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PREFACE - . - ' '' ~ 

An underground repository r>r hi>*h lev<il nuel^ar waste differs from 
ordinary underground exoiv-ati or.:; such an miner, or tunnels because it must 
withstand heat load:-, a." hiĵ h a- !iQ...watt>;/.iî  averar.ed over 3cvw.il Xn'. 
Local\oonc<;ntrations of heat in storage drifts are greater by a factor of ri 
for an excavation, ratio of '0%. The highest thermal gradients will exist 
abound the boreholes in which waa£e canisters are stored; the borehole walls 
nay be as hot as 200°C. The stress field in the urri Isturbed rook is 
initially altered by the excavatiW; 31"esses that are imposed due to thermal 
expansion further modify the iiy^J,tu st-esses. Alterlr.c; the stress field in a 
rock mass produces a potentiali-j»Trock fracture, which may negatively affect 
the ultimate isolation of the sttmear waste from the biosphere or (in the <: 

short term) the" retrievabiiltsglsf the waste banisters. '-"' 

Although there are centuries fpf experience with underground openings in 
rock, the thermomechanical streso^problem has little precedent, and research 
programs have been established to study the problem. The Lawrence Livermore 
Laboratory (LLL) has a program of laboratory and field measurements combined 
with mathematical mjxJgHng. The goal is to understand the effects of thermo- ; 

mechanical stress and uf'produce a predictive capability for the design of a 
nuclear waste repository in granitic rock. To date there are three laboratory 
projects and three field tests, with additional field tests being planned. 
This report documents some of tha'c planning. 

On"- laboratory project involves :the measurement of rook permeability, 
stress, strain, electrical conductivity and acoustic velocity during a sinnle 

;.test loading. These measurements are made through a range of confining 
pressures, pore (water) pressures, and deviatori? stresses that might exist at 
depths of up to 2000 m. The bs'3'ic goal of these measurements is to system­
atically explore the eff"Spts of applied stress on rock permeability of both 
"sound and fractured rock specimens. This will allow us to develop working 
hypotheses to account for the very low permeabilities of deeply buried rocks. 
At the same., time, systematic data will be developed on the stress-strain -
relationships "and the variation of electrical conductivity and acoustic 
velocity with applied stress. The former will serve as input to rock 
-mechanics models, and the latter, to the development of remote monitbring -
techniques. 

-:' A second laboratory project involves measuring rock thermal properties as 
-a function of temperature to 500°C and confining pressure to 200 t-IPa in the 
presence of p-ore fluid'. Such data are needed for predictive calculations of 
the effects of waste emplacement. The thermal parameters measured are con- -<•• 
ductivity, diffusivity, heat capacity, and the linear expansion coefficient. 

http://3cvw.il
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The relation of the linear thermal expansion coefficient to rock temper­
ature and confining pressure is particularly important for input to ccal-
eulations of expected stresses resulting from introduction of the thermal 
load, ft third laboratory project is designed to obtain the elastic moduli! 
and PoLsson's ratio as functions of temperature, pressure, and pore pressure 
for use as input to stress calculations. 

The three field tests are all located in the Climax granitic stock at the 
DOE Nevada Test Site. An available vertical shaftw provides access to a 
horizontal drift complex at a depth of 420 m below ground surface. A set of 
in situ thermal properties tests and permeability tests were done in an 
existing drift in FY 1978. A test of retrievable geologic storage of spent 
fuel assemblies is under construction, with initial loading of spent fuel 
scheduled for 1980. Additional rock mechanics tgsts are being evaluated. 

The present report documents some of that^evaluation. It does not purp.ort 
to address all issues necessary to design a waste repository in granitic /? 
rock. Issues not addressed, for example, include the question of thermal/ 
radiation induced decrepitation around large boreholes, far-field effects, 
backfill experiments, predictive capability for permeability changes in the 
rock, and others. 

This report focuses an the issue of validating the predictive capability ^ 
represented by present rock-mechanics computer codes. In order to do this, we 
must build calculable experiments and create measurable responses. On the = 

other hand, the experiment must bear on a repository model, so that we must 
use plausible situations. 

Another objective raised in this work is that of examining extreme cases. 
By overdriving the rock thermally, two independent objectives can be attained: 
(1) an engineering margin of safety will be established, and (2) the mathe­
matical models used for affects prediction can be validated without waiting 
for instrumentation refinement and development. 

This, report, published in an informal LLL series, was an interim progress 
report on technical concepts for rock mechanics tests needed to produce a 
predictive capability for the design of a nuclear waste repository in granitic 
rock. The concepts set forth, are being modified as planning progresses, and 
other issues must be addressed. In issuing a progress report at this time, we 
havje two purposes: (V) to disseminate the ideas set forth in this report, and 

/f(zS to receive constructive criticism to aid our planning. , ^ 
¥ 

L. D. Ramspott 
Leader, Haste Isolation Projects 

August, 1979 , '•„ %f-



- 1 -

1 . 0 RTI-'.OIU.'CTiON- • -

^ " ,.* 
T h i s ' r e p o r t was prepared for the 'Vvada Miiclear U-v.>te Storage- Prop ran . 

" I t ana lyses pos s ib l e netiil 11 nns to a c t i v i t i e s ca r r ie r ! out a t the f: i irux j t r a n ^ d e 
stock a t the Nevada 3Te«t S i t e (NTS) hv the La'-ironoe Uvernoro Laboratorv (I . I ' . I . 
I n i t i a l hea t e r t e ' : t s which I ' lcisurcl in si(,u thermal p r o p e r t i e s .in ii ne rnoahi1 i Iv 
were na''e poss ib!o by n t ho a v 111 ah i I i f y of e.xistinf^ f a c i l i t i e s f-i the OWm:-: 

>̂  steel*, which cniilrl be considered a t yp i ca l c r a n i t i c rock'-Vinss. These t e s t s , 
in t u r n , led to the desiren of a t e s t / o f the e T e r t s of s to rape of spent r e a c t o r 
hic l in the e r - in i t i c rock. ° = . 

The pxpcr ipnrc with design and iVporarion of those t e s t s led to a nunber 
of ques t ions t h a t could not be answered in the SnentT-uel T e s t . In p a r t i c u l a r , 
we vj/jsh to know if we can p r e d i c t the e f f e c t s of trhorral loading appropriate 1 to 
a real r e p o s i t o r y by a n a l y t i c a l or conputer c a l c u l a t i o n s . If we can p red ic t 
these e f f e c t s to a few p o M ' n t over d i s t a n c e s of t ens of n e t e r s for t i n e per iods 
of. a few v e a r s , and demonstrate tha t these p r e d i c t i o n s are' c o r r e c t , we can h>.̂ -« 
reasonable confidence t h a t , •lsins; the saige nethods , we can p r e d i c t the behavior 
over thousands of meters for hundreds of vears to an o rde r of magnitude. That 
accuracv should be . s a t i s f ac to ry for those- d i s t ances and t i n e s . 

. n MB.irr.TIVFS 

oThe eeneral o b j e c t i v e s of a rock nech:;nics f i e ld prop.rar for war;tc 
i s o l a t i o n a r e t ' /o fo ld . The, f i r s t i s to t e s t the a b i l i t y of the rock l e c h a n i r s 
"on f in i t v to predic t the e f fec t of m n i n n and hcnti'np in-a generic s i t u a t i o n ., 
rose; i1"-! i n .̂ a :,,rer-osi torv in strnn*; b r i t t l e rocks . Various n laus°ible' s i t u a t i o n s 
can he f r i e d . The second i s the es tab li shr- -it of s a f e ty f a c t o r s by exper imenta l ly 
cqu^jn" cond i t i ons t h a t r e s u l t ' in nass ive reek f a i l u r e in an ° i n - s i t u hea t ing t e s t , 
and tes t ing , the a b i l i t v o'f the rock nechani.es connu-iity to p r e d i c t these f a i l u r e 
c o n d i t i o n s . .. • 

2.1 Build Calculable 1-Snerinents 

.. - ' 0 
Most a v a i l a b l e roclc5 mechanics conputer programs have a one- or/^two-dinensional 

geometry. When a th ree-d imens iona l program i s a v a i l a b l e , nos t c a l c u l a t i o n s used 
s t i l l a re two-dinensional for p r a c t i c a l r ea sons . The exper inent should be designed 
to be desc.ribr.ble by such a geone t rv . Two cases a r e usvially a v a i l a b l e : a x i s y n n e t r i c , 
whore ^odel e lonen t s a r e s v n n o t r i c a l about an a x i s and the fteonetry i s t ha t of an 

^ b i e c t of i e v o l u t i o n , or p l a n a r , ohere elements a r e s y n n e t r i c a l about a p lane of 
symmetry, and the ^eumetry i s i n f i n i t e in one (usua l ly h o r i z o n t a l ) "dimension. 

» 

£> 
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2.2 Use Plausible Situations 
=0 

The simplest situation Is that of a borehole Containing a heater. Normally 
a drift is present, since the emplacement hole mustyibe produced somehow. One can 
either make the hole so deep that measurements madeWdlally out from the hole 
are not affected by the drift or take the drift into account In Che calculations. 
A short drift with a single hole can be represented by the axlsyrometric case with 

(^measurements made radially from Its axis. ThfVis conceptually the simplest 
situation. The'planar case Is an approximation of ajfrbw of closely spaced holes 
and Is more realistic simulation of a real repository. Measurements would be 
made on a plane intersecting the midpoint of the heaters. In both cases measure­
ments could be made at other elevations, and since the calculations are two-
dimensional, we could thus test our ability to predict end effects. 

