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dMTMCT 

The fpont Fuel Tsst-Cllaax (ftt-C) awe can-
ducted to evaluate the feas ib i l i ty of retrievable 
•oop geologic atorage of coamerciallp generated 
spent auclaar-raactor fuol assemblies. On* of 
tb* primary aspects of the test wjs to measure 
tht theraoaeehenlcel response of the rock aasa to 
the axtena^vs beating a' a largo volume of rack. 
Instrumentation was eaplaced to aeasure stress 
changes, relat ive action ef tit* rock asss , ami 
tunnel closures during throe year of besting from 
thermally decaying boat aourcas. followed by a 
s i x month cooldown period. 

Tno calculations reported hero were performed 
m i n t the heat available Input paraaetora, ther-
ael and mechanical properties, and power levels 
which vers directly measured or Inferred froa 
awaeuraaent* nade during the t e s t , th i s report 
dpclients the results ef those calculations and 
coaparos the results with aolectod measurements 
•ode during booting and ceollnt of the tPT-C. 

nrkMxicTKMi 

A tost ef retrievable deep geologic atorage 
of speat fuel assaaUles froa an operating com­
mercial nuclear reactor was recently ceapletod In 
a granitic Intrusive at the 0.S. bepartaent of 
Energy's (DOC) •eveda Vest Bite. This project, 
generally referred to as the Spent Fuel Test-
Cllaax U R - C ) . is part af the bevada aXiclasr 
Host* Storage Investigations, which are managed 
by the •eveda Operations Office af the BO*. The 
Lawrence Liveraore Sationsl laboratory (UM.) was 
responelble for the technical direction ef the 
test. 

In addition to evaluating the feasibility of 
deep geologic atorage, the test provided an 
excellent opportunity to etudjr large scale res­
ponses af e granitic rack aass to extensive 
hosting and aubsefuent cooling to near aablont 
conditions. Specific test objectives related to 
the tkeraoaechenlcel response af the rock mess 
were to evaluate our ability to numerically andel 
the response of the rock aess to an episode of 
heating and subsequent cooling. 

In ereer to accomplish this objective, a 
aeries ef calculations were undertaken ueing the 

JDJM structure) anelyal* cade (Mthe,l(7() and 
Its ceapanlan heat flaw cade AfillAT (Bathe. 
itJt). Tees* finite element cades ware chosen 
because af their breed acceptance, and their 
ability to either directly ar indirectly treat 
auch af the phenomena af Interest in the OT-C. 
Of particular Importance ware the coupling ef 
heat flow and etsehanicel response, excavation 
sequencing, arbitrary atrsss boundary conditions 
and a provision for simulating ventilation 
off acts, fault and Joint aotlen were met speci­
fically treated. 

TtST BCSCUPTIOf AID CKeKTRT 

location and Configuration 
the CPT-C is located 420 a below the ground 

surface in the fuerts aonzonite unit af a two 
part Intrusive known as the Climax aback, at the 
tost level, the rock ie about ISO a above the 
regional water table and la unsaturated but mot 
dry. wilder and Sow (in*) report four doalaant 
Joint seta and throe auch laas prominent seta in 
the tost ares. The joint frequencies range froa 
O.t to 2.1 Joints/a In the test area. 

The basic configuration of the test is shown 
in Figure 1. The three parallel drifts are 
spaced about 10 a an centers. The dimensions ef 
the two parallel and central canister drift are 
S.* a J.« a and a.e a s m high in cress section 
respectively. 

Repnitory-modet cell 
^ n i t t e r store* drift / » 5 n > « »Sm] 

^^ / Pnctitt 
\ . North heMtrdrrtt-. / ) ) e l t fun 

Acceu bote -./O^C V " £ & ! — : ~ ^ J \ / m e m 

*V**'_jr ° Electrical tiwutatortj , Bodielion CHectt 
* i h e Spent fuel ^~~^ Expsrimsnl 

figure 1. Plan view af 1PTC showing locations 
of spent fuel and related heat sources and 
therm*) phase instrumentation. 
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Haven canlslere containing e lnt le Intact 
apent-fvel aseaobliei, »ged about 1 .} pear* out of 
car* Mr* oapleced In O.gJ • dlaaeter by a » deep 
boreholes dri l led In the f leer af the cantral 
dr i f t . Ike event fuel aasaabliea vara lnter-
•peraed a i t s e lx e lectr ica l ly bested alaulatara 
•filck vara lacatad In boreholes af the aaaa a l l * 
and geoaetry. t o elaulete MM tberaal Meld af a 
large repository, tan auxiliary alactrleal baatara 
•art lacatad In boreholee epaced t • apart In tha 
flaor af each af tha two aid* drlfta . 

