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Technical Report Summary !

The purposes of this project, as originally conceived for
a three-year period, have been a;, to develop capabilities of
optical diffraction analysis for comparing and correlating suites
of genetically related rock fabrics, and b) to ccntribute to the
understanding of the mechancis of rock deformation by quantifying ‘
fabric changes and relating these to other deformation parameters. f

Increased understanding of the relationships between fabric 3
and mechanical behavior should lead to more accurate vrediction
of rock behavior in engineering operations, and ultimately to
more effective design of structures in rock and of safer and
more efficient excavation techniques.

This report is concerned primarily with the second year
of research funded by ARPA, ending January 1973. A no-cost,
three-nonth extension of the contract has provided additional
opportunity for research.

e s

Our general methodology has utilized two types of operation ]
and their outputs, namely, experimental rock deformation and
optical diffraction analysis.

Fabrics of rock specimens undergoing experimental deformation
have been recorded on photographic film and acetate peels. These
data have been used as inputs to the optical diffraction system.
Optical outputs have consisted of transforms, profiles and maps
of transforms and filtered reconstructed images.

Results indicate that the several fabric-based indexes that
have been developed in this study for characterizing deformation
and anisotropy are easily applied and generally useful. We have
obtained results showing at least some positive connection be-
tween initial fabric and subsequent deformation fabric, non-
directional properties such as grain~size and deformation fabric,
extent of changes in fabric with increasing load and its approach
to failure, and so forth. We have also shown that a microscope
can be used to generate transforms directly from rock slices.

Increases and decreases in spatial frequency and directional
changes in fabric elements can all be related in logical ways
to deformaticn modes.

Our biggest operational bottleneck earlier in the project
was in specimen production. This problem has now been surmounted.
A significant changeover in supporting personnel in January
caused some loss of output, but not of major proportions. Major
technical problems have all been largely solved, bypassed, or
mitigated.




Regarding DcD implications, the techniques and results
developed here are indeed applicable to rapid excavation objec-
tives and, in addition, much of the techniques developed are
relevant to other research fields bearing on the national
interest and dependent on spatial analysis of two-dimensional
displays such as maps, slides, plotted curves, and so forth.

Further research to be undertaken will involve fu:ther
analysis of data already on 'and, study of additional rock
types, comparison of experimentally deformed rocks with rocks
that have failed under field conditions, study of triaxially
deformed rocks, and optical diffraction analysis in reflected
light to render field application more feasible.




Introduction - Purpose and Objectives

The purposes of this project, as originally conceived for
a three-year time span, have been:

(a) to develop capabilities of optical diffraction analysis
for comparing suites of genetically related rock
fabrics, and

(b) to contribute to the understanding of the mechanics of
rock deformation by quantifying fabric changes and
relating these to other deformation parameters.

The component objectives of the study are as follows:

(a) To develop quantitative methods using optical diffraction
in order to compare and correlate fabrics of a deform-
ation series so that chinges in fabric can be related
to deformation curves and other quantitative deformation
data.

(b) To identify and characterize through spatial frequency
analysis the critical fracture parameters associated
with failure.

(c) To develop a system of standarized fabric patterns
and reference transforms with which fabric inputs can
be correlated Juantitatively.

(d) To develop an index of deformation in terms of fabric
change, from one input to the next, and to relate this
index to deformation history.

(e) To develop an index of fabric heterogeneity for different
directicns in a single specimen, to be compared with
anisotropy measures based on directional differences in
physical behavior in the same specimen.

(f) To compare fabrics in experimentally deformed rocks with
those in several selected equivalent rocks that failed
under field conditions.

Ircreased understanding of the relationships between fabric
and mechanical behavior should lead to more accurate prediction of '
rock behavior in engineering operations, and ultimately to more
effective design of structures ir rock and of safer and more
efficient excavation techniques.

This report is concerned primarily with the second year of
research funded by ARPA, ending January 1973. A no-cost, three
month extension ¢f the contract has provided additional opportunity
for research. With a grant of $6000 from the Graduate School of
the University of Wisconsin-Milwaukee, it has been possible to :
stage a full-semester's operation at a reduced level of activity :



beyond the January 1973 termination date. Some of the results
of this University-supported work are reported herein; additional
results will be forthcoming in published articles.

With the termination of ARPA support resulting from the
roll-back in funding of ARPA's Rapid Excavation Program, it has
obviously not been feasible to complete in 24 months (or 27
months, with the three-month extension) all that had been planned
originally for 36 months. In this project it has been necessary
to develop techniques prior to acquiring hard data, so that cutting
off the final year (or 9 months) has had consequences beyond
merely reducing data production by one-third (or one~fourth).

In spite of this cutoff, however, it has been feasible to gener-
ate useful results. And, the work will be continued so that all
of the outputs originally planned will be generated somehow .

Acknowledgments - The members of the universitv team who have
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U.S. Bureau of Mines.

o
i

: m 3
e it gt e o el Vs 1 o



te

Background and Previous Work

Progress in this project haz been reported previously in
detail in the semiannual technical report of August 26, 1971,
the annual technical report of February 10, 1972, the semi-
annual technical revort of July 24, 1972, and in monthly and
quarterly technical reports. Since much of the circulation of
this current final report includes the same people circularized
earlier in semiannual and annual reports, detailed technical
information on procedures and equipment presented earlier will
not be repeated here unless there have been revisions or the
information is nececsary to support the discussion.

The List of Referecnes Consulted (Appendix B) can provide
the interested reader with background information and accounts
of previous and related work.

Following is a brief narrative on background.

In recent years many data have become available on the
mechanical behavior of rocks. It is clear that for all but
very few rocks the classical models of isotropic, homogeneous,
ideally elastic bodies are not valid. In the attempt to explain
rationally the complex mechanical behavior of rocks, increasing
attention has been given to identifying relationships between
fabric and mechanica! behavior.

Most fabric studies performed in the past have yielded
results achieved only after very tedious work. Some analytical
fabric studies include a subjective element that renders im-
practical the pooling of results based on work by different
operators. The approach presented here provides the means to
characterize deformation fabrics more objectively and efficiently.

The experimental techniques required to produce deformation
suites of rocks for this study are well established or are
modifications of established experimental procedures. Standard
uniaxial loading and cantilever and third-part loading of rock
slices cemented to aluminum beams have provided input data for
spatial analysis by optical diffraction. Specifically, the
input data consist of two-dimensional depictions of the rock
fabric under load, where the fabric is recorded by conventional
photography, photography in ultra-violet light of specimens
treated with fluorescent dye penetrants, and photography of
acetate peel replicas of specimen surfaces.

The optical diffraction method used in this project is
based on work in 1873 by Abbe. With the appearance of the
laser in 1960, it bacame practical to use this method for
optical data processing.




The basic technigue used is spectral analysis of the in-
put's spatial frequency content by optical diffraction. The
input is a reduced transparency that functions as a diffraction
grating with unknown spatial properties. The source of illumi-
nation has precisely known spectral properties, i.e., it radiates
coherent monochromatic light. The resulting diffraction pattern
is the two-dimensional Fourier amplitude transform of the input
image. This transform is a graph of the distribution of orienta-
tions and spacings of the elements in the input.

With additional optics the input image can be reconstructed
from the light rays that form the diffraction pattern. A filtered,
reconstructed image can be formed by blocking ovt some of the light
rays in the plane of the transform. Such filtering can be used to
suppress dominant alignments in the input so that obscure features
can be detected more easily, and to aid in analyzing complicated
distributions by systematically removing different components of
the input. Through their diffraction patterns, orientation
fabrics in rocks can be described, regardless of scale, in terms
of spacings, directions, elongations, and symmetries. Changes
in fabric associated with loading can be charecterized through
changes in transforms.

A limitation inherent in the optical diffraction method used
here is that the inputs are two-Jdimensional. It is assumed, there-
fore, that what can be seen on the surfaces of specimens is signif-

icant in characterizing the deformation. We have systematically

studied groups of specimens representing three mutually perpen-
dicular orientations.

Another limitation in the project is that the obhservation of
specimens under load has been restricted to deformation experiments
without confining pressure. Fabrics of triaxially lcided specimens
will be studied later, although at first the fabrics will probably
be recorded following loading, not during loading.




