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FOREWORD

This project was supported under the Department of Energy's National Waste
Terminal Storage Program and was administered through the Nevada Operations
Office as part of the Spent Fuel Test in Climax Stock granite (SFT-C) at the
Novada Test Site (NTS).

Dr. F. E. Heuze directed the project and wrote this report. He was
assisted in the field by Dr. W. C. Patrick. Professor R, V. De la Cruz and
his assistant, Mr. C. F. Voss--both from the Department of Mining Engineering
at the University of Wisconsin, Madison--participated as consultants and
performed some of the field tests.

Mr. D. Wilder contributed to the definition of the geology at SFT-C and
provided rock quality designation {RQD) values. Mr. J. Norman and Dr. N.
Burkhard aided in the analysis of the shear wave records. Ms. D. Olson typed
the manuscript. Ms, Carol Gerich was the report's technical editor. Their

assistance is gratefully acknowledged.
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IN SITU GEQOMECHANICS
CLIMAX GRANITE, NEVADA TEST SITE

ABSTRACT

The in situ modulus of the Climax granite in the Spent Fuel Tegt (SFT-C)
area of the Nevada Test Site was ectimated using six different approaches.
Qur hest estimate of field modulus as Ef = 26 GPa was obtained from a
compar ison of the various approacnes. A best estimate of laboratory modulus
acquired by comparing three different sources was E2 = 70 GPa. Therefore,
the modulus reduction factor for the Climax granite appears tno he
Ef / EE = 0.37. In turn, our estimate of in situ rock-mass deformability
was used to back-calcuilate in situ values for the normal stiffness of he
granite joints.

Our analvsic of forrer ctrecs measurements by the U.S. Geniogi-al Surve
{USGS) chows that the horizontal gtreesces in the vicinity 2f SFT-C vary
greatly wit* azimuth. An unexplained reature ot the stresses 2t SFT-C 12 ne

fact that the vertical stress appears o be oniy 65 te 75% »f -h. ~alculaced

lithostatic burden. From the three-dimens.ona. strecs eolliprcidl it mid-lerace
in the tunnels, assuming a piane strzin condi-:on, we were ai

1n situ Poisson's ratio of the rock mass a- . = 0,145, Two

were applied 1n an -ttempt to measure the ttre er 4reond
canister drifts: the undercoring methrod and the »orerole Tag et L g
appreach. The former techrnique appears to hawe i.ver cedtornan..
tangential scressec 1n the roof of the hears:r drite e Jercur e
give low results for stresses in the p.ilar-.

Speciflic recommendations are made foar fob . re versrs v

the mechanical propertinrs of the Climax aran:*» and *ne ir E ST e T

SFT-C.



1. INTRODUCTION

1.1 SPENT PUEL TEST (SFT-C) MINE-BY EXPERIMENT

1.1.1 Mine-by at SFT-C

Lawrence Livermore National Laboratory (LLNL) is conducting a generic test

of retrievable geologic storage of nuclear spent fuel aisemblies in an
1,2

underground chamber at the Nevada Test Site (NTS,, Nye C-urty, Nevada.

This generic test is located 420 m below the surface i1in Climax granite.

i.leven canisters of spent fuel, approximately 2.5 vears ru* of reactor core

{about 1.6 kW/canister thermal outnut,, are now emplaced in a storage drift

along with six electrical simulator canisters. Two adjacent 4rifts contain

electrical heaters, which will be operated to <:mulate ¢he thermal fie.d of a

large repository.

The three drifts are shown in Fig. 1. The.r exravat.on was performed 1in

three steps:  the two heater drifts were excavated firet, rhen the top heading

of the canister drift was mined, and finalliy, the bench was removed. Prior tno

the mine-by of the center (canister) drif+, deformatinn and ntress gage. were

emplaced near twn cross sections, laheled stat:nns Jrk? and 1445 JFPi1g. 2.

G Existinng work tigs
Sea COnstrucTion
PPN Statinn
{- / < 3-45 forth heater Lo « Seale
{ IR “drify
.t
/ N ::!a{v(]n
Hole OB 1L, e 783
Station 3-49 T - .
- e A
Car ster storage -—~ P ¢
dnift R 7 \
_ .
South ‘heater -~ ) ‘ “Ralear room -
drift . % f
Hole MBI 7, Y o
Station 2+87 B Srett B
Pt V4
Instiumentation dlcove [/ ~ - a g

FIG. 1. Spent Fuel Test layout in Climax granite, NTS.
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1.5.2 Mndeling <! the Mirs-bes

Two caiculations related to the mine-by were reported prew.c oy, Hi
neither case 1id the nurerical models explicitly inelzde T 30 1 oaqi-al
discontinuariar sachk ac ioints and shears.  The rock-mass mod i~ war thocen
from handbnok valuec, zince no finld tects had been perforred ro eatirate ;°,
In the first modell the ratic of horizontal to vertical Stresces 3ried
hetween 0.8 ard 1.0; .n the second modnl1 1t ranged fror CLR b 1025 Tk
highest valus of 1.25 is close tr that derived from the analyc:s . overcoring
measurements conducted by the U.S. Geoinqiral Survey around the soith heater
drift, Neither model had the capab:l.ty to represent dilatancy or
strain-softening of the rock mas=z.

N
The stress changes and deformations calculated by LLNL with the ADINA

code are summarized in Table ! and Fiqg. 3. Stresses and dcformations

calculated by Terra Tek, In::.3 with the DIG and TWODY codes were Juite



FIG. 3. Comparison of measured and (predicted) displacements durirg mine-by
alL SFT-C (reprinted with permission from Ramspott®).
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TABLE 1. Comparison of measured and previously calculated

vertical stress changes, as a result of the mine-by {data from
RamspottlL

Dist. from vsm? Calculatedb
Stress- Station canister reading stress change
meter No. (Fig. 1) drift (m) (MPa) (MPa)
VSM-1 2+80 1.0 -9.7 +5.1
VSM-2 2+8B0C 3.0 -1.3 +2.3
VSM-3 3+02 1.0 -7.0 +5.1

a, .

Vibrating wire stressmeter (VSM) calculations assumed a
rock moduius of 5! GPa. Minus sign :ndicates a decrease in
COMPr&sy 19N,

b . . .
Rock moduias assumed at 61 GPa. Horizontal-to-vertical

strese 1:tio taken as 0.8.

similar. Th:t wae to be expected, considering the similarity of the inpus,
The rescite of modeling can be summarized as:

® The models did not show a reduction in vertical stresses in the
prilars during mine-by of the canister drift, as reported from the f1p1d.1'3

® The modeis 414 not show a horizontal contraction of the pillars during
mine-by, as reported fror the f:eld.:'l

e The relative movements of anchors for the extensometer= at 34° to the
hori1zontal were several times larger thran p:edicted by the mndelc at stations
3+45 and 2+83.

& The relative movements of anchors f{ror tha extensometers at SOO to the
horizort.l were in slightly better agreerent wirh the predicted valiues at Loth
stations.

1n generai, observations and calculat:ions came closer teo each other as one

moved away from che drifts.

1.1.3 Discussion

The decrease in vertical stress at vibrating stressmeters VSM-1 and VSM-3

can be explained from the softening of the rock in the skin of the pillars, as

w



a result of blasting and stress relief that open up fractures. Alsc, the
d.crease at VSM~2 ir the core of the pillar is not unreasonable; our new
analysis of the mine-by4 indicates that localized pillar unloading can take
place, depending upon the geometry of the joints and shears, even when the
average vertical pillar stress increases.