InatnaMOtaUao 

taaperatures, diaplecaaenta, and ( t r a i l changes 
vera aaaaured during tka three-year heating phase 
and aukaafuant elx-oonth cooling pheee af t in 
trt-C. Although tka depeaitieo and raaova) af 
tberaal energy and tba cencoaltant changes In tba 
rack aaaa toaperature constitute tka driving 
farea, tk> dleplacaaents and atraaa ekangea ara 
af diract cancarn In tbla report. 

tberaseeuples were lacatad throughout tha taat 
array taaaaaura tha distribution af taaperatures 
during the taat . tbaaa Inatruaanta vara aost ly 
cencantratad In tkt raglana claa* to canietera, 
and vara alao lacatad to ejeaeure taaperetures 
relatively far froa tbt baat aoureaa. Of par t i ­
cular lataraat hara ara tkoaa tbarooceuples that 
vara lacatad an ar adjacent to Inatruaanta which 
aaaaured dieplacanenta ar atraaa ekaagat. 

In adeHien. tka ckaraetarlatlca af tka vent i -
lat iea air atraaa vara aonltored. tka "dry bulk" 
taaperateres and tka devpolnte af tba lnlat and 
autlat alratraaac, togatkar with a ir f i e * rata l , 
vara weed ta deteralne tka auantity af aaargy r e ­
amed by tkc ventilation ayataa a* a function of 
Mac. 

Beoaarhanli,al lnatruaantatlen was lecatad 
tkrougkaut tkc tR-C to Bonltor dieplacaaente and 
atraaa akaagaa which accurrad aa tka rack anas vac 
Init ial ly excavated, kaatad, and ceolad. h u l t l -
point barahala eartaneaaeter* faVIX) vara Inatallad 
at thraa ariaotationt In four locations in the 
pi l lars batuaao tkc kaatar drlfta and the caniatar 
drift (rig- 2 ) . whereas the four korltontally 
arlantad aaltt have thrac anckor polnta, the unlta 
oriental at 34 and SO degraet above horizontal 
aacb have s ix anchor points. Xbese units , which 
•re refened to as Une-hy lastruaents ( D I ) . 
vara laatallad to record dlsplecaaent.e during the 
lUneby aaperlaant and vara refurblahed for con­
tinued aa* during the beating and cooling phases 
of the test. Subseauent to excavation, la four-
ancbor k*gf units vara Installed in the floor of 
the canister drift to aaasure displacements with­
in the rack nasi. 

Sixtaaa artbogonal aata of convergence wire 
extenaoarhtrs (CUE) were Installed to measure 
dlaplacaaaots within the dri f ts , these units 
measured the relative displacement* katween the 
roof aad she floor and between opposite wells of 
the drifts. Bach cut was eutfltted to perait 
parallel tape, extenseaeter measurements to be 
asde. 

Upend 

"•• • Mine-by ixttntomrtrr 
• • • Thermal phew axntnaomater 

-D-O-D- Mint-by vibminewirt rtraumttsn 
•»-e>B Theorist Phaatvibnrtino^irestreometeri 
_ Thermal phaMCOn»efaene» wire extantomeui 

r ig . 2 . crees aaetlen ebowlag lecatlana of 
various lnitruaante In SR-C. 

Changes la the atate of atreaa vara monitored 
at aelactad lacatlans using TJUU) vibrating wire 
•treaaaetara. 4 total af I I waits vera Inatallad 
as rosettes af three, one metre radially outward 
froa aacb af two apent-fuel assemblies, and at 
p i l l a r center and 0.7 a in free the caniatar dr i f t 
• t aach of two locations l a the aortk p i l l a r . 

A auBber or ta* geoaechanlcal instruments 
experienced aclfunctlens durlag the boated phase 
of the grr-C. As a re -u l t . not a l l inttnaaents 
provided continuous date records, the aoat 
cr i t i ca l date losses ware free tka vibrating wire 
•treaaaetera. 

