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ABSTRACT The thermomechanicalexperiments,,reJ_lg_ t_tsfy
multipleobjectives, including:

In situ thermomechanicalexperimentsare planned aspart of the • measure the thermalandmechanicalpropertiesof the
Yucca MountainSite CharacterizationProject thatrequireinstru- repertory host rockin largescale tests
ments tomeasurestressanddisplacementattemperaturesthatex- • demonstratethe effectsof high temperatureson volumesof
ceed the typical specifications of existing geotechnical instru- rock at the scale of the plannedrepositoryopenings
ments. A high degree of instrument reliability will also be re- • verify fundamentalphysical modelassumptions about the
quired to satisfy the objectives of the experiments, therefore a coupled thermaland mechanicalbeha-,iorof the repository
studywas undertakento identifyareaswhere improvementin in- host rock
strumentperformancewas required.A preliminarylist of instru- • providemeasureddatafor comparisonwith predictive
ments requiredfor the experiments was developed, based on ox- computeranalyses, in orderto validatecoupled thermal-
isting test planningand analysis. Projectedtemperaturerequire- mechanical computermodels
ments were comparedto specifications of existing instrumentsto • demonstrate theeffects of thermalloadson ground,support
identify instrumentation development needs. Different instru- systems thatwill berequired forrepositoryconstruction.
ment technologies, not currentlyemployed in geotechnicalin-

strumentation,werereviewedto identify potential improvements Thispaperdiscusses the test instrumentationto measure
of existing designs for the high temperatureenvironment.Tech- temperature,stzess,anddisplacementrequiredfor theESFIn Situ
nologies with strong potentials to improve instrumentperfor- ThermomechanicalPropertiesexperiments,andidentifies

mance with relatively high reliability include graphite fiber com- existing instrumentation technologywith the potential to meet

posite materials, fiber optics, andvideoimagery, the requirements.

i I.INTRODUCTION In _hecurrentplanning,onlysingletestsareplannedfor

eachexperiment.No contingency forrepeating a test currently

= TheYuccaMountainSiteCharacterizationProject exists,andnootherexperimentsareplannedthatcansupplythe
(YMSCP),managedbytheNevadaOperationsOfficeoftheU.S. informationthatistobeprovidedbythethermomechanical

experiments,ltisthereforeimportanttoobtainaccurateresults
Departmentof Energy,is examining the feasibility of siting a fromthese experiments.Test instrumentsfaust performwith a
potential repository for high-level nuclearwaste atYucca high degree of reliability.

Mountain, which is locatedon and adjacent to theNevadaTest
Site. As partof sitecharacterization,a series of in situ

i thermomechanicalexperimentshave _ planned,which are to H. PLANNED THERMOMECHANICAL EXPERIMENTS
beconductedinanExploratoryStudiesFacility (ESF).

Thethermomechanicalexperiments,asagroup,are

i The specific experiments are describedin theSite designed to satisfy generalobjectives. They areto provide

CharacterizationPlan(SCP)t in Section 8.3.1.15.1.6 (In Situ accuratemeasurementsin largescale tests to verify that the
ThermomechanicalPropertiesStudy)and include fourtypes: laboratory values for thermalconductivity,heatcapacity, and

• a heatedblock test coefficient of thermal expansioharecorrectat the rockmass
• a canister-scale heater test scale. They are also to providecharacterizationof the
• athermalstress test deformationmodulus, and providedifferenttest cases for
• a heated room test. evaluationof theperformanceof computercodes thatare to be

used to predictexcavationperformanceunderheat loads.The

aThiswork was performedunder the auspices of the U. S.Department of Energy,Officeof CivilianRadioactiveWaste Management,
YuccaMountain Site CharacterizationProject,under contract DE-AC04-76DP00789. /
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experimentswill providedataat fourdifferent scale,s. in four Table 1: Heated Block Experiment Instrumentation.
differentgeometries andwith fourdifferentsets of boundary
conditions.In orderto meet these objectives,accurate EstimatedNumber Maximum
measurementsof temperature,displacementand stress fields Instrument of Instruments Temperature
duringthe tests areneeded.

