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ABSTRACT

lccess to a granitic rock mass in an iron
»re mine 1n Sweden has provided a unigque
apportunity for a sertes of iAvestigations
en problems involved in geologic storage
of radiouctive waste. Important results
have been obtained that would not have
energed 1f these experiments had not been
carried out underground at depths compar-
ible with those envisaged for an actual
repositers. 1t was observed that as the
roch mass was heated, the temperature vari-
iions over time and space could be rcason-
abiv well predicted using avazlable theary
and apprepriate values of material proper-
tie~. dlowever, because the rock 1s
srecture!, predicting the theraomichanical
tehaviot o mnch more invelved. The role
1 the discentanuities 1s 4 key factor

imd 1- net vet well understood. The frac-
ture network 15 alse the Jdominant factor
3n centrollang rock mass permeability., A
nen method of measuring aveiage permcab:-
Jitv on 4 very large scale 15 reported.
investigations on the geochemistry and
1sotope hvdrology of groundwater samples
Bave i been carried out.  This work has
rerealed o mumher of geotechnical problems
that must be pursued and has also demon-
“tritcd the vital importance of being able
1o aris out large scale inve.tigations
underground 1n a field test fatility.
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RE Sty

I avoir pu atteindre un volume Jo oo

e gramit Jdans une mine Jde for en Sudde

a2 fourni une occasion uniyue Juv tairc

Jdes recherches au suret Jdo probitmes
concernant le stockage géolegiyue Jes
Jéchets radteactif{~. n 4 ains1 obtenu
Jdes résultats important- qui n'aur.aent pa
ctre générés s1 ces expéricnces n'avarent
¢ licu sous terre Y une pistondeur
cooparabie 3 celle 1'un vérstable dépot.
0n a4 noté yue sous I'intluence Jde T
chaleur les changements e température on
fonction du temps t fc l'espace peuvent
etre prévus assc: tacilement on ~e ~eruant
de la théorie accessihlc et des vileurs
approprides des torcticns natériclles.
Pourtant, parce yue la roche est 1. urée,
11 est braucoup plus Jrttictle Jdo prdver:

le comportement thurroméenigue. o 1ol
des orscontinuités e~t promerdisl, a0 4l
esl encore assel afoonnu, lo ¢ e b

t1ssures est le trost Jdompnant s
conrtrole la pernfabiiitd gt Ta My~

rocheuse.  On étudtv 1ui ube neuve jle
nfthode pour mesurer la purmdaniiitd
movenne en grand.  On o4oauss it e

recherches sur 13 géochimiv ¢t 1'isvtep
de 1'hydrologie des fchantallon- ~ou
terrains. Ces recherches  at conduit 0
un rombre de probldnes géotechnique  (ui
doivent etre €tudié~ vt snt aus~y Mémentrd
qu'il est absolument cssentiel du pruveny
poursu.vre Jes recherchos ~ uterriioes en
grand dans un vral champ Jd'es-~at.
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INTRODUCTION

Safe disposal of radioactive waste away
from the hiosphere has become a topic of
much concern in the United States, parti-
cularly within the past decade. Over the
st four years, the Lawrence Berkeley
l.aboratory has been responsible for carry-
1ng out a comprchensive series of Ficld
tests to study certain aspects of this
problem in an abandoned iron-ore minc at
Stripa, Sweden, about 150 km west of
Stackholm. leud organizations for this
work the Nuclear Fuel Safety Program
(KBES) for Sweden snd Lawrence Berkeley
Lahoratory (LRL) under the Battelle Office
Af Nuclear Waste Isolation for the W.S.
Department of L (Witherspoan and
Degerman, 1978).

”

Manipg ot Streipa began in 1185 and contin-
ued intermittently until] late 1976, The
underground sorkings are 250 km 1n length
™33 devels down to 310 m o below the sur-
tace. The banded hematite ore at Stripa
t. aituated almost entirely in leptite,
prolominantly a silica-rich, kigh-grade
wetamorphosed volcanic rock of Precambrian
we (Olhrewics et al., 197,), The leptite
s subjected to cast-w. compression,
Juring which the north-northecast-trending
Vikern svacline, containing the ore de-
poas1t, was formed.  Late in a second
pertod ot folding, caused by north-south
coapression, the plutonic rock at Stripa
intraded the leprite. The plutonic rock,
1.7 billien vears old, i~ predominantly
quartz monzonite.  \ series of pegmatitic
artoaplitae Jdihes transect the reddish,
wedtum grained mass1ve quart: monzenite,
which has been tractured noat least two
NS ¢ ot the workings {or mining
th re s1acvted the quarts monzenite,

g

ABL 8D5-9438
Faw. 1. Map showing general geology at
Stripa mine, locations of inclined hydrol-
ogy horenoles (SBil-1, SBH-2, SBi-3), d
underground test rooms (dashed lines) at
338 m level.

hence the easy access for these investi-
gations,

The general geology at the Strips mine

and the location of the experimental tn-
vestigations for radioactive wastc
purposes arc shown in Fig. 1. A coord:-
nated series of tests were carried out

on twu key problems that arise in using
granite for underground wast¢ :- lation,
One of these problems is that of predict-
ing the thermomechanical behavior ot 1
heterogencous and discontinuous rock aass.
This wus accomplished using a scries of
electric hcater tests to sinulate the
encrgy releascd by the Jecay of nucledr
waste. The other prohlem imiolves trac-
ture hydrology, that is, predicting the
movement of greundwater that oin transport
radionuclides through the granite, 3 com-
hination of horchole measurvments and
geochenicatl studies formed the bhasi~ 2
these hydrology test A new method ot
measuring the peracabilily of very large
rock masses in a sealed-off length of
drift was also developed to compare with
results by conventional mcthods. Imper-
tant findings have been obtained 1n this
work, and the purpose of this papetr 1s tc
discuss their significance from the geo-
technical standpoint.