The reported horizontal centraction of the pillars, however, is more
puzzling. 1In a previous report3 the horizontal shrinkage of the pillars was
explained by saying that stress arching took place over the caverns; however,
the arching hypothesis was not substantiated Arcking would mean that the
pillars unloaded through some load redistribution on the abutments, but the
lack of stress gages in tie abutments prevents confirmation of this. Whatever
truly happened, the horizontal shortening of the pillars could only take place
tiirough one of three modes (Fig. 4):

® Unloading before peuk.

e Unloading postpeak.

e Offloading in a so-called Class II behavior, only because Class I
behavior gives a strain increase.

There is no published evidence that the Class Il offloading observed with
servo-controlled machines in laboratory compressive tests can exist in the
field, where vertical loading is passive due to the overlying rock.

As for the unloading ascumption, a simple calculaticn shows the strange
conclusion to which it leads. The average pillar shrinkage at four locationc

(Fig. 3) is at least equal to
(1.96 + 1.42 + 2.66 + 1.80)/4 = 1.8€6 mm .

For pillars with an average width of 5.5 m, this corresponds to a horizontal

unloading strain recovery:

- . 1073
be, o = 1.86 = 107 /5.5

Wwith a Poisson's ratio s = 0.246, this implies a v:rtical strain recovery:

Ae = fe, 7/ 0.246 = 1.4 1077 .
vert hor
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From our best estimate of 26 GPa for the in situ modulus of the Climax

granite, the above Aevp would require a vertical stress relief equal to

ert

Acvert = 26 ° 103 . Aevert = 36 MPa .,

Admittedly, the pill.rs start out in a triaxial state of stress, whereas
the above calculation is uniaxial. Also, elastic behavior is assumed.
Nevertheless, the 36-MPa figure is considerably in excess of the 1.3 MPa from
VSM-2. In fact, 1t is considerably larger than the in situ vertical stress of
7.9 MPa reported at SPFT-C. The pillars would end up in a state of large net
tension, a véry unique occurrence. Besides, our pillar stress measurements
have indicated compression to exist.

In summary, it appears that the unique horizontal shrinkage of the

1,

pillars, repocrted earlier, is neither consistent with model studies nor
explained from stress-strain relations for the rock mass. On the other hand,
there is no difficulty :n providing reasonable explanations for the reported
l.a0lized decreases in vertical pillar stress.

To shed some .ight on the above riddle, a two-phase program was iritiated
in 1980. It consisted of a new modeling effort, using the JPLAXD firite
elemer.t proqram,5 and a field-related project to provide realistic :inp:it for
the new models. The new model calculations, which ar« reported sepa:a:ely,4
include:

e Representation of discrete geological discontin:itiaes, such az maijor
joints and shears observed around the tunnels.

Strain-softening and dilatancy of joint and rock elaments.
Field-measured input of rcck-mass modulus.

Field-measured input of in situ stresses.

Poisson's ratio derived from field stress measurements.
e Parametric variation of the horizontal-to-vertical stress ratin between

6.5 and 3.5.

1.2 Purpose and Scope of Project

Thic report describes the results of the field-related research conducted
to obtain a more representative input for the JPLAXD models. The field work

for this project consisted ~f:



® Detailed inspection of the three drifts, to identify the major
geolrgical discontinuities that should be represented discretely in the new
models.

e Calculation of the rock quality designation (ROD) for cores cbtained in
NX-holes MBI-7 and MiI-14, which run horizontally through the pillars in the
vicinity of stations 2+87 and 3449 (Fig. 1).

® Rock-mass deformability tests in MBI-7 and MBI-14 with the NX-borehole
jack and with a modified NX-jack, also used for stress measurerents.

® Petite zismigue tests across the two pillars in which =he frequency <f
horizontally polarized shear waves was measured.

e Evaluation of the rock matg rating (RMR) and Q-rating for ‘he Clirax
granite.

® Undercor:ng stress measurements at mid-length of each heater dArif« <o
obrain val ies of tangential roof, pillar, and rib stresses.

® Srre=s reaszudrement: in both pirllarz oy norehole jack fractaring is:ing

The Climax strck at the Nevada Tesk Si1ce 1= enmpesed nf qiartz cr-zern.se
I3
=-A grannfdinrive, Tre Spent Fuel Test zite iz locate? in tre g zrez
monzonite, which conktains three cavg of jnin%s rearly perpandic:lar =~ eacr

Dther :

Arerale T ]
ctrice 4io
So« I N3Iw ZZNME
Set 2 N6AW Wear certical
Ser ? NI13E Nesr vertical

In addition, there are a number Af chear z-rer intersechting she three 4drifts,

For the new mndeling nf the minae-

7y

~nntaining Aiscrete discontinuities (Pigs. 3 ard & |
two-dimensional approximations in which onlv selecsed she-rs and Taster Ioints

rere 3olnts

are included. Eventuallv, three-dimensinnal rodeles with dis
stould be used, sinze tle strike of the malrer Riscontinuities at SFT-C is not

parallel to the axis of the A4drifts; it is 10 wo 30O off from the axis.
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new mine-by analysis, station 2+83.
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FIG. 6. Representative cross section for new mine-by analysis, station 3+45.
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2. IN SITU DEFORMABILITY

2.1 NX-BOREHOLE JACK TESTS

2.1.1 The NX-Borehole Jack

The NX-horehole jack (Goodman Jack) used 1in this project was leased from
Slope InAicator Co., Seattle, Wash., The instrument and the theory for data
8-10

analvsis have heen diccussed at length in the literature.

2.1.2 NX-Tack Test< 3t SFT-C

For «nhe purpose ~f meassring the deformability of the Climax granite in
piacs, wr -~k advantage of the availahilitv of two NX-holes that were drilled
perperdicilas to the axis of the runnels at stations 2+87 and 3+49. The
nale=, Takhelod MBI-7 an? MBI-14, were drilied from one heatar drift to the
a‘her, pre-c ko omiring of the canister Arift, Therefnre, four holes exist in
the “w pillars (Fig. 1): MBI-7N and MBI-7S (at station 2+87) and MBI-14N and
MBI -148 ra+ :ration 3+49).

Altngather, 58 point measurements were made in the four holes, alternating
vertical ard horizontal directions; this averages about seven measurements per
hole, ner Ajrection. Since the holes were 5.4 m long, the measurements were
taken abnur everv 38 cm. For an assumed Poisson's ratio . = 0,25, the modulus

E ¢ ~3l21lated as:

E = 1.10 * .
calc e AD
"7 12 <re increment nf hydraulic pressure in the jack and AD is the
nge :n bnrehole diameter D. The E is then used to obtain E as
calc true

indicared in Fig. 7, which is derived from Ref. 9.

The results are summarized in Figs. Ba through d, which show the variation
of the calculated field modulus through the thickness of the north and south
piliars at stations 2+87 and 3+49, respectively. 1In addition, the rock
qualitv designation (RQD) obtained from the same holes (MBI-7 and MBI-14) is

also displayed.

12



3 £ /
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=] (=]
26 2. //
— 4 w 4 USBM
Heuze and
2 Salem?
s
P
0 0" -
o] 1 2 3

E callutated  10% MPa

0 1 2 3 4
F calculates - 10% s
FIG. 7. Calibration curve for the NX-borehole

jack; calculated vs true rock modulus (data from
Heuze and Salemg).

