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Abstract

Reliable instrumentation will be needed to
monitor the performance of future high-level waste
repositary sites. A Study has been made to assess
instrument raliability at Department of Energy (DOE)
waste repository related experiments, Though the
study covers 3 wide varfety of instrumentation, this
paper concentrates on experiences with geotechnical
instrymentation in hostile repository-type environ-
ments, Manufacturers have made some changes to
improve the reliability of instruments for reposi-
tories, In this paper, we will review the failure
moges, rates, and mechanisms, along with manufacturer
aodifications and recommendations for additiona
wprovements to enhance instrument performance,

In June 1981, the U.S, Nuclear Regulatory
Commission (NRC) publithed proposed rules requiring
the measurement of specific geotechnical parameters
for nigh-level nuclear waste repositories. T pro-
vide guidance in complying with these proposed rules,
the Geological, Environmental, an¢ Radiological Finle
teasurement System Evaluation Project of the Lawrence
Livermore Nationa) Laboratory (LLNL) has been con
ducting studies for the NRC Office of Research,

The purpose of one of the studies is to examine
the reliability of instrumentation which may be used
at future waste repository sites. Using stugies of
instrument reliability and failure mechanisms and
on-site observations, this paper reports on the
status ¢ instrument reliability in specific aress
of waste repository instrumentation and identifies
needeo gectechnical instrimentation improvement.

Site visits to Department of Energy (DOE) waste
repository experimental sites have yielgeg first-
hand observations of probiems and progress mage by
DOE experimenters in S0lving some of these probiems.
The major sources of instrumentitiui oxperience
reported hergin was obtainer rom individuals, and
reports of their work on the Stripa Project conducted
by the Lawrence Berkeley Laboratory, the Climar Spent
Fuel Test congucted by the Lawrence Livermore National
Laboratory, the BHIP Prgject conducted by Rockwell at
it's Hanford Operations site, and RE/SPEC at Avery
island, Louisiana,

Instrumentation will play an important part in
monitoring the operation and integrity of future
high-level waste repositories. Once a repository is
built, instrymentatian will be vital to ensuring the
integrity of the site by monitoring critical geo-
logical, enyironmental, and radiological parameters.

Due to the long operatignal phase of the
repository, instrumentation selectea for use should

be the most reirable state-of-the-art tnstrumentation
available, The following figure illustrates the
repository time line,
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During the course of tne LLKi Study, it was
foung that geotecnnical instruments appeareo Lo nave
numerous rellanility problems. [n tne followiny
sections we discuss some general fingingu, the types
of problems emcountercd, inprovements mave by Manu=
facturers, and areas where wprovements are still
neegeo to enhance and mprove performance ano
reliabitity.

A mejor problem which nas contributed tu poor
instrument, performance has been the transfer of
technology from instruments gesignea for ambient
temperature civil engineering applications into nigh
tenperature hostile environment repository appiica-
tions, This technology transfer 15 & logical first
step; however, man) of the instruments have not pro-
ven to be adeguate in the more hostile environments.

General Findings

The more sophisticated electronic gata acauisi-
tion systems ang computer-vased contro) ang monttor.
ng systems performea well in most repositery relates
experiments, Radiclogical monitoring and environ-
mental monitoring systems alio performeg relianly.
The geotechnical instrumentation appeared to be the
weakest 1ink in repository instrumentation,

One of the major prodlems was the impact of tne
high temperatures encountered in the repository
simulatea experiments, Many instruments requireg
large corrections to acquired gata due to tne effects
of the high thermal environments, The large tem-
perature corrections in some cases exceegeg the
actual measurements.

Other failure mechanisms wnich plagueg the
applications of geotechnical instruments incluoes
water intrusion ana corrosion. In the short-term
experiments, these mechanisms createo a number of
reliability problems ano could prave to be a major
proplem in futyre long-term applications of instru~
mentation in high-level nuciear waste repusitories,
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Multiple Position Borehale (Rod) Extensometer (MPBX)

The rod extensometer is a common device for
measuring changes in axial length along a borehole.
The reliability information presented here was gained
from fielo experiences involving 125 multiple posi~
tion rod extensometers at four 00f experiment sites,