Koergy Bepcsltlon and aaaoval 

the power kletory of the event fuel , developed 
by tchalttretb at a l . (1M0) wax adjusted to bring 
I t Into better agra meant with celorlaetry data 
obtained early In the t e s t , the power history of 
the e lectrical aiaulatora was sdjueted to the 
power leve ls which cloeely Batches the decay curve 
of the event fuel. 

the spent-fuel aaseabllee were aaplaced and the 
alaulaters were energised during a six week period 
beginning April I t , 1M0 and ending b>y 2«, 1**0. 
Likewise, at the end of the beating phase of the 
test they were retrieved er de-energised as 
appropriate between March 3 . 1**3 and April * , 
1»S3. because we modeled the fac i l i ty as a Inf i ­
n i te length array using a unit c e l l approach, 
these heat sources could not be treated indivi­
dually In the calculations. Instead, the calcu­
lat ion began to deposit energy at a t ie* corres­
ponding to the inaartlen af the center event-fuel 
aaseably (hey *. 1H0) . and atops when this 



e***ably w» raaoved (torch I* . 1»IJ). All t ie** 
•re beted aa U>» event fuel eg* In peere «ut of 
c a n froc). Tb* »p*nt fuel wet 2.4* toe at the 
• U r t af t e n l n g . 

Vk« power l e v e l e af the auxiliary kaatar* a n 
•hewn in Teal* 1 . The power levele af the** 
eource* increased a» tba t o i l progreteed. Tb* 
power Incraaaa c lo»*ly •pprexlawtei tk* thermal 
aula* which I* generated by tk* interaction af 
•any parallel raw* af kaat aeureai in • large 
rapotltory. t inea tk* auxiliary baatara war* 
anerglced eat d*-energlted •laultaneeutly, tk* 
timing af IWlr anartir aepoilt lan i » treated 
expl ic i t ly U tk* theraoaaehanlee] calculation*. 

Tabl* 1. Auxiliary kaatar power hletory. 

Bet* af Cheng* Power (watt*) Coaaente 

a*y 1. Mao 0. Start of teet 
An* 27. 1W0 1150. Too kith 
July 1. 1*90 •25. Target 
Beceaber It. 1M0 1250. Xartat 
February H. 19*2 •25. Too lav 
•arch 1. 1K2 1400. Coapenaatlng value 
April B. 1 W 1350. Target 

Tba f i l l a f energy (roa tb* tfT-C we* eare-
fully monitored. Sine* i t wa* net aur coal to 
evaluate aar a b i l i t y to aodal raaoval af anarty 
by tba ventilation a ir atraaa, «* uaad tk* 
aaasurad energy reaoval rata a* a kaat •ink In aur 
ADMIT ealcelatlon*. Tola allowed a kattar level 
af egreanaei between Matured and calculated rock 
temperature* and baric*, Halted tb* Influence af 
diaeropaacle* Between aeaaurcd and calculated rock 
temperature *o t b * tbaraoaackanlcal racponae af 
tat rock nan. 

BUT n i m CALCUUTIOBS AID COaTAUSMS WITH 
MM 

Toe tbaraal calculation* v m carried out with 
the ADIMT f i n i t e alaaant cede which i s caapatible 
tilth tb* AVmt alaplacaaent and acre** analytic 
code. AMMT produce* nodal joint tbaraal hl»-
toria* that Aria* the tharaoaechanlcal ADIM 
calculatiaa*. 

Comctty modeling keat tranafar in tbe i n - c 
r*«ulrai a boat tranafar cede with conduction, 
redietlea, and vent i lat ion capabil i t ies . In 
addition «* conductive beat flow through tbe rock 
•as* , radiative beat tranafer occur* between 
floor, well*, and roof of the drift*. Further­
more, beet i c removed by the ventilation air 
atreen paaaiag through the drift*. However, the 
p r o m t varalan of ADMAT allow* radiative keat 
transfer aaly froa tbe external kcundary of tbe 
Calculatkaal ae*h. and beat trantfer to the 
vantilatiai a i r 1* not directly modeled. 

•utkovlck and Montan (logo) devleed a method that 
enable* JMEtT t o model internal radiative k**t 

traniporl and vent Hat Ian. Sadlatlan an* modeled 
ky a**ignlng a kith value af thermal conductivity 
and a law a*** Aenslty to the Baterial which **n-
alltuta* tb* opening*. To alaulat* venti lation, 
we f i r e t connected a l l aide node* In aack drif t 
t* a (antral nod*. Tbla aodr aw* then rennetted 
to an eutelee point who** teaparature aa* fixed. 
A temperature dependent canvactlve kaat tranafar 
coefficient control* kaat tranafar between thi* 
eutelee polat and tbe central node. 

