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IN SITU GEOMECHANICS 
CLIMAX GRANITE, NEVADA TEST SITE 

The in situ modulus of the Climax granite in the Spent Fuel Test fSFT-C) 
area of the Nevada Test Site was estimated using six different approaches. 
Our best estimate of field modulus as E = 26 GPa was obtained from a 
comparison of the various approaches. A best estimate of laboratory modulus 

che modulus reduction factor for the Climax granite appears to he 
E / E = 0.37. In turn, our estimate of in situ rock-mass deformabi1ity 
was used to back-calculate in situ values for the normal stiffness of tr^ 
granite joints. 

Our ana 1 y ? i <: of former ctrrc: measurement." by the U.S. r-onioai •*1 Si*r ve\ 
(USGS) sh^ws that the horizontal stresses :*-. tV- vicinity of "FT-C vary 
greatly wit1- azimuth. An unexplained leaturr- ot the stresses ic SrT-C ir 
fact that the ver tical stress appears to i>*» only 6S tc "75% nf - ;•> caloj 1afc»d 
li t ho stat ic burden . From the thr^e-dimens Ion a 1 stress o 1 i ipr.<; i i 5t ?:i->-n 
in the tunnels, assuming a plane r.train con.ii-:->n, w<=. wrr« at'.'1 •<- •-• "t iir.st̂  
IP. situ Poisson's ratio of Min rock rr.ar.s a:" . =- 0.24-;. Two •- V-: -̂ r-hri: rj .••-•'" 
were appl led in an ".r tempt to measure thr :tr>* >•: 1: '-> ,n-i •;:.< .i-7"."—, -.'at": i 
can ister dr if ts: the- under cor ing ire trod and r he k '-•• * -,n>- i i--< f • ir*- .: . n : 
approach . The former techn ique appear s to hav- :. v-r ' »-.i •• <r. i:>. - >• -.r i1*" -.'-* -
tangential stresses in the roof of thf- heaf ••• ::•.!• • * • * .:•'•-: -\y. • •• r 

give low results for stresses in the pillar-. 

Spec i f ic recommenda*- ions art- rr.ade M r t ji- .r •* •*-.'*• - t ! .: * ĥ -r ". i •:-*->-- . 
the mechanical properties of thr- Climax nr nr : *••• "»nd -r.e :r :-. - •-.-- * - i* 
SFT-C. 



1. INTRODUCTION 

1.1 SPENT FUEL 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 assemblies in an 

1 n 

underground chamber at the Nevada Test S ite i NTSi , Nye County, Nevada. ' * 
This generic test is located 420 m below the surface in Climax granite. 
L'leven canisters of spent f ue 1, approximate ly 2.5 years >>'j *• of reactor cor*1 

{about 1.6 xW/cariister thermal outnutj, are now emplaced in a storage drift 
a long with six P1<=>C* r ical simulator canlstern. Two -adjacent drifts conta in 
electrical heater;;, which will be operated to r::rr.jlate th*1 thermal fi^ld of a 
1 arge rep'i::i tory. 

The three drifts are shown in Fig. '•• . Th*-*. r "x^ovat . -tr. was per formed l n 
throe stepr,: the two heater drifts were pxc^vat.i;d fiirt, 'her, the top heading 
of the can ; ster dr i f t w^s mi ned , and f l na 1 I / , the br-nch wa*. r eircved . Pr .or to 
the rrn ne-by of the center (can i ster ) dr if *-, d**f ormati on .ind r. t r^ss gage: wf-:e 

empl ured n^ar two cross sections, 1 ah*1 l^d stations C ̂  7 ir.d 1 + 45 'Fig. 2.. 

CI J L xtstitii) kvort- ings 
\ t ' , \ f( jnstfuctKjt i 

SLit ion 
3-45 

?'83 

North 
•In 

hlrdt 
i!t 

Hoi,: r.ifcjl 14, -
Station 3-49 • ~?' ^ 

. - " " ' A , 
Cdi oti'r storage —-~* ^ 4 

dnft ..-• / N 

South heater -^ >"* , - a,,\,..,,,.,, 
drift -f t 

Hole MBI 7. ' ^ ' 
Station 2+87 •• _. 

Instotmenuitioh dicove / *' ^ g y 

—/ L _ 

FIG. 1. Spent Fuel Test layout in Climax granite, NTS. 
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O Extensometer anchor 
0 Convergence head 
D Vibrating V.^K- stri.'ssnipt 

FIG. 2. Cch^ir.atic c r n r r r u c t i o n of 5pent FJC-1 ypr.- , srowing :*"". 3 t r / e l o c a t i o n 
of r-me-:<y 1 nrcr jment." ' r ^ p : . ".tPi w.t!". pe rm SKI or. : rorr Ramspn** ar.1 bai ' .ou ' ' . 

Two ca i CJ ! i t ion:* :' •"-1 J t f- d to the .Tinp-by werf- r e p o r t e d :'»•-.•. .• . y. ' I.-. 

ne 1 ther ca;^ i i d the- n ^ r r i ^ a l mode ; z e x p : I C i t l y I ncl -; '.f* t > - :<• '. <•; : -a ". 

d i s c o n t i n u e : . - - : r,.jch .ir. i m n t P and s h e a r s . The rock-rr,d:-"£ rv*1 :!-:'" w;»r ;•>-,.-.?>"-. 

f ron- handbook val uer , .~; nee no f : r - Id t n r t s had br-cn ^er f orr -••: *-" r-st i . T atP 

In t:hf* f i r ct model the r a t i o of hor i zonta 1 to V P : t ica 1 F t r e s m - -.-a: :*-d 

between 0.8 and 1.0; t n the second mode". ; t ranged t rorr C.R t^. \.2'>. TN-

h i g h e s t vahjf of 1.25 is c l o s e to tha t d ^ r i v - i f i OF the a n a l y i P .f o v ^ r c o r i n g 

measurements conducted by the U.S. Geo", og i ̂ a 1 S j r vc-y around th> so ; th hea t e r 

d r i f t . Ne i the r model had the c a p a b i l i t y to r ep re sen t d i l a t a n c y or 

s t r a i n - s o f t e n i n g of thp rock mas~. 

The s t r e s s changes and de fo rmat ions c a l c u l a t e d by LLNL with the ADINA 

code are summar ized in Table 1 and F i g . 3. S t r e s s e s and duformat ions 

c a l c u l a t e d by Terra Tek, Inc . with the DIG and TWODY cooes were q u i t e 
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FIG. 3. Comparison of measured and (predicted) displacements durirg mine-by 
a\. SFT-C (reprinted with permission from RamspottM. 



TABLE 1. Comparison of measured and previously calculated 
vertical stress changes, as a result of the mine-by {data from 
Ramspott ). 

Dist. from VSM a Calculated 
Stress- Station can ister redding stress change 
meter No. (Fig- 1) dr ;ft (m) (HPa) (MPa) 

VSM-1 2+8P 1.0 -9.7 +5.1 
VSM-2 2+BO 3.0 -1.3 + 2.3 
VSM-3 3+02 1.0 -7.0 + 5.1 

Vibrating wire s-.ressmeter (VSM) calculations assumed a 
r OCK modulus of 61 GPa. Minus sign indicates a decrease in 
comprer,r- i on. 

b Fock modulas assumed at €1 GPa. Horizontai-to-vert ical 

s t r r> zr i ;j'. Io taken as 0.8. 