The four major components of these MPBXs are:
(1) the anchor, (2] the anchor-to-head rod connection
mounted inside a waterproof flexible conduit, (3) a
rod tensioning system, and (4) a heaa assembly which
can include displacement transducers, The 112
extensometers installed in basalt and granite
experiments used hydraulic anchars and electronic
sensors, while the 13 extensometers installed in the
Avery Island salt experiments used mechanical anchors
and dial gauge readouts. Extensometers with three,
four, or six anchor positions were used, as shown in
Table 1. We will concentrate an experiences with
those systems ysed in the basalt ang granite experi-
ments,

Two types of electronic sensors have Leen used:
Yinear potentiometers and linear variable differen-
tial transformer (LVDT) type transducers. Of the
315 LYDTs used in basalt and granite experiments
there have been no confirmed catastrophic failures
reported. However, tnere has been gne reported
experience indicating complete failura in attempts
to use LVDTs in experiments at one of the salt sites

Patrick et al. {1907} has reported the failure
of 23 linear potentiometers from a total of 56
transducers (i.e., 41%) used on 14 four-anchor rod
extensometers at one experiment located in granite,
Angther 60 linear potentiometers on similar extenso-
meters, at the same Site but in parallel drifts,
have performed without failure. The failure mode
was a nonlinear change in the electrical resistance
of the potentiometers with time, resulting in the
data acquisition system recording erroneous indica-
tions of several millimeters of displacement (some
indications exceeding 5 mm}. A1l of the failed

transducers were on vertically installed extenso-
meters located in the main canister arift, and all
were located 1,4 to 2.0 m from the heat sources, |t
is also worth noting that there was a high  ilure
rate of vibrating wire stressmeters locatea in tne
same general area. A number of tests have been
conducted to determine the cause of failure of the
potent fometers, and & number of possibilities
prevail, but no definite cause has been igentified.
Tnz linear potentiometers on extensometers where
failures occurred have been replaced with 1 selection
of other linear potentigmeters, LVOTS, anc electro-
magnetic proximeters to evaluate their performance
under similar conditions.

Hydraulic anchoring systems, in which a copper
bladder s inflated against the borencle wall to set
each anchor, were used on MPBXs in the granite and
basalt experiments {see Table 1). It was felt that
hydraulic anchors would provige good compiiance to
borehole deformations, Grouting was used in the
granite experiments to supplement the anchors, At
Stripa the boreholes were completely filled with
grout (Schrauf et al,, 1979), ano at Climax, the
grout columns were interrupted by closed-cell foam
rubber expansion joints to isolate axial displace-
ments {Brough and Patrick, 1982). Of the 370 anchor
sy.tems where hydraulic pressures were monitored,
approximately 115 {i,e., 31%) have gone to zero
pressure or failed to maintain a mininum pressure
over 3 24 hour peried, [t has not been 1naivigually
determined whether the failures were in tne bladoers,
hydraulic tubings, or Fittings. A few anchor systems
failed when initially inflated and & few more faileg
with increased hydraulic pressures during heating,
however, the majority of failures have occurred unger
controlled pressures as the experiments progressed,
Some of the bladders may simply have burst 1nto voids
or fractures intersecting the boretoles, which is
nore likely in a highly fractured meaia. Otner
pressure failures may have occurrea at fittings or
in tubing, or in the bladaer surface withia the
borehole, which is more 1ikely where grouting aid
not surround the nydreulic system. Both of these

Table ), Multiple Position Borehole (Rod) Extemsometer (MPBX) Failure Rate

Transqucers Anchors
No. Used N, 13 Loss of 1
yser [Meais) and Total Type Failed  Failed Type Pressure Loss
Positions  Positions Slope Pericd (1
BWIP-NSTF 21-4 pt, } 8? Yert. 450 days  LVDT 1] - Hyoraulic l
{Basalt} 1.3 pt. ‘ * ‘ 87 50%
29-3 pt. 87 Horiz. 0 -
LLHL-CTimax 16.4 pt. 56 Vert, 365 days  Linear 23 4% Hydrautic 17 W
(Granite) 4-3 pt. 12 Horiz. fat. 1] - 4 Grouteo ;
86 pt. 8 Incline ' 1 0 ) } (2) unknown )
L8L-Stripa 17-4 pt. 6 Yert, 550 days LVOT 0 - ' } i &
{Granej 18-4 pt. 2 Hortz. ¥ Q -
h .
RE/SPEC-Avery 1346 pt. 8 - 1000 days pial Mechanical 2 failures 2.5% (3)
(Salt)

(1) Erroneous resaings.