Tb* coal af tk* ADIMT tberael calculation we* 
to produce tb* corract temperature chance with 
which tba theraoaechanieal calculation would be 
driven. Therefore, tk* convection coefficient 
which central* tk* rata «r reawval af kaat ky tbe 
ventilation a i r atraaa ave varied watll good 
•greaaant between a***ur*d and calculated 
teaparatura* wa* obtained. 

tine* there 1* approximate ayaaetry with 
reapect to tk* vortical canter l ine through the 
epant-rual dr i f t , only half af tk* planar croa* 
aactlon ahown In Fig. 2 aa* aodaled. la cen-
etructlng tb* f in i t e aleaant a*»h, aw aade pro-
vlalon for an alaaant (roup O.S-a wide eurreund-
lng tbe excavation* *o that a ration around each 
weening which aa* damaged ky expletive* in the 
alnioc proeet* could be aaaltnad different pro-
partlaa than tbe r**t of tb* reck aaa*. Kith the 
aweeptlen af defenerated 4-aod* alaaeoU weed for 
the aatarlal raaovad l a tb* aaicavatlan, a l l of 
tbe elaaant* canilated af eight aoda*. 

Tabl* 2 abew* the tbaraal propartle* af the 
Climax atock ajuartc aonxonlt* uaad in tbe ADIUT 
calculation*. Tba power input to the aaant fuel 
emit ter* and e lectr ica l alaulator* la that ehown 
In P i t . 3 a* the aolld curve. 

Table 2. Tbaraal propertie* of Cliaax ateck 
Quart* •onxonlte need in tberaal calculation. 

Beat capacity* «3C J/**-I 

Tberaal conductivity 
0*C 3.M7* B/a-t 

2? 3.1104 
*11 2.1104 

Theraal axpanalon eoe f f l c l ent 6 

0*C 10. a 10-*7r 
21 10. 
40 A.a 
•0 7.4 

125 1.0 
175 ».» 
225 12.7 

*Berlv*d froa dif fut lvi ty ae**uraaentc 
kjjeard, H., U t 7 t ) , value* baaed on aeuuraaents 
at effective prauure at 13.* aTa. 

The convection coefficient* (which control 
b u t tranafar out of the a**h> were varied unti l 
a good f i t to a l l of the toaperature data 
•Matured throughout tbe entire beating and cooling 



portiena of tar t ea t wee produced. Figure 4 
•bom a typical taaperaturv-tia* curve ceaparlng 
aaaeured and calculated raaulta. The aedel point 
teaperaturea throughout tba aaeh at the atari af 
the calculation was Jl .S* C. tba •aaeured 
taaperaturee war* within about ar» degree af thla 
average value. 

«00 

3.6 4.0 4.B S.0 
Yaan out of Core 

•.0 

Fig. 3. Power Input to apant fual canister* and 
alactrlcal alaulator. 

4.0 5.0 
Vaan out ol con 

Fit- 4. Typical teaperature-tiae eur»* coopering 
•eaeured an* calculated raaulta. 

Fig. 5 abous an axaaple ef a coaparlaon between 
the Matured and calculated value* of teaperature 
change alec* the atart of the teat for 30 loca­
tions abort aad below the opening* at station 
2««3. near the canter of th* teat f a c i l i t y at a 
t iae 5.0 IK. I f the calculation and aaaeureaentc 
agreed exactly, a l l the pelnte would f a l l an the 
line with elepe - 1 and /-intercept • 0. aleo 
shown are the alepe (41) and p-intorcapt (40) of 
the beat fit straight l ine and the root-awan-
eauare orrarc (HI). In a l l cases, we aae » 2 