MultipointBorehole 4-8 170° C
The experiments are designed to heat large volumes of rock Extensometer(MPBX)

to temperaturesthat simulate projected repositoryconditions.
Current repository criteria limit emplacement borehole Borehole Stress Gage 10-20 I90°C.......

temperatures to 275 °C. Within 1 m of the borehole, rock Thermocouples 100-200 200° C
......

temperature must fall to 200 °C and the emplacement drift wall Flatjaeks 4-16 200° C
is limited to 100 °C. To produce temperatures in this range in the ....
thermomechanical experiments with the current designs, local Remote Readout Sur- 20-30 140° C

rock temperatures are predicted to range as high as 300-400 °C. face Displacement
Accurate monitoring of the experiments requires exposure of Manual Readout Sur- 10-20 150° C
some instruments to these high temperatures, face Displacement

In the following sections, each of the four experiments is
described, its specific objectives are given, and its B. The Canister-Scale Heater Experiment

• instrumentation requirementslisted. In each experiment, arrays
of electric borehole heaters will be used to heat the rock. The Two canister-scale borehole heater experiments (CSHEs)
thermal environments the instruments will experience were areplanned. The experiments will be identical, except for the
estimated from preliminary analyses by Bauer, Costin and thermomechanicalunit of rock inwhich they will be conducted.

Holland2 and from prototype experiments 3 in tuff rock. It is assumed in this report that the instrumentation requirements
for the testswill be identical, and that each experiment will

Thispaper focuses on the instruments required to satisfy the require its own instruments.
objectives of the experiments, which make long term
measurements of temperature, stress and displacement at high The CSHEs are larger scale experiments than the heated
temperature. It is currently planned to measure other parameters; block experiment, involving approximately 350 cubic meters of
however, it is believed that these measurements earlbe transient, instrumented rock, and will simulate the emplacement of full-
The instruments to make these measurementswill, therefore, not scaleradioactivewaste canistersinto boreholes in the repository.

be e,,posed to elevated temperatures for long periods. Borehole heaters will be used to simulate the thermal output of
Instruments planned but not discussed in this work include actual waste canisters, and will demonstrate stability of the
neutron probes, piezometers, ultrasonic velocity transducers, emplacementboreholes at high temperatures.
moisture sensors and acousticemission sensors.

'rbe test instruments requiredfor each of the two
experiments, along with the maximumtemperature the

A. The Heated Block Experiment instrumentsmust survive is given inTable 2.

The sides of a block of rock (2m x 2m x 2m) will be isolated Table 2: CSHE Instrumentation.
from therock mass by cutting vertical slots in thefloor of a drift.
Line heaterswill be installed outside of two opposing slots, to

create a temperature field in the block that is nearly one- Instrument Number of Maximum
dimensional.Flatjackswillbeinstalledintheslotstoapply Instruments Temperature
pressureboundaryconditionstothefacesoftheblock.The "
flatjaekscan be kept at a constantpressure, and the temperature MPBX- Paraueito 3-5 306' c (rods)

Heater (26ft. length) 50 o C (Sensors)of the block variedusing the line heaters.Later,the flatjackscan

be pressure t.Tcledwith the block ata constant temperatureto MPBX - Transverseto 2-4 340° C (Rods)
determine the modulus of deformation of the rock. Heater(32 ft. length) 50 o C (Sensors)

The test instruments currently projected forthe heatedblock BoreholeStress Gage 5-10 300°C
.,.

experiment are listed inTable 1 along with the maximum Thermocouples 20-50 500° C
temperature the test instrumentation must survive.