Another useful" experiment Is that of >• drift with a cheated floor to, simulate 
the rock openings of a repository heated by a large rfumber of fuel .canisters 
emplaced in them. This permits calculation of the effects of the heat on the ualls,. 
floor, and roof without having to be able to deal with buried heaters. The axi-
symnetric case Is a circular room with an arched, roof. The planar case, which Is ' 
more realistic, Is an Infinitely long dlrift':. ̂ Ir cay well be useful to,'Include a 
pillar in this experiment. A. pillar (Figured) is defined as the unmined rock ^ 
between^ two drifts. Since the calculation assumes the pillar to be infinitely long, 
some attention wist be given to its- ends" in 0 the real experiment; tliey can be 
attached to or detached from the parent rock mass. ~ 

c $" O % 

n 
2.3 Create Measurable Responses 

"I C Q a Q G 

° '"•% r - o 
Preliminary calculations (Section 1.1) indicate tha't f,ho .notions that will 

occur under realistic repository situations will be too small;to measure accurately , 
in great detail (Section 3.1). One would like to determine igec'iura response caused 
by heating and mining to an accuracy of at leastSJ.0%u (preferably l%j = of o'thc fetaI 
measured response, to provide a reliable check on predictions. There are two " 
approaches to this: to increase the heating beyond reasonable repository levels tcT1 

induce larger motion, or to improve measurement capabilities. Both will be dis­
cussed below. ° 

1 f^* Preliminary measurements at Stripa yield disjilacements about a factor of 
2 to 4 smaller than predicted. Thf.g discrepancy ill tentatively explained by thermal 
expansion of the rock Into"spen=]c4-iits. That is, twLj displacement is taken up by 

'closure of thin cracks. If expected displacements <js?re a n order of magnitufde greater 
than they are in the Stripa experiment, the absolute value of displacement taken 
up by the cracks would be the same, the fractional effect of cocks would-be small, 
and the measurements, if this explanation is correct, would be comparable In size 
with the predictions. This is an advantage of causing large motions. 
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2.4' Examine Extreme Cases. - • - Q kr U0-
^ \ 

There is no-expectation that thP~ roof , «r w a H s of a drift or a pillar will 
fail massively in a realistic brittle-rock repository situation, although local ,. 
spall or rock bursts may occur. However, in conventional rock mechanics the terra 
"fa i Jurer'^s 1 def tned as the point on the stress-strain curve at which strain 
increases without a corresponding, increase in stress. The programs used in,; 

p j ^ H c t f on of repository behavior generally include failure as /"fined here, and 
"-'ive Hhould experimentally examine our ability to predict this failure. To dp so, 
we must cause failure; 

i Experimentally, in a drift or drift and pillar situation, failure Is observed 
'as A decrease in stress-in the failed rock, and a transfer of the load, (or increased 
stress; to some other part of the stricture. We find that to cause observable 
failure in a repository situation, ^we need both unrealistical ) ^ large heat loads, 
and an unrealistic geometry in°which the underground structure is designed to 
increase the likelihood of failure. " 

"3v0 CAPABILITIES OF EXISTING CEOTFCHSI.CAL INSTRUMENTATION 

In discussing the capabi lj..»-*£s of instrunentation, a distinction must h&' 
made between sensitivity and act, ,cacy. The sensitivity of an Instrument is 5in- < 
dicative of the sraaJlest value or increment of the property it measures that can 
be observed by or read from the instrument; its accuracy is indicative cjf the 
degree to which that observed value approaches' the true value, for example, an,:, 
automobile speedometer, has a sensitivity of about one kilometer, per hour, but its 
accuracy .may. be 10-15 T^PH, as a policeman may terll the ovjggr • This, distinct ion is 
particularly important in the application of geotechnicai instrumentation to the 
measurement of'the thermnmechanica! J2ffects caused by heating the rock because 
measurements are,_.<desired near the limits of sensitivity. The instruments are notST 
designed for high temperatures,''so their accuracy may decrease markedly as, < 
tenper-ature increases. Often they are not designed for long term use, and acguracy 
may decrease with time as well as temperature. ,. 

3.1 Thermocouples 

3.1.1 Accuracy 

Thermocouples a~re accurate to at least 1.5°C, which is quite adequate for 
defining the thermal field- Greater accuracy may be required for temperature 
correlation of other instruments; if so temperature-measuring devices other than 
thermocouples c?n be used and will be satisfactory. ', ^, ' •_ 
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\ ,. 
1.2 [:x£enso_met£rs - •:, 

ft Thi' ,i.'zt<*nsorieter is a displac^nwht measuring device. The rod extensnneter, 
with which wr- arc concerned, consists u f M rod anchored to the rock at one end at 
tlit point whose displacement we wish to measure (Fipure 2 ) . The notion of the 
other end (of; the rod Is measured either with a dial Indicator, a micrometer, or 
.a, resist I've or electromagnetic device fixed to tht-T-ock at another point. 
Ordinary Jy It is. assumed that the length of the rod does not change- Clearly 
absolute displacement Is riot measured; only relative displacement of the points 
In the rock at the anchor and the measuring device. , 

° J.?.I Sensitivity Q s
 ,! 

a The' cKtensuM^pr can be read to 0.02'i ran with mechanical equipment ar.d better \\ 
with resistive or electromagnetic devices. > However, on at least one field experi­
m e n t a l Was found that errors uf as much as 0.03 im In 0.5 mn were not unusual, 
and hysteresis of-O.oAmin was commonly found after a notion of 1.0 ran. Figure 3 
shows the errors foundvfn the readout fron one extensoneter as motions of 2 mm were 
induced in It. o 

% * ' o " , ' 
'•J '' 

3.2.2 Temperature effects (v r - ^. 
-r ' ft " r-_ %.l : " 

Even3 when made of super-Invar, extensometersVrequire significant temperature 
correction. The thermal expansion of super-Invar is_not constant with temperature, 
nor is the.temperature in an extensoneter a linear function of its length. It has 
been found thafccslth a temperature change of only 40° C the coefficient of expansion 
'is large enough to require measurements of temperature as a function of position. 
Therefore if linear interpolation is used between sparsely measured temperature 
vaiue\\along the length of an extensoraeter, errors of as much as 0.025 mm per metre 
of roclMian be introduced. 

3.2.3 Long-term stability 
s " "•'• <• i , It has been found that over a period of months, super-Invar exhibits creep. 

Figure 4 shows the result for one fixnmilation, with optimum heat-treating to 
reduce creep. It can be seen that errors of as much as 0.04 mm In a 10 m rod> can 
be introduced by creep. ° 

i£V % 

3.2.4 Accuracy -' 

With|/some temperatures on the order of 100°C, even with all the corrections 
discussed'ihere the RMS error in length of a rod will be at least 0.05 mm, and the 
errors could be as large as 0.09 mn. 



n —0 ' • • / ) ' - , ' -

').-'J Vihrat ing-wi re "Stress" fiages 

The Crearo, i»r vibrating wirp, r.ij'e consists essent i .11 lv of a thi ek-ws ] I ed 
cylinder fitted tfe.htJv into .1 borehole with its axis paril'e] tc the hole 
(Figure 5l. A highly-stressed wire is fit fed a Limp a (Harder of the cylinder 
•Hid vibrated .It its resonant f r» | ncru •-•. This f requen. y i.; 1 I unction of the length 
.-inri Tension of the wire, thus ni the li c-i'ler of the 1 vlindiT, and thus of the 

' st ress across I he hoje. .'.Jhe usual stress ;'u;'o is cnnsi dered a "hard" inclusion; 
its Modulus of elasticity ls.rti.-h gre.'iicr than that of the rock and therefore its 
'Mareter change is proportional t" the stress It experiences;, and the root- modulus 
< iri. .1J T'iost .he neglected. In t lie i.iso ot i-ranite, the assunst i on of a hard [in lusion 

^ is not really correct. In any case, what is measured is the stress in the rork-gago 
svslori, not the free-field stress in the rod-- itself. 

'.(hen a ranter in 1' is heated, it expands. If a plate will' a hole in it is 
heated, the iiole expands. Contrariwise, when a plate is cooled, it, and a hole in 
it, contracts. These changes in hole diatreter can be treated as strains and a proper 
Lhernioirechani ca 1 calculation will include1 these strains. They can occur even if 
tiiere is no stress in the nateriai. They can also be superposed on other stress-
induced strains. 

11 a fairlv hard inilusion is placed in a hole in an unstressed medium, and 
the nediu"!. is then heated or cooled, a stress will arise because of the difference 
in thermal expansion between the inclusion and the hole (in the case of heating, 
it is assumed that the hole is stressed when the inclusion is inserted and the 
'•'tress is, re 1 i eved on hentingj. If the inclusion is a stress gage, the stress it .; 
reads is (that .caused tiv its presence, even ir. the absence of other stresses in the 
Medium- ! 

If ;:{ soft inclusion is placed in the hole, it will not cause a stress, but 
if it is a stress gage its "stress" output wili actually be the non-stress-induced 
strain in the mediun. 

Therefore i-t should he recognized that a stress ""age" which Pleasures the 
cha.̂ j}.- in diameter of a hole in a heated rock is, if soft compared to the rock, • 
a st'rain gage, and if hard compared to the rock, of questionable interpretabLlity. 

J. "i. I Sensitivity 

Problems- have been found in establishing contact between the gage and the rock. 
The hole r.ust be reamed to precise roundness for Rood contact and this is not an 
easy operation. This seers to be.audi, less of a problem in granite compared to 
other rpeks. 