RQD was first proposed by Deere.11 It is defined from NX-core 4drilling

{7.5-cm Aiameter hole) as the ratin

sum of length of core pieces with length > 10 cm

ROD = total lenqth drilled

The mean value of this RQPD is B80%. Nots that this corresponds to a time
before the center drift was excavated. The calculated E values do reflect the
rock damage created in the rock mass near the wails of the drifts by the
excavation process.

The results obtained in the south pillar are shown in Figs. 8a and b.

Most F values range from 10 to 30 GPa (1.5 to 4.5 - 106 psi}. The
horizontal stiffness is somewhat lower than the vertical one in hole MBI-7
(station 2+87}, but altogether, the south pillar stiffness seems to be fairly

isotropic.

13
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FIG. 8. In situ modulus and RQD, south pillar:
(a) Hole MBI-7, station 2+87. {b} Hole MBI-14,
station 3+49.
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FIG. 8 (Continued). 1In situ modulus and RQD,
north pillar: (c) Hole MBI-7, station 2+87.
(4} Hole MBI-14, station 3+49.
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Half of the results obtained in the north pillar (Figs. 8c and d) are
consistent with the south pillar values. However, two sets of readings
(E horizontal at station 2+87 and vertical at station 3+45) seem to give high
E values that are not confirmed by other observations. It is likely that
these high values are due to difficulty in seating the instrument in the hole
because of a mismatch between hole and plate radius and because of joint
movemen“s into the borehole. For the purpose of modeling, we will adopt

values in the range of 10 to 30 GPa as obtained in six of the eight series of

stiffness measurements.
2.1.3 Discussion

Following the field work, the rentei NX-jack was tested in a 7.5-cm hole
bored at mid-height of a 35-cm cube of aluminum. It was fcund by inspection
that for hydraulic pressures up to 60 MPa, the contact angle between the
plates and the hole was about 31o instead of the .ominal 900. Using the
31o figure and applying both the corrections by Heuze and Salem9 for
longitudinal jack bending and by Hust:ulidla for radius mismatch, enabled us
to make a satisfactory calculation of the modulus of the aluminum block,
comparable *o that cbtained independently.

However, the true plate contact cannot be obtained in rock boreholes at a
depth beyond a few inches. In the less compliant rocks, the plate may not
seat correctly, and the jack will measure a lower bound for the modulus.
Accordingly, we are now considering a redesign of the basic NX-jack to
eliminate the effects of both longitudinal bending and radius mismatch on the

measurements. This would enable us to dispense with any correction factor in

data analysis.

2.2 MODIFIED NX-BOREHOLE JACK TESTS

2.2.1 Principle of the Test

De la Cruz has developed a modified version of the Nx—jack.12 Its

principle of measurement is illustrated in Fig. 9.
As hefore, the wall of the borehole is loaded by steel plates covering two

90° arcs. However, the modulus measurement is no longer based on menitoring

a change in borehole diameter in the direction of loading. Instead, a pair of

16
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friction strain gages are installed at 90° to the direction of loading;

i.e., @ = 0 and 180° on Fig. 9. With

R = hole radius,
Qh = hydraulic pressure behind the plates,
Ah = plate .rea,

the tangential stress ., at points A and B is

and for this particular instrument and hole size

O

a3

=0 625 Qh

The plate length has been extended to 45 an, as opposed to 20 cm for the
original jack. With a 7.5-cm diameter hole, the iocading can be assumed to be
close to a plane strain condition. Hence, the tangential strain r,, at A

and B can be found as:

Therefore, the modulus E can be finally expressed as

E = 0.625 (1 - vz) c
NG
For a Poisson's ratio assumed to e v = 0.25,
Q
E = 0.59 —-
€ap

18



2.2.2 Modified NX-Borehole Jack Tests at SFT-C

This last equation was used to analyze the data from 34 meas:rements in
The calculated values are summarized in Table 2.
Two striking

holes MBI-7 and MBI-14.

E 1is shown at values of ¢_ where the record was linear.
ol

cesults emerge:

® The mean and standard deviation of the E modulus, measured in the

damaged skin of the pillars, :¢

E = 87.1 + 20.0 GPa ,

from thie znne give

whereas the T3¢ srament:

E = 66.7 +« 1.6 GPa

vailasee ror2.ned -

® The " ower valw £ 64,7 10 ac high oas

diameter cer..r in the laboravsry. ThiZ 17 corcrary oo 3l ~+her .. jence
which shows *he tield mrdal, o be lower trhan *he Jaboratory-reasiared valaes,
Table 3 wa: exrracted from ket, 12 tr

tllastrate thae po.nt,

In spite of their oddity, <he mod:ified jyacs resalts

consistent and can be explaired 1n rerrc ot a breakdown

ool B acoame troat the roek

which the measirements are T f
mase corrinaoar and 1sctropic. Howewoos o let 3 few fractures s xirt oaroendd
the borehole .a.. sketched :r F.3. 10

The med:um is unable t¢ trancmit s ‘.3t ter  Jle ctrsin boeng = +90
points, and - 13 very small. This lead v cal~ilating a ocery s.gb b

S it 1S5 nct <Sarrile.ng

value, which 1s contrary to the phy =i
that the E reported for the Aaraged p:.la: rx.c s higher thar £ inside the
pillar. Even with the above shortonring, the mod:{ied borehoir jack shoul? he
3. 12 often found 1n thick sedimentary

useful for testing in .nassive roack such

formations. The results of the or.jinal ana the mod:ified NX-jack will be

-

comr wred further in Sec. 2.5.



TABLE 2. Summary of modulus values ootained with modified ¥X-jack.

Depth from [o] € E
h 00 _

Hole Station S collar (m) (MPa) (10 ) (GPa)
MBI-7N 2487 G.3 48.2 296 96,52
0.9 29.6 236 74.5

1.5 34.3 470 43.4

2.1 34.5 278 73.1

2.7 24.1 243 42.0

3.3 2.6 335 48.3

3.9 34.5 348 58.6

4.5 34.5 445 45.5
5.1 34.5 383 ry,12
MBI-14N 3+49 0.3 23.0 222 61.42
0.9 46.2 416 65.5

1.5 42.1 217 59.3

2.1 £3.8 610 51.7

2.7 38.3 361 62.7

3.3 £5.9 295 91.7

3.9 24.8 265 55.2

4.5 41.4 400 61.4
5,1 55.2 374 86.92
MBI-145 3+49 0.6 49.6 207 106.92
1.2 38.3 224 100.0

1.8 34.5 247 82.7

2.4 17.2 162 62.7

3.0 61.4 337 06.9

3.6 61.4 42 76.5

4.2 23.0 195 63.6
4.8 0.3 167 108.34
MBI-7S 2+87 0.6 26.8 170 92,42
1.2 26.8 20G 75.9

1.8 42.1 522 47.6

2.4 42.1 333 74.5

3.0 42.1 323 76.5

3.6 42.1 365 67.6

4.2 23.0 222 61.4
4.8 34.5 222 91.72

@yalues calculated for the damaged rock in the skin of the pillars.

20



TABLE 3.

