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ABSTRACT esperity re-sdjust during th 1 deforma-
tions, xicro-shesring, ssperity crushing and

Deformations during heeting end cooling of srushing of the dary fracture Filling
three drifts in granitic rock wure influsnced by sinerals. Additionaily, scdulus differences in
the presence of faults and shear zones. Thermal shasred or fsulted rock s compared to sore intect
defornations were significantly lerger in sheared rock would result in greeter deformations in res-
and faulted zones than where the rock was jointed, ponse to the same thermsl loads.
but neither sheared nor faulted. Furthermore,
thernal deformations in faulted or sheered rock INTRODUCTION
were not significantly rezovered during subsequent
cooling, thus o p t def ion remained. This psper reports rosults of cenvargence
This inelestic response le in contrast with elastic monitoring of three perallel drifts approximately
behavior identifled in unfeulted and unsheared rock 425 m below surface in quartz monronite. The wark
segsents. A companion paper (Butkovich and was perforsed within the Climax Stock (loceted ln
Patrick, 1986s) indicetes thet deformations in un- the ¥avada Tust Site) as part of the Spent Fuel
shesred or unfaulted rock were effectively modeled Test—Climax. Fecilitles consisted of thres

parallel drifts with heaters in the outer dmifts
and & combination of electrical simulaters and
spent fuel canisters in the central drift.

ae an elestic response.

We conclude thet pesrmanent deformations
occurred in fractures with crushed minerals and
fractire filling or gouge materials. Potential
mechanisas for this permanent deformation ere

As pacrt of an overall gectechnical monitoring
program, wire extensometers were installed at five
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rig. 1. Locatiom of coavergence monitoring stetions.

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore Natiornal Laboratory under contract No. W-7405-Eng-48.
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measurement stations in each heater drift and six
stations in the canister drift to measure both
horizontal and vertical drift convergence (Fig. 1).
Locations of measurement atatlons were chosen to
sonitor end effucts and the effects of fracturing.
A three-year heated phase and a six-smonth ccoldown
period were monitored. The data reported hers
were collected on a continual basis by a computer
data scquisition syatem.

Rarly analysis of convergence included data
from tspe ext ters which ed the 2eme
points as were monitored by the convergence wire
extensomaters (CWEs). These data wers not con-
tinuous, and in order to compare the resuits with
finite-element (FE) modeling, the data from sll
stations within each drift were aversged together.
These comparisons, ss di d in pravious reports
(Yow and Butkovich, 1982; Butkovich et al. 1982,
Patrick et al. 1982; and Butkovich and Patrick,
1986d), indicate that thers is general agresment
betwean trends evident in the convergence measurs-
sents and in the FE modei culculations. However,
since the dats were averaged, any differences due
to local structurs would be masked. With the con-
tinuous date froa the CWEs, a more detsiled
anslyses csn be made of the influence of individual
geologic structures.

DISCUSSION

The first comparisons that wers msde are shown
on Figures 2 and 3, which give generalized curves
of tspe extensometer dats, CWR dats and FE model
c¢alculations for the Canister Drift. In genersl,
tha tspe, CWE dats, snd FE modols all indicate
similar trends (curve shapes are similer). This
supports earlier conclusions that in general the
rock mass bshaved elasticelly. The fact that the
measured and calculated magnitudes do not match
well for horizontal convergence (Fig. 2) is of
less significance sinca calculated megnitudes are
dependent on the moduil sssumed. The three
calculations shown are the seme except for the
acduli assumed, therefore, a modulus assumption
between those of calcuistions 2 snd J should
provide s good satch with
any modulus assumptions other than thcu for
calculation 2 would sdversely effect the current
good match for the verticel date (Fig. 3). Ths
points out an lsportant difference in vertical and
harizontal convergencs response which wiil be
discussed later.

As was indicated earlier, these comparisons
batwesn measured and calculated drift closures
used averaged taps readings from each station
within a glven drift. The convergence wire data
were analyzed to datermine whether the datas are
indepandent of geclogic structure. Pigure 4 shows
the maximm vertical deformations (from before fuel
wmlacement until just prior ta fusl removel) in
sach drift. The daformatlons are refersnced to
equivalent stationing within the Canister Drift.

As can be sesn, tbe measursments are quite constant
with statlom except for the stations near the far
nd of the drifts nsar the receiving room where B
there s & fault. Figure 3 shows the data from the
horizontal CWRa. These dats have considerably more
varistlon then the vectical dats, aspeciully ia the
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Fig. 2. Average canister drift horizontal
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Fig. 3. Aversge canister 4rift verticsl
convergence.

heater drifts. The varistion is not well undec-
stood at this tima; however, there is an increase
in sagnitude in the ares of the fault in *he North
Heater Drift which is simiiar to that seen in ver-
ticel messursments. In coatrast, the canister
drift date are fairly unifors. Nsgnitudes decrease
near the beginning of the fsuit zone. The spperent
inereage across the fault (last measursment) is
misleading since tkis ila s much longer messurement
section than the drift cress-sectlions msssured at
all other stations, and [t is not perpendiculac to
the dzift. Therefore, the data actuslly indicate
less horizontal thersal deformation in the Feult
zone than in the remsinder of the Canlater Drift.

