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ABSTRACT

A multi-scale study of cataclastic deformation
within a unilt of tectonically-loaded, clast supported pebble
conglomerates is presented. _Stress-induced intragranular

extension fractures radiate from points of contact between
pebbles, and compargsions with photoelastic studles in
granular aggregates suggest that fracture orientations and
densities are controlled by heterogeneously distributed
stress concentrations at pebble boundaries. Most fractures
are of mode I extension type, although evidence for shear
displacements 13 seen on some pebble surfaces. Indentation
fracture theories are reviewed, and fracture mechanics
equations are used to calculate the force required to cause
failure of a pebble by the propagation of a throughgoing
cone crack. Egtimates are higher +than tectonically
reasonable values by a factor of 10, though the discrepancy
is reduced through the incorporation of subecritical stress
intensity factors in the analysis. '

Fracture and crack orientations and densities are
agsgsessed 1in order to infer compression directions and
relative levels of differential stress at the time of
deformation. 3-dimensional fracture pole data is interpreted
ags resulting from &a sgstress fileld which is heterogeneous
along the 20km. strike of conglomerate exposure. A
quantitative petrostructure technique, desighed for use with
a hand-digitizing pad and microcomputer, 1is developed to
generate crack statistics from oriented hand specimens and
reflected 1light photomosaics' of thin sections. These are
related to fracture pole data, but results are equivocal;
meaningful 3-dimensional extrapolation of linear data
requires extremely large sample sizes._ Crack length
histograms are presented, but these elucidate no meaningful
correlations between crack length and observed density.

Pebble microstructures were studied wusing optical
and SEM techniques. Three distinct modes of failure are
inferred: (1) mode I transgranular cracks, (2) .localized
faulting through the coalescence of microcracks, and (3)
more distributed cataclasis within localized zones.
Transitions are 1nterpreted in terms of variations in
differential stress and effective confining pressure
resulting from different packing configurations for a given
pebble, as well as differencesg in initial miérostructure -
particularly the nature of cementation at grain boundaries.
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Chapter 1

1.1 GENERAL INTRODUCTION

Degpite its fundamental gsignificance in
determining the way in which geological materials deform.‘
the role of s8tregss in the faulting process remains rather
inadequately understood. A characterization of the state of
stress in an infinitely small volume of material is a fairly
simple proposition; forces acting at the boundary of an
element are resolved as tensor quantities on a given plane,
and a sgset of transformation rules enables the determination
of principal stresses for an arbitrary coordinate system.
Unfortunately, the state of stress within a continuum 1is
extremely inhomogeneous in time, and varies from point to
point within a gilven body. A range of equilibrium equations
must be solved to ensure that a body subjected to 1loading
forces at 1ts boundaries remains in equilibrium from point
to point within the continuum. Stressed bodieg usually
respond to those 1loads by deforming, and complex strain
flields arise as each point within the continuum displaces to
a new position. The nature of those displacements is in turn
determined by the particular rheological Dropertie? of the
material. While 1t is often roughly possible to determine a
set of vectors which relate the 1initial position of any
point 4in a body to its position after deformation, it 1s
generally impossible to determine eitber‘ the exact path
those particles followed during their deformation histories
or the orientation and magnitudes of the pringipal stresses
at a given instant 1in time. When one considers that the
processes which effect geological deformation operate at
physically inaccessible depths within the crust and at rates
which are generally too slow to be monitored through direct
observation, 1t hardly seems surprising that fundamental
problems concerning the role of stress 1in controlling
deformation remain to be solved.

In very broad terms, the research presented in
this thesis has been motivated by a desire to investigate
the manner in which stress influences both the mechanics and
geometries of faults within the upper crust, which form via

dominantly brittle processes at relatively low temperatures



and pressures. Previous attempts along similar lines can be
crudely clagssed into three distinct categories, depending

upon the particular approach followed:

1. ANALYTICAL MODELS. In general, these 1involve
the derivation of exact mathematical expressions
which relate the actual stresses and strains which
arise due to loading by applied forces.
Simplifying assumptions relating to distribution
of forces or displacements at the material
boundary (boundary conditions), material response,
and rock homogenelty are often required to make

the resulting equations tractable.

2. NUMERICAL SIMULATION STUDIES. These have come
into inecreasing favor and more widespread use with
the advent of large, high-speed digital computers.
Some of the simplifying assumptions required in
analytical models must be maintained (especially
the approximation of +the body as a relatively
homogeneous continuum), but the investigation of
much more complicated boundary conditions is
pogssible. Stress and displacement functions are
represented approximately at a large but finite
number of points within the body, and solved using
matrices of 1linear algebraic equations. The
investigation of non-linear stress-strailn behavior
is possible by 8pecifying different forms of
material response at different stages in the load
history. One such numerical technique, the finite
element method, has been extensively employed in
the analysis of a range of structural problems of
interest to engineers, and more recently ‘to

geologists and tectonophysicists.

3. PALEOSTRESS DIRECTION INDICATORS.

Collaboration between sgtructural geologists and
rock deformation workers has led to the
realization that certain structural features (e.g.

joints, fractures, cracks, * twin planes, and



faults) develop with a predictable geometric
relationship to the principal stress tensor in
rock masses. In regions where deformation has
produced only relatively small amounts of

permanent strain, it is often possible +to infer

the orientation and variation of principal
stresses within the rock  at the time of
deformation. Studies have been made at a range of

scales, from global dimensions using earthquake
focal solutions, to millimeter-sized rock samples
using grain-scale microcrack orientations. These
approaches enable the spatial homo- or
heterogeneity of principal stress orientations to
be assessed, and often allow semi-quantitative
inferences to be made regarding variations in

stress magnitudes over a given area.

1.2 OUTLINE OF THE THESIS

The work reported in the chapters to follow fits
squarely in the paleostress indicator category. Brittle
deformation within a unit of clast-supported silicic
conglomerates from a thrust sheet within the Cantabrian
zone, which constitutes the foreland of the Hercynian
orogenic belt in NW Spain, has been studied at a range of
scales of observation. On the scale of individual outcrops
dense sets of fractures, generally with widths of less than
a millimeter, were observed to radiate from impingement
contacts between pebbles. Previous reconnaissance
examinations . by workers at the University of Oviedo
(Asturias, NW Spain) and Imperial College indicated fhat the
fractures might be tectonically induced, since they seemed
to develop with a distinct sub-horizontal orientation which
would belie their interpretation as features relating solely
to overburden stresses. The research project was designed to
test those preliminary conclusions, and to furthur examine
aspects of their deformation through a detailed

microstructural analysis.
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An attempt was made to characterize the
deformation of the pebble aggregate 1n'terms of packing
geometries and load configurations; the results are reported
in chapter 2. These are compared with previous rock
mechanics and geological studies of the behavior of granular
aggregateg. Stress distributions arising at points of
contact between indenting spheres are reviewed, and <the
brittle response of rocks loaded at points of impingement is
considered 1in 1light of theories of indentation fracture
within the materials science literature.

In chapter 3, the results of two different
approaches to orientation analysis are presented and
discussed. Three-dimensional measurements of fracture

orientations were made at U4 separate field localities using

a compass/clinometer. The findings are used to make
preliminary paleostress inferences in the area of
conglomerate exposure. Oriented pebbles were collected, and

crack. data from hand specimens and thin sectlons were
generated. A series of microcompter programs were developed
for use with a hand-digitizing pad, 1in order to facilitate
the handling of large 8sets of data from 2-dimensional
sections. Using a method devised by Blenkinsop (1982), the
two-dimensional results were related to the orientations of
pebbles as recorded at the time of collection, and an
attempt is made to determine 3-dimensional crack
orientations from the 2-dimensiocnal data. These are compared
with the direct 3-D measurements to test the applicﬁbility
of the technique. Crack length statistics are presented in
an attempt to make quantitative inferences regarding stress
magnitudes within individual pebbles.

In chapter u, microstructural observations
obtained using reflected, transmitted, and scanning electron
microscopy (SEM) techniques are presented and. discussed. An

attempt 1is made to characterize modes of failure within

individual pebbles, and the effect of initial
microstructural variables (e.g. grain size, sorting, and
mineralogy) and physical properties (e.g. confining

pressure, total differential stress, strain rate, and pore
flulid pressures) in determining mechanical behavior are

considered in light of previous rock deformation experiments

11



and detailled microstructural studies. It is hoped that these
results will help to determine the extent to which
laboratory data can be extrapolated to problems of natural
deformation.

Chapter 5 lists the general thesis conclusions and
suggests furthur avenues of study which might follow
directly from this work. Appendix 1 presents a detailled
description of the microcomputer programs discussed in
chapter 3. .along with summary flow-charts and pfgram
listings. It 13 hoped that their incorporation and

documentation will make them available for wider use.

1.3 FRACTURE NOMENCLATURE

Deformation within the conglomerate unit 1s almost
completely cataclastic 1in nature. Stearns (1968) noted the
esgsential characteristic of strain accomnodation by

cataclastic mechanisms:

" .. Once a rock layer loses cohesion along
fractures and separates into discrete parts, no
matter what their sgsize, 1t can begin to flow by
'displacements of constitutive parts' relative to
one another by mechanical granulation, breaking,
or crushing...."

Within the context of this study, size and fracture are both’

fundamental concepts. For field purposes, fracture can be
sald to occur on a pebble-to-pebble (mesoscopic) scale , and
is easily observed with the naked eye. Displacement along
these fractures can be normal or parallel to the surface
(and in many cases 13 a combination of both), but the
pebblea contain no 1lithological markers, and it 1s thus
difficult to apply "direction of movement" criterias to
individual fractures in the field. The problem peréists at
the thin aection (microscopic) scale, although 1t is
relatively easy to distinguish between microfaults, which
contain crushed material along their surface, and cracks,
which do not. Fractures which appear morphologically
identical when viewed in hand specimen often appear to have
formed by fundamentaly different processes when viewed at

the microstructural level. Because features observed are the



same (Just viewed at different scales using different visual
aids), the overlap in terminology results in a fair degree
of confusion.

To help alleviate some of that -genfusion, I have
described brittle phenomena with particular attention to

gcale of observation and extent of area affected. With

reference to field observations, fracture 1is the commonly
applied term. When describing microstructural
characteristiecs, I prefer to subdivide structures as either
transgranular cracks or microfaults (on the scale of many
grains) and microcracks (on the scale of a few grains). I do
not contend that the distinctions summarized in Table 1.1
are generally applicable to all cataclastically deformed
rocks; I simply feel that they adequately describe the
characteristics of the aggregate materials that comprise the

subject of this study.
1.4 FRACTURE nECHANICS

The .subject of "fracture mechanics" has evolved
within the engineering fields as an approach to predicting
the likelihood of fracture from pre-existing material flaws.
In recent years, workers in the field of theoretical rock
mechanics have increasingly applied the fracture mechanics
‘approach to problems associated with the failure of rocks
loaded in compression under conditions  where dominantly
brittle response is achieved. According to Paterson (1978)

these studies are motivated by two general concerns:

1. The need for an adequate understanding of the
local stress distributions in the neighborhood of
a crack tip, and the relation of this stress field
to the external loading of the body. 4

2. The desire to characterize the response of a
" given material to the state of stress at the crack

tip.

Because continued reference is made to relevant fracture

mechanics studies within the text of this thesis, and

o



because a range of fracture mechanics terminology 1is
employed, a brief summary of the main features of

engineering fracture mechanics 18 presented. Most of the

points presented are taHen directly from Paterson (1978),

and interested readers are referred to to the text by Lawn
and Wilshaw (1975) for a more detailed presentation of the
material. Three main toplcs are presented: (1) stress
intensity analysis, (2) critical parameters for failure, and
(3) environmental effects. These will serve as the basis for

later discussion.
1.4.1 Stress Intensity Analysis.

Despite the fact that non-elastic effects occur in
the iImmediate vicinity of the crack tip in most materials,
the general. analysis of stress distributions in the
neighborhood of crack terminations proceeds via the
classical theories of 1linear elasticity (linear elastic
fracture meéhanics)‘ Provided that the region of crack-tip
non-linearity is small when compared to crack length, the
linear elastic approach provides a reasonably accurate
analysis of the stress distribution around +the crack 4in
question. Stress intensity analysis focuses on the
propagation stage of crack development. once a crack is said
to be "well-developed'"; by providing a measure of the
loading applied to the crack tip from external forces, 1t

enableg one to eastimate its tendency to spread.
Stress Distributions Within the Crack Tip Region.

The sg8implest analysis of crack-tip stresses
involves tﬂe use of the '"sharp-slit" approximation; the
crack is assumed to be perfectly planar, with a sharp tip in
the unstressed state. Three basic plane modes of diastortion
around the tip are considered, defined with respect to a
reference plane that is normal to the straight-line crack

front, as summarized in Figure 1.1A:

i. Mode I-opening mode- corresponds to normal

separation of the crack walls.

L5
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FIGURE 1.1A. The three modes of fracture, as described in
text: I, opening mode; II, sliding mode; I1I, tearing mode.
After Lawn and Wilshaw (1975).

FIGURE 1.1B. Stresses around the tip of a "sharp-slit"

erack, showing rectangular and polar coordinate components

~in reference frame of 1,1A. After Lawn and Wilshaw (1975).

FIGURE 1.1cC. Schematic stress intensity factor (Ki)-crack
velocity (v) curves. The threshold stress intensity . factor
(K:o) and the critical stress intensity factor (Kic) are
shown. After Atkinson (1982).
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i1ii. Mode II- sliding mode- corresponds to mutual
shearing of the c¢crack walls perpendicular to the
crack front. Points on the c¢rack surface are

displaced in the referencé plane.

iii. Mode III- tearing mode- corresponds to mutual
shearing of the crack walls parallel to the crack
front. Points on the crack surface are displaced

normal to the reference plane.

Stress and displacement fields around the crack tip are
obtained by consgsidering distortions as resulting from the
application of uniform loads at infinity, in the absence of
crack perturbations. These correspond to uniform tensile
stress normal to the crack plane (mode 1), a uniform shear
stress parallel to the crack 1in the x-direction (mode
II),and a uniform shear stress parallel to the crack in the
z—-direction. These are also shown 1n figure 1.1A.

Using the sharp-slit aproximation, Lawn . and
Wilshaw (1975) present the general expression for crack tip
stress and displacement fields, as a product of a spatial
distribution function <that 1is8 i1independent of the actual
value of applied stress, and a scaling function that depends
on the applied stress and crack length. Figure 1.1B outlines
the rectangular and polar coordinates for a general
sharp-slit configuration. Solutions for stress are of the
form: ‘

2

ah=K(2nr) f14(0) (1)
and displacements are given by:
- o, '
us= (R/ZEX(r/27)°T5( 8 ) (2)

where values of K are the stress i1intensity factors for a
given mode (i.e. the scaling factor), E 1s Young's modulus,
and.f( ) 1s an angular function determining stress fileld
distribution.

Two important points are noted. First, stress

~1



components vary inversely as the .square root of the distance
from the c¢rack tip 1n all radial directions, although
angular singularities introduced by the sharp-slit
approximation render the expresgion invalid for very small
or very large values of r. Second, stress intensity factors
are additive for a given mode of opening, since the
principle of superposition applies to linear displacements
and stresses. Most general cases of distortion can thus be
treated as &a combination of the three basic modes. The
actual values of K will depend upon the macroscopic s8tress
field and the geometry of the spgiimen. For the specific case
of the pebbles of the Mieres conglomerate, these geometries
are governed by the exact configuration of pebble-to-pebble
impingements. Derivation of <these stress solutions are

discussed in detail in the next chapter.
1.4.2 Critical Parameters for Failure

The general stress intensity analysis outlined
above enables one to .describe the general situation around a
crack tip. It i1s then necessary to characterize the tendency
for the crack to .spread under the action of increased
external load. An energy approach common to many theoretical
studies of brittle failure involves the application of
thermodynamie cosiderations, which equate the change in
applied load to the energy created by crack extension, which
can be subdivided into the elastic strain energy .released
and the surface energy c¢reated. This aspect of crack

propagation is discussed in the next chapter; here it 4is

only important to note the existence of a parameter Known as .

the mechanical energy release rate function, G. The standard
fracture mechanics approach employs this parameter in
developing criteria for local failure. The eriterion for
catastrophic crack propgation 1s expressed in terms of
critical stress intensity factors, which are material
parameters that depend upon the exact physical properties of
the specimen, and are designated as Kic. Krzco and
Kirzeaccording to the mode of opening. For mode I extenaion,

G can be related to Kic by the expression:
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G = (1-v2)/E % Ki% (3)

or for the more general case of a combination of modes, the
critical parameters for failure are related by:

Ge = (1-v)/E x (Kis + Kis%) t Krrre/26 (8)

where E, G, and v are Young's modulus, the shear modulus,
and polsson's ratio respectively.

For practical -purposes, the ‘critical stress
intensity expressions are very powerful, since they enable
the actual crack geometry and precise material behavior to
be incorporated in one material constant, which can be
evaluated empirically. They do " not, however, adequately
describe c¢rack behavior under conditions of 1long term
loading. Various environmental factors generally can combine
to allow a significant amount of crack extension at values
of stress intensity factor substantially below Ki;c. This
rhenomena, known as subcritical or stable crack growth, 1s

discusgsed below.
1.4.3 Environmental Effects

A range of competing mechanisms, gsome .dependent
upon the chemical environment of the deforming system,
affect the kinetics of crack propagation and allow .stable
crack growth to proceed. The subject has received a
considerable amount of attention in the geologic literature,
and the reader 18 preferred to comprehensive reviews by
Anderson and Grew (1977) and Atkinson (1984) for a detailed
treatment. While a range of mechanisms have been called upon
to explain subcritical crack growth (e.g. dissolution,
crack-tip diffusion, ion-exchange, microplasticity), stress
corrosion 1s probably the best understood and .most
extensively documented process. In general terms, it
involves the weakening of strained bonds at crack tips by a
chemical agent such as water. Crack growth occurs at
velocities which decrease from K. to sgaome threshold level

below which no c¢rack propagation is commonly observed.
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Figure 1.4C shows the relationship between crack velocity
and stress intensity factor for subecritical +tensile crack
growth, and the idealized diagram displays the typical
trimodal behavior commonly seen in experiments on glass. The
shape of the corresponding curve for most common rock types
has yet to be determined, though experiments on qQquartz
suggest that the three-stage behavior clearly applies.

A growlng body of experimental fracture mechaniecs
data 1s now availlable for a range of geologic materials,
though 8everal questions must be answered before the
laboratory data can be extrapolated to natural deformation
conditions with any degree of certainty. A range of
variables are known to significantly affect the kinetics of
crack growth, and uncertainties concerning the range of
values possible for each complicate the overall picture.
These controlling factors_ include temperature, grain size,
microstructure, and residual strain. An attempt is made to
qQquantify certain aspects of crack propagation within the
pebbles of the Mieres conglomerate, but it must nonetheless
be notedq that while trends for given paramters are
peasonably well-understood, the exact values for a host of
parameters are stilill the subject of a great deal of

uncertainty.

1.5 SCANNING ELECTRON MICROSCOPY

During the microstructural study (chapter 4), it
was determined that the high resolution optics available
with the SEM were required' to resolve the physical
characteristics of grain boundaries and micron-width
microcracks. Specimens were examined wusing a JEOL JXA
SEM/microprobe equipped with an X-ray energy dispersive
(EDS) spectrometer. The instrument affords several distinet
"modes" of analysis, and two of these were used extensively
and simultaneously throughout this study. To assist the
reader uninitiated in the fundamentals of SEM analysis, the
differences between the modes are briefly reviewed, in order
to avoid confusion with some of the terminology used to

degcribe micrographs in chapter 4. The account follows



from Lloyd (1985) and White et.al. (1984).
Secondary Electron Emission (SEI mode)

In all SEM modes of operation, a target specimen
1s irradiated by a finely focused beam of electrons. In SEI
mode, loosely bound target electrons are exclited by
inelastic collisions with the beam. As the electron beam
scans over the target, i1t stopa on a finite group of points
for a short period of time, and receives a set of signals.
Images appear because signal intensity generally varies
between scanned points. Contrast is observed in SEI images
because the yield and intensity of escaping electrons is
sensltive to the angle between the beam direction and the
normal to the surface of the target. Target surfaces
ineclined at high angles to the incident beam emit 'more
electrons than those with a lower tilt, and thus the SEI
image 1s-one of surface topography. Within the samples
studied here, crack traces and boundaries between clay
minerals and qQuartz were readily distinguishable, since. the
abrasive materials used during polishing preferentially

attacked both crack filling phases and clay minerals.
Backscattered Electron Emission (BSE mode)

Backscattered electrons are i1ncident electrons
which have been reflected back by predominantly elastic
scattering events. The fraction of electrons backscattered
increases with increasing atomic number (2), and by placing
a suitable detector in the electron path it is possible to
study compositionsal differences between and within
individual mineral phases. Minerals with higher atomic
number appear brighter on the screen. '

Using the EDS X-ray spectrometer controlled by a
Link Specfa System, it was possible to perform both
qualitative and quantitative mineral analyses on individual
grains, and thus determine the composition of c¢crack and
pore~filling phases within the pebble microstructures. Since
quantitative mineral analyses were considered to be beyond

the requirements of this study a qualitative determination
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of phases showing different BSE contrast was made. Elements
within a selected "spot'" are identified, an X—ray spectrum

is produced, and major X-ray lines are dHdentified by

comparing their energles with a list of possible X-ray lines

known to occur at that energy. When element analyses are
combined with the BSE contrasts seen on-screen, bhases can
usually be readily identified. i

Plate 1.1 shows the general approach as applied to
a portion of a thin section from one of the pebbles. The
photograph 18 1n BSE mode, and contrast between phases is
apparent. X-ray spectra from point analyses at 5 locations
are shown, and lines point to the individual minerals, which
are identified as 1llite, ©rutile, calcite, and fine
interlatered intergrowths of kaolinite and chlorite. All
mineral identifications from BSE micrographs were arrived at

in this way.
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PLATE 1.1.

X-ray spectra 1lines used to identify mineral phases within
the  backscattered electron (BSE) micrograph shown. The
presence of individual phases is identified on the basis of
atomic number contrasts, which produce signals of varying
intensity for different minerals. Arrows point to the
location of spot analyses, which are used to identify
kaolinite, chlorite, calcite, rutile, and 1illite within the
pore infill, as indicated on the spectra plots. Numbers in
the bottom of the photograph refer, from right to left, to
beam accelerating voltage, hagnification/lo. prhoto number,

and scale (scale bar = 10um.)
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Chapter 2

GENERAL ASPECTS OF PEBBLE DEFORMATION

2.1 GEOLOGICAL SETTING

The Mieres conglomerate 18 part of a package of
Weatphallan (Carboniferous) synorogenic deposita which 1lie
within the Cantabrian Fold and Thrust belt in NW Spain. The
Cantabrian zone forms the frontal unmetamorphosed core of
the Hercynian Orogenic belt (fié. 2.1), and is comprised of
a package of arcuate nappes whose geometry 1is similar to
that seen in other well known fold and thrust belts
(Julivert and Arboleya,1984). Julivert (1973) has proposed a
model for the sedimentation-deformation relationships within
the zone, and he outlines several stages of sedimentological
development. These are briefly summarized, as they place the

syhorogenic deposits in an evolving deformational framework:

1. A thick clastic wedge of pre-Namurian Paleozoic
sediments, thinning towards the east, was
deposited in a platform environment on top of

pre-Cambrian basement.

2. Orogenic activity within the internal zones of
the developing Hercynian belt created
gravitational slope instability, leading to 1local
deposition of Namurian turbidites and isolated

olistostromic deposits.

3. As a result of increased tectonic movements on
eagstward directed thrusts, emergent land provided
a source for Carboniferous sedimentation. A 5000m
thick sequence of paralic sediments was deposited
in what 18 today known as the Central Coal Basin,
within the center of an arcuate shaped mountain
system. The Mieres conglomerate is exposed in the

northwest corner of this basin, and presumably



Study Area

Mesozoic and
Tertiary cover

Nsmurian rocks

Namurian and
Muscovian limestone

Other Paleozoic rocks

CENTRAL
COAL
BASIN

FIGURE 2.1. Structural sketch of the Cantabrian zone.
Bost indicates location of the study area. (After
Julivert, 1978).
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formed an a set of large fans being shed from a
wegterly source (fig. 2.2B). The Central Coal
Basin formed =as a large subsiding basin, and
trapped the flow of terrigenous material which
continued unimpeded both to the north anda south to

form thick sequences of Westphalian turbidites.

Figure 2.2A shows the geographical relationship
between major thrust units and the position of the Mieres
conglomerate. A northern splay off the La Sobia thrust
separates the Coal Basin sediment unite from a major stack
of pre-orogenic Paleozoic sediments, and the fault contact
lies 1leass than one kilometer (in a direction perpendicular
to the bedding-parallel thrust plane) from the top of the
Mieres unit. The tectonic significance of this overlying
thrust sheet will be discussed in Chapter 3, when the nature

of the load which deformed the succession 1s considered.

2.2.1 DESCRIPTION OF CONGLOMERATE UNIT

The Mieres conglomerate forms a sedimentary
succession with an average thickness of 670m, in beds
striking NE-SW and dipping at angles of between 45 and 60
degrees NW. Lateral exposure is limited; the unit terminates
within a distance of 20km along strike. In most outcrops the
conglomerate 18 1ntensely weathered, and clean exposures
with intact matrix occur in only 5 fresh roadcut sections.
Figure 2.3 shows a sketch map of the unit; the location of
the main localities is8 marked. Sedimentary features are
relatively uniform from one locality to the next, but vary
with vertical position in a given section. Plate 2.1a sghows
the general appearance of a typical roadcut as seen at a
building site near Ollonlego (see fig 2.3). Here bedding
dips 1in the direction of the arrows; there 18 a clear
suggestion of preferred clast alignment, with the long axes
of individual pebbles aligned subparallel to bedding. Both
the degree of sorting and mean pebble size are variable over

the range of a given roadcut, and in some cases the
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FIGURE 2.2A. Schematic crossg section across the Northern
Cantabrian zone, illuétratinz the posgition of thrust

surfaces in the wedge of pre-Carboniferous sediments. (After
Julivert and Arboleya, 1981).
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DISTRIBUTION OF THE MIERES CONGLOMERATE

CENTRAL COAL BASIN
ASTURLAS NW SPAIN

Distribution of Frieres

Misres conglomerate

w_ Thrust contact Olloﬁlego
st Coal Basin boundary N
Aguilar
/ Fault \
O Qutcrop locality caod\}\‘ River
— Ablafa 1
N
. Ablana 2
0 km

FIGURE 2.3. Map illustrating the present-day
distribution of the Mieres quartzite conglomerate.
Qutecrop localities visited during this study are

circled. (After Corrales et.al., 1978.)
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PLATE 2.1 (General outcrop appearance of pebble unit.

A. Roadcut appearance of quartzite conglomerate. Bedding
dips in the direction of black arrowse, and there is a fairly
strong alignment of pebble long axes in the dip-direction.
Note the differential weathering between claste and matrix,
which often enables the reliable determination of 3-D

packing configurations. Hammer for scale.

B. A more detailed view of a typical pebble outcrop. From
this range, fractures radiating from points of impingement
can be easilly picked out; arrows isoclate two such contact
points. In this photograph, an apparent preferred
orientation of fracture planes is evident, running

diagonally across photo. Lens cap for scale.

C. Illustration of the unstable nature of many roadcuts. Due
to the mechanical weakness of the matrix material, heavy

rains create widespread slope instabilities.
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variation 18 aystemmatic. Corrales et.al. (1971) attribute
these variations to rhythmic egedimentation within the
alluvial fan environment. Table 2.1 summarizes the main
sedimentary featurens of the Mleres conglomerate. It should
be noted that both sedimentological and structural featuresn
of the Mieres unit are strikingly simlilar to a 8get of
qQuartzite conglomerates described by Wiltschko and Sutton
(1982)'from a Tertiary basin in western Wyoming, USA. In the
description of s8tructural characteristics which follows,

relevant comparisons will be duly noted.

2.2.2 DESCRIPTION OF PEBBLE DEFORMATION

The most spectacular gtructural feature of the conglomerate
unit is the development of a pervagive set of mesoscopic
fractures which radiate from points of impingement between
individual ©pebbles. Plate 2.1B illustrates the typical
fracture configuration observed. Since the salient
deformational features at the outcrop scale are virtually
identical to those described by Wiltscko and Sutton (1982)
for the Pass Peak, Wyoming pebble conglomerate, much of

their terminology will be repeated here.
Nature of Contacts

Each 1individual pebble is in point contact with a
group of surrounding pebbles, the exact number of which 1is
determined by local packing characteristices. In some cases,
contact points are marked by regions of surface abrasion,
presumably produced by some form of grinding.process. All
pebbles show at least two contact marks, and larger pebbles
contain many more. In many c¢ircumstances one pebble
appreciably interpenetrates another; examination of many
such 1interlocked pairs shows that in all caéea the geometry
of one pebble remains relatively undistorted, while the
second develops a marked zone of concavity. In almost all
areas where interconnected networks of pebbles were studied

in-gitu, it was possible to demonstrate that contact pits
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UNIT 'THICKNESS

Approx. 800 M,

PEBBLE COMPOSITION

95% quartz, with the ranainder
canprised of detrital micas and
pore-filling clay minerals,

AVERAGE PEBBLIES SIZE

Approx. 10 cm.