C. The Thermal Stress Test

The therma! stress test (TST) will be conducted in a drift or
portions of a repository room-scaledrift, and will involve
approximately1200 cubic meters of instrumented rock. In this
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test, a repository-sizeddrift will be thermallyloaded using line for theHRE.The rockwill be heated forup to40 monthsto
heatersalonga sectionof the roof.The specific objectives of this demonstratedrift stability under high heat loads.
test are to demonstrate the effects of high heat loads on roof
support systems and to generate thermal stress induced rock- In addition to the objectives stated in the SCP, the HRE
mass failure. In the initial portionof the test, temperatureand offers another opportunityof observe the effectof thermal

i stress change are monitored as the instramentedrock heats up to loading on ground supports in a full scale repository drift. The
! 100 °C. Afterwards, the test includesa thermal overdrive to test planmay be expanded to incorporate test sections of typical
, induce failure of the roof, and therefore yield information on the support systems, including: rock bolts and wire mesh, shotcrete

rock-mass strength, and steel sets.

!
[ Although originally not planned for theTST, there exists a Table 4 list the currentlyplanned instrumentationand
. strong need to evaluate the effects of elevated temperatures on projected operatingtemperatures.

rock support systems. This will require installationof
instrumented roe&bolts and instrumentation of shotcreteand Table 4: Heated Room Experiment Instrumentation.
other support systems. MPBX gages will be required to measure

rock displacements in the roof tocorrelate with measured support Number of Maximum
loads. Instrument Instruments Temperature

! ......

Table 3 summarizes the instrumentation projected for this MPBX (Horizontal) 20-30 300° C
test, and theexpected thermal environments the instruments must
survive. MPBX (Vertical) 5-10 150° C

Borehole Stress Gage 10-20 300° C
Table 3: Thermal Stress Test Instrumentation. (Horizontal Orientation)

Borehole Stress Gage 10-20 300° C
Instrument Number of Maximum (VerticalOrientation)

Instruments Temperature
Long GageSurface 20-30 300° C

MPBX 2-4 50 o C (Rods) Extensometer with
40 o C (Sensors) T'tltmeter

Borehole Stress Gage 5-10 200°C Cross Drift 20-30 300° C

Long Gage Surface 5-I0 200° C Extensometer
Extensometer with Thermocouples 100-200 400° C
Tiltmeters

Rock Bolt 20-30 300° C

i Cross Drift 10-20 50o C Load Cells

Extensometers

Thermocouples 200-300 400° C

i Rock Bolt Load Cells 10-20 200° C m. Instrument Specificationsand AccuracyD. The Heated Room Experiment Detailedaccuracyrequirementsforthe parametersto be
measured in the ESF tests havenot been developed.However,

I The heated room experiment (HRE) examines rock-mass guidelineshave been developed fromother instrumentation

l behavior at the large,st scale of the ESF thermomechanical studies fornuclearwaste disposalexperimentsh and have been

experiments. Approximately 3800cubic meters of rockwill be adoptedin this study for the purposeof evaluatingexisting
heated and instrumented in this test. instrumentation.The guidelineswere developed considering

rockmaterials thatinclude granite, basalt, andgeneric crystalline

i TheHRE will be performedin thecentral drift excavatedfor or argillaceousrocksand are listed as Table 5. The instrumentthe SequentialDrift MiningExperiment(SDME) described in the accuracyrequirementswereestimates of those needed to obtain

Excavations Investigations Study Plan.4 materialparameters with sufficient accuracy. The accuracy
needed for the materialparameterswas estimated basedon

In the SDME, two parallel instrumentation drifts are requirementsfor repositorydesign, construction, performance
excavated approximately 34 m apart.The rock mass betweenthe monitoring andother purposes, and on estimates of the values
two drifts is instrumented to monitor its response to the andthe rangesof the parameters.
excavation of a eemtraldrift parallel to the instrumentationdrifts.
After completion of the SDME, the central drift will be
instrumented andheaters will be installed in the surrounding rock

I 12/22/9210:21 DRAFT 3
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B. Summaryof RequiredInstrumentationand Projected
Environments

Table 5: Preliminary Instrument accuracy
Requirements Table 6 lists the instruments requiredfor the

thermomechanicalexperimentsby type, giving projected
accuracy requirements, theprojected temperature they must

Parameter Proposed Accuracy survive, and theestimatednumber of instruments needed. On the