Figures § and 7 show the cooldown cycle dats.
%o particular station related trend is spparent in
the dats, i.e., no station has a clearly diffacent
response than any other station. This 1o 1n
contrast to the thermsl phase data, where stations
at the ends of the drifte were clesrly diffecent



in response from the remaining stations. This
would indlcate that cpening of the fsult as the
rock cooled was not fundamentally different than
the contractlon of the unfaulted rock mass in
general.
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Flg. 4. Thermal phase verticsl drift deformations.
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Pig. 5. Thermsal phase horizontal drift convergance.
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Flg. 7. Cooldosm phase horizontal drift convergsnce.

Two factors, however, should be considered.
First, the ends of drifts (where the Fsult wms
located) should have ssen lass deformation response
since the thermsl loads were smaller. Therefore,
responses of the seme magnitude in these arsas as
sean elsewhere in the drifts actually indicate
greater displacements for the same change in rock
tezperature. This may reflect a lower modulus (E)
for faulted rock than intact rock, since t = ¢/8.
This would be expected in the highly brloken and
sltered rock assoclated with the feult. The second
factor to consider is that the cooling wes Incom-
plete at the time that the monitoring ceased. The
importance of this 1s spparent when mechanisss of
fracture behavior are considersd. It is likely
that during tho early portions of the heatlng phase
the fractures closed at s more rapid rate than the
intact cock expanded, but that as the fractures
closed, they responded increasingly as Intact rock.
Thus the overall deformatlons monitored in the
faulted rock would always be greater than that
monitored in intact rock, consisting of early
fracture closure which wes greater than rock
expansion plus the later deformations which were
siailar to (depending on the squivalent modulus
once the fracture closed) the Intact rock expansion
from the time of fracture closure. As cooling
started, the initial response would be similar to
intesct rock since the fractures had not yet opensd
and would be contrasted to the elastic response
only when the cooling had progressed sufficlently
te allow the frectures to open up. This process
can not be fully evaluated since the monitoring
ceased before the cooling was complete. It is
merely identified am & process that needs to be
considered, which seems consistent with the obser-
vations made in the North Heater drlft. During the
early heating phase (ses Fig. 8), divergence be-
tween the monitored convergence at the fault and
that monitored slsewhere in this drlfL was
increasing with time. However, approximetely one
year before cooldown started the curve becams
parsllel to the other curves.
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rig. 8.

Thers appesrs to be a slight oversll incrsase
in cooling deformation towards the far end of the
canistar drift (station 4400), whereas the north
heater drift appears to have a significant decrsass
in cooling deformation towsrds the fault. The
station nearby the fault has the smallest amount
of cooling deformations and the smallest maximum
deformstions. A similar increase is noted in the
vertical (but not horlzontal) CWRs of the south
heater drift. No continuum mechanism, which does
not account for differing modull, has besn identi-
fled that explains the greater amount of cooling
deformations at specific measursment stations. The
smaller parcent recoveries are usually assoclated
with the location of shear or Fsult zones. Since
the converse is not always true, this odservation
may mersly be coincidentsl.

It 1s interesting to note that both horirzontal
and vertical rasponses durlng heating snd coelling
are consistent st each msasurement point, i.s.,
both Incresse or detresse in the s:. fashlon.
This conslstency is indlcated on PFi_ures 7 snd 10,
which show very similar patterns of influence for
both vertical and horizontal extensoseters. Thls
leads to the observation that whatevar influsnced
the vertical extensometsr zlso influenced the
horizontal extensomster at esth measursment
station in a similar manner.

With ventilation proceeding from the rail car
roosl towacds the ceceiving room, the greatest
asount of recovery during cooldosm for any given
time should conceytuslly ba in the sectlons or
stations nearest the rail car room. This would
sesm true becauses of wermiag of the ventllatlon alr
as it flows towards the recelving room. This con-
ceptusl model is spplicable only if the alr flow
is uniform laminar flow. However, we know that
tesperature varied by > 2-3°C from paint to point
within the canlster drift. This isplisa that large
convection calls may have been opersting in the
drifte 8¢ as to “sven cut” heat transfer from the
tock to tha alc.
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Thers- is a falrly constant ratlo of cooldown/
thermal deformations (amount of recovery) in most
of the canlster drift. Howaver, the ratios of
recoveries chsnge dramatically (large increase in
recovery) st Station 3+75. This may be related Lo
structure since this ie the ares where the fault
zone and shear zones begin to intersect. The
increase in recovery near the recaiving rooa is
not easily explsined unless 1t was influenced by
structure. The implicatlons of structural control
would bs that fractures in this sres should ba
opening more than those elsswhere in the drifts.
Thersfore, Af the concept iw valid that fractures
respond as Intact rock untlil a certaln lavel of
caoldown is experienced, this would be the most
appropriste place to look for differences in
caoldown respanse. As noted on Fig. &, there is
an increase in magnitude of vertical convergence
at this station relative to other atatlons in the
canister drift. It le interssting that similar
observations can bs made at station 3+00 in the
north heater drift. Ho , at both of these
places the horizontal response does not show any
similar behavior.