Methods of Investigatigg

The methods of investigation used during most of the term
of this project have been d

escribed in detail in our earlier
semiannual and annual reports, and in papers cited in Appendix B,

The basic deformation experiments performed in this project
and equipment configurations for accomplishing photography under
load are shown in Figure 1.

periments have consisted of uniaxial
Prisms and cantilever and third-

have recorded changes in the two-dimensional fabric of the rock.
Oriented samples have been cut from one foot cubes of St. Cloud
Gray Granodiorite, Westerily Granite, Barre Granodiorite, Dresser

basalt, Sioux Quartzite, Berea Sandstone, Tennessee marble arnd
Salem Limestone, comprising the "ARPA suite, "

The changes in fabric have been analyzed by optical diffrac-
tion analysis using operations and layouts illustrated in Figure 2,
A Conductron LaserScan C120 System constitutes the core of the
optical diffraction capability. High quality photographs and
acetate peels are used to record the fabric at Successively
higher load:¢ or strains. For photography, specimens are illu-
minated in white light, and in ultra-violet light after treat-
ment with fluorescent dye penetrants. Figure 2 illustrates the
layouts for photography, Figures 4-8 illustrate operations with

acetate peels, which have turned out to be the most trouble-free
procedure for recording fabric:

T

Series of reference inputs and transforms have been prepared
to provide bases for anal

yzing and comparing our experimentally
generated data.

In addition to photogra
and peels taken from them we have a

transfoims using thin sections as inputs and a petrographic
microscope as an optical diffrac-ion System. We have also done

developmental work in holegraphic subtraction, in order to depict
directly the changes between two inputs at successive stages of
loading (Figure 3).




Technical Developments

An outline of technical developments, some of which have
been described in earlier reports, is presented below:

l. Spatial filtering - Both directional and frequercy
filtering capabilities has been developed to provide
all of the intensity filiering necessary for the
work in this project. Suites of filters on film and
glass plates, catalogua2s to select filters readily,
and hardware to position the filters are all opera-
tionral.

2. Mapping transforms - The mapping of transforms with
spot-scanner and strip-chart recorder has been made
a completely routine procedure. A portion of a pro-
file of a calibration transform, using an input of
rectangular coordinate paper, is presented in Figure
9, to show the quality profile available. A laser
power meter, with sensitivities down to .0001 mW,
has been acquired and modified to provide standard-
ization of power levels among profiles to be compared.

3. Optical diffraction analysis of thin-sections - As
part of this project, Power (1973) has successfully
demonstrated the feasibility and practicality of
generating transforms directly from thin sections of
rocks with a research petrographic microscope. He
has also demonstrated the superiority of this method
for extracting some fabric data. The study also
presents thc theoretical bases for the conclusions
drawn. In Figure 10 some of the experimental results
obtained by Power are presented.

4. Production of reference inputs and transforms - Over
500 reference transforms and their inputs have been
assembled to provide bases for analyzing experimental
resnlts. In Figure 1l we present a sample from this
collection.

5. Preparation and deformatinon of rock slices - The study
of strain distributions over the surface of rock slices
cemented to aluminum bars has shown that the thickness
of tiae glue line must be kept to .003 in. (.00762mm) or
less., Under these circumstances, strains are proportion-
al to load, are reproduced on unloading, and hold steady
under load for 15 minutes. The proper glue thickness
is obtained by curing under a clamp load of 20 lbs.
(9.0718 kg.)




6. Photographic procedures - All phovoqraphic procedure.,
including preparation of inputs, darkroom work, and
rreparation of outputs have been standarized to insure
consistency of results. In addition, a gray scale is
photographed with each input series to provide the
means for comparing inputs from different experiments.
The university's senior photographer provided consult-
ation and training during the development of these
procedures. Capabilities for linear development and
reversal processing were also achieved.

7. Study of closed curves (contours) - A paper by Pincus,
Power, and Woodzick (1973 in press) on optical dif-
fraction analysis of closed curves has been compl-ted
and accepted for publication by Geoforum. This work
was partly supported by this project.

8. Study »f particulate materials - A related project
(Larson, 1573) supported by the U.S. Bureau of Mines
but drawing on know-how generated in this project has
generated results relevant to the objectives of this
project. Shapes of particles, for example, havc been

shown to be amenable to optical diffraction analysis
(Figure 12).

9. Improvement of acetate peel method - The use of acetate
} peels to record fabrics of specimens uader load has
| § been refined, both in terms of peel generation and
photography of the peels for optical processing. In
L2 fact, the acetate peel method now appears to be the
i most reliable, trouble-free procedure we have used to
49 record fabrics.

10. Work still in piogress -

a) Holographic subtraction - We have produced high
quality image holograms and have achieved some suc-
cess in subtracting one test input from another.

. I plexiglas enclosure has been constructed for
isolating the optical system from vibration -

. generating air currents. A pneumatic system for

» isnlating the system from floor vibrations is

. U under construction, followina completion of a

g vibration analysis of the bench, table, and floor.

“ b) Construction of comparator - A comparator for

¢ determining quickly gross differences between

i similar transforms has been designed and all re-
4 quired equipment for construction is on hand.

3 Construction will be started when feasibhle.

T T R e O T



Analog processing of spot scanner profiles -
Components have been received for construction

of an analog sistem to provide square roots,
integrals, and integrals of square roots of light
intensities in protfi‘es of diffraction patterns.
The feasibility and desirability of performing
these operations has been demonstrated using a
borrowed computer. Construction is proceeding

as this report is being written.

Third-part loading in tension - A fixture has
been constructed and put into operation for
tensinnal lcading in a third-part confiquration
to permit recording of fabrics of rock slices
under load, using the same recording procedures
as for compressional third-part loading (Figure
4 and 5).

Implications of these technical developments are presented
elsewnh~re in this report, as are advances in analytical tech-
niques not explicitly presented in this section.

Technical Problems

Many of the technical developments listed in the preceding
cection were at one time technical prcblems that have been

solved, bypassed, or mitigated. Earlier reports give accounts
of such progress.

At this time there appear to be no major technical problems
to report.

The apparatus to isolate the optical system from floor
vibrations has to be built to facilitate holographic sub-
traction, but we have available to us the equipment configurations
already used to solve this problem in other laboratories.

Occasional breakdcwns of equipment have interfered with our
pcogress, but the effects have been only delays at worst.

Administrative Problams

Changes in working assignments and in some key personnel
in January 1973 decreased our production until the new arrange-
ments were thoroughly ass: ailated.

As reported earlier, some of the vendors with whom we have
had to deal have given less than satisfactory service. In recent
months, as purchases tapered off, our dependence on promptness
of deliveries decreased markedly.
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Experimental Results and Interpretation

Introduction

The number and types of deformatior tests conducted since
the initiation of this priject early in Y71 are shown in
Table 1. Of the 211 tests, 131 have been conducted since the
last semiannual technical report, July 24, 1972. Srecimens
have been prepared for an additional 134 tests, to be conducted
as foon as adequate funding becomes available.

Of the 211 tests conducted so far, we have processad re-
sults from 137 +ests at least through the transform stage of
analysis and with sufficiently high standardization in all
stages of production to permit valid cross-comparisons. Since
transforms have been prepared for series of data points in
2ach test, we have produced from the 137 tests about 800 trans-
forms, with at least two standardized exposures per transform.

In addition to the 137 tests, results from over 20 addi-~
tional tests are available, either as photocopies of acetate
peels or as acetate peels not yet copied. Thus, the results
of about 160 tests so far constitute the core of comparable

data, representing close to 1900 data points on rock deforma-
tion.

Results from about 50 tests, conducted and processed
early in the project, are also available. Those, however,
are not standardized to be fully comparable to the results
of the 160 tests. They have vielded useful data and consti-
tute an informative reference source. Some of the 50 tests
were also conducted for mechanical property data alon2 or to
test out laboratory techniques; for these, useful fabric records
ar¥e not typically available.

The totals cited in the foregoing paragraphs do not in-
clude the many results obtained from reference inputs and
their transforms, thin-section inputs and their transforms
obtained with the microscope, and analyses of closed curves
(contours); all of these have been elucidated in earlier
reports or are referred to or discussed elsewhere in this
report.

In the past five months we have also produced 77 profiles
of 36 transforms. When our analog processing capability is
fully realized, the rate of producirg profiles will also be
increased because our capacity for interpreting them will be
greatly increased. Some results based on analysis of about 2/3
of these profiles appear later in this section. Earlier
reports presented profiles configured as spoke diagramg, a
format we continue to believe is useful.
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We are not transmitting in this report the extremely large
amount of data obtained in this project. Samples of results
have been presented in earlier reports and samples of some
additional results are presented here. Somehow, we will con-
tinue our analytical work during what had been planned as the
third, ARPA-supported year: the project's "payoff" year. The
transit time in this project for passage through the processing
pireline is such that many of the data did not become available
until after ARPA support had ended and university support filled
the gap; the data yield will continue to be large as operations
continue.

