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!•     Introduction 

Purposes and Objectives of the Project 

yezr'TtlÄT/l Srle^ar s^v ^hf 0f the 8eCOnd 

are:      (a)   to develoo ^Snf i f*? y'   ^he PurPoses of which 
analysis to co^SrfanS^Ü^1!8 of.0Ptical diffraction 
related rock f^Scs ^d^M   i        SU^eS 0f genetically 
standing ofthfmicha^cs of rS 90^ib^ to the under- 
ing fabric ch^g^ra^^liatin^thesf to^thL^ T**^' parameters.     The so^ciai   noo^l t:nese t(? other deformation 
parameters i» n^^dlf^f^S«»^1!1""»'; °f ^'ic 
collection of many kinds of dat,  i =  ^ t        e =ontlnu">g 

«C and of safe'? «a^e%^LleV^- U^Ä^? 

identify and cha^cterizf throu^.o«?^^10" data;     (b,  to 

«^e^e^^s o^r^t^wSi^^^H^^S0 P4"" ind 

Sler^^Jrl^a'^ ^H^ '" "^ oTd^™^ 
to relate thilindex t^defor^?"6 i-pUt to the neitt'  and 

an index of fL.ric heter^Sv ?or ^f?^''  . ^  t', develoP 

b%^„%Tre1^arifif™d"^ »^^^ 

rocks ?ha^2i^tSnd1rii^dSce^i^s1?Cted e<3UiValent 

Background 

displ^s tteough'theifFoU^3""1?1"9 t«»-dimensional 
"ell eJtablilhld      Like^I    ^amP.UJU<äe transfo™» has been 
spatial mter^g has ar^been'sh^o'b!"0' ^^ * 

and photomicrographs of suites of ijke'ro^," Phot^"^ 
have been deformed' under pro^ess^iely h^erlo™ ^ 



m^h J? ^ aJ^Pt to explain rationally the complex 
blen Siv-i ^ha70f.f .rocks,   increasing^ttention has 
Sd Jih*n^ifertifying relationships between fabric 
and mechanical behavior.     Many fabric studies performed 
tl^t haVu yielded result3 thieved only alte? ve^T 
tedious work.     Some analytical fabric studies  include a 
iTlltlilt H

1
^^ 

that renderS  ^Practlcfi the pooling 
^n!f      ^    ^aued 0n WOrk ^ different operators.     We are 
faS^?elr^bfV:l0Ptng mSanS t0 ^arLterize defection raoncs more objectively  and efficiently. 

d^frtrI^^XPer-!nentai  techni<3"es  required to produce 
deformation  suites of rocks  for this  study consist of 

^nforrn^V0^*'   and -ntileve/and ?Mrd-part 
i^fft !nH  /°Ck-SJ1?eS.,remented to aluminum beams.     Bi- 
s^ge's^ the^woJk.10^1"9 Wil1 ^ in m0re adv-Ced 

4«  Ka!
h5 0pticaJ diffraction method used in this project 

the ^serOinW?960lniJ8h3 by ^ .With the «PPea^nce of 
for nn^LtV!  ' ^ be?ame Practical to use this method 
™^iCal ?ata Pr°cessing.  The basic technique used is 
!Pe^"i analysis 0f the inP«f s spatial frequency content 
thatPf^  ""^S"; The input is a red^ed transparency 
nroLri ?fo  ^aS a dlf fraction gating with unknown spatial 
special ^onJrHor^ 0f in^ation has precisely known 
mat?^ ?• J£OPeSJieS' 1;e:'   Xt  radiates coherent monochro- 
matic fight  The resulting diffraction pattern is the two- 
^r^ransL^f'" ^t™*  transform It  the input Lage. 
*ni «H "    *1Sua graph of the distribution of orientations and spacings of the elements in the input. 

strucS^f^«1^!"?- ??ticS the input ima9e can be recon- 
oat?^  f J-^e 1^ght rays that form the diffraction pattern. A filtered, reconstructed image can be formed bv 
blocking out some of the light rays in ?he plane of the 

alS^ent^ ifS filtefin* c5n be ™**  to suppress dominant 
HIÜ^ 5     the input so that obscure features c*n  be 
detected more easily, and to aid in analyzing complicated 

in roSf^n ^r difJraction Patterns, orientation fabrics 
in rocks can be described, regardless of scale, in terms 
of spacings, directions, elongations, and symmetries! U 
iLiJ  PKSSlbl! t0 subtract 0^ input from another to show 
the net change from one to the other.  This is done by a 
holcgraphic technique that can be accomplished with slight 

d^r^^f the OPtiCal SyStem USed f0r the operations 

Series of fabric inputs from deformation experiments 
plus series of artificial inputs have provided the main 
Kinds of input data operated on so far. 