MAXIMUM PEBBLE SIZE

Approx. 40 am.

DEGREE OF ROUNDNESS

Axial aspect ratio (long/short)
ranges from 1.0-2.6, with an

overall mean of 1.65.CFrom Corrales et.
al,, J971)

SORTING

llighly variable, depending
upon location within vertical
sequence.

TABLE 2.1. Sumary

Mieres conglomerate.

of

sedimentological

features of the
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and marks were products of pebble-pebble interaction, and
that they contained high concentrations of I1mpingement
fractures. All field evidence supports the conclusion that
the pebbles arrived in place both unmarked and unfractured,
and that fracturing occured in response to BYN- or
post-depositional stresses.

McEwan (1978) initially examined several groups of
pebble. conglomerates (including examples from the Mieres
conglomerate) as part of a s8tudy into pressure sgsolution
processes in naturally deformed rocks. He interprets the
contact pits as diffusional mass transfer phenomena and
shows that contact zones within predominantly monomineralic

pebbles are characterized by the following features:

1. Where volume loss between pebbles occurs,

insoluble residue (1i11ite, montmorillonite,
kaolinite, quartz fragments, iron oxides, and
organic remains) accumulates, and the amount of

residue deposited 1s directly proportiocnal to the

measured volume losgs.

2. The width of the pebble contact, and thus the
radius of curvature of the indenting pebble,

determines the rate of pebble pitting.

3. Rotation between pebbles during deformation is

common.

4, Microcracking within quartz pebbles occurs in
the vicinity of contacts; crack widths range up to
S5um, and the cracks were presumably nucleated
early 1in the solution process when stress

concentrations were greatest.

From these considerations, it seems clear that the size of
individual pits will be influenced by both the overall
applied stress level and the initial stress concentration,
but pit depth or width cannot be taken as independent
measures of the degree of deformation within a given pebble.

The fact that solution processes are operating indicates

o
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that stressg gradients will be continually modified in
regponse to diffusional mechanisms. The mechanical
implications of this interplay between diffusional mass
transfer mechaniamg and fracture processes will be discusned

in section 2.4.2.

Nature of Impingement Fractures

Wiltschko and Sutton (1982) classified fractures
from the Pass Peak pebbles into three overlapping groups,
based on the degree of observed deformation. The
classification appears to apply equally well to the pebbles
of the Mieres conglomerate, and the distinguishing

characteristics are thus summarized here.

Group 1. - Pebbles show destruction of surface
polish at contact marks. Fractures within pebbles
appear randomly oriented and evenly distributed.
Most fractures are short (<10¥% of pebble length)

and terminate within the pebble interior.

Group 2. - Pebbles show well developed contact
marks, and a large degree of fracturing. Contact
marks appear slightly lighter in color to the rest
of the pebble. The length of major internal
fractures commohnly ranges from 25% to the whole of
the entire pebble, while shorter fractures change’
direction often and either connect major fractures
or branch into finer fracture networks. Long
fractures are generally straight, occur in
sub-parallel bundles, and commonly connect contact
points. Morphological considerations suggest that
larger fractures are not generally products of

coalescence of smaller individual fractures.

Group 3. - Major fractures run the length of a
single pebble or terminate at another fracture.
Bundles of parallel crack networks connect contact
marks, and fragmentation of the quartzite occurs

in the immediate vicinity of contacta. The contact
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pits exhibit conslderable crushing, and a system
of conically-shaped fractures run inward from the

outer edges of the pebble pits.

While the above classification characterizes
mesogcopic aspects of deformation reasonably well, it
partially masks complications which arise from differences
in microscopic failure behavior. For this reason,
microstructural aspects of pebble deformation are considered
in considerable detail 1in chapter . In the remainder of
this chapter, aspects of deformation directiy observable at
the field scale will be considered. At this 1level of
observation, the intensity and orientation of impingement
fractures appear to be dominantly controlled by the nature
of individual contacts. In the following section, a range of
contact geometries will be described, and the fracture
patterns observed will be compared with the results of both
analytical and experimental studies of the state of stress
within granular aggregates. It should be emphasized that
these interpretations depend upon the treatment of each
pebble as a single particle, and that behaviour within each
pebble will be independent of the small gcale
microstructure. The- validity of that assumption will be
questioned in chapter u, but in general, the continuum
treatment of individual pebbles appears to hold for

observations made at the outcrop scale.
2.2.3 MESOSCOPIC FRACTURE GEOMETRY

As previously noted, fracturing at points of
pebble i1impingement represents the most gtriking structural
feature of the Mieres conglomerate. The Cantabrian zone
contains numerous individual groups of Westphalian
synorogenic deposits, but deformation within these usually
occurs 1n the form of long transgranular fractures, which
maintain a falrly constant orientation as they transect
individual clasts. Quite clearly, the mechanical behavior of
the two types of conglomerate 1s fundamentally different:; a
preliminary discussion of some piloneering studies of

aggregate behavior in the field of experimental rock



deformation will seorve to examine the nature of that

difference.

Transgranular vg. Intragranular Fractures

The main rationale for considering 1individual
pebbles as single continua stems from a desire to treat them
as large scale analogs of individual quartz grains, for the
purpose of comparison with rock deformation experiments in
sandstones. In a series of experiments using prhotoelastic
models, glasgs beads, and unconsolidated quartz grains,
Gallagher et. al.(1974) examined the relationship between
cement properties and crack behavior in granular aggregates.
They showed that the state of stress within individual
grains in an uncemented aggregate 1is controlled by the
manner in which the applied load is transmitted at contact
points between individual grains. Photoelastic studies
showed that strong stress concentrations commonly occur at
points of contact, and that different contact geometries
exhibit varying degrees of stress concentration. Figure 2.0
shows the results of one of these experiments; an uncemented
group of elements of Columbia resin (a common photoelastic
material), shaped to simulate sand grains, 18 loaded by a
pair of parallel plattens. Figure 2.4A shows the resultant
igsoclinics (lines of equal orientation of principal
stresses), and figure 2.U4B the corresponding isochromatics
(lines of equal magnitude of maximum stress difference).
Stress intensity concentration is clearly heterogeneous, as
evidenced by the varying degree of isochromatic density in
different grains. Nonetheless, the number of fringes
connecting contact points 18 greatest in an orientation
parallel to the direction of applied load, and falls away at
angles to the direction of maximum applied stress.

As part of the same study, Gallagher et.al.
demongstrate that fractures follow a path which i1s the locus
of the greatest values of maximum stress difference (ie.
parallel to the highest order isochromatic fringe), and are
thus predominantly of the extension type. Since the
isochromatic fringe orders show a preferred orientation

parallel to the direction of applied load, the resultant
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FIGURE 2.4. Results of a study of stress cohncentrations 1n
photoelastic elements shaped to gimulate rock grains. Discs
are randomly packed. (A) Zero-degree isoclinics, as
prhotographed in plane 1light, ililustrate orientations of
maximum principal stress within grains. (B) Isochromatics,
a8 photographed 1in circularly-polarized 1light, ilustrate

variations 1in maximum 8s8tress difference within grains.

(After Gallagher et.al., 1974).
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fractures should exhibit the same degree of preferred
orfentation, although the exact range and distribution of
orientations will depend upon the nature of the contacts.

When aggregates are cemented, the results are
markedly different. Stress concentrations exist, but are
located at the center of individual grains. Concentrations
at contacts are of very low magnitude. Microfracture
patterns are predicted by assuming that orientations depend
strongly on the direction of applied 1load, and that
fractures propagate 1n a direction that is parallel to the
greatest principal stress trajectory in regions where
maximum stress differences are highest. If the corresponding
fractures are alsgso extensional, they should show a high
degree of preferred orientation, in a trend that follows the
mean orientation of fractures in uncemented grains.

All natural sandstones commonly show some degree
of cementation. Nonetheless, the two sets of experiments by
Gallagher et. al. (1974) can be viewed as end members 1in a
continuum which i1ncorporates all degrees of cementation.
While not an impeccable measure of the degree of cementation
in a rock, it is generally true that low porosity sands are
more strongly cemented than high porosity sands, paricularly
after the early stages of deformation when grain boundaries
are preferentially broken. Dunn et. al. (1973) performed a
series of brittle fracture tests on sandstone cores whose
porosities varied from 2% to 24%. Thelir results c¢learly
demonstrate that 1in low porosity samples, intragranular
extension cracks only develop in the viecinity of
throughgoing fault zones. In the very porous specimens,
intragranular extension cracks were much more widely
distributed, and exhibited a range of orientations similar
to that predicted by Gallagher et.al. on the basis of their
photoelastic studies.

Applying the results of the preceding discussion
to the Mieres conglomerates, I reach the conclusion that
deformation within the unit must have occurred when the
pebbles were either uncemented or very weakly cemented together,
Since the mesofractures are clearly stress induced, 1 also
expect them to s8how a degree of preferred orientation

similar to that predicted by GQGallagher et.al.. The next,



chapter presentn the resultn of an attempt to test the
validity of that agsumption. In the remainder of this
chapter actual crack geometries within 1individual pebbles
will be related to their load configuration, strean
solutions for point contact gecometries will be reviewed, and
the degree to which predictions of fracture behavior

corregspond to natural examples will be assessed.

2.3 DEFORMATION CHARACTERISTICS WITHIN PEBBLE AGGREGATES

The geometry of a given packing configuration
strongly 1influences both the s8ize and distribution of
contacts within an aggregate materiasl. Because stregs
concentrations at intragranular contacts play a fundamental
role in determining the mechanical response of an uncemented
aggregate subjected to an applied load, a knowledge of the
relationship between packing geometry and the corresponding
fracture networks is important. The degree to which
parameters such as grailn size, sphericity, and sorting
influence the mechanical behavior of an aggregate is a
subject which has been left largely unexplored in the rock
deformation literature, although results of rock deformation
experiments performed using rocks with a range of initial
microstructures (Hoshino et.al.,1972) suggest that a large
set of sedimentological variables may affect the brittle
response of rocks deformed at shallow depths in the earth's
crust. The Mieres conglomerate provides an ideal laboratory
for the study of these interrelationships, at a scale which
allows direct visual observation.

Ideally, packing configurations should be studied
in three dimensions, since the behavior of fractures and
cracks out of the plane of section is a subject which has
produced much speculation (see Kranz, 1984) but 1little
direct evidence.lt was hoped that careful examination of a
volume of pebbles would allow a detailed three dimensional
analysis. Unfortunately, roadcuts tended to become very
unstable when samples were extracted (Plate 2.1C). Because
preferential erosion of matrix with respect to pebbles
occurs, however, the pebbles have a tendency to stand out;

in many casBes this is sufficient to enable accurate
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dotermination of fracture trends and pebble depths.
Consequently the detailed study of roadcut sections cenables
a reasonable determination of the spatial relationships
between groups of pebbles and the fractures they contain.

In general, impingement fractures within pebblen
were not visible from distances at whiech photography of a
large g8et 13 possible. For this reason, 2-dimensional
"fracture maps'" of portions of 2 roadcuts were prepared, at
the 1localities of Ablana and Olloniego. The aim of this
study was the determination of mean fracture trends; it had
the added advantage of directly relating a set of
impingement fractures with +the contact geometry which
produced them. Plates 2.2A,B show photographs of the mapped
section areas at Ablana and Olloniego respectively, and
Figures 2.5A,B are the associated sketch maps. Several

important conclusions are presented from the mapping study:

1. No consistent relationship was observed between
packing configurations and crack networks. In some
sets small, tightly packed pebbles, often enclosed
by &a ''shell" of larger pebbles, produce the
highest concentation of fracturing. Elsewhere,
suitably oriented larger boulders support most of

the overall load.

2. Impingements between two pebbles which are in
contact over much of their 1lengths do contain
Q¢Mm3{mdu&gdespite the fact that the large surface
area of contact reduces the stress concentrating
effects. Generally, however, a curvature mismatch
occurs at these 1interfaces, which might be an
important stress concentrator prior to the
development of solution pitting. Where. they are in

smooth contact, little fracturing is observed.

3. Fracture trends exhibit no signs of the effect
of bedding-induced anisotropy due to alignment of
pebble axes 1In the bedding plane, though this
behavior 18 often associated with deformation in

unconsolidated sands (Arthur and Menzies,1972;
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PLATE 2.2 Photographs of areas from which

fracture

shown in fig. 2.5 were prepared. Scale as indicated.

A. Ablana locality.

B. Olloniego locality.

maps
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Yamada and Ishihara,1979). Small pebblen are
widely interaspersed throughout the aggregate
network, and they provide a proportion of point
concentrations which 18 high enocugh to ensure that
fractures develop with a preferred orientation
that reflects the orientation of the principal

stress tensor.

L. Where two large pebbles are geparated by a
smaller pebble, fractures occur in all three, but
the smallest pebble generally exhibits the highest

fracture density.

These observations generally supbort the notion
that sedimentological shape variables affect mechanical
behavior in uncemented rock aggregates. The degree of
sorting, in particular, influences fracture trends by
controlling the distribution of point contacts. Poorly
sorted samples would generally be expected to show a
stronger preferred orientaion than samples with more equant
clast slzes, because they contain a greater number of
contact marks per unit volume for the same mean grain size.
In a thorough, detalled study, qQuantitative assessments of
these interrelationships might reveal correlations between a

host of structural and sedimentological variables.
2.4.1 IMPINGEMENT FRACTURE THEORY

The observations discussed in the previous section
suggest that stress concentrations at contacts are
controlled by a range of factors which lnclude the area of
individual contacts, the number of contacts on a given
pebble, and the relative size of 1impinging particles. To
some extent, these factors have been explored within the
materials science literature, in the field of 1ndentation
fracture mechanics (Lawn and Wilshaw,1975; Lawn and Swain,
1975) . In addition, McEwan (1981) performed a series of
photoelastic experiments designed to examine stress
distributions within pairs of particles which

interpenetrate. The results of these studies help to assess



the way in which applied stress is distributed and

transamitted acrosg contactsg.

2.1.2 STRESS FIELDS

2.4.2.1 Hertzian Indenter

The shape of a gilven indenter plays an important
role in determining the s8tress boundary conditiona in
contact zones. Hertz (1881) examined the . nature of the
stress field which results from loading a flat surface with
a spherical indenter, and Lawn and Wilshaw (1975) describe
the main characteristicse of the ideal Hertzian field, as
follows. A linear elastic half space is subjected to normal
loading by a sphere of radius r. If E and E' are taken as
the Young's modulii and v and v' as the Poisgaon ratios of
specimen and sphere respectively, then three equations are
sufficient to specify the loading conditions for any common
indenter arrangement. The radius a of the circular elastic

contact is given by

as = 4kPr/3E (1)

where P is the applied normal load and k is a dimensionless

congtant ,

k= 9[(1-v'2) + (1-vZ)E/E"] (2)

The distance of mutual aproach ,Z, between contacting bodies

is given by

I3 =(dk/3E)ZP= /r (3)

Figure 2.6A shows the resultant stress
trajectories of the Hertzian fielaq, with the associated
contours of principal normal stress drawn in Figure 2.6B,
Maximum tensile stress occurs at the edge of the contact
area and 1s8 radially directed, falling off with radial

distance p from the contact circle according to



FIGURE 2.6. Stress filelds assgociated with Hertzian indent
configuration. (A) Half-surface view (top) and side view
(bottom) 6f principal stress trajectories, plotted for a
value of Poisson's ratio, v=  0.33. AA denotes area of
contact. (B) Contours of principal normal stresses, (1)o, ,
(i1) 0,y (1i1)o0y;, in Hertzian field, shown in the plane which
contains the contact axis. Contours are plotted for v= 0.33,
unit of stress 18 po (aplied load), contact diameter AA is
2a. (After Lawn and Wilshaw, 1975).

FIGURE 2.7. Half surface view (top) and side view (bottom)

of greatest principal stress in elastic specimen in contact

with s8liding sphere (motion 18 left to right). (A)
Coefficient of static friction, £, = 0.1. (B) £= 0.5. Unit
of stress is8 po, and dashed linesg are (surface view) and

(side view) drawn from the position of maximum tensile
stress 1in the specimen. v= 0.33. (After Hamilton and

Goodman, 1966).
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U/ Vo =(l-2vioalpys, (pr=ad (i)
The mosat slignificant concluslons one can draw rom the

regultant streas field are:

1. Extremely high stress concentrations form at

the edge of the contact zone.

2. Gradients are most severe for small contact

areas.

In practical situations, force is rarely applied
exactly normal to the specimen surface. Where tangential
forces arise at the interface due to lateral motlon between
indenter and sphere ( a situation which undoubtedly occurs
at pebble contacts), substantial modifications to the stress
field will arise. Hamilton and Goodman (1966) provide
complete stress solutions for this situation for a range of
values of £, the coefficlent of kinetic friction. These are
shown 1n figure 2.7. With respect to the 1deal Hertzian

field, two chief differences are noted:

1. Behind the indenter, tensional forces are
dramaticaly ennhanced, ' whereas ahead of the

indenter's path, tensions are greatly suppressed.

2. There 1s a reduction in stress gradient below
the trailing edge of the moving sphere, as well as
a marked deviation away from the axial symmetry of

the Hertzian field.

2.4.2.2 Interpenetrating Contact

As the geometrical boundary conditions associated
with a given contact deviate from symmetric configurations,
exact stress solutions become intractable. In his study of
the brittle behavior of pebble conglomerates which show a

degree of lnterpenetration, McEwan (1981) performed a series



of photoelantic experiments designed to semi-qQquantitatively
demonstrate the effects of increasing the axrea of contact
between surfaces. A photoelastic disc 7.5cm 1in diameter was
loaded against a gpet of 6 rectangular blocks. Out of each
block, a circular segment corresponding to a presgure
solution pit at different stages of develoyment was cut.
Isochromatics and isoclinics (s8ee section 2.2.3.1) were used
to study stress trajectories and potential shear planes in
the indented surface.

Figures 2.8 and 2.9A summarize the model results.
In figure 2.8A the isochromatic fringe patterns for three
stages of 1ndentation are drawn. Clearly, the location of
stress maxima shifts to the contact boundaries as
indentation proceeas, until a critiecal contact area is
reached. At this point, the maxima return to the center of
the contact area, but the gradient decreases 1in both
contacting bodies. These distributions are used to calculate
the trajectories of potential shear planes (assuming an
angle of 1internal friction of 30 degrees), as shown in
figure 2.8B. In figure 2.8C trajectories of o0, are drawn
(dashed 1lines); these represent potential paths for mode I
extension fractures. They are compared with trajectories of
U, (8olid 1lines), drawn normal to the curvature of contact
between the two bodies. The diagram illustrates the fact
that whlle the two sets of trajectories deviate away from
the center of the contact area, they are generally
subparallel over the central part of the plt. Extension
fractures will presumably form within a small angle
(generally < 30 degrees) of the normal to the center of the
pit, a fact which McEwan confirms with orientation
measurements from a set of deformed pebbles in the French
Alps.

Figure 2.9A(1) 18 a plot of several 1independent
measures of stress (see figure caption for descriptions)
versus contact area. The curve defined by a set of open
sqQquares 18 a plot of maximum principal stress difference vs.
contact area. The curve 18 compared with calculated results
of mean and maximum compressive stress, which were
determined assuming a <c¢onstant stresa over the contact

surface, and a maximum compressive stress equal to 1.5 times
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FIGURE 2.8. Stress fields assoclated with interpenetrating
contact configuration.

A, Isochromatics (lines of maximum principal s8stress
difference) found from loading photoelastic disc against (a)
a plane surface, (b) a circular cut-out of .635cm depth, and
(e¢) a circular cut-out of 2.54 cm depth.

B. Potential shear planes developed for six different load
configurations of increasing cut-out depth, assuming an

angle of internal friction (¢) = 30 degrees.

C. Trajectories of o, (dashed 1lines) and ¢, (8olid lines) for
the six loading configurations, as in B.

(After McEwan, 1981)
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FIGURE 2.9 (A) Stresa/contact area relationships for
different indenter configurations. (1) The maximum
isochromatic fringe order (squares), maximum compressive
stress on contact (large dots), and mean compressive stress
on the contact (small dots) plotted against the contact area
between the disc and block of figure 2.8. (ii) The value of
maximum principal stress in the surface region of a planar
surface (i.e. spherical indenter penetrating elastic
half-space) with the same elastic constants as the indenter,
due to Hertzian loading (indenter radius = 0.005m, E= 5.5 x
10%* MPa, v= 0.25) with a load of 250kg; plotted againat the

distance from the contact center. Calculated from Hertz
(1881).

FIGURE 2.9B. Parameters for Hertzian cone crack
configuration. P= applied 1load, a= contact radius, Pe =

surface location of initial flaw, ce=initial flaw length,
and r= radius of 1indenting sphere. (After Lawn and Wilshaw,
1975).

FIGURE 2.9C. Parameters of Roesgler cone crack
configuration. Ro= contact radius, R= radius of
well-developed cone, and P= applied load. (After Roesler,
1956).
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tho mean value. Filgure 2.9A(11) 138 a plot of maximum tenpnile
stresn vs. contact arca, as calculated from the Hertzian
equations. Both plots show a marked decrease in their

respective stress measgures with an inerease in contact area.

2.0.3 MECHANICS OF FRACTURE

Having described the stress field associated with
a given 1indent configuration, it is necessary to further
characterize fracture formation by identifying the mechanism
by which a crack nucleates (the initiation stage), as well
ags the path 1t will follow once gtarted (the propagation
stage). Lawn and Wilshaw (1975) present a complete review of
indentation fracture theory, and relevant aspects will be
summarized here.

The propagation stage is of paricular interest in
the study of pebble fracture, since 1t 18 observed that
fractures commonly terminate within a given pebble. A
quantification of the factors which control fracture arrest
is8 especlially desirable, since energy balance considerations
suggest that propagation 1s generally a "stable'" phenomena;
i.e. fracture length 1s8 directly related to the magnitude of
applied load for the case of a spherical indenter. If this
principle holds true in rocks which deform by indentation
processes, it might be possible to wutilize crack data to
obtain rough estimates of the stress magnitudes required to

initiate failure.

2.4.3.1 Crack Initiation

A given fracture mechanics analysis assumes a
Knowledge of the prospective crack geometry, which appears
as the stress intensity factor in analytical equations. In
polycrystalline materials, it is agssumed that initiation
begins from '"flaws" (pores or micron -scale microcracks),
which upon achieving some critical length, become "dominant"

and develop into discrete propagating cracks. The probable

(
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location of a favornble starting flaw 1s determined by the
indentation sgstress field, and it seems reasonable to assume
that cracks will initiate 1in regions of highest tensile
stresnoen (i.e. at the contact surface or along the applied
load axis). Lindqvist et.al. (1984) document nucleation
arising 1in both areas during a series of indentation tests
on a varlety of rock types, which were directly observed
under the SEM. It should be noted that inelastic deformation
at s8ingular points (1.e.dislocation "pile-ups') may cause
nucleation of new flaws 1in favored locations. Regardless of
the physical nature of the nucleation point, however, it 1s
relatlively safe to assume that initiation will occur in a
location which 18 controlled by the tensile stress field

agsociated with indentation.

2.4.3.2 Propagation

The propagation stage of c¢rack formation is
considerably more amenable to quantitative analysis. The
applied loading system 1s the only driving force, and the
extension path 18 derived from the familiar Griffith energy
balance concept. The tendency for a '"well-developed" crack
(a crack which outgrows the influence of its nucleating
forces) to continue extending is governed by a thermodynamic

budget of the form

U= (=W +Ueg ) +Usg (5)

where U 18 the total energy of the system, W . . is the work
done by the applied forces, U ¢ 18 the elastic gtrain
energy in the cracked body, and Us 1is the total surface
energy of the crack. In applying the "fracture mechanics"
formulation, the variation in these energy terms is

considered with respect to crack area C,

A/ dC =d(-W ¢ + U ¢ 2/dC + dUg /dC = -GI't+ 2 (6)

where G 18 the mechanical energy release rate and [ 18 the

fracture surface energy. In an ideal brittle soclid, where no

energy 1s dissipated when new surfaces are formed, ' is

(3}



synonomous with }, the crack surface energy per unit area,

The relative orientation of a given increment of
extension will be that which maximizes the quantity G-2§
;for 1sotropic solids )V 18 uniform in all directions, and
the extension path 1a8 thus governed by a maximization of @
alone. Unfortunately, determination of the mechanical energy
release rate function is analytically impossible, because of
the complex geometries encountered in indentation problems.
Nonetheless, by making certain very general assumptions, one
can proceed with an approximate analysis.

For the Hertzian fieldq, an explicitly defined
crack geometry - the Roesler cone crack - is specifled. The
parameters of the configuration are shown in figure 2.9B. A
starting flaw of effective length cr, located at a distance
pr from the contact center, experiencesn a vevry
inhomogeneous, time varying tensile field. For an analysis
to be feasible, several approximations concerning subsequent
crack growth from that flaw must be made. Specifically,
knowledge of the starting point of the crack is supposed,
and it is8 furthur assumed that the c¢crack 1is8 subjected to
plane atrain conditions, and will exactly follow the
indentation stress trajectories,

Crack growth 18 subsequently modeled in two
stages. Roesler derived an expression for the mechanical

energy release rate function of the form
G= k(v)PZ /ERS (R#>Ro) (7)

Where Ro and R are the radiil of contaet area and growing
cone respectively (see fig. 2.9C), k(v) is a dimensionless
function of poisson's ratio, E ig Young's modulus, and P is
the applied load. It should be stressed that the
relationship is derived for crack growth in a vacuum, and
the relationships cannot be directly extrapolated to crack
growth which occurs in the complex chemical environments
commmonly present 1in naturally deforming systems. Here,
kinetic factors briefly discussed i1in Chapter 1 must be
considered. For the purpose of this discussion, it should
simply be noted that a crack which is at équilibrium

(neither growing or closing) in a vacuum shows a tendency to

(1



regsume growth without the application of furthur load when
air is admitted to the system. This observation outlines the
difficulties one encounters when attempting to relate the
length of a given crack to the magnitude of the load which
produced 1it.

The Roesler expreassion for the mechanical energy
release rate function 1is not applicable to the early stages
of crack growth, when the stress field of the indenter
contact 18 superposed upon the stress field associated with
the loaded starting flaw. The mechanical energy release rate

function, G, initially takes the form

G = P/kr[w(c/a)]v,p',- (8)

where P,k, and ¢ are defined as previously, and ¢ 1is a
dimensionless function of a, the radius of contact between
sphere and surface, and pe, the radial distance from the
contact center and the s8starting flaw. ¢ 18 generally
evaluated numerically. Figure 2.10 s8hows plots of this
function for two different values of pe/a, and comparesg the
results with the Roesler solution. Quite substantial
deviations from the Roesler values occur for normalized
crack lengths leas than 1. Also, the position of the
starting flaw appears to strongly control the value of ¢ ;
note the presence of a "hump'" in the ¢(¢/a) curve for pe/a =
1.2, and its absence for lower values of normalized crack
length.

Using this more complex near-field expression for
G, a sequence of initial propagation can be predicted. The
details are omitted for simplilcity, but two essential

results are noted:

- In a vacuum, U4 stages of growth are predicted.
Two stable growth phases, separated by a short
period of unstable growth, precede the subsequent
formation of a full cone crack. Full cone
development proceeds only after the application of
some critical load. The value of that load \is

dependent upon the 3ize of the indenter.
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FIGURE 2.10. Plot of mechanical energy release rate funtion
for the case of cone crack formation. Curves are computed
for 2 different starting locations at the specimen surface,

for flaws which experience inhomogeneocus, time-varying
stress fields. Also shown are curves corregponding to stress
fields undiminished from surface values, and the Roesler

expression for a fully-developed cone crack. (After Lawn and
Wilshaw, 1975).

FIGURE 2.11. (A) Isochromatic fringe patterns for
naturally-shaped photoelastic discs subjected to a range of
load confilgurations. Dark 1lines are grain boundaries, and
light lines are isochromatic fringes. Six load
configurations are illustrated: (a) single load, (b) double
load, (c¢) triple load, (d) quadruple load, (e) beam loadq,
and (f) combined 1loads. (B) Predicted fracture patterné
(internal lines) associated with the loads in (A). (After
Gallagher et.al.,1974)
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- Under non-vacuum test conditions, growth occurs
in a rate-dependent manner, and 1s controlled by a
reduced, environment-dependent value of fracture
surface energy. The critical condition for cone
formation i/ a function of time spent 1in dynamic

growth, which depends upon crack velocity.