Mechanical Property Testing

Regarding mechanical property testing, both cylinders and
slices have proved to be quite practical for our purposes. We
had hoped also toc work with rock prisms but specimen production
problems, now sclved, did not leave adequate time for mass pro-
duction of prisms. We still consider prisms to be worth study-
ing and will do so when we can.

As the work in the project progressed, we changed our
testing schedule to test more slices in compression and fewer
in tensiorn. than had been planned originally. It was found
also that the number of replicated experiments originally
planned had to be decreased in order tc stay within both time
and funding constraints. Likewise, the number of specimens
instrumented with strain gages was decreased to effect econo-
mies in time and funding. None of the foregqgoing changes has
diminished the quality of our results, as far as we can tell;
these changes have been simply part of the response to learn-
ing that takes place in any viable enterprise.

The mechanical property data obtained are reasonably
consistent with results obtained in the Bureau of Mines in
published and unpublished reports. However, our testing
specimens in three mutually perpendicular directions have
yielded additional evidence for mechanical anisotropy not
evident from the extramural data available to us.

The ARPA suite of eight rocks provided us have presented
an interesting variety of materials, but their mechanical
testing has not yielded some of the types of deformation curves
we have been seeking; we had hoped for some sharp breaks in
slope, pcints of inflection, and the like. And, we had also
hoped to find some useful regular reference shapes within the
rocks to monitor in detail during deformation. The ?RPA suite
merits continuing strdy, but we intend to supplement these

with rocks listed later under "Implications for Further Research."

The use of rock slices cemented to aluminum bars loaded
as cantilevers and in thiri-part confiquration presented some




interpretive problems. Following is part of an analysis devel-
oped to deal with these problems.

Strains in Rock Slices

Analysis of project data and an independent master's project
have provided information cn the stresses in the experiments
with rock slices. As a result, modifications have been made in
the procedure for preparing and mounting rock slices. The con-
fiquration of the slice specimen and the notation used to describe
it are defined in Figure 13a. Also shown in Figure l13a are the

qenecral distribution of strain across the width and along the
length of the slice.

Initial measurements in rock slices and an aluminum slice
indicated as much as 15% strain variation across the width of
the slice. A specimen with an aluminum slice integrally machined
from the bar showed less than 2% variation, indicating that the
larger variations were due to the bonding. Several bonding pro-
cedures and materials were studied and the results indicated
that a thin glue line was desirable. The data in Table 2 are for
an aluminum slice bonded with Epoxi-Patch 0151 under 20 pounds
(89N) load resulting in a ¢.003 inch (.0762 mm) glue thickness.

The data show:
Little or no strain variation across the width.
Good linearity
Reproducibility on unloading

No drift under sustained load and complete
recovery on unlocading.

Therefcre, it was concluded that mounting rock slices with
the Epoxi-Patch cured with a 2C pound (89N) spring clamp would
eliminate any significant effect of the hond on the strain data.

The important factor involving the strain distribution
along the length is the distance (B) from the edge at which the
strain becomes uniform. Figure 13b summarizes the results of
the three tests on integral aluminum slices. It is concluded
that all data must be taken at a distance from the edge of the
slice equal to 90% of the combined thickness of the slice and bar,
or greater than 0.3 inches (7.62 mm) in this study.

Analytically the strain at the surface of the rock slice,
ER’ is a function of several factors:




TABLE 2 - Strains in Rock Slice

Specimen:

Rond:

Py, WA T Al

Dimensions:

Load
(Lb.) (Kg)

Third part loading with aluminum slice

Epoxy-Patch 0151 cured under 20 lbs. (89N) load

Bar thickness -
Slice thickness -
Total thickness -
Glue thickness -

0.251
01 0f2
0.326
0.003

Strain

Center

in, (6.375 mm)
in, (1.829 mm)
in. (8.280 mm)
in. (,0762 mm)

(p in./in)

.75 in (19.05 mm) from &

ty

0 0
40 18.14
80 36.29

120 54.43

160 72.58

200 90.72

160 72.58

120 54.43
80 36.29
40 18.14

0 0

0 0
200 90.72
200 90.72
(15 minutes)
0 0

0
190
380
560
745
930
745
560
377
190
0

0
930
930

0
185
370
560
745
930
745
560
3572
187
0

0
932
932
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eg 1+ 2(tAs) = (L+t/t,) (nb/ ba) (t/ta)/ (1 + (nb/ b3)(t/ ta)]
o 1+ (nb/ b,)(t/ tC)B + 1/ 3(nb/ b,)(t/ ta)3[(1 +t/1,)(t/ ta)}z/[l +(nb/ by )/t }
6M
where el 5 (strain with no slice)
Eabat‘a
n = E/ By

ER = modulus of elasticity of rock
By = modulus of elasticity of aluminum
M = the bending moment

This equation is plotted in Figure 13c which illustrates
that the strain is highly dependent on the rock modulus. The

dependence on the slice thickness also varies with

the rock

properties. It was concluded that rather than spending the

time to maintain a close tolerance on the slice thi

ckness,

which still results in a variable tolerance on strains, it

would be more efficient to measure accurately the d
obtain the nb/b, parameter empirically, and make an
corrections for the actual thickness. Even though
appears complex, results can easily be obtained by
Jgraphs or computer reduction of data.

The foregoing analysis was carried out by Dr.
Associate Professor of Engineering Mechanics at UWM

imensions,
alytical

the equation
tables,

Donald Sherman,
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Optical Diffracticn Analysis

In the {fabric records of rocks in deformation suites,
we have been looking typically at spacings of 1 to 0.02 mm,
with most of our attention in the range of 0.5 to 0.10 mm
(2 to 10 lines/mm). Fabrics ha w typically been recorded and
processed as inputs for diffraction analysis at a scale of 1l:1.

A variation to be introduced definitely as soon as
appropriate equipment can be purchased will be to produce
routinely inputs at 10X magnification in addition to the 1X.
Results to date indicate that the 1X scale is very definitely
within a useful range for this work; we believe that we can
obtain additional useful information, especially for rocks
like the Salem Limestone, Berea Sandstone, and Dresser basalt
with 10X inputs. It must be emphasized that a 10X enlarge-
ment of a 1X record is not nearly as useful as high-quality
10X photography.

Of the three techniques for recording fabrics in our
rock deformation series, namely, reqgular illumination and
photography, ultravinlet illumination of rock treated with
fluorescent dye penetrants, and acetate peel replicas (photo-
copied at 1:1), the last has been the most effective and
the second has been the least effective. The acetate peels
do record fabric changes uver a wide range of scales and
they do not require the use of a camera and accessories
during the deformation experiments. There is no depth of
field problem or distortion in working with curved surfaces.
The peels seem to woik well with all of the eight rock types.

One difficulty we had earlier resulted from adhesion of
particulate materials to the first peel applied (under no
load); this was overcome by disposing of the first peel and
applying a second peel under no load; this second peel is
then the first peel of record. Another difficulty arises
from bubbles under the peel; the bubbles ac-ount for high-
frequency noise that can be misinterpreted. Even with
very great care in applying the peels, one must gquard against
such misinterpretations by carefully examining the input
phu'.ocopies, especially when the constrst between two trans-
forms in a deformation series consists largely of more high
frequency content in one.

The fluorescent dye penetrant works well in rocks with
cracks but in rocks with much intergranular porosity the
penetrant is fairly uniformly absorbed and adsorbed, leaving
insufficient contrast in detail. There are also some spe-
cral standardization problems here, in that is is very
difficult to regulate the penetranc treatment from one
specimen to the next with sufficient uniformity to permit
interpretation of differences in transforms as resulting from




differences in fabric. The Salem Limestone and Berea Sandstone ]
have not been effectivelv studied by penetrants.

Using regular illumination and photography, the main {
preblem characterizing this method is in recording features in v
rocks with very low contrast. Increasing the intensity of ;
illumination does not necessarily improve the situation, and i
in fact may seriously reduce comparability with other series :
of photographs. By trial and error we have arrived at a k
combination of parameters that permit overall reliable photo- 3
graphy, however materials such as the Dresser basalt are
not as efficiently studied as with acetate peels.

Operator error does seem to be a much smaller factor in
working with peels than with either of the other two metheds. 4

The type of deformation test used may be of some signif- i
icance in producing and interpreting transforms. Where i
tension crackingdominant the spatial frequency shift is to- !
ward lower values as cracks widen, and crucial information
may be lost in the D.C. spot (zero frequency) unless special
precautions are taken, such as expanding the transform or
decreasing the intensity of the laser beam. Where shear
fracturing is dominant, the spatial frequencies increase as
new cracks develop and their diffraction products cluster
directionally into bands; this may require shrinking the
transform or increasing the intensity of the laser beam.