2.  Methods of Investigation 

Optical diffraction analysis has been explained in 
our earlier reports and in papers by the principal 
investigator and by others, cited in Appendix B. A Con- 
ductron LaserScan C120 System constitutes the core of 
our optical diffraction capability.  The optical diffrac- 
tion technique iu used to analyze chanaes in rock fabric 
produced by experimental deformation.  High quality photo- 
graphs and acetate peels are used to record the fabric 
at successively higher loads or strains.  For photography, 
specimens are illuminated in white light, and in ultra- 
violet light after treatment with fluorescent dye pene- 
trants.  Transparencies of specimens and peels are used 
as inputs for optical analysis, such as is illustrated 
in Figures 1-5 and discussed in Section 5 of this report. 

Effective analysis requires concern for registration, 
image quality, and scale factors.  Adequate registration 
and image quality are necessary to achieve consistent, 
comparable, and sufficiently informative results.  The 
scales at which rock deformation data are recorded depend 
on both the size features being studied and the dynamic 
range of the optical analysis system. 

Without strong comparability between sets of related 
inputs, the analysis of fabrics of a deformation series 
by optical diffraction becomes qualitative, and supporting 
techniques such as transform mapping and analytical 
techniques such as holographic subtraction become ineffec- 
tive. 

In addition to photographs of rocks undergoing defor- 
mation and peels taken therefrom we have also been investi- 
gating the use of thin sections of experimentally and 
naturally deformed rocks. 

Our rock deformation experiments have been limited 
to uniaxial deformation of cylinders and cantilever and 
third-part loading of thin rock slices cemented to 10-1/8 
x 2 x 1/4'■ aluminum beams.  During the past six months 
we have worked with rock slices.  During deformation we 
nave photographed specimens to record changes in the two- 
dimensional fabric of the rock.  Among the changes we 
seek to map are microfracture growth, variation in patterns 
of microfractures, changes in grain shape and/or orientation, 
development of twinning, changes in reflectance, and so 
forth. 



The source of samples so far for our deformation 
experiments is the U. S. Bureau of Mines "ARPA suite". 
These are out from one foot cubes of St. Cloud Gray 
Granodionte, Westerly Granite, Barre Granodiorite, 
Dresser basalt, Sioux Quartzite, Berea Sandstone, 
Tennessee marble and Salem Limestone.  This report 
presents results with the St. Cloud Gray Granodiorite 
(Charcoal granite) and Barre Granite.  Samples taken 
from these cubes are all oriented. 



3. 
IgEgrtant Technical DgveloemgntB 

Spatial Filtering 

capability  Verv «LS  directional filtering 

fr^uency^fiiSrr ^LTon*^ ^ 0bta?neö With 

in the x-Y-e gate which aiJ? -i        plates and «ounted 
Plate holder/LposItione? ^iJSre 9? ' S0l0graphic 

been ordered which will   «n«ig?f       ^     E<JulPn»ent has 
high resolution glass platir„^reC^eXposure of Kod^ 
This will  save much ?i^ 1^    «bv? thf Hasselbl^ camera, 
final resolution of thtfntr^H    ^^'  in-rease the 
of photographic steps?    fllters because of a reduction 

and fned^nd^L'be^^i^ao^ been.-^alogued 
conjunction with previouslv nrJ ^Versatility in 
curves. Previously prepared transform scaling 