(IS) value* of at l a u t O.M and root-atean-sauare 
error* of las* than 1*C. Theaa coapare favorably 
with the m special l i a i ta of error for therao-
couplec ( U r o and with the individual calibra­
t ion!. Ihi* i s an exceptionally good level af 
agreement efcen aoe consider* that the petit ions 
of the teaeersture Maeuranent point* ore sot 

calnclient with a*4*l paint* In the f l a l u alaaant 
•eah far which the calculated teapereturta are 
ahown. Around the rib where the alaaente are 
aaallar, the eedal pelnta are within a . t ) a af a 
aaaauraaant point, per raglena away fras the 
opening* where the ajaah 1* aor* caarae, the nodal 
point* aay be as aueh as 1.0 • away free aaao-
clated asaauraaent point*. 
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Pig. 5. Coaparlaon between •eaaured and calcu­
lated aaluaa af taaperature change* alace atert 
af teat at aUtlon 1+43 at 5 TOC. 
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General Considerations and Input Beta 

a f ter the heating phase «r apr-C was caaplatad. 
Cravallns at a l . C1M4) perforaed an eatanaive 
r^it i rt atraaa aeaaureawnta walag two Independent 
tecbnleuet l a borehole* up t o 30 a ia length. 
The •eaauraaants exhibited a high 4*gree af 
spatial variabil i ty both in aagnltutt and In 
arlantatien. 

In a l tu defaraablllty date for the SPT-C were 
i n i t i a l l y developed by Reuse at a l . ( I N I ) , 
l a ter , Patrick, tow, and Axelrod (1H5) caapleted 
defamation noaulus aaasuraaanta folleviag the 
heated phase af the t e s t . Their analyses ahow 
that: the Been datamation Modulus wa* 37.7 CPa, 
about 40t hither; while their aean SBCUIUS of 
faulted, abaared or intensely Jointed rock agreed 
with the earl ier eet iaate . 

Opon axaalnatlon of the available la s i tu 
atreaa and defamation aodull data, i t aaaeid un-
raaaonable to 4o calculation* for a l l the possible 
combination* within the range ef aiiiuiaaiiila 
Purtberaore. i t was not poaalble to asdel the 
variabil i ty directly. Inatead, three therao-
aechanlcal calculations were aade, en? axing the 
in a i tu value* attlaeted by Reuse at a l . (1*41), 
the second based en beat a s t imtes er ia-*ltu 
value* of Patrick, Tow and Axelred (IMS), and the 
third with Bert loadings baaed an the ei l ieei of 
the poet tact ln-*ltu atresc *jeaauraaaot*. lach 
af these calculations used the ess* aosal point 
teapereture Blatorles obtained with 4PDUI, and 
taaperature dependent tberaal espanalan coeffl-



dents ahntn In Tail* 2. lb* thermal expansion 
coefficients used vara taken free Heard <l*7f). 
Ha measured the expanelen coefficients an samples 
of IFT-C quartz aontonlte at tonfinlnt pressures 
ef 0, IS.a and 27.• MPe. The intermediate aat ef 
values vara used as aore representative, based an 
measured in-sllu atraaa at taat laval. The values 
of input parameters far the three calculations 
ware as shown in Table 3. 

Table 3. Ilastlc properties and seen loading 
used for three tberaomechanleal calculations. 

CALCULATIOT aiMBU 
1 * 3 

Moduli (CPa) 
Intact £7 3» 38 
Damaged 13 1* I* 
Poieeon's Patio 
Intact 0.25 0.25 0.25 
Damaged 0.35 0.35 0.35 
Loading ( » » ) 
Vertical* a.21 a.21 12. aO 
Hor./Vert. 1.2 1.2 o.te 

•Vertical aesh loading based on ln-sltu atrasset 
aeaeured at aid-rib. 
Coaparlaons Between Calculations and Data 

Results of the three calculations are ahown for 
stress changes, tunnel closure, and relative dis-
plaeemente within the rock aasa around the open­
ings, when coaparleone with aaaauraaanta are 
ahown, stress differences between tern times are 
used; tunnel closures ar% adjusted to a calcula­
tion as af the atart ef the aaaauraeent period 
(several we*ks after the atart of beating) and are 
compared with the calculation froa then until the 
and of the test; and relative displacement 
differences are eoapared at aelactad tiaes during 
the test. 

Itrass Chanaes 
The three points for which stress va time 

results are ahown coincide with the positions of 
etreas gauges. Figure « ehows the calculated 
vertical stress as tie* fcr a point aidhelght In 
the pillar. 3 • froa the beater drift. Figure 7 
ehows similar results for a point in the floor of 
the canleter drift at aidpolnt elevation of the 
center spent-fuel canister, and 1.18 a radially 
outward froai its eenterllne. 

Comparing the results of these calculations, 
we see aoderate differences between calculations 
1 and 2 where the aesli loading ia the aaae but 
the deformation aodull differ by about 401. 
Larger differences occur in calculation 3 where 
the aesh loading is about $M greater than in the 
other calculations. 