(2) used hydraulic anchars with check values and no pressure monitoring. Anchors were also grouted,

{3} Suspicious reaaings, possible anchor movement.




two possibilities may eaplain the higher incidence

of anchor pressure failures in the basalt experi-
ments (Table 1), Despite the number of anchor system
pressure failures, there have been only two cases
reparted where anchor slippage may have occurred.

Wilder et al. (1982) reported that the majority
of rod extensometers in waste isolation projects
used Superinvar {4 nickel-cobalt steel alloy) roas,
because at temperatures below gpproximately 150°C to
200°C, Superinvar has a low coefficient of thermal
expansion relative to mild steel. However, mild
steel rods were ysed in some cases wherd only
moderate temperature rises were expected. [t was
also recommended that Superinvar rods be put through
the full MIT three-cycle heat treatment to reduce
hysteresis. For accurate maasurements at elevated
temperatures, the thermal expansion characteristics
of the roas myst be carefully determined, This is
particularly inportant with Superinvar where the
thermal expansion §5 non-1inear with temperature,
During use, temperatures must be measured at a
sufficient number of points along the rods to provige
3 temperature profile adequate for thermal expansion
corrections,

Friction, or "stictiot", within extensometer
systems has also been reported as a provlem that has
resulted in g stick-siip response at the sensors.
Tests Jone at Stripa relecseg as much as 80 um of
stored rod displacement by lightly rapping the
exiensometer neao assemblies, A routine was then
wnstituted to periodically rap each instrument heao
to continuously rélease the friction (Binnall, 1980),
Several laroratgry tests nave followed to determine
sources of this irittion, and a number of design
improvements have been made in later extensometers
to help ‘educe the problem,

Cases of failures in the waterproof conduit
vystens have peen observed, allowing water or
neisture Lo reach the rods. In some cases, rusty
water has flowea from the rog conduit into the nead
assemblies Causing damage there and ingicating the
passibility of rod oxidation end corrgsion. There
have been no confirmed catastrophic rod failures,
ang only two cases reported where either & rod or
ancnor wight have fayled; however, rod corrosion and
anchor system corrosion must pe carefully consioersg
ahere tong-term religbility is required.

Despite the numerous prablems, most of the
*IPBxs used in the DOE experiments have been fairly
reliable congidering they were not designed to last
for several years, nor to operate unattended and
unmaintained in a repository-type environment,
However, it must be noted that the performance
experienced to date would be ynaccegtable for
repository monitoring where it is expected that
long-term monitoring, tens of years, will ve
required {Wilder et al,, 1982),

Numerous improvements have been made since the
first exteasometers were installed at Stripa, The
latest designs have yet to be tested in actual
repository axperiments, Attempls have been made to
reduce friction with every design iteration; some of
the latest include an ingividual conduit for each
rod, Improved anchor systems have also been designes.
Well designed mechanicel, grouted anchors may ulti-
mately be the bast solution. At least ore of the
latest gesigns includes rods that can be easily
decoupled from the anchor for removal or for move-
m2nt to a Second level at the anchor to awd in
extensometer calibration,

There is still need for adoitional improvements.
This incluges transducers that can function reliably
ang accurately at actua) repository temperatures.
Moisture intrusion ang corrosion problems must be
solved. Also neadeg is a method to perform a simple
in.situ calioration; the ideal calibration woulo
move the roo at the anchor end to Simulate actual
rock displacement. At least one manufacturer
(Eurapean) produces 3 single rod extensometer with a
transducer located at each anchor for myltiple posi-
tion measurements, Unfortunately, the present gesign
is not suitaple for use in a repository environment,
but the basic idea has 4 number of merits,

USBM Borehole Deformation Gduge

The three-component borengle deformation gauge
was originally geveloped by the U.S. Sureau of Hines
for short-term use at ambient temperaiures to measure
in-situ stresses by the overcoring method (Hooker et
al,, 1974), ano is highly reliable in that applica-
tion, The gauge is typically used in a 38 mm bore-
haole to measure three components of aiametrical
change 120° apart. Deformations are measured oy
strain gauges mountea on three pairs of opposed
cantilever beams, which in turn are coupled to the
borghole wall by six pistons 60° apart. Laboratory
tests in aluminum and steel have yieloed accuracies
of 0,002 mm ana sensitivites of U.U01 mn.