Mapping Transfo™.e 

of trfnfforis weL^Sined so^h^^8 f0r **<*»<**<, maps 
more rapidly,    m late Aprifan o^mapS COUld be Produced 
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greatly reducethe  time  reoSir 5/5" t^StrUment should 

transform maps and win   "so n^J?^ Production of 
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sensing head.     This meter has «L^n f°r OUr  laser *><*"* 
readings down to 0.01 m"    Sclwe tSf?^^"!1 reProducible 
of most transforms falls bel^w^h?« llg?t ln Potions 
arranged  for modification ofTh!        POWer leve1'  we have 
can be obtained in three ranoes    n^ ^Z,30 that ladings 
0.001 mw and 0.001  - o  nnn? g     '   J'1  ~ 0'01 ms'   0.01 - 
Parts necessary for this 2^??/  ^ a sele^or switch, 
and  the meter win be  avaufblpC?       ? ^T rec^ly arrived 
shortly. De  availahle for testing and  calibration 

Ogtical Processing of Thin  -rrHnrn 

sourceE^ednSirrio\Tm1cm^%1n
o^\^ ^r light 

in order to devise a system Lr^f**?- bfen ^ducted 
analysis of thin sections lulh . 0pllcal diffraction 
capable of processing photoJ^M ?yStem Would also he 
ditional investment ineSlSt       "^ With little ad- 



These experiments have led to the conclusion that 
an auxiliary focusable and removable lens between the 
microscope ocular and objective would allow convenient 
viewing of the diffraction pattern with a wide range of 
objectives.  This lens would allow a quick change from 
diffraction pattern to reconstructed input simply by 
removing it.  A petrographic microscope with a focusable 
Bertrand lens should work.  The ability to view a recon- 
structed input is just a short step from spatial filter- 
ing. 

A Zeiss Universal microscope has been used to 
observe diffraction patterns generated by thin sections 
and inputs have been recorded on photographic film.  The 
microscope has been modified by the addition of a pinhole 
and interference filter in the light path to obtain a 
point source of light of partial coherence.  Patterns ob- 
served to date have been consistent with respect to both 
directional and  frequency parameters.  Theoretical con- 
siderations indicate that this method will work on most 
thin sections of good quality? in the worst cases the trans- 
form will be somewhat smeared and in such cases photographs 
of the thin sections can be used instead as inputs. 

Equipment needed to photograph diffraction patterns 
and inputs for detailed analysis has been made available 
by a manufacturer on an approval basis and this work will 
be undertaken immediately. 

Holographic Subtractions 

A schematic diagram of our arrangement of optical 
components for the production of image plane holograms 
is shown in Figure 6.  With the addition of a lens, a 
stop and a camera back the image hologram can  be used as 
a filter and a difference image recorded (Figure 7) . 
Figure 8 shows the actual optical setup used.  Both input 
and holographic plate are mounted in adjustable gates; 
the latter holder is shown in Figure 9.  The mirrors 
and beam splitters are mounted in adjustable holders on 
movable rack and pinion slides (Figure 10). 

In order to minimize shrinkage problems the emulsions 
on the plates are destressed before exposure.  This is 
done by placing the platas in a high humidity atmosphere 
(but not high enough for water to condense on the plates) 
overnight.  The plate holder is positioned so that the 
plane of the holographic plate is perpendicular to the 
bisector of the angle between the signal and reference 
beams.  After exposure the plate is soaked in a hardening 
bath prior to development in order to minimize degradation 
of the emulsion surface.  After development and fixing the 



plate is dried in a series of alcohol baths for quick 
uniform drying, thus avoiding a migrating drying bound- 
dary and restressing.  The alcohol baths also he?r> return 
the emulsion to its original dimensions (Pennington & 
Harper, 1970). 

The developed plate must be precisely repositioned. 
This can be done by observing the fringes with a micro- 
scope (Bromley, et.al., 1971).  After repositioning the 
filter (hologram), the final lens is placed behind the 
filter such that the difference image is of an appropri- 
ate scale and, more importantly, such that all desired 
information is passed by the lens and not lost due to the 
finite lens aperture's intercepting the diverging beams. 
The stop is then placed in the focal plane of the lens 
in order to eliminate the undiffracted portion of the 
reference beam. 

We have produced high quality inage holograms of 
complex inputs and have achieved a degree of subtraction. 
Both phase and amplitude holograms have been used.  The 
former are produced by bleaching the developed plate 
prior to drying in the alcohol baths.  Our sole remain- 
ing major problem in holographic subtraction is lack of 
adequate isolation from sources of vibration. 