THERMOM

HANICAL 1N

TIGATIONS

Importance of ihermomechanicai Eff

After @ geologic site surtuble fler a
radioactive waste repositorv has becen
ulentified, the site will be subjiccted
to two principal perturbations. lirst,
1t will be necessary to sink she - .ot
the depths of the proposed repositery
and then make the regquired eacavations
to hold the waste canisters. It sheu'
he practicable to accompli~h this witheut
impajiring the ability of the site tu
1solate wastes from the bicsphere to uny
significant Jegree.

Second, as a rewult of the radivactive
decay of the wastes, the subsurfuce mnedia
in the vicinity of the repository will
undergo a thermal pulse.  The svetem will
be heated te a maximum temperature at the
depth of the repository within o century,
depending upon the waste form, and ~ubse-
quently will cool over a much longer
period of time. To insure that the re-
pository will provide adequate isul
of nuclear wastes from the biesphere  .or
these long periods of time, it 1s nece
sary to assess the effects of this therr
pulse. An cstimate of the magnitude of
these ceflect can be calculated readily
using a lip.ar theory of thermoelasticity.
This requires a prediction of the tenpern-
ture Jields and appropriate values of roch
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properties ta he used in determining ther-
mal induced disrlacemecnts and stresses.
Unfortunately, the required material pro-
perties are normally mcasured only on
small cores, and it _s well known that the
behavicy of a large rock mass is seldom
the same 4s that of small samples of rock
(Hoek, 1879).  Accordirgly, it is impor-
tant to Jevelop and verify models for
predicting the thermomechanical response
~f an unicrground waste repository.

The avarlability of the test facility

10 the Stripa mine in water-saturated
granitic rock provided a unique oppor-
tumiy for conducting thermomechanical
eaperiments. By instrumentiag these
vxperiaents so as to obtain comprehensive
THeasurements of temperature fields, Jis-
Poacements, and stresses as funcrions of
tine and space, we have identified the
data needed to predict the [hcrmnmCLth-
teal response of a repository.
results have shown that it 1s necessary
te tske 1nto account the geologic struc-
ture of the rock mass and the functional
dependence of the coefficients of thermal
vxpansion, Poisson’s ratio, and Young's
medulus 3f predictions are to provide an
aceurate Jdescription of the response of

v rock mass to the heat produced by the
fecas vt radioactive wastes.

full-Scale Heater Lxperiments

tutl-<Cafe heater cxperiments were design
ed te permit the anvestigatior of the
~hort-tern effects of heat 1n granite,
Flectrie heaters housed in a canister I m

Pt gn length and 9.3 m (1 ft) tn
Itancter were used to simulate the power
sutput of radioactive waste. Two such
wanisters, cach vontaining four heating
viements, were positioned tn J06-mm ver-
ticel holes drilled to a2 depth of S.om
in the tloonr of the full scale heater

druft ar whown an Fig, 2.

big. 2 shows a cutaway drawing of the two
tull-scsle heaters and some of the hor:-
sental horeholes that were nstrumented
rom an adjacent lower level drift. The
twe heater holes were spaced 22 m apart
sc that the canisters remained thermally
1solated from each other for the duration
of the vxperiment. This enabled two se-
parate experiments to he conducted in
parallel. Power output for one camister-
heater was adjusted to 5 kW to represent
a4 typical power level of reprocessed (uel
after some three years. The other canis-
ter-heater was set at 3.6 kW to represent
similar waste products approximately five
years old at the time of emplacemcnt.
These power levels were sciected four
vears ago; currently, somewhat lower
levels are preferred,

tig. 2.

Arrangement 1 caperiment.
monzontte ok ma <

1n yuart:

below t

he

su

scale heater

nent borceholes ras wdiacunt o

drist.

The response

TR CANISTOYs by MONIl

Bl W eI A

rface, hotamn lotadl .
dridt oand Leoate o bty

of the =ivo 1 owent e the
vaten e s

Fockh displacements were measured uoang o«
tunsoneters,

stresses were deteraned frem tra

surenients using YSEM borchoale letoy
gages and IRAD (Creare!d v
gages [Schrauf et al.,
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4 relativels chert pocr b3 ot
those heater
on the thermal behavier o1 tvpicad har!
Lr)>lJl11no rock (UChan cr al., 149b04,

test~ provided important ot

3 shows an example of tompetatare o

predicted versus these that were measure d
3.6 k¥ heater as a tunclion of
The length of the heating pet gl
was 398 days; the total length ot thy-
experiment was about 1; years. .o orature
presdictions were bascd onoa o scmroL vt
solution assuming intact foch ani
laboratory medsurements cf roch projpe:* - u

for the
time.

{Chan et al,,

1978).  The laborator, ait.

were as follows: density, 2600 hg/m’,
specific heat, 837 J/thg C); thermai con-

ductivi
sivity,

w

Ly,

1.

