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ABSTRACT INTRODUCTION 

The famous Homestake gold rmne in LBad SO, c l a d  recemty Thephysicscommunity m theUn~ted Statesseeks to study nuclear 
aAer 125 years ofoperation. However, themine may recelvea new processes inthesun. detectextragalachcsupemova explos~ons, find 
lease on l~fe  as a Nat~onal Underground Science Laboratory nussing dark matter m the universe, measure proton decay, and 
(NUSL) supported by the Natioml ScienceFoundation WSF) and manufacture sensitive electronic materials. 
dedicated tohigh-energy physicsexpnimentS mvolving neutrinos. 
These experiments require the conShwtion of many large What do these science studies have todo w~th mckenginemng 
underpound chambers tens of meters wide at depths of' over 2 11 8 and ground control? The next generation of fundamental physlcs 
m. Comtmct~on of such lame onenines at such extreme devths has exoenments muires construction of undereround chamhers lareer - .  - 
few precedents m clvll-engineering- construction. 

The Spokane Research Labomory hapa longlustoq oFground 
contml raearch a< the Homestake Mine md has supportedNSF and 
the physics wmmunjty m theu efforts to develop a NUSL at 
Homestake or other su~tahle locanon. Thls papa will sumntarizc 
underground science and describe p r o p o d  unde~@Ound aclence 
laboratories in the United Sates, ~n particular thepmgosedNUSL 
at Homestake. Next, the p a p  describes an empirioal design 
approach usin8 the Q system of rock mass elmifieation for these 
large openings. An initlal site investigation that p~oduced t h e  
gnod case histories is described. Theactual suppo~I system used at 
the three srtes agree5 well wlth support reconunendationa f r ~ n  
c u m t  support des~gn cham, glvlng credibility to estimates of the 
cla$sificatl@n parameters and Q. FeasiW~ty of, and support 
requrrements for, 25; 50-, and 100-m spans are estimated in the 
annoipated rock mass. Th~s analysis indicates that 25- and 5 0 4  
spans are probably feas~blc, but a stable 100-m span may be 
unachievable. The empirical predieuons are then compared lo 
detalled numer~cal aaalysea The paper concludes wlth preliminary 
support reoommendahons and necessary site investigaiigns needed 
to make a o m u o d  NUSL a successful reabty. These stud~es have 

- - 
snd deeper than ever before. Scient~fic proposals under serious 
consrderat~on at this time call for construction of large (50 m m 
&meter and 50 m high) chambers at depths in excess of 2100 m 
(I).  Mlmng engineers have excavated temporary mlne openings, 
such as noncnuy slopes, of thls slze and at thls deplh, however, 
such openings push ;he envelope of current civil en-&eering and 
underground consrmct~on experience. 

UNDERGROUND SCIENCE 

Undergmund science spans several dlscrplmes and seeks answers 
to fundamental questions mphyslcs, astronomy,and cosmology, as 
well as In microbiology, geoscrence, and materials sclenee (2) 
Table 1 summarizes the w~de range of scientific uses for a NUSL 
and, of relevance here, the size and depth requirements for the 
pmposed experiments. 

Many of the experiments involve the rap~dly evolving field of 
neutnno physics. Neutrinos are fundamental neutral particles 
whose mass has not been determined. It is not clear if neutr~nos are 
massle?,s, as proposed in the standard model of prutlcle physics, or 

been impor& input to NSF for their declslons on the tcchnlcal ifthey have; very small, yet fin~te, Inass, as suks ted  by quantum 
feasibil~tv of develooine the orooosed NUSL. mechanics. Studv of these infinitesimallv small mrticles omvides . -  . .  

necessary insights into nuclcosynthcsis in stars, nova, and super- 
If PiCSL i.idevelooed. it couldcnablexientific cxoeriments in nova.thefundamental structureofthe univerxandits ultimate fate. - 

areas beyond hlgh-eneLgk physics. The laboraloj could also and details of the standard model of particle physics. 
enableresearch inroekmechanlcs, gmund water hydrology, mWng 
englneenng, mlne safety and health, and ground control Study of these phys~csproblems requues precrse measurement 

of m e  andlor very weak signals. Some detectors l~terally count 
atoms to lnd~cate the occurrence of an event or a process. Two 
methods are generally ava~lable to expenmentallsts who measure 
m e  andlor very weak signals. One 1s to boost the s~gnal by maklng 
the detector bluer, and the other e to decrease nome with better 
sh~eldlng. lo neutrino physlcs, the biggest source of nolse is from 



2lst International Conference on Ground Control in Mining 

Table ?.-Science summary and laboratmy space requirements at proposed NUSL (2) 

Study topic Depth. m Sue Comments 

Solar neutrinos 25000 w e  500,000 m' (5 chambers. 50 m The flux of electron neutrinos from nuclear reacl~ons in the sun 1s less 
(about ZMX)) diameter. 50 m high) lhan that predicted by the standard solar model by a factor of 3. 

