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STATUS OF LLNL GRANITE PROJECTS 
by L. D. Ramspott 

Laurence Livermore National Laboratory 
Livermore, California 

INTRODUCTION 

I.: Nl. nas two sets of projects relevant to 
this workshop, "le are carrying out laboratory 
studies <i Kiel- behavior under simulated reposi­
tory conditions, and we are carrying out a 
seiies of f.elu tests in tne Climax granitic 
stuck at the USD'F Nevada Test Site. consider­
able pi ogress nas uei'n made in out: areas since 
tin: workshop or- Ihermomechanicjl modeling a year 
ay.,' '':~ paper sunimiiizes that progress, 
wnich ':: :\K result of ivsny individuals' 
ellurts, in the • jhtext ut thi., wurKshcp. 

>i>m«wM-i INVESTIGATION:) 

In '.'"„• jiCd of i.ne laooratory determination 
••.I' thermal, mechanical jnj transport properties 
•it conditions simulating those expectea in the 
vicinity of a high-level waste repository at 
dt-ptu, much has been accomplisncn since the sta­
tus of the experimental prog.an. was last 
leviewea. Hltnougn most emphasis has oeen 
placed upon the behavior of granitic rocks, some 
data has also teen taken on other coarie-grained 
materials, rrutaoly gabbro ahj halite. Measure­
ments undertaken include: thermal conductivity, 
thermal diffusivity, thermal expansion, bulk 
modulus, Young's modulus and wate: permeabil­
ity. I:i most cases, these data were determined 
over the maximum range of confining pressures, 
pore pressures and temperatures to be expected 
in a repository constructed at depths ranging to 
2000m. 

Because of the coarse-grain size ("J cm) of 
the suite of rocks selected fur the thermal 

measurements anc because of the constraints 
imposed on the test :;y tne range of pressure and 
temperature, a new apparatus nad to be devel­
oped. We have constructed such an apparatus 
capable of pressures uf 100 MPa .n- '.co°C which 
utilizes a microprocessor for experiment control 
and data acquisition, jn the past year, minor 
but persistent problems associai.ee with the 
pressurized electrical leads ana with jacket :•»; 
of the high expa si\ity halite heve heen Mr-

csssfuliy overcome. Implicate lest data nave 
now been deternioeu un H cin niameter by 2? cm 
long samples of the £v-ry i.>l-ind salt. Pun-
lished results' indicate that effec ivr pres­
sures (confining pressor:: minis pore pressure) 
to 50 MPa have a negligi;.' • effect un the ther­
mal conductivity, ..iifusivity an;: lin>',i; 
expansion at temper-il :res f M .'" ' to 2U0°C. nt 
20 C anil effective pressures increasing fmm ij 
to 50 MPa, tnermai ..oriaucf ivity ans ht'usiviU 
are constant at. roughly 7 w/rr'r and l.o * 

' m /s. tejpi1:* ivdy. u' '->u MPa anu tempera-
ture increasing from /•)' tc 2(inuc, both 
unductivity ui : )if: ; Jivit, drop hv a factor of 
,. Thermal !in"ai "(Parisian at OMPama'ches 
li.it at Id MPa, inc:- a'iii;, 'lurr. rdugniy n.'i s 

l c ~ V t at 20 ur tn •.•• * iO _ 5/°c at ?30°C. 
The lack of a pressure effect en all three 
properties is consistent wi'.n previous work. 
Sicple models of rni:r:;cracking suggest that 
aicing common geological materials, the lack of a 
pressure Dependence is unique to halite. This 
is likely due to combined effects of a iow, 
temperature-sensitive yield strength and a high 
crystal symmetry. 

http://associai.ee
http://li.it


The coeff ic ient of linear thermal expansion 

has been -fcLeioiinec! for iliroax s t u v jua:c/ mon-

zonite st effect ive pressures f r w 3 to ."J MPa 

and tuip-i. i toi 'e' j ranging ' roin 1.' to 500 f . ' 