3

2 K/0n7C)s and thermal ditiu-
x 1076 mfsec.
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Proficted (dashed) and measured
tempuratures plotted as a function
A  ahiui of 0,4 m from 3.6 ki
heates slony Boater midplane. Variations
i measured s1onalsoat curly time caused
'voweresa o o starnless steel thermo-
Coatprle ~hoeath,
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1. predicted (ashed) isotherms and

e \Illu.] tenaperatures in a horizontal plane
through the center of the 5.t kKW full-scale
heater ;90 diys after start:g experiment.
IMstunces ave inoweters and .emperatures in
degrees centiprade.

Fig. 4 shows the spatial Jdistribution of
temperaturc measured on the midplune pass-
ing through the center of the 5 KW heate:
compared with the predicted isotherms at
190 days afrer turn on. As will by Jdes-
cribed below, this granite rock miss is
extensively {ractured and jointed.
ful examination cf Fig. 1 reveals that
Jdespite the presence of these Jdiscontin-
uities and the water that f1:1ls thews,
there 1s little if any ¢ffect en v o
thermal field., Note the ch llent AgTrev-
ment between predicted Feasurcd

values in all directions onay from the
axes of the heater. This 1~ typroal ot
the results that have been obtained
throughout both full-scale heater
experinents,

re-

$caled ierter Lxperiment

In the Losled heater exper:wont at Stripa,
times were compressed in the 1atie of 1:o
hy usine laws of heat conduction.  Lach
vear of Jdata s therefore cquivalent to
ten years of Jata from the tull-scale
system,  The linear scale, which must be
reduced to 11T W3 of the fuld
still allows for reaiistic ficld Jimen-
s10ns.  \noarray of 3 heatd spaced T
apurt long the axis ot 1
heater voers and 3 moapart o the cther
darcotion was osed e th e trtataen
b to Apjrapriate scadinhg ot the

aHe Tk ome

Fig, 5. l(pcrmum\ll TOUDS 1N stz
monzonite rock mass showing Jdetail of
scaled heater drift with cight [.U R
electric hesters. Heaters are 1.0 m long
and have been placed so that the heater
midplane 1= 1U.5 m below the flcor.
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power output of these heaters shows that

1 kW is represen ive of an initial power
output of 3.12 kW; this power level was
decreased Jduring these tests to simulate
the Jdecav 1n energy output of radioactive
Waste.

The configuration of the heaters in the
avrav shewn 1n Fig. 5 was chosen to csta-
blish o three-dimensional pattern of
thermal 1nteraction between heaters and
~urround nyg rock, such as may be found n
a4 practical repository. We calculated
that thermal interaction would occur with-
1n & few months of the start of this
eyperiment, and this was confirmed by
fi1eld observation (Hood et al., 1978). As
1n the ¢ of the full-scale heater ex-
periments, remarkably good agreement was
found hetween measured and predicted rock
temperatures. We concluded that the domi-
nant mode ot heat transfer in a Jdiscontin-
uets roch mass 1s conduction.  The
teaperature field 1s therefore amenable to
prediction by relatively simple semianalv-
tical methods (Chan et al., 1978).

Vi A
i

Full Scaie Dot
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Fig. o. Diagram illustriting arrangement
of full-scale heaters, locations of exten-
someters 1n both vertical art horizontal
borcholes, and locations of peripheral
heaters surrounding 5.0 kW full-scale
heater,

Roch Displacements ind Stresses

Lxtensometer measurement- in the rovk
jacent to vach full--~cirle heoter revesd
the complexity of atteompting to preiict
thermomechanical behavior oo discontiru-
ous roch ma Unlihe the temperatur.
results, the rock Jdisplacerent . arc nat
consistent with values pre hotod preer 1
heate:r TUPN an usthy Dinesr thors claetad
theory (Chan and Cock, 10790 wia Lot
cally orrented multipls toul caton o
meters, cach with ¢y anche: poant , owor
mounted 1n herchole s ol wont ek
full ale heator at lrttorent raodial h
tences.  In addrtren mine fervzonn b
mounted cxtensondter 1 ~1n
extended inte the near vicinat
heater through boreh 1o
in o brg. 6. Detgud Lot

tion are Jdesoraihed burtur
14 B

LN
The extensameter 1caiings el bl «
puzzling results nbich soveal the o plos
problem one faces o0 LLO@p UG T o acd
thermomechanical behavaor o 1 dreo ntina-
ous rock mass, s 0 tirs~t approach, the
Limiting case of hemopeneous ntact rock

was asxsumed and Jasplacements were prelice
Cloprier to heater turnoonoaoing the
foliowing consbant atte ol proge 6( i
thermal expansion, LR N RS D
Soung ' s modulus, b2 S8 TR T
thorn Conductivat.,
vl MU 5P

average roesult e tenper -

ture range of Jao-1n oo

The rock displacen. Jow Tan .ot
types of behavinr.  mrang the tir 1o
weeks, the measured frspliscoment - o

very much less than that pr et t b 1t

theory of “inear thermeols troat
this mnit.a) period, the wca-ured e

placements gncreased anpteraly but ot
more or less con-tant pordent e ofotne
predictoed values. Tor oany ot the .
someters, the rifec °f rweuecd b0 e

dicted displacement~ furine *hi. coontd

phise was D03 fiood vt ol 197w

ample of measurel ant vre et n
acements for o« veriaoo o extan emet 1ot
a oradial Jistance o Toe o rorpem th

H RN
heatoer 1s shown 1o Bi,. 7o CSLte that the
cxperimental results Lo ot s redh

movement than one would preldict riem tle
theory ef lincar thermedlastic.t a3 in-
tact rock {Chan and Cook, 147y, heoon-
planation may be the tempe ure e
dence of the rock properties. sl
ments predicted from temperature depenaoont
values of «, k, , and h for rntact reck
and based on limtted laboritory tests
(Chan et al., 1980b) are shown in fig. 7.
Although much octter agreement with Tield
data has heen obtained, the lxboratory

¢
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values are too few to be regarded as re-
rresenting the propertics of the rock at
Stripa sufficiently well. Accordingly,
laboratory measurement of the thermomecha-
nical property of cores from the Stripa
quartz monzonite is receiving high
priority.