As a result ef failure ef the l a w vleratlng-
alre etreee gauges early In the test. It is 
impossible to compare calculations with data 
during most ef the heating phaae ef the test. 
These fellures occurred when the gauge housings 
leaked, causing corrosion ef the wire. The 
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Calculation 1 — 
Calculation I -
Cekolttionl — 

I i • • -» 
M 1.0 4.0 

Yean out •*•»* 
IJO *0 

Fig. ». Calculated in-plane vertical atress as 
time for a point at aid-height In pillar, 3 a 
from heater drift. 

S.0 4.0 CO 
Veens out of eon 

Fig. 7. Calculated In-plane vertical stress vs 
tin* for a point at aid-height elevation of spent 
fuel canister. 1.11 • from its axla. 

instruments ware redesigned with hatter aaala and 
re-lnetalled shortly before the spent fuel was 
removed, (trees aeaeuramente at three locations, 
two of which are cited above, war* available free 
thia time through the cooldown period. 

To Bake these comparisons, the results from 
the etress-gauge rosettes were used to calculate 
the aecondary principal atresses for times of 
interest. From these, the horizontal stress com­
ponent in the plane of the calculation was deter­
mined. Vertical in-plane atress values were 
aeasured directly with atreasmeters in the horl-
aontal boreholes which are located in the ribs 
at aid-height at two stations. 



taMt 4 atom ceaperleene af aaeeured alree* 
differences at th* too etetlent far aach gout. 
position with tboat calculated far the petition 
k t i m n > . » (DC and S.iJ »DC far aacb lecatlen. 
In caeptrlag the aeeeiiraaenlt an! calculellent, 
the accuracy af the aoteurnesnt* Bual ae 
centlderad. Patrick, Bee .or, and Bcarafiattl 
O M O report peat-teat cillhretlena far tk . 
atrateaeter* which anew arrara la the ram* • ' 
tin af the gouge readings. I W Matured an* 
calculated changes la etrest agree within th* 
ancortalatles af th» aeaturaaent*. 

table 4. Caaperleen af aeoaurad and calculated 
etrots changes which occurred during caoldovn 
period. 

Btelien 
* 

Baaeured 
BTa 

Calculataa B7» 
#1 01 0» 

Borlaontal 
event fuel 

- 1.19 • frae 

* ,.: .. 
•Id-point elevation af 

*>Sg 
2*#g 

1.9 
9.9 

2.4 9.4 1.4 

Vertical -
dr i f t 

aid-height in r ib B.» • f ran eanlater 

1+*S 
9+47 

2.1 ».C 1.9 1.4 

vortical - •Id-height In r lh at a ld - r l * 

fern 
9*4> • .9 

9.1 1.4 1.4 

Turmtl Cletur. 

h u u n a n t i af dr i f t d*fanutl*nt war* aede 
routinely alace tha aaplacaaent af th* apent fual. 
Both harlcantal ant vartlcal aaaauraaanta wan 
taken at five lacatlant alac« th . haatar drifts 
and at a l l location* alone the eanlater dr i f t . 
two type* af iaetruBentatiaa war* weed: cenvtr-
tanca win OKteneoaetert which wara •onlteret 
autoaaticelly. and a annually operated tap* 
astenteaeter with which aaaauroaanta war* aa4* 
periodically, typically aaca aach aoeth. Ih* 
tap* axteaaenoter aeaeureaento H I > Initiated clx 
wa*ks afUr th* oaplaceaent af the apenl fuel. 

figure* • and t ahw an *aearl* af calculated 
horltsfltal and vertical event fuel dr i f t clotures 
far aach calculation, tat raault* fran theer 
calculation* abov the coaploxlty af the effects 
af varying In altu atretics and aafull . At al l 
locations, calculation 2 provides the aaallett 
tunnel cleoures hecauee I t aeed hoth the loner In 
altu atroat and hither aodull. although eel-
culatlen 1 ahem the (raataat horlcentel cenver-
Bonce in the canlater dr i f t , there 1 * aetenllelly 
no dirfanaee h*twe*n calculation* 1 and 9 la the 
heater drift , even though the In altu atreeaet 
are aarkedli higher for celculetlen 9. I t alao 

provides th* grotteel wortlcal tunae) cleeure In 
hoth the canletor and hotter d r i f t * . 