[Jala or; tinea: expansion, compressibility and 

Young'b .nodaius oave ?AM been mr-.isured bi t out 

fo l l y evuoated t j r toe .'.'e.r.eii, ..or: S ' : i p i 

granites t.i VJ MP, an: ' . ;.!. sample , 

t e s t e d <;els d e l i o r l a t e l y ..o,iseo " i n d o l e 

imperfect in' , uV' i , i ra ieo tr. i, t-.r -̂  . ; p v . , -

f : y t b woii h I M M I.O lair;,: compared i,iit lo, 

' . . j i c l e >l'n '" , ions i ; - . ' • iii j ici.lte' ,•, ' , '. ' n 

.or g : . i ; l o r ! « , , o , >• : ! . • , r«>.' : p b ' - • • a o . / i ' -

.ni'iif-. ;' - i ' • p i i ' i i e i f , *••!•• : o ; o o : oi • 11 ' , • 

„ impk ' \ \ : " 0 O " : ;i ••,!( 0 I I ! I I ' : i ; . • ' i l l ' - .. ',,n 

- i l i 'C t i l l ' . 

Yoong's modulus dato hav- not yot been fu l l y 

evaluate:, f i a s l i c property data are not yet 

available for trie Westerly granite. 

Permeabilities : r White i_a!-e gnesdc gran­

i t e , j i e ' t n l , o ran i i " ao.o ac igh t ro gabbrn have 

oeeo u-:ei".ii.," i t . ' / ; , •• e f t ^ t i v e pres­

sures rano:: o ' , '0 MPa and at aeviatoric 

rosses to j.«b of toe fracture stress. ' 

Peroesbii i ' ies »eit: mermiueu tjy f'Oth the 

steady-si.ifr am; 'o. ' r a n s i u ' method'-. The 

icroi.ic, " ' '.ois i i : ) t : i " " ;ii fia' been assesse 

"Y P'lraai:.':: . a - i l ' , ' . ' . ' oirnpit- J irr,t_ris inns 

,'•'!• ' O i . i l o ! , ' ! ' ) •' IX' b .'a; dfu! f r o C -

' • : re : loo :• , , , i . ' . ] : •• . . iduet . ioc i ' . cc.'iipres-

,10 , j l . , . ' ; ; ! , i l l ! ; r . , • ilflpl i ! tide were ilet ,•! -

" i f ' : ; ,0'. ,!• jrieoo'i / . . i f ' foe prrineabi'. if y. 

! l 1 I • l O v ' r s t I ' l l ' • •; /.•• i.oi. grai i t - inoi-

I ' j * - . " ' . .-moost 

1. 

i " . :•• i !<. i , ' r . i l a : 

'oral e'paiibiooa i' 

' -, . ,.o ., ., 

:• ' . • . '•' '- •'",, ,-H •• s ions ' . ' : ••• : o v n t i c a l 

• "-'."•: >' . : , i . i g e i o c n - a v . : : r c o ' - ' ! ' . ' • ' " 

.. - :•. ' , T / ''" . IO:",e , ' , i i 0 " , Of " ' p l O . i O O 

: . r Mir . "* . . , ' ! r" -111- T " l a ' loose- - .>peft ' - '. •':! j o 

f f i - i f t i . ' i ' - ' n i k u but iao. '- f :e r ' roc-. Ob ' - i -

.'o'i,;,',', .i • •.• lieateo rot-: im:icat>- 'out tin 

t v i m ! '.>x[i„osiori is accompanied o* new d e r ­

rick fo r ' . i ' i on . At the l<WDerstuT"S to be 

• xp, ' 1 ' , : io tr," aai i rocl< rear a .vaste canister 

io : ; : . o i t i i . ruCKb, this increase in crai.-. 