2.4.4 MODEL CALCULATIONS

To gilve the fracture mechanics equations sgsome
physical meaning, it 18 instructive to apply the Roesler
solution directly to the problem of pebble fracture. The
initiation problem i3 dignored, since there seems little
doubt that initial flaws are sufficiently abundant to allow
the growth of well-formed cone fractures, If one assumes
that indentation fracture growth proceeded stably, equation
(7) should allow one to calculate the force needed to
propagate a cone crack across the diameter of a single
pebble. While the Roesler solution is derived for a circular
punch indenting an infinite half space of elastic material,
his experiments ghow that specimens of moderate size (i.e.
centimeter dimensions) give wvalid results. Boundary effects
near specimen edges will have a tendency to cause deviation
of the crack path before the cone actually reaches the
pebble edges, but as a firast approximation these can be
overlooked.

From equation (7) we can relate the applied force

to crack radius by
P2= GERS/k(vVv) for R>>Ro (9)

For a spherical pebble 10cm in diameter, the crack radius at
failure will range from 3 to 5cm, depending upon the angle
of the cone. Contact marks measured 1in the field have
diameters of perhaps 1cm, yielding a ratio of R/R: of
between 3 and 5. In his experiments, Roesler analysed
geometries with R/R., ratios of between 3 and 7, and found

that the ratios of crack radius to applied force varied by

[y



leasa than 10% for dJdifferent sized indentersa. Thug, the
contact to cone radius ratios determined from pebble
obgervations nhould be amenable to the cone crack analysiag.
Valuean of the mechanical energy release rate
function (G), Young's modulus (E), and poisson's ratio (v)
can be estimated from values obtained for Oughtbridge
Gannister, a qguartzite which is microstructurally similar to
the pebbles of the Mieres conglomerate. Hadizadeh (1980)
reported values for poisson's ratio and Young's modulus of
.194 and 2.4 x 10'° Pa respectively. G c¢anh be calculated
from the critical mode I stress intensity factor, Kic, from

the following expression:
Ge = Kre(l = VZ)/E = 204, (10)

where 2Q. i8 the fracture sgurface energy. Taking a value of

Kie 0of 1.35 + .2 MPa m " (Meredith,1983), we then have:
Ge = (13303 (10)=w (1=(.19d4)=)/2.4 ¥ 10'° Paz/m u Pa

=72.9 Pa/m = 72.% J/m=

It should be emphasized that this is the value of G for
catastrophic (l1.e. fast) crack propagation. Atkinson (1984)
notes that subcritical crack growth commonly occurs at
valueg below K;., 80 that the value of G uged here will

represent an upper limit bound.

Roesler calculated the value of k(v) numerically,
and found that for a poisson's ratio of .2, K= 2.5 x 107>,

Combining these values 1in equation (9), we have

1019)(.Q5¥) /2.5 % 10~ PaZp
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To calculate the resultant stress, force must be divided by

the contact area; for Ro = .5H5cm,
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= 1.17 % 10* MPa.

When compared with experimental data on the
fallure strength of Oughtbridge Gamister (Hadizadeh and
Rutter,1983), the calculated value gseems high by at least a
factor of 10. Water saturated specimens deformed under
confining pressures of between 0 and 400 MPa were found to
have ultimate strengths of between 700 and 1300 MPa. Dry
samples ghowed higher ultimate gtrengths, but faulted
specimens never exhibited strengths greater than 1500 MPa.
It seems unlikely that the quartzite which comprises the
conglomerate pebbles 13 anomalously strong, so 1t is
instructive to consider the possible sources of

overegtimation.:

(1) As previously noted, G has been calculated
using the critical stress intensity factor, Kic.
Experimental data from subcritical crack growth
studies show that subecritical cracking can occur
at values of K: below Kic, and Atkineon (1984)
notes that cracking may occur at values of —stress
intensity factor which are 10-20% of the critical
value, K¢.. Since both K(. and P appear asg square
terms 1in equation (9), the stress required to
break a pebble might be lower than the calculated

value by a factor of U4 or 5.

(2) Purely mechanical pore flulid effects may allow
the rock to crack at lower differential stresses,
particularly 1if the propagating c¢rack 1s filled
with fluids.Provided strain rates are slow enough
to allow pressure eQuilibrium within the growing
erack (thus preventing the dilatancy hardening
effects observed by Brace and Martin (1968), the
differential 8tress required for failure will be

governed by an effective stresas law of the form:

Oy = 05— K Pu,0 Sii

J
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Whare oy is the applied stress, K i3 a conastant (which
can be taken ag 1 1if the fluilds are fully effective 1in
acting on individual rock grains) and 8;j is Kronecker's

delta.

(3) Wwhile the assumption that the physical properties
of the émrtzue_ pebbles are agimilar to those of
Oughtbridge gannister may be dubious, it seems unlikely
that the estimate will produce gross errors. If
anything, the value of G obtailned for gannister is low
when compared to that obtained for other experimentally
tested sandstones and quartzites (Atkinson, 1984).
Consequently, the calculated force cannot be
substantially reduced by assuming much lower fracture

toughnesses.

(4) Since the crack radius, R, appears as a cubed term
in equation (9), this seems the likeliest source of the
discrepancy. 1If the gquantitative treatment 1sg turned
around (le. assume a more reasonable ultimate strength
of 1200MPa), one can quickly calculate the maximum
radius cone which might be expected to form from a

contact 1cm. in diasmeter. From equation (6), we have:
RS = k(v)P=2/EG (11)
and using the values obtained above we obtain:

R® = (2.9)0C1.2)(3.14) (00502 x 10%)/(2.d4)(72.7) x 102°

and RS = 1.27 » 1073 o=

or R=2-3cm

(@
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2.5 OBSERVED BEHAVIOR: A COMPARISON

Having explored several theoretical predictions of
crack geometries based on indentatjion fracture theories, it
remains to compare these predictions with some of the
fracture patterna actually observed within the Mieres
conglomerate. Plate 2.3A 18 a clogse-up view of a typical
impingement contact between two equal-sized pebbles, and it
illustrates several important features. In an overall sense,
the cone crack geometry develops according to Hertzian
indent theoryi a set of sub-parallel fractures radiates from

the contact zone (P) and widens away from that interface. In

detail, however, two differences are noted. First, the
"ecrack" develops as a series of closely spaced
discontinuities, and not asg a single cone. In addition, the

set does not propagate with its initial configuration across
the entire width of the pebble. Black arrows indicate
positions where significant bending of fracture traces
occurs., It is interesting to note that this deviation 1=
seen at a value of crack radius equal to approximately 2c¢cm.,
the maximum expected cone crack radius as calculated in the
previous section. Presumably, path deviation occurs in
response to the imposed boundary conditions on the pebbles.
Initiation and the early stages of propagation will be
dominantly influenced by the near-field streass around the
nucleating contact, but as a given fracture extends, its
direction will also be controlled by the s8tress field
arising from the other contacts of the pebble. In
thermodynamic terma, it may be true that the cone crack
configuration maximizes the mechanical energy release rate
in the near-contact field, but as the fracture propagates
furthur from the contact, a new crack path may become more
"energy efficient'". Hence, cracks which propagate at a high
angle to the pebble long axis early in their growth history
may change paths and proceed nearly parallel to that axis as
they extend.

The gtress field solutions of Hertz and McEwan,
which are based upon contacts between a spherical 1indenter
and semi-infinite plate, ignore the effect of neighboring

contact fields, but a re-examination of the photoelastic
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PLATE 2.3. Detailed views of contact/fracture

configurations.

A. Impingement between two equal-sized pebbles (P) produces
classgic Hertzian cone c¢rack geometry. In detail, the
fractured zone contains 4 or 5 discrete surfaces which trend
at a constant angle to the contact normal then change

direction within the pebble interior (black arrows).

B. Comparison of fracture behavior in zone with poor size
sorting. Arrows point to fractures identified as extension

("e") and shear ('"s8'"), as described 1in text.
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aggregate 1in Gallagher ct.al.'s study (fig. 2.0) shows the
importance of stress field interference in cases where the
ratio of applied 1load to pebble dimensions ia high. They
also aagessed a range of jdealized contact geometries likely
to arise 1in well-sorted, well-rounded aggregates, and
proposed a corresponding set of fracture patterns which
might be expected to develop according to the extension
fracture c¢criterion. These are shown in figure 2.11. Again,
fracture geometries as geen in the field often correspond to
the general model predictions, but stress 1is relieved
through the formation of dense fracture arrays, and not by
the formation of a discrete single surface. The two small
pebbles in plate 2.3B are 1loaded 1in the diametral
configuration of figure 2.11B(b), and the arrow marked "e"
points to a network of extension fractures. Formation of a
dense fracture set presumably reflects the scale difference
between individual quartz grains and pebbles (or laboratory
specimens) comprised of a collection of grains. In an
individual grain, the formation of one or a few extension
cracks might dissipate much of the applied mechanical energy
through the formation of new surface energy. In a pebble,
the formation of one fracture is presumably insufficient to
maintain energy equilibrium as stated in the Griffith energy
balance equation. The growth of several fracture surfaces is
presumably required to restore equilibrium throughout the
volume of the pebble. It would seem that the amount of
fracture gurface area which must form to restore the energy
balance depends upon the volume of the loaded particle,
assuming the stress acrogs the contact is constant

Furtheér differences exist between the
load-fracture relationships determined by Gallagher et.al.
{(1974) and those which have evolved in the course of this
study. In many ©pebbles, evidence exists to support the
conclusion that (a) individual extension fractures coalesce
to form macroscopic shear faults within single pebbles, and
(b) rotation between pebbles at contact points initiates
shear gliding along fractures which originally developed as
mode I type. The large pebble in plate 2.3B contains two
surfaces marked "a" which developed with a markedly

different orientation to the dominant extensional set within
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the pebble ("e"), and displacement was inferred to have
ocurred out of the plane of the photograph. Plates 2.4B,C
illustrate more spectacular examples of the same phenomena.
In 2.4B, a brittle shear zone (Ramsay and Graham,1970)
develops 1in the large pebble; the boundaries of the zone are
alizned‘parallel to the pencil, and a dense set of fractures
develops at a high angle to that boundary. In 2.U4C, the
large pebble 1is fragmented by a set of conjugate faults
whoge trends are bisected by a network of fractures running
horizontally across the photograph. Both examples sgshow an
anomalously intense stress concentration withih the affected
pebbles, or an anomalously weak response to the applied
load.

Evidence for reactivation of mode I extension
fractures 18 based primarily upon microstructural evidence,
though certain mesoscopic features are thought to be
diagnostic of s8liding activity. Plate 2.4A shows a set of
pebbles which contains a well-developed fracture network
running horizontally across the photograph; marked
topographic offsets are apparent on many of the surfaces. It
is thought that these regult from small but significant
displacements along the fractures. Grinding and plucking
assoclated with sliding results in cataclastic slize
reduction of quartz grains, and this serves to enhance the
topographic effect as the faulted surfaces act as effective
fluid conduits and become progressively eroded.

One final point should be noted: a falr degree of
caution must be exercised when attempting to relate the
fracture traces observed in outcrop to the stress field
under which they are inferred to have formed. Filgure 2.12
shows hand tracings of fracture patterns observed on planar
cuts through individual pebbles. In detail, the patterns are
highly complex and reflect a marked degree of 1interaction
between fractures. The patterns are particularly varied near
pebble edges, which may indicate that sliding along contacts
initiates a 1range of orientations of small cracks which
develop in response to the changing s8stress field (recall
fig. 2.7). In chapter 4 1t will be shown that, at still
smaller scales, a range of microstructural variables

influence the geometries of crack configurations. The
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PLATE 2.U‘

A. A set of contacting pebbles contains a group of
sub-horizontally aligned fracture traces, displaying visible
topographic offsets. Surfaces are thought to have originated
as extension fractures, along which subsequent gliding has

taken place.

B. "Brittle shear zone' gimilar to those described by Ramsay
and Graham (1970). Boundaries of zone are aligned parallel
to pencil, and a set of curvilinear traces trends at a high

angle to this boundary.

C. Fragmentation of a pebble along &a set of conjugate

fractures. "Pie-shaped" slice within densely fractured

pebble picks out two dominant fracture trends.
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combination of these factors serves to limit the extent

to

whieh a given fracture set can be interpreted solely in

terms of ite packing geometry.

bJ

FIGURE 2.12. Detailed crack tracings from planar cuts
through six pebble sgurfaces, 1llustrating the pervasive
extent of internal cracking and complexity of patterns

produced. Note especially the non-uniformity of crack
orientations around pebble edges.



Chapter 3
CRACK AND FRACTURE ORIENTATION STATISTICS

3.1 INTRODUCTION

Careful scrutiny of either of the meso-scale
fracture maps in Chapter 2 seems to suggest that, on the
scale of 1individual exposures, the impingement fractures
develop with a strong degree of preferred orientation (see
plates 2.1B and 2.4A as examples). In the previous chapter I
discussed the degree to which single pebbles could be
treated as large scale analogs of quartz grains. This being
the case, development of preferred alignment of fractures
should be expected, assuming that the pebbles failed in

responge to a load with a component of differential stress;

numerous experimentalists have noted the tendency for
intragranular microcracks to align within 30? of the
direction (e.g. Gallagher et.al.,1974; Conrad and

Friedman,1976) during triaxial tests. Recently, Blenkinsop
and Rutter (1985) have s8tudied cataclastically deformed
rocks from the Moine Thrust Zone in NW Scotland..and report
a similar tendency for naturally formed extension
microcracks to show a strong preferred orientation. It was
hoped that by measuring fracture orientations within the
conglomerate, the extent to which deformation in the pebblesn
mimicked that seen 1n smaller scale studies could be
ascertained. Determination of mean fracture orientations
might then prove useful in assessing the nature of the load
that produced the observed deformation.

The study of fractures is very much a
scale-dependent process, since the magnification at which
structures are viewed profoundly influences exactly what one
sees., For this reason, impingement fractures within the
Miereas conglomerate were measured at individual outcrops
with a compass/clinometer, and thin sections were then
prepared and subjected to closer scrutiny using a

combination of optical and scanning electron microscopy



techniques. In this way, orientation data collected in the
field provided the areal coverage needed to assess the
nature of the stress field along strike of the conglomerate
unit (i1.e. ita uniformity or lack thereof), and data
obtained from a more limited number of oriented specimens
was used to relate microstructural characteristics to the
meso-scale observations.

| The chapter 18 divided into two sections. In the
firat, 3-dimensional orientation results are presented based
on direct field observation. The second section describes a
method of studying 2-dimensional surfaces with the aid of a
hand-digitizing pad and microcomputer, and relates the
results determined with this technique to those obtained in

section 3.2.

3.2 FIELD MEASUREMENTS
3.2.1 Method of Analysis

In most cases, preferential erosion of matrix with
respect to clasts in a glven roadcut allowed for
3-dimensional measurements on a single layer of exposed
pebbles. The general method of measurement involved
identifying fractures initiated at contact points, assessing
their trend as nearly as posible by following the fracture
trace on the exposed pebble surface, and measuring the
strike and dip of the inferred plane with a
compass/clinometer. Fractures often occur in sgets which
radiate from contact marks; where this configuration was
observed, the mean trend of that sgset was measured. Where 3
or U4 fractures run as parallel sets across a pebble, one
measurement was taken to represent the set. To minimize
statistical bias, measurements were made on roadcut faces
oriented at right angles to each other. In addition, an
effort was made to measure every visible fracture in a
collection of pebbles; in this way, more deformed pebbles
were not assighed undue statistical significance. Clearly,
the method is not entirely precise; accurate estimation of

the trends of individual fractures was not always possible,



particularly where fractures terminate within the interior
of a pebble. Additionally, the treatment of fractures
aligned sub-parallel to the trend of roadcuts is a
problematic one., In some cases, the planes could be
correlated with visible contact marks and mecasured as usual.
In other instances, they appear to be products of shattering
assoclated with the construction of the roads themselves.
Despite these difficulties, orientation
measurements are probably falrly accurate (i.e. +5° for both
strike and dip). At least 90 measurements were made at a
given outerop, and it is therefore considered that the

results can be treated with a fair degree of confidence.
3.22 Results

Figures 3.1A-D present equal-area lower hemisphere .projections
of poles to fracture planes for data from Ablana, Aguilar,
Olloniego, and Frieres respectively. Three 1mﬁortant points
are noted:
1. All plots show a definite preferred
orientation, with a point maximum of at least 8

times a uniform distribution.

2. Three of the four plots (Aguilar, Olloniego,
and Frieres) show some indication of a submaxima

forming at high angles to the dominant maximum.

3. The orientation of the maxima are significantly
different along the strike of the conglomerate
unit. The measurements from Ablana and Aguilar
vield a common pole cluster at 270/60, presumably
because the 1localities are less than 2km apart.
The trends at both Olloniego and Frieres, however,
are significantly different; at Olloniego, a
diffuse maximum is developed , spread widely from
090/40 to 200/60, with a maximum of 12 times
uniform at 115/40. At Frieres, a tight cluster
forms at 000/60, with a less strong grouping at
080/50.
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FIGURE 3.1. EqQual-area stereographic projections of poles
to fracture planes, as measured in the field. Contours are

drawn in terms of "x'" times a uniform distribution.

A) Ablana. 120 fractures; contours at 2,4,6,8,10 times
uniform.

B) Aguilar. 90 fractures; contours at 2,4,6,8,10 times
uniform.

C) Olloniego. 166 fractures; contours at 1,3,5,7,9
times uniform.

D) Frieres. 103 fractures; contours at 2,4,6,8,10 times

uniform.









3.2.3 Discusasion

The fact that a definite point maximum exists for
each locality indicates that fracturing occurred in response
to a non-hydrostatic streass field. Despite the fact that
fractures 1initlate from point contacts whose normals are
randomly oriented in space, some contact configurations
initiate more fractures than others. Points (2) and (3) are
much more puzzling. The fact that definite submaxima
develop, however, would seem to indicate that not all
fractures can be simple mode 1 extension fractures. In
addition, the non-uniformity of fracture orientations must
either indicate a very non-uniform stress field within the
basin £111 sediments at the time of fracturing, or reflect
later rotation of beds without significant rotation between
pebbles. Before proceeding with a discussion of the
significance of the three points outlined above, 1t is
instructive to consider the distribution of fracture
orientations one  would expect by assuming that actual
fracture patterns correspond closely with the theoretical

predictions discussed in the previous chapter.

Pure Extension Mode

If all fractures were purely mode I extension
type, a single point maximum would be expected to develop in
the plot of fracture poles. Fabric intensity would fall off
fairly uniformly from that maximum, for two primary reasons.
Firstly,., contact points other than those whose normals are
aligned parallel to the compression direction will radiate
fractures, and pebbles might be expected to rotate in
response to the applied stress. In addition, the shape of a
given contact will influence the nature of the resultant
fracture (recall Fig. 2.10), causing a variation in the
angular spread. The method used to make individual
measurements will tend to minimize that spread since in most
cases the mean trend of a given set is taken to represent

its orientation.

Combined Fracture/Microfault Mode



Not all rocks faill via mode I extension
fracturing, particularly asg the number of structural flaws
in single loaded particles increases. Gallagher et.al.'s

(1974) extension fracture criterion may i1indeed hold for
individual grains (where the ratio of stress concentration
near  contacts to grain size d1s high), but for larger
particies. the transition from extensional fracturing to
failure along shear faults cannot be ignored. Results of
rock deformation experiments on triaxially loaded cylinders
indicate that at low confining pressures unhindered
propagation of extensional cracks quickly leads to failure
by axial splitting (e.z. Heard, 1960; Wawersik and
Brace,1971), a condition that could be described as
“"mesoscopic" mode I failure. Numerous studies (Nemat Nasgser
and Horii,1985; Friedman and Logan,1973), however, show that
ags the effective confining pressure increases, mesoscopic

failure occurs along faults oriented at angles of 30° to U45°

to the compression direction. The exact mechanism of failure

is s8till widely debated (see Brady,1974:; Rudnicki anda
Rice,1975: Cleary and Rudnicki,1976; Peng and Johnson,1972)
but it certainly involves the formation of a critical
denslity of extensional microcracks which coalesce and allow
the rotation of particles along discrete fault surfaces.
Detailed microstructural results of this study will be
presgented in the next chapter, but for the purpose of the
present discussion, it is noted that both extensional
fractures and shear faults exist 1in i1individual specimens,
and the two cannot be readily distinguished on the basis of
field evidence. In many cases, fractures which appear to
have initiated 1in extension mode show evidence of later
reactivation as shear surfaces, presumably as a result of
local pebble rotations resulting from compaction. The
predicted orientation of fracture poles will not be markedly
different; extension fracture distribution will roughly
mimic <that produced by failure in extension mode. Depending
on the ratio of shear faults to extension fractures, a
definite submaximum (or pair of submaxima) will form at an
angle of 30° to U4%K° degrees to the densest point maximum,

but 1in practical situations, this may not be gstatistically
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separable due to normal data scatter. Figure 3. 2A
1illustrates two pebbles subjected to an applied load, figure
3.2B depicts two potential responses to that loadling, and
figure 3.2C shows the corresponding plots of fracture poles
which might be expected to result from several pebbles

undergoing similar deformation.

During the collection of orientation data i1in the
field, no attempt was made to distinguish between the two
classes of fallure surfaces; it was tacitly assumed that
fractures would develop only as mode I type. In some cases,
a system atic topographic offset within sets of subparallel
traces was observed (plate 3.1B), a feature initially
attributed to preferential weathering due to enhanced f£luid
access. In retrospect, however, 1t appears that those
offsets are a result of minor displacements of a millimeter
or less on fractures with =a consistent sense of sghear
(figure 3.3). Development of these gtep-like features 1is
limited, however, to a 8small percentage of all fractured
pebbles; of the 15 samples collected for microstructural
study, only 2 show evidence of dQdisplacements large enough to
enable reliable determination of +the movement sense. By
distinguishing between pebbles which show clear topographic
offsets and those which do not, it might be posaible to
determine if a given maximum on the plot of fracture poles
representa shear or extenslonal fracture trends, though the
distinction might be blurred by the effects of shearing on
initial extensional planes. At any rate, no such distinction
is possible 1in the data from this study, since time
constraints allowed for only a single field visasit.

Despite these limitations, certain definite
conclusions can be drawn from the three main features I have
outlined with respect to the fracture pole orientation
diagrams. The orientation of the point maxima at each
locality seems to preclude the interpretation that
deformation of the pebbles resulted purely from overburden
stresses, a conclusion reached by Wiltschko and Sutton
(1982) for the Pass Peak conglomerate on the basis of purely
mechanical considerations. The magnitude of overburden might

certainly have been sufficient to initiate fracture, but the
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FIGURE 3.2. Schematic sketch illustrating potential response of

a group of pebbles to a distantly applied load transmitted across
impingement contacts. Diametrally loaded pair of pebbles (A)

might fail via mode I extension fracturing (B i), or a
combination of extension fracturing and shear faulting (B ii).

(C) shows the equal-area projections which might result from
field measurements at the outcrop.
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PLATE 3.1.

A. Photograph of planar cut through hand specimen (OL2).
Crack traces are visible, and these were used to prepare

crack maps from a series of hand specimens (Figs. 3.9-3.17).

B. Surface view of hand specimen (o0l13), showing the
appearance of topographic offsetsg which result from small

displacements along shear faults, as shown 1in Fig. 3.3.



PLATE 3.1




FIGURE 3.3. Sketch 1llustrating topographic offsets on
pebble surface, produced by systemmatic offsets on

microfaults with a consistent sense of shear.

FIGURE 3.4. Orientation of faults produced 1in laboratory
tests on ‘cubic (22 ®x 22 x 22mm) samples of Sierra granite,
as reported by Aydin and Reches (1982). Points represect
poles to fracture planes, which appear to occur in 4

distinct groupings in an orthorhombic symmetry.
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predicted orientation of the maximum principal strens
ansgoclated with overburden would be near vertical.
Regardless of the nature of the Mieres fractures, their dips=s
should exhibit a tendency to clugter within 30 degrees of
vertical. Insteadq, the maxima all correspond to fractures
which dip at between 30 and 50° degrees, indicative of a
non-vertical maximum compressive stress.

The position of submaxima 1in relation to the
definite maximum at each locality seems to belie a
consistent dinterpretation. The distribution of poles at
Olloniego (fig. 3.1C) sBuggests a partial great circle
girdle, or more exactly, two partial girdles which intersect
at the maximum. The girdles might well represent locii of
shear fault planes which have developed as a conjugate pair
bisected by mode I extension fractures. The angular spread,
however, seems too large (50° to 60° degrees along a great
circle trace between pole maxima) to prove that
interpretation. It should be emphasized, however, that both
of the collected samples which show well developed shear
planes come from Ollonilego. Distributions from Ablana
(fig.3.2A) and Aguilar (fig.3.1B) fit a combined extension
fracture/shear fault model somewhat better. Both show well
developed point maxima, with a corresponding spread of data
confined to 352 -U40° dezrees. along a great circle trace on
either s8ide of that maximum. The data from Frieres
(£f1ig.3.1D) showa a slightly greater spread of poles (U45°
from the point maximum), but the additional variation falls
within the range of possible measurement error outlined 4in
gsection 3.2.1.

It should be noted that both the Aguilar
(£ig.3.1B) and Ablana (fig.3.1B) plots show statistically
significant submaxima of poles in the southeast quadrant of
the projection. In both cases, that submaximum occurs at
least 90° along a great cilrecle trace from the maximum, and
cannot be fit to the models already described. Two possible

explanations are proposed as alternatives.

(1) Aydin and Reches (1982) proposed, after
studying the orientation of several hundred faults

in sandstones from the Western U.S., that faults
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commonly occur in #i distinct sets in a given arcea,
in essentially orthorhombic symmetry. They report
the results of a series of triaxial compression
tests on rectangular shaped blocks, which confirm
that similar distributions are seen in the
laboratory specimens (fig. 3.4). If simlilar fault
mechanisms were operative in the deforming
pebbles, the right angled distributions seen might
be products of the same single failure event; the
measurement technique used 1in this study would
almost certainly make the separation of U4 fault

sets statistically impossible.

(2) The submaxima may represent a genetically
different set of fractures, related to a shifted
regional stress field. In Chapter 2, I noted that
a second phase of deformation produced tightening
of the Hercynian arc, and was responsible for a
set of concentric folds which post-dated most
thrust movement. If one assumes that the densest
group of fractures formed during the development
of the basic fold-and-thrust architecture, then
the submaxima could be 1indicative of 1later

tightening.

I have already discussed the difficulty of
estimating principal stress directions to more than 307
degrees accuracy using the fracture pole maxima as dinput
data. Nonetheless, a range of s8tress orientations can be
postulated for each locality on the basis of those pole
distributions. If one assumes that the direction of
maximum principal stress is oriented at 90”? to both the 1line
of intersection of the possible shear fault and extension
fracture planesg, as well as the inferred direction, then a
partial great circle can be drawn to represent the range of
possible compression directions (fig.3.5). There appearsg to
be sufficient lack of overlap of these calculated ranges to
Justify the conclusion that stress 1s heterogeneous along
strike of the conglomerate unit. Bedding strikes vary by

less than 20° and dips by legg than 15 degreeg between the
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Figure 3.5. range of compression directions inferred from field
data at the four localities of fig. 3.1. (1) Ablana, (2) Aguilar,

(3) Olloniego, () Frieres. Position of maximum compressive

stress is assumed to be perpendicular to the line of intersection
between extension fractures and shear faults, as well as the
inferrred 03 direction.



four localities studied, which implies that the scattercd
distribution of compression dAirections 18 not a result of
rotation of the entire conglomerate unit during arc
tightening. Inastead, it must be a result of changing thrust
geometry 1n the zone near the western limit of the Central
Coal Basin. Work by Rowe (pers.comm. 1985) using calcite
twin lamellae asgs paleostreass indicators should test the
prliminary conclusions reached on the basis of this fracture

study.

3.3 2-DIMENSIONAL DATA

Pebbles were collected from three 1localities for
the purpose of studying the characteristics of individual
fractures in greater detail. While the results of this part
of the study help to clarify the conclusions reached in the
previous sectilon, the general aim of the 2-dimensional
analysis 18 to characterize the crack patterns observed, and
to explore the effect of scale-dependence on the degree of
preferred orientation evidenced in a given pebble. All work
wasg done with the aid of a hand-digitizing pad and
microcomputer; programs developed in this prototype study
should serve ag the basis for furthér, system atic
statistical analyses of the distributed crack behavior in

cataclastically deformed rock.

3.3.1 Sample Preparation

Logistical constraints prevented me from
collecting more than a few select pebbles from a given
locality. As a result, the small sample size dictated the
way in which sections were cut and prepared for study. Most
specimens were cut roughly parallel to the long axis of the
pebble, in a plane which contained the greatest number of
visible fractures. For statistical purposes., two mutually
perpendicular planes cut in the same orientation for all
pebbles would have enabled a more complete comparison with
the three-dimensional work outlined in the previous section.

The method chosen, however, ensures that the area of a given
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fracture network most likely to show microstructural
evidence for phenomena asngoclated with failure can be
studied.