Reference Transforms 

Approximately 250 reference inputs have been pre- 
pared from Harper (1950), Jung (1969), Ramsey (1967), 
J. Rosenfeld (1970), Sander (1970), and Whitten (1^66). 
A low exposure and a high exposure transform have been 
prepared for each input, giving a total of approximately 
500 reference transforms.  These series can now be used 
as references to which inputs and transforms obtained in 
our research can be compared. 

Slide Comparator 

A slide comparator has been designed (Figure 11) 
and necessary components have been ordered and most have 
been received. The comparator will allow us to deter- 
mine objectively and quickly gross differences in 
similar transforms and, in some cases, to make quick com- 
parisons of similar inputs.  The comparator will effect 
savings in optinal bench time and will permit more efficient 
profiling of transforms. 



Study of Closed Curves (Contours) 

A paper on the optical diffraction analysis of 
closed curves (contours) has been completed and accepted 
for publication by Geoforum.  Necessary minor revisions 
and additions have been completed and the abstract and 
figure captions have been translated into French, anc1 

German.  Publication is expected in November. 

Preparation and Deformation of Rock Slices 

An analysis of the effects of the thickness of 
rock slices on cantilever and third-part loading 
experiments has shown that tolerances permitting more 
rapid production of slices are acceptable. Also, 
experimental and analytical studies of the generation 
of strain data in beam deformation studies are aimed 
in part at reliably reducing the amount of strain gage 
data required. 

In cantilever experiments, strain gages on rock 
slices have been relocated from a position that gives 
approximately the minimum tensional strain to a 
position giving approximately the mean tensional 
strain.  The former arrangement was used for Barre 
Granive slices; the latter was initiated with experi- 
ments on St. Cloud Gray Granodiorite (Charcoal granite). 
Changing to the latter arrangement does not diminish the 
continuous area of the slice available for fabric analysis. 

Photographic Procedures 

To insure consistency of results in visible light 
photography, illumination from each floodlight is 
monitored by a light meter to insure balanced illumi- 
nation in each exposure and consistency from each ex- 
posure to the next.  Reflected light is measured from 
an 18% gray reflecting card on top of the specimen for 
each series of experiments; comparable values are 
sought for successive tests.  Prior to each test series, 
an exposure is made of a graduated gray scale placed 
in the position of the specimen; this provides a means 
for comparing the input transparencies from different 
experiments. Great care is taken in dark room processing 
to insure uniformity of results. A 3 x 3 cm square is 
inked on all slices for photographic registration and 
to simplify position control of the input on the optical 
bench. 

Photographic recording of specimens treated with 
fluorescent dye penetrants has been enhanced consider- 
ably through the use of a special emulsifier and yellow 
filter. 



4- Technical Problems Encountered 
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5«  Experimental Results to Date 

Table 1 summarizes the number of deformation tests 
(left side) and the number of inputs and outputs processed 
optically (right side).  The numbers on the right side are 
larger than those on the left because each test involves 
the preparation of a series of photographs or peels, each 
correspoading to a data point on the loading curve. 

The results shown in Figures 1-5 are representative 
of some of those obtained during the first half of the 
second year of this project. 

Specimen strains represented in the loaded specimens 
shovn in the five figures are, respectively, 0.14%. 0.47%, 
0.14% (min.), 0.28% (min.), and 0.47%.  In Figure 3, the 
darker background in c) as compared to a) is characteristic 
only of the prints used in this report, and not of the input 
transparency used to generate the transforsn.  

The slices shown in these figures were loaded to higher 
levels than those depicted from equivalent experiments in 
last February's annual report.  The results described in 
the figure captions are consistent with the apparent trends 
described in the annual report, (p. 19) for slice (cantilever), 
cylinder, and prism experiments.  The results in Figure 5 
suggest that the fluorescent dye penetrant method might be 
more sensitive to detecting fracture widening than are the 
methods using white light and acetate peels. 

The acetate peel method continues to yield very use- 
ful results in a variety of experimental set-ups.  Not 
only is their detail well defined, but they also provide 
for the easy variation of input scale; it is a simple matter 
to prepare input transparencies over a wide range of scales 
from a single peel that records permanently the fabric af 
a specimen for a particular data point on a loading curve. 