. - s T

.
{
- -
\ e vers /
N o
: ~
- ..
—_
oo
<o oo
e

12, 7. bloat showang measured rock Jis-
Pinvement: ino¢ vertical direction between
anchor pornts 2,23 m above and below the
heater midplane for an cxtenpsometer at a
adial di-tynce ot 1.0 m from the 3.6 kW
tutt-scate heater.  AMso included are dis-
Pl st predicted wsaing constant as
weld tmpoature Jdependent properties.

Medasuraments o8 stress changes in the rock
dds s Wik vihrating-ware Creare gauges
show tremds imibar to those of the exten-
Lomelos tesults, The observed stress
Satues wote st half of those predic-
tod rom the averaged thermomechanical
proporties cited abeve.  Predicted stresses
ate tilY wonsiderabiy higher than measured
viiuc o when Dhe temperature dependence of
the t oh properties 1s taken into acccuat
¢t ul., l980b), Nevertheless, the
~{re~s o resufts support the conclusion that
thermonechanival of fects induced in the
toon nass are significantly less than pre-
Jicted (Chan and ook, 1979) from publish-
celd values for the properties of intact

oy apecimeas of rock,  The role of
diacentinutties in cantrolling the thermo-
mechanical behavior of rock masses needs
much more studv.

fracture Mapping

fhe Jisparitics hetween measured displace-
ments and those predicted from the linecar
theory of thermoelasticity indicate that
the quart: monzunite, when subjected to a
thermal pulse, Jdoes not behave in a lincar
1sotropic manner with constant thermoelas-
tic propertics. Discontinuities in the
svstem probubl - play o major role in con-
trolling thermomechanical behavior, and
thix raiscs the difficult question of the

level of detail at which fracture geome-
try must be investigated to understand the
behavior of the rock mass. A comprchen-
sive program af fracture mapping was ini-
tiated at the veginning of thesc cxperi-
ments in anticipation of the neced to
answer this question.

The methods employed in studying the frac-
ture system in the scaled heater experi-
ment have been described (Thorpe, 1979).
First, major discontinuities were identy-
fied so that they could be modceled as
discrete cleuents (Goodman, 1976).

Second, all fractvres weve defined through
carcful measurement of orientation, spac
ing, and joint length. At present, 1t i
impractical to model such ubiquitous
joints as they actually exist: techniques
are being developed to represent them
stochastically (Glynn et at., 1978; Hulson
and Priest, 1979).

Since heaters for the scaled experiment
were placed 10.5 m below the floor of the
drift, only the most prominent and con-
tinuous features arc likely to persist
from the floor through the hcated region.
Accordingly, only the major features
striking transverse to the drift were cx-
trapolated downward and cerrelated with
discontinuities found in the borcholes,
Four shear surfaces probably pass through
the heater array (Fig. 8) and offset cr
truncate other discontinuitics, which are
filied with chlorite, calcite, epidote,
and clay. The most prominent and well-
defined fault of the set apparently off-
sets a pegmatite dike some 20 cm wide.

Statistical analyses of joint geonetrics,
based on results from logging of under-
ground borcholes and comprehensive
surficial mapping of the underground
drifts, show four distinct sets of joints
(Thorpe, 1979). The directions of three
of these sets can be correlated with the
divections of the current principal
stresses (Carlsson, 1978). Detailed frac-
ture mapping such as this cannot bc
accomplished hy conventional metheols with
borcholes arilled from the surface ~nly.
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HIEENN Vertacal profile of major fractures

Instrument i'roblems

ihe heater experiments at Stripa created
seme feyvore aperating conditions for the
instrument  that were installed and cxpect-
« ! to operate over a period of one and a
Hal” years (Binnall et al., 1979). Mea-
wured heater skin temperatures approached
>0 ¢, rock temperatures in the immediate
vicinity of the heaters exceeded 300°C,
and mechanical response had Lo be measured
with rock temperatures cxceeding 150°C

Few of the available instruments for mea-
suring mechanival response arc desipned to
vperate with accuracy and reliability
under such conditions.

Four types of instruments were used at
Stripa: 389 thermocouples for temperaturc,
35 rod cxtensometers for displacement, 30
U.S. Burcusu of Mines (USBM) borehole de-
formation gauges and 26 IRAD (Creare)
vibrating-wire gauges for stress determi-

~at5"

v “a -

v .
ed
- .
! .
z s
e .
D

Mot pmenew e e

dlong centerline in scxrle! heater eapor:

nation. These schsors nere anstallel

n
vertical and horizontal berehelos ~trate-

gically located around the vertical heate
borcholes (Schraufl et al., 197w, The
sensor s1gnals (>750) were higitized ad
transmitted to a Medcomp [V compute
(McEvoy, 1979) located in 4 nearhy burld-
ing underground.