Three distinect sets of data have been analysed
quantitatively, with the aim of exploring the variety of
information one can obtain at different scales of
observation. (1) Overall crack pattern networks were studiled
directiy from the facesg of rocks cut for thin section
preparation. Plate 3.1A shows the appearance of the cut face
of specimen OL2; a relatively dense fracture network is
visible to the naked eye, and resolution is enhanced by
smearing several droplets of immersion o1l onto the rock
face. Hand tracings of all observable cracks were made at
true =8scale, and the subseqgquent maps were enlarged to
magnifications of between 2x and Ux for digitizing.(2) Large
(3"x2" or 3"x4") thin sections were prepared for several
pebbles, and studied using standard optical techniques.
Transmitted 1light photomosaics of two of the sections were
prepared. Visible cracks were traced onto successive Al (297
X 210mm) sheets, and subsequently digitized. Raw data was
filtered wusing Program WFRCOR (see Appendix 1 for program
descriptions and 1listings)., which assembles individual
sheets 1into a global map. (3) 6 1"x2" thin sections were
prepared, mechanically polished, and studied with reflected
light, tranamitted light, and SEM techniques. Crack
statistics were obtained from reflected 1light photomosailcs
of each slide, using the technique described above. Several
authors (Brace et.al.,1972; Simmons and Richter,1976) have
qQquestioned +the use of mechanical polishing on c¢racked
samples. While evidence from this study supports their
claims that the process generated a limited number of new
microcracks, it seems less likely that cracks of the size
measured here (most transect or follow the boundaries of
several grains) are produced during the preparation process.
Ion milling of specimens which contain stress-induced
microcracks appears to be the favored polishing technique
(Kranz,1984), but Hadizadeh and Rutter (pers.comm.) notea
that, when used on sands cemented by optically continuous
silica overgrowths, the etching process accentuates all

grain boundaries, rendering a distinction between cracked
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and uncracked boundaries imposgible. In general, the results
obtained with a fine mechanical polish appear to be
acceptable. Crack densities are reported in terms of percent
of total plotted against orientation. Where assessments of
absolute dengities are made, it 18 done 1in qualitative
terms, in order to characterize the relative damage within a
saet of 'pebbles. If the preparation process does indeed
generate new cracks, the number generated should be similar

for all thin sections.
3.3.2 PETROSTRUCTURE ANALYSIS
3.3.2.1 Introduction

Attention within the rock deformation literature
is generally moving toward attempts to relate a number of
bulk rock properties (e.g. permeability, resistivity, and a
range of elastic deformation and failure properties) to the

overall structure of a given rock type. Warren (1982)

defines the general term petrostructure to denote the
combination of mineralogical, petrographic, and
microstructural variables which characterize the bulk

physical properties of a rock. In that study, he ocutlines a
statistical approach to the problem of correlating bulk
properties to the corregponding petrostructure, and
demonstrates the method with a prototypal study of two
granites from a U.S. Department of Energy borehole in New
Hampshire. The same general approach is used in this study,
but significant simplifications have been made to the
statistical programs to make them more directly applicable
to the microstructurally simpler quartzite starting
material. On all scales, I have been chiefly interested 1in
assesslng the degree of visible damage, as represented by
cracks and microcracks resolvable on the basis of visible
contrast and morphology, using the microscope facilities
available at Imperial College. Blenkinsop and Rutter (1985)
discuss the use of cathodoluminescence 1in studying
cataclastically deformed natural rocks, and conclude that
C.L. techniques can often delineate microcrack margins as

lines of non-luminescing quartz, which otherwise appear as




trails of bubbles when viewed optically (Knipe and
Whito.1979). Becauge C.L. facilities are currently
unavailable, it was concluded that statistical analyses at
the magnifications used by Warren (1982) might reveal only a
limited subset of the cracks which were actually important
in controlling mechanical behavior., A8 a result, a wide
range or‘nodal (i.e. unidimensional) parameters have been
omitted from the petrostructure study, because they require
an exact and detailled knowledge of all cracks in the section
studied 1f they are to be of use.

Quite clearly, a more detailed s8tudy of bulk
physical properties would require the identification of
features such as distance between crack branches (i.e. crack
diffusion distances), spatial distribution of crack forking
zones, and interrelationships between crystallographic
orientation and c¢rack 1length and orientation data. At
magnifications low enough to enable the study of longer, and
often wider, cracks, however, overall crack behavior seems
to be most strongly controlled by the principal stresses in
a given pebble, which in turn depends upon that pebble's

particular load configuration.
3.3.2.2 Model Data

Bearing the above considerations in mind, the
statistical analysis in this study is based on purely linear
data. The determinationof both crack number and density with
respect to orientation was deemed particularly important. In
addition, the c¢crack 1length distribution was computed for
each sample analysed. Because of the exploratory nature of
this work, several mapping techniques were tested, and these
essentially form a continuum between two end-members. At one
end of the spectrum, mapping was done with the aim of
digitizing the minimum number of endpoints between 1line
segments. Using this approach, kinks in a single long crack
are ignored, and where cracks fork or branch, an attempt 1is
made to incorporate one branched segment into a longer crack
which proceeds 1n both directions from that branch point.
Where dense networks of c¢racks coalesce to form a

sub-parallel set, their trend 1is approximated by mapping one
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or two representative cracka on the digitized grid. Only
where the curvature of a single crack exceeds some large
value (usually between 30° and U0° degrees) 18 the crack
subdivided into branches for the purpose of revealing that
curvature.

At the other extreme, the resolution of +the
digitizing pad itself is taken to be the controlling factor
in determining how a crack pattern is mapped. The digitizing
pad used 1in this study (a British Microcomputer Company
GRAFPAD) contains 256 pixels in a vertical and 320 pixels in
a horizontal direction. Because orientation data was
segmented into 10° degree intervals, 1t was concluded that
the orientation of cracks shorter than two GRAFPAD grids (16
pixels in both length and width) could not be accurately
calculated. This 18 defined as the minimum resolvable
length, henceforth referred to as MRL. In order to
accurately resolve the orientation of a grain boundary for a
sandstone with a 200um average grain size, micrographs with
magnifications of at least 100x are thus required.

Cracka shorter that the MRL were either omitted or
linked together to form one longer crack, if theilr angles
were determined to correspond closely. All other features
were mapped as accurately as possible. Where c¢rack trends
curved, enough points along the trend were digitized to keep
deviations to within approximately 10? degreesa. Kinked
segments were mapped, provided the kink was longer than the
MRL. Where closely spaced crack sets coalesced, the MRL was
used to determine the spacing between 8sub-parallel cracks
mapped to represent that set. Figure 3.6A depicts a typical
crack network; in figure 3.6B the features which would be
mapped using the '"minimum number of endpoints" method is
shown, while 3.6C shows a map produced on the basis of the

alternative MRL criteria.
3.3.2.3 Analysis

Both methods of mapping have specific advantages.
While the '"minimum number of endpolints" method produces a
considerably 1less faithful reproduction of the original

network, it gives a truer value for crack lengths. It does
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FIGURE 3.6. Comparison of two different hand-digitizing
techniques used in this study. (A) shows a hypothetical

network of crack traces. The appearance of a digitized map

prepared using the "minimum number of endpoints'" method is
shown 1in (B), and the alternative '"minimum resolvable
length'" (MRL) map Iin (C). For descriptions of the decision

criteria, see section 3.3.2.2 of text.
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ignore deviations in crack path, but nonetheless provides a
reasonable approximation of the overall trend of the set.
With the MRL method, the original network can be very nearly
regenerated with appropriaste plotting utilities. Crack
length statistices, on the other hand, are rendered virtually
meaningless. Instead of characterizing the true length of an
individual crack, the distance between adjacent endpoints
eimply measures the tendency for that crack to deviate
course during propagation. Where numerous interfering cracks
are present, the mean computed length is further reduced, as
the pattern transforms to a "patchwork" structure.

By incorporating nodal variables into the
statistical program, the 1limitations of the MRL technique
can be avolded. When an endpointiis digitized, it can be
assigned a set of codes to characterize it as a branch
point, a kink, or a crack tip. When processing data, the
program can then link connected segments to generate
additional variables, such as true crack 1lengths. The
additional information for a given node enables the
computation of a range of added statistics (e.g. nearest
neighbor distances between crack tips, maximum and minimum
branch angles), which render the data more amenable to a
complete fracture mechanics analysis.

Because the 1incorporation of nodal varilables
requires a consliderable amount of additional computer
memory, I have rejected their use in this study. There 1is an
inverse relationship between the number of cracks which can
be stored in a fixed memory space (32 Kbytes 1n the BBC
Model B micro), and the amount of information one can attach
to a given c¢rack. I have instead chosen a compromise, which
afford a good measure of the orientation distribution of
cracks, but accepts the fact that crack length measurements
will not show a direct relationship to the degree of
structural damage 1in a specimen. Briefly, the analysis
routines take data generated using the MRL criteria, and
calculates both the number and density of cracks in terms of
orientation. Because all cracks of gize greater than the MRL
were mapped, the c¢rack number statistics can give undue
welght to the significance of smaller cracks. As a result,

density vsa. orientation 1is probably the most useful



statistical measure of preferred crack orientation in a

sample. Crack densities have been computed as follows:

D = X3(length)=,/100

which 18 expressed in terms of percent of total cumulative
density. Lengths have been squared to account for the fact
that, while 1n a plane section cracks appear to be linear,
they are actually planar features. The density parameter
thus effectively welights longer cracks more heavily than
short ones. 1If one assumes that the longest cracks are those
which encountered the least resistance to propagation, and
thus contribute most strongly to specimen failure, that

welghting appears warranted.

3.3.3 RESULTS

Orientation Analysis

As stated in the previous section, mapping based
upon the MRL criterion affords a faithful reproduction of a
given crack pattern. Figure 3.7A is a hand tracing of a
s8lice through sample AB13, and Figure 3.7B shows the
corresponding computer map. Because there is no fundamental
difference between the two patterns, I have elected to
present the computer maps in 1lieu of hand tracings. The
positions of samples within the conglomerate unit are shown
in figure 3.8. Figures 3.9 through 3.17 show the computed
maps for the collective set of tracings; the outline of
pebble edges are marked. Rose diagrams which present both
erack number and crack density as a function of orientation
are included. In each case, the horizontal diameter drawn
through the half-circle contours 1is aligned with the
horizontal (long) axis of the computer maps. Insets are
provided with each figure, which show the stereographic
projection of the plane of section, and the 1long (squares)
and short (dots) map axes are indicated.

The technique used in digitizing cracks from thin
sections is very similar to that wused for hand tracings.

Reflected light photomosaics were prepared, and resolvable
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FIGURE 3.7. Comparison of computer generated crack map (B) with

original hand tracing (A). From specimen AB13.
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FIGURES 3.9 - 3.17. Results of 2-dimensional orientation
analysis from hand-tracings off of cut rock faces. For each
sample, Rose dilagrams of crack number (top) and crack
density (middle) vs. orientation are shown, along with the
computer-generated ce¢rack maps (upon which pebble outlines
have been superposed). The 1inset at the top right-hand
corner of each figure represgsents the equal-area
stereographic prodection of the plane of section. The long
(squares) and short (circles) map axes are indicated. These
corrrespond to the horizontal and vertical axes of the Rose

diagrams, respectively.
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cracks (again defined 1in termsa ot the MRI. criteria) were
traced onto large sheets of tracing paper and subsequently
digitized as succesaive All sheets. With the aim of utilizing
the highest resolutlion graphics mode available with the BBC
microcomputer, the digitized coordinates were scaled to f1i1l1l
the entire screen, then printed 1in mosaic fashlon using
screen dump facilities (see Appendix 1). A total of five
polishéd gsections were analysed in this way; Plates 3.2 to
3.6 1llustrate the results, and figures 3.18 - 3.22 show the
corresponding Rose diagrams. The reflected light
photomosalcs are provided for the purpose of comparison with
the computer-generated maps. The maps are very faithful to
the original photographs, but 1t should be noted that 1in
regionsg with the highest densities of fractures, it was
necessary to make certain adjustments. Because most
specimens were loaded to a point where throughgoing cracks
transected entire pebbles, two distinct hierarchies of
cracks are present. The magnification chosen (11x to 13x)
for analysis enabled the mapping of complete thin sections,
but was too low to resolve grain-scale microcracks. Where
dense arrays of short cracks are separated by longer
bounding cracks, a qualitative assessment of crack density
in these zones was made, and a representatiQe number of
shorter cracks were subsequently digitized. For this reason,
absolute densities are probably underestimated. Nonetheless,
densities can be compared in a qualitative sense to
determine the relative surface energy generated due to
cracking in each specimen.

As a final example of the use of the quantitative
petrostructure technique, I have included a mosaic map of 6
individual computer maps produced from a transmitted light
photomosaic at 27x magnification. Plate 3.7 is a
photomicrograph of part of specimen ABI, and figure 3.23
shows the corresponding map mosaic. While the results are
similar to those obtained from the reflected 1light
photomosaics, the example serves to illustrate the power of
the digitized analysis when used to treat large maps. When
used in conjunction with the program WFRCOR, features which
trangect several maps can be separated into individual

files, then pieced together for statistical study. It is
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PLATES 3.2-3.6 / FIGURES 3.18-3.22

Photomlicrograph mosaics and computer generated crack maps
from polished thin sections viewed under reflected light.
PLATES 3.2A - 3.6A show the reflected light micrograph
mosales, with scale bars indicated. The corresponding crack
maps are shown in P1lATES 3.2B - 3.6B. 1In each case, the long

and short axes of micrograph and map are parallel.

FIGURES 3.18 - 3.22 present the Rose diagrams of crack
number and dengity vs. orientation which correspond to each
map. The horizontal axis of the semi-circular contours is
parallel to the long axis of both map and micrograph in all
cases. The insets provided show the orientation of the 1long
(gquares) and short (circles) axes for both map and

micrograph.

39



100

PLATE 3.2. Thin section mosaic (A) and crack map (B) for

spgcimen ABI.

FIGURE 3.18. Orientation data from PLATE 3.2B (ABI).
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PLATE 3.3. Thin section mosaic (A) and crack map (B) for
specimen ABIII.

FIGURE 3.19. Orientation data from PLATE 3.3B (ABIII).
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PLATE 3.4. Thin section mosaic (A) and crack map (B) for
specimen AB218.

FIGURE 3.20. Orientation data from PLATE 3.UB (AB18).
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PLATE 3.5. Thin section mosaic (A) and crack map (B) for
specimen OL2.

FIGURE 3.21. Orientation data from PLATE 34B (OL1).
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PLATE 3.6. Thin section mosaic (A) and crack map (B) for
specimen OLJ.

FIGURE 3.22. Orientation data from PLATE 3.58 (OL2).
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PLATE 3.7.

Photomosalc from specimen ABI. Area shown comprises the
digitized crack mosaic map of figure 3.23. Long axis of
photograph is oriented parallel to the long axis of the

mosaic map.
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emphasized that the techniques developed in this study are
not restricted to crack data alone. They can Quite easily be
modified to treat a range of problems involving
two-dimensional morphological patterns on a variety of
scales of interest to both structural geologista and rock

mechanics workers alike.

3.3.4 DISCUSSION

All of the samples exhibit a degree of preferred
orientation, a conclusion most strongly supported by the
Rose diagram plots of c¢rack density vs. orientation. In
discussing the results, the following two important factors

should be consildered:

(1) How does the orientation in the 2-dimensional
sections relate to the 3-dimensional data

discussed 1n section 3.2°7?

(2) Are there important differences between the
crack statistics generated from hand tracings of
cut faces and those generated from thin section

crack maps?

3.3.4.1 Relationship Between 2-D and 3-D Data

Blenkinsgop (1982) described a method for obtaining
3-dimensional crack information from 2-dimensional sections.
The technique requifes the cutting of two perpendicular
sections from a sample, and preparation of Rose dilagrams of
crack orientation for each section. The orientation of the
section is then marked with respect to the known orientation
of each sample. A great circle trace representing the plane
of that section is plotted on an equal area stereographic
projection, and marked at 10? degree intervals. The Rose
diagrams are then transferred to the great circles, and the
number of cracks 1in each 10¢ gector isg recorded. Where a
point maximum exists for each section, the plane of mean
crack orientation can be traced onto the stereogram. Where

more than one maximum exists for a section, thege c¢can be

b
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treated as gseparate distinct sets of cracks.

I have already noted that sample limitations
prevented the cutting of mutually perpendicular sections for
most pebbles. Nonetheless, an attempt has been made to apply
the same technique, because sections cut from different
samples have a range of rlanar orientations. The mean
fractpre orientations at a given locality, as deduced from
the 2-dimensional sections, can then be compared with the
direct 3-dimensional measurements. The degree to which they
correspond can be used to ascertain how closely the smaller
gscale cracks mimic the trends of overall fractures within
the conglomerate unit.

Figures 3.24 +through 3.27 summarize the results
obtained. Figs. 3.24,3.25 show &a sBet of stereographic
histograms for samples from Ablana, and Fig. 3.26 shows the
corresponding results from Olloniego. Densities as a percent
of total per 10° degree interval are color coded for easy
identification, as described in the key accompanying each
figure. The data gfe integrated in Figure 3.27. For each
histogram sector whose densility 1is at least 15% of the total
for a sample, a point 1s plotted at the center of that
sector. Data obtained from cut faces i8 represented by
circles, and stars represent points taken from thin section
measurements. Figure 3.27A represents the compilation from
Ablana, and 3.27B records the results from Olloniego. For
the purpose of comparison, the corresponding 3-dimensional
data at these localities are shown in Figures 3.27C,D.

Results are clearly equivocal. The data
distribution from Olloniego agrees well with the
3-dimensional measurements. The plane marked "M;" in figure
3.27B is the inferred mean fracture plane from the Olloniego
locality, obtainead by treating the highest point
concentration as the mean pole orientation. It corresponds
well with the distribution of 2-D maxima. Unfortunately, no
gsuch correspondence exists for the data from Ablana. Here,
point maxima show less tendency to lie along a single plane,
and there 18 a great discrepancy between the general
orientation of these maxima and the mean 3-D inferred
fracture plane (M.). I1f one were to infer a mean fracture

trend from the 2-D data alone, it would lie at nearly right

—
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FIGURES 3.24 - 3.26.

diagrams of crack density vs.
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FIuukk 3.27. Integrated data from 2-dimenalonal crack analysis.
{A) Ablann: (B) Olloniego. The centera of stereographic hintogram
geators with densitiesa of >15X%X of total area are plotted, with
arnrs reprenenting data trom thin sections and dots fndicating
data from crack traces, For each locality, the mean fracture
plane aa {nferrad from the 3-~dimensional reasulta of figure 3.1
are Jdrawn (Mo, M,LThe degree to which pointe cluster along that

trace (8 a measure ot how clogely the two data sets coincide.

Faunl -avea projections of polea to fracture planes from Ablans
) and Ullonlero (1) are shown for compariason (aa in figs. 3.1:,
Alc reapectively)
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angles to the 3-D measurements. Small sample size might
account for the discrepancy; U of the 6 samples for which
2-dimensional data was gathered at Ablana come from the
group of rocks comprising the fracture map of figure 2.5A.
All come from the same area of the map, and 3-dimensional
data recorded on the map shows that the dominant fracture
trends in that set deviated considerably from the
orientation of the point maximum for the locality as a
whole. More samples are obviously needed to test whether
these local orientation deviations commonly occur at a given
locality.

It should be gstressed that the agreement of the
two separate data sets from Olloniego is encouraging. In
many naturally deformed rocks, it is not possible to gather

meaningful 3-D crack data from field observations. That data

is vital 1if relationships between microscopic failure
mechanisms and larger scale brittle features (e.g. Joints,
fractures, and faults) are to be ascertained. The use of

perpendicular 2-dimensional sections and a microcomputer
with digitizing facilities allows for rapid determination of
orientations from a large number of samples and should
enable reliable analyses of large data sets to be made 1in

relatively short periods of time.

3.3.4.2 Comparison Between Cut Face and Thin Section Data

Orientation statistics appear to be relatively
free of deviations ©resulting from the varying scale of
observations, at least within the range studied here. One
might expect that cracks visible to the naked eye would
cover a broader range of orientations than thé microcracks,
and this is indeed true. It is evident from observations on
Just a few pebbles that, while one or two contact points may

produce the majority of cracks in a pebble, some cracks

generally originate from all contacts. At a microscopic
scale, there are commonly more cracks in the dominant
or%gntation. as shown in figures 3.24-3.27 (where

medgurements were maQe from the same plane from both cut
i * ;

faées and thin sections, they have been presented as a



pair). The general distributions, however, are similar. The
fact is important, because of the need to analyse relatively
large sample sizes to make accurate paleostress inferences.
Since considerably less work 1is required to gather data from
hand specimens, they may prove a valuable tool 1in

large~scale studies.

3.4 CRACK LENGTH ANALYSIS

In section 3.3 I discussed the difficulty of
obtaining meaningful length statistics without the use of
nodal variables in the petrostructure analysis program. Even
with nodal variables, the person who performs the actual
measurements (or establishes the decision criteria for the
conputer program) must make arbitrary decisions concerning
what will be called a crack. I have noted the hierarchical
nature of crack systems as viewed at different
magnifications. A similar hierarchy must be imposed when
making crack length measurements. On the scale of individual
graing, several authors (Hadizadeh,1980;Dunn et.al.,1973)
have noted a direct proportionality between microcrack
length and améunt of permanent sgstrain as determined from
rock deformation experiments. While much of that variation
in length is8 1indeed attributable to varying degrees of
inelastic deformation, lengths are probably also controlled
by the presence of smaller scale crystallographic features
(e.g. point and line defects, crystallographic cleavages).
When studying transgranular cracks one might measure length
as the distance of a segment which appears straight at a
given magnification (which 18 essentially the measure
obtained by using the MRL technique). That measurement might
glive an indication of the distance over which a crack will
grow before it meets a barrier, but probably bears no direct
relation to the amount of permanent strain. Straightness
when viewed under magnifications of between 500x and 1000x
might be determined by the spatial distribution of
micropores or other small scale structures. At 50x, 1t will
more likely appear to be controlled by the orientations of

grain boundaries. If one attempts to measure length as the

ot




sum of linked segments, the determining factor will
invariably be the slze of the pebble 1tself, since many such
linked segments transect entire pebbles.

These conslderations help to explain the
uniformity of thefcrack length data obtained in this study.

Figures 3.28,3.29 show length histograms for the hand-traced

specimens. Each histogram is strongly skewed towards small
crack slzes with median lengths ranging from 2 to 4mm. Each
pebble contains a few long cracks (>25mm), but in all

specimens, no crack transects an entire map.In each case,
however, linked networks of cracks run the entire length of
a pebble, and these probably formed 1in a continuously
propagating 8sequence. The presence of inhomogeneities (e.g.
grain boundaries, pores, and other cracks) clearly causes
deviation of propagation paths, but in most cases these
barriers are not sufficiently strong to arrest crack growth.

Length distributions in cracks mapped from thin
section micrographs reveal a similar pattern (fig. 3.30),
but measured -average lengths clearly decrease as
magnification increases. Specimens showing the 1least
pervasive deformation (OL2,AB18) are generally the least
strongly skewed towards the smaller crack sizes, while the
most intensely deformed specimens (ABIII,OL1) show the
greatest percentage of cracks in the 1 to 2mm range. This
reflects the relative densities of crack networks. In the
most severely deformed specimens, cracking is pervasive, and

interference within closely spaced crack arrays breaks the

specimen into successively smaller blocks. In the least
deformed specimens, long c¢racks propagate unhindered for
greater distances before their paths are affected by

nelghboring crack segments.

In summary, spe%ific criteria should be used to
d2cide upon an appropriate size classification for a "“erack"
or cracked segment. In weakly cemented sands, where

intragranular cracks predominate, individual microcracks can
be usgsed for comparison with experimentally deformed rocks
with similar initial microstructures (Blenkinsop and
Rutter,1985). Rocks showing dense arrays of long
transgranular cracks have no real experimental analog.

Criteria which might be useful in unraveling their
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deformation histories will be furthur discussed in the next

chapter.



Chapter 4 !

MICROSTRUCTURES IN DEFORMED PEBBLES

4,1 INTRODUCTION

In previous chapters of this thesis, I have made
continued comparisons between the macroscopically visible
fracture networks within the Mieres conglomerate and crack
behavior observed in granhular aggregates on a much smaller
scale, as reported from studies in the field of experimental
rock deformation. The continuum nature of individual pebbles
has been emphasized, and little attention has been focused
upon microstructural aspects of pebble deformation. These
comparisons have proven quite useful in characterizing the
overall brittle response of the entire pebble aggregate,
particularly in relation to both the applied tectonic stress
field and the local stress fields arising at point contacts.
Scale-dependent limitations, however, have also been noted;
in large part these arise because each pebble 1is 1itself a
complex polycrystalline aggregate. The mechanlical response
of a group of pebbles to the load applied at its boundaries
is determined by a range of microstructural variables (e.g.
mineralogy, grain slize/morphology/distribution, porosity,
degree of flaw heterogeneity, microcrack
density/distribution), and not simply by the distribution of
stresses arising from pebble-to-pebble contacts. In this
chapter, the importance of these variables will be
discussed, in an attempt to characterize the mechanisms of
failure within individual pebbles. Microstructural
characteristies will be described in detail, and these will
serve as a basis for comparison with experimentally-produced
microstructures reported by various authors.

All samples studied showed some evidence of
crystal plastic deformation - generally the development of
undulose extinction 1in quartz - but this 1s seen in both
uncracked and highly cataclased specimens. It 1s therefore
inferred to be a relict feature derived from the parent
sandstone material. All other microstructural evidence

suggests that deformation within the pebble unit occured by
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dominantly cataclastic processes. Very briefly, cataclasis
involves the change of shape of a rock mass by micro- or
macrofracturing, with accompanied sliding between particle

interfaces. Rutter (1985,in press) subdivides failure by

cataclastic processes into two categories, based on
homogenelty of flow considerations. It can occur as a
localized phenomenon (cataclastic faulting), in which

s8liding occurs along a planar zone cohtaining intensely
crushed material. Outside of that zone, the intensity of
cracking 1s greatly reduced, and the rock appears largely
intact. Cataclasis can also occur without significant
localization, i1in which case the rock may be said to have
deformed by cataclastic flow. At temperature and pressure
conditions too 1low for crystal plastic processes to be
operative, distributed cracking can result in homogeneous
flow on the scale of a hand specimen or larger. Cataclastic
flow can then be characterized as a ductile phenomena. where
ductility 1s defined as the capacity for homogeneous flow in
a material. It is important to emphasize that a scale of
homogenelity must be delineated when ductility is considered.
Microstructural observations on specimens deformed during
laboratory tests often point to the occurrence of
distributed microcracking on the grain scale (e.g. Scholz,
1968; Sangha et.al.,1974). Similar textures can be seen in
naturally deformed rocks, although a class of behavior is
often seen, particularly in rocks which have undergone
folding, in which long transgranular cracks bound relatively
undeformed, polygonally shaped polygranular fragments of
centimeter dimensions (e.g. Hadizadeh and Rutter, 1983;
Blenkinsop and Rutter,1985,1in press). This type of
distributed cataclasis 18 not observed in laboratory
studles, because specimen size is usually restricted to very
small dimensions by the nature of the test apparatus. Figure
4.1 presents a diagrammatic illustration of the relationship
between cataclastic faulting, cataclastic flow, and
intracrystallinevplasticity, after Rutter (1984,in press).
It emphasizes the sensitivity of transitions between the
different processes to variations in strain, temperature, and
pressure.

A primary objective of the present microstructural
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FIGURE a.;. Diagrammatic representation of mode of fallure
transitions in rocks, showing how the description of mode of
failure depends on both the operative deformation mechanism
and degree of 1localization. Deformation mechanisms are
grouped into those involving dilatancy (cataclasis) and
those not involving volume change (crystal plasticity in the

loose sense). After Rutter, 1984.
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study 18 to determine criteria which might help to
characterize the transition from localized to distributed
cataclaslis 1in the quartzite pebbles of the Mieres
conglomerate. To a good approximation, the conglomerate unit
can be viewed as an '"open-air'" rock deformation laboratory,
since examples of pebbles loaded at both ends and confined
along their 1long axes by contacting pebbles abound. Most
pebbles are at least an order of magnitude larger than the
typical laboratory specimen. Nonetheless, they experienced a
set of applied boundary conditions closer to those imposed
on c¢cyl inders 1loaded 1in a triaxial rock deformation
apparatus than to most stratified sedimentary deposits.
Provided that cracking resulted in response to slow loading
from the overlying thrust, and not from elevated stresses
asgsociated with seismlc faulting, one would expect that the
straln rates imposed upon the pebbles were both slower and
of longer duration than those obtainable in the 1laboratory.
Over a range of samples, it may be possible to trace the
microstructural evolution from pre- to post faillure stages,
and thus test assumptions concerning the effects of
variables such as specimen size and straln rate on failure

behavior.
4.2 MICROSTRUCTURAL DESCRIPTION
4.2.1 Starting Material

In hand specimen, each of the pebbles studied
appears compositionally identical: the quartz 1s uniformly
gray in color, and individual grains cannot be distinguished
with the naked eye. Cracks are easily identified on clean
surfaces, since many are open and show a slight
discoloration. In thin section, however, they are seen to be
relatively pure ( 590% qQtz.) orthoguartzites with average
grain sizes ranging from 50-300um. In addition to variations
in sorting and angularity, the range of samples studied
exhibits small ' but significant variations 1in cement
properties, primarily in the amount of argillaceous cement
filling interstices between grains. Plate U4.1A 1s a

transmitted light micrograph of an uncracked portion of

121



PLATE 4.1 -Optical photomicrographs from transgranularly-

cracked samples.