Resolving this dilemma prov~des crucial understanding of nucleo- 
synthesii, the standard modei of particle physics and quantum 
mechanics. 

Double beta 24000 mwe ~4,500 m' (1 chamber. 20 m Cexkain nuclei decay v ~ a  an extremely rare process in which two 
decay (about 1600) diameter, 15 m high) electrons and two antineutrinos are emitted. in an even rarer 

omcess. the decav occurs mthout emillino antineutrinos. 
b b s i i ~ t i o n s  of k e i e  exceedingly rare ecents will answer 
fundamental questions about the standard modei of particle physics 

Dark matter ~4000 mwe r4,500 m3 (1 chamber, 20 m Astronomers suspect that lhe major component of the universe's 
(about 1600) diameter. 15 m high) mass is dark matter, which cannot be seen because it does not emit 

or absorb light. Physicists are currently searching for massive 
neutrinos and weakly interactive massive particles (WIMP'S) in the 
new field of dark matter research. 

Nucleon decay r4000 mwe ,900,750 m' (10 chambers. 50 Recent grand unlficaton theones (GUT'S) lo  lhnk the weak. 
(about 1600) m diameter. 50 m huh) electromagnellc, and strong forces also pred~n mat the proton should 

decay, although ib lifetimeis extremely long (IOU years w more). 
Detecting proton decay is one of very few ways to test GUT'S directly. 

Neutrino 24000 rnwe ~900.750 m3 (10 chambers. 50 In the standard model of particle physics, neulrinos come in threa 
o~cillatlon~ (about 1600) m diameter. 50 m hishl flavors. electron neutrinos, muon neutrinos. and tau neutrinos. - 

Evldenee suggests that neutnnos w4.1 oscillate or wnverl to dlflerent 
flavors over bme and that they possess a small but nonzero mass. 
The mechanes and lmpllcatlons of neutnno oscliiabons remaln for 
discovery. 

Supemova r2000 mwe r15.000 m' (1  charmer. 30 rn During a supernova, neutrinos carry away almost a11 (99%) of the 
neutrinos (about 800) diameter, 22 m high) -10- ergs released by lhe event. The emined neulnnos carry cribcal 

information about the explosion mechanism itself and the fonnal'wn of 
neutron stars and black holes 

Nuclear 24000 w e  26,000 m3 (1 chamber. 20 m Underground laboratories provide opportunities to study 
astrophysics (about 1600) diameter. 20 m high) nucleosynthesis in nova. x-ray bursts, and supervnova and in the 

different phases of stellar evolution 

Geoscience All de~ths Entire mine Deep undemmund laboratories can be used lo studv aroundwater 
flow; chemical lransporl processes, and racr defokason and fa.,dre 
pmcesses. A dedicated laboratory enables large-scale, long-term. 
controlled experiments. 

Miuobidogy All depths Entire mine Unique microbial wmmunitres exist at least 2.8 km below the surface 
in extreme conditions of pressure, temperature, sallnily, pH, and low 
energy and water availability. Deep Jnderground excavaions enable 
study of the subsu~face biosphere. which has application to the 
search fw life on other planets. 

Materials science All depths Underground science experiments require new detector materials of 
extraordinary purity. The underground environment enables 
manufacture of new electronic materials free from damaging cosmic 
rays. 

energy cosmic rays that easily penetrate the earth's atmosphere and Sudbwy, Ontario, the Waste Isolation Pilot Plant in New Mexico, 
hundreds ofmeten ofrock. Bener shielding requires thousands of the Gran Sasso highway tunnel near Rome, the Mont Blanc tunnel 
meters of rock, thus the need for large, deep underground science between Italy and Switzerland, and the Baksan Laboratory in the 
laboratories. northern Caucasus Mountains of Russia. Figure 1 shows the 

characteristics o f  current underground science Laboratories in terms 
o f  depth expressed as meters o f  water equivalent (mwe) and the 

EXlSTING AND PROPOSED UNDERGROUND SCIENCE cosmic ray muon flux expressed as counts per square meter per 
LABORATORIES year. 