These are but a few considerations in optimizing transform
production and interpretation. Actually, we usually fiad
it possible to generate many transforms without varying
optical parameters.

Figure 14 illustrates one procedure for interpreting
transforms. A particularly useful region of the profile is
between the two second-order diffraction spikes, and within
that range, the region between the first and second order
splikes is most useful. This corresponds to spacings of 0.40-
0.20 mm (or spatial frequencies of 2.5 - 5 lines,/mm) in the
inputs. Note that as the specimen goes from no-load to the
first-loaded state (14b) to l4c)), the profile becomes
smoother and the profile level in the region of the first-
order spike diminishes. Going from the first- to the second-
loaded state (l4c) to 14d), cthe profile level remains about
the same, but the curve becomnes rougher. These changes are
consistent witl: the closing up of cracks under initial load-
ing and the onset of new fractures with increasing loading.
Profiles bj, c), and d) are oriented parallel to the axis
of the cylinder, which is also the direction of compression.

The foregoing discussion of Figure 14 is semiquantitative
at best, but it is informative. Another such procedure for
analyzing the frequency content is to filter the inputs dif-
ferentially using arrays of spatial filters or variable
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spatial filters, observing which features are filtered selec-
tively by each filter configquration; this approach has been
discussed in earlier reportcs which have included also infor-
mation on our progress in constructing filter sets which we
have continued to use. Still another semi-quantitative
method of looking at spatial frequency content is to compare
inputs and their transforms with reference inputs and their
transforms like those shown in Figure 11; the assembly of
these reference series has also been discussed in earlier
reports. Some collections of inputs and transforms, although
not specifically intended to serve as references in rock
deformation studies, can be used quite effectively in some
circumstances; Fiqure 12, for example, may be used in study-
ing chang=s in grain shape.in say, metaquartzitic conglomer -
ates. Finelly, holographic subtraction, mentioned elsewhere
in this report (Figure 3) and in others is a specialized,
powerful tool for accomplishing filtering to achieve, among
other things, the analysis of spatial frequency content.

The semi-quantitative methods described in the preceding
paragraph have all yielded useful results either in this
project or in the work of other investigators; they are or
should be part of the standby aralytical armamentarium of an
optical diffraction analysis laboratory. Although they may
not be mentioned in the technical findings of a report, they
have often been used to help select other analytical methods
that are mentioned. These methods are intermediate between

more nearly qualitative and quantitative methods, which also
have their place.

A useful, basic qualitative approach is to examine, only
by eye, series of transforms and their respective inputs.
Following are brief discussions of several examples of such
examinations. Consider the data from third-part loading of
Berea Sandstone in compression and in tension (P083-S-1C and
PO85-5-1T). 1In the compressional series, there appears to
be very little change with loading, possibly a slight decrease
in the high frequency. In the tensional series, there is a
definite increase in spatial frequency with loading. At the
highest loads in tension, fairly intense low frequencies ap-
pear; the inputs for these loads show the appearance of

cracks in crude polygonal patterns which, in the aggregate,
show no preferred orientation.

In the data from uniaxial loading of a cylinder of Barre
Granite (K-026-A-1C), the transforms of the zero-load and
highest-load inputs are not conspicuously different. It ap-
pears that there has been some shift from the former to the
latter from both low frequeacy and high frequency to medium
frequency; the shift from nigh frequency may be an artifact
resulting from the presence of flaws in the acetate peel for
the zero-load case. The biggest contrast comes about midway
in the series with tne appearance in the transform of inter-
secting diagonal bands generated by conjugate shears with




acute bisectrix parallel to the cylinder's axis; the input shows
arother system of apparent conjugate shears with acute bisectrix
perpendicular to the cylinder's axis.

In the data from uniaxial loading of a cylinder of Dresser
basalt (K060-B-3A) both the zero-load and highest load trans-
forms and inputs (and their intermediates) show diagonal

lineaments, but the diagonals are slightly more prominent in
the loaded case.

In the data from unixial loading of a cylinder of Westerly
Granite (K054-A-2C), the high frequency content increases wi‘h

loading. The high frequency addition appears early in the load-
ing series.

To &void giving the impression that all such examinations
yield evidence of fabric change with load, we cite the uniaxial
loading of a cylinder of Salem Limestone (K021-L-1A). One
must look long and hard before seeing wi.at might be slight but
real changes in high frequency content. However, at 1/2
second exposure the zero-load transform seems to have slightly
more high frequency content and at 1 second exposure the
highest-load transform seems to have more high frequency con-
tent. This is the type of result that stimulaves the search
for more quantitative approaches, such as that presented later,

and it also reinforces the need for caution in interpresting
all results of this type of examination.

It appears f.om results like those discussed here and from
results yet to be presented that fabric changcs as detected in
this study aie less associated with elastic moduli, shapes
of loading curves, and compressive strength than with initial
fabric (both scalar and vector), contrasting physical properties
of structural units such as grainsand clumps of ¢rains, mode
of deformation, and the like. However, some fabric changes
may prove to be useful indicators pointing to the likelihood
of imminent failure. Further analysis of transforms and inputs
on hand will shed more light on those relationships.

Interpretation of transforms and their inputs on either
¢ qualitative or quantitative basis requires a systematic
classification of transform properties. Figure 15, supple-
mented by Figure 16, presents such an approach. It must be
emphasized here that we do not present this as our final
word on classification and analysis: far from it.

The two basic changes (or contrasts) in transform prop-
erties shown in Figure 15 are spatial frequency and direction
which are, after all, the two basic variables depicted in the
transform. In Figure 15 the changes in these two variables
are independent; in Figure 16 these changes are mutually
dependent, that is, a change in one is related to a change in
the other. Figures 15 an? 16 exemplify changes or contrasts




and their combinations; they do not purport to be complete
pictures of all variations. 1In fact, the body of Figure 15
shows only five examples of mutually independent combinations
of changes. Howaver, all of the transforms studied in this

project can be plugged into Figures 15 or 16 or some variation
of them.

These changes can be translated into fabric changes in
rccks, and vice versa. For example, the extreme left example
in the body of Figure 15 (combination of Change in Spatial
Frequency (1) (b) and Change ia Direction 1IV) could result
from the compressicn of cracks (the narrower cracks being more
compressed and even closed) and the generation of new cracks
in a narrow ranas of directions. The translation of these

cnanges into the eguivalent ccn.entional notation of petro-
fabrics is a task vet to be updertaken,

In Figure 16 C, for example, we see what could be the
result of compression, elonaation, and rotation (or recrystal-
“ization) of grains that originally had no preferred orienta-
tion or no elongation and the sizes of which initially varied
continuously over tue range of grain sizes.

From our studies, the fabric elements most commonly
identifiable with transform characteristics are cracks (width,
orientation, spacingj, twinning and cleavage, grain boundaries,
clumps of grains, banding (bedding, foliation), and veinlets.

Any of these may lead to failure through mechanisms such as
crack generation or growth,

It appears now the thc purposes of one of our original
objectives, nameliy, to establish a catalogue of standardized
transforms, can be better served by the more flexible approach
of using a classification such as that in Figqure 15 in con-
junction with the reference transforms and inputs already
compiled to characterize and analyze real transforms and their
inputs. The latter approach provides at least as much insight
as the tormer and provides an infinite variety of approaches
to .ransform analysis instead of a discrete, pigeonhole
apprnach. One could, of course, also regard the sketches in
Figures 15 ari 16 as standardized transforms, but this could

detract from their effective use if they are treated as pigeon-
holes.

To approach the analysis of transforms quantitatively,
the thinking inherent in Figures 15 and 16 can be used in
conjunction with some instrumented mapping technique. Figure
17 shows some desirable conventions for mapping transforms
by profiling. The procedure in row D is equivalent to that

used in preparing the spoke diagrams presented in earlier
reports.
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To proceed futher along the gquantitative route, we have
devised procedures, which, at the outset, must be clearly
understood to be subject to further extensive testing and
refinement. Figure 18 represents the graphical aspects of
this approach.

First note the similarity between Figure 18 a) and
Figure 14, and recall the discussion of Fiqure 14. 1In
Figure i8 a), we have smoothed the profile in the region
of the first and second-order diffraction spikes. The a-
curve is the straight-line connecting the ordinates of the
smoothed curve at the positions of the first and second-
order diffraction spikes, for the transform at load a.

The ! ~curve serves the same purpsse for the transform at
load b.