A. Initial microstructure of specimen AB13.

B. Initial microstructure 1in reflected light. Grain
boundaries are sometimes delineated by aligned microcavities

(arrows). Scale bar = 200um.

C. General appearance of transgranular cracks (arrows) in

cross polarized light.

D. Reflected light view of transgranular cracks. Short

arrows isolate zone of cracking, and long arrow points to

cracked grain boundary. Scale bar = 200um.

E. Higher magnification mosaic of transgranular crack
segments. Scale bar = 500um.

Except where indicateq, circular steel grids are used for
scale in all cross-polarized optical photomicrographs. The
grid used has a diameter of approx. 3mm, and each square

has approximate dimensions of 100um x 100um.
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sample AB13, and 1t 1llustrates the general appearance of
the undeformed microstructure.

Optical (both transmitted and reflected 1light)
microscopy and SEM techniques were used to study structures
developed in the deformed rocks. Reflected light proved an
especlally useful tool, because of the particular texture of
the starting material. Most rocks are equigranular, and
consist of very straight grain boundaries (except where
pressure solution between grains produces a sutured shape).
The texture arises from partial cementation of sub-spherical
detrital quartz grains by an optically continuous quartz
overgrowth cement. Where interstices between grains are
incompletely filled, small voids exist which help to
delineate the boundaries of 1individual grains. These are
clearly visible using reflected light on polished surfaces
(Plate U4.1B). In samples which contain a noticeable amount
of argillaceous cement, .diagenetic reactions at grain
boundaries serve to accentuate pore spaces. Hadizadeh (1980)
observed similar textures in samples of Oughtbridge
gannister, from the Coal Measures of northwest England. He
concluded that fine mechanical polishing was the preferred
method of preparing specimens which contain such quartz
overgrowths, since the process of ion-etching (discussed in
Chapter 3, section 3.3) preferentially damaged the
overgrowths, thus rendering distinctions between cracked and
uncracked grain boundaries impossible to make.

When characterizing the initial microstructures of
undeformed samples, experimentalists generally report a
range of quantitative measures of physical properties ,
which include mean grain diameter, mean pore size, and
effective porosity. In this study, I have decided ¢to
qualitatively describe differences between these variables
(see Table 4.1), in 1lieu of performing quantitative
measurements on each sample. In part, this stems from time
constraints which have arisen in the latter stages of this
work. In addition, however, the decision is8 based on the
recognition that 'the microstructure of even relatively
uncracked zones of a given specimen may not provide an
accurate assessment of the microstructure prior to

deformation. Post-crack cementation 1is evident in many
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samples, and some sectlions show features indicative of . a
complex 1interrelationship between cracking and cementation
events, as documented by Blenkinsop in the Moine quartzites
(1982). Any attempt to 1nfer quantitative relationships
between crack characteristics and sedimentological variables
measured after a prolonged period of diagenesis seems
misguided. The approach taken here has been to compare crack
statistics from thin section analyses with similar
statistics from published experimental data, in an attempt

to infer physical parameters at the time of deformation.
4.2.2 MODES OF FAILURE

The samples studlied exhibit a surprisingly wide
range of falilure behavior, considering the relatively small
number 'of specimens collected for study. The variation
between samples can be classified according to the extent of
visible damage, as measured by (a) the density of fractures
observed in a given section, (b) the intensity of
deformation along individual microfaults (based on
observations on the amount of grailn size reduction and
corresponding widths of the affected zone), and (¢) the
proportion of a given section visibly wunaffected by
deformation. Using these criteria, the nature and degree of
localization along faults can be assessed, and the extent to
which déformation within a sample 1is distributed can be

examinea.
4.2.2.1 Transgranular Cracking Along Discrete Surfaces

In all thin sections, long transgranular cracks
which transect several grains are observed. In some
specimens, however, they are the only visible signs of
deformation. These éenerally show a tendency to align in
subparallel networks, and spacing occurs on the scale of a
few to ten millimeters. In detaill, the crack paths are wavy;
they commonly propagate both along grain boundaries and
through individual grains. In gsome cases, the c¢cracks occur
as single, discrete surfaces, but in general, they occupy a

zone a few grains wide. Crack segments wander and
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anastamose, 1solating long rectangular slabs a few grain
widths wide and tens of grain diameters long. No visible
evidence for sliding along these surfaces can be discerned,
and 1t 18 thus concluded that they formed as mode 1
extension cracks. Individual graing can often be. matched
across the crack walls, a fact which lends furthur support
to that hypothesis. Plate U4.1C 1illustrates the common
distribution of these cracks within a section, as viewed in
transmitted light; black regions are holes 1in the thin
section, which presumably form when cracked zones drop out
during section preparation. Plate U4.1E presents a more
detalled view of the typical geometry., and a gimilar view in
reflected light i1s shown in plate 4.1D.

Because crack densities 1in samples exhibiting
only transgranular cracks are generally quite 1low, one \is
left wondering whether these pebbles have actually "faileda"”
in the sense of experiencing severe stress drops. They may
well have formed through stress corrosion cracking at
differential stresses too low to produce catastrophic
failure. In microstructual studies of pre-failure behavior
(Sangha et.al.,1974; Scholz,1968; Hadizadeh and
Rutter,1982), the formation of dense arrays of microcracks
prior to a point representing the peak of the stress-strain
curve has been well-documented. No evidence of similar
microcrack formation is seen in these pebbles, though they
may have formed and subsequently healed during burial.
Cathodoluminescense studies are needed to test that

hypothesis.

h,2.2.2 Patchwork Cracking

The first visible s8igns of more distributed
eracking within samples 1s the development of a  blocky,
"patchwork" texture similar to that described by Hadizadeh
and Rutter (1983) in association with rocks subjected to
folding 1in the Italian Appenines. In pebbles deformed in
this manner, cracking is still transgranular in nature, but
the density of cracking is significantly higher (by a factor
of 2 or 3) and more heterogeneous on the scale of a single

thin section. A preferred orientation of cracks exlsts, but
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the distribution tends towards bimodality. That bimodality
accounts for the blockiness of the texture, since crack
intersections isolate intact polycrystalline fragments
(Plates 0.2A,B). Three differences distinguish the style of
deformation mechanistically.

(1) Some deformation 1s distributed away from discrete crack
surfaces; this occurs 1in the form of cracking at grain
boundaries, accompanied by 1solated fragmentation at the
edges of grains. This evilidence seems to suggest a loosening
of the microstructure not seen in rocks which exhibit 1long,
sub-parallel transgranular cracks.

(2) Grain size reductions occur in isolated zones, as in
plate U4.2C. This generally occurs in areas where the
fracture spacing 18 reduced to a few grain sizes in width.
It may reflect the onset of frictional sliding, possibly
along surfaces that opened in extension mode and
subsequently served as easy s8lip surfaces after intrapebble
rotation. These zones are always restricted to widths of a
few grain diameters (i.e <1lmm.) and are distributed
throughout the sample.

(3) Along some transgranular cracks, grains have been split
in two, and are seen to have been offset by a few hundred
microns (see Plate 4.2D). No granulation is seen along the
surfaces when viewed in transmitted 1ight, and traces appear
considerably less wavy than those already described. It is
thought that these may have originated as mode II (sliding
mode) cracks, with initial displacements parallel to the
propagation direction. While 1t is impossible to prove that
assumption, the very possibility that mode II cracks with
lengths of more than a few grain diameters exist is highly
surprising, since fracture mechanics considerations show
that considerably more energy is required to form mode IIX

cracks at the expense of the mode I type.

4.2.2.3 Faulting, Deformation Banding, and Distributed

Cataclasis

In samples which exhibit the most extensive
cataclastic damage, a marked disintegration of the 1initial

microstructure occurs. In a loose sense, deformation remains
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PLATE 4.2 - Optical micrographs from '"patchwork" cracked

samples.

A. General patchwork appearance, as viewed in transmitted

light. Black zones are holes in thin section.

B. Patchwork zone at higher magnification. Texture 1is
similar to (A), but some granulation along c¢cracks 1is
observed.

C. Close-up view of grain s8ize reduction along crack

(arrow) at patchwork intersection.

D. Appearance of cracks inferred to have propagated in
shear mode II. Some offset of quartz grains on elther side

of crack planes (arrows) 1s commonly observed.
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predominantly localized along faulted surfaces, but in
segments of individual thin sections, that faulting occurs
in networks dense enough to spread the cataclastic damage
homogeneously over blocks with areas of a few 3aquare
millimeters. In describing these samples a specification of
scale 1s fundamentally 1important, since a hierarchy of

dimensions exists:

(1) On the scale of a thin section (35mm x 25mm),

cracks and faults are rather uniformly
distributed. The overall struéture is
characterized by a mosaic of intact

polycrystalline blocks of varying dimensions (from
a few to “30sq. mm. area) surrounded by
gsemi-discrete and often conjugate surfaces along
which high density microcracking and grain size
reduction is seen. House and Gray (1982) observed
similar structures 1in cataclastically deformed
rocks along the Saltville thrust in the
Appalachian foreland (Eastern U.S.A.), and sapplied
the term "button structures".

(2) On the scale of a few mm., dense cracking with
marked volume increase produces zones of
widespread fragmentation. Smaller polycrystalline
blocks comprising <50 original grains float in a
dominantly fine grained matrix which, in detailed
SEM study, is seen to have undergone pervasive
diagenetic alteration.

(3) The zones of matrix material can occur in
closely spaced (<1mm apart) subparallel networks
(akin to the deformation bands described by Aydin
(1977) or the cataclasite zones of House and Gray
(1982), or in polygonal zones of < a few 8sqg.cm.
dimensions. The latter geometry occurs when entire
polycrystalline blocks rotate to create dilatant
spaces; fluid infiltration enhances retrogression
of the clay matrix and corrodes the fragments of

quartz.

Although this fine-grained microstructure appears
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similar to the cataclastic flow textures described by
Hadizadeh (1980), certain differences are noted which
reflect differences between laboratory and natural
conditions. The dlagenetic alteration and crack healing seen
in the pebble samples complicate micromechanical
interpretations by effectively masking microcrack evidence
which 18 easily obtainable from freshly deformed laboratory
specimens. In that respect, the textures observed in the
pebbles more closely resemble those seen in natural quartz
fault gouges, as8 reported by Engelder (1974). Quartz
fragments with dlameters ranging from tens to a few hundred
microns are surrounded by very fine grained (<10um)
phyllosilicate minerals. Both infiltrative and diffusional
massgs transfer mechanlsms are locally important, and these
have acted to produce a microstructure that probably only
vaguely resembles that which existed at the time of
deformation.

It 1s suggested that this final microstructural
type may serve as a natural example of cataclastic flow on
the millimeter scale. In a later section, mechanisms which
might be invoked to explain the transition from discrete
faulting to more distributed cataclasis will be discussed.
Here it should simply be noted that none of the samples
studied exhibilit evidence for deformation which is in any way
comparable to the intense grain-scale cataclasis observed by
Hadizadeh and Rutter (1983) in rocks thought to have
deformed via experimentally-induced cataclastic flow. In
those experiments they noted the formation of networks of
conjugate shear faults, often containing ultracataclasite
(rock with >90% matrix (Sibson,1977)). spaced by one grain
diameter. These 1solated intact grain cores contained
extension microcracks, and were only observed at extremely
high confining pressures. One might speculate that with
increasing permanent strain accompanied by strain hardening
effects, these 2zones could be produced in deformed pebbles,
perhaps through the progressive breakdown of polycrystalline
blocks. Alternatively, the absence of grain scale cataclasis
in the deformed pebbles might be explained by a host of
mechanical parameters wholly unrelated to the total amount

of 1inelastic strain in a specimen. The various theories
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might be furthur explored by sampling pebbles which show

visible signs of more intense deformation.

4.3 MORPHOLOGICAL CRACK CHARACTERISTICS

In the previous section, 3 separate classes of
failure behavior have been documented, according to the
extent of visible damage observed in individual thin
sections. The clasgification is primarily based upon
differences in textural appearance as they are seen at
relatively 1low magnifications 1in the optical microscope.
These textural variations may reflect differences 1in the
magnitude of applied differential stress, pore fluid
pressures, or lateral confining pressures from pebble to
pebble, due to changing packing geometries and stress
distribution in the pebble aggregate. Alternatively, they
may represent changes 1in failure behavior which result
purely from differences in initial microstructural

parameters, under a set of fairly uniform loading

conditions. In this section, the c¢rack behavior within

individual pebbles is considered in greater detail, in order
to elucidate micromechanisms associated with failure. On the
basis of +these descriptions, it may then be possible to
better constrain the conditions under which a given type of

brittle response is to be expected.
4.3.1 Grain Boundary Assisted Transgranular Cracking

In the previous section, it was noted that long
transgranular cracks constitute the only signs of visible
deformation in some pebbles. In large areas away from these
surfaces, the initial rock microstructure remains firmly
intact, as was shown in plate U4.1B; grain boundaries are
distinguished by trails of small, equant microcavities,
which result from incomplete suturing of the secondary
quartz overgrowths. The onset of cracking 1s generally
marked by the propagation of throughgoing cracks which 1link

individual microcavities to form rather 1irregularly shaped



grain boundary cracks, as shown in plate 4.3A. These cracks
often tend to completely surround grains, and may be
accompanied by 1isolated intragranular extension microcracks
which break individual grains. Propagation of the 1longer
transgranular c¢racks occurs through the coalescense of
suitably oriented microcracks, as seen in plates 4,3B-D. The
width of transgranular cracks varies, ranging from hairline
cracks with widths of less than l1um. to much thicker zones
which are often lined by a mineralizing cement.

The isolated nature of the "hairline" variety is
demonstrated in plate 4.,3B; one transgranular crack with a
marked kink transects a set of otherwise i1ntact grains.
Plates 4.3C,D show successively wider crack segments, but
each exhibits clear grain boundary control. Branching is a
common feature, particularly near crack terminations, as
shown in plate U4.3E. Zones of a few grain diameters in
width are broken into slender columns, a common feature of
failure in low porosity rocks (Wawersik and Brace,1971;
Evans and Wong,1985). In general, 1t 1s not possible to
agcertaln the relationship between c¢rack orientations and
the princilipal stress direction; little appreciable slip
occurs along their surfaces, but they may nonetheless have
been d1induced by small amounts of frictional slip. Hadizadeh
(1980) considers shear rupture along suitably oriented grain
boundaries to have been the main mechanism of faillure when
it occurred after only small amounts of inelastic strain in
Oughtbridge gannister.

The SEM micrographs of plate 4.4 (SEI images)
illustrate the extent to which microcavities along grain
boundaries control the path individual cracks follow during
propagation. Plates U.U0A-C are views of the cracked quartz
microstructure at successively higher magnifications in
specimen OL2. In 4.04A, a branched crack segment runs across
the photo, and despité the presence of numerous microflaws
on either side of the crack segment, these portions of the
rock remain intact. The overall crack structure is
characterized by microcavities with length/width ratios of
between 3:1 and 10:1 linked by much sharper and thinner
"slits". Microflaw width variations are more readily

apparent in plates 4.4B,C. In 4.4C, extremely narrow slits

134



135

PLATE 4.3 -~ Reflected 1light micrographs illustrating

morphologlies of discrete cracks.

A. Throughgoing crack propagates both across (wide arrows)
and around (thin arrow) grain boundaries. Outlines of grain
boundaries are more visible than in Plate 4.1B, due to grain

boundary cracking.

B-D. Sequence of progressively wider cracks which have

propagated with characteristic "stepped" geometry.

E. Development of crack branching on the width scale of a
few grain diameters. A series of subparallel cracks breaks
the rock 1into a series of slender columns. Arrows indicate

general crack trends.
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PLATE 4.4 - SEM (SEI mode) micrographs of discrete cracks.
Machine-coded scale bars 1indicate scale 1in microns, and
except where indicated, these represent the scale on all SEM

micrographs.

A. Cracksgs link microcavitiles, which result from incomplete
suturing of detrital grain bondaries by secondary quartz
overgrowth cement. Most cracked poresgs have their long axes

aligned parallel to the crack path.

B, C. Higher magnification views of crack-pore interactions.
Large arrows in (c) point to hairline cracks linking
circular pores, and small arrow points to a pore which has

arrested crack propagation.

D. Miecrostructural appearance of wider crack segment. A
small amount of s8liding on the crack surface may be

regponsible for its slightly granulated texture.
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connect even the smallest cavities (wide arrows) away from
the wider crack network. In addition, it 1is <clear that
non-suitably oriented microflaws can serve as effective
barriers to crack propagation (small arrow). In all three
photographs (U4.U4A-C), evidence for s8liding is absent - any
fragmentation of the quartz observed can be attributed to
visible cracks. In contrast, plate U.U0D shows a distinctly
non-planar microcrack array along which a . small amount of
milling appears to have occurred, leaving the crack margins

with a slightly granulated appearance. Displacements have

presumably been restricted to a few um., since the grain
boundary does not have a characteristically ruptured
appearance.

4.3.2 1Interactive Behavior in Patchwork Cracked Samples

As the crack density 1in a pebble increases,
cracking along straight, sharp, widely spaced surfaces dis
suppressed. A higher density of grain-scale microcracks 1s
generated, and throughgoing macrocracks propagate through
the coalescense of these Ffeatures 1in 1long (up to a few
hundred grain diameter) bundles. Specimens take on a
fragmented appearance but, except in very 1isolated places,
no marked cataclastic grain size reduction 1is observed. The
regularity of crack network geometries i1s influenced by the
denslity of cracking developed. In zones where crack spacings
are greater than a few grain diameters in width very regular
patterns of crack interaction are seen, but as density
increases microcracks proliferate in all orientations. These
high density zones seem to be the natural equivalent of
fault regions in rock specimens deformed under relatively
low confining pressures (Dunn et.al.,1973;:Hoagland
et.al.,1973;Hadizadeh,1980), although in the deformed
pebbles, falilure occurs along a whole series of densely
spaced faults, rather than a single plane.

The common regular geometric pattern observed in
rocks with the '"patchwork texture" 1is an "en-echelon"
network of cracks linked by shorter segments which form sets
at high angles to the en-echelon trend. The pattern develops

on many scales, and is not always controlled by the
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orientation of grain boundaries, as in plate I.5A. In plate
3.2A (ch. 3), a gtep-like craclk pattern is developed on the
scale of an entire thin section. Crack spacings are on the
order of a millimeter, and numerous steps oriented parallel
to the long axils of the micrograph link diagonally trending
cracks., Plate U0.5B (SEI) shows a similar pattern. The
en—-echelon cracks (thin arrows) are less than 10um. and
steps (arrowheads) a few microns long. The features are
similar to both natural and experimental fracture
configurations within larger zones, as reported by Sibson
(1985) and Gamond (1983), and may represent displacement
transfer features assoclated with small amounts of sliding
on shear-oriented cracks.

Not all varieties of crack interaction produce the
regular networks described in previous examples,
particularly as microcrack density increases. Plates U4.5C,D
are reflected 1light micrographs of zones with higher crack
densities, and although two dominant trends can be
delineated (arrowheads and thick arrows) in each example,
the pattern is complicated by thorough grain-scale cracking.
The rough bimodality of crack orientations provides
convincing evidence that failure 1n some samples occurred
through the coalescence of shear oriented macrocracks once
dilatancy was achleved through the formation of extension
microcracks. Spacing of fracture zones 1s heterogeneous, as
illustrated in plate U.6A; two high density zones containing
throughgoing macrocracks are separated by a
rectangularly-shaped area almost completely unaffected by
deformation. These rectangular blocks are manifested on
smaller scales, as in plate 4.6B. Here, the microstructure
is broken 1into slender parallel columns between two larger
epoxy-filled fractures, and subsidiary grain-scale
microcracking of the type seen in plate 4.6A is absent. It
thus seems likely that these cracks propagated in extension
mode, and did not form via the coalescence of microcracks.
The latter mechanism seems to have Dbeen responsible for
macrocrack propagation in plate 4.6A.

A few authors (Tullis and Yund,1977; Dunn
et.al.,1973) have proposeq that sliding movements within

locally develorpred zones of high microcrack density precede
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PLATE 4.5 - Crack Interactions. Scale bars in A,C,D =200um.

A. Stepped cracking 1in coarse grained sample (ABI). Note
the small number of visible microcracks. Arrow poilints to

grain boundary.

B. SEI micrograph showing stepped c¢racking on smaller
scale, White arrows indicate mean fracture ' trend, and

arrowheads show orientations of linked segments.

c,D. Reflected 1light micrographs from 2zones exhibiting
higher microcrack density. Arrowheads delineate grain-scale
micerocracks, and larger arrows show mean trends of

macrocracks.
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the more widespread development of concentrated deformation
leading to the production of fault gouge. Conclusive proof
of that hypothesis 1s extremely difficult to obtain, because
even minor rotations of broken fragments causes
rearrangement of constituent parts and collapse of the
original microstructure. It seems likely that the
microstructure must be relatively "loose" before
rearrangements of particles occurs. Those rotations must
involve an overall volume increase (positive dilation) in
rocks of initially low porosity, and it is thus dinstructive
to look for evidence for dilation in the form of increased
fluid access.

Fortunately, that evidence 1s falrly easy to
obtain with the SEM, since clear resolution at high
magnification enables detailed examination of both crack
surfaces and pore spaces, along which fluids might be
expected to move. Plate U4.6C (SEI mode) shows a region
transected by two transgranular cracks, and indicates the
role diagenetic reactions play in creating the appearance of
grain size reductions along crack segments. The zone of
visible damage spreads from the crack surfaces themselves
into the intact rock, but the granulated texture one sees in
transmitted 1light here appears to result less from
mechanical grinding than from chemical degradation of quartz
in contact with phyllosilicate minerals which f£111 pore
spaces. Between the two crack segments, the microstructural
appearance of quartz is similar to that seen in the SEM
micrographs of plate U.4; cracking remains discrete, and
segments connect initial microcavities. Immediately adjacent
to the zone, however, a great deal of etching and pitting is
observable. The topographic effects are relicts of the
preparation procedure, since qQuartz is more resistant to
mechanical polishing than are the pore-filling minerals.
From the distribution of etched zones, 1t seems likely that
enhanced permeability 1in the immediate vicinity of wide
cracks enabled 1increased fluid access, which promoted
diagenetic reactions leading to the chemical breakdown of
quartz (by a dissolution mechanism to be discussed 1later).
Thogse game fluids did not penetrate very deeply into the

intra-crack fragments of polycrystalline guartz, and similar
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PLATE U4.6.

A,B. Reflected 1light micrographs 1llustrating different
forms of macrocrack propagation. In (A), arrow marks mean
macrocrack trend, and separates 2zone of high microcrack
density from the nearly uncracked 2zone below. In (B),
columnar cracking occurs between wider epoxy-filled
fractures. Microcrack density 1is low, and cracks.are thought

to have opened in extensional mode. Scale bars = 200um.

Cc,D. SEI micrographs illustrating textures commonly
developed in specimens whose grain boundaries are lined with
small amounts of argillaceous cement. Arrows point to
sutured boundaries of qQquartz grains, which attest to
pressure solution processes. Quartz is easlly distinguished
from c¢lay minerals, due to its greater resistance to

mechanical polishing. Machine-coded scale bars.
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degradation in that zone was prevented. Plate U4,6D shows a
higher magnification view of the same phenomena. Sutured
boundaries between the resistant quartz and pitted clay
minerals attest to pressure solution of quartz, and the area
of quartz dissolution appears to be gpreading into the

heavily microcracked zone between the two large pores,
4.3.3 Microstructural Characteristics of Cataclasite Zones

The most advanced stage of deformation within the
group of pebbles studied 18 marked by the presence of
semi-discrete zones of cataclasites, with maximum dimensions
of one to a few millimeters in thickness. These consist of
highly fractured quartz fragments and phyllosilicate
minerals. The zones appear to have geometric configurations
similar to a range of najurally produced cataclastic fault
rocks, variably referred to as deformation bands
(Aydin, 1977), protobreccias (Blenkinsop and Rutter,1985),
quartz fault gouge (Engelder,1974), and cataclasite zones
(House and Gray,1982). The final term 1is preferred for the
purpose of this study, since any true bands which develop
are restricted to lengths of a few millimeters, and the
zones are not localized along macroscopic faults of wide
lateral extent.

It 18 believed that the cataclasite zones are
generated due to frictional sliding along shear fractures or
faults, but displacements along these surfaces must have
been restricted to less than a centimeter, since the pebbles
in which they occur show no visible signs of shape
distortion. A detailed microstructural description of the
textural characteristics within the zones is presented, in
an attempt to elucidate factors which may be important 4in
their generation. Since i1t seems likely that they represent
an early stage in an évolutionary sequence leading to the
formation of more widely distributed fault gouge. a thorough
understanding of their characteristics may lead to more
accurate constraints on certain kinematic aspects of fault

gouge genesis.

4.3.3.1 General Description



It has been noted that some grain size reduction
occurs immediately adjacent to long transgranular cracks 1in
samples which have developed a '"patchwork!'" texture. 1In
samples contalning more distributed zones of grain size
reduction, discrete transgranular cracking is less common,
but still present. The overall microstructure is
characterized by millimeter scale polycrystalline blocks of
quartz grains dissected by ©roughly 1linear but irregular
cataclasite zones with average thicknesses of several
hundred microns (plate U4.7A,C). In detail (plate &4.7B),
these zZones contain strands of quartz grains which in some
cases appear to have been ripped from the adjacent intact
walls and become incorporated into the finer grained matrix,
as 1in plates U4.7D,E. Commonly, the outlines of what appear
to have been cataclasite zones are preserved, but a calcite
cement f£1ills the banded void, as in plate U.7F. In this
photograph, both cataclasite (thin arrow) and cement (thick
arrow) £111 a vein, and small <fragments of gquartz are
surrounded by the cement at the boundary between cement and
cataclasite. This relationship demonstrates the fact that
wideapread fluid infiltration occurred after the formation
of the cataclasite zone.

Because samples in which cataclasite zones develop
display markedly more granulated surfaces than all other
specimens studlied, i1t i1s appealing to consider them as more
strongly deformed counterparts of pebbles which have cracked
along discrete surfaces. Numerous experimental studies have
shown that the transition from localized faulting to
distributed cataclasis occurs with an increase in effective
confining pressure, as the enhanced normal stresses at crack
interfaces inhibit frictional sliding and cause permanent
strain to be accommodated by more widely distributed
microcracking (see | Handin et.al,1963; Byerlee, 1968).
Additionally, porogity 18 thought to play a major role, as
discussed briefly in chapter 2. Aydin (1977) found that
deformation bands form in high porosity (>20%) sands due to
impingement microcracking which promotes pore collapse, a
point which will be considered in the discussion at the end

of this chapter. While both of these factors may influence
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PLATE 4.7- Optical micrographs from cataclasite zones. Scale
bars in C,D = 200um.

A. General cross-polarized appearance of cataclasite 2zones

(arrows).

B. Detailed view of cataclasite zone. Coarse grained qQuartz
fragments float in a matrix of finer-grained quartz and clay

minerals.

c,D. Reflected light views of cataclasite zones. Arrows in
(C) point to irregular zones exhilbiting minor amounts of
granulation and grain size reduction, which can be compared

with the texture 1n a more banded area (D). Large qQquartz

fragments in (D) appear to have been ripped from intact

walls and rotated into the matrix.

E. Narrow strip of intact quartz (arrow) formed where wider

cataclasite band branches into narrow segments.

F. Carbonate cement (wide arrow) replacing cataclasite band
(thin arrow). Fine-grained fragments of cataclasite appear
to be floating in the carbonate cement along the walls of

the segment between arrows.
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the s8tyle of deformation which 18 s8een in the deformed
pebbles, neither explanation scems particularly
satisfactory. Pebbles are certainly constrained in
directions perpendicular to the compression direction by
forces arising at point contacts, but it is difficult to
envisage confining pressures of 500 to 1000 MPa arising from
thegse lateral constraints. Experiments (Hadizadeh and
Rutter, 1983) show that effective confining pressures of
these magnitudes are required to produce widespread
cataclagstic flow 1n the laboratory. There is less evidence
for the exlistence of very high initial porosities in any of
the pebbles studied.

One significant difference 18 readily apparent
between samples which crack cleanly and those which develop
cataclasite =zones, however, and evidence gathered with the
SEM attests to its mechanical importance. Samples ABIII and
oLl contain far higher proportions of detrital
phyllosilicates which 1line grain boundaries (often in
substantial thicknesses), and authigenic clay minerals which
£111 interstitial pores. They also exhibit poorer original
sorting and greater grain shape angularity, as well as
average graln sizes of less than 100um. All of these factors
distinguish them from the cleaner, coarser orthoquartzites
which lack <cataclasite zones. It 1is thought that the
presence of micas and clays weakens the mechanical strength
of stressed .grain boundaries, due to competency and
compressibility contasts between different mineral phases.
This will serve to facilitate both grain boundary and
transgranular cracking at an early stage 1in the 1load
history. Dilatancy due to cracking permits greatly enhanced
access to fluilds which promote diagenetic processes. In
turn, these retrogressive reactions promote the breakdown of

quartz by largely chemical means.
41.3.3.2 Undeformed Appearance

Because cracking 1is so widely distributed within
specimens ABIII and OL1, it is AQifficult to find uncracked
zones at magnifications within the range of the SEM.