For use in salt the pLatens, or contact surfaces; between the rock and the 
g.'.ge had to be redesigned before the gage readings became repeatable.^ It 
usually works when the hole is contracting; when the hole expands the gage loses 
contact and falls cut unless prestress is very high. 

http://ls.rti.-h
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When -ill of these conditions are sai: i sf ied, the ;',age is said to be precise 
r a about O.O'i-A.l Mpa. Sinn; the gage is actually a strain gage, measuring the 
dianieter of the hole1, then using a modulus for granite, the claimed stress sensi­
tivity is equivalent to a strain of about 2 x 10~ D. 

3.3.2 Temperature effects 

The gage has been found to be stable at high temperature, but elaborate 
calibrations of each individual gage most be made. In granite it has been fnunri 
that if a Rap," is subjected to a stress load cycle there is significant hysteresis. 
That Is, the landing/and unloading calibration curves differ, and this difference 
is of the order of 1 Mpa (20 times the minimum reading), li the gage Is then 
recalibrated at a higher temperature the slope of Its calibration curve varies 
by as much as 'IOZ (Figure 6 ) . If it is then recalibrated at the original tenpera-
ture, a difference of 1 OX of the maximum reading Is found. It is quite possible 
that this variation is in fact variation of the rock modulus with temperature. 
If so, when the same stress state is present in the rock at different temperature, 
the gage uill read different stresses at each temperature. 

3-3-3 Accuracy 

Presumably both the difference between loading and unloading calibrations, 
and the variation of calibration with temperature can be understood as gage-rock 
interaction. It is unlikeiy that a stress accuracy of better than 1.0 Mpa, or a 
strain accuracy of 2 x 10"-* can be obtained with existing Rages because the gage 
affects the hehavior of the rock (the "hard" gage will prevent the hole from deform­
ing in a normal manner). This behavior is acceptable if the rock modulus is in fact 
very much less than that of the gage, but this latter assumption Is not valid for 
granite. Detailed knowledge of the rock properties as a function of temperature 
is required to account for gage-rock interaction. 

3-4 Borehole Deformation Gage 

The borehole deformation gage, or U.S. Bureau of Mines gage, consists of six 
cantilevers, each of which bears on a point on the wail of the borehole (Figure 7). 
Strain gages at the base of each cantilever measure its motion, and thus measure 
the change in diameter of the hole. This is, by far, the most costly of the gages 
discussed (at least $1000 per point, without installation). 

3-4.1 Sensitivity 

A change in diameter of 7.5 X 1 0 - 3 mm in a nominal 37.5 mm horehoie, corres­
ponding to a strain of 2 x 10"" is claimed as a least reading. 



'iJt.? Temperature Effects 

There is a rhanfe of calibration !J : 1 I T with temperature. That is, the 
ratiu of vol taw ro di'.sp l.i'-ctW'H! changes wit'i tcnper.it ure (Ti I'.ure flj. It is 
claimed to be linear and repeatable. In addi t f tin, there in a voltage offset, 
different for each s'.ar'O, that is a function of temperature. Irs magnitude is not 
spec ified, hut it is impressed a*; a chani'e of volt.!)•<• as .1 function of temperature 
at constant displacement. A third effect is an output voltnfc s'enented by the 
rliff'Tenre in thermal o>:pnns ion , hetweea the rock and I 'ho j'.ai'o. 

'i.'t .'i Ai'curacy . 

Tr is claimed that when the corrections for 1 onneratiire ar^ all made, diameter 
changes with a standard deviation of the mean of 1.5 x 10" * mm can be measured 
in the 37.") inn hole. This corresponds to a strain of about 1 x !0~^. Individual 
va! 'ies would have a hi^hr-r standard deviation than the mean. 

'i • ~> Acuii'.Ljc Methods 

3. r>. I Acoustic Velniirv 

Acoustic velocity in rock is a function of stress, because cracks close when 
cor.pressive stress is applied and.moduli change with stress. Dilatation, however, 
1 an cause crac-Vs in open. "orenver, the time for an acoustic wave to travel between 
two points will increase drastically if a nas-f.il leii fracture appears between them. 
Acoustic In^s are often used\as fracture detectors. Thus, acoustic velocity between 
transducers placed in two holes a reasonable distance apart can monitor qualitative 
chamtes in the rock properties. The method is not generally quantitative with 
respect to stress or strain, but nay aid in understanding other data. 

Velocity, attenuation, and waveform of the acoustic sinnal have been used ex­
perimentally as a measure of stress. In the field this technique has been used to 
measure very smali stresses, such as thermal stresses around a power station" or earth 
tides.' Field calibration would be needed to ensure accuracy with larger stresses. 

These parameters, however, are also strong functions of porosity, saturation, 
and pore shape. Consequently it may be quite difficult to use this technique 
as a measure of stress when heat may change saturations and pore shapes. 

3.5.2 Acoustic Emission 

A technique called acoustic emission uses sensitive transducers to record 
minute acoustic signals caused by microfracturing or other deformation modes caused 
by changes in the stress state. This method is less quantitative than acoustic 
velocity techniques, but may make it feasible to detect fracturing when it occurs, 
or motion on a fracture, by the stick-slip motion observed at Stripa. 

http://tcnper.it
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ft.f): I'H RI. IHI NARY CAI.CIH.ATT OHS 

4.1 1,1,1, Calculations 

The first predict I ve calculations made for this prop, ran modelled a single 
spent fuel assembly. TliCf model consisted of a heat source about 4«fc m lonp,, 
producing 3.fi7 kW* initially and deravini' with c intct • It was enplaced about H n 
helow a drift. Ho overburden pressure was used. Materia] properties corresponding 
to those of Intact granite wore,''input. (They will he listed in Section 6.) 
Maximum horizontal displacements of about 0.^ nn were predicted at 1 yr on the 
midplane of the heat source. Failure criteria were not included. 

ft. 2 l.BL Calculations 

Similar calculations had been made hy Tin Chan at LB1-, to predict rock 
motions for the Stripa experiments. Sinilar maximum displacenents were predicted. 

4.3 Measurability of Motions 

In both of these calculations the maximum derivative of displacenent with 
respect to radius (i.e., the strain in an instrunent hole) was about 8 x 10 _5 at 
a radius of about 1 n fron the heater. As cited above, maximum displacenents in 
the nidplane of the heater were about 0.5 ran. At Stripa maxiriupi stress of 30 MPa, 
corresponding to a free-field strain of 6 x in~4 was measured with one URBM r;ai;c-
a little over 1 n from a borehole containing a 5 kW heater. 'Displacements were''-"very"— ":•—: 

small but the results are not understood. At radii greater than 1 m or so fron the 
hole, with 3.7 kW, naxinum strains (or stresses) are snaller than or equal to the 
expected accuracy Units of the instruments. Displacements would be measurable 
to lflS-20% of the maximum value. In either case, however, changes in strain or 
displacement as a function of tine are too small to measure accurately. 

A row of heaters, of course, would produce larger effects but probably still 
not lart̂ e enough for measurements of stress/strain vs. tine. 

4.4 Failure Calculations 

Failure, as explained in Section 2.4, is the situation in which the stress 
peak of the stress-strain curve Is reached, and is observed as a reduction of 
ability of a structural member to carry load. There is no implication of collapse. 

*Subsequent investigation revealed that the hottest assembly deliverable to NTS 
in a DOT-licensed cask would be about 2 kW. 



I'rt* 1 i n i n a r v c ; i ! r u ! u l i t n s , i n p l a«p •p.«M*r.ujl r v , u sed a r indc ; of a p i l l a r 3 n 
t h i c k avA *> n n i g h . l * A -1 f s t r ; l>u?.»-cl hr.iL J o j r i n f kU'm ot" d r i f t l e n g t h ( t h e 
d e t a i l s w i l l be Kii^wn In S e c t i o n *>I i n t h e n -of and f l o o r of d r i f t s , c a u s e d f a i l u r e 
i n -I few : - o n t h s . 

However , i t i s v e r y d i f f i c - i i t t o :s ine s u c h a p i l l a r , and if iL won* b u i l t , 
i f.s firi '[j 'Ti if"; won 1*1 be so d e p e n d e n t i>n the* TH n i ng p r o o e d t i r e and t h e p r n ^ x i s t i HE 
gen I nc, i r d ' - f e c t s in t h e e x p o s e d roc'r- i::a-•><•; t h a i i t would lit* u s e l e s s a s a g e n e r i c 
f'.^.itrjp i c • A t h i c k e r pi l i a r i s n e e d e d ' n he J e s s d o t a l I d e p r m i r f i l * 

'la 1 u i J a t i -MIS w i t h a s i n g l e ronr, ):i:i m 1 p i l l a r i n d i c a t e d ' Lh.it s-i g:i i f l e a n t f a i l u r e 
w i s not i n d m e d u n d e r t h o s e c o n d i t i o n s . 

«'t. ri I":<JIIC Ins i o n s from .Pro J i ' i r inary C a l c u l a t i o n s 

4 . >. J Mens Li ran i I i t y 

It appear-; iron the preliminary calculations that an experiment with heating 
sirrilar In that fron a single spent fuel canister cannot produce .large enough 
stress /'it ra in L'> neasure as fund ions of t imc wi U; the required accuracy (Sect ion 
2.1.6) with availabJe instrumentation- Displacements are marginally measurable. 

U . "i. 2 Fa i lure 

!t appears that with some modification of the design in the preliminary calcu­
lations. Failure could he indticed in an acceptable pillar, although unreal ls.O_c.aJL.lv ^ ^~>v-.^ .̂_-_ 
rff"T*lV"heat loads will s T i n bV"Jrequired"".";J'~~'""^~'" " """"" """"" _ _ . — _ _ _ ,_.__.__̂ _ 

\. 