, . i . ' - . i t ) is inferred to iicreooi: local 

pel ••••• i b i l i t y by factors ranging up to -. 

ion,,)res'.i:.' i l ities have only ueen fo l l y 

evaluated foi ttie Stripa granite. Here, the 

isottiermal ooU modulus at 19 C decreases fru», 

6 ' 10" /Pa to 3 ' H f J ' / P a as pressure is 

increased from 10 to i>0 MPa. At 5iO°C and over the 

same pressure in terva l , the compressibility 

decreases from 70 " 10" U /Pa to 4 ' 10"' /Pa. 

tor,: s f r e . i , o, :-..,,[ : , ; ' , o - g.... r, i i n - - , : -

: . uecri-dv: •:'•- . • ; • " " • " . lo " " ' 1 m' 

• i f ef 'ei ' : / ' :.[•" , n-. • .'" <•:•'•. i.,iaoi ,.. .' 

:>•* gniii^ro op i ':.•& ,.' !•:•- i : , --.r. • stp-ss 

iocrea = ed p ' - i . ' -ao i . : ' , :>, ; f a r ' , r o! ,ev«n. 

The :.•: : : i : . ; t : g •• , :",r'..'Qtijiing f r an - re 

in: reasi-o to- sparer.: pi raeani l i r v !:v !•.' to 

10 ove: to.: :• i ,r! i, ;<• io ; ii.:. oranit.'- or,.: 

g i b r i r o . 

ifhen coxpar,-i: '.•: '.!;" i n i t i a l value, compres­

sions! veloci t ies increased by •;* wRh pressore 

to 30 KPa ir 'he gneiSj i " granite. Tor granite, 

p ressur i ze ic i from z to : , : . MPa ircreaseo the 

velocity ana pulse amplitude by S and y.1%, 

respectively, ana decreased Me cjnductance ny 

5i"ft. Wloc i t y , amplit'jdn, and conductance were 

«eakly dependent on pressure in gabbro. The 

addition of stress decrraseo1 velocity and ampli­

tude while increasing coi Tuctance markedly in 



botn granite and gabbro. All data on both 
intact and fractured rock are consistent with 
crack closure and dilatancy with pressure and 
stress. Conductance and amplitude exhibit the 
best potential for monitoring changes in perme­
ability and joint behavior in situ. 

In the coming year, we expect to have deter­
mined the thermal uehavior of at least several 
granitic rucks to 350°C and 50 MPa effective 
pressure. Likewise, data on thermal expansion, 
compressibility anu Young's Modulus should be 
available lor the Stripa anu Westerly granites, 
the Climax quart; rnonzonile ind the Creiyhton 
gabhm - all determined at pressure; to 55 MPa 
anu temperatures t' 3U01' - 3b0 C. Measure­
ments ol permeability on both fractured and 
unfractureri Stripa granite, Climax guartz mon-
'Qfiite and Monteilo granite should be completed 
next year. Diagnostic data of velocity, ampli­
tude, conductance and tracture closure will oe 
reported as well. 

FIELD TESTING 

Spent Fuel Test-Climax 

LLNL received authorization for the Spent 
Fuei Test-Climax (SFT-C) on June 2, 1 W 8 end 
completed loading the fuel May 2b, 1930, iess 
than tw" years after test authorization. The 
cost trrougn fuel emplacement was $16.1 milliun, 
of «h: :h more than half is associated with tne 
use of raoioactive wastp rather than electric 
heaters. Therefore, one of tne test objec­
tives - the evaluation of the ui situ 
differences in the effects of electrical simu­
lators compared with real waste - coulo lead to 
considerable Cdst savings in future i_n situ 
tests. Although the fuel handling system 
constituted a major part of the effort on the 

Q 

test, it is documented elsewhere and will not 
be further discussed here. 

The original technical concept was 
revised slightly during test design. A more 

recent summary has been given. This paper 
will discuss changes in lest design since the 
original concept and give some very preliminary 
test results. 