Evidence of dilagenetic alteration is abundant. Plate 4.,8A
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illustrates a few sallent features. The SEI image retains
some backscattered contrast, and Kaolinite (K) and illite
(I) can be readily distinguished from quartz on the basis of
both BSE contrast and morphology. White arrows point to
unaltered pore-f1illing kaolinite, and black arrows indicate
areas where an lncomplete breakdown of kaolinite to 1liite
has occurred. The clays are cracked, and 1t thus seems
likely that they were inherited from the parent sandstone,
rather than post-dating deformation. Similar textures are
seen in plate U4.8C; microcracking in the large quartz grain
(Q) develops, but has been insufficient to allow thorough
alteration of kaolinite (K). Plate U4.8B is a higher
magnification BSE image of predominantly incoherent
authigenic 1llite (with a characteristic wispy texture)
£1i11ing pore space. Also notable 18 the presence of both
dolomitie (D) and calcite cement (C) which have been
thoroughly cracked. Since the deposition of carbonate
cements can generally be demonstrated to have accompaniled
cracking, this feature 1is indicative of the episodic and
geologically contemporaneous nature of cracking and

cementation events.

4.3.3.3 Structure of Cataclasite Zones

These undeformed characteristics can be compared
with micrographs from within the cataclasite zones
themselves, in which granulation of quartz grains becomes an
important mechanical process. Plate 4.8D 1is a 1low
magnification SEI view of a reasonably well banded =zone.
White arrows delineate the band boundaries, and topographic
effects distinguish quartz fragments from the clay minerals.
Areas outside of the band are substantially less altered
than those within, and contain few microcracks. In the same
photograph, the effects of grain fragmentation and rotation
are unmistakeable. The largest clast is approximately 200um.
long, and unaltered fragments of sizes as small as a few
microns are resolvable at this magnification. A few of the
fragments contain intragranular cracks, but rather than
radiating from impingements, these appear to be inherited

from the original grain boundary microstructure. Most
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PLATE 4.8.

A,C. SEI micrographs showing common texture i1in relatively
uncracked segments removed from cataclaslite zones. Kaolinite
(K) f£ills pores (white arrows), and is incompletely replaced
by 1llite (1) along crack segments (black arrows) in (A).
Kaolinite appears relatively unaltered in pores surrounding
quartz grain in (C), though large-scale alteration is seen

near gcale bar.

B. BSE micrograph illustrating diagenetically-induced
textures in 2one of brecclation. Dolomite (D) and calcite
(C) bearing cements are cracked and fragmented, and wispy

illite grains (I) £1i11 the dilatant space.

D. Low magnlification SEI micrograph from cataclasite zone
between white arrows. Contrast between quartz fragments and
clay~-rich matrix 1s readily apparent. Note the lack of

alteration outside of the zone proper.

Machine-coded scale bars.



PLATE 4.8




fragments are completely surrounded by low relief matrix
material, and the embayed appearance of the quartz
boundaries provides evidence for dissolution processes.

A serles of higher magnification SEI micrographs
are presented in plate 4.9. In U.9A-C, the largest fragments
are smaller than 50um. in diameter, and wholly mechanical
fragmentation along cracks occurs down to dimensions of a
few microns. In U4.9D, grain sizes are all less than 10um in
diameter, and the average grain size of visible fragments is
between 1 and 2um. Detailed chemical analyses were not
performed on the matrix material, but qualitative EDS
analyses indicate the presence of illite, kaolinite, Fe- and
Mg-rich chlorite, as well as carbonate material. Black areas
are holes in the thin section, infilled with epoxy cement.

Especially within plates 4.9A,B, impingement
fracturing 138 seen to occur between the quartz fragments. 1In
all photographs, however, there is 1little indication that
the applied load is being supported at grain contacts. The
detailed geometry of the embayed margins is readily
resolvable at these magnifications, and dliagenetic
alteration rims are sometimes preserved, as shown by the
black arrows in plate U4.9C. The 1irregular nature of the
cataclasite 2zone walls 18 significant 1in 4.9A,D; dense
cracking appears to be freeing new fragments from the
adjacent intact material, and widening of the cataclasite
zones must undoubtedly occur by continued plucking of these
fragments, due to the sorts of asperity-friction interaction
envisaged by Engelder (12977). The point 1s further
illustrated in plates 4.10A,B. In 4.10A, cracking is
extremely limited and &a combination of abrasion and
dissolution processes appear to have been active in widening
the fault gouge zone, In 4.210B, relatively 1low crack
densities are observed along the zone boundaries, and
deformation 1s concentrated within the interior of the
cataclasite zone. The large fragment marked with a white
arrow looks set to dislodge 1tself to relieve stress
buildupg at the neck of an irregularly shaped fracture.
These concluslons generally coincide with those reached by
Jackson and Dunn (1974) and Engelder et.al. (1975) from

experimental studles of gouge generation in Coconino and
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PLATE 4.9 -High-magnification SEI micrographs from within

cataclasite zones.

A,B. Narrow zones of granulation, containing relatively low
proportions of clay minerals. Large quartz fragments contain
extension microcracks 1nitiatead at points of impingement
between grains. Dissolution along grain boundaries is
present, but not pervasive. Most fragments appear to result

from mechanical granulation.

C. Wider, more severely altered cataclasite =zone. The
percentage of clay minerals is much higher than in (A) or
(B), no extension microcracks are preserved within quartz
fragments, and dissolution along quartz grain boundaries is

pervasive (black arrows).

D. Well-banded cataclasite zone exhibiting extreme grain

size reduction. Except within approximately 10um. of the

zone margin, - the adjacent walls are almost completely
uncracked. Within the zone, the largest qQuartz fragment has
a diameter of less than 10um.; most fragments have diameters

of less than a few microns.

Machine-coded scale bars.
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PLATE 4.10

A,B. SEI micrographs illustrating the extremely localized
nature of many cataclasite =zones. Walls contain 1low
densgsities of microcracks, and it is inferred that widening
of the 2zonesg occurs by plucking of intact fragments during
sliding. In (A), a small intact fragment of quartz (arrow)
Juts 4into the zone, and looks set to dislodge itself into
the matrix. In (B), stress bulldups at the neck of an
irregularly -shaped fracture have induced microcracks which

encircle still-intact fragments.

C. Low-magnification SEI image of detrital chlorite grain

(arrow).

D.( Higher magnification BSE image of chlorite grain in (C).
The grain 18 c¢racked along 1its cleavage, backscattered
contrast results from kaolinite intergrowths, and kKinking of
the grain occurs near the black arrow. At the tip of the
arrow, il11itiec intergrowths appear to have wedged the grain

open along 1its cleavage(

Machine-code scale bars.



PLATE 4.10

; k4"
o ¥ eyl P




Tenneassgee sandstones, respectively. Furthur comparisons will
be considered 1in the discussion to this section. It should
£finally be noted that sidewall fracturing of the sort
reported by Hall (1983) from natural gouge-bearing fault

zones 18 extremely limited.

4.3.3.4 Behavior of Detrital Phyllosilicates

It has been noted that the samples which contain
abundant, distributed cataclasite zones also contain the
greatest percentage of phyllosilicate minerals. The extent
to which interstitial clays affect the mechanical behavior
of these 1less quartz-rich gamples has been briefly
discussed, and will be considered further in the next
section. Here, some of the more spectacular cementation and
alteration effects seen 1n association with detrital
phyllosilicate grains will be documented, as a means of
1llustrating the increased complexity of low-temperature
deformation 1in sedimentary ©rocks with a significant
non-quartz component. The potential importance of
subcritical crack growth in rocks deformed in +the presence
of chemically-active pore flulds has been repeatedly
ehphasized in +the preceding chapters of this thesis.
Unfortunately, unequivocal microstructural evidence for
stress corrosion cracking is extremely difficult to obtain
(but see Kerrich et.al.,1977;: White and White,1981). This is
particularly true in quartz-rich rocks where phase
transformations are generally absent, and the results of
this study do not prove the exception to the rule.
Nonetheless, chemical transformations within the
phyllosilicates attest +to the influence of the chemical
environment, and illustrate the interplay between
deformation and diagenesis 1n rocks dAdeformed at low
temperatures and pressures.

Plates 04.10C,D and 4.11A,B 1llustrate textures
commonly observed where detrital phyllosilicates are present
in the initial microstructure. Plate 4.10C shows a low

magnification SEI micrograph of a cracked region containh@,a



long detrital chlorite grain. It appears to be cracked along
its cleavage, and a higher magnification BSE view of a
similar grain (4.10D) 41illustrates two common features
observed. Dark intergrowths of kaolinite are observed along
the chlorite cleavage; these are thought to arise by mainly
golid-state reactions. In addition, the grain is kinked, and
some parting of the cleavage 18 seen along the kink band
axis. Illitiec intergrowths appear to £111 the resultant void
space (arrow). It is unclear whether that kinking 1s
assoclated with pebble deformation or compaction; White
et.al. (1984) have observed similar features in undeformed
sandstones, and attribute the effects to solely compactive
stresses.

) A more gstrongly deformed chlorite grain (C) 1is
seen 1in Plate L4.11A, wedged between two quartz grains
entirely surrounded by clay minerals - note the bending of
chlorite around a rutile crystal (T). The ends of the grain
have a pulled-apart appearance, which presumably occurs due
to grain rotations. Smaller phyllosilicate intergrowths are
seen in plate U.11B, and here the distinction between
detrital and authigenic minerals is difficult to make. The
large chlorite grain (C) is surrounded by both quartz (Q)
and chlorite/hydromuscovite intergrowths, but smaller
phyllosilicates, as well as Ti-rich minerals, appear to £i11

the interstices between cracked fragments.
4.3.3.5 Pore Filling Phases

For the purpose of comparison, plates 4.11C,D show
the general appearance of secondary pore-filling phases
whose authigenic origins are not i1in doubt. In 4.11C, an
uncracked pore is filled with Fe-rich chlorite (C) and
il11ite (I) intergrowths. Their lath-1ike structure indicates

growth under non-deviatoric stress conditions. Chlorite (C)

f1ills the pore-space between two quartz grains (Q); its
"pbooklsh" appearance distinguishes it from the detrital
micas d1n the previous plate. Both examples serve to

illustrate the marked differences in appearance of the
pore~filling phases in uncracked regions. Mineral phase

transformations again appear to be mainly soyv}d—state
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PLATE 4.11.

A, BSE image of detrital chlorite strand (C) pinned against
a rutile grain (T) at pressure solution contact between

Qquartz grains (Q).

B. BSE image showing complex interrelationships between
detrital phyllosilicates and authigenic cement along a
granulated grain boundary. A detrital chlorite grain (C) is
in contact with a very 1irregular qQuartz fragment (Q). Small
remnants of brecciated carbonate cement (C) and titanic (T)

oxides £111 the dllatant spaces.

c,D. Contrasting appearance of authigenic c¢lay milnerals
filling pore spaces between quartz grains (Q) (BSE images).
In (C), the pore is lined with intergrowths of chlorite (C)
and 1l1lite (I1). In (D) chlorite (C) £ills the pore space,

and develops with a characteristic "bookish'" texture.

Machine-coded scale bars.
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processes, and are readily distingulished from those in which

pore fluid plays a role in deformation.

4.4 DISCUSSION

Paterson (1978) has recently reviewed several
aspects of brittle deformation with relevance to
experimental rock deformation. Two areas 1in particular -
friction and sliding pPhenomena and aspects of the
brittle-ductile transition - have direct relevance to the
results of this microstructural study. Given the existence
of such a recent, comprehensive compilation, there seems
little point 1in reviewing all relevant literature in these
two focal areas. Instead, various aspects of crack
propagation and cataclasite zone formation are considered in
light of what I consider to be key studies. It is8 hoped that
this will highlight some of the long-standing enigmas in the
field of cataclastic rock deformation, and indicate ways in
whieh the results of this study can be directly applied to

them.
4.4.1 Propagation of Single Cracks

In the least deformed specimens (AB13,0L3) single
macrocracks spaced by a few to tens of millimeters appear
to have propagated in purely tensile mode across a specimen.
Of +the modes of fallure seen in this study, it is the only
one which might be predicted by Griffith-type theories of
failure (see c¢h. 1). The formation of these features is
undoubtedly favored when applied confining pressures are
low, and when the initial rock microstructure contains only
a limited number of microflaws. It was noted that this form
of macrocracking c¢an occur as sgingle discrete surfaces, or
exhibit a tendency to branch and wander into a few c¢losely
spaced crack segments. The mechanical basis for these
varying morphologies has not been explored in detail in the
geologic literature, but some progress has been made through
studies of polycrystalline ceramics. Wu et.al. (1978) note

three distinct styles of macrocrack propagation , which they
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classify as (1) twisting, (2) wandering, and (3) branching.
The first 18 considered to be important in non-crystalline

materials, while the latter two are primarily observed in

polycrystalline aggregates. Plates U4.1C,E attest to the

importance of both in the quartzite conglomerate. The main
differences between the two relate to the width of the
affected zone. Wandering commonly occurs on width sgcales of
<2 grains in extent, and was observed in all polycrystalline
ceramics with grain sizes >30 um.. Branching occurred on a
multi-grain width scale for fine grained (<50um) samples,
but was restricted to the few-grain scale for aggregates
with coarser grain sizes (300-400um.). It was shown that
branch separation increased with increasing grain size, and
they thus concluded that the process results from a form of
multiple twisting due to interaction with the grain
structure.

Rice (1980) noted that branching only occurs for
ratios of flaw silze/grain size greater than 1:6. He
suggested that the process may be i1initiated by grain
boundary cracking, and proceed via the formation of
stress-induced microcracks which form under the influence of
the crack-tip stress field. Swanson (1984) supports that
conclusion when 1t i1is applied to aggregates with a low
pre-exigsting microcrack density, but proposed an alternative
mechanism of microcracking via macrocrack coalescence where
high densities of pre-existing microcracks are present.
Grain boundary cracking appears to pre-dominate at slow
crack velocities (Atkinson,1984), but with an increase in
crack veloclity approaching that for catastrophic crack

propagation, transgranular cracking becomes more important.
4.4.2 Crack Interactions

Many experimentalists (e.g. Heard.1960:Wawegsik
and Brace,1971) have noted the tendency for extensional
macrocrack propagation to be suppressed upon the imposition
of confining pressures of as low as a few MPa; rock failure
then proceeds along fractures that form from the coalescense
of microcavities. Sangha et.al. (1974) note that

anastamosing of microcracks and grain boundaries is a common

w
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mechanism of fracture formation 1n rocks deformed under
uniaxial compressive stresses. The 1importance of these
mechanisms 1in the formation of the "patchwork" crack
texturea of some samples has been documented, and it has
been furthur noted that as the density of cracks In a
specimen increases, the propagation of individual cracks is
influenced by the stress fields of nearest neighbors. Kranz
(1979) studied the nature of crack-crack and crack-pore
interactions in specimens of stressed Westerly granite, and
characterized several general types of 1interaction on the
basis of SEM observation. Figure 4.2 summarizes his attempts
to classify a range of commonly observed morphologies.
Similar intersections are observed in the quartzite pebbles
of the Mileres conglomerate, but the ease with which grain
boundary cracking occurs increases the geometric complexity
of the resulting configurations, thus rendering them less
amenable to mechanical interpretation. Nonetheless, certain
regular networks are observed, and some attention will be

pald to thelr mechanical significance.

4,4.2.,1 En-echelon Cracking

In the brief introduction to fracture mechanics
principles outlined in chapters 1 and 2, it was noted that
propagating cracks tend to follow the local maximum
principal stress trajectories, but that bending out of their
plane occurs in order to maximize the strain energy release
rate, and also to minimize shear stress effects. It has been
furthur noted that grain boundary cracking constitutes the
first sign of visible damage 1in fractured specimens of
well-cemented Qquartzite, and that these microcracks
effectively control the propagation of throughgoing
macrocracks. These microstructural modifications undoubtedly
influence the overall macrocrack geometry seen 1in deformed
pebbles, but the single-pebble deviatoric stress fields are
still seen to domlinantly affect crack configurations.

One of the most common macrocrack geometries -
the "en-echelon'" configuration - appears to be controlled by
the amount of overlap between closely spaced crack segments.

The interaction between crack pairs has been gtudied
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FIGURE h,2 Schematilc sketch of pogible c¢crack-crack and

crack-pore interactions, after Kranz, 1979.

FIGURE 4,3, Secondary fracturing near en~echelon
discontinuities. Contours of maximum tenslile stress for
1eft step (A) and rﬁh+ step (b). Contours enclose zones of
tensile stress, and hence zone of likely tensile fracturing.
Likely fracture geometries are drawn perpendicular to local
maximum principal compressive stress. (C) &and (D) show
contoursg of likeliest locations of shear failure for IeF+

(C) and rﬁ\+ (D) steps; potential shear fractures are
located at 30 degfees to max. comp. stress. After Segall

and Pollard, 1980.
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photoelastically by both Lange (1968) and Swain and Hagan
(1978), and their results 1indicate that the tendency for
cracks to link 1s controlled by the amount of overlap with
regpect to the maximum principal stress direction. A more
rigorous analysis has been presented by Segall and Pollard
(1980). They note that in detail, fault traces on all scales
generally consist of numerous discrete segments arranged in
en-echelon fashion, and arrive at a two-dimensional stress
solution for non-intersecting c¢racks which takes into
account the elastic interaction between segments. Their
analysis focuses on shear cracks (along which movement is
parallel to the existing discontinuity - mode II), and in it
they consider two possible en-echelon configurations for
either right-stepping or left-stepping senses of shear. The
distinction is8 made by viewing the parallel network along
trend; the direction of step 1is defined as the direction in
which one must step to reach the next segment, as shown 1in
figure 4.3. The most important conclusion from their
analyses is the fact that, for right lateral shear, the
amount of traction on left-stepping crack trends increases,

whereas for right-~stepping cracks, that normal traction

decreases. As a result, sliding along left-steps is
inhibited, the mean compressgsive stress between cracks
decreases, and the formation of secondary fractures linking

segments 1s suppressed. Conversely, sliding 1is facilitated
along right-stepping cracks, the mean compressive stress
between crack segments increases, and the formation of
secondary fractures 1s favored. Figures U4.3A-D illustrate
the possible secondary fracture configurations which might
be expected for right-stepping and left-stepping
discontinuities.

More recently, Sibson (1985) has questioned these
findings, noting that '"dilational Jogs" (the geometric
equivalent of right-stepping discontinuities in
right-lateral shear) have served as termination sites for
recent earthqQuake ruptures. He argues that these features
may act as Kinetic barriers opposing rupture propagation; in
order to transfer s8lip across the "jogs", extensional
opening across the zones must be of the samne order of

magnitude as the amount of slip to be transferred. Unless
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opening of the dilatant space occurred sufficlently slowly
for fluid pressures to remain the same as those in the
wall-rock, the opening will be opposed by a suctional force.
The magnitude of that force appears to be substantial across
large segments (>.1m). It may not, however, be high enough
to offset the static stress effects which Segall and Pollard
(1980) consider to promote s8lip for fractures of the

gsub-millimeter widths observed in these cracked pebbles.
4.4.3 Formation of Cataclasite Zones

The cataclasite zones observed 1in specimens ABIII
and OLl1 appear to have formed by markedly different
processes than the deformation bands described by Aydin and
Johnson (1983), despite their textural similarities to these
features. Within porous sandstones, banding appears to be
the result of matrix ylielding and pore collapse
(Aydin,1977), followed by intragranular microcracking at
grain impingements, which effects overall volume 1loss and
strengthens the material by increasing the number of contact
points per unit area (see Teufel and Logan,1978). Gliven the
low porosities seen in the quartzites, it seems likely that
the formation of cataclasite zones produces local volune
increases Qithin cracked pebbles. DPilatancy accompanying

deformation presumably results in increased permeabilty, and

the enhanced fluid flow promotes both advective and
diffusive mass transfer processes. The hydration of clay
minerals may be important, but more detailed SEM work is

needed on the <¢lay minerals to better characterize the
chemical effects.

There have been numerous recent attempts to
explain the localization of deformation into concentrated
zones in terms of a bifurcation 1n the macroscopic
constitutive relations of homogeneous deformation in brittle
materials (e.g. Cleary and Rudnicki,1976; Rudnicki and
Rice,1975). Aydin and Johnson apply this approach to
faulting in sandstone, and find that the theory can be usged
to adequately explaln localization for a set of material
properties consistent with field and laboratory observation.

The pattern of multiple sets of closely spaced bands cannot
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be explained by the same theories, but in an intuitive
sengse, thls strain hardening effect has been addressed by
Byerlee (1968). He noted the extreme pressure gensgsitivity of
cataclastic mechanisms, and inferred that the transition
from cataclastic faulting to cataclastic flow will occur at
pressures at which the stress required to form new faults is
equal to the s8tress required to cause continued sliding
along the initial fault surface.

The widespread chemical processes documented in
the microstructural descriptions of this chapter attest to
the importance of fluilds during deformation. Rutter et.al.
(1985) describe the microstructures produced in long
duration (up to 5 months) experiments on the creep of
pre-faulted specimens of Tennessee sandstone at temperatures
of 300 - U400 C, effective confining pressures of 150MPa, and
pore pressures of 20MPa. Microstructural observations point
to the importance of both frictional/cataclastic processes
and water-assisted grain boundary diffusion creep. The
initial microstructure is similar to that seen in specimens
from the Mieres conglomerate which contain the highest
percentages of 1nterstitial clay, and the experimental
fault-produced microstructures show certain similarities to
those observed within the cataclasite _zones of the
conglomerates. In particular, qQuartz fragments within the
Mieres rocks show a strong tendency to become rounded and
embayed within zones with a high percentage of clays (plates
4,8D, 4.9B,C). The documented diagenetic reactions provide
strong evidence for the circulation of pore waters in the
natural examples, and the absence of similar reactions in
uncracked portions of the rock suggests that dlagenegis 4is
facilitated by high fracture densities and associated
positive dilatancy. The restriction of carbonate cement to
specimens with cataclasite zones provides further evidence
for crack-agssisted hydrothermal fluid circulation.

The dissolution of quartz fragments within gouge
and cataclasite 2zones has been the subject of much recent
speculation. Rutter et.al. (1985) note that quartz-rich
cement is produced during experimental faulting, with the
silica derived from dissolution of quartz fragments and the

recrystallization of original clays to a matrix of less
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silicic composition. They point out, however, the apparent
paradox of preferential dissolution of quartz in mica-rich
regions with decreasing pore-fluid pH, together with silica
saturation through the equilibrium of clay and the 1oéal
pore fluid (a point also discussed by Dunning and
Miller,1985). The explanation offerred by Rutter et.al.
stems from the observation that quartz grains are generally
loaded by relatively deformable phyllosilicates, as in plate
4.11A. That 1load occurs at an interfacial normal stress
level commensurate with the mean stress level in the rock,
which should raise the equilibrium activity of silica in the
aqueous 1nterstitial phase between particles. Assuming that

the equilibrium activity of silica 1n the pore fluid 1is

determined by pore f£luid pressures, one might expect
diffusive mass transfer of quartz from clay-rich to
clay-poor areas, given the fact that pore fluid pressures

are commonly less than mean rock pressures.

If these conditions act to '"trigger" quartz
dissolution, the continued corrosion of quartz might occur
spontaneously, even at low levels of differential stress.
Such an explanation may account for the size distribution of
quartz fragments within the cataclasite zones, as seen in
plates 4.9 and h.10. The possibility that chemical
dlissolution and grain size reduction can occur in clay-rich
fault zones places certain limitations on attempts to relate
grain size distribution and gouge thickness to the amount of
displacement along a faulted surface. In short-duration
experiments on pre~-cut sandstone specimens (e.g.
Engelder,1974; Engelder et.al.,1975; Teufel and Logan,1978)
the grain size distribution may indeed be related strictly
to the amount of mechanical granulation a sample undergoes,
which 1in turn will be a function of confining pressure,
total displacement, and original grain size. In longer
duration tests, and in naturally deformed rocks permeable to
hydrothermally c¢irculating fluids, the effects of chemical
corrosion may produce cataclasite zones with very fine
quartz grain sizes after only minor amounts of displacement.
It seems that the presence of small but significant amounts
of argillaceous material in a sgsandstone can profoundly

affect the type of microstructure which will eventually
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develop.

4.,4.4 General Summary

Table 4.1 summarizes the microstructural
characteristics within the pebbles studied. While it faills
to elucidate any satriking correlations between original
microstructural variables and deformation characteristics, a
few findings are worth noting. Sample AB13, which is both
the coarsest grained and purest of the quartzites studied,

shows no signs of cataclasite formation. Cracking dis

discrete, and there 1s 1little evidence for chemical redchon.

Samples ABIII and OL1, on the other end of the grain size
spectrum, are generally the most poorly sorted and contain
the highest percentage of interstitial argillaceous
material. The presence of material heterogeneities at grain
boundaries may facilitate theilr cracking, and allow for the
influx of hydrothermal fluids which proﬁote the corrosive
reactions already discussed. It 4s difficult to assess
porosity effects, since all microstructures are cemented
with overgrowths of secondary mineral phases. It is also
difficult to separate diliagenetic effects on a pre-syn-post-
kinematic time scale, and thus to determine their effect
upon microcrack behavior. Some pore-fill material is clearly
cracked, and 1t follows that some pore cementation preceeded
pebble loading. 1t seems likely that guartz overgrowths of
the type most completely developed in AB13 will retard the
formation of microcracks to higher values of differential
stress than the clay-rich overgrowths seen in ABIII and OL1.

Purely mechanical effects serve to complicate
differences in crack behavior arising from differences in
initial microstructure. Confining and pore fluld pressures,
as well as total differential stress, might be expected to
vary from pebble to pebble within the aggregate. Figure 4.0
illustrates the relationship between confining pressure and
fault morphology, as determined from triaxial stress tests
on Oughtbridge gannister (Hadizadeh, 1980). Increasing
confining pressure produces a marked increase in the width

of fracture surfaces, with all other variasbles held egqual.
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SAMPLE GRAIN SIZE GRAIN DOUNDARY OOMPOSITION QTIER FEATURES DEFORMATION
RANGE AND MORPHOLOGY QIARACTERISTICS
AB18 150-300 um. quartz overgrowths Transgranular cracking
clay rims -— Cataclasis along cracked segments
~quant to sutured shape restricted to widths of less than one
grain diameter.
o2 100-200 um. sutured Lo equanl grain Limited cataclasis along t.g.
shape due to optically cracks. Single irregular zone of
continuous silica cement cataclasis marked by widespread
clay rims rare grain size reduction (3Qmn area).
Shear cracks, Sane plastic strain
features,
ABIII 50-100 um, pore-{illing clays cammon detrital micas Abundant cataclasite zones, in
most boundaries sutured anmular grains sani-banded segments. Same crack-
"dirty qtz! overgreaths poor sorting ing of cataclasite matrix. Few
discrete cracks.
OL3 approx, 100un. clay rims cannon Discrete cracking. Low crack
qtz. overgrowths density, with lcng cracks either
sharp or containing snall amounts
of granulated material.
OL1 20-200um. pore-{illing clays ccmmon detrital micas Very little discrete cracking.
mean = 50um. dissolution of qtz. cccurs poor sorting All cracks show same grain size
at most boundaries, to high angularity reduction associated with thom.
give highly sutured shape carbonate cement Cataclasite zones of varying widths
camon, with sare grain size re-
duction resulting fram chemical
breakdown of quartz.
ABL approx. 100 um, mostly equant boundaries well-sorted Discrete or branched cracking with
clean qtz. overgrowths. minor granulaticn. 1 cataclasite zone
of 1-2 mm. width, Shear cracks.
ABL 100-150um. clay rims common well sorted "Patchwork' cracking along discrete
"dirty" qtz. overgrowths " or slightly granulated cracks. No
cataclasite zones. Shear cracks
originate fram contact marks at
pebble edges.
AB13 approx. 200um. clean qtz. overgrowths _— Branched and sharp t.g. cracks,
with little assoc. granulation.
Low crack density; larger than
average amounts of plastic strain
ABR3 100-150 um. qtz. overgrowths _—

clay rims
iron-oxide coats same
baundaries

Branched, wandering t.g. cracks.
No cataclasite.
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FIGURE 4.4 Schematic representation of the relationship
between effective confining pressure and fault morphology,
as observed in triaxial gtress tests on Oughtbridge
gannister loaded to failure. Values of effective confinhg
pressure are shown above hand sketches of failed specimens.
Typlical microfault morphologlies observed after fallure at
each level of confining pressure are shown. After

Hadizadeh, 1980.