1,3 

K I T ; Jar. Th:r. was to be expected, considering the similarity of the input 
TfK' : er: J! tr, of model i ng can be summar ized as: 

• Thf rr.odpl s did not show a reduction in vertical stresses in the 
pi", larf: curing m:ne-by of thf canister drift, as reported from the field. 

• Thf- modr-l s did not show a hot izontal con tr act ion of th^ pillar? dur ing 
mine-by, ar. r<-por ted from the field.'' 

* Th<~- relative movements of anchorr for the pxt^nsometpr ~ at 34 to the 
hor I zontal were several t imes 1 argf-r than p: r-d ic t^d by thr> .Tod^'f: at 5=tat i ons 
3+45 and 2+83. 

* The relative movements of anchors from th^ extensomct^rs at 50 to the 
hor izor.tv.1 were in s 1 lght ly better ag reement wi^, the predicted values at both 
stations. 

In general, observations and calculation? came closer tr 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 explai ned f rom the softening of the rock in the skin of the pillars, as 



a result of blasting and stress relief that open up fractures. Also, the 
d ./crease at VSM-2 ir. the core of the pillar is not unreasonable; our new 

4 analysis of the mine-by 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 contraction of the pillars* however, is more 
puzzling. In a previous report 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 Arching 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 
through one of three modes (Fig. 4): 

• Unloading before peak. 
• Unloading postpeak. 
• Offloading in a so-called Class II behavior, onlj because Class I 

behavior gives a strain increase. 
There is no published evidence that the Class II offloading observed with 

servo-controlled machines in laboratory compressive te^ts can exist in the 
field, where vertical loading is passive due to the overlying rock. 

As for the unloading assumption, a simple calculation shows the strange 
conclusion to which it leads. The average pillar shrinkage at four locations 
(Fig. 3) is at least equal to 

(1.96 + 1.42 + 2.66 + 1.80J/4 = 1.36 mm . 

For pillars with an average width of 5.5 m, this corresponds to a horizontal 
unloading strain recovery: 

fie. = 1.86 • 10" 3 / 5.5 . hor 

With a P o i s s o n ' s r a t i o J = 0 .246 , t h i s impl i e s a v e r t i c a l s t r a i n r e c o v e r y : 

fie L = Ae u / 0.246 = 1.4 • 10~ 3 . v e r t hor 

f. 



Offloading 

Stra.n 

Class I strain soften-iq 

O'Hoatiin'i 

Strain 

Cass II strain soften.nq 

FIG. 4. Unloading vs offloading; stress-strain response. 



From our best estimate of 26 GPa for the in situ modulus of the Climax 
granite, the above Ae would require a vertical stress relief equal to 3 vert 

Ac t = 26 • 10 3 • Ae = 36 MPa . vert vert 

Admittedly, the pillars 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, it is considerably larger than the in situ vertical stress of 
7.9 MPa reported at SFT-C. The pillars would end up in a state of large net 
tension, a very unique occurrence. Besides, oar pillar stress measurements 
have indicated compression to exist. 

In summary, it appears that the unique horizontal shrinkage of the 
pillars, reported 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 in providing reasonable explanations for the reported 

4 3-A„-?lized decreases in vertical pillar stress. 
To shed some 1lght on the above riddle, a two-phase program was initiated 

in 1980. It consisted of a new modeling effort, using the JPLAXB finite 
5 element program,J and a field-related project to provide realistic input for 

4 
the new models. The new model calculations, which ar̂ - reported separately, 
include: 

• Representation of discrete geological discontin^ities, such as rra jor 
joints and shears observed around the tunnels. 

• Strain-softening and dilatancy of joint and rock elements. 
• Field-measured input of rock-mass modulus. 
• Field-measured input of in situ stresses. 
• Poisson's ratio derived from field stress measurements. 
• Parametric variation of the horizontal-to-vertical stress ratio between 

0.5 and 3.5. 

1.2 Purpose and Scope of Project 

This 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 of: 

8 



• De ta i l ed inspec t ion of the three d r i f t s , t o i d e n t i f y the major 

g e o l o g i c a l d i s c o n t i n u i t i e s that should be represented d i s c r e t e l y in the new 

models. 

• Ca lcu la t ion of the rock q u a l i t y des ignat ion (RQD) for cores obtained in 

NX-holes MBI-7 and MSI-14, which run h o r i z o n t a l l y through the p i l l a r s in the 

v i c i n i t y of s t a t i o n s 2+87 and 3+49 'F ig . 1 ) . 

• RocK-mass deformabil i ty t e s t s in MBI-7 and MBI-14 with t h e NX-borehole 

jack and with a modified NX-jack, a l s o used for s t r e s s measurements. 

• P e t i t e s ismique t e s t s a c . o s s t h e two p i l l a r s in which t h e f requency of 

h o r i z o n t a l l y p o l a r i z e d shear waves was measured. 

• E v a l u a t i o n of the rock mass r a t i n g fRMR) and Q - r a t i n g for ,h^ Climax 

g r a n i t e . 

• ' Jnde rcormg s t r e s s measurements a t m i d - l e n g t h of each hea t e r d r i f t t o 

o b t a i n v a l i e s of t a n g e n t i a l roof, p i l l a r , and r i b s t r e s s e s . 

• S t r e s s measurement - in both p i 1 l a r ~ by r>orehole jack f r a c t jr i r.g j s : ng 

h o . e s MBI-7 and MBI-.4. 

! • "* Geologic S e t t i n g 

Th» CI imax "tock a<- the Nevada T ^ t S i *•«=• : s composed of g ; i r b z r | - ' z c r . : * f t 

~-r> grano^ ior i*-.e. The Soent Fuel Test s i t e :~ loca ted in tr.e a;ar*"7 

monzoni te , which c o n t a i n s t h r ^ e s e t s of j o i n t s r e a r l v perper.d :o ;1 ar to =-aoh 
, . 6 

Average 

s t r i<e A . T* 

Set 2 N64W '•;̂  = r vertical 
Set ° \'35E '."ear vertical 

In addition, there are a number of p^ar ztr.e" intersecting -r.e three drifts. 
For the :iew modeling of the mir.e-nv, we severed *wo cro~s ~e~"ior.= 

containing discrete discontinuities 'Figs. ~, ard e. . The-.- const :t Jte 
two-dimensional approximations in which onlv selected shears and master joints 
ar^ included. Eventually, three-dimensional rode Is with di=cr»te joints 
should he used, since tr.e strike of the ma^cr discontinuities a*- SFT-C is not 
parallel to the axis of the drifts; it is 10 to 30' off from the axis. 

9 
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South 

\\: 'V 

Morth 

1- ) 

FIG. 5. Representative cross section for new mine-by analysis, station 2+83. 
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FIG. 6. Representative cross section for new nune-by analysis , s ta t ion 3+45. 

11 



2. IN SITU DEFORMABILITY 

2,1 NX-BOREHOLE JACK TESTS 

2.1.1 The NX-Borehole Jack 

The NX-horehole lack (Goodman Jack) used in this project was leased from 
Slope Indicator Co., Seattle, Wash. The instrument and the theory for data 

8-10 
a n a l v s i F h.avp hppn di"~ct:pred a^ l e n g t h in t h e l i t e r a t u r e . 

