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ABSTRACT

Heasurementa of drift closure caused by the
thermal load have been made routinely during the Spent
Fuel Test in Climax granite since abeut six weeks
after emplacement of the fuel. MHorizontal and verti-
cal closure was measured with a manually operated
tape extensometer 3t verious locations along the
lengths of rhe drifts. Average closurea ranged from
Q - 0.6 mu, horizoncal and vertical, out to about 2.2
years since the astart of the rest, At the same time,
digplacements from the thermal loads were measured
with rod extensometers emplaced to measure relstive
displacements between hole collars and anchor points

in holes drilled from two parallel heater drifts.

These data are compared with therwo-elastic finite
element caleulations which utilized measured proper-
ties of the Climax granite. The calculations show
that more than half of the closures occur between fuel
ingtallation and the first closure measuremeni. The
comparisons show tnat the results track each other, in
that where closure followed by dilation is measured,
the caleulacions also show this effect. The agree-
ment is excellent, considering the aversged measured
closures remain within 303 of the total calculated
drift clogures end the extremely small magritude of
the relative displacements { 0.5 mm}, measured or

calculated.

INTRODUCTION

4 generic test to evaluate granite as a medium
for deep geologic storsge of spent-~fuel sssemblies
from an operating nuclear reactor has been underway
gince the Spring of 19BD. Ome of the objectivea of
this test, st the U.5. Department of Energy's Nevads
Test Site, iz to provide data on the theymal and
thermo-nechanical behavier of granite from imposed

heat loads.

The inatallation in Climsx stock quartz monzonite
wab constyucted at about 420 m helow the surface and
145 n abave the existing water table. Figure 1 ahows
the three parallel drifts excavated on 10 m spacings

between centerlinea, Seventeen Btorage holes were

drilled in the floor of the central drift on I m
centers into which eleven spent fuel canisters and
six thermally identical electrical amimulaturs were
emplaced, Eleetrical resistance heaters were also
emplaced in vertical holes in the floors of the side
drifcs on 6 m centers. The thermal outputs af these
heaters are being periodically adjusted to simulste
the therual response of a large spent-fuel storage
artey. Rock and ventilation air temperature ace

being measured continuously in the drifts and through-

out the rock surrounding the excavationa,
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PIGURE 1. PLAN VIEW OF SPENT FUEL DRIFTS SHOWING

LOCATIONS OF CLOSURE MEASUREMENTS USED
1N COMPARISONS.

MEASUREMENTS, CALCULATIONS AND COMPARISONS

Drift deformation meadurements have been made
regularly since about 6 weeks following the Fuel
emplacement, Vertical and horizontal closure read-
inge are being taken with a manually operated tape
extensameter at six locations alomg the central
canister drift and &t five locacions along eath

heater drift.

Displacements from the thermel load were also
weqasured with rod extensomecers emplsced to measure
relative displacement between hole collars and anchor
poirts in holes that were drilled from the heater
drifts. Theee instruments were emplaced in the
pillars batween the drifts in horizontal holes and inm
holes inclined at .4° and 50° sYove horizontal. _)(b
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Finite element calculations were run during the
time of fuel emplacement [1]. These calculations
vere made with measured physical, mechanical, and
thermal properties of the (limax granite [2]. The
ADINA {3] structural analysis and the compatible
ADINAT [4] heat flow codes were used because of their
ability to hgndle diverse factors such aa heat flow
by conduction, radiation and convection, thermielas-
ticity, and excavation. ADINAT wes adapted to model
both internsl radiative heat transfer within the
drifts and ventilation {2j. For the purpose of the
calculations, the atart time of the test was assumed
to be the date of the installation of the centrally
located spent-fuel canister. Electric resigtance
heaters in the gide drifts were energized 0.14 years
later and have been periodically adjusted to simulate

heat flow in a large repositery.

Nearly 500 thermocoaples vere installed to
measure temperature in various positions throughout
the test facility. In addition to measurements near
the canisters, arrays of therzocouples were emplaced
at two locations along the drifts to monitor tempera-
tures in the intermediate field. Figure 2 shows as
an cxample of the measured temperature changes at 1.5
years since the start of the test at various posi-
tions in an array approximately 4 m east of the mid~
position along the drifts, superimposed on the
temperature contours caleulated with ADINAT. These
results are in excellent agreemeat except in the
regions immediately surrounding the drifts vhere the

differences are within about + 2°C.

FIGURE 2. COKPARISON BETWEEN MEASURED AND CALCULATED
TEMPERATURE CHANGES AT A STATION NEAR THE
MIDPOSITION IN THE DRIFTS AT 1.5 YEARS
SINCE START OF TEST.

The ADINA calculstions were made with an
isorropic thermal-elastic model, with laboratory
deternined temperature dependent expanpion coeffi-
cients, and using the nodal thermal histories calcu=
Jated with ADINAT. Separate calculations were run
using different elastic moduli for the rock. Averages
of laboratory wmeasurements on small samples of granite
from the site give a value of 48 GPa, vhile tne
average value from field deverminations of effective
elagtic modulus is about 27 GPa. 1n addition, an
explosively damaged 0.3 m thick region around each
opening was identified to have an effective elastic

modulus of about 13 GPa [6],

Pigure 3 shows the calculated nodal vector dis-
placements around the excavations at ahout 1.5 years
since the start of the test., Also shown is the loca-
tion of the rad extensopeters. The rock motion is
away from the heat sources beneath the flpors of the

drifts.