Ratio of field moc lus (Ef) to labortory modulus (EF.)

for granitic

rocks (data from Heuzeu) .
Location Rock type Type of test
pB TR FJ PC GJ FM BT BC PS RM QR
Tumut Granite 0.12 0.12 0.97 0.3C
gne1ss
Dworuhak Sran.te 0.4° 0.45
qne1ss
LG-2 Granite 0.62
Gage D ! Granite 0.13 € 60 .65
Aubuacn Gramitr 0.1¢ .31
gneiss
Montezic Granitr c.la
Montrzic ., Grarite 0.B%
Mactu Puizhs | Granodiorce 0.47
Mantary II1 | Granite 0.21
Stripa Granite ST
Climax/NTS Quartz .35 A A R O
mORZAnR1te
- ! - - - - - I . -
Legend
PB: late bearing or aniaxial jack
TR: Tunrel relaxation
FJ: Flat jack
PC: Prescur» cnamber
GJ Gondran Jack
FM: Foindation movement
B1 Block test
BC: Borehole pressure cell
Pe Pctite sismigue
RMR: Rock mass rating prediction
QR: Q-rating
Note: Average ratio E E; (20 tent series): (.44 + 0.24,

{
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Loading
ulaten

FIG. 10. Modified NX-borehole jack loading in
fractured rock mass

2.3 PETITE SISMIQUE TESTS

2.3.1 The Petite Sismigque Method

The petite sismigue method is an indirect technique used to estimate the
field modulus of rock masses. First proposed in 1967 by Schneider,14 only a
few additional studies have been reported, those by Bieniawski.15 This
method consists of measuring the frequency of first arrivals of horizontally
polarized shear waves propagated through the rock mass. The shear-wave
frequency, (N), is empirically related to the field modu.‘.us.“'15 This is
based upon the measurements of N by petite sismique and of E by plate tests at
a number of sites worldwide (Fig. 11). Figure 11 was extracted from the
results by Schneider and Bieniawski; it displays only the points corresponding
tc igneous rocks. Note that Schneider's results are between 230 and 600 Hz,
and Bieniawski's are between 450 and 950 Hz. The two sets of data seem to
correlate very well.

S0, at the outset of our work at Climax, it appeared that the petite
sismique would be a very promising tool to obtain the modulus of the granite,
on a large scale, without the considerable expense involved in large plate

16
tests.
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FIG. 1l. Empirical correlation between shear wave
frequency (N) and static modulus of igneous rock masses.

2.3.2 Petite Sismique Tests at SFT—C

After a survey of manufacturers, we decided to use a "imbus model ES-1I5
dual-channel signal-enhancement seismograph tied to an ESR-1(0 strip chart
recorder. We :ented the equipment from Geometrics in Sunnyvale, Californ:a.
The main accessories were an HS-3 solid state hammer switch and three GH-3-14
horizontal geophones.

The layout of the tests is shown in F.g. 12. The six geophone stations
were put on the walls of the center drift. For source points we used a
variety of configurations. Finally, we settled upon anchored rock bolt
plates, rapped sideways with a 4-1b hammer. The source points were all in the
heater drifts.

We successfully completed the 12 traverses shown in Fig. 12; records of
the results are given in part "a" of Figs. 13-1S5. The results were obtained
with two or four hits; tneir quality was enhanced by reversing the polarity
and the striking direction on alternate blows. This effectively minimized the
P-wave contribution.

Table 4 summarizes the values calculated for the apparent shear-wave
frequency (N). As the records show, N is gquite constant over several wave

lengths. The method was successfully applied to distances up to 25 m. Hence,
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= Source points

FIG. 12. Layout of the petite sismique traverses at SFT-C.

the volume of rock involved in the test is very large, compared to that in any
borehole jack or plate test. The only failure of the system was in the
triggering, which was not reliahle enough to permit calculation of

velocities. However, the petite sismique method deals with frequencies, not
velocities.

The mean values of the apparer: N were calculated as:

73 He,
105 Hz.

North pillar N = 1,168
South pillar N = 1,061

I+ 1+

The 10% difference in the mean may be due to a higher degree of fracturing in
the south pillar. This would be consistent with other indications such as the
difficulties in performing jack-fracturing stress measurements, as discussed

in the section on in situ stresses.

2.3.3 Discussion

To refine our analysis, we digitized the records shown in part "a" of
Figs., 13~15 and produced power spectra. These are shown in part "b" of
Figs. 13-15. The peak frequencies for the various traverses are summarized in
Table S.

When the values of the apparent N given in Sec. 2.3.2 are entered into
Fig. 11, they indicate a modulus of about 50 GPa in the rock pillars. This is
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FIG. 13. (a) Records of shear wave arrivals at SFP-C (traverses 1,1; 3,2; 3,3;
4,4).
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FIG. 13. (b) Power spectra that correspond to the wave records of Fig. 13a.
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FIG. 14. (b) Power spectra that correspond to the wave records of Fig l4a.
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(a) Records of shear wave arrivals at SFT-C (traverses 6,5; 6,6; 7,5;
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Power spectra that correspond to the wave records of Fig. 15a.
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TABLE 4. Preliminary analysis of petite sismigue results at SFT-C.

Average
Apparent Apparent apparent
Traverse Length period fregrency frequency
‘Hz

{(Fig. 16 m, “ms. ‘Hz

1,1, 5.4 J.85-0.90

‘3,2 9.2 ’.3C
32 5.4 7.80

‘4,4 0.8% 27h

‘4,3 .83 1,178 1.17¢
2,4 29.4 £.8% 27H

5% 5.4 D.go-lliT aiz 0t . s
2.8 P fE-lLLT 369

6.7 5.95%

£, 0. &.9% -
i .4 s.9-1.C

Tk o 1.9 s

TABLE 5. Summarv of petite sismique results at SFT-C.

fraverse Pillar Length Peak freqguancy
{Fiq. k) fmy “Hz!
(ST Nnrrh 5.4 1,140
3.2 North 19.2 1,000
1.3 North 5.4 1,150
(4.4) South 5.7 1,100
4.5} South i8.¢ 1,100
(5.4} Soutn 20.4 1,090
5.5} South 5.4 1,120
(5.6} South 24,5 960
(6.3) South 231 1,040
(6.6) South 5.7 1,030
17.5) South 5.4 1,120
(7.6) South 22.5 1,030
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definitely too high a number, based on the other measurements at Climax and
elsewhere (Table 3). Hence, we may find out as we develop more data that the
universal relation proposed between N and E is not to be taken without
reservation. A personal communication with Bieniawski regarding his recent

tests in a limestone quarry confirms this.
2.4 OTHER ESTIMATES OF ROCK-MASS DEFORMABILITY

In this section we present deformability estimates based on three
additional approaches:

® Bieniawski's rock mass ratinq.17

® Bartnon's Q—system.l8

1,3
® Models of tunnel relaxation.

2.4,1 @&Estimate Based on Rock Mass Rating (RMR)

The RMR rating, proposed by BiPniawski,17 varies between 0 and 100. Tt
is heavily dependent upon the geometry and properties of fractures.
Bieniawski has proposed an empirical relationship between RMR and in situ
modulus, hased on several projects where field measurements were performed,
This relationship is illustrated in Fig. 16.

When this approach is applied to Climax, the following ratings ar~

obtained:
Parameter Range of values

Intact rock uniaxial strength (100-250 MPa) 12 - 12
RQD (75-90%) 17 - 17
Spacing of discontinuities (0.2-0.6 m) 10 -~ 10
Condition of discontinuities 25 - 30
Ground water 10 - 15
Adjustment for joint orientation =10 - -5

Total 64 - 79
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0- h : . - .
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Geomechanics rock mass rating, RMR
FIG. 16. Empirical correlation between RMR and

1n situ modulus of rock masses (data from
Bieniawskil7).