2 . 1 . : NX-T^ICK T e q r - at SFT-C 

For 'he p'j r p o s p o f m^as-jr l nq thp d e f o r m a b i 1 i t y o f t h e CI imax g r a n i t e in 

p i i m , wr "-nir. - idvan t 3q»* o f t h e a v a i l a b i 1 i t v o f two K X - h o l e s t h a t were d r i l l e d 

pf-T po;"i i . ' : ; ^. t o t-.h*1 ix i = o f thp *-unnp I s at s t a t i o n s 2+87 ant^ 3 + 4 9 . The 

hn]*•"-, ",-3.ki'-*]nd MBI-7 an-? MBI-14 , WPTP d r i l l e d from one h e a t e r d r i f t t o t h e 

n : Y;c-• • , ; , r ' " *•'• mi r inq o f f he can i s t ^ r dr i f t-. T h e r e f o r e , f o u r h o l e s e x i s t i n 

t-hn -wr p - i ' n r r ( F i q . 1 ) : MBI-7N and MBI-7S f a t s t a t i o n 2+87) and MBI-14N and 

MBT-14S 'a* : »-at ion 3+49) . 

Al *• iqpt. V r , S8 p o i n t m e a s u r e m e n t ? werp made in the f o u r h o 1 e s , a l t e r n a t i n g 

v«-*r t- i c-i 1 'jpd nor i z o n t a l d i r p c t i o n s ; t h i s a v e r a g e s a b o u t s e v e n m e a s u r e m e n t s p e r 

h o I f , nfr d ] r ° c t i n n . S i n c ^ the h o l e s were 5 . 4 m l o n g , t h e m e a s u r e m e n t s were 

t a k ^ n a b o j - e v e r v 18 cm. For an assumed P o i s s o n ' s r a t i o . = 0 . 2 5 , t h e m o d u l u s 

E : F -31 r : 1 =st^d a s : 

E , = 1 . 1 0 • AO • r r , 
calc AD 

vu.er̂ - '.•; :.T *:)-» increment of hydraulic pressure in the jack and AD is the 
ihar.̂ c- : r. borehole d iameter D. The E , is then used to obtain E as 

calc true 
indicated in. Fig. 7, which is derived from Ref. 9. 

The results are summar ized in Figs. 8a through d, which show the var iation 
of the calculated field modulus through the thickness of the north and south 
pillars at stations 2+87 and 3+49, respectively. In addition, the rock 
qualitv designation fRQD) obtained from the same holes (MBI-7 and MBl-14) is 
also displayed. 

12 



i I 

1 2 

E calculated 10' 1 MPd-

0 1 2 3 4 

F calculates - 10' psii 

FIG. 7. Calibration curve for the NX-borehole 
jack; calculated vs true rock modulus (data from 
Heuze and Salem9). 

RQD war first proposed by Deere. It is defined from NX-corn drilling 
(7.ri-cm diameter hol») as the rntin 

_ sum of length of cor^ pieces with length > 10 
total length drilled 

The mean value of this RQD is 80%. Note 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 walls of the drifts by the 
excavation process. 

The results obtained in the south pillar are shown in Figs. 8a and b. 
6 Most F values range from 10 to 30 GPa (1.5 to 4.5 " 10 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. 
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FIG. 8. In situ modulus and RQD, south pillar: 
(a) Hole HBI-7, station 2+87. (b) Hole MBI-14, 
station 3+49. 
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All other |E f ) , m calculated • 50 GPa 

50 
- R Q D •100 
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FIG. 8 (Continued). In situ modulus and RQD, 
north pillar: (c) Hole MBI-7, station 2+87. 
(d) Hole MBI-14, station 3+49. 
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Half of the results obtained in the north pillar (Figr. 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 
movements 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 fi**ld work, the renteJ 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 31 instead of the .lominal 90 . Using the 
o 9 

31 figure and applying both the corrections by Heuze and Salem for 
longitudinal jack bending and by Hustrulid for radius mismatch, enabled us 
to make a satisfactory calculation of the modulus of the aluminum block, 
comparable to that obtained 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. Its 
principle of measurement is illustrated in Fig. 9. 

As before, the wall of the borehole is loaded by steel plates covering two 
90 arcs. However, the modulus measurement is no longer based on monitoring 
a change in borehole diameter in the direction of loading. Instead, a pair of 
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FIG. 9. Principle of the modified NX-borehole jack t e s t (data from 
De la C r u z 1 2 ) . 
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friction strain gages are installed at 90 to the direction of loading; 
i.e., 0 = 0 and 180° on Fig. 9. With 

R = hole radius, 
Q = hydraulic pressure behind the plates, 
A = plate .rea, h 

the tangential stress c„,t at points A and B is 

i \ ' % 

" • - - ! ) = 2 —r~ • 

and for this particular instrument and hole size 

G,. = 0 625 Q u . 
, , M n 

The plate length has been extended to 45 cm, as opposed to 20 cm for the 
original jack. With a 7.5-cm diameter hole, the ioadi ng can be assumed to bP1 

close to a plane strain condition. Hence, the tangential strain r,. at A 
and B can be found as: 

1 - v 2 

^„ = - i — J, f l • 

Therefore, the modulus E can be f inal ly expressed as 

? Q h 
E = 0 . 6 2 5 (1 - v> ) — 

For a Poisson's ratio assumed to ne v = 0.25, 

Q h 

E = 0.59 -S-
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2.2.2 Modified NX-Borehole Jack Tests at SFT-C 

This last equation was used to analyze the data from 34 measurements in 
holes MBI-7 and MBI-14. The calculated values are summarized in Table 2. 
E is shown at values of Q^ where the record was linear. Two striking 
results emer ge: 

• The mean and standard deviation of the E modulus, measured in the 
damaged skin of the pillar?, IF 

E = 87.1 + 20.0 GPa , 

whereaF. t h e ~ .-ar J : em^n*; awav f rom t h i s z o n e n i v r 

* The '. »rt"'.- '.'o. K '. ft'.."7 : : j r h i g h a s •: r.e v a l j ' - ( ' o r t a . r . e d r 2 - - . " . 

d i a m e t e r ci r ' - r ; n t h e 1 a h o : a*" : / . Th i " : r cnr.* : ar y V • -i\'. '"•-he: ••*/. i e n c e 

wh i c h s h o w - - .V- i l e I d TTO.'JJ ! , :J. he i ' w r rr.ar. * he I a f ^ r a t - . ; : y - r r e a r J r e d v ̂  -jes . 

T a r 1 e i wa.- <-x*: a c t e d from Hef . 13 t' : I '. J S ^ r a t e t h i r . p o . - . ' . 

2 . 2 . 3 DiECJ . i r . i on 

I n s p i t e o f t h e i r ' » d d : t y , t h e m o d i f i e d !ac^, r e F j l t r ar<* . r.1- r-: n j '. I y 

c o n s i s t e n t and c a n be e x p l a i r - f l in r - " r r • ! a b r e a k d o w n . r. * r.e i"r . r r r* : >r" xr. 

wh i c h t h e rroar. J I e m e n t r a r e b a s e d . T\«- •- i ' . - - ' . at : -r. <->f K a r r JIT.'- * ? 3 ' r v e : >ck 

m a s s IF. c u : ' i T I J O J F and i s o t r o p i c . H<»w • . - ' - . le* j f^w f i - i c t j ; - ! • x :: * a r o u n d 

t h e b o r e h o l e a., s k e t c h e d i r. F i - i . 1C . 