The major instrument problem wus with the
USBM gauges, which utilize pasts ol appe -
ed  cantilever beams to sense changes in
horchole dimensions from which stress may
be computed. The gauge was ortginally de-
signed 1o operate at ambient tempsature
{Hooker et al., 1974), and it was thu:
necessary to incorporate high temperatuie
components [or operation up to 200°C.
Sixteen of the twenty gauges installed in
vertical holes and two of the ten gauges
installed in horizontal holcs failed in
servive, some of these more than once.

The fuilures were caused by water cntering


http://lio.it
http://nper.it
file:///icinitv
http://mper.it

the gauge housings, causing short circuits
and open ci. cuits duc to corrosion., These
leaks occurred in spite of a regular de-
watering operation which insured that
water levels in the instrup.nt borcholes
remained below that of the gauges. Cor-
rective mecasures were taken to provide
soldered intern:zl connections and improved
f.rmetic seals at cable connections.

The red extensometer is a common device
for measuring changcs in the axtal leagth
of a4 horchote. cally these instru-
ments performed well with interim mainte-
nance and minor :icld modificetions. The
major clements of these cxtensometers
(Fig. 9} are: (1) rthe anchor system, f2)
the ancher-ta-callar rod connection mount-
vdinside of 2 waterproef flexible
conduit, {3) a head assembly ich
includes the rold tensioning system and the
displavement scensers, and (1) several
thermocouples for measuring the tempersa-
ture profirie st ng the conpecting rods.

Svlktionsl Vien o1 pod extenso-

ct, teoamchor ocrebem,

Votew problese wilh The extensometers
have arosen that wrbl reguare attention.
aoodrrticulty sas oan oanternal fricrion
thit gnused ctepwise displacements of up
tr o008 . Jhas sriction gould be re-
Toased by ataple tapping of the covers

v,oand o orautine of poicasing the
ftsplacements several times per
this fashion was Tound necessary.,
ner probies as the precision of the
ment Lo ogeasure very smal! dis-
piscoements.  The present lower limit in
the precisien of the extensometer is abour
vl omm, and <ince heater experiments in
the tuture wav operate ar significantly
lower temperatuies, a much greater accu-
racy will he required,

FRACTURE HYDROLOGY INVESTIGATIONS

seysing Directional Permeabilities

shigration of radionuclides away from a re-
positary may occur by solutien in ground-

water seeping through the site. The rates
of nuclide movement depend on three basic
rock properties: (1) permeability, (2)
effective porosity, and (3) capacity for
sorption. Research at Stripa was concern-
ed only with the (irst of these
properties.

Evaluaving the permeability of a rock such
as the quartz monzonite at Stripu is es-
senticlly a problem of undcrstanding the
hydraulic behavior of a cemplex network of
fractures. A permeability Cunsor for the
rock mass can be developed from measured
orientations and spacings of iractures and
an assuned model of aperture Jistribu-
tions. This approach has bcuen used by a
number of workers (Romm and Pozinenk
1563; Snow, 1965; PMarsons, 19 Louis and
Pernot, 1972).
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Fig. 10, Iracture hydrology results trom
SBI-1 showing gencral geology, fracture

zones, RQD values, and bottom hole hyldro-
static pressures measured during Jdriliing.

Basic data on fraCture orivntations, spac-
ings, and continuity were obtained by
mapping the fractures in surface outcrops
and underground rooms (Thorpe, 1979).

Data have also been obtained from three
borcholes {sece Fig. 1) that were drilled
from the surface down to the lcvel of the
heoter experiments at angles of 387 tu 345°
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fraom the vertical. An exampyr. of results
from SKI-1 is given in Fig. 10,

cored so the rock

tach hote was carcfully
sampivs could be orientated and the frac-
ture geomeiries rcconstructed. Borchole
injection tests were mide to obtain hy-
draulic measurements of the effective
fracture apertures.  All of these data
being combined in an dttempt to define
pam tensor for the vock mass

ile vl owl,, 19703, this work s
conplete,

carge Seale Perneabality Measurcs

he anvestigations described above repre-
~eit The comventional approach to fracture
In lroloyy for o discontinuous rock mass,
but the buih permeability of the Strips
R . nite is not particularly low.
the oroeataty nf the rock EES 1 G
prosorred sopository site could pe tno to
rlors of magnitude less than that
ie abtan meaningful measure
Wb low permeabilatios ia o
rock mass, special technmigues
voresanred,
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t Lo Parge scale permeabrbioty expernt
sent o bowrne gnstramenatation Parcholes amd
Vet Toosture watel cepage through
per et oante o ocentrolled pattern of

i rovostieete thrs prohlem, new concept
ety g lurgesscale perneability test
Srrocarraed autoat stripa atherspoen ot
Lobomor. 0 33w tength of driit
viedd et and equapped with 4 oventilatien
vstes with which the air temperature could
toowntredled to evaporiate all witer seep-
e oonte the room (lag. 11 Thae flow of
witer nto thic drift was determined from
Carctul moserements of the airflow rate
th: Juticrences tn humidity and tem-
viween the entering and exiting
This new technique coables
~urement of the average permeability of
aree vdume of rock (o the order of

107 to 10%3) over a range ot i tempera-
tures from about 20 to d0.