Since some fine-grained speclimens containing argillaceous
intergrowths fail to form cataclasite zones in the studied
pebbles, one must c¢all upon lower effective confining
pressures to explain the restriction of grain size reduction
to widths of a few grain diameters in these specimens.
Differences in confining pressure from one pebble
to the next might arise from differences 1n packing
geometries within the pebble network. For pebbles loaded at
both ends but only loosely supported on their sides, loading
might result in uninhibited expansion 1in directions
perpendicular to the applied load, due to elastic Poisson's
ratio effects. If a pebble is very tightly packed by a host
of surrounding pebbles (effectively "wedged" between 1its
neighbors), that elastic expansion will be inhibited, and
frictional sliding along discrete faults might give way to
more distributed deformation. Pore fluid pressures should
also be expected to play a mechanical role, but in naturally
deformed rocks it will generally be 1impossible to dinfer
thelir importance without a thorough quantification of

overall stress levels.



Chapter 5

CONCLUSIONS‘AND SUGGESTIONS FOR FURTHER WORK

5.1 CONCLUSIONS

The conclusions of this study are presented in the

order in which they appear in the text.
Mesoscopic Pebble Deformation

1. The Mieres conglomerate deformed via a process of
impingement fracture at pebble contacts. The i1intra-pebble
matrix was mechanically weak at the time of deformation, and
the applied load was transmitted heterogeneously through the
sedimentary succesgsion, due to variations 1n packing

geometry configurations and pebble shapes.

2. In detall, fractures are seen to develop as both mode I
extension type and : as shear faults along which
millimeter-scale displacements occur. Fractures conforming
to the classic Hertzian cone crack geometry are observed,
but fracfure.mechanics calculations show that the force
required to <catastrophically propagate a single cone crack
across an enire pebble T 1s higher than
tectoniqally—reasonable values by an order of magnitude.
Calculations made using subcritical stress intensity factors
provide stress values more in line with experimental rock
deformation data. Fractures are seen to deviate from cone
crack geometry in the interior of pebbles, and it is thus
inferred that stress-field interference occurs due to the
influence of neighboring point contacts, forcing the
propagating fracture to choose a more energy-efficient

opening direction.
Orientation Analysis

3. Three-dimensional orientation data indicate that
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streasses were heterogeneous along strike of the conglomerate
unit; inferred compression directions are not particularly
well constrained, g8ince it has been impossible to
distinguish between shear faults and extension fractures on

the basis of the distribution of the field data.

Nonetheless, the fracture orientation distribution observed
cannot be attributed solely to overburden stresses, since
the vector representing the maximum principal stress

direction shows consistent plunges of between 55 - 60
degrees. This 1s attributed to a tectonic "push" associatead
with thrust transport.

Attempts to correlate 2-dimensional crack data
from oriented specimens with the 3-dimensional data gathered
in the field yield equivocal results. The inferred
compression direction from crack orientation statistics at
Olloniego agrees well with the direction predicted on the
basis of 3-dimensional results. At Ablana, the two different

data sets predict markedly different compression directions.

4. Computer-aided pattern analysis is an extremely useful
technique in the statistical study of linear data sets. With
the aid of a hand-digitizing pad, large qQuantities of data
can be generated qQuickly and accurately and subjected to
rigorous statistical analysis. The results of this study
indicate that large sample sizes are required to pick out
mechanically aigﬁificant crack orientations, and that task
is greatly facilitated through the implementation of
quantitative petrostructure technigques. In addition,
orientation distributions gathered from planar cuts through
cracked specimens generally mimie those obtained through
more detailed thin section measurements. In a large regional
study (e.g. along strike of a major upper-crustal fault
zone), the acquisition of orientation data could conceivably
be done from hand-specimen samples (which involve less
elaborate preparation), with more detailed thin section

measurements used to check the accuracy of the results.
Microstructures

5. Three distinct modes of fallure were observed in
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specimens prepared for microstructural study.

(1) Discrete extensional transgranular cracks, spaced by a
few to tenas of millimeters, develop in rocks with clean
quartz overgrowths. Crack paéhs branch and wander, but
visible damage 13 confined to a few grain widths. This type
of cracking is thought to be common in rocks deformed in

compresgsion with little or no lateral confinement.

(11) As observed crack densities increase, failure occurs
along a series of interfering cracks of variable
orientation, breaking the samples into a "patchwork"
texture. Minor granulation along crack surfaces 1s observed,
and ‘"Yen-echelon" and '"en-passant" c¢rack arrays often
develop. Grain boundary microcracking is more widely
distributed, and retrogression- of interstitial clay
minerals, restricted to zones with high crack densities,
attests to increased pore fluid activity due to
crack-induced dilatancy. "Patchwork" cracking is thought to
be favored by the imposition of. small lateral confining
pressures at pebbie contact points whose normals are
oriented at high_ angles to the compression direction. The
importance of 1initial microstructure is an open question;
the texture develops in samples with clean quartz
overgrowths, as well as samples whose grailn boundaries and

pore spaces are lined with clay minerals.

(11i) The most pervasive deformation occurs in pebbles which
contain the greatest percentage of interstitial
phyllosilicate minerals. Widely distributed, gouge-filled
cataclasite zones with widths ranging from a few grain
dlameters to one millimeter develop, and these are inferred
to be faults along which maximum displacements of a few
millimeters have occurred. Large quartz fragments {( >100um),
presumably plucked from intact walls, are observed to float

in a matrix of finer grained quartz and phyllosilicates.

Carbonate cement is present, and 1n places 1t +too 4is
brecciated, a fact which suggests that eplisodic
displacements occur within the zZone. Detailed SEM

observations indicate that grain size reduction of quartz
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occurs through a combination of mechanical granulation along
impingement cracks, and diligsolution at stressed contacts
with clay minerals. Diagenetic reactions are inferred to
have facllitated s8liding after crack-induced dilatancy
increased pore—-f£luid permeability. Lateral confining
pregsures may have been higher than those imposed upon
"patchwork" cracked samples, but it is extremely difficult
to assess the relative roles of the various mechanical and
chemical parameters which have been previously demonstrated
to influence mode of faillure transitions in

cataclastically-deformed rocks.

5.2 SUGGESTIONS FOR FURTHER WORK

This thesis in effect reports the results of work
arrested in-progress. Time constraints enabled only a single
field visit, and a thorough study of the data collected has
left some nagging questions unresolved. It seems appropriate
to consider ways in which the conclusions presented above

might be better constrained by furthur study.

1. The three dimensional fracture orientation data
collected in the field and 2-dimensional crack data
generated 1in the laboratory effectively exist as separaté
data sets. Pebble packing configurations ha&e been shown to
influence the geometry and density of fractures observed in
the field, and differences in microstructural behavior have

in part been attributed to inferred differences in local

- pebble-to-pebble load distribution. A thorough, annotated

excavation of a volume of pebbles is needed to tie the two
sets of data together. In this way, mesoscoplc: orientations
can be recorded for each pebble, evidence for shear
displacements can be assessed at the outcrop to distinguish
between shear and extension fractures, and contact points
can be marked to enable a more reliable determination of the
stress distribgtion within each pebble. That data c¢an then
be correlated with crack statistics from mutually

perpendicular cutas through the oriented specimensa, as well
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as a wider range of detailed microstructural observations of
the type reported in chapter 4. The importance of pebble
slize, packing tightness, and sorting might be determined in

a more qQuantitative sense.

2. Cathodoluminescence (C.L.) 8tudies are needed ¢to
determine the importance of grain-scale microcracking as a
precursor to pebble failure. Microcrack densities adjacent
to microfaults, as assessed using both optical and SEM
methods, appear lower 1in the pebbles than in experimental
studlies of cataclastic behavior in quartzites. Previous work
on naturally deformed qQuartzites (Blenkinsop and
Rutter,1985) has shown that most extension cracks are not
detected with these standard techniques (due to crack
healing), but are readily observed with C.L.. The
application of C.L. methods might enable the extension of
the quantitative petrostructure analysis to higher
magnifications with confidence. In turn, this will better
constrain 1nférences regarding paleostress variations from

pebble -to- pebble and locality -to- locality.

3. The marked variations 1ﬁ crack morphology, mode. of
failure, and initial microstructural parameters described in
ch. 4 were observed from a limited set of only 10 pebbles.
Using the digitizing and statistical programs developed in
the course of this study, a much larger quantitative data
base can be constructed quickly by sgimply collecting more
samples. In this way, the guantitive correlation of initial
microstructure properties with mechanical behavior can be
placed on firmer footing. Grain size measurements from both
unfaulted and faulted zones should be performed, and 1linked
with modal analyses and x-ray diffractometry to determine
the extent to which interstitial clay minerals influence

mechanical behavior.

u, More detalled high-resolution microscopy is needed to
furthur explore the importance of reactions involving clay
minerals which 1line grain boundaries and £1i11 cataclasite
zones. Quantitétive mineral analyses with the SEM might help

to pinpoint areas where diffusive mass .  trangfer has
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occurred, and high voltage transmission electron microscopy
(HVTEM) should be used to determine whether

neomineralization occurs during shear deformation.
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APPENDIX A

A.1 Introduction

The collection of crack statistiecs can be a very
tedlous task, particularly when the number of samples
comprising a complete study is large. The results of Chapter
3 broadly confirm the belief that crack and fracture
patterns in naturally deformed rocks can provide useful
paleostress orientation information, but they also highlight
the importance of measuring large numbers of specimens both
thoroughly and accurately. A large part of the effort which
went 1nto this research project was absorbed in writing and
perfecting a set of BASIC computer programs which would help
to make that task as painless as possible. A technique was

developed which a8llows crack traces to be hand-digitized

(either directly from photomicrograph mosaics or from
overlay tracings), stored as sets of coordinates on flopby
discs, and manipulated wusing a sgeries of sorting and
plotting routines. Analysis of a given crack set generally

involved the following 6 procedures.

1. Crack traces were identified from
prhotomicrograph mosailces and drawn onto sheets of

tracing paper overlay.

2. Small tracings were enlarged using the
departmental reprograpbhlic facilities, so that the
area covered was slightly less than the slize of an
Al (297mm x 210mm) sheet. Larger tracings were
split 1into a series of Al sheetes in a zrid-like

fashion.

3. With the aid of an Acorn BBC Model "B"
microcomputer (fitted with a Cambridge Computer
Consultants Aries-B20 20K RAM expansion bit for
additional memory space), and a British Micro

"GRAFPAD" hand-digitizing pad, AL size ‘Yecrack



mape'" were recorded onto individual permanent
files and stored on floppy disk. The digitizing
routine was supplied in machine code format with
the '"GRAFPAD'", and a short BASIC procedure (ANGLE)
appended to calculate angles and lengths of

individual cracks.

4, Computer-generated maps were produced with a
group of short plotting routines. Maps stored as
single filles were generated directly using the
program MPLOTG. For the larger maps, a slightly
modified program was used; a series of PRINTMASTER
commands supplied with the ROM utility for the BBC
micro enable the sequential re-linking of files

containing single A4 sheets of the original grid.

5. For the mosaic maps, the program WFRCOR 18 used
to assemble the grid of files 1into a global
coordinate ‘system representing the original
prhotomosaic. A series of BASIC procedures test for
crack continuity between adjacent files and apply
"closeness of fit" criteria to relink single
cracks that were separated during the process of

grid formation.

6. The program HISTPLU generates graphic plots of
length and orientation statisties. It handles both
raw data (from maps which f£it on one Al sheet),
and processed data from global files generated
using WFRCOR. Length and orientation statistics
are sorted into arrays and plotted using either
histogram or rose diagram plotting routines, which
utilize the high resolution graphics facilities of

the BBC microcomputer.

Listings of the relevant BBC BASIC .programs are
included below. Some documentation is included within the
program in the form of comment 1lines, and summary flow
charts are provided to aid 1in the understanding of the

general program structures. In addition, variables are

161



defined; BBC BASIC provides no cross listing of variables
during the compilation stage, and 41t 18 hoped that <the
definitions I have provided will enable the transfer of
programs to other programming languages, thus making them
more amenable to wider use. '

Many of the graphies routines are taken directly

from Cryer et.al. (1983). Interested readers are referred to

this text for detailed descriptions of individual

procedures.

A.2 Digitizing routines

A.2.1 General Description

The programs DIGICRK and MACDIGI are designed for
use with the "GRAFPAD". THe two are identical except for a
s8light variation in the procedure ANGLE, concerning the way
in which variables are read into the file entry containing
an 1individual set of crack coordinates. MACDIGI is designed
for use with maps which are either contained wholly on a
single A4 sheet, or which comprise several connected sheets,
but never split cracks from one sheet to the next. The
distinction will become readily apparent from the
degeription of the grid system which follows. The bulk of
the program (lines 0-1940) comes directly from software
supplied with the "GRAFPAD"; the code 1is far from
transparent, and no flow charting 18 attempted. After =a
brief description of the method chosen for segmenting large
maps into a grid pattern, the procedure ANGLE will be
documented as 1t appears 1in both DIGICRK and MACDIGI.

Essential differences between the two are noted.

A.2.2 The Grid System

When digitizing a map containing linear features,

18
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it 18 often impractical to reprographically reduce the map
such that it fits wholly within the dimensions of the
"GRAFPAD" coordinates (297 x 210mm). Generally, thise
sltuation arises when mapped lengtha are short, and
reduction shrinks them to less than the minimum resolvable
length of the pad (MRL; see Chapter 3). A grid system was
thus developed to allow large sheets to be broken into
segments, digitized on Al sheets, and pieced together using
a file management system. Inevitably, the segmentation
results in the splitting of 1long cracks, and a set of
continuity tests were developed to allow a given fille to be
searched for cut cracks. Where possible, these were then
spliced together to restore their original lengths in the
global file containing the crack entries for all individual
All sheets.

To facilitatel this splicing procedure, a pair of
integer codes was attached to the filile entry of a single
crack. Figure A.1 summarizes the codes and their meanings,
and indicates the code entries which would be required for
an arbitrary crack map which has been divided into a 3x3
grid. The codes are entered in pairs (separated by a comna,
and followed by <RETURN>), after an appropriate prompt from
within the digitizing program. The variabie CODE1 contains
the code for the vertical continuity test, with the variable
CODE2 holding the corresponding code for the test of
horizontal continuity. These are subsequently examined in
the program WFRCOR, which contains the actual testing and

splicing procedures.

A.2.3.1 Program MACDIGI

Program Listing:



1

1,2

YJ | | 3

4.1
33
/J 2,1
__/TJ/‘
Vertical Test Horizontal Test
(CODEL) (CODEZ)
1.No Continuity 1.No Continuity
2.Top Continuity Z.Left Continuity
J.-Bottom Continuity ZeRight Continuity
d.Throughgoing d.Throughgoing
O-Feset Value O.Feset Value

Figure A.l. Avhitrary ZxI Map grid, illustrating a typical
tocding sequence. Takle summarizes the integer continuity
codes reguired for use with program WFRCOR.

co
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A.2.3.2 Program DIGICRK

Except for the inclusion of erack code variables.
the program 1is identical to MACDIGI. The amended version of

PROCANGLE 18 1included to i1llustrate the minor changes

involved.

Listing of PROCANGLE:

)

2000DEFPROCANGLE

2005 PL=INKEY(50)

70101F PA3=1 THEN GOTO 2020 ELSE GOTO 2040

2020 PRINT;TAB(0,23)3*FIRST POINT *

70251F 20520 THEN GOTO 2030 ELSE 6OT02210

2030HOVE! X544, Y5541 PQS=2EAXK= 1 X1 AYS="Y4:60TD 2210

2040 PRINT;TAB(0,23)3"SECOND POINT®

20451F 2USOTHEN' GOTD 2050 ELSE G0T02210

2050DRAN! X344, 1Y%#d:PQY=1:BXX=" 4 BYS="YS

20551F (B1%-AXk)=0 THEN GOTO 2067

2060 THETA=DEG(ATN(ABS((BY4-AYX)/(BX4-AX%)))) :GOTO 2070
2067 THETA=90 : GOTO 2070

2070 LGTH=((BYS-AYS)*2)+((BX1-AXE)"2)

2075 L6TH=SQR(LGTH)

2076 INPUTTAB(0,2)3" INPUT CRACK CODES -CODELS,CODE2$",CODE1S,CODE2%
2077 PRINTTAB(0,2) " '
2180 PRINTTAB(0,5):*DATA 0K? ¥-}-62°

2185 1F GET$="Y* THEN 6070 2190 ELSE GOTO 2186

2186 IF GET$="S* THEN GOTO 2205 ELSE GOTO 2200

2190 PRINTEPF,AX%,BXX,AYS BV, THETA,LGTH,CODELY,CODE2Y

2195 NHX=NN1+{

2196 PRINTTAB(0,3);"LAST DATA STORED=";NN3

2137 PRINTTAB(0;23)+* .

2200 pas=1:PRINTTABL0,5);" *:6070 2210
2205 CLOSEF0:STOP

2210 ENDPROC



ENTER

Y

Input first point j
Calculate screen c:ordinates: AYK,AYS |
Input second puint‘ ]
Calculate screen n:ordinates: Brs,Bvs |

Calculate angles and lengths I

Y I DIGICRK only '— Input Crack

{ Cades

t
—

A

r
If data OK, continue
_— If bad data entered, reenter points
If map complete,Exit

L Hrite data to permanent file l
|

'——L Increment NN% : l

{

| Return to main progran . |

Fig: A.2 Summary flow chart for PROC ANGLE (in MACﬂIGI)

3 6 9 12
Y 2 5 8 1
M_
A=
X
3
1 1 4 7 10

- XMAX =4 e

Fige A3 Arbitrary 4x3 grid illustrating correct file entry sequence



1 X%
: 1Y%
AXX
AYX
BX%
BYX%

GET$
LGTH
NNX%
PF

; PL
PQX%
THETA
Ux

Variable Definitions: PROCANGLE (from MACDIGI)

X GRAFPAD coordinate for crack endpoint
(0,320)

Y GRAFPAD coordinate for crack endpoint
(0,255)

X screen coordinate for first crack endpoint
recorded (0,1280)

Y screen coordinate for first crack endpoint
recorded (0,1020)

X screen coordinate for second crack endpoint
recorded

Y screen coordinate for second crack endpoint
recorded

Holds data éheck/stop character (Y/N/S)
Crack length

Counter: number of cracks recorded
Permanent file variable for data storage
Time lag (safety device)

Determines polnt to be stored

Crack orientation in degrees (0-90 only)

Drawing code

Variable Definitions: PROCANGLE in DIGICRK

Variable

inclusion of crack codes:

CODE1%
CODE2¥%

Vertical continuity code

Horizontal continuity code

Table A.1 Variable descriptions: MACDIGI

188

listings are identical to MACDIGI, except for the



A.3 Program MPLOTGI

The listing for MPLOTGI is largely
self-explanatory, and provided only for the sake of
completeness. Values from the digitizing sequence are read
in from a designated permanent file, scaled to provide a
full-sized, geometrically accurate hardcopy, and plotted.
The WINDOW and GDUMP facilities provided with PRINTMASTER
enable the control of printout size and placement from
within the program. Appropriate codes are 1listed in the
PRINTMASTER user gulde supplied with the utility.

Program Listing:

10 MODEQ
20 INPUT"ENTER DATA FILE HAME™ NAMES

30 CLS

40 Q=OPENIN NAMES

S0 MOVE 9,0

60 DRAW 0.1023

70 DRAW 1060,1023

20 DRAH 1040,0

190 REPEAT”"

110 INPUTEQ,AXX,BXX,AY% ,BYS , THETA,LGTH, CODELY , CODE2K
120 HOVE INT(AXhzd¥:825), Avhed
130 DRAW INT(BXX#d#.825),BY4¢d
140 UNTIL EOF(Q

150 CLOSELO

160 HWINDOW

170 +GDUNP 0 0 1 1 20

1805T0P

1389
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A.lL Program WFRCOR

The program WFRCOR asaembles the grid of
individual files from large maps into a global network, and
checks for crack continulty between files. When digitizing
one map, the program c¢an be bypassed completely; the
plotting facilities of HISTPL4 should be called directly.
With the 20K RAM expansion, at least 600 1individual crack
entries can be combined 1into one global file without
exceeding the memory limitations of the BBC '""Model B", using
graphics MODE 1. For "Model B's" not fitted with an
expansion bit, MODE 7 is recommended, though the user may
find that existing memory permits the storage of a reduced
number of crack entries.

The program can accomodate a range of grid
dimensions, subject to the memory limitations noted above.
Because of difficulties encountered with '"end-of-file"
markers, 1t was necessary to enter individual filesizes as
input parameters. These are best recorded immediately after
digitizing a given map. The initialization sequence of the
program also requires the map grid dimensions and number of
files as input data. For the continuity test sequence to
work properly, the input data must be specified in the

following form:

1. Grids must be of regular integer dimensions

(ie. rectangular or squarel

2. Filenames and silzes must be entered
sequentially, in the position in which they appear
in the initial grid. The first file entered must
be 1in the bottom left hand corner of the global
grid. Subsequent entries proceed vertically to the
top of the grid, at which point the file at the
bottom of the column to the right is entered.
Figure A.3 shows a typical 4x3 grid, and indicates

the correct numbering sequence for file entry.

The sole remaining input parameter, the name of
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the global data file, must be entered after the crack

continulty tests are complete.

Program Listing:

10€%=400508

2040DE!L

JOREN torrelation pro?

40DINM A$(10) FSITEX(10),AX%(600), BX%(BOO) AYZ(600),BYX(600),THETA(600),LGTH(600),CODE1%(600),CODE2%(600),MAPS(10)
SOINPUT 'ENTEP NUMBER 0% FILES" N

60 INPUT™ENTER GRID DIMENSIONS; iHAX YHAX:S ™ XMAXX, YHAXY

J0FOR MJ=1 TO NUNF

BOINPUT "FILENAME,FILESIZE??" A$(M1),FSIZEX(NY)

GONEXT MJ

100CLS
lé%?%é@TOSPC(S) 1"AX" SPC(6);"BX";5PC(6) 3 "AY";SPC(6);"BY";SPC(5);"CODEL" ;SPC(3);"CODE2" ;SPC(3);“THETA";"  LENGIH"

130PNTX=0

1d0FOR MJ=1 TO NUMF

1S0REN calcnlate present row and column within map grid

1H0NXX=INT(((HI-1)/3)) i

170NY%=M] -3#(NXX-1)

1800=0PENIN(AS(NJ))

130REPEAT

200CTRX=CTRY +]

210PNTR=PNTX +1

220INPUTED, AXR(PNTS), BXI(PNTH),AYE(PHT2),BYR(PNTY) THETA(PNTA), LOTHCPNTA) , CODELL(PNTY), CODEZR(PNTY)
230 IF BYx(PNTI)(AYl(PNTZ) AND AX3(PNT4) %= BXX(PNT%) THEN THETA(PNTZ)=~THET&(PNTX)
2401F AYX(PNTA)CBYXZ(PNTS) AND AXX(PNTH))= BX%(PNT%) THEN THETA(PNTX)=-THETA(PNT%)

250 IF THETA(PNTX)=-90 THEN THETA{PNT3)=90

260REM establish glohal coordinate systea
270X (PRTX)=AXS(PNTX) #(NX2-1)#317

280BXZ(PNTH)=BXS(PNT)+(NX3-1)#317

290RY3(PNTS) =AVX(PNTA) +(NY%-1)¥250

J00BYX(PNT%)=BYX(PNT%)+(NYX-1)#250

JLOREW adjust entries so that AX always lass then Bi.

J200F AXX(FNTH)(= BXX(PNT%) THEN GOTD 360

IIOTENPAX=AXS(PNT%) s TEMPYY=AYL(PNTY)

J40AXS(PRTX)=BXX(PNT%) tAYX(PNT%)=BYE(PNTX)

ISORYS(PNTS)=TENPX%SBYS(PNTX) =TENPYY

J60PRINT AXS(PNT%),BXY¥(PNT%) AY4(PNTS) BYX(PNTX),CODEL%(PNT) ,CODEZY(PNTX), THETA(PNTY) LGTH(PNT})
370UNT!L CTRY= FSIZ&%(HJ)

380CLOSELO
390MAP%(HJ) CTRY-
400PRINT " )
410PRINT "MAP";MJ;® CONTAINS *;MAPX(MJ);" ELEMENTS®
420CTR%=0
4IONEXT NI )
440REM enter test sequence to test crack continuity
4501TEN=0:PNT%=0
460HALT =NUNF-1
470REN loors over each qrid array
430FOR MJ=1 TO HALT
490NX%= INT(((MJ =1)/3))+]
J00NY%= MJ -3*(NXX-1)
SIOTTEM = ITEM + NAPX(MI)
5201F NYX=YMAXZ THEN GOTO 610
JIOREPEAT
J40PNTH =PNT + |
S50REN verticai contianity sequence
5601F ZDEISCFNTAY=C OF CODELR(PNTR =1 T+ih PEOCVERTES
STOUNTIL PHTL=1TEN
S80FEM horrzontal test sequence
S901F Nxy=xMAYY THEN GOTO 650
AOOPNTE=1TEM -NAPR(MJ)
Hh1OREPEAT
620PNTX=PNTY +1
6301F CODE23(PNT$)>2 THEN FRifnuRiLe
cdOUNTIL PNTH=1TEN
ATONEXT H)
L6OITEM = ITEN #HAPX(NUMF)
ATIEYTE=0
HINTIMY =D



690REM write ypdated crack data to new nyle 'Blnbal’
100PRINT * "IPRINT®  ":PRINT TAR(15)"GLOBAL DATA®
TLOPRINT "AX* *BX® "AY",*BY" ,"THETA" "LENGTH"
720 INPUT*ENTER GLbRAL FILE NaNE: " l
730 PF=0PENQUT(CS)
T40REPEAT
TSOPNTE=PNTY +1
T601F CODEYX(PNTX)=0 OR CODE2X(PNTX)=0 THEN GOTO 200
TT0SUHI=SUNY +1
TSOPRINT AXT(PNTX) ,BXZCPNTX) AYL(PHTX) BYS(PNTY), THETACPHTL),LOTH(PNTY)
ggggﬁ{?{{gﬁfAXI(Pﬂf%), BXZ(PNIZ) AYZ(ﬁNTI) BYZ(@NT%) THETA(#NT%) LGTH{PNTS)
B1OPRINT'"GLOBAL FILE CONTAINS *;SUMX;* CRACK VALUES”
820 CLOSELPF
BIOEND
840DEF PROCVERTES
950REM fix global counter at hlock to be tested
860POINTX=0
870FQR k=1 T0 MJ
8B80POINTX=POINTY + MAPX(K)
80NEXT K
900YTESTB= MI+{
910YTESTB=POINTS + MAPZ(YTESTB)
920REPEAT
930POINTE= FOINTE+1
940REM crack with bottom continuity to match?
9501F CODEIX(POINT%)>2 THEN PROCYCHECK
96QUNTIL POINTX=YTESTB
970ENDPROC
930DEF PROCYCHECK
9901F (BYS(PNTX) YAYS(PNTX)) THEN U%=0 ELSE U=l
10001F (BYX(POINTX) >AYX(POINTX)) THEN PX=0 ELSE P%=1
10101F UX=0 AND P3=0 THEN GOTO 1040
10201F U%=] AND PX=1 THEN GOTO {150
10306070 1250
10401F ABS(BXX(PNTX)-AXX(POINTX))>d4 THEN GOTO 1250
10501F ABS(THETA(PNTX)-THETA(POINT%)) )20 THEN GOTG 1250
1060AX3(POINTX)=AXX(PNTX): AYA(POINTX)=AYS(PNT%)
1070LGTH{POINTX)=LGTH(PNTZ) + LGTH(POINTY)
1080IF CODELIX(PNT%)=d4 AND CODE1%(POINTZ)=d THEN CODEIX(POINTY)=4
10901F CODE2X(PNT%)>2 OR CODE2X(POINTX)>2 THEN CODE2¥(POINTY)=3
1100REN reset pntX values to zero for all arrays
F1I0AXS(PNTX)=0:BXS(PNTA)=0:AYX(PNT%)=0:BYL(PNTY)=)
{120THETA(PNTS)=0:LOTH(PNT%)=0:CODE1%(PNTX)=0:CODE2Y(PNTY)=0
TI30PRINT™ *:PRINT"CRACK *;PNT%;" JOINED TO CRACK ";POINTX:PRINT" *
11406070 1250
11501F ABS(AXX(PNTL)-BXX(POINT®%})>d THEN GOTO 1250
11601F ABS(THETA(PNT%)-THETA(POINTY))>20 THEN GDTO 1250
1170BXS(POINTR)=BXX(PNTX) :BYS(POINTY)=BYS(PNTS)
{180LGTH(POINTZ)=LGTH(PNTY) + LGTH(POINTY)
11901F CODELX(PNT%)=d AND CODE1S(POINTX)=d4 THEN COGDELX(POINTY)=d
12001F CODE2A(PNTX)>2 R CODE2L(POINTYI>2 THEN CODE2L(POINTY)=]
1210REM reset pnt¥ values to zero for all arra¥5
1220AXX(PNTX)=0:BXS(PNTX)=0:AYL(PNTS)=0BYS(PNTX)=0
L230THETA(PNTA) =04 LOTH(PNTX =0 CODELX(PHT) =0 CODE2S(PNT4)=0
1240PRINT® ":PRINT"CRACK ";PNT%;" JOINED TO CRACK “;POINT:PRINT® *
1250ENDPROC
1260DEF PROCHORTES
1270LINIT=0
1280ADJAC=0
1290REM fix global counter at start of test Column
1300XTESTA=NX %33
1310FOR M=1 TO XTESTA
1320ADJAC=ADJAC+MAPX (¥)
1330NEXT M
1340B0UND=ADJAC
1350ADJAC=ADJAC+]
1360F0R L=1 TO NY%
13708= (NX3#3) +L
1380LIHIT LINIT+MARS(S)
1390NEX
1400UPLIH =LINIT + BOUND
{410FOR T=ADJAC TO UPLIM
14201F CODE23(T)=2 0P CODEZI/TH=d THEN PROCXCHECK
T4JONEXT T
1440ENDPROC
1450DEF PROCXCHECK
1460iF ABS(BY4S(PNTTY-AYL{T)):4 THEN GOTD 1550
14701F ABS(THETAPNTL)- THETA(I)}>1; THEN GOTG 1550
14802X2(T)=A 4 (PHTH) SAYR(T)=AYL(FNTY)
PIIOLATH(T)=LOTH(PHTY) +LOTH(TY
15001F CODE24(Th=d AND CODE2S(PHTT =¢ THEN CODER4(Ti=d
IS10REN null &il arravg for pril
1520AX S (PNTE =0t RYLCENT L =Gi AP S {PUT I =00 Ry S (PRT Y =0
ISIOTHETACPNTS) =00 LOTHPNT S =12 oBE L 1(PNTE) =0 CODELT 7571 =0
’éégf FINT® "SPRINTMCPACK ®iPNTTyc 1074TD T CRACK "3 T PPU
{ NoFSn(
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ENTER
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Dimension arrays

Input file data?
Filenames,filesizes
Grid dimensions
Number of files

i

Hrite headings

Set global counter to 0

-

3

Set file counter to 0

Read crack data

Establish global coordinates and angles.
Adjust coordinates so that AX<BX (for test
purposes)

¥

Print crack data

Loop over number of crack entries for each

file
!