The m e d i j m i s u n a b l e t ; t r a n s i t i t J \..-*\. r*-r-. . 1 •• n i : r •" * r.e = +90' 

p o i n t s , and • i ~ v e r y sma I I . Thir . ; '--ad t - .-a ". ~ : 1 a* ; nq a . -e r v *. . nb F 

v a l u e , whi ch i F. c o n t r a r y t o t h e phy " i ^.s! : '-a ; . r y . Sr : t i s .nr * - : j r r ; l c . n q 

t h a t t h e E r e p o r t e d fo r t h e damaged p i . I a: •••;.- :? r.: a he r t har. £ : n s i de t h'-

p i l l a r . Even w i t h t h e a b o v e s h o i t c o x i n-i , t h e x o d i f i M r>o: ej-,,-,; r. 7 a r k s h o u M he 

u s e f u l f o r t e s t i n g i n i t i ass i ve r JCK s u c h a. \z of t p n f .vjnd 1 r. t h i c k s e d i m e n t a r y 

f o r m a t i o n s . The r e s u l t s o f t h e o r d i n a l ana t h e m o d i f i e d NX--jack w i l l be 

comr. - . red f u r t h e r i n S e c . 2 . 5 . 
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TABLE 2. Summary of modulus values obtained with modified SX-jack. 

Depth from % eee E 

Hole S t a t i on S c o l l a r (m) (HPa) do" 6 ) (GPa) 

MBI-7N 2+87 0 . 3 48.2 2 % 9 6 . 5 a 

0 . 9 29.6 236 74 .5 
1 . 5 34.5 470 43.4 
2 . 1 34 .5 2 7 8 73 .1 
2 . 7 24 .1 243 42.0 
3 . 3 *7.6 335 48 .3 
3 . 9 34 .5 348 58.6 
4 . 5 34.5 4 4 5 45.5 
S . l 34.5 383 r>.ia 

MBI-14N 3+49 0 . 3 23.0 222 6 1 . 4 a 

0 . 9 46.2 416 65 .5 
1 . 5 42 .1 217 59.3 
2 . 1 53.8 610 51.7 
2 . 7 38.3 3 6 1 62.7 
3 . 3 45 .9 295 91 .7 
3 . 9 24.8 266 55.2 
4 . 5 41.4 400 61.4 
5 . 1 55.2 374 8 6 . 9 a 

MUI-14S 3+49 0 . 6 49.6 307 1 0 6 . 9 a 

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 4 ' 2 76.5 
4 . 2 23.0 195 69.6 
4 . 8 30.3 167 1 0 8 . 3 a 

MBI-7S 2+87 0 . 6 26.8 170 9 2 . 4 a 

1.2 26.8 20G 75 .9 
1 . 8 42 .1 522 47.6 
2 . 4 42.1 333 74.5 
3 . 0 4 2 . 1 323 76.5 
3 . 6 42 .1 365 67.6 
4 . 2 23.0 222 61.4 
4 . 8 34.5 222 9 1 . 7 a 

Values calculated for the damaged rock in the skin of the p i l l a r s . 
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TABLE 3 . R a t i o of f i e l d raoc l u s (E ) to laboratory modulus (E.) for g r a n i t i c 
13 rocks (da ta from Heuze ) . 

Loca t i on Rock t y p e Type of t e s t 

PB T R F J P C GJ FM B T BC PS RM OR 

Tumut Gran i t e 

gnr- i ss 

0 .12 0 . 1 2 0 .97 0.3C 

Dwor^hak G r a n . t e 

g n e i s s 

0 . 4 C 0.4S 

LG-2 Gran i t e 0 .62 

Gage D ;. G r a m t f 0.13 C 6u 0 .65 

A uivj r n G r a m f -

gnr- i r . -

O . U 0.31 

Mont f. 7.1 c G r a m f - 0 . 1 1 

Mo n t r> 7. i c Grar. i t o 0.8S 

Macf.u Pi.-_•!',c Gr^nf -d iOr te- 0 .47 

H o n t a n I I I ~i r an i tc- 0 .21 

S r r i pa G r a m t o 0 . - 4 

C I max/WIS n u a r t z 

mon z n n i t -
C . 3 6 ~ . *v^ C . 3 8 r . 3 ^ 

Legend 

RMR: 
OR: 

Plato bearing or jniaxial jack 
Tunnel relaxation 
K 1 at jack 
Prer.r j ro chamber 
Goodjrar, Jack 

Fcundation movement 
Block test 

Borehole pressure cell 
Petite si smique 
Rock mass rating predict!or. 
Q-rat i ng 

Note: Average ratio E E. (20 ter,* so 0.44 + 0.24. 
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/ \ 

FIG. 10. Modified NX-borehole jack loading in 
fractured rock mass 40 

2.3 PETITE SISMIQUE TESTS 

2.3.1 The Petite Sismique Method 

The petite sismique method is an indirect technique used to estimate the 
14 field modulus of rock masses. First proposed in 1967 by Schneider, only a 

few additional studies have been reported, those by Bieniawski. This 
method consists of measuring the frequency of first arrivals of horizontally 
polarized shear waves propagated through the rock mass. The shear-wave 

14,1b frequency, (N), is empirically related to the field modu-us. 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 
resultr. by Schneider and Bieniawski; it displays only the points cot responding 
to igneous rocks. Note that Schneider's results are between 2j0 and 600 Hz, 
and Bieniawski's are between 450 and 950 Hz. The two sets of data seem to 
correlate very well. 

So, 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 
tests. 16 
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PIG. 11. Empirical cotrelation 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 nimbus model ES-K3 
dual-channel signal-enhancement seismograph tied to an ESR-1P0 strip chart 
recorder. We i^nted the equipment from Geometries in Sunnyvale, California. 
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'.q. 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-lb 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. 13-1B. 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 quite constant over several wave 
lengths. The method was successfully applied to distances up to 25 m. Hence, 
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3.49N 2.87N 

C Geophones 
— 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 reliable enough to permit calculation of 
velocities. However, the petite sismique method deals with frequencies, not 
velocities. 

The mean values of the appireni N were calculated as: 

North pillar N = 1,168 + 73 Hz, 
South pillar N = 1,061 + 105 Hz. 

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 5. 

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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Traverse (4, 4) 

FIG. 13. (a) Records of shear wave ar r iva ls at SFT-C (traverses 1,1; 3,2; 3 ,3 ; 
4 ,4 ) . 
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I I 1 i 1 ' 

Traverse 13, 31 

0 2.5 3.0 0.5 1.0 1.5 2.0 
Frequency (kHz) 

FIG. 13. (b) Power spectra that correspond to the wave records of Fig. 13a 
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FIG. 14. (a) Records of shear wave a r r i v a l s a t SFT-C ( t r a v e r s e s 4 , 5 ; 5 , 4 ; 5 , 5 ; 
5 , 6 ) . 



Traverse (4, 5) 

FIG. 14. (b) Power spectra that correspond to the wave records of Fig 14a. 
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Traverse (6, 5) 

Traverse (6, 6' 

FIG. 15. (a) Records of shear wave ar r iva ls at SFT-C (traverses 6,5; 6,6; 7 ,5 ; 
7 ,6) . 
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Traverse '6 , 6; 

0 0.5 1.0 1.5 2.0 2.5 3.0 

Frequency (kHz) 

FIG. 15 . fb) Power s p e c t r a t h a t cor respond t o the wave records of F i g . 15a. 