Figure 18 b) shows the change from an a-curve to a
b-curve where the area beneath each from zero-frequency to
the x-intercept is a constant; this conservation of area
(actually total spatial frequency in this interval) is
not required for what follows, but it is useful analyt-
ically to determine whether this area is indeed conserved,
say in a deformation series. (The area wculd not be con-
served, for example, where twinning or cleavage develcps
in calcite grains as observed in our experiments with
Tennesse marble; this adds a high fraquency component to
spatial frequencies already present.)

We then proceed to construct some indexes based on
the profile in the interval (I) between the first and
second order diffraction spikes.

The relative change in area from the a-curve to the
b-curve over the I interval is:

| 22 (a) +a )(T) =12 (b +By )(T)

Ar = e
12 (a) +2, )(1)
o b, + b
or A\A = l - e
a] + 3,

where @) = 1/2 (a +al) , by =1/2 (b +b!), vte,

Reading errors for small values of b or a can be minimized
by extending the b and a curves, reading the intercepts on the

x and y axes, and calculating the b and a values at the first
and second order spikes.

e

+1
o




When b1 > b2 and 3y > a2 ’
_ b
A.’,':’_,l-__—lo

&

Whenigl > O, there is a decrease in area over I,
Al = Oy there is no change in area aver I,

Ak < Oy there is an increase in area over I ,

In Figure 18 b), AA = +0.46,

conserved. The shift in spatial fre

In this example, areas are
values (+),

quencies is toward higher

The relative change in slope from the a-curve to the
b-curve is

(3 -3y )/11}- (B =5, )/ 1]

7l

(8 -8 )1
Y Sl
-, 3B

When by >> b, and £1>> 52 :

p— b
ASNI-—"—i

B

» Which is also the approximate value forA—A

under the same conaitions, We introduce the notation

pol b,

o7
to icdentify this expression,
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In Figqure 18 b), S = +0.84 and M = +0.52,

WhenES > 0, there is a decrease in slope over I.
25:5 = O, there is no change in slope over I,

As < 0, there is an increase in slcpe over I,

A positive value of AM means_a decrease in the first order
coordinate; a negative value of AM means an increase in the
first order coordinate.

Finally, Figure 18 (c) presents the basis for an index
based on change in roughness or heterogeneity of transform
profiles. Here, we work in the interval between the D.C.
spike (zero frequency) and the first order spike. The index
nere is defined as

r =r
a b

F -

e}
]

umber of spikes between DoCo( zero frequency) and the f;rst
8  order spike with height > some constant, specified fraction of
the height of the first order spike, for load a.

n

same as for r, , for load b.
T = mean value of r, for both sides of the profile.

Fb = mean value of rb for both sides of the profile,

In Figure 18 c), the constant fractional value of the first
order spike is taken at 0.1, and AR = +40.75.

In our work in_ghis project, the constant fractional value
actually used is 10 ~, because several scale changes are necessary
to chart spike amplitudes for the very intense calibration trans-
form profile and the transform profiles of the rock fabrics stud-
ied. All of the transforms of rock fabrics are run with identical
instrumental and optical settings.
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Whenzgrﬁ > 0, there is a transition to a smoother profile.
AR = 0, there is no change in roughness.

AR < 0, there is a transition to a rougher profile.

Changes in magnitude Mt not sign of any of these indexes
ls easily interpreted. Tor example, suppose that in a defor-
mation series we calculate a R for the first loading point
with respect to zero load and find it to be positive. Then
suppose that we calculate the AR for the second loading
point with respect to zero load and find it also to be posi-
tive but smaller than the first AR. This means that the
transform profile becomes smoother from zero load to first
load and less smooth from the first load to the second.

— Tables_3 and 4 illustrate the applications of Aa, As,
:\M, and /R to a variety of experiments and orientations, all
for Tennessee marble. Any of the four indexes becomes an
index of deformaticn in terms of fabric change or an index »f
fabric heterogeneity, depending on where and how it is applied.

For a particular type of experiment, the same rock type,
the same specimen orientation, and the same profile orienta-
tion, the changes noted are functions only of loading (Indexes
of deformaiion).

For a particular type of experiment, the same rock type,
the same profile orientation, no load, and different specimen
orientations, the changes noted are functions only of spec: -
men orientation (Indexes of fabric heterogeneity). If we
then look at the indexes for equivalently loaded specimens,
we see the effects of interactions between loading and
orientation.

For profiles in different directions with all other factors
the same, we are looking at variations in fabric in a partic-
ular surface (Indexes of fabric heterogeneity in a surface).

There are many ways of looking at these data, and we leave
it to the reader to explore as he sees fit.

Some of our results are to be expected, and others are
unexpected. Specimen orientatiocn in some cases appears to be
very importent in terms of deformation, and may be related to
foliation and to measured differences in elastic moduli. But
in other cases, deformation seems to wipe out fabric differ-
ences observed at no load.

Changes in fabric seem, in some cases, to occur without
any clear association with progressive loading (or strain);
that is neither the mode of fabric change is persistent nor




TENNESSEE MARBLE

Table 3 - Examples of data analysis  umiAx/AL LORDOING--CYL.
Cylinder experiments ACETRATE PEEL

A~ CHANGE N LORD

Load AA  O4S BhM 4R

prsé PMN[u®
4047 +057 +0.52 +o67 |3 S B
c 7220 9.8
e 3540 13.3

+0.94 LD.Y5 +0.94 +0.39 3 1625C 142.0

C
Specimen orienthoa #2.

rofiles parelle] 1y cyl. gy,
(%0° /;/oﬁ le ")

Spetamon oviewlelivatt2,
Prohiles pependicwlor fo
Cyl K5 .

("0’,’0/?/9 “)

+0.67 +0.63 +0.65 40.41

} +0-58 +0.66 +0.61 10.47

Specimen oriew fthoy 12, O +03] +0.45 +0.06
Comparissn oF parallel aud

perpindiculer profiles gt

egual loads +0.20 4045 +0.31 - 0.50

+0.41 _+0.54 4047 +0,0¢
~0.60 ~0.57 ~0.58 - 0,/0

Speci mew orientehon#3.
Profiles parallel fo eyl ayis

~0,6% -0,20

-0.2) +0.27

Specimen ovientation #3,
Profil e popendicular fo
lyl. 8 xis .
~0.30 =02/ -0,24 +0.27

Specivuens orientihou 3. a —0.04 +0.J4 +00Y—~0./0
Cm,ya)uru of pardlilel

and perpendiculiy /woﬁ'/es c +0,20 +0.33 +0-26 +0.27
at e4usl loads.

e +0,22 +0.30 +0.26 10.33

(eou h'uirlefy
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AR A5 AH AR

S',ccinr&n oricsrtaion #l,
Profiles parallel 1o ¢l axis

(“ 90°prtle ‘y

~0.07 -0.09 -6.08 —0.22

+0,20 +0.27 40,23 40.1/

—00’3 (o) —0103—0133

Speumen orievig v ¥F ).
Prohias (nclined 30° Frovu
gl Byus ("60’,;/:&1&7

"DID” "01’2 '_0’0? +01/0

Spevimen ovientshou #/.
Profiles suclined 60° frpn
oyl duis (“30° proﬁ/o")

-0.13 —0.3% -0.2/ +0.0%

Specimen orientahon /-
Prohlss perpendiclor ¢
byl ¥is ( 0",410#/6)

~0:08 =0.125 —-0.10 +0.08

+0.08 +0.375+0.20 +0.25

a’z -0.128 +0.06 — 0,085 O
9
Z”:j +0.10 +0,23 +0.45 =0./
)
Speumen orinttbem #. 3 400)2 +0,23 +0.32 +0.27 ~0.22
dm,;alum o)‘eﬂ/ﬂfilﬁ 30°
::d/fh:/w;f ::mfﬂ/"v 72‘:5 +0.20 +0.27 +0.25 —0.33
spysl |ooks,
C 3 70:%.;.0,1? +0.25 +0.21  ©
0
o { 70? +06,08 +0.37 40,20 —0,125
00

303 FO.IE 4004 4014 +0.25
0

G0°
+0.24 +0.69 +0.8 +0.17
30°

90"3 +0.21 +6,32 +0.15 ©

(Continued)
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90°
00

Jo°
Unloaded d

s,c«a‘mm. (A

90°

o
g
!
f
3
y

1.5¢ 10.57 +0.56 +0.4Y
10,53 £0.9% +0.50 +0,35
+0,47 4057 +G52 +0.50
+0.58 +0-5¢ +0-57 +0:2¢
=015 O =0.08t0.0

+01// ‘/’0./{ +0:/3"0./0

foe

OO

P

90°

Loaded e 00
Sptumen,
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00

-0.4/ —0./8 —0.30 — 0.07
-0.8Y —0.77 —0.82 +0.20
+0.28 +0.93 +0.33 +0,27

~0.16 +0.3 0 +40.10

+0.47 4052 +0.Y¢ 40.33

4037 4057 +0.45 ~0125
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Table 4 - Examples of data analysis- TEANESSEE HARBLE 29

Cantilever experiments CANTILEVER LORD/NG-SLICES
ACETATE :EE'L: 5
T- TENSIO
Load AR A5 A AR
END-
‘3} T -052 -0./7 —~0.38 ~029 li;MDN
S',occ'tmm orienintion #1. 3. 8. A

Prohles pespondiular 75 /omg 4.} C -3 —129-.33-/sp|& © ©O
Qyis of canbleve [ Wopoht)) 4 g 120 £3¢

Speumen oritmirfisn 1, 3 T =2.128 =328 =250 —3.00
Frobles porddef 1o lowy ey g

ot canblever ( 0’/:/0676) ag C =-2.00 =200 —2,00 —0,60

¢

Spemen orrenfahin #1. a} T tO4S +OkT +05Y +0.7/
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is progress of fabric change uniform or continuous. All of
these results, of course, need checking, refinement, and much
more application.