The basic layout of the S^T-C has not 
changed (Figure 1). There are eleven canister-, 
of spent fuel interspersed with six electrical 
simulators in a canister storage drift. Heater 
drifts at either side each contain ten electri­
cal heaters. The total array is being operated 
to produce, within a central 15m \ \% reposi­
tory model cell, a thermal history whirh simu­
lates that in the center of a !?rge repository 
with waste spaced !m apart in linear arrays 
which are spaced Ibm apart. 

Changes in the test layout are mostlv addi­
tions. The data-acquisition system has expandea 
from about 700 to 859 channels. Th»- number of 
thermocouples has increased by 45 frjm «i2 tc 
487. The number of rod extensometers (116 
anchors! ana stress meters (18) has remained tne 
same, but 34 wire-extensometers have been addeo 
to measure vertical and horizontal convergence 
in the drifts. We also designed, built, and 
installed three-oirectiond joint-motion gages 
electronically monitored at sever, stations. 
There are <Jso a numrer of manually monitored 
displacement arc convergence pins set at various 
locations throughout the array. 

From the standpoint ot test design, a signi­
ficant change has seen in the power output of 
the spent fuel. Tne original test design was 
based on a power output of 2kW S 2.5 years Out-
of-core. The fuel selected for the test 
{Ref. 7, Table 7) was calculated to have r- power 
output ot 1.85 kX at 2.5 yeais cut-of-core. 
Although this lower power level resulted in a 
reduced thermal peak at the rock face of the 
central storage hole at %6 montns, this early 
peak was still in ixcess of that calculated for 
the same fuel at 40 to 50 years out-of-core. 
Thus the basic oveitest cecign was retained. 



Canister storage drift 

Access hole 

f Repository-model cell 
(15mX15m| 

North heater drift 

* 0 * 0 « O i * * * * * • 0 * 0 * 0 

'' Electrical simulators 
• Spentfue1 

• Heaters 

fladialion-i'lfects experiment 

H(i. I. flan view of (fir Climax graniu- spenMucl-sriirHjjr ItM. 

>..\ tii II tc fuel emplacement and after 
must pre-test Calculations had been made, a fuel 
jssempl- wa, measured in a belling water 
calorimeter. This measurement, since confirmed 
'.•' a second assembly, 03ve a power level a 2.s 
.ears of l.okW. This new information required 
-> tu "ake extensive last-minute re-calcuia-
tions, particularly to select the proper powec-
decay curves for the electrical simulators and 
turn-on time ; for the auxiliary heaters. 

Witn a power output of l.SkW, the early peak 
temperature un the oorehole wall sill be about 
4 JC greater than that at dO-50 years out-of-
ccre. Therefore, the SFT-C is still an overtest 
with respect to fuel older than 2.5 years out-
nf-core. As a result of both the power output 
change and calculational refinements using TRUMP 
in the 3-D mode with ventilation considered, the 
rock-wall peak tern- perature is now expected to 
be 8r'°C in about 6 months after the start of 
tne test as compared with slightly more than 
10tr°C in the original concept. 

The operation of the guard heaters was 
originally designed to start 0.3 years after 
test start-up, and continue at a single power 
level. For a variety of both operational and 
test design reasons, those heaters were turned 
on June 27 at a power level of 925 watts. The 

power will be increased twice, to 1300* w (Xi. 
/ears ana to UOUW i l.B years after test initi­
ation, with the current power history of trie 
guard heaters, an impruved match ntl*eer, '.ne 
repository calculation and the STT-l. ralculalior 
has resultec. 