DOE experinenters electea to use UBM gauges at
Stripa and BWIP to make borengle ceformation measure-
ments for in-situ stress change calculdtions, The
experiments, unlike previous applications of this
gauye, were longer term (about ¢ years) ana in
nostile environments, A number of modifications
were made to meet the anticipateg hign temperatures
{up to 200°C); however, gauge geficiencies still
resulted in high failure rates as shown in Table <.

Table 2. USBM Gauge Failure Rates

&

NO, ]
User Qty. Failea Failed Periga
BWIP-NSTF 25 15(1 66% 450 qays
LBL-Stripa 30 19 63% 350 oays

(1) Failed or suspect (Deju, Nov. 1981)

The failure rates are actually worse than ingi-
cated by the table. Many of the failea qauges were
repdired and reinstalleq, faileg again, and were
repajred a secong or even thirg time,

The major factors affecting USBM gauge survival
have heen attributes to moisture ana corrosion,
Even small amounts of moisture within the gauge Can
affect the strain oauge reagings. There have been
cases where large amounts of water have entered the
gauges causing catastropnic failures. A numper of
failures nave been attributed to corrosion of the
wiring, connections, and strain gauges. There have
also baen Signs of corrosion of some of the 1nternal
mechanical components, such as at the piston/canti=-
fever, interfaces. Though there has been no evidence
of external corrosion of the gauge's stainless steel
aody, carrasion has attacked other extersal compo-
nents such 3s pistons and centering springs, Lorro~
sion of the pistons can reouce the effective piston



Jenqth and be interpreted as borehole deformation,
ang failure of a centering spring can allow the gauge
tc pitch in the borenole, also affecting measurements,

USBM gauge accuracy and reliability are also
affected by temperature, There have been cases :here
thermal expansion of epoxies have broken very fine
strain gauge wires. Gauge sensitivity and offset as
a function of temperature and gauge thermal expansion
are relatively easy to characterize; however, sensi~
tivity and offset are subject to long-term drift
which is greatly influenced by temperature. The
magnitude of drift is not predictable and must be
quantified by some method sucn as periodic recali-
bration in o, ur t0 eccurately measure deformation
{Wilder et al., 1982).

As gauges have been removed ang rebuilt, a
continuous progression of improvements have been
made and new designs have evolved: mojsture
barriers have been improved, electrical connectors
have been replaced with electric feed-through pins,
electrical cables have been made more water tight or
replaced with more water tight cébles, internal come
ponents have been cpated with mpisture barriers,
strain gauge mounting tecnniques have been improved,
ann improved strain gauge adhesives have been used.
One improved version included filling the gauge body
with a silicone oi) ;0 ¢isplace maisture, which
appears to have increased gauge life,

The most likely locations for water intrusion
inta the gauge are gt the pistons aad the cable.
One of the latest gesigns, yet untested, arovides a
bellows between the pistons on tha putside and the
internal cantilevers, It also includes a water
tight flexible stainless steal condujt welded to the
gauge for the electrical cable. One other recent
improvement 15 that the gauge can ngw be manufac-
tured from titanium which reduces its weight by 43%
{Roque, 1982},

Despite the many significant mprovements, the
U524 gauge 1s still not at that point where it can
be used unattended over long periods of time in 3
repository envirgnment, The corrgsion and moisture
intrusion prodiems wust de eliminated, and the long-
term drift problems greatly reoucea, Acditionally,
some technigues should Le employed so that in-situ
ca'ibrations can be performed. Pravious investi-
gators have used a gauge with cantilevers activated
By 1nternal air pressure. The USBM gauge shovlg
continue 1o be developed unless a more promising
instrument comes along.

dibrating wWire Stressmeter (VWS) Gauge

The vibrating wire stressmeter gperates on the
principal that a changé in tension on a wire causes
3 change in its fungamental period of vibration,
The qauge body consists of a hollow steel cylinder
with a nighly stressed steel wire stretched across
its giameter. In use, the cylinger is installed in
a borenole and substantially preloaceg in the
direction of the wire axis by medns of a sliging
wedge and platen assembly, thus forming a rigio
inclusion, Stress changes in the surrounding rock
stightly deform the cylinder causing changes in the
natural peried of vipration of the wire (Hawkes ang
Bailey, 1973). The natural period is measured,
periodically, by electromagnetically axciting the
steel wire and monitoring it for 10D pscillations.