TABLE 4. P r e l i m i n a r y a n a l y s i s of p e t i t e sisrnique r e s u l t s a t SFT-C. 

Average 
Apparent Apparent apparent 

Traver se Length per lod f req"encv f req-iency 

TABLE S. Saromarv of p e t i t e sismiqup r e s u l t s a t SFT-C. 

T r a v t - r s p Pi l i a r L e n g t h ?<*ak f r o q * : * - c y 

f F i q . M 'ir.) 'Hzi 

'\.1! N o r t h 5 .4 I,140 

f i . 2 ) N o r t h 1 9 . 2 1 , 0 0 0 

' 3 . 3 ! N o r t h 5 .4 1 ,150 

(4.4) South 5.7 1,100 
(4.5) South ;8." 1,100 
15.4) Soutl 20.4 1,090 
15.5) South 5.4 1,120 
15.6) South 24.6 960 
(6.5) Sou th 22.1 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. 

7.4 OTHER ESTIMATES OF ROCK-MASS DEFORMABILITY 

In this section we present deformability estimates based on three 
.T̂d it ional approaches : 

• Bieniaw^ki's rock mass ratinq. 
18 

• Barton's Q-system. 
• Models of tunne l r e l a x a t i o n . 

2 .4 .1 Es t ima te Based on Rock Mass Rat inq (RMR) 

The RMR ra t i n g , proposed by Bien iawsk i , var i e s between 0 and 100. I t 

is heav i l y dependent upon the geometry and p r o p e r t i e s of f r a c t u r e s . 

Bieniawski has proposed an e m p i r i c a l r e l a t i o n s h i p between RMR and in s i t u 

modulus, based on s e v e r a l p r o j e c t s where f i e l d measurements were performed. 

This r e l a t i o n s h i p i s i l l u s t r a t e d in F i g . 16. 

When t h i s approach i s a p p l i e d to Climax, the fol lowing r a t i n g s a r« 

o b t a i n e d : 

Parameter Range of v a l u e s 

I n t a c t rock u n i a x i a l s t r e n g t h (100-250 MPa) 12 - 12 

RQD (75-90%) 17 - 17 

Spacing of d i s c o n t i n u i t i e s ( 0 . 2 - 0 . 6 m) 10 - 10 

Cond i t i on of d i s c o n t i n u i t i e s 25 - 30 

Ground water 1 0 - 1 5 

Adjustment for j o i n t o r i e n t a t i o n -10 - -5 

To ta l 64 - 79 
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8 0 -
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20 

• 2 RMR - 10U 

Al l rocks ' Igneous rocks 
Lt- R O U K D a m 1 

.-. Non igneous rocks 

Igneous rocks 

40 50 60 70 80 90 100 

Geomechanics rock mass rating, RMR 

FIG. 16. Empir ica l c o r r e l a t i o n between RMR and 
in s i t u modulus of rock masses (da ta from 

Accordi nq *"n F ig . 16, th*» modulu - in p l a c e co'j ld bp pxppct<"jd to bp in che 

ranqe of 

with a mean value of 

28 GPa <_ E ; 58 GPa , 

With an intact rock modulus of E. 70 GPa, this would mean a modulus 
reduction factor E / E = 0.62, which is quite high when compared with 
the results shown in Table 3 for other granitic sites. 

However, we can take a closer look 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 cor responding data points 
shows that the E values corresponding to RMRs of 64 and 79 are 20 and 32 GPa, 
respectively. The mean is 

corresponding to a modulus reduction factor E / E = 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 is likely to become more useful. 

The RMR rating is not to be confused with the rock structure rating (RSR), 
19 Wi-i, ch has been proposed by Wickham and Tiedemann. The RSR again depends 

heavily upon fracture properties. Both the RMR aid RSR classifications were 
developed originally tc provide guidelines for the support requirements of 
roc-'. caverns. However, no correlation between RSR and modulus has been 
I'tportec _r. the literature. 

2,4.1 E^-imat^ 3 a s ed on t he Q- sy .stem 

Thr- , r; I asr, i f ; cat : on, proposal by Bar ton et al. , is based on a rating 

J J RQD . r . _w_ 
J j" SRF 

i< ,KJ - r :>c '< q 'ja. it y < le s l <. n a 11 on , 
-•- j o i n t .set f a c t o r , 

J ( - j o i n t roughness f a c t o r , 

T_ - "joint a l t e r a t i o n f a c t o r , 

= ]oi nt water r e d j c t i o n f a c t o r , 

S RF = s t r e s s r e d u c t i o n f a c t o r . 

S p e c i f i c a l l y , a t the 3FT-C s i t e , the range of pa ramete r s can be e s t i m a t e d a." 

Range of 
Parameter va lues 

RQD: 75 - 90 

J : 3 sets of joints 9 - 9 n 
J : rough, fairly planar jcint 1.5 - 1.5 
J : unaltered to slightly altered with surface staining 1 - 1.5 
J : dry or minor inflow 1 - 1 w 
SRF: medium stress with a few weakness zones containing clay 1 - 2 
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so that the range of Q is 

4.2 £ Q £ IS , 

giving a mean value of Q = 9.6. 
18 Barton has presented an e 

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

18 Barton has presented an empirical relation between Q and .ie field 

E = 26 GPa , 

cor re spond ing t o a modulus r e d u c t i o n f ac to r E / E_ = 0 . 3 8 . Aga : n , i t 

i s seen t h a t the da ta base from which t h i s e s t i m a t e i s taken i s s r a l i . There 

i s no r e f e r ence to rock c l a s s e s in F i g . 17, but i t i s be l i eved t h a t most of 

the r e s u l t s r a r e from g r a n i t i c rocks around cave rns in Scandi ' .avi a. 

2. 4. 3 Estim^tf1- Based en Models of Tunnel R e l a x a t i o n 

If numpi i vi \ modeling \? performed in c o n j u n c t i o n wit-. f i ' -"d r '-ir, j r ^ r ^ n t r 

of rock-mar,:; d*> format! nnr., r he rodc l s can provi i*3 -.r. : ndi mc'" w^y ' 

back-cai cul a t i ng rock-macs s t i f f n e s s . Based or t !v two ca". c r ' i t i T V 

nrc".MOu:: 1 y r epor t e d , ' i t appears t ha t i roc' ' -mar" nod'j ' :'• . -. r he • iri^f 'if 

could pr ov i de r e a s o n a b l e agreement riftwe^n ohrer rod i : . 1 : : • '. -".-.! -* •c-. 
movements away from the immediate v i c i n i t y o r t hr- t- ^p.*-.1. -, 

2.5 COMPARISON OF MODULUS ESTIMATES 

The range of va lues for the s i x types of roc <-rrar-- d^ :"orT. 'in 1 i ty e , t i T.ates 

i s summarized in F i g . 18. The l a b o r a t o r y mod.il i r e p o r t e d :y 11: o^ 
2 20 21 d i f f e r e n t sou rces a re a l s o shown. The high E va ' . jer provided by 

t h e modif ied NX-jack are e x p l a i n e d in Sec. 2 . 2 . 3 . 
Through the use of mux t i p ] e techn i q u e s , i t appears t h a t a r e a s o n a b l e 

e s t i m a t e of t h e s t i f f n e s s cf the Climax grani t r - in the f i e l d -^r. be put a t 

20 GPa 5 E 1 32 GPa , 

http://mod.il
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FIG. 17. Empirical correlat ion between Q-rating 
and in s i tu modulus of rock masses (data from 
Barton et a l . 1 8 ) . 