Deformation 0.1 mm basis of the expected temperature environment that must be
0.05 mm (convergence) survived, existing instrumentationis divided into the categoriesof

Strain 5 microstrain
1. Acceptable - existing instruments meet the temperature

Stress 0.7 MPa requirementand a good database of experience exists

Temperature 1 -1.5 °C (conduction) verifying their reliability
0.1 °C (convection) 2. Questionable - temperature specificationfor the instrument

meets the temperaturerequ_:,.:ment,butexisting operating
experience is limited,indicating limited reliability

IV. Existing Geotechnical Instrumentation assurance

A. Introduction 3. Unacceptable - the instrumentation temperature
requirement exceeds the instrument temperature
specification

Activity in the area of development of geotechnical

instrumentation for elevated temperature environments was Table 6 indicatesthatacceptableinstruments areavailableto
largely suspended in the mid-1980's when the prototype
thermomechanical experiments were discontinued. The interest meet low to medium temperature requirements (up to 170 o C).
of the various manufacturers in such products is based upon a
very limited market, which currently does not include testing At temperaturesabove150° C, several existing instruments
associated with nuclear waste disposal, are questionable.Vibratingwire stress meters (VWS) are

availablein bothsingle axisand biaxialmodels with temperature

Commercially available geotechnical instrumentation was specificationsof 200° C, however, there is little operating dataat
reviewed for potential applicationin the ESF thermomechanical high teanperatureto judge their reliability. Performance of the
experiments. This review was limited to contacting U.S. single axis VWShas beeneffeeted by emplacementparameters
manufacturers of main line geotechnical instruments; neither that make its calibration difficult.
specialty firms nor research and development engineering firms

were contacted. At temperatures above200° C,instruments arenot available
for load, stress and displacement measurements.In the MPBX

Literature and specification sheets for geotechnieal gages, rod elongations areexcessive, even with super Invar rods.
instrumentation were reviewed, and suppliers of primary Graphite fiber composite rods are being used and have lower
instruments were contacteddirectly to establish their background thermal expansion. However, rod decompositionmay occur in
and experience with measurements made at elevated the non-specializedcomposite rods at temperatures in excess of
temperature. Literature from suppliers list only their commonly
sold products. It is not uncommon to have geotechnical 200° C. No stressgages are availablewith specifications above
instruments thatare modified for specific installations.Ranges, 200° C. The surfaceextensometersrequire filtmeters,_d no
accuracies and operating temperatures of instruments earlvary tiltmetersare availablefor elevatedtemperatures.Rock t_oltload
depending on the transducerused. cells are also not availableatelevated temperatures.

Instruments with elevated temperature capabilities and Many instruments are used in unique configurations or
actualexperience with geoteehnical measurementsat elevated conditions,andit is thereforedifficult to verify theaccuracyof a
temperatures were found to be limited. The rock mechanics field measurement. This is particularly true for the high
instrumentation market is in general limited, andcurrently there temperature thermomechanicalexperiments. With the limited
is no motive to develop instruments with elevated temperature data availableon high temperaturefield testing, several of the
capabilities. Ali the supplierscontacted did indicate a willingness instruments havebeen classified as questionable with regard to
to design new equipment or modify existing equipment to meet accuracy.In general, if the instrument cannot meet temperature
specific requirements,providing theirdevelopmeat costs could criteria,it can notmeet the accuracycriteriaat temperature.
be recovered.

As illustrated in Table6, mostof the identified high
temperature requirementscannot be met with existing
instrumentation.To assureperformanceat the high end of the
temperaturerange, thedevelopmentof new instruments, the
modification of existing instruments, or the incorporationof
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Table 6: Preliminary List of Instrumentation Required for the In Situ Thermomechanical Experiments.

i

Estimated Maximum Number Temperature Accuracy

Instrument Accuracy Temperature Required Criteria CriteriaRequired Predicted are Met are Met
....