Boaaunaente fro* five lacetlea* In the 
tanlator d r i f t , five In th* aerth Boater d r i l l . 
and four la th* aeuth heeler dr i f t oar he ca»-
perod with calculatod dleplaeeaente. teaperature 
corrected tape aatanaaaetar aaaauraaont* fraa 
rodundant steaeuraaento and different operator* 
wara arlthaetlcelly avaragod to produce a alagla 
cloaura eurvae far the borltontel and vertical 
direction* la aach d r i f t , th * ejeaeuraaent 
variation* range te a aexlaue af to.2 m ahout 
th* Bean. Bewover, thoe* Venetian* he*, aot boon 
corrolatod with local properties and B**l**lc 
•trvctures and hence are taken t * ae render la 
th l * analyais. 

Vaen out of oore 

f ig . B. Calculated feorlcontal claauro of the 
•pent Fuel Br l f t . 

I -1 

T r- 1 1— 

Calculeiion 1 —— 
Celeulet ion2—-
Celculation 3 — — 

2.C 1.0 4.0 6.0 
Veers out of core 

N g . t. Calculated vartlcal cleeure af the gpent fuel Drift. 

the calculation* abov that at aueh a* 2/9 of 
the aaxlaua cloture toot place before the firet 
tap* extenaaaeter aeaeurocente were aade. Be a 
reeult. It wat aeceiatrr to add the aaount af 
calculated cleeure to the averaged ajcaaurod 
vaiwt te facilitate a ceaparlaon. Per thl*. 
Calculation #2 vat choaen alace average values ef 
aeaturad Bodulut were uaed aad aeeh loading vet 
beted an beat estimates ef In oltu ttrets. 



figure 10 ahem an aJtaapH af a ca*a>*rl*on far 
korltonta] tanlalar drift detur*. 

rig. 10. An aa eagle af a ceaparlaon between 
calculation aat avaaauraaenta af drift doaura. 

Although the averaged •aaaauraaanta appear 
aoawvhat arratlc Wcaua* af the aarglnally 
acceptable reeelutloo af the lnatruaent (about 
0.023 an), the calculation* and the aeeaureaentt 
track aaeh ether ejulte nail, rlrat, the weatured 
and calculated tutmal daauraa arc alallar in 
fora. For the aaacureaant* earning cloture 
during the aatlra heating period, the eeleule-
tlonal raaulta alao ahou tbli affact. Where in* 
fetaeuraaante ahow claaura followed ay dilation, 
the cslculatiaa ebo*» tklt affaet aa vail. 
Second, tbc aagnltudc* af cloture* provided by 
Calculation 2 opi'oei- to be In good agreeaent with 
the aaaaurad reapenaet. 

when tht difference between aaaturaaanta and 
calculation la being eonaldered, tha reader 
ahould keep la aiad that the fractional differ­
ence ahould a* baaed an the total cloaura. 
•aaauraaanta began toward the and af a period 
when the claaara rate* art Quite high. Therefore 
a anell cheat* fraa the aaeuaptlon that both 
curve* arc caaacctad at the tlae nf the flrat 
aaacuraaant can a-ak* the agreeaent batmen 
aeacurenent and calculation chanie dramatically. 

•dative Maplaceaient* of the Beck Ban 

Coaparlaaai way alao to aade between teapera-
ture corrected •aaauraainta within the rock u t i 
and cdeulatleac- Tht finite daaent a»»h nodal 
point* that ware selected for the** coaparlaont 
war* near or fateraectet by the positions af the 
fcerltontal and Inclined borehole rod axtanao-
aeters. fiace the calculatejn« provide horitontel 
and vertical diaplacaaent ctaa>onentc i t wet 
necemry te trlgonoaetricdly project tbeie com­
ponent* onto the 34* and SO* Inclined petition* 
which eorreepatd to the e*ten»oaeterc. Tbece 
racultc were tea-pared with the appropriate 
•Matured diaplaceajent. 

Correetleat were antie far the thermal axpancion 
of the rode. these correction* were, in every 
caae, a factor af two or tore larger than the 
recorded dieplacewtntc. tblc i t becauae the 

coefficient af aipanelan af the ateel red* free 
which the red aeteneeaetera were taade la alallar 
te that af the rack. That la . bath rack and 
laatnaaant* expend nearly the aaae aaount wader a 
given teaperature change, da a reault, the 
•Matured •Heplaeeaent* cantaln • large «eaponent 
fraa the enpantlen af the Irtatnaaant, a amall 
caaponent reflectlai the difference batwaen rack 
and Invtrunent aapantlen, and a aotalble third 
coaponant due te iaelastic rack ratponee. 