Let us consider here the results of detailed compari- 
sons of inputs and transforms from the following experi- 
ments on Barre Granite uaing acetate p.-els^: 

a)  Cantilever, weight loaded, tension, duplicate 
tests on slices from each of three mutually per- 
pendicular directions.  (C008-A-2T, C009-A-2T, 
C017-A-1T, C018-A-1T, C026-A-3T, C027-A-3T; Figure 
4 is oased on two inputs and their transforms from 
C008-A-2T). 

b) Cantilever, weight loaded, compression, single 
tests on slices from each of three mutually p »r 
pendicalar directions (C010-A-2C, C019-A-1C. 
C028-V3C). 
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c)  Third part load, compression, triplicate tests 
on slices from three mutually perpendicular 
directions.  (P001-A-2C, P002-A-2C, P003-A-2C, 
P010-A-1C, P011-A-1C, P012-A-1C, P013-A-2C, 
P013-A-3C, P014-A-3C, P015-A-3C; Figure 3 is 
based on two inputs and their transforms from 
P011-A-1C) 

The input transparencies are 1/10 the size of 
the corresponding specimens.  Prints of four 
inputs and  their transforms were selected from 
the approximately eight data points available 
from each experiment. The four data points for 
each test weve generally obtained at conparable 
loads.  The same mutually perpendicular orientations 
of slices, corresponding to three faces of the 
source cube of rock, have been used in all of 
these experiments. 

The following conclusions have been drawn from 
these examinations: 

1) Replicated experiments yield very sinLlar 
results.  In the two exceptional cases 
(C009-A-2T and P015-A-3C), slightly oblique 
fractures appearing in the no-load input 
became accentuated with loading yielding 
high-load patterns similar to the no-load 
patterns and different from their corre- 
sponding replicates. The tramsforms, of 
course, show the spatial frequency counter 
parts of these relationships, and more. 

2) In each of the three classes of experiments 
(a), (b), (c), above, slices of the same 
orientation (suffix numeral 1, preceding 
T or C) yield patterns different from those 
of the other two orientations (suffix numerals 
2 and 3).  Patterns from one of those orien- 
tations (suffix numeral 3) appear in some 
series to be intermediate between the other 
two (suffix numerals 2 and 1) but to resemble 
the former quite closely.  It is perhaps 
significant that the orientation designated 
by the suffix numeral 1 is parallel to the 
rift of the Barre Granite. 

3) Within each class of experiments, the results 
accord with what one would expect in tension 
and compression experiments. That is, fractures 
develop perpendicular to the axis of tension 
and diagonal fractures (and others) develop 
in compression. 



4) In the two compression series,  b)  ;*<id c) 
the results are mutually consistent? mSre- 
2 and  3fW«nSrientati02S   (suffix n^era?s 
nJ^rall?* leSS SO for the thlrd  ^^ 

5) 

numeral  1) 

iSadinr^r? •PP6^ t0 be increases with 
in ht V    l0W and high sPatial frequencies. 
lo^k«^"6 !?pear to be increases with loading in medium and high spatial freguen- 
wi?h,lJ3^!%!h?re appear to be increases 
cieS-  ?J ih! i? l0? t0 high spatial f^equen- 
S«?^:r      e trai?sfonns. diagonal concen- 
ex^i? LaPPear fn the low frequency range 
SSrS%iLfne orientation   (suffix numeral  3) 
rangl aPPear in the high ^equency 

6)    On all of the results described above, the 
inputs and their transforms give mutuillv 

♦■K^-,1" ^i,experiments conducted so far with «ni^« 

be more easily inte^prlted their transfor^ seem to 
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6-     Implications for Further Research 

.- K^he technical results achieved so far indicate that 
direcSon'«?6^6 0n the  rlght track  and tha? tSf gene«! 
Se"in0cOn5l^! fe8earch will follow original plans, 
matlon H^    2K? to concentrate on recording more defor- 
axii? df?«™^8 Wf^e use of results from uni- 
Sif:«?,f0rmat}0n of right-circular cylinders and 
^^U^lfce1.8"'  in additi0n t0 c^inuing the current 

eha««^?«1! Kh® yeaf we.vli11 begin to obtain data on 
SmgS! ^faKriCS of.tri^i«lly deformed specimens.    This 
«Jii  L^ ne^?y,C?rrying cyündrical specimens to specified 
^illont IZtir1^*3 nnd Phot?g"Phing medial LcSSs 
for eirS^^!      Ft*'    2™ aPecim** will have to sacrificed 
foU^ng^nl^iS:  ^ ** ^^^ ^ *>* -de 

to th«%*«ii^??in ?hortly »«»e Pilot experiments leading 
i?JS    ojP^111^ of generating transforms in reflected 
iÜ ^teSfri?! ^onstrated that slight changes in Sric 
SSsSmtlSifS; °Ur ^chniqr8' we wil1 investigate 
ac? Je'e'icivLfonsr1 — OPtlCal raonitori^ of rock fabrics in 