5-0 KXiM'RTMl'NT OBJECTIVES 
From our prog rain objectives and our knowledge of the predicted effects of E 

model of a spent fuel experircent and cur ability to measure them, we can formulate 
new objectives for the near future. 

5.1 Experimental Design 

Ue nvusL design experiments whose effects are large enough to measure to our 
desired 10"< accuracy with equipment available to us at this time. These will 
include, for example, an experiment sirailar to that of a single canister in a bore­
hole, but with about five ti^es the normal heat production, and feasible experi­
ments involving heating a pillar for the purpose of inducing failure. This latter 
experiment can also be used to model the heated tunnel discussed in Section 2.1-2. 

http://Lh.it
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5.2 Equipment Improvement 

At the sane tine, we should he improving our measurement ability so that in 
the future we will he able to measure the "nornal" notions induced by spent fuel 
elements with sufficient accuracy to verify predictions. The disadvantage of the 
"hotter" experiments proposed above is that rock is nonlinear, and some of the 
behavior obseTiui'H will not he conpjetely applicable to the lower heat load of a 
real repository. Improved instruments, followed by lower-heat experiments, will 
deal with this problem. .7 

Improved equipment will also require improved calibration capability, and 
this should not he neglected. 

6.0 CALCW.ATIONS OF POSSIBLE EXPERIMENTS 

Three experimental configurations have heen simulate^: A heater enplaced in 
a borehole, a heated room, and a beated-ronm containing a pillar. Two programs, 
the MIT Program ADINA used by hU., and the RE/SPEC Co. program, SPECTROM II 
have been used to make these calculations. In one case, both programs calculated 
a similar configuration as a test. 

6-1 Material Properties 

6.1.1 Cavity Properties 

A large air-ffiled cavity is a much better thermal "conductor" than a rock 
mass. This is because not only conduction, hut radiation and convection occur, 
and heat is transferred quite efficiently. Thus, in most of the calculations the 
tunnel wall was almost an isotherm, wherever the heaters were located. 

6.1.2 Rock Properties 

Throughout the calculations, the rock was treated as a continuum. The 
properties used were those of intact granite. Climax Stock material properties 
were used when they were available, otherwise granite or handbook values were 
used. 

It is of considerable importance that before the experiment is designed in 
detail, properties of the jointed rock should be obtained and used* 

The following properties were used in the LLL and RE/SPEC calculations: 



-n-
1-I.1. Rr/SPKC 

Ttn-rn.il Cor.riur I i v i t\ ' 2.7'i wntt/m-K 1.4 watt/n-K 
Specific Heat • 950 .I/kg-K HOO .. /kg-K 
I'oisson's Ratio ; 0.2 0.2 
Coefficient of Ttii;rr.;i! Expansion K x 10~fj/K 8 x I n _ f ,/K 

Two values of Ynuiij'.'s fflndu In-; of elast i i i ty uuri1 used, 'i'l <;i'a anil 25 Cl'a- The 
latter constant value was used In many HK/SI'r"C calculations in approximate a 
decrease- 1 n modulus of rock as it la heated. 

"> • 2 hhl. Calculations of the Effects of a Heater In a Single Mole 

In an axisy^met ric calculation, the single hole was modelled with a diameter 
of I "n and tiie lieat was placed on the c i rcimf erence of the hole ftlie actual design 
would-be a heater on the axis nf a larp,e hole). This is the proposed configuration 
for the experiment because using a larger hole will reduce the temperature at the 
wall of the hole and thus reduce the possibility nf spat 1 or decrepitation. While 
it may quite desirable to study the spall and joint motion of ttie borehole, that 
should be do- e in a separate experiment. In the calculation the heater was 4 n long, 
centered J m below the floor of the drift, and produced a constant 40 kW, more than 
an order of magnitude more than expected frora a fuel element-

Figure 9 shows displacement as a function of radius on the median plane of the 
heater for various ti-nc-s. Temperature vs. radius at 48 weeks is also shown. At 
radii oi about f< in, the temperature rise is well below IOCTC and the strain in an 
instrument hole will he about 'i x 10"'. 

Th i ̂  picture of di.sp Jarement vs. radius is fairly typical, and ieads to an 
interest in;; concept of the behavior of an instrument hole in the medium. At first 
it will contract, as seen from the displacement vs. radius beyond about 4 m. As 
the heat pulse moves ojit, the hole will eventually expand in the radial direction, 
as seen from displacement vs. radius at 1-2 n. 

ii Close in, the strains are as much as 10"' or even greater at early times. 
But the high temperature wij 1 prevent use of instruments this close in. 

The planar version of this calculation with an infinite "trench" source, with 
a heat output of 4 kW per metre of length, gives peak displacements of about 3 mm 
at a horizontal distance of about 8 m. 

6.3 ILL Calculations of a Heated Drift 

Figure 10 shows the displacement vs. distance radially froci the midplane 
of a 5 m wide, 5 m high drift heated with floor heaters with uniformly distributed 
constant heat output of 5 kW/m of drift length. It is the plane strain case. 
Figure 11 is a similar plot for the displacement vertically above the drift. In 
this case strains of 2 x 1CP1 are seen in the contraction range, and 10~3 in 
expansion. Temperatures are low enough that we should be able to place instruments 
in the region of expansion. 

The axisyranetrie calculation is similar, but does not appear to be as useful. 



-12-

6.4 RK/SPEC Calculations of Heated Drifts and Pi 1 Jars 

RE/SFF.C's program includes overburden stress corresponding to a depth of 
413 m at a hulk density of 2.7 g/cm. A Mohr-Coulomb failure criterion was used. 
This criterion states that the maximum shear stress X Is determined by 

m 
'i = S + u tairj* m o 

where S 0 Is a constant and <l Is the mean stress. For these problems the value of ty 
for intact rock was 56° and for failed rock 30°. In all problems but one, S 0 was 
6.9 MPa for intact rock and 1.7 MPa for failed rock. For one problem (marked 
"High Strength" in Figure IIJ these values of S 0 were doubled. 

When T m Is exceeded in a calculation for intact rock, stresses are readjusted 
so that they correspond to the value of x m for failed rock. Thereafter T m is not 
allowed to exceed the value for failed rock. This is the definition of failure in 
all of these calculations. 

The displacements in their heated drift calculation (without overburden) are 
consistent with those descrihed in Section 6.3 (Figure 12). Their cavity is 
treated in much the same way as the U.7. calculations; the cavity wall is almost 
an isotherm (Figure 13). Thus, the two calculations are consistent. 

6.4.1 In-Rock Heater Calculation with Pillar 

Figure 14 shows a sketch of the first RE/SPEC calculation and volumetric 
averages of stress and temperature rise in the pillar. This is a plane-geometry 
calculation, with a total load of 8 kW/m, or 4 kW/m in each drift. Thus, it is 
similar to the LU. calculations except that it treats two drifts. E. Cording , 
contends that when a pillar is heated, its modulus decreases enough that the heatr̂ ': 
ing will not develop significant post-peak strength reduction. (Heat-induced '*>> 
stress is much greater than original load.) RE/SPEC used two constant values of 
modulus - (25 and 47 GPa) to investigate this phenomenon. At S 0 of 6.9 MPa they 
calculate failure even at low modulus. (The higher-strength low-modulus problem 
was not run.) 

Figure 15 shows calculated vertical stress at the midplane of the pillar vs. 
position and time for a problem with a modulus of 25 GPa. Two problems were run, 
one thermoelastic and one with the Mohr-Coulomb failure criterion. In the 
problem where the failure criterion is used, it is exceeded in the pillar at 
0.3 year and stress in the pillar decreases markedly. This is the indication 
of "failure". At the same time there is an increase of stress in the walls. 
At 0*5 yr there is some "failure" in the part of the wall near the room. 

Figure 16 shows displacement vs. time at the pillar midplane- Displacement 
is very great after failure, but even if failure is ignored, the displacements 
are of the order of 4 mm or so, which are consistent with the LLL calculations-

Figure 17 shows the isotherms for this calculation. 
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6.4.2 Floor and roof hfaL<T calcilations 

_ The us lciil.nl ions filed above, wiLh healers embedded In the rock, are an 
npp'rljjxiriiat ion, in plane strain, of a row of heaters in holes in the floor and 
celling. A situation In which the experiment and calculation can be much more 
similar is that in which the heaters are distributed uniformly over1 the floor 
and roof of the drifts. Heat load is again fl l-.K/m. Figures 18 and 19 show stress 
and displacement at Lhe pillar midplnne vs. time and position for this calculation. 
Displacements arc smaller than those with the heaters embedded in the rock, but 
still large enough to measure. Failure (s still predicted. Somewhat larger heat 
loads may be useful to increase displacements. 

Figure 20 shows the isotherms for this calculation. 

6 - 5 Recommended Improvements to Calculations 

The graphical output of both I.I.I, and RE/SPEC calculations leaves a great deal 
to be; desired. Much laborious hand plotting must be done to obtain useful output. 
This., graphical output should be improved. Future I.l.L ADTNA calculations should 
include the overburden and failure capability that is available in the code. 

More importantly, the effect of jointing must be modelled more explicitly. 
SPECTROM-11 is capable of calculating some joint effects. This capability should 
be introduced into ADIT*A. Perhaps block-motion codes would be useful here. 
Dilatation and'thermal-stress-induced cracking should be included explicitly. 
These proposals imply a major code-development program whi''h should be carried on 
simultaneously with the experimental program described here. 

6.6 Future Calculations 

(S.6.1 Refinement of exist in/ calculations 

All of the existing calculations should he redone when more correct values 
of the physical properties of the granite are available. When a final design 
of the experiments is complete, of course it should be calculated as well. 
Failure and known joint structure, in situ horizontal stress, and expected 
overburden should be included. 