MPBX 0.1 mm 50° C (rod) 2-4 Yes Yes
40 °C (Sensor)

......

i MPBX 0.1 mm 170° C (rod) 9-18 Yes Yes
I 40 o C (Sensor)
i

MPBX 0.1 mm 300° C (rod) 5-9 No No
_0 o C (Sensor)

MPBX 0.1 mm 340° C (rod) 20-30 No No
300 °C (Sensor)

Long Gage Surface Extensometer 0.1 mm 50° C 20-03 Yes Yes

Long Gage Surface Extensometer 0.1 mm 300o C 25-40 No No
.......

Cross Drift Extensometer 0.1 mm 40° C 10-20 Yes Yes

Cross Drift Extensometer 0.1 mm 300 °C 20-30 Questionable Questionable

Tape Extensometer 0.1 mm 50° C 10-20 Yes No

Borehole Stress Gage, 0.7 MPa 200OC 15-30 Questionable Questionable
.....

Borehole Stress Gage 0.7 MPa 300OC 20-50 No No

Thermocouple 1° C 1000° C 400-800 Yes Yes

Flatjaeks NA 200° C 4-16 Yes NA

Instrumented Rock Bolts 10% Full Scale 200OC 10-20 No No

Instrumented Rock Bolts 10% Full Scale 300°C 20-30 No No

enhanced components into existinginstruments, will be required. V. Technologies with Potential for High Temperature
However, many of thecomponents needed for the modifications Application
appear to be available asstandard products outside of the

geotechnieal field. A. Introduction

i The area of stress measurement at elevated temperature New instrument componentsand other technology with

requires the most improvement. Rigid inclusion stress gages potential to enhance instrument performance at elevated
based upon vibrating wire transducerscurrently meet some of the temperatures are discussed below. Several criteria were used to
temperature criteria and it is possible that their operating evaluate the suitability of new technologyor component

i capabilities maybe extended successfully to the high end of the instruments for use in high temperature instrumentation:

temperature range required by the ESF thermomechanical
experiments. However, the lack of operatingexperience suggests • existinggeoteehnieal instrumentdesigns and measurement
that other approaches shouldbe investigated andu_, in order principlesshould be emphasized, with retrofittingof

i to provide redundancy, different technology or componentsto enhance performarw,e
1 • applicationsof different technologywith proven
1 performance in other technical areasof instrumentation
I Displacement measuring instruments haveperformed
= successfully in moderate temperatureenvironments, but their were sought,ratherthan thedevelopmentof new measuring

performance may be enhanced by the use of low thermal systems
expansion materials like graphite composites. Enhanced • new technology or new components should result in the
transducer performance is alsonecessary to reach thehigh end of samelevel, or preferable anincrease in the reliability of the
the temperature range required by the thermomechanical resulting instrumentation.
experiments, and appears to be available in theform of high
temperature linear variable differential transformers (LVDTs), Instrument development should movein the direction of
fiber optic transducers, laser extensometers and video imagery increased inherent reliability. Measurementsystems should be as
systems, simple as possible to assure long term performance. The concept

of inherent reliability is illustrated by the thermocouple, whose

12/22/9210:21 DRAFT 5
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application inprototype thermomechanical experiments hasbeen assisted drainageof tarsands. Instruments were required to
very successful. This inherent reliability resulted in very few withstand 200° C, however results were not described in detail.
failures in previous high temperatureexperiments,a'7'8'9 The manufacturer indicatedthat therodscurrently employed are

standardcommercialblanks used primarily for the manufacture
Several components and technologies were identified that of flushingrods. It is suspected that the rods woulddecompose at

have strong potentials to meet the evaluation criteria and that the upper end of the ESF test temperaturerange and that
require minimum dcvelopment effort. These are discussed in the specialized rods will be required to meet the requirements of the

"++ following sections and include: ESFexperiments.