According *o Fig. 16, the modulu: in place could he expectad to he in the

range of
28 GPa {,Ef < 5B GPa ,
with a mean valuve of
E = 43 GPa

With an intact rock modulus of El = 70 GPa, this would mean a modulus

reduction factor Ef / E, = 0.62, which is quite high when compared with

the results shown in Taile 3 for other aranitic sites.

However, we can take a closer luok at Fig. 16. The types of rocks on the
various projects are listed in Ref. 15. Of these, only the Le Roux Dam rocks
are igneous, as is granite. A line through the two corresponding data points
shows that the E values corresponding to RMRs of 64 and 79 are 20 and 32 GPa,

respectively. The mean is

Ef = 26 GPa ,

corresponding to a modulus reduction factor Ef / E2 = 0.38. Admittedly,
the above calculation is based on a very small data base and assumes that
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different (RMR, E) relations exist for different classes of rock. However,
the last estimate is more consistent with other results for granite (Table 3)
and with the direct measurements at Climax. As the RMR data base expands, it
can be refined, and it 1s likely to become more useful.

The RMR rating 1s not to be cconfused with the rock structure rating (RSR),

wh.ch = been proposed by Wickham and Tiedemann.19 The RSR again depends

upon fracture properties. Both the RMR arid RSR classifications were

deveizped criginaliy tc provide guidelines for the support requirements of

cave:ns. However, no correlation between RSR and modulus has been

‘p.reed .rn the literature.

_on _the Q-system

18 .
The | wlassifiicatinn, proposed by Barton 2t al., i5 based on a rating

J J
RQD , r , W
e J J SRF '
n a

T rock guastity gesicnation,

. ¢ ioint set facror,
2, ® Joint roughness factor,
i = joint alteration factor,

z = joint water reduction factor,

SRF = stress reduction factor

Spec:if:caliy, at the SFT-C cite, the range of parameters can he est.mated a.:

Range of
Parareter values
ROD: 75 - 90
J : 3 sets of joints 9 -9
Jr : rough, fairly planar jeint 1.5 - 1.5
Ja : unaltered to slightly altered with surface staining 1-1.5
J, s dryor minor inflow 1-1
SRF: medium stress with a few weakness zones containing clay 1 -2
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so that the range of Q is

giving a mean value of Q = 9.6.
Bartonle has presented an empirical relation between Q and .e fierd

modulus (Fig, 17). From Q = 9.6 we would estirate the in situ modulus as:

E_ = 26 GPa ,

£
corresponding to a modulus reduction factor Ef / E7 = 0.38. Aga‘n, it
is szeen that the data hase from which this estimate is taken 1s smal:. There

is no reference to rock classes in Fig. 17, but it is believed that most of

the results care from granitic rocks around caverns in Scandiravia.
2.4.3 Egtimate Based cn Models of Tuanel Relaxation
If numer: "2l mndeling ic performed in conjunction wit= fi1..14 meqs rerente

of rock-mans deformations, the rodels can provi e an ndivecr way  f

back-calculating rock-mass stiffness. Based or “ha two calc: ariome

: 1, R
previoutly reported, ' it appears that 1 rock-mar” mods’ o nothe ange af
<0 GPa - Er © 32 5Pa
couisl prov:ide reasonable agreement between ohcerwed an? pre D oshed coce

oo v mnel -

movements away from the immediate vircin:ity »
2.5 COMPARISON OF MODULUS ESTIMATES

The range of values for the s5ix types of roc<-rars Aafnrmirlity o.timates
. . . . 1 i .
is summarized in Fig. 18. The laboratory modsli reported v taree

2,20,21

different sources are also shown. The high F_ vaiier oravided oy

f
the modified NX-jack are explained in 3ec. 2.2.3.
Through the use of multiple techniques, it appears that a1 reaconahle

estimate of the stiffness cf the Climax granite in the field -an he put at

20 GPa < Ef < 32 GPa ,
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FIG. 17. Empirical correlation between Q-rating

and in situ modulus of rock masses (data from
Barton et al.~").
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FI1G. 18. Multiple estimates of laboratory and field modulus for Climax
granite.
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with a mean best estimate of

Ef = 26 GPa .
For a mean laboratory estimate of EE = 70 GPa, this corresponds to a modulus

reduction factor of
E,L/E = 0.37 ,
which is compatible with the mean of the results in Table 3.
3, IN SITU NORMAL STIFPNESS OF CLIMAX GRANITE JOINTS

We recall that at Climax the three sets of joints have about the same
spacing and are nearly perpendicular to each other. This suggests the
feasibility of testing an equivalent~continuum model to represent the
deformabilitv of the rock mass. Such an approach has been used successfully
in a tri-jointed marble.zz'23 The modulus of the equivalent continuum is
the same along the three principal strain directions, which are perpendicular

to the three joint directions. The representative modulus is

E - 1 _ EE TS Ry
f 1 1 E, +s *K ’
= Y= x n
E sk
? n
where

EE = modulus of the intact rock blocks,
s = mean joint spacing,
Kn = normal joint stiffness.

The above equation is represented graphically in Fig. 19 for a range of
/

£ El' The
curves are drawn for E 2= 70 GPa; we consider this the best estimate for the

values of s and Kn' which, thus, give different values of E

modulus of intact Climax granite {(Fig. 18).
In the present case, the unknowns are s, Ef, and Kn. If s and Kn
are known, the field modulus Ef can be calculated. The s could be measured

38



1.0} —

e
)

o
=Y
w
1t
XY
Q W
O
3 8
L v
3
\K

Modulus reduction factor (E,/E,}

0.5
04: 038
0.3 / /- Priest and
Hudson?*
a.2- // - Deere'!
a1 ;”/////’/////
= L b 4
1010 410" 10" 410" 10'?
Kn {Pa'm)
10° 10°
Kn {psi/sin.}

FIG. 19. Variation of modalus reduction factor
with joint spacing and normal joint stiffness for
a rock mass with three orthogonal sets of joints,

. 1
directly or estimated from calculated values of RQD. Both Deprel and

Priess- and Hudsf)n24 have proposed correlations between s ar” the RQD, as
shown in Fig, 20, The relation proposed by Deerre is empirical, whereas that
from Pries* and Huydeor iz hased nn an analytical expression, assuming randomly
spacea Aisnontinuities, Far NX-cnres the Priest/Hudson formula for the
estimated ROD is

- 3
ROD = 100 _eo.l 0.1 +1) ,

where ) is the average number of discontinuities per metre,

This estimate has heen tested by Wallis and King25 in a granite with an
RQD of between 86 and 98%. The estimated and calculated values were within 2%
of each other. On the other hand, the Deere relation was confirmed by Heuze

in a marble with three orthogonal joint sets.

39



s: fracture spacing

wom s=50cm
/s— 18 cm

90

80}
75F’

f N
; =22c¢m \ \< Pries. and HudsonZ
60 \

402 BN \

Deere'

., 5= 10cm

RAD (%)

0 2 4 6 B 1012 1416 1820
Fractures {(m)

1 2 3 4 5 6
Fractures (ft)

FIG. 20. Proposed correlations between ROD and
fracture spacing.