Hydraulic pressures 1n the rock mass
aroutsdl thisx Jrift were measured at i
points in 15 holes that radiste out from
the draft an different darectrons.  Iwo
groups af five holes cacn sere dralled ra-
Jrally outward, and cuo o creugp of e
hales was drilled 4t the end ot the roon
to Jdistances of 30 to foon o bag. oo
Firgure 12 shews the orrentation o1 one ot
the radrai groups o b orcholes. dach
burchole was scaled ottt with six packers
placed so that prescwcs and teaperatures
Cruid be measured over oo oantornvals,

IR

Tag. V2o Pressure rooearemeni inoradiad
bortchales of ventilation dratft ot Stripa,
Ctippled eret shews pres ure thoreaesce:
caght by oarter pacaane oty bl NI
145 pea.

Bed sve the installatien ¢ opackers, all
woles had been dratneng 1aes v torehole
RO qiag. 12) preduces o at oo~ much waeter
as all the ather 14 holes combinets far-
liet ipjection tests an B0 oo uitel! an
pressure responses in maiy o3 the other
korcheles n the dredt, con cyquently, kot
was pached of f and anstrumented Tast <o
that the effects of pre ~uye Surluup an
the other boreheles couli hee monitored, o
shown 1o bag. 1 The dashed fine repre-
WUNL Pressures measured cust botor RO
wan packed off on 31 Mtomr 1974, lThe
sofnd lines represert pre osures me . it
on 5§ November 1974, ang the stapplol ocne
show how pressure pnoroasos vecurred aere
or less uniformby thocaghout this roac-
turs ' orock after instrumentation or Rl
Similar eitects were n thoasd the




other boreholes, Note that the pressures
increase with distance from the drift and
are all about 1 megapascal (145 pounds per
square inch) at a distance of 30 m fron
the drift., These unusually low pressures
are the result of the effects of drainage
into he adjuceat mine workings over many
years.

After all the boreholes were packed off, a
marked incrcase in drips and wet spots in
the drift was observed, The temperature
and mass flow rate of the circulating air
were adjusted to evaporate all incoming
water, and an initial secpage rate of
about 50 milliliters per minute was mea-
sured. On the basis of this rate and the
observed pressure gradients, a preliminary
value fer the average hyi{aulic conducti-
vity of the order of 1(°*! m/sec has been
calculated. This new method of measuring
permeability in situ «s an important ad-
vance in fracture hydrology.

Geochemistry and [sotope Hycrology

Geochemistry and isotope hydrology provide
an independent apnproach to the problem of
the overall permcability of a rock system.
IT there is rapid communication of surface
waters to the 338 m level where the heater
experim .ts were placed, similaritics in
chemistry and age between shallow and deep
waters should exist. On the other hand,
if the deep waters entercd the groundwater
system many thousands aof years ago and
have percolated downward at very low velo-
cities because of inherently low hydraulic
conductivities in the rock mass, there
should be significant differences between
waters at different depths. This approach
mus¢. of course, tak. the geochemistry of
these systems into account because changes
in the envirorment of groundwaters can
also produce significant effects.

A comprchensive program of investigations
on the geochemistry and isotope hydrology
of the Stripa groundwaters was carried out
by Fritz ev al., (197%a). Water samples
were collected from the surface, shallow
private wells, and in bereholes drilled at
the 338 m level where the heater tests
were carried out. In addition, a deep
borchole drilled by the Swedish Geological
Survey from 410 m (the deepest operating
level in the mine) to about 840 m below
surface provided a further opportunity te
examine the concept of whether evidence
can be gathered for an increasing isola-
tion of the groundwaters with depth.
Analysis o< the results has provided im-
portant information on the geochemical
evolution, origin and age of Stripa groun2-
waters (Fritz et al., 1979a, 1979b).

Geochemical analyses of the groundwaters
show an increase in tutal dissolved
solids with depth. “his increase is due
to a few elements only, notably calcium,
sodium, and chioride. Bicarbonate (or
total inorgamic carbon) decreases drama-
tically below 100 m depth, and both mag-
nesium and potassium contents droK from
higher levels (2-10 ppm) in the shallow
groundwaters (>100 m) to below 1 ppm in
the mine waters. Especially remarkable,
howevzr, is the rise in pH from around
7.0 in the shallow waters to as high as
9.8 in the deepest groundwaters (B0I-838
m). This rise in pH is probably linked
to the dissolution of primary silicates
such as feldspars and formation of clay
minerals. These processes release cal-
cium whi -h causes continuous saturation
of the mine waters with respect to cal-
cite.

GLOBAL METEORIC WATER LOME —g
7z

™
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Fig. 13. Compari~>- of §180 and §2H
values for Siripa groundwaters. The ana-
lyses are reported as $°/.. values with
reference to standard mean ocean water
(SMOW). A 5180 of -10°/0o signifies that
the sample has 10°/,, (per mil) less 180
than the reference starndard which closely
reflects average scawater.

;he abundgncc of the stable isotopes 180,
H, and C were determined to obtain in-
formation on the oriﬁin of these waters.
The results of the 180 and ZH analyses
are shown in Fig. 13, which illustrates
that all groundwaters sampled except the
surface waters fall close to the glohal
meteoric water line. They afﬁ thus “nor-
mal®” groundwaters for which 150 and 21
contents reflect climatic conditions in
the original recharge area.

As a general rule, lower heavy isotape
concentrations signify lower average an-
nual temperatures at the recharge areca.
Therefore, the deep "saline" groundwaters,

10



which have the lowest 130 and 2H contents,
must have recharged at lower average an-
nua) temperatures than the shallower
groundwaters. This has been confirmed by
rarc gas analyses performed on all samples
(Fritz et al., 1979a). Onec must thercfore
conclude that the decp groundwaters have
an ovigin Jdifferent €row that of the
shallowcr ones.