Although VWS gdauges have proven reliable in a
wide variety of geotechnical applications, numerpus
problems have been encountered with their use at

elevated temperatures in waste isolation experi-
ments. The hostile environments have resultes in
excessively high failure rates as shown in Table 3.
The primary cause of failures has peen either mais-
ture leakage into tne gauge pody-tavily or into the
electromagnetic coil assemtly; or possibly entrappeu
humidity in the gauge at the time of manufacture
(Wilder et al., 1982), The mechanism of failure
within the body-cavity has been identified as corro-
sion, especially to the wire itself (Patrick et al,,
1981}, In adaition *o failures, internal corrosion
involving the wire cen nfluence the basic calibra-
tion ang response of the unit,

Table 3. VKS Gauge Failures

fo. %

User U%{- Faileo faileo Perioa
BWIR-NSTF 49 32 TH 450 aays
LLHL-CTimax 14 13 72% 365 qays
LBL-Strpa 26 [} 27%(3) 550 days
RE/SPEC-Avery 84 24 9% 1000 aays

(1) Quantities initially installed, nat ingluding
replacements

(2) Failea or suspect (Degu, Nov. 1481},

[3) Four gauye: removea edrly are nat includes in
thys calculation,

Asi~e fram the internal corrasian proplems,
numerous other problems have playued the pertformance
of the VWS gauges. (auges uses n the earlier
experiments, congucteq ab Stripa, also experiences
severe external corrosion of tne mile steel ocdies,
To avoig tns proviem, BWP ana C1imax experimenters
suggested improvements in design whitn ncluceo
agdition of a 5 mil electroless nickel plating on
the inside and outside of the gauge bedy to 1ANTBIL
corrosion. However, U-ring seals were still useu,
[t was later giscovered that plating the inside of
the gauge bady may have exacerbated tne wire carro-
sion problem by removing a rustanle surface withiwn
the gauge wnich gtherwise might ndve acted &s a
“getter” for small amounts of water (Patrick et al.,
1982). The manufacturer has subsequently designed
ang tested a hermetically sealea, evacuateo version
of the gauge in which the ravity containing the
stez] wire is sealed by electron-beam welding thin
stainless steel cups insige the body. Concurrently,
the manufacturer developed a new technique for
sealing the electromagnetic coil assembly. Nine of
these gauges have been n yse at Climax since June
1981, with no reporteg failyres, and athers are in
use ir BWIP experiments.

Other problems arise in tne complexity of the
data analysis, Gauge response is a function of rock
modulus ana rock/gauge mogyli interactions, wnich in
turn are temperature and measurement nistory aepen-
dent. Thermal expansion characteristics of tne rock
ano gauge must be taken into account. Jperating at
elevated temperatures can require corrections to
field data severgl times larger than tne expected
in-situ stress changes. It nas also been observed
that misalignment between tne platen, wedge, gauge



body, and borehoje can cause wice measurement varia-
tions. Measurements are also sensitive to qauge
preload, body corrosion, modulus change in the
steel, and localized rock crushing and microcracking
under high inclusion forces, Installation setting
teclniques need to be improved and gauge drift
problems decreased,

Thaugh significant improvements have been made
t the vipbrating wire stressmeter, it is obvious
that there are still numerous problems to be solved
before the gauge can be effectively used to measure
stress for long periods in a repository environment,

Thermocouples

Thermocouples have been the principal tempera~
ture measyring device used in nuclear waste isolation
experiments, A total of 1310 type K {Chromel-Alumel)
and type £ (Chromel-Constantan) thermocouples were
nstalled at the three DOL experiment sites in granite
and basalt (see Table 4), These devices are mechani-
cally simple and rugged, and have been relatively
reliable in operation over the periods of the experi-
ments {1.1/2 to 3 years),

s shown in Table d, three types of thermo-
couple wire coverings were ysed: Inconel-500 and
34-stainless steel sheaths where higher tempera-
sures were expectea, ang Teflon (type TFE) insulation
where 1nitial calcwlations predicted temperatures
below 200°C.