Note that st the CWE array in the north heater
drift st Station 2+85, which spans a shear zone,
there is a drop in the deformation ratio between
cooling and hesting. Also, there lm a2 definilte
drop in magnitude of the maximum deformstlons at
this station observed by ths horizontal CWE. The
decrease, if any, for the vertical CWE i3 very
subtle. The locatlons of shear zones are shown on
the percent recovery curves (fig. 9). It appears
that there is a reduction in the percentage.
recovery snd sn increase in magnitude of deforma-
tion dus to the presence of shasr zones.

Because the behavior is not entirely consistent,
it is lmportant to recognize how the orientatlon
of geologic fractures would lafluence
individual CWXs. The shear zones are essentlally
vertical or very steeply dipping features. 4s a
result, vartical wire extensosatsrs would not be
able to measure permsnent compression of the
infilling minerals of & shear zona; rather, they
would monitor deformstions of the infilling of low
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Fig. 9. Ratio of coollng/heating deformation in the
north hester drift.
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Fig. 10. Ratio of cooling/heating deforzations
in canister drift.

angle joints. Vertical extensometsrs could only
monitor the influence of vertical shear zones as
spatlisl differences in cumulative permanent defor-
mations of the pervasive low angle joints, or as
the result of lower modulus associated with the
shear zones. This could result fros microcracking
being more prevalent near intersections of low
angle joints and shesr zones than along low angle
jolats without shears. This mechanlsa was also
indicatod by dats froa rod extsnsometers, but that
is beyond the scope of this paper. In contrast,
the horizontsl CWEs would be able to messure
permanent deformation of the stesply dipping shear
zZones and vertical (open) fracturss, but could
measure only a sasli p t of p t defor-
mation of low angle joints. Unless the vame
microcracking phenomenon was able to take place on
the shear zones as on the low angle joints, there
should not be the strong correlation of recovery
between vortlcsl and horizontal CWEs that 1s shown
on the curves. This leads to the conclusion that
lower modulus awsoclated with shear zones was the
mechanisa for the differences. 7This seems
plausible since a lower modulus would be expected
at thess more highly altered and fractured loca-
tions.

CONCLUSIONS

2Analyses of convergence data from three drifts
in fractured granitic rock indlcate that the con-
vergence of the drifts during heating of the rock
was perturbed by the prasence of faults (or
shears). Convergence durlng heating was much
larger in faulted rock than in intact rock., Sig-
nificant changes were noted at the ends of the
drifts where & fault was located. This was true
aven though the thermal loading was less in the
ares of tha fault. At one statlon near the fault
the convergence rate during the entira three years
of monltoring was conslstently double that of the
overall drift convergence. HMonltoring during six
months of cooldown of the rock showed smaller
differences in the convergence of faulted cock in
comparison to unfsulted rock. Because the cooldewn
was not complete at the and of the monitoring, it
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is concluded that fractuces whick had closed dur-
ing heating had not opened sufficisntly to respond
differently than the intact rock at the end of the
sonitoring period. 7his ls supported by observa-
tions at a couple of monitoring stations where the
percentsge recovery of thermal convergence was
greater. At these points the magnitude of cooldown
displacements were greater than at other places in
the drifts. It is also supported by the cbserva-
tion that nesr the fault, in one of the heater
drifts, the convergence during heating of the rock
was ccitinuing st about double the crate of the rest
of the drift. However, about a year before cool-
down the convergence rate asymptotically approached
that in the overall drift. This poseibly indicates
that the fault was closed sufficiently at that
polnt to respond similarly to intact rock. PFurther
avidence of the influence of the feult was & very
strong correlation bet the t of r v
thermsl deformstions in both the vertlcal snd
horizontal sections. There is & one to ome corre-
lation in the change of vertlcal and horizontal
recovery at esch monitoring station. 7This indi-
cates that "he smme mechanisa was :nn by both
vertlcal and horizontal ,» the
geologic structure would not be -on!tor-d equally
in both directlona. Therefors, s lower modulus
assoclated with alteration und fracturing in the
fault and shear zones is ldentifled as the most
11koly cause of the structural influence on con-
vergence.

These observations lead to the followlng con-
clusions. First, convergence differences during
heating that were related to the presence of a
fault are probably caused by dlfferences in the
modulus of the intact rock compared to that of the
altered and fractured rock. Becsuse the fractured
rock would have a lowsr modulus, it would exper-
ience larger deforsations for ths seme loading or
boundary conditlons. Secondly, it appears that
after fractures close sufficlently the rock con-
talning them responds similarly to intact rock.
This was seen during both heating and esrly cool-
ing. PFinally, a portion of the thersally induced
closure of the fractures was not recoversd during
more complete cooldown of the rock. Thus & pPerma-
nent deformation can be ceaused by closure of frac-
tures.
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