• high temperature LVDT displacement sensors
| • graphite fiber composite materials with low thermal D. Fiber Optic Sensors
+ expansion
+ • fiber optic sensors Fiber optic sensors haveconsiderable potential in elevated

• light based remote sensing of convergence temperature environments.The sensorbasis has inherent
• high resolution video imagery with digital processing, reliability, similarto the reliability of thermocouples.They are
• stressgages incorporating flatjacks available withhigh temperature capabilities (glass fiber with

stainless steel sheathing is ratedat 430° C). The sensor probe
Existing instrumentation for measuring temperature has the components (glass fiber, glass optics) are small and easily

capability to perform at the required temperatures and, therefore,
instrumentation for measuring temperature is not discussed mounted. The sensor can be remotelymounted (up tq 100 m)l°

from the electronic components, whichcan then be located in a
below, controlled environment. The electronic components (based upon

LED light sourcesand photodiode cells) have very long life
B. High Temperature LVDTs times. Because they can be resistant to ionizing radiation, they

have the potential for use in long term monitoring of waste
LVDT transducers that have an operating temperature over emplacement areasfor performanceconfirmation.

600° C areavailable. These transducers have several high
temperature applications including monitoring aircraftcontrol Fiberoptic sensors arecurrently beingused to measure most
structures near jet engine exhausts, nuclear reactor applications, physical properties,including displacement, strain, temperature

and determining roller position in hot strip and slabbing mills, and pressure.1°A prototype single axis, rigid inclusion
and are available as off-the-shelf items. The manufacturer of stressmeter using a fiberoptic transducer toreplace thevibrating
these LVDTs indicated that irtturmation on reliability and wire transducer, was tested bySoil and RockInstrumentation for

performance may be available from several users, the Salt Project6 and showed very small thermal drift.

These LVDT transducers aremanufactured instandardsizes Fiber opticsensors include intensitymodulated transducers,
and with full scale displacement ranges compatible with off-the- phase modulated sensors and remote monitoring of instruments.
shelf MPBX instruments. They could also form the basis of the Intensity modulated transducers measuredisplacements by
custom designed surface extensometers and wire convergence measuringthe change in light intensity that results from

i gages that are required in the ESF thermomechanical movement of a fiber opticprobe. Phase modulated sensors useexperiments. Stress gages that are based upon rock displacement inferometric techniques to measurethe outpv' of transducers.
measurements might also be modified by incorporating the high These techniques utilize phase shifting of the source light to

temperature LVDTs. measure smallmovements witha sensitivityof up to 10"13meters

I and may be applied wherevery high sensitivity is required.

C. Graphite Fiber Composite Materials Application of a phasemodulated fiber optic sensor for

i measuringearthpressure was reportedby Homuth.11Results

The use of graphite fiber composite materials which have demonstrateda resolutionof approximately 10lbs for sensors
very low thermal expansion has the potential to reduce buried at depths between5 and 8 feet. The same sensor was used
temperature induced deformations of instrument housings and to measure the weight of a man and the weight of a 100,000 lb

components. F;bercomposite materialsearl be engineered with M60 tank, indicating a very large range.

very low thermal expansion and are currently employed in high

technology applications where minimization of thermally Remote monitor:,ngof mechanieaUyreading instruments
induced deformation is critical.For example, the structure for the
corrective optics for the Hubble Space Telescope is being may be performed by fitting a fiberwith an optic fixed tofocuson the face of a gage (displacement,pressure, etc.). At a remote
designed with graphite fiber composites, location, a readingdevice is attached to the fiber, and the gage

reading noted. In this approach,a suite of instruments could be
The use of graphite fiber composite rods has thepotential of manually read on a regularschedule, using a single reading

greatly reducing the temperature dependence of MPBXs. device. This approach would be acceptablefor the very slow
Currently two manufacturers use graphitecomposite rods intheir changes in measured parameters anticipated in the
high temperature extensometers. Application of MPBXs with thermomechanicalexperiments.Alternatively, the gages could
graphite composite rods was repotted5 for monitoring steam be monitored by video equipmentconnected to each fiber optic.