Laboratory 
LLNL NX-cores2 

Terra Tek NX-cores20 

USGS 15cm<J cores21 

Field 

NX-jack* 
Modified NX-jack* 
Petite sismique* 
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* This document 
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30 50 

Modulus (GPa) 

70 
_L^ 

FIG. 18. Multiple estimates of laboratory and field modulus for Climax 
granite. 
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with a mean best estimate of 

E = 26 GPa . 

For a mean laboratory estimate of E„ = 70 GPa, this corresponds to a modulus 
reduction factor of 

E f / Bz = 0.37 , 

which is compatible with the mean of the results in Table 3. 

3. IN SITU NORMAL STIFFNESS 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 

22.23 
in a t r i - jo in ted marble. 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 

El 

*l S K n 

E. = modulus of the intact rock blocks, 
s = mean joint spacing, 
K = normal joint stiffness. 

The above equation is represented graphically in Fig. 19 for a range of 
values of s and K , which, thus, give different values of Er / £„. The n ' f £ 
curves are drawn for E 1= 70 GPa; we consider this the best estimate for the 
modulus of intact Climax granite (Fig. 18). 

In the present case, the unknowns are s, E,, and K . If s and K 
f n n 

are known, the field modulus E can be calculated. The s could be measured 
38 



Kn (Pa m) 

10b 10° 
Kn (psi.'in.l 

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

direcrlv or estimated from calculated values of RQD. Both Deere and 
24 Pries': and Hudson have proposed correlations between s ar'' the RQO, as 

shown in Fiq. 20, The relation proposed by Deere is empirical, whereas that 
rrom Pries*- and Hjdsor. is based on an analytical expression, assuming randomly 
spaceo d iscn*:! nj i ties. For NX-cores the Priest/Hudson formula for the 
estimated ROD is 

RQD = 100 -0.1 > 10.1> +1) 

where > is the average number of discontinuities per metre, 
25 This estimate has been tested bv Wallis and King 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 

22 in a marble with three orthogonal joint sets. 
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FIG. 20. Proposed correlat ions between RQD and 
fracture spacing. 

Thp problem is that even if s is determined, there is not currentlv any 
field te.it desiqned to measure the normal joint s t i f fness , K . K values ^ J n n 
have been reported from laboratory t es t s on natural j o in t s , but WP do not know 
whether, due to possible scale ef fects , these values are representative of 
field s i tua t ions . One can conceive a type of dual flat^jack test to measure 
K t but this has not been implemented at Climax or elsewhere to our n 
knowledge. Such a test should be attempted. We also note that K is a 

n 27-29 c r i t i c a l parameter in the modeling of fluid flow in fractured media. 
We could turn the problem around and assume that s and E. are known; 

then one can obtain estimates for K . Let us assume that the granite at 
n 

Climax has a mean modulus E = 26 GPa. Using the information in Pig. 20 
with the RQD values between 75 arici 90%, we would estimate fracture spacing as: 

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

< s < 50 cm î fter 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 • 10 ° Pa/m < K < 2 • 10 1 Pa/m (after Deere), — n — 

2 • 10 Pa/m < K < 4 • 10 Pa/m (after Hudson and Priest), 
— n — 

Note: 2.7 • 10 Pa/m = 10 psi/in. 

The laboratory-measured values of K reported in the literature are 
6 " 

usually smaller than 10 psi/in. They also exhibit a strong nonlinear 
27.29 

dependency upon the normal stress acting on the joint. However, there 
is no data base for field-measured normal stiffness. Thus, it is very 
difficult to choose between the RQD vs s relation proposed by Deere and that 
by Hudson and Priest. Both for the purpose of estimating the stiffness of 
rock masses and for modeling fluid flow in rock fractures, it appears very 
desirable to measure the normal stiffness of joints in place. 

4. IN SITU STRESSES 

Thrf-e campaigns of stress measurements have been performed in the Climax 
grani te si nee 1979: 

• Overcoring tests by Ellis of the U.S. Geological Survey (USGS) in one 
hole plunging 77 (OC-1) and two near-horizontal holes (OC-2 and OC-3), all 
drilled from the south heater drift. ' ' 

• Undercoring tests by Heuze and Patrick at six locations in the heater 
drifts (pillar, crown, and abutment in each dr ift). 

• 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. 21. Note that all 
the tests were conducted in the central portion of the heater drifts or 
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 

32 The USGS used overcoring of a three-component borehole gage to estimate 
stresses around the south heater drift. Four measurements 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 hole-s were combined to 
produce a calculation of three principal stresses (c , c . ?nd ".) away 

J33-35 from the drift, according to a least square regression procedure. 
21 The reported values are summarized in Table 6. The first stress 

invariant is I ] = 21.44 MPa. The virgin vertical stress calculated from 
a.. , a , and a is reported as o = 7.92 MPa. Assuming a lithostatic 
burden, it is only 73% of the expected value of 10.9 MPa. 

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 6. Principal stresses reported by the U.S. Geological 
21 Survey, usinq overooring method (data from Ellis ). 

Component Value Bearing Plunge 

MPa psi 
r- (maximum) 11.56 1676 

2 7.11 1034 
2.75 399 

N56E - 2 9 ' 

N26E +57* 

N42W - 1 4 ' 

Npnative plunge is below the horizontal plane. 

estimate r^port^d in Fiq, 20. This probablv is due to the fact that thp 
cvlindr ica1 loading of thp cores in a hvdraulic prpssurp cell tends to yield 
hiqh modulus values. '" In such a CPII the corp is not subjected to uneven 
latpra1 :-.t TPSS «-.<=;, as usua 11 v occu rs in situ. In other words, bulk coir.-. ess ion 
will qivp a higher modulus than when shear deformation can occur. Thus, the 
reported ^ value should be decreased by at least 10%, making it 65% of 
overburden, at thp most. 

Morpoypr, the overcor inq holes may have stopped short of going the length 
required to r̂ ach a region of undisturbed original stresses. From current 

4 numprica1 modpIs, we estimate that this minimum distance could reach ovpr 
9 m, deppndi nq upon thp pattern of joints and shears. The modpIs also show 
that, short of this depth, stress values will be hiqher than t-hp und istur bed 
ones. 

4.1.2 Discussion of Horizontal and Vertical Stresses 

The above ratio of horizontal-to-vertical stress is quite unusual when 
compared to values reported in the literature. For completeness we caleulated 
the virqin hor izontal stresses perpendicular and parallel to the axis of the 
tunnels, and we verified the calculated value of the virqin vertical stress 

36 with the help of the stereonet. 
Start with the virgin horizontal stress, o 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 TT. the trace of the normal to this plane on the stereonet (Fig. 22a). 
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lower hemisphere 

FIG. 22. Principal stresses at SFT-C and 
resultant (R): (a) across ver t ical plane s t r iking 
N61W. (b) across horizontal plane s t r iking N29E. 
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, 0_) coordinate system, we have to use 
21 the opposite direction for o to the one given by Ellis. When the 

angles a, B and y between the direction of TT and the directions of a , 
a , and o are measured on the stereonet, the direction cosines of it 

1 = cos a = cos 40 = .766 
m = cos R = cos 57 = .544 
n = cos y = ccs 70 = .342 
(l2 + m 2 + n 2 = 0.9997 = 1.0) 

The maqnitude R of the rejultant stress across the plane striking N61W is 

,1/2 ,2 2 ^ 2 2 ^ 2 21 
"l + ™ °2 + " °ll 

l 1 < + m** at + n' a!j ) = 9.71 MPa . 