The calculation of these indexes can be greatly improved.
First, the use of the analog processor will greatly simplify
work with the transform profiles and make the results more
reliable through objective smoothing of the data. Second,
digital processing of the profiles would greatly improve the
quality of the results; this would also make it relatively
simple to use measures that apply to larger portions of the
transform, and to look for cross-correlations that would other-
wise be too time-consuming to calculate.

Comparison of results from different types of tests
will need to be interpreted with caution. A particular load
level under tension may have carried a specimen well beyond
failure while the same load levei in compression has the
specimen no where near failure. Also, our calculations show
that the same beam load applied to cantilevers carries the
stress level in rock slices far higher than in third-part
loading and further, there is a stress gradient in cantilevers
not operative in third-part loading.

However, the results so far seem to provide a substantial
start on the index problem and do meet the project'sobjec-
tives of generating indexes of fabric heterogeneity and de-
formation. During the months immediately ahead we will pro-
ceed along these lines, applying these methods to the large
amount of data already on hand. As data are gen~rafed from
the addicional tests yet to be performed, they will also
be subjected to this type of analysis; this will necessarily

come later than analysis of transforms and inputs already
on hand.
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Conclusiogi

: L The following gereral statements summarize our results:
| 1) Replicated experiments usually yield similar results.

}E 2) Some results appear to be clearly dependent on
orientation of specimens.

3) Within each class of experiment, the results are
in general consistent with what is to be expected
in classical tension (or extension) and compression
experiments.

4) Decreases in spatial frequency with loading usually
signify widening of cracks or other discontinuities.

5) Increases in spatial frequency with loading usually
2 signify development of additional cracks or other
q discontinuities.

6) In a single specimen, the change of spatial frequen-
cies may change signs during a loading experiment.
The mode of fabric change may also change during
loading.

7) The most profound changes in fabric, in terms of
spatial frequencies determined by the methods
presented here, may come just prior to failure,
during failure, and following failure. However,
we have found instances in which the most pro-

; found changes came at early-intermediate siages

i of deformation.

}? 8) Unloaded specimens do appear to have different
*® spatial frequency content from the same specimens
before loading.

13 9) Initial fabrics may have a strong influence on sub-
4 sequent deformation fabrics. However, loading may
g induce fabric changes that override initial fabrics.

10) Scalar fabric features, such as grain-size, may
also profoundly irnfluence deformation fabric.

% 11) The several indexes developed in this study appear
X to be promising, but need further testing and study.

12) The scale at which fabric has been mapped does
reveal changes of significance with loading;
scales at higher magnification should now be
investigated.
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13)

14)

3L )

16)

: ’ o Lk
T e

Cracks (width, orientation, spacing), twinning,
cleavage, grain boundaries. clumps of grains,
banding, and veinlets are fabric elements most
commonly identifiable with transform character-
istics.

The acetate peel method for recording fabric
appears to be the most reliable, trouble-free
method of all those used.

The production of transforms directly from thin-
sections with a research microscope has been
demonstrated to be practical.

At this point, there do not seem to be simple
and obvious relationships between the fabric
elements studied and elastic moduli, shapes

of deformation curves, and compressive strength.
Hcwever, some fabric changes may prove to be
useful indicators pointing to the likelihood

of imminent failure and could be used for
monitoring rocks in active excavations. Further
analy:is of the large amount of data on hand
and of additional data to be generated will
stied more light on these points.
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Inplications for TFurther Research

The technical results achieved in this project indicate
that the methods used are sound andmerit further application

to other rocks. PRocks beina consicered for study in the
future are:

Colorado oil shale (Gveen River)
Lithonia aranite gneiss
Martinsburg slate

Yule marbhle

Baraboo quartzite

Funzie cong.omerate

Possibly e1-> cylinders and prisms from the
ARPA suite have saw-cuts in varying orientations.

In addition, it is desirable to compare fabrics in experi-
mentally deformed rocks with those in several selected similar
rocks that failed under field conditions. Field localities
being censidered for such study are:

South Mountain Fold, Maryland

Rock Springs, Devil's Lake, -~ad Baraboo,
Wisconsin

Barberton Limestone Mine, Ohic

A cryptovolcanic structure (Indiana, Ohlo,
Tennessce, Ontario)

A block-caving mine (Climax, Col.; San
Manuel, Ariz.)

One or two tunnels constructed for civil
engineerinu purposes (Milwaukee,
Minneapolis, Swiss Alps)

The routine application of holoqraphic subtraction, in
addition to the methods already developed and refined in this
project, will undoubtedly help greatly in further characterizina
deformation modes and intensities and in increasing our under-
standing of mechanical anisotropvy.

As this research continues, we will obtain data on changes
in fabrics of triaxially deformed specimers. This will be done
by carryina cylindrical specimens to specified axial and radial
loads and photographs will be made following unloadinqg. Sub-
sequently, we will obtain data from specimens under triaxial load.

.I As the research continues, we will also beqin some prilot
i cxperiments leading to the capability of generating transforms
in reflected light. Havinec demonstrated that slight chanqes in

fabric are detectable by our techniques, we will investigate

possibilities for in situ optical monitoring of rock fabrics in
active excavations’
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Special Comment:

Related research projccts in which we have been involved
are providinT materials and know-how of benefit to the conduct
of this project, and vice versa. Those projects include a
study of the effects of rock alteration, joint fillings, and
fracture geometry on mechanical behavior of rocks, especially
from block-caving operations. We are also measuring triaxial-
acoustic properties of rocks from block-caving areas. Fabric
analysis is an important aspect of these sticdies. We have also
studied the transforms of sa2parated pacrticles of different shapes
and sizes to determine empircically the effects of different
confiqurations, shapes, spacings, and sample size; this work
1s also in the realm of research in mechanical behavior of rocks,
for 1t is directed toward relating particle parameters to
fragmentation history (Larson, 1973).

Tha study by Power (1973) on optical diffraction analysis
of thin sections with a microscope provides the means for many
laboratories to undertake spatial frequency studies of micro-
fabrics with very little additional expenditure of funds.

This is certainly one of the most important advances achieved
in this project.

Concluding Remarks

Since this project has been supported for two-thirds
of its projected life under the aegis of ARPA's Rapid Excavation
Program, it seems wise to conclude with some brief comments on
foresceable benefits for rapid excavation.

The proiect has not been concerned with developing the hard-
ware for rapid excavation. This project has been concerned with
increasing understanding of some aspects of rock failure. and in
the course of doing that, of developing techniques for studying
fabric changes under load. In terms of both technical procedures
and substantive information, advances have been made.

Further, an outcome of this work, fabric studies of thin
sections directly with a microscope are now feasible via Fourier
optics. And, we are not far from developing a reflection tech-
nique that could be applied in situ to monitor fabric chanaes in
the surface of excavation or in boreholes.

All of these advances are applicable to both improvement in
causing de;ired failure, that is in excavatinag, and improvement
in preventing or mitigating failure, that is in maintaining or
improving stability in excavations.