The first experiment in inn 'JI-I test «nS 
measurement of tne mck resp-inse ic mining. 
Following this "nune-t.y" experiment, sre-
instrumentati'jn was removed for inspection and 
repair as necessary, filtrough tne stress-meters 
were in place for only three months, they snowed 
a significant amount of corrosiu: Because 
the SFT-C test duration is 3 to 5 years, some 
effort was expended in making the stressmeters 
more likely to survive. In addition the 
calibration reproducibility has been addressed, 
as well as trie details of installation, 
with regard to survivability three steps were 
taken: 

1. Nickel-plating of the stressmeter 
bodies 

2. Coating of the stressmeters with 
plastic film 

3. After installation, filling the 
hole volume around the 
stressmeters with plastic foam. 



The rod extensometer anchors generally per­
formed well during the mine-by experiment. How­
ever, there is evidence that one anchor slipped 
because of premature rupture of the inflation 
line. These anchors were permanently inflated 
with a check-value system and are pressurized to 
the rupture-pressure of a section of inflation-
tubing. The cited malfunction, together with 
trie recognition that changes in temperature 
during the main 5FT will cause corresponding 
changes in anchor-fluid pressure, led to an 
improved design of the rod extensometer hydrau­
lic system. The design chosen by LLNL is one in 
which a nearly constant bladder pressure is 
maintained from the drift level. Changes of 
bladder pressure are therefore evident, docu-
"rjnted, and carrectaole. Another refinement was 
to grout the annular space between the instru­
ment and the borehole wall to reduce convection 
beat transfer within the boreholes. Individual 
anchors were decoupled from the grout by rings 
of closed-cell foam fixed above and below each 
olaudtr anchor. 

Wire extensometers were designed .it U NL to 
measure vertical and horizontal convergence 
across the drifts at various locations. Dead­
weight loading of the wire is employed to 
eliminate problems associated with changes in 
wire stress and in catenary associated with 
spring-loaded systems. Seven sets of LLNL-
designed 3-component fracture monitors remotely 
record displacements along major discrete frac­
tures. 

determinations of rock stress and modulus. 
Stresses were measured by undercoring and by 
borehole fracturing. Modulus determinations 
employed the borehole jack and the "peute 
seismique" methods. 

In-Situ Migration Test 

LLNL is in the process of writing an experi­
mental plan for field tests of radionuclide 
migration in the climax granite. During June 
1980, construction for natural water collection 
and preliminary flow tests was started. The 
basic test concept is to inject radionuclides 
intn a steady-state flow along a natural 
fracture connecting two drill holes about ? 
meters apart. Tritium will be used to define 
the non-retarded migration, with other nuclides 
later included to compare field-measured with 
laboratory-measured retardation factors. 
Another purpose of this test is to develop and 
evaluate equipment ano experimental techniques 
to be used in later ki situ tests at potential 
repository sites. 

The"" 1! Modeling 

The thermal modeling for the SFT-C is 
briefly documenter, in the technical concept 
report and more thoroughly documented in a 
draft report ' Although many of the scop­
ing and design calculations were don" using ana­
lytic solutions for conductive heat flow, the 
more detailed calculations were done using the 
TRUMP finite difference computer program in 2 
and 3 - dimensional geometry. This permitted 
accounting for the small scale details of the 
as-constructed test geometry, thermal radiation, 
connective neat transport, and ventilation, in 
addition to conduction. It has also been 
necessary to include heat tran:port by ionizing 
radiation from the spent fuel. 

In addition to work specifically covered 
under SFT-C funding, two other significant areas 
of study were pursued this year. The fiist 
involves an experiment by LBL to determine the 
location and magnitude of acoustic emissions 
during the heated phase of the SFT-C. The 
second area of study is enhanced rock mechanics 
testing. This work focussed on in situ 



All of the recent modeling, plus the very 
early test data, confirm one of the early 
result; of our calculations - that ventilation 
is a significant factor in reducing the thermal 
load on the rock and thus should be treated pro­
perly in oesign calculations. We still expect 
that about a third of thi- heat introduced into 
the rock will be removed by the low ventilation 
rate:. [I i /Si used in the SFf-C. 