7.     Special Comments 

Related research projects in which we are involved 
are providing materials and knowhow of benefit to the 
conduct of this project,  and vice versa.     Those projects 
include a study of the effects of rock alteration, 
joint filling^,  and fracture geometry on mechanical be- 
havior of rocks,  especially from block-cavinq operations. 
We are also measuring triaxial-acoustic properties of 
rocks  from block-caving areas.    Fabric analysis  is an 
important aspect of these studies.     We are also studying 
the transforms of separated particles of different shapes 
and sizes to determine empirically the effects of dif- 
ferent configurations,  shapes,  spacings,  and sample size. 

8.     Concluding Remarks 

The basic research design appears to be sound.    The 
results achieved so far have bemquite encouraging.    The 
technical skill of the projects'  personnel and the major 
items of equipment on hand, on order, or otherwise avail- 
able  for use are appropriate for the needs of this study. 

Results obtained so far, particularly during the 
past six months,  hold much promise for the project's 
fulfilling all of its major objectives,  as originally 
planned,   by January 1974. 
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APPENDIX A 

Figures Accompanying Text 

(Figures 1-11) 



Fig.t a)Slic« of Charcoal granit«(St.Cloud Gray Granodiorit«),no load,b)Tran«~ 
form generatod fron a); no proferred orientation is apparent, e) Same elice as 
in a),under third-part load (axis of conpretBionitop-botton of photograph). 
d)Tran8fonn generated from •);shows two weak diagonal low-frequency concentrat- 
ions and slightly higher concentrations of high frequencies than in b). 

Scales: a) and o)- Magnification 2.8X 
b) and d)- Radial distance of tC mm corresponds to 1 l±n9/h,7(mm 

in a) and c) 
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Figo2 a) Slice of Charcoal granite(St. 
form generated from a)j no preforred or.. 
in a) under cantilever load(axi« of teir.-; 
toward bottom), d) Tranafom genwatec 
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Fig.4 a) Acetate peel of Bari* Cranlte,no load, b) Transfom of a); no preferred oidertat'or, 
c)Acetate peel of same slice as in a) under cantilever load{ten8ion: left-rightjlord t?v. 
right), d) Transform of c);elon«ated horizontally,especially in lov-frequency range. 
Scales: a) and c)-Magnification 3.75X ; b) and d) 10 urn  corresponds to 1 line/6.75 ran in a) 

and c). 



.5 Charcoal granite treated with fluorescent dye penetrant,u.v. ill\jaiiiation,no load.H 
B of a);slight left-right elongation, c) Same as a) under cantilever load(tensiontieft 
i tcvard right). d)Transfom of c)j»pre low and high frequency content tht." in b);left 
ngation more prcsninent in the low frequencies. Scales: a) and c)-Magnification 2.SKj 
Radial distance of 10m corresponds to 1  line//».76 am in a) and c). 

"ins- 
-ri/rht- 
-right 
b) and 



,5 Charcoal granite treated with fluo    icent dye penetrant,u,v. illmiiiation,no load.H^ran»" 
m of a);9light left-right elongation, c) Same as a) under cantilever load (tension tieft-;i?;ht' 
d toward right). cOTransform of c);«ore low and high frequency content than in b)jleft-right 
ngation more prcmiinent in the low frequencies.      Scales: a) and c)-M£gnification 2.8X; b) and 
Radial distance of 10mm corresponds to 1 line/4,76 mm in a) and c). 
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Figoii Schematic or slide comparator for 
determining gross differences between 
pairs of similar transforms and similar 
inputs. Scale: 1:$ jtotal optical path 
is app» 1 m (102,5 cm). 
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