The first underground science laboratory was the 600-ton solar Gran Sasso, at a depth of 3899 mwe, is currently the deepest 
neutrino detector installed by Davis on the 48504 level of the availablegeneral-purposeundergroundscience laboratory. To lead 
Homestake Mine (3). From this beginning, other underground the world in pioneeringundergrnundscience study, the U.S. physics 
science laboratories have been developed at the Soudan Mine in 
Minnesota, the Kamioka Mine i n  Japan, the Creighton Mine near 
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Table 2--Characteristics of proposed sites for a national underground science laboratory in the united states (4) 
Site and location Access Depth, m Shielding, Underground Operating Site geology Possible 

mwe development castslyear development time 
costs for large new 

detectors, years 
1. Homestake Vertical Up to 2600 Most likely $83 M to $159 $3.8 M Multiple rock types; 1 to 3 
Mine, Lead, SD shafts and 6700 upto M mostly metamorphic 

ramps 7200 

2. San Jacinto. Horizontal Over 2000 Most likely $1 15 M to 5161 $2.3 M Igneous rock = 
Palm Springs. CA drift 6500upto M batholith 

7000 

3.Soudan Vertical shaft 710 2200 $1 M Multiple rock types; 5 
Underground mostly metamorphic 
Physics Laboratory. 
St. Louis County. 
MN 

4. Carlsbad Vertical shafl Up to 1300 Up to 3200 $64 to $104 M $2 M to $10 Layered sedimentary 
Underground M rocks, salt and 
National Laboratory potash 
(Waste Isolation 
Pilot Plant). NM 

5. California - Horizontal Over 2000 Up to WOO Green-fieid sites; 5 + 
Nevada border drifts sitespecific geology 

varies 

I I and lower operating costs. Decisions are still pending on NUSL 
wherever it is ultimately built. 

KEY 

j o 6 3  \ A ~mposedliboratories .- 0 Current laboratories 
C C NUSL AT THE HOMESTAKE MINE 

9- 
E 1 0 5 ~  

The Homestake Mine in Lead, SD, is an underground gold mine 
with workings extending to over 2,460 m below the surface. 
Mining began in 1876 and continued for 125 years until December 
2001 when the company decided to cease operations permanently. 2 lo4 

W 
As shown in figure 2, access to the mine is via the Ross and Yates 

C shafts that extend to the 4850-ft level. The No. 6 shaft and other 
z 

I 03 
internal shafts plus a ramp system provide access to lower levels up 

z Mont Blanc to 2460 m deep. 

2 = 102 
The Homestake Mine has a rich history of mining innovation, 

Sudbury 
NUSL-Homestake ground control, and rock mechanics. Vertical crater retreat mining 

and cable bolting of large slopes was applied at the Homestake 

101 
Mine in the 1970's (5-6). Extensive rockmechanics studies resulted 
in calibrated numerical models of large stopes and shaft protection 

1 o3 lo4 pillars (7). Nonentry stopes over 50 m wide have been developed 
DEPTH. meters water eauivalent routinely. - - 

Figure l.-Cosmlc ray shielding and depth'of existing and 
proposed underground science laboratories (afler I) Present underground science expenments take place in a 

chamber near the bottom of the Yates shaft on the 4850-A level 
cammunitv wants to establish a National Undermound Science This chamber near the bottom of the Yates shaft houses a solar ~- ~~~~~~ ~ 

~ a b o r a t o j  (NIJSL) at a depth of 7000 mwc. A ~Lhn lca l  Assess- ncutrlno detector contalnrng 600 tons of perchlorett~ylcne (dry- 
men1 subcomminec investl~ated four orime sites for a NUSL in the cleaning fluid). The proposed NUSL chambers could bcdcvcloped 
United States, as well a; several other possibilities (4). The around the 74004 level, also shown on Figure 2. Proposed 
subcommittee identified 28 individual factors relevant to site detectors for the most ambitious experiments would require devel- 
select~on Tablc 2 summarizes select character~st~cs of lhcse sites opment of 10 chambers. each about 50 m in d~anletcr and 50 nl 
w~th oanlcular reietance to therockmechanlcsand around control hlgh Flgurc 3 shows a conceptual arrangement for these detector - 
The Homestake site was favored because of its shorter time-scale chambers off the No. 6 shaft. Each chamber would be appmxi- 
for achieving significant scientific results, lower development mately a vertical cylinder with hemispherical ends. 
costs, and lower inherent uncertainties because of geologic factors. 
The San Jacinto site is also favored hecauseof its horizontal access 
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Initial area for NUSL facilities 

Figure 2.-General schematic of Homestake Mine showing 
proposed locatlon of NUSL faclllues (after 1) 

EMPIRICAL ANALYSIS OF LARGE DEEP UNDERGROUND 
CHAMBERS 

Almost all mining at the Homestake Mine has o c c d  in the 
Homestake Formation with some development in the Poorman 
Eonnation. Proposed NUSL chambers will be developed in the 
YatesMemberoftheP~rmanFormatim~where littledevelopment 
wo& has been done. Although milung experience m the Yates 
Member is lirmted, what is h o r n  clearly indtcates its excellent 
quality for mdcrground construction. 