7.0 RECOMMENDED FIELD EXPERIMENTS 

Two experimental designs are recommended. Each should be replicated at least 
once, so that we can reduce effects of the specific site chosen for ihe individual 
experiment. While wo have assumed that the work will be done in the Climax Stock, 
nothing in the experimental design requires this - the work could be done in 
many other intrusive bodies. 

-^•<\ h 
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7.1 Preliminary Measurements 

In nil f.nscs, an attempt should be madn to instrument the experimental areas 
as early In the raining process as possible. Thus, we will be able to measure 
the effects of the raining process Itself; effects that may be as large as those 
caused by heating. Aftier the mining Is completed and all instruments are in­
stalled, they should^tfe operated for a period long enough to assure us that 
any non-heat-induced measured changes can be accounted for. 

7.2 Heater In-Hole Experiment 

The results of Figure 9 Indicate that the 40 kW heater used in that calcu­
lation is more energetic than necessary. The temperatures are too high for the 
instruments and the displacements larger than really needed. Therefore, a single 
heater, 4 tn long, with 20 kW of power, should provide an adequate experimental 
situation. The large hole, to reduce the likelihood of spall, should still be 
used. 

A row of holes, with a heat load of 2 kW/m of length Is an alternative, but 
at this tine the situation has not been successfully calculated. Furthermore, 
the axisyimetric case is a better test of the simplest situation, and is 
recommended. 

It would be well to seriously consider increasing the output of the heaters 
in steps rather than going to 20 kW at once. The steps should be on the order 
of months in time and perhaps 5 kW in amplitude. There are several advantages 
to this procedure. It would provide a more stringent test of the calculations, 
since they must take this time-varying heat load into account. It would make it 
possible to see if good accuracy in the instruments can be obtained at lower heat 
loads than these calculations indicate. If so, higher heat loads might be 
unnecessary. Finally It would reduce further the likelihood of spall at early 
stages of the experiment. 

7.2.1 Instrumentation 

Instruaents should be placed both in holes drilled down from the drift from 
which the emplacement hole is drilled, and in horizontal holes drilled from 
another drift located about 15 m away and below the level of the heater drift. 
Greenlaw's calculations!1 indicate that a drift at this distance will cause 
only small perturbations in the displacement. The borehole deformation gages 
and "stress" gages are best placed in the vertical holes with sensitive axes 
radial, extensometers in=the horizontal ones, although since the calculation is 
two-dimensional, all kinds of instruments can be profitably placed in both sets 
of holes. Figure 21 (A-A) is a conceptual sketch of the situation. Joints 
should be instrumented to monitor motion on them, for example by choosing 
extensometer anchors on opposite sides of a joint. 



7.3 Room and Pillar Experiment 

-j.',' The heated room experiment is needed to make a simple approximation to a 
real repository tunnel heated from below by waste. The calculations shown in 
Figures 10-12 Rive quite measurable deformations at acceptable temperatures. 
However, the idea that by adding a pillar to the experiment we can cause signifi-
cant failure with the same heat load Is appealing. This Is especially true 
because two consultants strongly disagree as to whether failure will Indeed 
occur. 

Therefore, an experiment with two side-by-side drifts, 6 to 9 n wide and 
9 ra high, separated by a 6 m wide pillar is proposed. It should be heated from 
the floor to simulate thejEairly realistic situation, and a capability of putting 
10 k'J per m of drift length for 20 m in each drift should be included. A total 
of 500 kW is now available for the rock mechanics work if done at the -420 m level 
in the Climax stock; therefore, the two replicate experiments could not proceed 
at full power simultaneously. However, the recommended power level is 3 or 4 kW 
per m to start the stepwise heating. The pillar size is chosen to be favorable 
to failure, net to model reality. The heaters can evidently be made of a material 
similar or identical to that used in domestic electric ovens. 

7.1.1 Instrumentation 

The instrumentation for this experiment should again consist of the instru­
ments described in Section 3. In this case, measurements aboCj the drift and 
radially out iron it are desired. Both vertical and horizontal holes are needed 
la instrument the pillar. These can be made from slant holes drilled from other 
parts of the drift itself and from an extension of the drift used to emplace the 
heaters (Section 7.2) in holes. This latter drift will be above the heated drift 
at the canister position, and can be extended and raised to provide the needed 
15-20 m separation from this experiment. (Figure 21, B-B.l 

From that extended drift we can drop vertical holes to instrument not only 
the region above and beside the tunnel, but also the pillar. Instrumentating the 
rock bolts used in construction of the pillar with load cells and strain gages 
would also be useful. 

Again, joints should be Instrumented. 

Damage in the walls should be carefully observed, and closure across several 
diameters of the room should be monitored. 

More detailed calculations should be performed to decide whether the ends 
of the pillars should be free or attached (Figure 1). 
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7.4 Instrument DetaiJs \ 

7.4.1 Thermocouples^ \> 

Standard thermocouple technology should be adequate. 

7.4.2 Kxtensomelers 

With displacements on the order of millimeters at temperatures on the order 
of IOO°C, cxlensometers oF ordinary design, but probably made of Super Invar 
and calibrated as in Sec 3.2 should be satisfactory. However, we should try 
some water-cooled extensomelers (see Sec. 9.1) In some of the high-temperature 
areas such as the pillars^-and some "breaking-wire" extensometers in the pillars. 

7.4.3 ^Vibrating wire gages 
•A 

Vibrating wire gages should be satisfactory in the outer parts of the experi-V 
ments where temperatures are low and the holes contract. A vigorous calibration * 
program in Climax StocSjpmaterial is required. Deformations in the pillars may be 
large enough to°use these gages even at high temperatures. 

0 = ,:' 
7.4.4 Borehole deformation gages 

These too should be satisfactory in the outer regions. But their cost' 
precludes using then in large quantities If the vibrating-wire gage becomes equally 
satisfactory. " 

:, ::• , I/ <= 

7.4.5 Acoustic velocity '^ 
~ • ^ ^ 

Holes should be drilled for velocity-measuring devices, so that they can be 
tested in this situation. They aay give 'useful data; perhaps they can locate 
cracked zones in the walls. Acoustic emission should be considered. 

7.4.6 Rock bolts 

As mentioned above, instrumented rock-bolts in the pillars may provide 
insight into pillar deformation. 

A 
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7.4-7 Permeability , " = • . - . , 

Hole-to-hole and single hole permeability measurements may he feasible and 
useful. But since the codes do not predict pernwabi 1 ity change, we ii^nnot <\!P, 
immediately use such measurements for code verif[ration. Perhaps such^iredirMons 
will be .yysi lable in the future, so the^measurements .ire desirable., ^ K 

„ • " u 

7.4.8 Photography 
= • •, "' cji 

it nay be feasible to usi' bi-relio!.- j.!. - • t. -1- r -1: - . . i..-_-.i[ i-:.r, is. i.r i r.inj; 
in vails can also be photographed. 

a o 

o.O PHYSICAL PROPERTY „MHASuKEMEItfTS a 

- ^ 0 > : ° \ v ' s ••••',. ° " l 
8 . 1 F ie ld" Measurements* ' ' ,, C\ <S^\ 

s , = . ^ " 
t s?- ^ - . 

It is essential-So measure material cfopercies in situ in full-scale geomeji"^-^^ 
Flatjnck t»sts (Figure "22), in which bfrfnthe stress and temperature fields ina > ^ 5 = ^ 
block surrounded by flat jacks are controlled, are capable of providing stress-strain 
curvesXof jointed rock at various temperatures.'J Blocks 3 m on a side have been 
successfully studied at stresses up to aVput 10 MPa. Acoustic velocity, permeability, 
and resistivity as functions of pressure have also been studied. It should be 
feasible to determine thermal, expansion and thermal conductivity of jointed rock as 
a functionn of pressure by this method9. A flaCjack arrangement can alsoibe used to 
used to test new geotechnlfcal instruments- '•-' ^f // 

Feedback between the heater experiments and calculations can also serve as a 
check on in situ properties. c 

The instrument holes should be cored, allowing a complete description of 
materials and fractures as a function of position. Careful fracture mapping should 
also be/fdone in the drifts, pillar surfaces, and heater emplacement holes. Then 
it will; be possible to choose instrument locations with respect to joints and 
permit instrumentation either of joints or intact rock as desitred3. 

'S 

J 8.2 Laboratory'JIeasurenen 

It is also necessary r«x=»easure tha Trial expansion coefficients, thermal conduc­
tivity, and heat, capacity under in situ.;.conditions. This work is in progress at 1,UL. 

We must investigate the effects ofV.thermal stress-induced cracking on the 
behavior o:~ granite .^..Literature and laboratory studies will be required. 

In situ stress should also be measured in each major block defined by faulting. 
Then the failure properties should be determined in a stress field corresponding to 
the in situ stress. This will permit correct values to be input to the calculations. 
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').(•) INSTKIJMIOT DKVKI.dl'MKNT 

The objective cited in Sec:. 5.2 is the Improvement of instrumentation to 
make it capable of measuring notions Induced by a nomal waste canister. Several 
improved techniques appear possible. 

9.I Cooled Extensometers 

By making.exlensometers out of concentric lubes Instead of rods, and circulat­
ing water through these tubes, we can probably Veep the exlensometers at the sane 
temperature throughout thetr length, rather than having temperature a function of 
length. Only about a *> m length of extensnmeler need be cooled, and this probably 
no more than 50 C. With good insulation in the hole between the extensomet'er and 
the wall, the heal transfer will be on the order of 100 W or less for each set of 
exlensomelers close in to the heat source, and proportionately less farther out. 