This conclus.on is further substantiated
by comparing 180 with the chloride con-
centratiyns as shown in Fig. 13. llere,

it is apparent that the deep groundwaters,
especially those at the bottom of the 410
m hole, are Jistinctly different from the
shallow ground waters. [In other words, the
Jdifferent fracture svstems in the granite
at Stripa carry different types of water
hecause they are isolated from each other.

Toowa = 2" wgsens maenn tdean
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i
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Fiy,. 14. Comparison of chloride with :18p
vialues show that the different fracture
systems in the Stripa granite carry dJdif-
ferent types of water, Oxygen isotopic
values are veferenced to standard mean
ocean wiater (SMOW).

The most difficult and inconclusive part
ot this peochemical investigation was the
attempt to date the groundwaters from the
Jifferent mine levels (Fritz et al.,
1978a). Tritium levels approaching 100 TU
were found in all shallow groundwater
{<100 m) and, interestingly enough, even
in the mine waters of the old workings.
However, tritium was not encountered (<0.5
TU) in any of the decp groundwaters from
the granite despite the 4rainage mentioned
above that has decreased water pressure
below hydrostatic (see Fig. 10). This
tack of tritium indicates that decp waters
do not contain any surface water component
vounger than 30-4C years.

Major groblc.ns sere cacvuntersd tnoattenpt -

ing C 2ge dating use of the very
lov content ot dissclved inergenic carban,
This required the treitzent of J,000 to
5,000 li.'rs of water to obtatn sufticueent
carbor for amalysis. Tac results obtaine’
indicate that waters 4t the FU n level,
and probobly also from the 312 a borchold,
exceed 20,000 years in .iv.  JonRtamrnation
problems with water o I~y area the 110 n
borchole prevented a better re-ult,

Three different apprasche - ta age dat:ing
Sascu on the uranium Jecay ~erie. were
also investa.fated: (1) aranjue actnvaty
ratios, (2} heliun contents, and 13
radiua-radon rclunnmh ps otEritz (ot oal.,
1979a). The 23815 setwwvity ratios 1n
the groundsaters decrease from Do) at the
330 m level to about 6 .t the top of the
410 n boreholc *a alwost 3 1n * high
“saline™ waters (kFig. 13 at the bottom
of this hole. This decay an actavity
ratio can he used to Jate water according
to a method preposed by Bavr and Cirter
{1978). Although the ricthod 1> stil)
under development and .ubjrect to seme
uncertainties, ages cacceeding 1ow, 000
years werce obtained for the groundwaters
fron the 110 m borchoic

Somewhat lower ages were jetermined from
the He concentrations. The ainespheric
copceRtration ot 5°C 1~ 1.9 x 1478 cmY He/
cad H20, whereas the concentrations in the
Lroundu.ncra at Stripa arc five orders of
magnitude_higher rangire rron 0.3 x 1072
cm#_"c/cn-’ IlvO LAt the 330 = level to 1.4 x
10-3 cnd He/cm3 1,0 in the 410 : horchole.
Busced on 3 method "propesed vy urine
{1976}, ages can be conputed {ron these
data that range froa tens to hundreds ot
thousands of vears.

All of the evidence fr.- tho-¢ tm
tions on grochemistry ini 1setope kv
logy support the concept that tater.
presently found in the deep granite roac-
mass al Stripa are menv thousands of ycars
old. 1t is apparent that » curctul inve.
tigation of this kind provides an indepen-
dent and powerful approcch to the critical
problem of clucidating the Jdegree of is
lation that has develuped in the ground-
water systes at Stripa.

SUMMARY AND CONCLUSTONS

A defunct irom-ore mine at SEripa, Skeden
has provided access to 4 large viartic
vock mass for a series of rnvestigations
on probiems invoived 1n geologic sturore
of radisactive waste. A cecordinated .o
ries of testi were carried out on two hey
problems. One of these probleos is that
of unds<rstanding the thermomechanicas
bchavior of a heterogencous and discontin-
ucus rcck mass fhis was investigated

11
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using electric heater tests to simulate
the energy released by the decay of radio-
active waste. The other problea involves
fracture hydrology, that 1s, measureament
of the transport properties of a discon-
tinuous rock mass. A combination of bore-
hole measurcments and gecochemical studies
were made as part of this approach. An-
other part has led to a new mcthod of mea-
suring in situ permeability of very large
rock masses.

Important results have been obtained from
these investigations that would not have
emcrged if these experiments had not been
carried out underground at depths compar-
able with those cemvisaged for an actual
repository. Experiments at such depths
give rise to vnexpzcted and sometimcs
difficult problems which must be resolved
if deep geologic disposcl of radioactive
wiste is to become a realsty.

From the geotechnical standpeint, a key
issue is that of developing a method for
predicting the thermomechanical behavior
oi the rock layers in which the repesitory
will he constructed. The results from
Stripa provide impsvtant input to this
problem. {t has beca demonstrated that
the temperature variactions over time an/
space within the rock m: can be reascn-
ably well predicted using available theory
and appropriate values of material proper-
ties. The mechanical Jdisplacements,
howvver, were significantly less than that
predicted from an application of lincar
thermoclasticity for intact vock. The
reasan, of course, is thau the cffects

of the fractures, whaich are nat yet well
understood, were a significant factor in
reducing rock movements.