The problem is that even if s is determined, there is not currentlv any
field test designed to measure the normal joint stiffness, Kn' Kn values
have been reported from laboratory tests on natural joints, but we do not know
whether, due to possible scale effects,26 these values are representative of
field situations. One can conceive a type of dual flat-jack test to meastre
Kn’ but this has not been implemented at Climax or elsewhere to cur
knowledge. Such a test should be attempted. We also note that K 1is a
critical parameter in the modeling of fluid flow in fractured modla.27_29

We could turn the problem around and assume that s and EZ are known;
then one can obtain estimates for Kn. Let us assume that the grarnite at
Climax has a mean modulus E_ = 26 GPa. Using the information in Fig. 20

£
with the ROD values between 75 and 90%, we would estimate fracture spacing as:

10 cm < s < 20 cm (after Deere),

18 cm < s < 50 cm (2fter Hudson and Priest).
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In turn, we can go back to Fig. 19 and find that for the two ranges of

estimates that are nearly contiguous

9 - 1010 Pa/m < Kn <2 1011 Pa/m (after Deere),

11
2 - 10 Pa/m < Kn <4 - 1011 Pa/m (after Hudson and Priest),

11 6 s
Note: 2.7 * 10 Pa/m = 10 psi/in.

The laboratorv-measured values of Kn reported in the literature are

usually smaller than 106 psi/in. They also exhibit a strong nonlinear

s s 27
dependency upon the normal stress acting on the joint. »29 However, there
is no data bhase for field-measured normal stiffness. Thus, it is very

difficult to choose hetween the RQD vs s relation proposed by Deere and that
stiffness of

by Hudson and Priest. Both for the purpose of estimating the

rock masses and for modeling fluid flow in rock fractures, it appears very

desirable to measure the normal stiffness of joints in place.

4. 1IN SITU STRESSES

Three campaigns of stress measurements have been performed in the Climax

granite since 1979:
e Overcoring tests hy Ellis of the U.S. Geological Survey (USGS) in one

hole plunging 77° {OC-1) and two near-horizontal holes (0C-2 and 0C-3), all
drilled from the south heater drift.21'30'31

® Undercoring tests by Heuze and Patrick at six locations in the heater

drifts (pillar, crown, and abutment in each drift).

e Borehole jack fracturing tests by De la Cruz and Voss in holes MBI-7
and MBI-14.
The locations of these measurements are shown on Fig.
tests were conducted in the central portion of the heater drifts or

21. Note that all

the
pillars.
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FIG. 21. Location of stress measurements at SFT-C made during 1979-80.

4.1 PREVIOUS STRESS MEASUREMENTS BY THE USGS

4.1.1 Reported Stress Values

The USGS used overcoring of a three-component horehole gaqe32 to estimate
stresses around the south heater drift. Four measirements were made in holes
1 and 3, to a depth of 6 to 7 m; eleven measurements were made in hole 2, to a
depth of 5.3 m. The deepest readings in the three holes were combined to
produce a calculation of three principal stresses (Cl, 72, and n_.) away
from the drift, according to a least square reqression procedure.

The reported values21 are summarized in Table 6. The first stress
invariant is I1 = 21.44 MPa. The virgin vertical stress calculated from
Py and 03 is reported as Gv = 7.92 MPa. Assuming a lithostatic
burden, it is only 73% of the expected value of 0.9 MPa.

a. (o]
1’

The difference should be even greater if one considers that the rock
modulus used to analyze the overcoring data was taken as 77 GPa from tests on

15-cm diameter cores. Such a value is about 10% in excess of the best
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TABLE A, Princ’pal stresses reported by the U.S. Geological

L2
Survev, using overcoring method (data from Ellis 1).

Component Value Bearing Plungea
MPa psi

A, (maximum 11.56 1676 NSGE -29°

a, 7.13 1034 N26E +57°

7wy (minimum 2.75 199 N42W -14°

TNeAat ive plunge is below the horizontal plane.

astimate reported in Fig. 20. This probablv is due to the fact that ¢he
cvlindrical lnmading of the cores in a hvdraulic pressure cell tends tn yield
high mnodulus values.22 In such a cell the ~ore is not subjected to uneven
lateral stressrce, as nsually occurs in <itu. 1In other words, bulk com:,ession
will give a higqher mcdulus than when shear deformation can occur. Thus, the
repor ted T value should be decreased by at least 10%, making it 65% of
overhurden, at the most.

Moreover, the overcoring holes may have stopped short of going the length
required to reach a region of undisturbed origina. stresses., From current
numer ical mndnls,4 we estimate that this minimum distance could reach over
¢ m, depending upon the pattern of joints and shears. The models also show

that, short of this depth, stress values will he higher than the undisturbed

anes.

4.1.2 Discussion of Horizontal and Vertical Stresses

The ahove ratio of horizontal-to-vertical stress is guite unusual when
compared to values reported in the literature. For completeness we calculated
the virgin horizontal stresses perpendicular and parallel to the axis of the
tunnels, and we verified the calculated value of the virgin vertical stress
with the help of the stereonet.36

Start with the virgin horizontal stress, Ohl perpendicular to the axis
of the tunnels in the general vicinity of the overcoring measurements. It is
the normal stress across a vertical plane, striking N61W (Fig. 21). We will

call nl the trace of the normal to this plane on the stereonet (Fig. 22a).
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To obtain a right-handed (01, 02, 03) coordinate system, we have to use

the opposite direction for O, to the one given by Bllis.21 When the

angles @, B and Y between thi direction of "1 and the directions of Ul'
02, and 03 are measured on the stereonet, the direction cosines of Nl
become:

1 =cos a = cos 40° = .766

m=cos R =cos 57° = .544

n =cos Yy = ¢Cs 70o = .342

(12 + m2 + n2 = 0.9997 = 1.0)

The magnitude R of the rejultant stress acroes the plane striking N61W is

1/2
2 2 2 2 2 2
= + + = 9.7
R (1 ”1 m 02 n 03) 1 MPa
New the direction cosines of the resultant R are
05 Y = l;l os R = ng cos = 222
cos R cos Fy R " R
cos vy = .912 " cos Pl = .399 cos vy, = .097

(.9122 + ,3992 + ,0972 = 1,0003 =~ 1.0} .

From these the angles between R and the as become

o o
o= 247, Pl = 66.57, Y, < B4.57.
By drawing the corresponding cones about the directions of d's, the
direction of R is located on the stereonet at the intersection of the three

cones. The great circle through R and ﬂl corresponds to the plane
containing che normal nl and the resultant R. The angle between R and Gl

is read as 18°, Thus, the normal stress on the vertical plane striking N61W is

- o_
Chl = cos 18" = 9.23 MPa
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Knowing 1, m, and n, an alternate calculation is

2
Ohl =1 Gl + m 02 + n J3 = 9.22 MPa .

The same procedure can be applied to verify the value of jv reported by

Ellis.21 The construction is shown on Fig. 22b. The normal to the

horizontal plane is called n. Then

l = cos't = cos 61° = _485
m=cosR =cos 33° = .838
n =cosy = cos 76° = .242

(1" +m” + n” =0,996 =~ 1.0)

2.2, 2 2 2 2_
R =1 ﬁl +m c2 +n 03 = B8.22 MPa
lﬁl maz n03
cos ny = = = .682 , cos 81 =g = .727 , cos Rl =7 ° .081
(.6822 + .7272 + .0812 =1.002 =~ 1.0)
N = 47.0°, o = 43.5°, Y = 35.5°

so that "v = 8.22 cos 16° = 7.90 MPa = 1145 psi.
This confirms the value of o, = 7.92 MP. reported by Ellx’s.21 Thus,
the ratio ﬂh/dv in a plane perpendicular to the long axis of the tunnels is

nhl/cV =1.17 .

