; (b) VA /l = 1.61; (cIVA /X = 2.08

(d) VA = 1.6

Successive stages of an experiment showing the behaviour
of the matrix and a rigid equidimensional inclusion deformed

inside simple shear box.

(a) Undeformed; (b) y_ = 0.577; (c) Y_ = 0.876; (@ y_ = 1.4



Plate XII

Plate XIII

Plate XTIV
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Successive stages of an experiment showing the behaviour
of the matrix around a rigid equidimensional object
during simple shear deformation.

(a) Undeformed; (b) y_ = C:577; () y_ = 0.876; (d) y_ = 1.4

Rigid rotation of an elliptical inclusion (a/b = 2:1)
oriented initially at eis = 126° (measured with reference
to the shearing direction) and the behaviour of the matrix
during simple shear deformation.

(a) Undeformed; (b) Yo = 0.577; (c) Y = 0.876; (d) Yg = 1.4

The behaviour of the matrix and an inclusion (a/b = 2:1)
oriented at @, _ = 60° deformed inside the simple shear box.

(a) Undeformed; (b) Yg = 0.577; (c) Yg = 0.876; (d) Yg = 1.4

The behaviour of the matrix and an inclusion (a/b = 3:1)

oriented initially at 0, = 121° deformed inside the simple

" shear box.

Plate XVI

Plate XVII

(a) Undeformed; (b) Yg = 0.577; (c) Yg = 0.87635 (d) Yo = 1.4

Behaviour of the matrix and an inclusion (é/b = 3:1) oriented
initially at eis = 57° during simple shear deformation.

(a) Undeformed; (b) y_ = 0.577; () y_ = 0.876, (d) y_ = 1.4

Beﬁaviour of the matrix and an inclusion {a/b = 4:1)
oriented at eis = 126° after deformation inside the simple

shear box.

* (a) Undeformed; (b) Y = 0.577; (c) Yo = 0.876; (d) Yg = 1.4

" Plate XVIII

Behaviour of the matrix and an inclusion (a/b = 4:1) oriented
initially at ei; 57° after deformation inside the simple

shear boxe.

(a) Undeformed; (b) Yg = 0.577; (c) yg = 0.876; (d) v = 1.4

Plate XIX

Experimental simulation of the development of pressure
fringe regions around a rigid circular inclusion undergoing

simple shear deformation.



Plate XX

Plate XXI -

Plate XXITI

Plate XXTIT
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Another example of the formation of 'open spaces' simulating
pressure fringe regions around a circular inclusion during

simple shear deformation.

Experimental simulation of the progressive development of
pressure fringe regions around a rectangular inclusion during
irrotational strain deformation.

Successive stages of an experiment simulating a stretched
belemnite oriented initially parallel to the principal
extension direction during progressive irrotational strain

deformation.

(a) Undeformed; (b)\/X /X = 1.61; ()VA /A =
1" 2
(d) VA = 246

Successive stages of an experiment simulating a stretched

belemnite oriented initially at 85 = 31° during progressive

* irrotational strain deformation.

Plate XXIV

Plate XXV

Plate XXVI

(a) Undeformed; (b) VA /)\ = 1.61; (VA A _ =
1 2
(a) VA = 246

Successive stages of an experiment simulating a stretched
belemnite oriented initially at eb = 48.5° during irrota-
tional strain deformation.

(a) Undeformed; (b) VA = 1.61; (c) 11/12-= 2.083

(d)\/k /)\ = 2.6

Successive stages of . an experiment simulating a stretched
belemnite oriented initially at eb = 58° during irrota-
tional strain deformation.

(a) Undeformed; (b) VA, /A, = 1.615 (c)VA /A = 2.08;

(d>\/11/>\2= 2.6

Successive stages of an experiment simulating a stretched
belemnite oriented initially at eb =A74o during irrotational

strain deformation.

(a) Undeformed; (b) VA /K = 1.61; (c)VA = 2,083
(d)\/k /l = 2.6
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Plate

Plate
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XXVII An experiment simulating a stretched belemnite oriented

*

.initially at eb = 0° (measured with reference to the shear-
ing direction) undergoing simple shear deformation.

(a) Undeformed; (b) Yg = 0.577; (c) Yo T 0.876; (1) Yg = 1.4

XXVIII An experiment simulating a stretched belemnite having

XXIX

XX

XXXT

eb = 31.5° during progressive simple shear deformation.

(a) Undeformed; (b) Yo = 0.577; (c) Yo = 0.8763 (d) Yo = 1.4
An experiment simulating a stretched belemnite having

eb = 57° during progressive simple shear deformation. '

(a) Undeformed; (b) Y = 0.577; (c) Ys = 0.876; (d_),Ys = 1.4
An experiment simulating a stretched belemnite having

eb - 89° during progressive simple shear deformation.

(a) Undeformed; .(b) Y = 0.5775 (c) Yo = 0.876; (d) Yo = 1.4
An experiment simulating a stretched belemnite having

eb_= 1190 during progressive simple shear deformation.

(a) Undeformed; (b) y_ = 0.577; (c) v = 0,876; (d) y_ = 1.4

Plate XXXII An experiment simulating a stretched belemnite having frag-

ments of dissimilar axial ratio (a/b) and eb = 90o deformed

during progressive simple shear.
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