Discontipuities are  prevalent in all rock
masses., This is certain!s the case on the
scale of an underground repository, which
will accupy an area of a f(ew square kilo-
meters. Thus, the geatechnical problea
arises of mapping the discontinuities ir
sufficient detail for the purposes of
underground storage. \lthough some pre-
liminary studies (Kend ki and Mahtab,
1976; Raven and Gale, 1977) s1ggest that
fracture orientations between surface and
subsurface are similar, there are still no
data to demonstrute that the impovrtant
characteristics of length and continuity
of such features cir he nredicted reliably
from surface measurements, Similar diffi-
cultis exist in predicting the geometry
and ~roperties of other kinds of discon-
tinuitics in underground rock masses. To
overcome these difficvlties will Ernbably
require access to underground workings
where the required mapping can be carried
out.

Closely related to this probles is the
auch tougheI Guestion of the rple that
discontinuities play in ceatrelling the
thermomechanical behavior of a rock nas».
Calculationd of temperature cficcts
Teveal the Yery large rock volumes th=:
will be heated to varying levels over
long periodd of time. Many investigators
are now Jdevéloping nuaerical methods to
predict the effects of such temperature
increases. But a major obstacle that all
such cfforts must face is to be able to
predict how ‘the discontinuitics in the
rock mass afiffect its thermal respoasc.
This is a prioblen of scale. How large a
rock mass must be instrumented a-d tested
to provide the data ro validate these
computer codes® No one really knows bu
cause this kind of unferground testing in
different rock types has never been Jdone
before. This is a geotechnical preblen
of first order iaportance.

The {racturc hydrology progran wias cssen-
tially aimed at understanding the hvdro-
logical behavior of a complex networh of
fractures. The thrce nost important con-
ponents of this program invelved: gl
assessing difectional perameabilitics, +2)
development of a large-scale in situ
method of acasuring peracabilaty, and -3
geochemistry and isotope hydroiogs.

The investigdtion of dircctional permeat:-
1ity requared the . smprlation of a4 .o
large data base on fracture gesmetry and
fracture aperturc. These Jata had :c he
obtained from the surface dewwwa ! using
the inclined borcholes {F . 1) arad, of
course, are augacnted by the uwetailcd
mapping performed 1n the underground
rooms, The analysis of these result: w.ll
provide 3 measuse of the cooplexstv ot t.ue
problems in evaluating the permeshri:ts
t:nsor for a rock mass cxtending from the
surface down to a depth of slmost 300 n.
An inberent problea in such an analvsas

is to develop evidence to support th. corn-
clusion 7hat for flos purposes the roch
systen can be treated as though @t werd
porous media. Leag et al., 19811 are
currently examining this protiem to o=ta-
blish the criteria that aust bv satistied
in establishing porous acdia cquivalonce.
This is another important geotechnic.]
problen.

The large-scale permcadility test has Jdo-
nonstr.ted that 1n situ acasurements ol
the hyd-aulic properties of very large
rock masscs can casily be carried out an
the underground. A 33 m length of dritt
was sealed off and the =ass ot water seep-
ing 1nto the room was neasurcd ussng an
air ventilation scheae. Pressure gradi-
ents in the water saturated not-osh <
fractures in the rack walls of the ‘ra:t
were mcasured, and a preliminary Laluw
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for the average permeability of 10”!7 a/s
was obtained. The method should be appli-
cable to rock masses with permeabilities
several orders of magnitude lower than
this. Introduction of non-sorbing tracers
would further enhance this new technique
by providing information on effective po-
rasity. Data on the critical parameter
>f fiuid velocities throuph large rock
masses coutd be verified in this manner.

The progran on geochemistry and isotope
hydrology was carried aut at Stripa using
groundwater samples coliected from the
surtace, shallow wells, and undergrount
doreholes. The results provide an inde-
pendent and powerful approach to the
critical problem of elucidating the degree
of 1sulatien that has developed in the
Strips groundwater systems. The ampor-
tance of such data raises the geotechnical
probles of the procedures to oe foliowed
1n gatheryng groundwater samples.

The conventional approach to this problenm
1> to ¢olject water samples in vertical
horcholes arilled from the surface.
Jrilling procedures normally contaminate
natural waters because the pressures re-
quited for crrculation of the drilting
flutds otten exceed those of the fiuids ain
the rocks being drilled. This is vswvally
overcome before sampling by producing
vate from such rocks unt1l the contam:-
~ants are removed. In racks with very low
perneab1itty thas may not he practicable
recause the influx of groundwater 1into
vorcheles wuv be very slow,

Aps ¥~ 1t Stripa has shown the superi:
rity f crijecting groundwater samples
c:on boreh-les drilled {ron underground
ct1ft~ 11) rocss. The hydrostatic water
“res~dv¢ 1n rock 15 about 1 MPa per 100 n
¢« Jdepth. nhereas the pressure within the
atned dpenangs is oniy about 4.1 YPa (!
stmo~phere . Thus, a borehele drilled
rom in underground cxcavation into the
™ around the epening encounters

v Bvdt etatte pressure that far exceeds
*he pTessure necessary to clrcutate the
srxlling “lurd.  This creates an artestun
vondition that mininizes contanination
g areatly samplifies the coll ction uf
wroundw.“er samplex for geochemical and
Lsutople studies.

The resuits the Stripa investigations
have revealed a number of geotechnical
provlers that must he pursued further in
developing o full understanding of the
technalogy requited for the geologic dis-
posai ot radioactive waste. The results
pave alsc¢ demonstrated the vital impor-
tance ¢! heang able to carry out large
~caic investigations underground 1in a
tield test facilaty.
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