FIGRE 3. CALCULATED NGDAL DISPLACEMENTS FROM THE
HEAT LOAD IN THE VICINITY OF THE EXCAVA-
TIONS AT L.5 YEARS SINCE START OF TEST.
LOCATIONS OF ROD EXTENSOMETERS ARE SHOWN
AS HEAVY LINES.

As expected, the thermslly induced drifr closures
are different for each calculatior, Figure 4 shows,
a8 an example, the horizontal closure of the canister
drife for each caleulation. values ure about a
factor of two larger for the field determined modulua
than for the labovatory determined modulys, and about
10X still larger when the low-modi.lus demaged tegian
is included. The caleulsrions show that most of the
closure occurs within the first six months for both

the canister and heater drifce,
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FIGURE 4. CALCULATED HORIZONTAL CLOSURE OF CANISTER

DRIFT.

A set of drift clowure measurements were made at
each locatian at about one month "ntervals with a
model 51855 Tape Extensometer manufactured by Slope
Indicator Co., of Seattle, Washington. Potential
sourt2s of &rror in the reported values include
operator influences and thermal correction effects.
Variation in results, when measured at the seme time
ty several aperators does mot exceed + 0.1 mm [7],

while thermal correction errors fall between + 2% of

the measured values.

Measurements from five locations ip the canister
drift, five in the north heater drift end four in the
south heater drift were used in the analysis
presented here. Temperature corrected results from
redundant meagurements aud different operators were
arithmetically averaged to produce a gingle closure

curve for each drift and orientation.

Figure 5 shows as an example horizontal and
vertical closures of the north heater drift. Each
curve represents results for one of five locations.
variations between locations seem to be random and
~an be as high as « 0.2 mm. These five results were
averaged to produce single horizontal or vertical
closure curvea for the north heater drifr. Similar
procedures were nsed for both horizontn) and vertical

closures of south heater and canister drifts.

The single averaged measured closure curves are
compared with the calculated results. The caleula-
tion chosen for all displacement comparisuns was made

with a modulus of 27 GPs everywhere in the finite

element mesh, with no explosive damaged vegion. The
reason for this being that prior to the installation
of the anchor points, most of the blast damaged
region was scaled from the walls. Figures fa and 6b
show the comparison for the horizoental and vertical
canister drift closure respectively; Figure 7, for
the north heater drift; and Figure 8 for the south
heater drift. In each case the total calculated
closure since the emplacement of the spent fuel
(May 6, 1580) is plotted. Sirce the first closere
measurementa were not made until later, the
calculation and measurement were asaymed to agree at
the time of the First reading. It is intexesting to
nete that in each case well over 50X of the closure

Lo 2.2 years occurred in this early time,
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FIGURE 5. MEASURED HORIZONTAL AND VERTICAL CLOSURE
OF NORTH HEATER TAIFT AT EACH OF FIVE
LOCATIONS.
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FIGURE bb. GOMPARISON BETWEEN MEASUREMENT AND CALCU-
LATION OF VERTICAL CLOSURE OF CANISTER
DRIFT.
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FIGURE 8. COMPARISONS BETWFEN MEASUREMENTE AND
CALCULATIONS OF WORTZONTAL AND VERTICAL
CLOSURE OF SOUTH HEATER DRIFT.

When the difference between messurements and
caleulations is being considered, the fractional
difference shonld be based on the Lotal closure,
Measurements began after more than half of the
caleulated closure occurred bub at a time when
closure rates are still high. A small change Erom
the assumption that both curves are connected at the
time of the first messurement can make the agreewent
betweer measurement and caltulation much better - or
vorse, Using this assumpcion however, the greatest
difference between messurement and calculations is
less than 30%,

Relative displacement megsurements from the
thermal loads messured with the rod extensometers
were available after ghout & wonths since the start
of the test. These measurements were made in hales
drilled from the north and south heater drifts at two
statjons along the drifts. Temperatures were
monitored with thermocouples emplaced near each
anchor point in separate holes. Using these dats,
temperature corrections for the expansion of the rod

extensometers were made for each anchor position.

Figure 9 shows as an example a comparison between
measuremeats and caleculations for a one year period
between about 0.5 years to .5 years since the start
of the test. This is for the same location as thac
of the temperature change values shown in Figure 2.
Here the upper figure ac each anchor point gives the
temperature corrected ceasurement, while the lower
figure gives the calculated value. Here again,
considering the magnitudes of the displacements, the

results are in excellent agreement.
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SUMHARY AND DISCUSSION

The agreement between measurements and
calculation of the drift closures and relative
displacements of the rock around the excavation is
excellent, Since the calenlations were made with an
isotropic elastic model, this suggests that the
existing jointing in the Climax granite did not
appreciably affect the motion of rock during the

thermal phase of the experiment.

With respect to Cummnel closure comparisons, in
each case the measured closute is less than that
calculated during the time period where the
comparisons were made. This could be the effect of
the assumption thac the two results are coincideat at
the time of the First elosure result. On the other
hend, the elastic modulus of 2?7 GPa used in the
comparison calculation was an average in-gitu value.
The agreement between measurements and calculation of
closure would have been srill better if a somewhat

larger modulus were used in the caleulation.
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