The follow-up work to be undertaken in the next vear or two
is expected to yield substantial may-offs. For both future and
present pay-offs and the opportunity to effect them we are grate-
ful to ARPA and the U.S. Bureau of Mines.
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Two views of the optical hench confiquration for performina

holographic subtraction. The nlexiqlas enclosure isolates
the syst~m from air currents. The two aluminum outriqgqgers,
each equipped with bheamsplitter and mirror, provide a

re ference beam path outboard and on the far side of the
optical bench.
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Figure 4 - Acetate peel being applied to rock slice loaded in tension
in cantilever apparatus. Peel is bent downward, first
contacting acctone at center of slice, *o expel air
bubbles. (3ee Fiqure 5L) for methou of removing peel.)




a) Acetate peel being applied to rock slice in third-
part tensional loadina apparatus.

h) Acetate peel beinqg removed from slice. Outside
of peel is lifted and peeled qgently and steadilvw
toward the other to avoid folds and tears.

Fiqure 5 - Application and removal cf acetate peel in third-part
tensional loadina of rock slice.
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Diffraction
Order

1

Note approximate symmetry of the two first-crder
spikes, the approximately linear envelspe of the

first through fourth
spikes between the 0
interval between 0-1

spikes, and the nine short

-1, 1-2, »nd 2-3 spikes. The

, 1-2, 2-., and 3-4 represents

2.5 lines/mm in the input.

Figure 9 - Profile of calibration transform




Photomicrograph of a thin-section of a schist with

2.5 X, 6.3X, 16X and 40X objectives (left hand column);
their microtransforms (transforms of thin sections via
microscope) (center column); and their macrotransforms
(transforms of photoqgraphs of thin sections via ontical
bench set-up using Conductron LaserScan C-120 system)
(right-hand column). From Power, 1973, Fiaq. 22.

Figure 10 - Optical processing of thin sections.




(A-J) and their respective trarsforms.

Vesicular structure in pumice
(Jung, Fig. 123)

Granoblastic texture in epidotite.
(Jung, Fig. 95)

Quartzose pelite showing
a change in sedimentation.
(Jung, Fig. 32)

Micaceous pelite
(Jung, Fig. 23)

Porphyroblast of oligoclase in a matrix
of quartz (predominantly), plagioclase,
and biotite.

(Jung, Fig. 85)

Fine-grained granulite, crudely layered
with lenses of quartz. -
(Jung, Fig. 101)

Trachyte showing characteristic texture,
with some fan-shaped clumps of sanidine.
(Jung, Fig. 142)

Phonolite wiin trachytic structure;
sanidine phenocrysts.
(Jung, Fig. 157)

Mica gneiss, with quartz and
feldspar bands.
(Jung, Fig. 90)

Microlitic, nornhvritic andesite
with plagioclase phenocryst.

Figure 11 - Some reference inputs (line drawings) and their respective
transforms.
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ROUNDNESS

Fiqure 12 - Idealized

particulate shapes

and their transforms.

: —_— (From Larson, 1973,

=NIN AN NIIEET HI SEI ) Figures 10, 67, and 68)
i1 TR | | ! | | | 1 a) Sphericity and

. 0 1| TRty | |9 et o, YN roundness chart
S e N S L et b) Assemblages of

. ‘ . - i particles such as

those in a).
c) Transforms of b).
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Strain Distributions
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b) c) )
Edge Distance to Uniform Strain Analytical Strains

Figure 13 - Analysis of Strains in Rock Slices
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Figure 14 - Profiles of transforms of deformation experiment, uniaxial
compression of Tennessee marble cylinder, acetate peel
recording.

a) Calibration transform (#4-73/1); 0-1 interval is
2.5 lines/mm

b) No-load transform (#4-73/5); inputc KO017-Ga-2B

c) Transform (#4-73/8) of loaded specimen; input K017~
Ge-2B. Load 7220 psi (49.78 MN/m?)

d) Transform (#4-73) of loaded specimen; input KO17-
Ge-2B. Load 13540 psi (93.36 MN/m?)
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THREE EXAMPLES OF JOINT, MUTUALLY DEPENDENT CHANGES IN
SPATIAL FREQUENCY AND DIRECTION.

<‘(§

CKI JINAL A B

Rotation toward vertical axis, within hiwh frequency.
All low frequency increased and rotated into wed e,
Directional spread increases in spatial frequency; net increace

in spatial frequency and decrease in direction, with most
displacement from low frequency.

Figure 16, Mutually dependent changes of spatial frequency and directions
in transforms.
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Profile

-—~———-——-—— LOADING SERIES —-- - Orientations

* [

-_.p-—b-n,\

- )

—1

3

(v/;,‘

c (a=d)

Figure 17. Conventions for profiling transforms. Idealized progressive loading
effects are shown iir a through d in each row (A-D).
Each row (A-D) shows a loading response different from those in the
other rows. All rows start with the same transform (column a) for

the unloaded state.
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Appendix C
New or Modified Procedures and Lists

1. Procedure for preparation of test samples
2. Data sheet for specimens in rock slice tests

3. Test identification code numbers for cylinder uniaxial
loading experiments

4, Test identification code numbers for cantilever and three-
part loading experiments

S. Acetate peel and photograph identification nuinbers
6. Data sheet for loading experiments

7. Acetate sheet peel technique for rock cylinders

8. Some characteristics of film used in this project
9. Darkroom procedures

10. Procedure for mapping transforms

l1. List of available photographic cguipment

12. Scale conversion in inputs and transforms

Note: Procedures and lists appearing in earlier semiannual and
annual reports and in which there have been no subsequent
changes are not reproduced here.
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Procedure for Preparation of Test Samples

Preparation of slices

a)

b)

c)

d)

e)

£

g)

A 2X 12 X 12 in. (50.8 X 304.8 X 304.8 mm) slice was

sawed at a local quarry from a one-foot (304.8 mm) cube
of each of the eight ARPA rocks.

From the 2 X 12 X 12 in. (50.8 X 304.8 X 304.8 mm) slabs

2 prisms were cut, the first 2 X 2 X 12 in. (50.8 X 50.8 X
304.8 mm) and the second 2 X 2 X 10 in. (50.8 X 50.8 X

254 mm) .

The prisms were then locked into a Hillquist 20 in. (508 mm)

saw and serial slices were sawed which ranged in thickness
from .075 in. (1.91 mm) to .110 in. (2.80 mm)

Each slice was then ground on a lap wheel using 120 grit
to a thi:kness cf .070 in. (1.78 mm) to .090 in. (2.29 mm)

The slices were then final-lapped using 400 grit to a
thickness which ranged from .065 to .085 in. (1.65 to
2.16 mm) with a variation in flatness not greater than
+ .002 in (.051 mm)

The slice was then glued to an aluminum bar using Hysol
Epoxi-Patch

A uniform and constant glue thickness was maintained
during the setting process by using a small 20 1lbs. (89N)
spring clamp to apply stress and a metal plate between
rock and clamp to distrilute the stress. Glue thickness
is approximately .003 in. (.076 mm)

Preparation of Prisms

a)

b)

c)

Same as a and b above

Samples were sawed on Hillquist 20 in. (508 mm) saw to
= 4,5cmX 1l.5cmX 2.5 cm

Samples were finished on Brown and Sharp No. 2 surface
grinder to the final dimensions of 4 ecm X 1 cm X 2 cm

Preparation of cylinders

a)

b)

Cores were sawed to a length that was slightly greater
than 2 1/4 times the width

Core ends were then ground on a Brown and Sharp No. 2
surface c.inder to a length to width ratio between
2:1 and 2 1/4 : 1

65
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Test Identification No.

Data sheet for specimens
in rozk sliice tests. Rock Slice No.

Rock Type _

Acetate Peel Regular Photography
Fluorescent Dye Photography

Operator Date _

Strain Gage ta

Resistance
Gsge Factor: Rock __ Bar

Ebox

Specimen Dimensions and Orientation and Gage Location
- «

&L
A

A

|

AN NN

Bottom
Views

T
1

Cantilever Loading Apparatus Thres-Part Loading Apparatus

A
s
P
~
7
P
/
rd
Z

Comments:

Rock Slice Thickness Neta (inches)

Al Bar Thickness _ 0.25

1 2 Slice Thickness__
Corner Thickness:

1 2 3 Ly

SRS

Rock + Al Bar + Epoxy

Epoxy




TEST IDENTIFICATION CODE NUMBERS FOR CYLINDER UNIAXIAL LOADING EXPERIMENTS

First Digit - capital letter imdicating type of test
K = cylinder, uniaxially loading

Second Digit
Third Digit numerals indicating the number of the test

Fourth Digit

Fifth Digit - capitel letter indicating general rock type
acll ignecus

basic igneous

intermediate lgneous

sandstone

limestone

dolomite

shale, mudstone

corglomerate

foliated or lineated metamorphic
nondirectional structure metamorphic

oMaoXortnHw>
g 2 8 ¢4 8 8 8 8?8

Sixth Digit - a numeral indicating the face of the rock slab from
which the test specimen was cut

Seventh Digit - a letter indicating the position of the cylinder
with respect to the original core length from
which it was cut, See diagram below.