Once a«tin, as data were available far the 
early part af the teal ao It waa Mceaaary to 
(take all caaparieetit relative te a apent-fuel age 
•f 1.0 toe, appraalaately ala -tonthe after 
ae-placaaent af the event fuel. 

The relative dltplecaaent data are auaaarlsed 
far aaae af anal-ale in rig*. 11. kWre UO 
aeaaured and calculated dlapleceaent* are platted 
acalntt aacb athtr. a line f i t through the polntt 
provide* aeae bade aerjure* af how wall tha date 
ceapare to tha adcilatlana. Celculbtlec 1 la 
aoalnally better than the atber calculation* by 
all three awaaura*. while the S* la rather lew 
(U - O.SM). It la eoaewhat batter than tlw 
0.517 and O.SM af Celculetiena 1 and 3. 
reepectlvely. In addition, the raol-
•aan-aauare error af tht data with reepect to the 
leatt-aauarat fit la about S aa leae for 
Cdculatian 2. Tee relatively aaall »' and 
large tats error can be axpldaad. in large part. 
by arrsra In the laatnaaentatlen. In altu 
cdlbratlana indicated arrets af about 13 1 «0 
wa (at aaa •) with error* for individual 
inetruaente ranging * O.JS am (Patrick, lector, 
and tcaraflottl, 1M4). Tberefere. the data and 
edeulatlon* cannot agree any better than thla. 

400 
1 1 r-

- Calculation # 2 

1 1 1 1 — ^ 

• •* .S 
*• J7 

200 j i"**yi^ 
Vx*i5i* ** 

jew*™* •*•" 
j i"**yi^ 
Vx*i5i* ** 

jew*™* •*•" 
•j MS ' > Al - 1.06942 

0.0 T?5»'. AO ••4371163 
* . . * R • JB7411 

s^ ** •.. 
«M •1JMZTI 

•200 s^ ** •.. RN ««6.7S803 
j ^ / « * , 230Poinu 

•mo 200 
Calculated 

400 •00 

Pig. 11. Caaparlaont of ajeaaurod and calculated 
relative diaplacaaent* with reault* free 
calculation 2. 

Within thate llaUtatlont, wa conclude that 
Calculation 2 provided the beet agreaaant with 
the data. Thi* calculation aaed average 
rock-tut* awdull, a balf-aatre thick aaplotlvely 
aaaaged sone around each opening, and the average 
in aitu etratc avgnltudec which reaulted in a 
horltontal-to-vertical atreac ratio ef 1.2. 



tMKAir ABD IBUUS 

Tb* Apent Fuel Teot-Clisex caueed extensive 
heating of a large volume ef granitic reck. 
Although other tut* af thli type have * * " «on-
ducted, thia w*« tbr flrct opportunity to avaluete 
tb. ability of • finite-element cad* aucb aa ADIBA 
to calculate theraomechenical responses of rack 
on thi* large a acala. Calculation* were per­
formed using tb* beat available tberaeaechaMce] 
properties and In altu etresses for tb* reck 
surrounding the ained openings which comprised 
tba trt-C. The ADIBA calculation* all uaad an 
Isotropic tneraeelastic model with toaperature 
dependant thermal expansion coefficient*. 

In general, the measured and calculated dis-
placementa agree within the accuracy of the 
Inatruaantation. Thla is tampered by the fact 
that aeaauraaente ware not obtained at carl* 
time* when rate* of displacement* and otroa* 
chant** were very high. Furthermore, lntrlnalc 
limitations of tranaducer accuracies max* highly 
precise coapariaons between data and calculation* 
impossible. 

It appears then, that the rock Bass where 
Maeuraaente were aade behaves thermoelaetlcally. 
However, \ coapanion paper by Milder (1*16) antes 
altr.ifica.itly larger aon-recoverable deformation* 
toward* toe and* of the APT-C drift*, where fault* 
and abear sonaa occur, while the central region 
where the reported measurement* were taken has 
ubiquitous jointing. He are lad to conclude that 
the rock at trt-C with ubiquitous jointing behaves 
olastically, with largely recoverable deformations 
on cooling. In the regions where ahear zones and 
faults occur, the deformations are larger and 
only partially recoverable. 
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