This technique appears sufficiently simple that it may well be fie)d~lested on 
the experiments proposed above* A proposed design involves the use of metal-rubber 
bellows tubing to extend'the outer extensometer tubes beyond their anchors to pro­
vide the water jactet. Ordinary metal, rather than Super-Invar could be used, and 
thus the water—cooled version would probably be less costly than the current 
methods. 

Careful calibration will still be required, and a calibration capability 
should be obtained. 

9.2 Vibratiritt-wlre Strain Gages 

Vibratlng-wire strain gages, similar to vibratlng-wire stress gages but soft, 
or of low Modulus, compared to the rock Instead of hard or of high modulus are 
commercially available. They are not now designed for emplacement crosswise in a 
borehole, or for use at high temperature, but It should be feasible to Improve 
their design by paying more attention to thermal properties of materials so Lhit 
they could be used for this task. Their great virtue is low cost, and the matter 
is worth pursuing. Emplacement of the gages to measure axial strain2(their normal 
use) may also be useful. 

It is especially important that a good calibration facility be provided for 
this device, so that we can see If medium-dependence can be eliminated or at least 
corrected for in a consistent fashion. 
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9.3 High-Temperature Borehole Deformation Cages 

It appears possible to buiid a borehole deformation gage whose physical 
appearance is quite similar to the gage in Fig. S, hut whose sensors are capa-
citlve or.;magentlc transducers placed under the free ends of the cantilevers 
rather than strain Rases on the fixed ends. This would elininate the problem of 
differential expansion of cantilevers .-inn- strain gages • Such a device has been 
built in the past, hut did not have good long-term stability.'0 

'inn high temperature,;,very sensitive magnetic dispjaroncnl transducers are 
available, good to 0.11 nm'or heller. Claims of II ' inn are made.; While 
.̂ Lhese are verv costly, and have not hcen tested for periods greater than 1000 hr, 
".further test ins is warranted and it appears thai a Rood instrument may well he 
feasible. 

9.4 Acoustic Methods 

Laboratory and field work has been done to correlate acoustic velocities 
villi stress and fracture in rock. However, in a real situation it is difficult 
to separate coupling changes from velocity changes. A permanent grouted velocity 
system is needed to deal with this problem. 

Again, calibration in the proper material is required. However, in this case 
it may.be impossible to distinguish among several phenomena that can cause velocity 
changes. Therefore, considerable thought should be given to the problem before 
much vork is done. 

9.5 Holographic Inle'rferometry 

The use of holographic interferonetry to measure small displacements is a 
new rnd promising technique. Methods to use it for measuring Small borehole 
deformations and deformations of pillar walls, especially with infrared napping 
of' the temperature contours, seen usable in the reasonably near future. Designs 
for these methods are discussed in the Appendix, which was prepared by 
Dr. Hartmut Spetzier, an LLL consultant. We must deal with problems of temperature 
and time stability. 

10.0 CONCLUSIONS 

The experimental program should consist of three tasks, the first two of 
which should be carried out simultaneously. 

http://may.be
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10.1 Task I, Overdriven Field F.xncriments 

Me wit;}* I') porforr) t'y.ynTi r*'nt s that induce notions larger than those 
expected from a realistic: repository situation, up to failure if possible, so 
that we can test predictive capabilities usine currently available measuring 
equipment- Experiments neetlnp, these criteria are a 20 k'J cylindrical heater 
In a borehole and a pair of tunnels with a pillar In between heated fron the 
floor nl about 10 k'.J/neter. 

L0.?. Task 11, Instrument Devclopnent 

While the field exnerlnents are in progress, »t should field-test water-
cooled extensometers. At the sane tine we should develop inproved soft vibrating 
wire strain r.aRes for insertion arrows boreholes, and an tercporaturo-insensitive 
borehole deformation (?,ap,e If it seems feasible. We should actively pursue holo­
graphy, since it has the potential to aupnent all of the cages discussed above. 

10.3 Task 111, Realistic Field Experiments 

Rock is nonlinear, and the properties used tc-predict Task t nay not be 
entirely applicable to the temperature and stress states Ln a real repository 
situation. Therefore, when the field tests in Task I have been completed, 
and instruments of an order of magnitude better accuracy than are currently 
available have been developed and calibrated, then the experinents in Task T 
should be repeated usinr, realistic repository Geometry with realistic heat 
levels. Then we can assure ourselves that we can verify predictions in the 
ranf>e of temperature and stress and therefore the range of rock properties, 
that is realty likely to occur in a repository. 
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Fig. 1. Illustration of the difference between an attached pillar and a detached pillar. 
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Fi j . 2. Illustration of a multiple-point rod extensometer. showing anchors and measuring head. 
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Fig. 3. Error as a function of displacement for a 3-m-long exfensometer. 
This was one of a set of four tested in place in granite at Stripa.^ 
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Fig. 5. ffluttration of a vibrating wire stressmeter. 
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Fife 6. Typical calibration curve* lor nibratinf wire jtresimeters.3 Numbers illustrate order of measurement. 
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Fig. 7. Illustration of USBM borehole deformation gage. 
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Fig. 9. Calculated radial displacements (positive out) at the center plane of a 1-meter radius hole containmf 
a 40 kw heater. Displacement is shown as a function of radius for several times, and temperature 'a 
shown at 46 weeks. Calculation, by L LL, is thermoelastic. 
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Fig. 10. Calculated horizontal displacement (positive outward) at the midplane of a 5-m wide. 5-m high 
drift heated with floor heaters with output of 5 kw/m of lenftfi. Displacement shown as a func­
tion of distance from drift centcrline for several times, and temperature is shown at 48 weeks. 
Calculation, by LLL, is thermoelastic. 
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Fig .11. Calculated vertical displacement (positive up) directly above a 5-m wide, 5-m high drift heated 
with floor heaters with output of 5 kw/m of length. Displacement shown as a function of dis­
tance from roof for several times and temperature is shown at 48 weeks. Calculation, by LLL, 
is thermoelastic. 
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Fig 12. Calculated horizontal displacement (positive out) along the midplane of a 6-m wide, 6-m high drift 
heated with 8 kw/m by heaters embedded as shown in the insert. Displacement shown as a function 
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Fig. 13. Isotherms at three times tor the calculation of a 6-m wide, 6-m high room heated with a 8 kw/m by 
heaters embedded as shot'n in the insert. Calculation by RE/SPEC. 
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Fig. 14. Calculated volumetric average stress (compression positive) and temperature rise in a 6-m wide, 
9-m high pillar between two drifts of the same si2e. Heat load was 8 kwi. of pillar from heaters 
as shotm in the insert. Shear strengths of 13.8 M P J (50% strength) and 6.9 MPa 125% strength) 
were used. Young's moduli of 25 and 47 GPa were used in different runs. Calculation is by 
RE/SPEC. 
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Fig. 15. Calculated vertical stress (compression positive) along the midplane of a problem consisting of a 6-m 
wide, 9-m high pillar between two 6-m wide,, 9-m high drifts. Heat toad was 8 kw/m supplied by 
heaters inserted as shown in the inset. Stress is shown at several times. The left boundary of the fig­
ure is the vertical center plane of the pillar. The blank area at the left center is the drift. The right 
half of-the figure is the.rib or wall of the drift on the opposite side from the pillar. Calculations, by 
RE/SPEC are (a) trier moel as tic and (b) allow failure. 
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Fig. IS . Calculated horizontal displacement (positive out) along the midplane of a problem consisting of a 
6-m wide, 9-m high pillar between two 6-m wide, 9-m high drifts. Heat load was 8 kw/m of 
piHar supplied by heaters inserted as shown in the inset. Displacement is shown at several times. 
The left boundary of the figure is the vertical center plane of the pillar. The blank area at the left 
center is the drift. The right half of the figure is Kw rib or wall of the drift on the opposite side 
from the pillar. Calculations, by RE/SPEC are (a) thermoelastie and lb) allow failure. 
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Fig. 17. Isotherms for the problem consisting of a 6-m wide, 9-m high pillar between two 6-m, 9-m high 
drifts. Heat load was 8 kw/m supplied by heaters as shown in the inset. Calculation by RE/SPEC. 
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Fig. 18. Calculated vertical stress (compression positive) along the midpfane of a problem consisting of a 
6-m wide. 9-m high pillar between two S-m wide. 9-m high drifts. Heat load of 8 kw/m was sup­
plied by floor and roof heaters as shown in the inset. Stress is shown at several times. The left 
boundary of the figure is the vertical center plane of the pillar. The blank area at the left center 
is the drift. The right naff of the figure is the rib or wall of the drift on the opposite side from 
the pillar. Calculations, by RE/SPEC are 1a) thermoelastic and (b) allow failure. 
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Fig. 19. Calculated horizontal displacement (positive out) along the midplane of a problem consisting of a 

6-m wide, 9-m high pillar between two 6-m wide, 9-m high drifts. Heat load of 8 kw/m was sup­
plied by floor and roof heaters as shown in the inset. Displacement is shown at several times. The 
left boundary of the figure is the vertical center plane of the pillar. The Wank area at the left center 
is the drift. The right half of the figure is the rib or wall of the drift on the opposite side from the 
pillar. Calculations, by RE/SPEC are (a) thermoelastic and (b) allow failure. 
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introduction 

Topographic maps of ihe deformation of a mrface may be obtained with 

optic holography (such as shown in Fig. 1). The contour interval is about 

O.'i )im. Over a distance of several centimeters, the sensitivity of holographic 

interferometry is approximately the same as thn. of sensitive strain J M U J C S . 

Ovi. •• longer distances, the sensitivity of holography increases linearly with 

length. 