Loop over 2ll files in grid

3

Enter test sequence

FROM
B

Initialize test counters

4

Calculate present grid position

!

If last block in grid then 5TGP

!

BEEREE

Set counter at start of file to be tested

J

If test block is last in vertical column,
skip to horizontal test

Enter vertical test procedure (VERTES)
if CODE1%=2 or CODE1%=4

!

Loop aver all cracks in test block

'

Reset counter te start of file

i

TO0 A

Fig.A.d Summary flow chart for program WFRCOR
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A
[ !
‘ If test block is in last vertical column skip
to next test file

—

Enter horizontal test sequence (HORTES) it
A CODE2%32

Loop over all cracks in test block |

g—

——{ Loop over all files within global grid _l

| Write updated crack data to new global file ]

!

END

Fig.A.d Summary flow chart for program WFRCOR



PROCVERTES
ENTER
Y
Fix global counter to start of block above
test block
1
It CODE1%32, test for bottom match with
A PROCYCHECK
1
———  Loop over all cracks in block B
‘ )
| Return to sain program ]
PROCYCHECK
ENTER
Set integer values P,U to determine slope of
~tracks (and thus nature of test)
¥
~If both slopes positive, -enter test at A
- 1f both slopes negative, enter test at B. If
slopes are oppesite, skip test
A Test for spatial fit. If mismatch out of

bounds, exit test

¥

Test for angle fit. If mismatch out of

bounds, exit test

¥

Join cracks and update coordinates
Go to bottom of test sequence

3

Perfors identical tests for negative slopes AJ

gy

Return to PROCVERTES |

Fig-A.5  Summary flow charts for PRGCVERTES and PROCYCHECK
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PROCHORTES

ENTER

I

Fix global counter at block to the right of.
test block
t

[ Set upper and lower bounds for test |

—
e

If CODE24=2 or CODEZH=4 test for left match
1 With PROCXCHECK
¥

——  Loop over all cracks in block ]
iR

[ Return to main progras |

PROCXCHECK

ENTER

|

Test for spatial fit. If mismatch out of
bounds, exit test

R}
Test for angular fit. If mismatch out of
bounds,exit test

|

)
I Join cracks and update coordinates AJ
[ Return to PROCHORTES |

Fig.A.6 Summary flow chart for PROCHORTES and PROCXCHECK



Variable Definitions: WFRCOR

Array Variables:

AS$

AX%
AY%
BXX%
BYX
CODE1X¥

CODE2X% .

FSIZEX
LGTH
MAPX
THETA

Individual filenames

First X coordinate of cracks

First Y coordinate of cracks

Second X coordinate of cracks

Second Y coordinate of crgcks

Integer codes for vertical continuity test
Integer codes for horizontal continuity test
File sizes for each individual filé

Crack length values

Filesizes in proper sequential order

Crack angle values

Single value variables in main program:

Cs
CTR%
HALT
ITEM
MJ
NUMF
PF
PNTX
Q

SUMX
TEMPXX
TEMPYX
XMAXX%
YMAXX

Global crack file name

Counter in global coordinate sequence
Number of last testable file in grid
Upper bound within testing block
Counter within test sequence

Number of files in grid

Permanent file value for data storage
Global crack counter

Permanent file value in input sequence
Counter in output sequence

X storage value for switching AX, BX

Y storage value for switching AY, BY

X grid dimension

Y grid dimension

Vvariables local to vertical test sequence (VERTES):

K
PX
POINTX

Counter in initializing sequence

Crack slope variable - negative slope

Crack counter within upper testing block

Table A.2 Variable descriptions: Program WFRCOR
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Ux Crack slope variable - positive slope
YTESTB Upper limit of upper test block

Variables local to horizontal test sequence (HORTES):

ADJAC Lower bound within tested block

BOUND Stores ADJAC value before updating proceeds

L Counter in test sequence

LIMIT Counter position within present column

s File counter within present column

T Counter within tested block

UPLIM Upper bound within tested block

XTESTA Posltion of uppermost file in designated
column

Table A.2 Variable descriptions: Program WFRCOR
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A.5 Program HISTPLA

Using program HISTPLU4, The assembled crack data
can be sorted and plotted in either rose diagram or
histogram format. A range of 1input parameters (filename,
fllesize, c¢rack magnification, and number of histogram
graduations) must be specified, after appropriate prompts.
Data which has come directly from the MACDIGI generating
procedure is processed to ensure that angular values are
corrected; data which has been processed using WFRCOR is
sorted directly. An integer code (1 for processed data, 2
for raw) 1is specified after the preceding prompt.

As with the program WFRCOR, the actual number of
cracks that can be analysed will depend upon the particular
memory limitations of the computer being used. With the RAM
expansion, a maximum of 500 cracks can be stored and
processed using the highest resolution graphics mode (MODE
0). Hardcoples of screen plots are generated using the
PRINTMASTER screen dumping facllities; the program provides
the user with the option of bypassing the printer plots. One
minor point of confusion may arise after the final plot, the
length histogram, is produced. No prompt 1is generated
onscreen, but a hardcopy can still be generated using the
n"y" key.

In addition to the program 1l1listing and variable
definitions, a summary flowchart of the basic program
structure is provided. Only a detailed description of the
rose dlagram routine PROCROSE 1is presented; for descriptions
of the other graphics procedures, the reader is referred to

the text by Cryer et. al.(1983).

Program Listing:



10 10DLO
SIPEN o HISTOGRAM PLOTTING FOUTINCe
SOINPUL(NTER NURBER OF CRACK EWTRIES, TOLLOVED BY DATA FILE MANC,FSIIEN, FINANES
40 DPYTCINTER KAP KAGKIFICATION *inko
SORFUL*(NTER KUNBER OF AMOLE GRADUATIONS REQUIBEDs mi
OINPUTS(XIER NURICE OF LENGI CRACUATIONS RERUISL! wun
10 INPUT*1S DATA GLODAL(1e- ISUE AMCLES)D 17 YES,EXTL (80 rcst INTERCD) *3(D
SOIT KUNLININUNTHE THEN SPACEyNUMLENE ELSE S"l(‘ﬁ\""
0018 nmsum,nmsmx) AYS(ISIIET)
HL(150) rsci30) pEksomAn) binserrsina)
100 %th  eintdiacnie aeavh
1101 0R wee0' 10, KORHE
120SCANT S (X3)00
130 DENS(N8)e0
14ONEIT B
15010R XLs0 10 NUALEN
150SCARLE(KE) 10
120 11te0
18ONERT NE
190 R[N $INPUT DATA®
J00L A AT DuAnC)
210008 J3s1 70 151243
201MPUI(1, A8 FLODATIOD 108, HEAUD L GTHOD)
230 17 Cbed IHEN 6DIO
200 RN ¢CORRECT ANGL T
250 IF ALSCIS)CODIT(JE) THEN G010 290
260 TENPLESATS(JE)ETENPYIRAYS(T)
20 AI1(28)*318{18) LAYRL I8} e BYS(J)
260 DIS(ITYTENPISEDYR(I)s1ENPYS
290 1F BYS(IS)CAYICIS) THEN THETA(JS)s-THETAQID)
300 ALH  VCORRECT AND SQUARE LINGTHS®
STOLGTH(IT)s (LGTH{ I3} . IS)INAG
320 L6IHSO(JS)e(LGTH(I1)#.T3/KAG) "2
390 TTLsTIL LGTHSO(Y)
JONERT U3
350 €L05E(L
SI0RER ISORT IHETA MRAY FOR PLOTIING o
370 REAWSET UP SECTORSY
390BRACKET -lao/nunrut
390F0R J3=1 10 FS11E8
200 18 TAETACT5930 THEN 165180180 ~THETACIS) ) /BRACKET EUSE TEST=-THETA EVIERACFLT
410 TESTAT=INT(TEST)
€0SCANTI(TESTATYSSCANTI(TESTAT) 4}
430 8{!5(!(5[‘!)'0[NS(T(SIAI) o(lGIHSQ()l)IYYl)!IOO
ON
¢SCHOR X1a] 10 NUMTH
:327:;:1'5(Anr(°‘lx")  SSOANTI(KT);® DINS(®iK3;")s *;DENS(KT)
W11 kg
SGOREN 9SORT LENGTH ARRAY FOR PLOTIING
1907EN #SEARCH FOR MAI LENGTH OF ARRAYY
SO0LRAT20
S10F0P J1s1 10 FS1268
S201F L6THIIN))s LKAT THEN LAATSLGTH(IS)
S30NE3E 1

$40 REX 4SET UP SECTORS®

ISOMINDOW=LNAL/NUNLEN

S60FOR )= 1 10 FSIIES

STOLTEST=LGIH()T)/NINDOW

SBOLTESTS=INT(LTEST)

SIOIF LTESTS=NUNLEN THEN LTESTS=LTESTS-)

LO0LTESTS=LTESTINY

S1O1F LIESTIINUMLEN THEN PRINILINIT OF ARRAY SCANL EXCEEDED®
:gg:g;?[}gll(Sll)=Stllll(l'l$ll)‘l

40PN »

630F0R X321 10 NUML

S60PRINT® SClll( ;KS") * *SCANLI(KS)
STONEXT X

680REN lPlO[IlHG ROUTINESS
S90REM v ANGLE PLOT, ¢

700 PROCROSEY

710 PROCROSE2

T20F0R 1321 TO NUNTI
ISOY(IS)lSCANIl(ll) l(ll):l!'BRAtK!l

17l
750!(0)3XUH!H! +1IY(NURTHE #1920 [N=BRACKET
150018

1100320

T30FROCCONBO

T505 [N & LENGIH PLOT ¢

$00ust

S10FQP 111 T0 NUMLE

§20Y(13)aSCANLS(I3): llll) 13ININDOY

ONT 18

w!%! TOVENUMLEN +SY(NUNLENS 1) 202 " IN=UINDOM
Lo

80 {lS

970PF0CCONDO

880 Vﬁlll HARDCOPY? Y/N? *

890 1F GETy="Y* THEN PROCOUNP2

900 1F GETY="N® THEN PRINT® M

910END

920DEF PROCCOMBO

940PROCSCA
950PROCHIS [0
9606C0L 0,3
910pRocAILS
980PROCGRADUATE
990PROCNUNBER

10001F U120 THEN 'ROCN:H(I('CRACK ORIENTATION®) ELSE PROCNANEX("CRACK LENGTH ~so.-*;

1010PROCKANE Y(*NUNBE
1020 VOUS: MOVE 2000,2000

1030ENDPROC

1040 OCTPROCROSES

1030 (1S

1060 RNAI=0

1070 FOR XL1=1 TO WUATHE

1030 IF SCANTI(KLS))RNAL THEN RNAI=SCANTS(KLE)
1090 NERTRLY

1100 PRINTIAB(O,1)"RMAY= *:RNAL

1110 CULINT((RAL-1)110)91

1120 PRINTIAB(0,2) *CHAL= *;CMAI

13 scr-lul(sob/(cnxxoxo))

1140 PRINTIAB(0,3) *MAP( *:

1150 PRINITAB(0,¢)°[ OF O ';iSll!l

110 NOVE 040,200

Lo b b, ¢

gm £0R JX1x1 10 (AT

YI(ISNLs), lHlY‘(lSlI!l).LGIN('SlIII|.5(AN!X(NUHYHI),SClNl!(NUNl(H),X(S'l(l).Y|S'lCI).
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1200 PROCCIRELL
1210 K11 Jr3
1220 VOU29,6404200¢
1230 novi 8,0
1240 PHIs0
A
. N HEOSURADIINL ) 0ST1 0. 83510, INTASLANTICLE) ¢ (SIMRRD(PHI))0SCT 1)

1270 DRAV ~INT(SCANTE(LS)+ (COSCRAD(PHE® 180/ MURTH ) 19SCF 0. 325)) , INT(SCAN ' [
1280 PHIxPHTe 1BO/NURTHE 125)), INTCSCANTRCL)$(SIN(RAD (PHI # 1EO/NUNTKE) )4SCT))
1290 X{IT U1
1300 ISU(NUIPOS(

10y

1310 VG 3¢

t20 fkinz"!(20.»0) CRACK NUNBR ¥5. ORIENTATION(DICS)®

1340 PRINTTAD(30,32)"HAKDCOPY® /N2 *

1350 IF GETS»*1*' THEN PROCOUNPY

1360 PRINTIAB(30,32)°

1370 ENDPROC

1380 DEFPROCROSI?

139015

1400RNAT=0

1410£0R KLI*1 10 MynT

142011 D(NS(KIS))RHAI Moo FRATSDENS(XLE)

13ONERTRL

llloPllllllllo 1)°RAALE *(RMAL

ESOCRAT N1 ChIA D) Y0 ]

L4B0PRINTTAB(C,2) *CAALx *sCMAI

1470 SCFaINT(5807(CmATI10)}

1430 e 'Rlulrnl(o 30 UNAPL *4F INANES

lsoorslntrlnln 4)°0 OF CRACKS® *iFSITES

1S1OROVE 010,200

152008A4 |.4o.,oo

15301NC150

1540F0R JK12) 10 (AAL

:SEOPRDCCIRCl(

1570 vouzo $40;200

1530MONT 0

1590PH130

1600FOR L3 1 T0 NUATHE

121%%%:: }:}i%&:giiiztgggaiigtzui»1-;c50-: 2%, INT(DERSILL ) aSIN(RAD(PHE) ) ¢SCT)
200000 - ' (PHY +18O/NUNTHE})95CF2.325) , INT(DENS(LT)®

1e~oru|vru1o|ao/nunxu: 323), INT(DENS(LE) SINCRADPHI 4 I8O/MUNTHE)1SCF)
154ONELT 8

1650pROCNUmOSE

1840V00

1670 PRINTTAS/ 1S 30)°CRACY DENSITYIS 0f 10IALs y3, ORTENTATION(DEGS)®

14300UINOM

1670 PRINTIABESD, 32) HARDCOPYS 1/ *

1700 [F GEISaT* ' THEN #90CDURFY

1719 FRINTIABC30,32)°

1720 ENDPSOC

1730 DEFFROCSCALE
ASIL] LSt ESN) £ it

1750705 * {1 10 119)

17601F SDUL D)TRINST2Y¢ 1)

177016 L1 10 §)THEN"LT=1( 1)

19017 SO DIHEN'SY1( 1)

0IE Lrev:- DMLY 1)

1900NE1T
IBLOPROCSCALEQL ST, LX) 17518 1°L1x"s
1820°5T1a §¢ ¢+ (Bida (M1
1830PROCSCALES("SY, lV) -*sr' St Lrey
1820°5TYa"ST 3 (BYs’ )
1850° 124000/¢ A1+ sx)~ vxsoo/( - 51
1860 CONVI2LS50="STa ) ¢ CONVY2100-"GYe"Y
1870ENG2POC
1380DEF FN'CVI(G) =" L4Go CONVE
18500EF FX"CYT(G) =*YaGe " CONVY
19000EF PROCSCALE2(L,H) :83:40101090K
170017 100 AN LCR/3'THEN U=0 ELSE IF HCO ANG HIL/3 THIN H=0
1920° LLaVAL(LEFTS(STRI(L), INSTR(STRI(LY, *E*)-1))
1930 LHVALLEFTSCSTRS (1) INSTRSTRY ), ': ) )
1920 FL=VAL(NIDS (STRs (1), INSTR(STRS(1), }¢
1750° LHa " LK0 10" (VAL(RIDS{STRI CH)  INST7 's7 TP

1960° D2 LH-"LL
19700F *DCx3THENREPEAT D="D#10 s FLa'PL~1 S LL="LL010 & LH="LHeI0 SUNTIL “D)3
LLeLL/10 2 LR="LH/10 SUNTIL "DC30

19801F *D)JO0THENREPLAT D=" DIlO ! !l"!lOl
1990° ll'lll( LLeeT) STLH=INT( LHe.5)

2000032410 ¢ tPNl'SGN( ll)'(Vll(PIDHIIISI‘S( w,hH)eet)
2010 S=VAL{STRS(LLYS*E*+STRI("2L))

2020° LaVALISTRICLR) P RS 4STRI{PUYY ¢ 31200507 1-"S)/ (" LH-"LL)

2030ENDPEDL
2040DEF FROCHISTO

2050°Cx1
Z001GR A 10 1(0)-4

207066000, °C 3°C= Colt [F°CH2 THEN “C=3

2080° XUSFR"CYICIC A)="IN) §°IRSFNCVXCI("A))
2090" YHaFN" CYY(T('A))

2100° 18RV (D)

21I0M0VE “18,"YB SNOVE “1L,°

21209007 88, "I, Y8 :PLOT bs. ", W
n3o6cot 0,3

2000R0VE 1L, YD 0RAY 1R, Y

2150DRAN IR YR (DRAN °It, YN SORAN “IL, YD
2060KL1T *A

2170ENDPROC

iy PROCALES

ooxr St IHIK 105 SE ELSE IF "LICO THEN'10=°LI

931015 SY30 THEN "YO='SY ELSE IF ‘LYCO THEN “Y0='LY
2220RG6 N THEL STY, IR TYYCY0) DRAV FNCCVICTLL), N LYYe Y0
J3ORIUE TN CVICT0),ENTCVYC SY) SDRAW FNTCVI( 10),FN CVT g LY)
2HI0ENGPRC

225000F PROCGRADUATE

2260008 1251 10 LLe.|0"STL STEP *STI

227015 *CBUAND0SE0 THEN DTA=16 ELSE DTA:g

2280 (aut (R ] POLPOINTCT 10) SAEAT 3

2390708 Ya'ST 10 LYo 1% STV 5hp

15001! *(BYIANDS:0 THEN DTAsls TLSE nlgxa
2310°CBYEa*COYLoL tPROCPOINT( 10,Y) :NEXT ¥




23200EF PROCFOINT(A,B)
2330 HOVEFN' CUX(A)-DTA,FNCYY () DFANFI CUA(A)#DTAFN CVY(E)
2340 MOVEFN® CVE(A) ,FN"CUY(B)=DTASDRAMFN " CVX(A)  FN'CYY (B)+DTA
2350 ENDPROC

2360DEF PROCNUMBER :VDUS

2370M0VE FNCCVXCLE)-daLENCSTRB(LY)) FNCVY( Y0)=20 $PRINT; LY
2380MOVEEN" CUX (" X0)=150, FN' CVY ¢ LY) 2R ePRINT: *LY

23901F "LX>0AND"SXCOAND LY )OAND ‘SYCOTHEN ENDPROC
2400H0VE FNCVX(*SX) , FN*CVY(*Y0) =20 PRINT: *SX
2410MOVEFN" CVX( X0)~150, FNCUY(*5¥)+30:PRINT;  Sv:vDUd
2420ENDPROC

2430DEF PROCNAMEY ( *VNAMES) :VDUS

2440F0R “A=1 TO LEN( VHANES)

2450H0VE FNCUX(X0)-60, FNCUY('LY)-"A¥3Z-32 tFRINTHIDS( UNANES, *A,1)
246ONEXT *A:VDU4

2470ENDPROC

2430DEF PROCNAMEX (" HNAMES)

2490MOVE FN'CVX( LX)-324LENC HNANES)-64, FH VY (*Y0)=52 :VDUS:PRINT HNAMES :VDUd
2500€KDPRAC

2510DEF PROCCIRCLE

2520000 20

2530PROCLARGE

2540F0R T4=0 T0 140

2550HX3(T$)=INT (143UB)

2560 IF HXS(TS)PHXA(T%)ORE THEN PRINT TX,5GR(R%),HX%(T2)
2570RYR(TX)= INT(SOR(RX-HXX(TH)¥HX2(T5)))

2580DRAW .825#HXX(TH) KYS(TE)

2590NEXT T4

2600H0VE 0,rad

2610F0R T$20 T0 140

2620DRAN .3258-HXX(T4),HY4(TH)

2630NEXT T4

2640ENDPRAC

2650DEF PROCLARGE

2660INCI=INCH +1

2670rad=(5CF¥IK%410)

269000129, 64032003

2630H0VE 0, ra:

2700R%=rad"2

2710UB=rad/140

2720VDU4

2730ENDPROC

2740DEFPROCNUMRISE

2750REN  #AXIS NUMBERING ROUTINE®

2760VDU5

2770VDUZ9, 64031503

2730 1F CHAXCIO THEN GOTO 2399

2790 CHAX1=INT(CHAX/2)+1

2300 FOR S%=1 TO CMAXL

2210MOVE 0,0

2320 YRAD=(SCF¥51%16.5)+5

2330 MOVE -XRAD-5,0

2340PRINT; 54420

2850MOVE JRAD-10,0

2860 PRINT: S3420

2870 NEXT 4

2330 GOTO 2960

2890 FOR S%=1 TO CMAX

2900 YRAD=(5CF45448.25)45

2910H0VE -XRAD-5,0

2920 PRINT:5%#10

2930MOVE 1RAD-10,0

2940 PRINT;5%210

2950 NEXT 3

2960HOVE -4 ,0:PRINT®0"

2970 VDU29,0;0;

2980 ENDPROC

2930 DEFPROCDUNPI

3000 VDUA:VDUL1:VDUI3:PRINT® .
3010 $GDUNP 0 1 1 1 20

3020 ENDPROC

3030 DEFPROCDUNP2

3040 GDUNP 0 1 1 1 20

3050 ENDPROC

[AKA)
[l

R



ENTER

Input file paranmeters:
Filesize,filenane
Nap magnification
Number of angle graduations in plot
Nuaber of length graduations in plot

Data type (processed or raw)

| Disension arrays |

t

Initialize arrays for crack number, crack

density, and crack length

[ Input crack data from permanent file ]

¥

1f anqular data has been processed in WFRCOR,

skip to array sorting sequence

Process raw data so that angles span fros -90

to 90 deqrees theta

—

Correct crack lengths using magnification

factor

[ Sort crack nuaber data into angular sectors |

'

l Sort crack density data into angular sectors ]

¥
[ Sort crack length data into length sectors |

Frint values for crack number, crack density,
and crack length arrays

Call PROCROSEY for plot of crack number vs.
orientation -

Call PROCROSEZ for plot of crack density vs.
orientation

Set up X,Y arrays for histogram plot of crack
nunber vs. orientation

¥
[‘Aﬁall PROCCOMBO for histogram plot J

Set up X,Y arrays for histogram plot of crack

length vs. crack nusber

|

[ Call PROCCOMBO for histogram plot

o

Fig:A.7 Summary flow chart of program HISTPLA.
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PROCCOMBO

PROCROSEL

ENTER

A

Set up VDU colors

oy

Call PROCSCALE to scale graphics to screen

dimensions

Call PROCHISTO for histogram plot

Call PROCAXES to draw histogram aves

¥

Call PROCGRADUATE to mark axes into
appropriately scaled intervals

1

Call PROCNUMBER to indicate scale of axes

Call PROCNAMEX and PROCNAMEY to lahel axes

¥

Send hardcopy to printer if. required

TO PRINTER

I

A

Return to main progras

ENTER

|

Calculate maxioum radius of a given sector,

RHAX
'

Calculate lowest integer value (in multiples
of 10) which encloses all radii in plot

(CHAY)
¢

Calculate scale factor, 5CF, for screen
toordinates

Print map name and number of crack entries

]

Call PROCCIRCLE to draw-series of
semi-circular confours

{

Loop in increments of 10 to CMAX

3

N

FROM

B

Draw segment of rose diagram corresponding to
specified orientation

a

T0 A

Fig.A.T Summary flow chart of Program HISTPLA.
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A

i |
{—1 Loop over all angular segments I '

t
Call PROCHUMROSE to number diameter of rose

plot
¥

[ Label axes |

|
l Send hardcopy to printer, if required TO PRINTER

Y
| Return to nain progran |

|

PROCCIRCLE

ENTER

Call PROCLARGE to establish dimensions for
tircular contours

Print segment of circle circumference as
A short chord

Loop from O to 140 for both guadrants until
sepi-circle is compleie

{
I Feturn to main program ]

PROCNUNROSE

ENTER

|

[ et local screen coordinates |
)

Set coordinates for number positionst If

CHAX<10, number in increments of 10. If

CHAX>=10, number in increments of 20.

A | Print nusbers ]
t

————-{447 Loop over range of contours AJ
. 1

[ Eeturn to nain program |

FigsA.7 Summary flow chart of Program HISTPL4
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Variable Definitions: HISTPLY

Main Program

Array Variables:

AX%
AYX
BXX
BYX
DENS
LGTH
LGTHSQ

SCANL
SCANT
THETA
X
Y

X coordinate of first crack endpoints
Y coordinate of first crack endpoints
X coordinate of second cracKk endpoints
Y coordinate of second crack endpoints
Crack densgity for each angular sector
Crack lengths

Square of crack lengths, used in calculating
densities

Number of cracks in each length sector
Number of cracks in each angular sector
Crack orientations

X coordinates of histogram plots

Y coordinates (heights) for histogram blocks

Single value variables:

BRACKET

CD

FINAMES$
FSIZEX
GETS

Ix

IJ%

K%
LMAX

LTEST

LTESTX
MX

MAG

NX%
NUMLEN
NUMTHE
SPACE
TEMPX¥%
TEMPYX
TESTAX

Size of angular sector for orientation data
plots

Code variable for separating raw and processed
data

Data file name

Data file size

Printer output control variable
Counter in histogram sorting sequence

Counter in input sequence/histogram sorting
sequence

Counter in histogram sorting sequence

Greatest crack length value in data file (for
sorting)

Sector location of individual crack in length
array

Truncated value of LTEST

Counter in array initializing sequence

Map magnification used

Counter in array initializing sequence
Number of sectors in length data plots
Number of sectors in orientation data plots
Maximum array size for histogram plots

X storage value for switching AXX%, BXX

Y storage value for switching AYX,BYX

Sector location of individual crack in

Table A.3 Variable Descritions: Program HISTPLU



TTL

Ux
WINDOW
Z

Do

orientation arrays

Cumulative squared cracKk length

Axls labeling control variable

Size of length sector for length data plot

Permanent file value in output Bequence

Variables in rose diagram procedures

Array variables:

HXX%

HY%

X coordinate for chord endpoints in circle
plots

Y coordinate for chord endpoints in circle
plots

Single value variables:

CMAX

CMAX1

INCX%
JKX%
KL%
L%
PHI
RX

rad

RMAX

S%
SCF
Tx
XRAD

UB

Maximum number of contours for plots with <100
cracks in single sector

Maximum number of contours for plots with >=
100 cracks in single sector

Counter 1n contour plotting sequence
”
Counter in plot scaling sequence
Counter in rose diagram plotting sSequence
Wwidth of angular sector

Square of circle radius in contour plotting
sequence

Circle radius in contour plotting sequence

Maximum number of cracks in single angular
sector

Counter in diagram numbering procedure
Scaling function

Counter in contour plotting sequence

. Position (screen coordinates) of contours

along semi-circle diameter

Real value of X coordinates of chord endpoints
in contour plots

Table A.3 Variable Descritions: Program HTISTPLU
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