Now the direction cosinps of the resultant R are 

1. , ma 2 

cos ^ = — c o s Pi = T -" '1 

cos "i = .912 cos P = .399 cos y ~ .097 

(.9122 + .3992 + .0972 = 1.0003 - 1.0) . 

From these the angles between R and the as become 

i = 24 r P = 66.5 , y = 84.5 . 

By drawing the corresponding cones about the directions of a's, the 
direction of R is located on the stereonet at the intersection of the three 
cones. The great circle through R and TI. corresponds to the plane 
containing the normal TT and the resultant R. The angle between R and o 
is read as 18 . Thus, the normal stress on the vertical plane striking N61W is 

* , = cos 18 = 9.23 MPa hi 
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Knowing 1, m, and n, an alternate calculation is 

2 2 2 1 o + m a + n a = 9.22 MPa 

The same procedure can be applied to verify the value of 3^ reported by 
21 

s. The construction is shown 
horizontal plane is called n. Then 

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

1 = cos '( = cos 61 = .485 
m = cos ff = cos 33° - .838 
n = cos Y - cos 76° = .242 
(l2 + m 2 + n 2 = 0.996 - 1.0) 

2 2 2 2 2 2 1 o* + m G2 + n a* = 8.22 MPa 

mo„ no_ 
.682 , cos Bx ~ -r=- = .727 , cos P = — - = .081 

f . 6 8 2 2 + - 7 2 7 2 + . 0 8 1 2 = 1 . 0 0 2 = 1 .0 ) 

i = 47 .0 , ? = 43 .5 , Y = } 5 . 5 , 

so that rf = 8.22 cos 16° = 7.90 MPa = 1145 psi . v 21 This confirms the value of o = 7.92 MPa reported by Ellis. Thus, v 
the ratio n /n in a plane perpendicular to the lonq axis of the tunnels is n v 

0.-/0 = 1.17 . hi v 

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

Finally, the virgin horizontal stress, o parallel to the axis of the 
nZ 

tunnels is the normal stress on a vertical plane striking N29E. The direction 
cosines of the normal TT to this plane {Fig. 22a) would be 

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

(l2 + m 2 + n 2 = 0.9993 - 1.0) , 
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so that 

2 2 2 0 L, = 1 a1 + m 0 o + n a. =4.20 MPa . 
ftZ 1 £. J 

With n - 7,90, a, , =- 9.22, and n L„ = 4.20, we estimate the first v hi h2 
invariant as 

I = 21.32 MPa , 

which is within 0.5% of t-hp (n + n + n ) value previously calculated. 
Yet anothpr wav of finding the above stresses consists of the 

three-dimensional Mohr constructions shown in Fig. 23. Note that they provide 
jhear str^ss^s as w^ll as normal stresses on the planes of interest. The 
.jlu^s obtained in this fashion are 

=7.90 MPa , - , = 9.25 MPa , and - „ = 4.20 MPa 
hi r,2 

The direction of the least principal horizontal stress can b^ inferred 
21 from Ellin1 report to be around N42W. This is consistent with the N45W to 

N50W directions reported by Zoback, who based h j s calculations on 1ocal 
seismic events and direct stress measurements at and around NTS. 

4.1.3 Discussion of Secondary Principal Stresses 

Ellis also calculated secondary principal stresses perpendicular to 
hole OC-2, based on the 11 readings taken. His results ar^ summar i zed in 
Fig. 24. Several features of this figure should be noted: 

• The direction of the P stress is reasonably 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 
38 horseshoe-shaped tunnel in an elastic isotropic rock, when " 

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

0 = 1.18 t = 9.3 MPa , tA v 

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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s t r e s s e s on s e l e c t e d p l a n e s a t SPT-C. 
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FIG. 24. Profile of secondary principal st -es-.es at hol^ OC-2 'reprinted with 
permission from Ellis^) , 

• If we discount the first P value, the shape of the P ::;rv"~- I r. 

consistent with an initial zone of damaged rock foil owed by an arch of h igĥ r 
presajt-j. The unusual feature, however, is that the low straps zone appears 
to extend 3 m in from the rock face, a higher figure than would normally ho 
expected for the depth of damaged zone around a 3.6-m wide tunnel. 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 
sior,ificant stress reduction between 3 and 5 m, whereas the P stre^a has 

22 32 increased sharply. Numerous stress measurements in jointed rocks ' 
usually have shown P and Q varying in the same direction. 

We agree with Ellis that a better picture of the stresses around SFT-C 
drifts should be obtained. Our own campaign of measurements was an effort in 
this direction. 
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FIG. 25. Tangential stresses around a horseshoe-shapnd tunnel ar, function of 
virgin stresses (reprinted with permission from Hi.amatnu and Oka^'M . 

4.2 UNDERCORING STRESS MEASUREMENTS 

4.2.1 Procedure and Test Rer.ults 

The undercor ing method can be used for near-surface measurements of 
"39 tangential stresses hen ind a rock face. Six pins are grouted in the 

rock—at 60 to each other--to form a rosette (Fig. 26). The rosette is 
then undercored by means of a central hole. 
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Y (U, direction) 

FIG. 26. Schematic of the undercor ing method of 
s t r e s s measurement (da ta from Tsu r -Lav i e and Van 

The a l g e b r a i c v a l u e s of the t h r e e changes in d i a m e t e i s (U , U , U ) 

between the p i n s a re r eco rded . The magnitude and d i r e c t i o n of the secondary 

p r i n c i p a l s t r e s s e s are c a l c u l a t e d from 

1 12a I M N 

E J U 1 + U 2 + U 3 V2 
2 12a M N 

( .1 ,2 ,3 

Z ( u i - u : 
1,2,3 

1/2 

1/2 

. 1 , - 1 V 7 ' " 2 - U3» 
fl - 2 t a n T 0 l - u 2 - o 3 ' 

where 

M - ( 1 \ V ) K , H 4 (1 - V 2 ) K - (1 + V)K 3 

, K = 

anc? 

a = r a d i u s of undercore h o l e , r = r a d i u s of p i n r o s e t t e , E = rock modulus 

v = rock P o i s s o n ' s r a t i o . Compression i s n e g a t i v e . 
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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 perpendicular to tunnel axis is significantly 
larger than the longitudinal tangential stress. This is consistent with the 
ratio of a., and a. .,. hi n2 

4.2.2 Discussion 

It appears that undercoring can be 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 undercore the rosette with an NX-hole in which a new version of the 

61 u, , - 9.2 MPa 

H.OMPd 

Ut. -= 7.9 MPa) 

= 4.2 MPa 

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 
40 De la Cruz. 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 steps: 
• Friction gages are installed at a known orientation on the borehole 

walls. 
• Loads are applied until fracture of the walls occurs, and 1 ading is 

continued until the strain readings stabilize. 
• Strain relief is measured as the difference between maximum strain 

reading and stabilized strain reading after fracture. 
The stra in reli 

awav from the hole: 

2 r — ~ ^ ~ ( 1 - 2 cos 2P) a + (1 + 2 cos 2n) a -4 sin 2<\T 1 E L x v X Y J 

FIG. 28. Schematic of the jack-fracturing test 
(data from De la Cruz 4 0). 
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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 
0 , 0 , and T can be obtained. The secondary principal stresses in x y xy 
the plane perpendicular to the axis of the borehole and their orientation can 
be calculated as 

C + " ) - = " Y 

1 2 
(a - -j ) 

_ x y _ + - j 

4 'xy 

4 xy 

1/2 

1/2 

-1 xy 

Usi nq the> 0« la Cr-iz convent ion, 't i s the c lockwise angl« between the x a x i s , 

taken v e r t i c a l , and ^ . 