The advantages of optical holography over ther techniques are twofold: 

1. The object to be investigated is in it.-; own reference, which 

greatly reduces the usual problems asso iated with instrument 

drift and creeping of strain gpuge backings. 

2. the tota\ visible- surface becomes a gaupe and subtleties in sur-

î  face deformation due to preexisting flaws, such as joints, become 

readily apparent. 

Resistance strain gauges and capacitive and magnetic devices are more' 

portable and can more easily be adapted to a digital data handling system. 

The data obtained by holography are In |!quasi-digital form, .where one fringe 

represents one bit. So much information is contained in topographic naps 
\ 1 

selecting the i»ost .important part of the data. That most important part of 

such as those showu in fig. 1 that the difficulty in digitization becomes one of-

M-
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\ the data might? easily be missed when gauges (e.g., resistance strain gauges) 

are used that simply average over their length. 

General Information 

Usln;; laser-light, a three dimensional image of an object can be stored 

on a photographic plate - a hologram. When such an imaRe is viewed, it is 

optically equivalent to looking through a window •, the photographic plate upon 

which the image is>stored) at thc^laser-light illuminated object. Tt is im­

possible, by passive optical means, to distinguish the real object from its 

image. If both the real object and its image coexist at the same place, and 

one, usually the object, becomes distorted, the light reaching the observer 

from the image interferes with the light from the object. The observer sees 

the object with superimposed black lines, interference fringes, which result 

when the two light paths are different by odd multiples of half of the optical 

wavelength. A permanent record of the distortion of the object may be obtained 

if the observer is a television or movie camera. In real time, the evolution 

of the fringes may of course be observed directly by eye or via a television 

monitor. By recording two images of the same object Dn one photographic plate, 

the difference between the images results in interference fringes which can 

be seen when viewing the developed plate In laser light. 

A simple method for obtaining and interpreting deformation maps (inter­

ference fringes superimposed upon the object) has been developed. The object 

is illuminated by collimated parallel laser light from the same direction from 

which it is being viewed. The resultant deformation maps are insensitive to 

small (several wavelengths of light) rigid body translations and record only 

rigid body rotation and surface deformation. Pure rotation is readily recog­

nizable since it produces only evenly spaced straight fringes, all parallel to 
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the axis of rotation. The angle y through which an object is rotated is 
1 r, ^ nimbly related to the fringe density m (i.e., number of fringes per cm) 

such that 
sin 1 ra 

vhere >, is the wavelength of the laser light that is used to illuminate the 

object. 

Surface deformation produces a deformation map, a topographic map where 

the fringes are the contour linos and the contour Interval is equal to \/2. 

S> - " , 
It is important to emphasize that tfce deformation nvî p__is_jTô t̂ a_ topn_graphlc map 

of the surface, but rather a map si lowing the deformation of the surface in the 

direction of, observation. Only the relative displacement in the viewing direc­

tion causes fringes. 

Examples 

To^illustrate these points, let us imagine a thermally expanding rec­

tangular b o ^ \ Let us assume that the linear coefficient of thermal expansion, 

a, is 5 x 10~ /"K^ and is the same in all directions, i.e., a is isotropic. 

TOP VIEW 

_•* S-AFTER „ A , 
^ ' " I V f EXPANSION <wAT. 

AX, 

ILLUMINATION 
a 

VIEWING 
DIRECTION 

8 

/«*ATcos0— 

' SIDE B 

-THERMALLY EXPANDED -
SIZE BOX 

ORIGINAL SIZE BOX 

V-^AT 
&XA*i?<xATsi.i0 

SIDE A 

PHOTOGRAPHIC PLATE 
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Fringe density - Fringe density 
Side B Side A 

= 2AxB 
^i U sin 0 

2toAT cos 0 
î ">? sin 0 

•\ - —* cot ° 

M. = 2AxA 
A. J.?, cos Q 

M _ ZtoAT sin 0 
A XJt cos 0 

M, = --r— tnn 
A A 

R- Numerical example: Box with a side length of 5 cm, viewed such that 0 = 30°, 

X = 0.63|J, n = 5 y. 1 0 _ ( V X AT = .^"K. 

On side A there will he 

., 2 tan 30° x 5 x 10 x 20 , „_ , . , \\ = = 1.K3 fringes/cm 
0.63 x 10" 4 cm 

On side B there will he 

2 cot 30" x 5 x 10~ 6 x 20 ,.,„„. , M_ = = 5.50 fringes/cm 
0.63 x 10 - 4 cm 

The total number of fringes on each side amounts to the projected width of the 

side tiroes the fringe density. 

For side A i cos 0 x 1.83 = 7.92 fringes 

For side B X.. sin 0 x 5.50 = 13.75 fringes 

SIDE B— •SIDE A 

/#£" A,Xr 

tsind-^ t M V —/cos0 
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Let us consider a small amount of rotation of the above box: 

Point "a" moves back a distance 

A>: = 2? sin y/2 cos C + Y/2) 

Point "b" moves forward a distance 

f;x = 2'.' sin y/2 sin ('» + y/2) 

Tin" fringe density on side A will be 

Aa = A_'_ sin y/2 cos ('.' H- y/2) 
< cos " y Z cos '•• 

and on side IS will be 

2 A x b _ A?, sin y/2 sin <6 + y/2) 
). I sin 0 >. ?. sin $ 

C) 
but.,for small rotations, i.e., small y 

2 sin y/2 ~ sin y 

and cos (9 + y/2) - cos 0; sin (0 + y/2) = sin 0; therefore, the fringe den­

sity, m, for both sides due to a rotation of angle y is -r-— . 

A rotation of 1.57 x 10 radians gives a fringe density of 5 fringes/cm. 

It is important to realize that the information contained in a deforma­

tion map is ambiguous as to the sign of surface deformation or rotation. Two 

•optical images are interfering and no information is contained in the deformation 
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map as to which image came first. If some knowledge of the sense of deforma­

tion or rotation is available, this amhiguity can be reicovtil. For example, 

diirinj', a thermal expansion measurement, if it is known that the temperature is 

increasing between the recording of the two images, and that the coefficient 

of thermal expansion Is positive, there is no problem with interpretation. 

Jf it is necessary to oh Lain the sense of deformation, it is often useful Lo 

intentionally add deformation or rotation of a known amount and direction. 

To understands this numerically, lot us use the box of the previous examples. 

This time, between the recording of the two images, we wil] have inten­

tionally added the rotation corresponding to 5 fringes/cm in the eounterclock-

wise direction. We also have experienced a 20°K temperature rise between the 
\ 

recording of the two images. The deformation map will now tell us if the box 

expanded or contracted. 

During counterclockwise rbtat-ion, point a moved further; away from the 

observer with respect to point c, while point b came closer. Huring ex­

pansion of the box, both points a and b moved further away with respect 

to point c. The sense of motion for expansion and rotation on face A is the 

same and the fringe densities are additive. On face B the rotation brought 

point b closer and expansion moved it further away, resulting in a fringe 

density which is the difference />etween the two individual ones. Although 

on the hologram we cannot determine positive fringes, let us define relative 

motion away from the observer to add positive fringes to the deformation map 

and vise versa for relative motion toward the observer. The counterclockwise 

rotation will then end up with a positive rotation fringe density M_ on face 

A and a negative fringe density -H, on face B. 



For thermal expansion and counterclockwise rotation we have Che total 

fringe density on face A 

A = M + M R - 1.83 + 5 = |6.S3l = 6.H3 

and on U 
li = H - M,( = 5.5 - 5 = JO.51 = 0.5 

Similarly, for tlierr.ial contraction 

A = -M + ^ = -1.K3 + 5 = |3.17> = 3.17 

B = -MJJ - >̂  = -5.5 - 5 =- 1-10.5.' - 10.5 

Since the final fringe density is only a number, we must take the absolute 

va] lies. 

Now let us do the problem in reverse, knowing that we introduced counter­

clockwise rotation of 5 fringes. 

Case 1, The fringe densities observed on each face arc: 

A = 6 .83 

B = 0 .5 

M A 2 tan 6 tAT „ 2 . , 
Mg = 2 cot 0 «AT = M n • b u t " = 3 0 

\ I 
V 3 

First assume that A and B are both positive: 

*K + \ = 6"83 = MA + 5 = 6*83 

"B " \ - °-5 ' 3 MA " 5 = 0.5 

'.'f v:e had assumed: 

A = positive M + 5 = 6.83 M, = 1.83 

B = negative 3H. - 5 = -0.5 M. = 1.5 ° A A 

M, = 1.83 A 

M = 1.83 

which is incompatible 
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Assume contraction, i.e., negative .! 

A = negative H + 5 = -6.83 M = -11.83 

B = neg or pos 3M - 5 = +0.5 M, can only be positive 

Therefore Case I must correspond to expansion. 

Case TT. Tin- rriiici- di'nsitics on oarli fort; are: 

A = 3.) 7 

H - in.5 

First assume expansion. 
M. + 5 = +'5.17 implies M. = negative A ' A 

1! = pos 311 - 5 = 10.5 MA = 5.16 
incompatible 

Expansion is not possible since there is no possible answer for A where M 

is positive. 

Now assume contraction 

both" M. + 5 = -3.17 M. = -8.17 
^» A A •...•, 

negative incompatible 3>!. - 5 = -10.5 M, = 1.83 A A 

A positive >1 + 5 = 3.17 M. = -1.83 
A A compatible 

B negative 3H - 5 = -10.5 M = -1.83 

Therefore Case II corresponds to contraction. 

Gauge Sensitivity ; 

The number of fringes, n, produced by a differential displacement, 

Ax, is J>':' 2 Ax 

For practical purposes, we may not wish to interpolate to closer than 0.1 

fringes. The sensitivity, — j , is then -joi if n = .1, 

/ 
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Ax __ \ 
? 20?. 