fill o! the thermal measurements to date are 
tracking within a few degrees of the pre-test 
calculations. Uecauses of the numerous vari-
ableb in ute calculations, this agreement is 
guod. Hie variables which need to be addressed 
in tnib Lest (and are uncertain to 5 - 1CK) 
include: 

o source power level, 
o thermal properties of the rock, 
o fraction of source power in ionizing 

radiation, 
o eraittances of materials (stainless 

steel canister, carbon steel liner, 
rock), 

c convective heat transport in the annuli, 
o thermal properties of the many 

construction materials (e.g., steel, 
concretes) in the storage holes and the 
drift floor. 

jther perturbing influences include ventila­
tion air temperature ana humidity, variations in 
pre-test amoient temperatures due to high-volume 
ventilation during the construction phase (up to 
several °C at some locations), position in the 
array, and the six-week sequence of loading fuel. 

TheriTiomechanical Modeling 

In order to carry out thermomechanical cal­
culations, it was necessary either to find a 
thermomechanical code which would handle venti­
lation or to linx a thermal code such as TRUMP 

to a mechanical code. AOINAT is a heat transfer 
code compatible tc the ADINA displacement and 
stress analysis code, but does not include the 
capability to model internal radiation and ven­
tilation. During the past year we have 

12 shown that a proper choice of nodes and 
materials within the drifts can be used to model 
internal radiation, and that ventilation can be 
modeled with a boundary convection element. 
This method has been verified by check calcuia-

1? tions against TRUMP. As a result we have 
been able tu use the AOINA-ADINM cccec for oui 
tnermomechanical calculations with assurance 
that the thermal calculations aie correct. 

Initial mechanical scoping calculations for 
the SFT-C were documented at last year's sympo­
sium and in the technical concept. These 
calculations were based on a linear elastic con­
tinuum model with an unrealistic treatment af 
overburden stress. It was, therefore, not 
surprising that discrepancies existed between 
the field measurements and the calculations for 
both displacement and stress. During the last 
year, most project personnel have teen con­
strained to complete work prior to test start­
up, so that additional analysis of the mine-by 
data has been at a relatively law priority. 
However, we have Deen establishing a capability 
for modeling both ubiquitous and discrete join's 
in order to evaluate the effect of jointing on 
the mine-by data. Ke have also attempted to 
improve our knowledge of kj sj_tu modulus anu 
state-of-stress. 

In addition to purely mechanical calcula­
tions, we have improved our thermomechanical 
modeling capability. At the last symposium we 
showed that use of temperature dependent thermal 
conductivities and expansion coefficients could 
strongly affect modeling results for the 5 kW 
heater test at Stripa. Subsequent work by 
LBL has apparently confirmed our results. 
In our calculations of the SF-C, we have 



included temperature dependence of the thermal 
properties at the appropriate overburden stress 
leveis. Unfortunately these calculations 
were documented prior to the change from 1.85 to 
1.6 kw power level for each canister. Given the 
numerous uncertainties in input and models, we 
did not attempt to revise these calculations 
immediately before fuel insertion. They will be 
rerun with proper thermal input. 

Future Directions 

We plan to operate the SFT-C for a period of 
3 to 5 years in its present configuration. 
Although the thermal peak occurs very early on 
trie fuel canisier (several months) and on the 
rock wall K 6 months), the peak temperatures at 
the edge of the 15 m x 15 m repository model 
cell (Figure 1) does not occur until about 2 
years into the test. Very little cooling will 
occur at this location before 3 years, so that 
'his seems a minimum test duration. 

Although included in the original con­
cept , we have only recently begun a serious 
evaluation of the possibility of refitting the 
test to include j ^ situ studies of annulus back­
fill in the presence of radiation. We plan to 
prepare a technical concept for such an anriulus 
backfill test during FY 1981. 

During the coming year we plan to improve 
the triermomechanical calculations in two ways: 
use of improved input on rock properties, and 
enhanced code capability for ubiguicous and 
discrete joints and other parameters. We plan 
to continue efforts to improve understanding of 
the rock response to the waste, but foresee no 
significant changes to the test configuration. 
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