12/22/92I0:21 DRAFT 6
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E. Remote Distance Measuring describedby KeUer and Lowry, 14 andapplication of a similar

instrument is discussed by Kcssels. s5
; Light-basedsystemscouldbedevelopedtomeasuredrift

convergence. Light based systems to measure surface Theoperating principle of both gages is based upon the use
displacements have been employed to measure convergence of of small, thin,high pressureflatjacks grouted into boreholes.The
underground openings in salt mines12with areported accuracyof applied normal stress acting on the flatjack is determined by
7 mm. noting the fluid pressure at which the flatjack opens. The

measurement is temperature insensitive because the
A tunnel profiling system is available from Amberg pressurization is transient and is a direct measurement of the

Measuring Technique Ltd. that has a reported accuracy of 5 mm. applied load.
This type of measuring system can potentially be made more
accurate by installing the profiler on a rigid fixed track so that The gage discussed by Kessels15isdenoted as the AWID
repeated measurements would be taken from the same precise Flat Jack. Multiple measurementswere made, using three
location to generate a series of profiles during one of the different gages, over aperiod of 7 months, in a salt pillar loaded
experiments to determine convergence, with largeflatjacks. The measurements agreed with the applied

load towithin4%.When used in a boreholeheater test at theAsse
Drift convergence has been measured using photographic salt mine in Germany, good gage performance was indicated at

techniques.13Iri this technique, reflector points are fixed around temperatures in the range of 250-300° C.
the perimeter of the drift in a cross-section normal to the camera

axis. Photographs taken from a fixed point, with a fixed scale in The gage manufactured by Science and Engineering
the photo, can be used to calculate the absolute and relative
motion of the reflector points. The reported accuracywas Associates, Inc.14is denoted as the CALIP gage, for calibration

in piace. The CALIP instrument uses a ytterbium stressgage to0.0025 m.
measurestresscontinuously. The fluidpressure to the flatjack,
when greater thanthe applied load, represents a direct

F. High Resolution Video Imagery with Digital measurementof stress to the yttrium gage, and therefore allows
Processing for calibrationof the instrument at any time after installation.

Additionally,as in theKessel gage, the pressure which causes
Video fdming of surfaces can be used to monitor separationof the flatjaek represents a direct measurementof the

displacement. Fixed pins or referencepoints could be attachedto applied load.
li the rock surface and base line measurements madewith

i mechanical gages. Displacements of the reference points andfixed scales for calibration would then be recorded by video VI. CONCLUSIONS
cameraduring the experiment. Manipulation of the digital image

a can be accomplished using various commercially available Currentdesigns fortheESF thermomechanicalexperimentssoftwaresystems, which allowimage enhancement, definitionof require displacement, stress and temperature instrumentation

i with capabilitiesof operating at temperaturesbetween200-

fixed points and measurement of distances, angles, and areas,
using graphical interfaces. 350 °C. Review of available geotechnieal instrumentation

indicates that the projected operating temperatures exceed

Video systems earlalso be coupled to fiber optics which existing instrument specifications, and that modifications are

i would allow remote imagery of boreholes or of convergence needed to extend their operation_ temperature range.

gages. Such a system could be used to measure fracture Modifications of existing instrument designs by incorporating
displacements inside the heated block experiment. Images of different technologywith proven applicationsin other technical
fractures intersecting borehole wallscould be digitized atvarious fields appears to be a feasible approach towarddeveloping
appliedpressures. Proper orientations of two fibers would allow reliableinstruments.Technologies with the potential to extend

I measurement resolution of shearand normal displacements, the operating temperaturerangeof the requiredinstrumentation

are

Using fiber optics, video images of the motion of • graphite fiber compositematerials
extensometer rods could be made atclose range. This could • fiberoptics
eliminate the need for any type of gage on the referencehead. The *video imagery
length of rod extending out of the reference head would be • remotedistance measuring instruments
measured by pixel mapping. The pixel calibration would be
established with respect to areference scalemachined directly on Modificationof instrumentationshould be directed towards
the rod. simplificationof the measuring sysmmsand increasing reliability

G. Stress Gages Incorporating Flatjacks

A relatively new stress change gage is available through two
manufacturers that appears to meet requirements for accuracy
and that will operate at elevated temperatures. This gage is
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