(a la Je
l l l/ original core length
(a ) (et ) (e )
cylinders

‘ For photographic registration purposes, a rectangle 24 x 35 mm is used,
An arrow indicates the "top" position during loading.

- _@'-’3. Oem.
. S

e
i

0

(WRTA20 (&
—
H\__::P?———test I.D. no.
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TEST IDENTIFICATION CODE NUMRERS FOR CANTILZVER & THREE-PART LOADING “XPERIMENTS

First Character - capital letter indicating tyve of test

c

M

Third Character

P
Second Character }
Fourth Charac’cerd

canti. .ver weight loaded
cantilever micrometer loaded
three-part loading

nw nn

numerals indicating the number of the test

M frh Character - capital letter indicating general rock type

25000 XortuvwHW>

Sixth Character - a

aclid igneous

basic igneous

intermediate igneous

sandstone

limestone

dolomite

shale, mudstone

conglomerate

chemical (evaporite, chert, etc.)
organlec ‘coal)

foliala’ or lineated metamorphic
nondirectional structure metamorphic

W o o non

numeral indicating the face of the rock slab from which

the test specimen was cut

Seventh Character -

a capital letter indicating whether the test ias compressional
or tensional

C = rock slice tested in compression

T = rock slice tested in tension

1non

An example of the above code number for a cantilever loaded, comnressional test
on an aclid igneous rock cut from face one of the rock slab would be the

following:

C001-A-1C

This i1s the test identification number that appears in the upper right hand

corner of each data

sheet corresovondinr to that particular test.




ACETATE PEEL % PrOTOGRArd IDENTIFICATION NUMEERS

Acetate peels and nhotographs corresponding to specific loads are identifi:d
by the small letter which avpears in the far left hand column of the second
page of the data sheets for sach test. (Column headed "Peel ID No.™ or "Ploto
iD No.")

Zach photograph an’ acetate peel is individually coded with its complete
corresponding test identification number, plus the small letter which icentifiss
that particular ohotograoh or peel. This small letter is inserted after the
fifth digit of the test identification number.

An erample of an identification number on a photograph or peel whose corresponding
tes’ identification number is CO01-A-1T would be the following:

C001-Aa-1T

On cantileve: and th»ee-part loading tests, rectangles are used to aid photo-
graphlie comparison.

On cantilever weight loaded and cantilever micrometer loaded, a rectangle open
at one end is vsed; the open end of the rectangle points in the direction of
the applied load. ROCK

/ SLICE

Y

LOAD

' PPLIED
SO |

I
|
|

;
/
%
i
///L_ [ R,

On three-part loading tests, a rectangle whose length paral'els the width of
the bar is used,
/‘ ROCK SLICE

[

[ ]
1




Test Identification No.

Datn sheet for loadins AN N
exXperiments., perator

Gage Gage

Peel or | Increment Total Load —— —

Photo ID | Load or or Total ghgrimei NOE' ghg““"l No,

Letter Micrometer | Deflection naicator kxy, ndicator| kxp,
Bazding Reading |Strain Reading Strain.
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Acetate sheet peel technique for rock cyiinders.

Materials: . Acetone

1.

10.

b. & mil ciear acetate sheets

Clean rock cylinder registration area by application of
2-6 acetate peels. (vepending on rock type.)

Ink specimen with registration rectangie, top arrow, and
test identification number.

Cut acetate sheet at least 3 inch larger than registration
rectangle, but leaving it short enough to allow placement
of acetone bottle nozzle above peel on specimen surfece
when in test position.

With rock core in place, bend acetate peel around core,
hoiding it tight about its partial circumference at the
bottom, but keeping an eighth-inch gap between peel and

rock at the top.

With other hand inject acetone at the top into the space
between peel and rocx letting it fill that space for the
briefest rossible time.

Quickly slide fingers up from bottom of peel, pullinge
entire peel surface into contact with rock cauvsing excess
acetone to squirt out at the top.

Allow to dry for S minutes.

Remove peel from surface with a slow gentle peelinz motion
from one side of the surface to the other side.

Place peel bctween flat surfaces and apply pressure *o
prevent curling of the perl for about one hour,

Slides are made of peels by placing them between glass
plates and sealing the edges.
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Procedure for mapping trarsforms.

The basic scanning hardware is a prototype unit purchased
from Conductron Corp. and consists of:

1) Scanner: a photomultiplier tube completely enclosed
except for a pinhole towards the laser and at the
height of the system's optic axis. The size of the
pinhole can be varied. The photomultiplier can be
translated horizontally, orthosonal to the ortical

axis. The entire assembly can be readily secnred to
the bed of the optical bench.

2) Photomultiplier power supply: Harrison 6515A DC power
supply manufactured by Hewlett-Packard.

3) Ammeter: #414 micro-micro ammeter manufactured by
Keithley Instruments.

4) Strip chart recorder: Esterline-Anqus dual trace
Speed-Serro 1II.

The phototransparency X-Y-0 input gate is manufactured by
Ardel Corp. It consists ~ two TT-100 translation modules to
provide X-Y movement ard o.2 RT-175, 360° rotatable module to
provide rotation about thz optic axis. The stacked modules are
mounted with a #275 post, an SID base and a PTT adapter.

The Ardel assembly was modified by the insertion of pins
at 90° intervals around the circular opening of the RT-175.
These are used for securing the input to the gate. A set screw

was also added in order to eliminate rotation about the vertical
mounting rod.

General mapping procedure

1. Before the bench is converted to the mapping configuration
pictures of the transforms to be mapped and a correspond-
ing calibration transform must be recorded.

2. The highest desired resclvahle frequency is determined
from the pictures of the transforms.

3. From the %zime base constants of the recorded and the
velocity of the scanner, a maximum "half-transform
distance" is determined and the scanner is positioned
accordingly.
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11.

12.

13.

14.

The input gate is placed on the optical bench in its
proper position to assure its orthogonality with the
optic axis.

Opaque tape is used to mask one of two thick optical
flats so that when the input is placed on it only the
desired rectangular poction of the input will be
illuminated.

The calibration grid is sandwiched between the two
glass flats and mounted on the X-Y¥-0 input gate.
The masked aperture is centered on the optic axis.

The viewing microscope is focused on the transiorm
generated by the input in the first transform plane and,
using a horizontal knife edgye filter, the rotary gate

is adjusted so that one arm of the cross generated by
the rectangular aperature is parallel to the knife-

edge filter.

The transform enlarging lens is placed on the bench
so that the second transform is approximately focused .
in the plane of the scanner pinhole.

The frequency enlarging lens and the scanner micro-
meter are adjusted until a maximum reading on the
ammeter shows that the transform is properly focused
and centered. To aid in focusing, a telemicroscope
or other viewing device is sometimes used (in combin-
ation with a beamspletter) to view the plane of the
scanner pinhole.

The scanner is translated one-thialf transform width and
is scanned towards the transform center several times
while adjusting the voltage controls of the plotter
and those of the ammeter so that the maximum intensity
of the DC spot is recordcd almost full scale.

A full scan of the calibration transform is recorded and
compared with the maximum resolvable freguency desired.
If unsatisfactory, the position of the scannor is re-
adjusted, and then proceed from step 9.

After obtaining a satisfactory calibration scan, the
first input is inserted, as per steps #6 to #10, and
then scanned.

The input is rctated through the desired number of
dec' ‘es, centered and scanned again.

Tli- 5cans are p.otted radially in proper orientation
using the DC spot as a centerina guide.

(Analog unit is beina constructed to permit plotting of following
functions of intensity: square root, integral, integral of the
square root, and square root of the integral)
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List of available photographic equipment

*1. Praktina 35mm SLR and adapters for microscope.
2. Speed graphic view camera.
3. Calumet view camera, 4 inch X 5 inch.

4. Hasselblad 500 with standard and wide angle lenses,
bellows, light shield, and shutter for photomicro-
graphy. 0

5. Bausch and Lomb/Nikon 135mm telemicroscope.

6. Polaroid photomicrography set-up.

7. Crown Graphic press camera, 4 inch X 5 inch.

8. Bowens Illumitran and accessories.

9. Miranda Automex 35mm SLR camera body.

10. Polaroid 46-L back for view cameras.

11. 120 back for view cameras.

12, Polaroid 4X5 (52, 55, 57) back for view cameras.
**13. Nikon F 35mm SLR and accesscries.

14. Minolta light meter.

15. Zeiss photomicrographic adapter tube.

* adapted to optical diffraction analysis.

** available if needed.
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