Table 4, Thermocouple Failyre Rates

User Type  Qty. Fa??én Fai?ed Glad Ref,
(2

8WIP-NSTF K 72 0 - I RTD

E n 0 - T RTD

LLNL-Climax K 482 0 - I aT0

1.8L-Stripa Ko 38 45 12.% LTS IR

WAL 1310 43 3L7%

4 1

inconel-600 sheath

1=
T = Teflon (TFE) insuiation
S = 304-stainless stee! sheath

{2) RTD = R7D monitored isothermal blocks

PR = [ce point reference.

Taperience has shown that temperature accuracies
of 1°C or 2% of reading, whichever is greater, are
easily obtained. With computer-based thermocoup.e
conversign routines that include a complete tempera.
ture measuring system calibretion, these accuracies
are improved to better than 0.5°C or 0.5%, whichever
is greater. Thermocouple }imits-of-error and ingi-
vidual calibration criteria have been.selected ta
meet specific accuracy requirements. . Experiences to
date have shown that the selected TCs and tempera-
ture references have been sufficiently accurate and
stable to meet application reouirements (Wilder
at al,, 1982}.

There nave been no catastrophic failures of
thermocouples under normal operating conditions at
either Climax or 8kIP. Catastraphic tailures,
nowever, were experienced at Stripa under one

particular gperating congition. [ntergranular
corrosion of 304-stainless steel sheatns necessi«
tated replacement of 60 tnermocouplies installed in
12 sand backfilled borenoles in close proximity to
two full-scale heaters. Qnly 23 of these completely
failea, but all were replacea with (5v) Teflon
nsulatea and (10) Incon21-600 sheathea thermo-
couples, Had the replacements not been maoe, ft has
been predicted that 48 thermocouples woula probably
have failed as shown in Table 4, Al of tne
failures occurred within the first 100 days of
experiments that ran for nearly 600 gays. Upon
removal at the end of the experiments the Inconel
sheathed replacements also showeo signs of corrosion,
Three observations should be noted here, First, all
sheathed ihermocouples used at Stripa had been heat
treated to stabilize their thermal-electric cnarac-
teristics, inaavertently making the sheatn materia
more sensitive to intergranular corrosion (Binnall,
1980). Second, only thuse thermocoupi2s in sand
backfilled holes were affected by corrosion. Thirg,
since the Stripa experiments were well oelow the
water tanle, the corroded thermocouples were ini-
tially in a wet, heated environment.

Some of the Teflon insulated thermocouples at
Stripa developea water leakage at the RTV coated
junctions, This causes no problem in itself, but in
some of the grouted boreholes, heas pressure forced
water along the thermocouple wire between layers of
insulation and into the electronics enclosures,

Even so, temperature reddings seemed to remain valig
when compared with pregicted data.

Another phencmenan was observea at two experi-
rental sites when small quantities of water werc
cantured in closeo bottom thermocouple tubes. Tnis
resulted in & boiling and condensing cycle within
tne tubing, which caused thermocouple readings to
oscillate erratically between 100°C and the valia
tempe atures. This continued until the tubes were
clearea of the moisture.

Witder et al. {1982}, makes the following
design recommendations resulting from experignces
with thermocouples in DOE experiments

yse thermocouple sheath ang insulation material
that will survive the envirgnmental conditions
witnout corrosion or decomposition.

Use grounded junctions in enclosed sheaths.

Obtain all thermocouple wire from single material
melts.

. Retain control samples of thermocouples to check
long-term stability.

. Instal) tuping whenever possible for traveling
thermocouples. Take care that this tubing aces
not collapse curing installation or grouting.

. Thermacouples snoula be remavable for recaiibra-
tion ang/or replacement,

Pravide a means to drain or remove moisture from
long thermocouple wells (tubes),

, Provide periogic loop resistance measurements to
verify that TCs have not electrically openea ur
shorted somewiere along their length.

Conclusions

Geotechnical instruments originally cesigned for
laboratory and civil engineering applications nave



been useo for scientif, measurements in nigh
temperature repository experiments, The use of
moaifiea, off-the-shelf instruments, with a minimum
investaent in design improvements and testing
programs, have resulted in excessively high failure
rates. Manufacturers have made numerous improve-
ments in their instrumeat designs resulting from the
experiences in DOE repository experiments. Even so,
it appears that further significant improvements in
geotechnical instruments, testing programs, and
measurement and analysis techniques are needed
before these instruments can be used with confi-
dence, aver long weriods, in high-level nuclear
waste repositories.
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