Note that this ratio is independent of the assumptions made for the rock

modulus.

Finally, the virgin horizontal stress, Oh2 parallel to the axis of the

tunnels is the normal stress on a vertical plane striking N29E. The direction

cosines of the normal 7m_ to this plane ({(Fig. 22a) would be

2
1 = cos 65° = .406
m = cos 89° = .017
n = cos 24° = .913

(1% +n? +n%=0.9993 = 1.0} ,
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so that

2 2 2
Opy = 1 0p +mo, +noy = 4.20 MPa .
With = = 7,90, n = 9.22, and o = 4,20, we estimate the first
v hl h2
invariant as
I1 = 21.32 MPa ,

which ig within 0.5% of the (1] + CZ + ﬁ3) value previously calculated.

Yet another wav of finding the above stresses consists of the
three~dimensicnal Mohr constructions shown in Fig. 23. Note that they provide
chear stresses as well as normal stresses on the planes of interest. The

.alues ohtained in this fashion are

= 7,90 MPa , ”H = 9,25 MPa , and - = 4,20 MPa

The direction of the least principal horizontal stress can be inferred

th the N45W to

from Ellis' reportzl to be around N42W. This 1s consistent
. . 37
N50W directions reported by Zoback, who based his calculations on lncal

seismic events and direct stress measurements at and around NTS.

4.1.3 Discussion of Secondary Principal Stresses

El]is30 also calculated secondary principal stresses perpendicular ro
hole OC-2, based on the 1l readings taken. His results are summarized in
Fig. 24. Several features of this ficure should be noted:

® The direction of the P stress is reasvnably close to vertical.

® The P stress falls between the overburden value ({10.9 MPa) and the
vertical stress previously calculated (7.9 MPa). For a single

.o 2

horseshoe~shaped tunnel in an elastic isotropic rock,38 when no, s 1.17,

the vertical tangential stress would be (point A, Fig. 25)

CtA =1.18 ‘v = 9.3 MPa ,

However, with rock damage due to blasting and stress relief, the actual value

should be quite lower, which it seems to be.
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FI1G. 23. Three~dimensional Mohr constructions to determine normal and shear
stresses on selected planes at SFT-C.
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17

e I[f{ we discount the first P value, the shape of the P rurve
consistent with an initial zone of damaged rock followed hy an arch of higher
pressui~. The unusual feature, however, is that the low strers zone appears
to extend 3 m in from the rock face, a higher figure than would normally be
expected for the depth of damaged zone around a 3.6-m wide tunne!. Typically,
we would expect no more than 1 m of more fractured rock, with the higher-stress
zone starting immediately behind.

® The shape of the Q curve is quite unusual because it show-
significant stress reduction between 3 and S m, whereas the P stre.s has
increased sharply, Numerous stress measurements in jointed rock:22'32
usually have shown P and Q varying in the same direction.

We agree with Ellis31 that a better picture of the stresses arcund SFT-C

drifts should be obtained. Our own campaign of meatarements was an effort in

this direction.
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4.2 UNDERCORING STRESS MEACUREMENTS

4.2.1 Procedure and Test Rerults

The undercor ing method can be used for near-surface measurements of
. . 39 . . R
tangential stresses behind a rock face. Six pins are grouted in the
o R .
vock--at 60 to each other--to form a rosette (Fig. 26). The rosette is

then undercored hy means of a central hole.
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Reference
pin

Undercore
hole ~

FIG. 26. Schematic of the undercoring method of
stress measurement (data from Tsur-Lavie and Van

Ham”") .

The algebraic values of the three changes in diameters (Ul, Uz, 03)
between the pins are recorded. The magnitude and direction of the secondary

principal stresses are calculated from

N LR | w -u,2 ]
91 % Tz2a M N i ’
1,2,3 )
. . E ul+Uz+U3_Q © -0)2 1/2
2 12a M N 2: i j 4
1,2,3
oo 1 VRS
=Lt Ty Cuo, -u, !
1 2 3
where
2 3
{1 + V}K _ 4. (1 -v7) K- (1 +VK _a
M = ——12 N = , K = =,
2 2 r
anad

a = radius of undercore hole, r = radius of pin rosette, E = rock modulus,

Vv = rock Poisson’s ratio. Compression is negative.
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Of the six undercorings attempted, only two were successful. Both were in
the crowns of the heater drifts. In two of the unsuccessful cases, the pins
were hit during the test. In the two other cases, discrete relaxation of rock
joints around the rosette created displacements that could not be analyzed on
the assumption of homogeneous behavior. Results from the two successful tests
are shown in Fig. 27. The rock-mass modulus was taken as 14 GPa, from results
of NX-borehole jack measurements in the first 30 cm of rock around the
tunnels. The tangential stress perpendicalar to tunnel axis is significantly
larger than the longitudinal tangential stress. This is consistent with the
ratio of o, and o __.

hl h2

4,2.2 Discussion

1t appears that undercoring can bhe a valuable substitute or complement to
the use of flat-jacks. However, the procedure should be modified to enable a
direct determination of the modulus at the site of the test. A possibility is

to first undezrcore the rosette with an NX-hole in which a new version of the

N N

6 g1 =98.2 MPa

54 -~ LPDMH

. =duce \
1.3MPa i _

e Fq ucC-6

18— 38MPa | 7.1MPa

la, = 7.9 MPa)

-—

= 4.2 MPa

Oh2

FIG. 27. Secondary principal stresses tangent to the crown of heater drifts.
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borehole jack could be inserted. Then the rosette could be undercored again

with a larger bit to provide redundant information.
4.3 MEASUREMENTS BY BOREHOLE JACK FRACTURING

4.3.1 The Jack-Fracturing Method

The jack-fracturing method of stress measurements was developed by
De la Cruz.40 The basic idea of this method is to strain relieve a portion
of the circumference of a borehole bv loading it with curved jack plates to
induce radial fractures around the hole (Fig. 28).

The procedure includes the following cteps:

e Friction gages are installed at a known orientation on the borehole
walls.

e Loads are applied until fracture of the walls occurs, and 1 ading is
continued until the strain readings stahilize.

® Strain relief is measured as the difference between maximum strain
reading and stabilized strain reading after fracture.

The strain relief, Snat is a function of the normal and shear stresses

away from the hole:

= 1——‘——"—[(1-2coszﬂ)o + (1 +2cos 2% @ —4sin2(‘.‘l’]
X v Xy

FIG. 28. Schematic of the jack-fracturing test
(data from De la Cruz40).
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Thus, if fractures are induced in at least tnree different orientations in the
borehole {three independent operations at a sufficient distance apart), three

equations such as the one above can be written. From these the field stresses
Ox' g, and T can be obtained. The secondary principal stresses in

the plane perpendicular to the axis of the horehole and their orientation can

he calculated as

2 1/2
(. + 7)) (g, - 7)) - /
S TR SO e S A
1 2 4 Xy
1/2
(=~ + 7)) (c_ =0 )2 /
. X V. o_ X b - 2
2 2 4 Xy
, B -
+ = = tan 1T xy .
2 -
x Y
Ueing the De 1a Cruz convention, "t is the clockwise angle bhetween the x axis,

taken vrrtical, and .