4 . 3 . 2 R e s u l t s a t SFT-C 

The measurements by borehole jack fracturing were per formed by De la Cruz 
and Voss in the four NX-holes: MBI-7 and MBI-14, north and south. Positive 
readings were obta ined in both holes of the north pillar, but in the south 
pillar the degree of pre-existing fracturing apparently precluded meaningful 
measurements. The stra ins, c

r.c a r e summar ized in Table 7, and the 
calculated stresses for the north pillar are shown in Tables 8 and 9. 

4.3.3 Discussion 

Using the best estimate of rock-mass modulus obtained in Sec. 2, the 
values of n are unrealistically low while the values of ^ are within a 
range compatible with the horizontal stress values discussed in Sec. 4.1.2. 
The fact that the jack-fracturing method did not yield any results in the 
south pillar mav also raise questions concerning the results obtained in the 
north pill<ir. The RQD values and the moduli measured in both pillars do not 
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TABI£ 7. Summary of s t r a i n r e l i e f readings , j a c k - f r a c t u r i n g method. 

Depth from Or ientat ion c f i f i 

Hole N c o l l a r (m) (deg . from v e r t i c a l ) (10 ) 

MBI-7N 1.8 45 125 

3.0 30 167 

4 .2 0 312 

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 r e a d i n g s 3 by 3 ( in t h r e e d i f f e r e n t o r i e n t a t i o n s a t 

the same l o c a t i o n ) , the secondary p r i n c i p a l s t r e s s v a l u e s a r e o b t a i n e d as 

shown in Tab les 8 and 9. The rock-mass modulus i s taken as 26 GPa. 

tend t o i n d i c a t e a d r a s t i c i n c r e a s e in f r a c t u r i n g in the south p i l l a r , which 

would p r e c l u d e r e p e a t i n g the measurements of the nor th p i l l a r . 

A l t o g e t h e r , the j a c k - f r a c t u r i n g r e s u l t s do not appear c o n s i s t e n t enough to 

be taken at face v a l u e . A r e -examina t ion of the t echn ique i s p robab ly in 

order for t e s t i n g in a l l bu t massive r o c k s . We sugges t t h a t the bo reho le 

measurements be preceded by a v i s u a l examina t ion of the bo reho le wal l t o 

a s c e r t a i n the p resence and d e n s i t y of i n t e r s e c t i n g f r a c t u r e s . The jack cou ld 

then be used in t h e l e a s t - f r a c t u r e d zones t o enhance the r e l i a b i l i t y of the 

d a t a . 

In t h i s r e s e a r c h we d id not a t t empt t o measure s t r e s s changes in the 

v i c i n i t y of the d r i f t s because t h e r e was not any ongoing mining or thermal 

l o a d i n g . Hence, we d id not expec t s t r e s s e s t o v a r y . In any c a s e the 

measurement of s t r e s s changes can be a d e l i c a t e p r o c e d u r e . The o p t i o n s a r e t o 
41 42 

use v i b r a t i n g w i r e s t r e s s m e t e r s or h y d r a u l i c c e l l s . S t r e s s m e t e r s used 
a t SBT-C a re q u i t e r a p i d l y a t t a c k e d by c o r r o s i o n . A l s o , the c a l i b r a t i o n of 

41 the h y d r a u l i c c e l l s i s a very complex u n d e r t a k i n g . We sugges t t h a t more 
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TABLE 8. Secondary principal stresses perpendicular to hole MBI-7N, 
north pillar. 

Orientation of comb ned read] ngs (cleg. 

0-30-45 0-30-60 0-45-60 30-45--60 i Average 

0 (MPa) 4.32 4.27 4.78 3.97 4.33 
o 2 (MPa) 2.32 2.25 2.',9 2.16 : 2.38 

a ( 0 ) 30 29 26 27 29 

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

j i (MPa) 
o 2 (MPa) 
. <o> 

Orientation of combined readings (deg.) 

0-30-90 

4.74 
3.44 

0-45-90 0-30-45 30-45-90 Average 
- t -

4. 74 
3.44 

5.19 
3.57 

4.63 
3.11 

4. 32 
3.39 

a t t e n t i o n be g iven t o the development of r e l i a b l e gages t o moni tor s t r e r s 

changes over long p e r i o d s of t ime , under un favo rab l e thermal and mo i s tu r e 

c o n d i t i o n s . 

5 . IN SITU POISSON'S RATIO OF CLIMAX GRANITE 

If we assume t h e t u n n e l s to be in a p l ane s t r a i n c o n d i t i o n in t h e i r 

c e n t r a l p o r t i o n where the s t r e s s e s were measured, we can e s t i m a t e an in s i t u 

P o i s s o n ' s r a t i o from 

0. = V(C + 0 ) . 
h2 v hi 
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Here 

V = 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) 
are* of the Nevada Test Site was estimated using si:: diftercnt approaches. 
Ou.- best estimate of field modulus as E = 26 GPa was obtained from a 
comparison of the various approaches. A best estimate of laboratory modulus 
acqjired oy comparing three different sources was E = 70 GPa. Therefore, 
the modulus reduction factor for the Climax granite appears to be 
E S, = 0.37. In turn, our estimate of in situ rock-mass deformabiIity 
was used to back-calculate in situ values for the normal stiffness of the 
g ranlte joints. 

Our analysis of former stress measurements by the U.S. Geological 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 t'le fact that the 
vertical stress appears to be only 65 to 7 5% 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 RECOMi-IENDATIONS 

• A new attempt should be made to â -ply 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 
pillar walls. 

• 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 (K ) of 
n 

granite joints in situ. This stiffness plays an important part in the 
modeling of both the mechanical and the hydraulic behavior of rock masses. 

• The undercoring technique can be successfully reused, in a somewhat 
modified form, both to minimize pin contact and ô obtain rock-mass modulus at 
the site or the stress measurements. We have conceived of a revised test 
procedure. 

• A d i rect compar ison should be made of flat jacks and undercor ing 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 exper ime.it to measure normal joint stiffnesses. 

• 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 overcor ing measurements. In addition, to resolve the 
uncertainty about the stress state in the pillars, overcoring measurements 
should be performed in the center section where modulus data are available. 

• More re 1iable gages are needed to monitor stress changes over long 
periods of time, under unfavorable thermal and moisture conditions. 

• 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. 
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