For typical laser light, e.g., HeNe with \ = .63 \m and the dimensions of an'1 

instrument hole witli a dl.imeter of ,5 cm 

U r .6_x 10 
f "" Too 

•4 
10 

Thj^njfjir_e_jLhc; jnaxlmiira:.J?£2£Li«il__Kens^ t ivj . ty_ t wheri' tho_tllatnjstcr o_f_an J j i s t r u -

. - f ) 

°X 10 radians. 

In the case of a hologram where an entire wall or floor is concerned, 

of linear dimensions of say 3 meters, the corresponding sensitivity would be 
o , ., -4 Ax _ .6 x 100 

?. 10 -8 60 v. 100 

A practical gauge 

The radial expansion and tilt of an instrumentation hole can readily be 

measured by a triangular gauge constructed from two rigid rectangular strips 

of a suitable material hinged as shown. 

SPRING 
a FUSE 
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The spring between the metal strips is initially held compressed by an easily 

burned fuse wire; the gauge Is lowered into position and the fuse wire burned 

to release the spring, whlrh then forties the metal strips against the sides of 

the hole. This spring may be either a coil or a leaf spring. 

The sensitivity of the gauge Is determined by the ratio of the gauge 

length to the radius of the hole. Since a change in h produces the fringes, 

let's define the sensitivity of the gauge as -j-„- . 

7 2 2 h = \. - K 

dh R 
dk * ~ i, " " c o t ' 

~ As the hole expands h decreases and vise versa. A sensitivity of one 

Is achieved when •'» = 45° and h = /2~R. An amplification by a factor of 2 is 

achieved when 6 = 26.57° and L = 1.118R and an attenuation by a factor of 2 

when 0 = 63.43" and L = 2.236R. 

A view down hole with six installed gauges Is shown below. Each is 3/8" 

wise and touches the circumference of the hole at three points. 
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If it is desirahle to increase the number of gauges per hole, the width of 

each gauge may be reduced and/or one of the strips may he replaced by a thin 

rod. When implacing the gauges, the bottom-roost gauge must he positioned first; 

a stiff tube with some electrical wires (to burn c""f the fuse wire) can be used 

as an implncement tool. 

Once the gauges are implnccd, a periodic check as to the sensitivity and 

stability of the active optical and readout system may be desirahle. This 

can be accomplished in Jo number of different ways; one possibility is to in­

troduce intentional rotation into the reference beam system and thus produce 

fringes. It may be preferable, however, to introduce a transient fringe pat­

tern on gauges perhaps bv "heating them with a light source. If the gauge 

material were chosen to have a positive thermal expansion coefficient of 

5 x 10 /°C, a 6°C temperature rise would add or subtract one fringe per era depend 

whether the hole is in a stage of contraction or expansion respectively. If 

we assume a gauge size of 8.8 cm x 1 cm x .1 cm (amplification factor one), a 
3 heat capacity of the gauge material of 0.5 cal/cm , an emissivity of the gauge 

7 

material of 0.5 and a minimum projected exposed gauge area of 3 cm-, a light 

source that can deliver about 20 joules per gauge or 250 joules per hole per 

calibration is required. The light from a 100 watt light bulb focused into 

the hole for 2.5 sec would deliver enough energy. The time required for a 

gauge to reach thermal equilibrium?upon irradiation should be on the order of 
A 
\\ 

the irradiation time and long wit>/ respect to its cooling time. 

A workable optical system for.an instrumentation hole 

Any reasonable number (say 10 or 20) of instrumentation holes can be 

part of one optical system using one, or perhaps two lasers, where one serves 

as a back up. The sketch shows one such possible system. •• ' 
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Lasers No. 1 and 2 can be used interchangeably. Tn our laboratory we have 
•= '' o 

produced double exposure holograms with valid tppographic maps by using an 
0 [' \> ^ •, PJ 

18 BW and a 3 mW He-Ne laser for the first and second exposure respectively. 

Our exposure tines using the 18 mW laser and a 10 cm diameter beam are between 

2 and 5 seconds. For the measurements in the mine, 'u 500 mW Argon lasers 

(or similar units) would be used because of their longer coherence length. 

If ten instrumentation holes are to be measured, partially reflecting mirrors 

ranging fronP'-lOZ, 11.1%, 12.5%. . .to 10O£ must be used to supply each hole 

with the sane laser light intensity. The sketch of the holocamera shows all 

the functional' components. The relative stability of the bea/.)splitter and ^ 

the subsequent components are critical. It is only the motion of these, parts 

that contribute to fringe formation. 
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Data acquisition and dissemination system 

One of the great advantages of the holographic interferometric system is 

the fact that it contains such a great amount of information. This advantage 

over other systems should not be discarded. The responsible scientist or en­

gineer should always be able upon conmand to observe the fringe pattern. This 
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is especially important when pillar, mine wall, or floor deformations are being 

measured. As an illustration, see the attached photo of a doubjO exposed holo­

gram where a man touches and deforms a 9 feet diameter space antenna. 

When digitization is desirable, it can readily be nccomplisl.rd by fringe 

counting with a photosensitive device. tt is best.to use a pair of such de­

vices to ascertain the direction of fringe motion as well, as the fringe count. 

Since the change In fringe patterns will be very slow In the proposed heating 

( and real disposal) tests, it would be prudent to introduce an initial fringe 

pattern by pre-rotation and observe its changes. Continuous scanning of the 

fringe pattern will introduce the inherently greater sensitivity of an A.C. 

measurement over that of a D.C. measurement. 

Especially useful will be a correlation of the deformation maps of bore­

holes "and walls with other data obtained from microseismicity, acoustic velo­

city and spectrum changes, and especially infrared mapping when joints and 

pore fluids are involved. 

Numerical example for 40 kw heated hole test 

In this numerical example we use a gauge as described under "A practical 

gauge" with a sensitivity of one and a positive coefficient of thermal expansion \ 

of 5 x 10~ /°C. Let the observation hole be 5 meters from the 40 kw heater 

„hole. According to Figure 9, in 4-weeks the observation hole has moved 1.2 mm 

' from the heater hole. // 

Taking the slope from fig. 9 the average differential rate of motion 

across the hole is t _ or 3.1 x 10" strain in 4 weeks. With a sensitivity 

of one this strain produces a fringe density of 

3.1 x 10~* 2 x 3.1 x 10~ 4 .„ fringe 
—Yn * •• 1 0 

A/2 A cm 
.6 I 10 H 

^N 

r 



A-15 

By introducing a pre-rotation we can readily resolve one tenth of one 

fringe and could therefore determine the strain in the hole diameter i^xone 

percent in 4 weeks. This strain is in the radial direction from the/'heated 

hole and is in response to compression, thus the gauge height is increasing. 
(( 

After 8 weeks the hole will have moved a total of 1.9 mm relative: to 

the heater hole and show 13.5 fringes. The main effect during the second and 

subsequent U wppk intervals is for the hole to novc radially outward, and 

slowly warm up until well after one year the thermal wave catches up to the 

hole and it will expand instead of contract. It will take about 42 weeks 

until the hole will have heated ]00°C above ambient and the thermal expansion 

of the gauge will have contributed 16.6 fringes/cm in the same sense as the 

strain of the hole. If the temperature is measured separately, it is easy to 

subtract the additional fringes. A gauge sensitivity of one and a thermal 

expansion coefficient it of 5 x 10 may then be appropriate. By using fused 

quartz for Qhe gauge material, a can be reduced to 10 /°C and thermal fringes 

cease to be a problem. The system check out will then have to be based upon 

some other techniques such as induced rotation. Of course, not all gauges 

must have the same U or the same sensitivity. The variety is infinite and 

the possibilities only limited by the imagination of the designer. The 

attached figures show several examples of the use of holographic interferometry. 

1'lcasQ see the figure captions for the explanations. 
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Fig.AI. A sequence o f photographs of doubly exposed holograms is shown. The formation of an intense deformation 
i o n * is clearly visible between Figures l b and 1d as the stress is increased f rom 50% t o 84% of ultimate principal 
stress, o . Figures 1a and 1e show the sample in its virgin state and after a macrofracture has started, respectively. 
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Fig. A2. Gauges similar to those suggested in the ten t are shown. The graph gives the gauge sensitivity versus gauge 
length lo sample length ratio. The photo insert shows the response of two sinusoidal gauges to a nominal sample 
shortening of 3 Aim. Sample length is 44 mm and gauge-length to sample-length ratios for a and b are 1.13 and 
1.86, respectively. Non parallelism of fringes is the result of a tilt of less than 0.2 |im across the sample. 
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Rg.A3. A 3 meter diameter antenna is deformed by the touch of a finger. The fringes are a measure of the amount 
of deformation. A pulsed Ruby laser was used for the Rumination because of its long coherence length. 
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Fig. A4a. A temperature change of 15 Centigrade caused the deformation on this 5.2 cm diameter core from the 
Climax Stock. While the average coefficient of linear expansion is about 0.8 x 10" 5 / ' C, the actual coefficient 
varies by more than a factor of 2. 
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Fig. A4b. Shows tiw outlint of'the sample. Tht topmost trace is a healed fracture that is barely visible on the core 
but for most of its tract visible aa a feature where tht f rinfts are discontinuous on tht hologram. The two elongated 
faaturtt art rxtsomabry phanocrysts. Tht lower one is visible on tht surface, the upper one is beneath the surface. 
Tht crack n continuously visible on the sample but does not show up as a discontinuous future on the hologram 
where it C T O N M tht upper feature. 