4.3.2 Reasults at SFT-C

The measurements bv horehole jack fracturing were performed by De 1a Cruz
and Voss in the four NX-holes: MBI-7 and MBI-14, north and south. Positive
readings were obtained in hoth holes of the north pillar, but in the south
pillar the degree of pre—existing fracturing apparentlv precluded meaningful
measurements. The strains, ¢,,, are summarized in Table 7, and the

calculated stresses for the north pillar are shown in Tables 8 and 9.

4.3.3 Discussion

Using the hest estimate of rock-mass modulus obtained in Sec. 2, the
values of n, are unrealistically low while the values of *2 are within a
range compatible with the horizontal stress values discussed in Sec. 4.1.2.
The fact that the jack-fracturing method 4did not yield any results in the
south pillar mav also raise questions concerning the results obtained in the

north pillar. The RQOD values and the moduli measured in both pillars do not
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TABIE 7. Summary of strain relief readings, jack-fracturing method.

Depth from Orientation eee
Hole N collar (m) (deg. From vertical) (1079
MBI-7N 1.8 45 125
3.0 30 167
4.2 0 jl2
4.8 60 90
5.4 45 104
MBI-14N 0.6 90 390
1.8 30 243
2.4 0 200
4.2 45 300

Combining the above readings 3 by 3 (in three different orientations at
the same location), iLhe secondary principal stress values are obtained as

shown in Tables 8 and 9. The rock-mass modulus is taken as 26 GPa.

tend to indicate a drastic increase in fracturing in the south pillar, which
would preclude repeating the measurements of the north pillar.

Altogether, the jack-fracturing results do not appear consistent enough to
be taken at face value. A re-examination of the technique is probably in
order for testing in all but massive rocks. We suggest that the borehole
measurements be preceded by a visual examination of the borehole wall to
ascertain the presence aid density of intersecting fractures. Thre jack could
then be used in the least-fractured zones to enhance the reliahility of the
data.

In this research we did not attempt to measure stress changes in the
vicinity of the drifts because there was not any ongoing mining or thermal
loading. Hence, we did not expect stresses to vary. In any case the
measurement of stress changes can be a delicate procedure. The options are to
use vibrating wire stressmeters4l or hydraulic cells.42 Stressmeters used
at SFT-C are quite rapidly attacked by corrosion. Also, tke calibration of

the hydraulic cells is a very complex undertaking.41 We suggest that more
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TABLE 8, Secondary prin.ipal stresses perpendicular to hole MBI-7N,

north pillar.

Orientation of combined readings (deg.)
0-30--45 0-30-60 0-45-60 30-45~60 fAverage
o, (MPa) 4.32 4.27 4.78 3.97 ; 4,33
0, (MPa) 2.32 2.25 2.79 2.16 . 2.38
at® 30 29 28 27 29

TABLE 9: Secondary principal stresses perpendicular to hole MBI-14N,

north pillar.

l Orientation of combined readings (deg.)

0-30-90 0-45-90 0-30-45 30-45~90 Aver age
t
51 {MPa) | 4.74 4.74 5.19 4.63 i 4.82
32 (MPa) ! 3.44 3.44 3.57 3.11 " 3,39
219 0 0 0 0 0

attention be given to the development of reliable gages to monitor stress

changes over long periods of time, under unfavorable thermal and moisture

conditions.

5. 1IN SITU POISSON'S RATIO OF CLIMAX GRANITE

If we assume the tunnels to be in a plane strain condition in their
central portion vhere the stresses were measured, we can estimate an in situg

Poisson's ratio from
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Here

Vo= 4.2/(9.2 + 7.9) = 0.246 ,

This would seem to be a reasonable value for the Poisson's ratio of the
rock mass. Note also that this value is obtained independently of any

assumption made for the in situ rock-mass modulus.

6. SUMMARY AND RECOMMENDATIONS

6.1 SUMMARY

The in situ modulus of the Climax granite in the Spent Fuel Test (SFT-C)
arce of the Nevada Test Site wa2s estimated using si: difiercnt approaches.
Ou: best estimate of field modulus as Ef = 26 GPa was obtained from a
comparicson of the various approaches. A best estimate of laboratory modulus
acq:ired py comparing three different sources was El = 70 GPa. Therefore,
he modiulus reduction factor for the Climax granite appears to be

E, = 0.37. In turn, our estimate of in situ rock-mass deformability

2]
3
|

was Jsed to back-calculate in situ values for the normal stiffness of the

granite joints.

Qur analycis of former stress measurements by the U.S. Genlogl.cal Survey

shows that the horizontal =stresses in the vicinity of SFT-C vary greatly with
azimuth. An unexplained feature of the stresses at SFT-C is the fact that the
vertical ctress appears to be only &5 to 75% of the calculated lithostatic
burden. From the three-dimensional stress ellipsoid at mid-length in the
tunnels, assuming a plane strain condition, we were able to estimate an
in situ Poisson's ratio of the rock mass as . = 0.246. Two other techniques
were applied in an attempt to measure the stresses around the SFT-C heater and
canister drifts: the undercoring method and the borehole jack fracturing
approach. The former technique appears to have given reasonable estimates of
tangential stresses in the roof of the heater drifts: the latter appears to
give low results for stresses in the pillars.

Specific recommendations are made for future tests to further characterize

the mechanical properties of the Climax granite and the in situ stresses at

SFT-C.
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6.2 RECOM:ENDATIONS

® A new attempt should be made to apply the petite sismique technique at
SFT-C. Additional measurements should be performed horizontally in the
pillars between holes MBI-7 and MBI-14. This would possibly shed some light
on the question raised by the high frequencies of shear waves measured between
p:illar walls.

e The NX-borehole jack (Goodman Jack) should be improved, to overcome
longitudinal bending and plate contact problems. We have discussed possible
design modifications with the manufacturer.

® An effort should be made to determine the normal stiffness (Kn) of
granite joints in situ. This stiffness plays an important part in the
modeling of nhcthl the mechanical and the hydraulic behavior of rock masses.

e The undercoring technique can be successfully reused, in a somewhat
modified form, both to minimize pin ¢fntact and .o obtain rock-mass modulus at
the site of the stress measurements. We have conceived of a revised test
procegure.

® A direct comparison should be made of flat jacks and undercoring at
SFT-C. These shallow jacks should be thin half-disks emplaced in diamond-saw
cut slots. The flat-jack tests can also be arranged so that they would be
part of an experiment to measure normal joint stiffnesses.

e To improve the estimate of the undisturbed stress field at SFT-C,
future overcoring measurements should be performed to greater depths than the
previous USGS tests. This can be achieved by deepening the existing holes in
the south heater drift. For correlation and technique evaluation, the
mini-hydrofracturing method of the USGS should be employed in an adjacent
location to the overcoring measurements. In addition, to resolve the
uncertainty about the stress state in the pillars, overcoring measurements
should bhe performed in the center section where modulus data are available.

® More reliable gages are needed to monitor stress changes over long
periods of time, under unfavorable thermal and moisture conditions.

e Because of its jointing and fracturing, the stresses in the Climax
pluton may not be very homogeneous, Certainly, the variability of stresses in

. . 43 . . . .
jointed media is a question that warrants further investigation.


http://ime.it
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