Initial chanctcrizations were performed at three sltes using the 
Q system of rock mass classifffiation to assess the frasibll~tv of 
c&tructing large openings in t b  rock and determine supbort 
requirements. 

Theroekat a te  1 at the6950-R level 1s mainly Homestake with 
some Poorman. Certain areas are higbly stressed and fractured 
becauseofnearby stoping . Steeply d~pping bedding planes are the 
majordiscontinuity at this site. It appears that these bedding planes 
are tightly healed, however, in highly stressed mas ,  the spacmg 
betweenopen bedding planes is 5 to 10 cm. The continuity of these 
bedding planes 1s low, and most cannot be traced more than 1 m. 
Occasional joints wlth random onentauon were also observed. 
These joints can be traced for 3 to 6 m or more and are tlght, 
smooth, and contain no fillmg material. The estimated number of 
bedding planes, joints, and fnctures per cublc meter 1s about 16. 

Flgun 3.4onceptual arrangement of large, deep -or 
chambers at a NUSL at Homestake (Laurentl, personal 
communcatlon. 2002). 

stte is also in the Homestake and Poorman formatim. Steeply 
dipping bedding planes are spaced 15 to 30 em a*, and again. 
high stress conditions nsultrng from nearby stoping may have 
openedthese discontinuities, whichare oth~w~setightly healed A 
poorly developed joint set was observed with spacings of about 30 
cm and a continuity of 3 to 6 m. These fractures are tlght, rough 
andcontain a hard filling (probably qua&). The estimated number 
of bedding planes, jomnts, and fractures per cubic meter 1s about 12. 

Site 3 is in the Yates Member. Rock at this site is massive with 
no or few joints. The estimated number of bedding planes, joints, 
and fncwes per cubic meter is less than 4. 

The rock quality desigaation (RQD) of the rock at these sltes 
was estimated from the number ofjoints per cubic meter. All three 
sites are dry. Compressive strength of the Intact rock at sites 1 and 
2 1s in the range of 70 to 140 MPa, while the compressive strength 
of the Yates Member appeam to be about ZOO MPa. 

Q is calculated as- 

RQD J J Q - 
J ,  J ,  SRF 

where RQD = rwk quallty deslgnatlon. 
J, = number, 
1, = joint roughness number, 
I, = joint alteration number, 
J, = jomt water reduction, 

and SRF = stress reduction factor. 

Table 3 summarizes rock mass classification aarameten. 0. 
recommended suppon systems, and t h  actual support s) stern used: 
At site I, Q equals 1 .O, and tht: equlvalent span is 2.5 m. AI site 2. 
Q equals 0.9, and the equivalent swn is also 2.5 ni. At slle 3. 0 
equals 60, and the equlvalent span'e 3.1 m. Flgure 4 shows the& 
three observations on Barlon et al:s chart (8), whlch gives suppon 
recommendations as a function of span and Q The actual supporl 
system used at the three sttes agrees well with the recommended 

The rock at site 2 (bemeen the 6950-and71@-* levels) 1s the supporl systems, gtvlng credlbrl~ty to estimates of classtficat~on 
most heavily jointed rock observed at the Homestake Mine. This panlmeters and Q. 



21st International Conference on Ground Control in Mining 
I 

Table 3.-Rock mass classification data. 4 support recommendations, and actual support used for three sites at Homestake Mine 

Parameter Site 1 Site 2 Site 3 

Jointslm3 (J,) 16 (13 + 3) 1 2 ~ + 5 )  <4 

RQD.115-3.3JV 60 75 85 (reduced from 100 for unknown 
joints) 

Joint set number, J, 3 (one joint set + random joints) 4 (2 joint sets) 0.75 (massive, no or few joints) 
Joint roughness number. J, 1 (smwlh, planar) 1 (smwth, planar) 4 (discontinuous joints) 

Joint alteration number, J, 1 (unaitered joint walls) 1 (unaltered joint walls) 0.75 (tightly healed joints) 

Joint water reduction. J, 1 (dry) 1 (diy) 1 (dry) 

Stress reduction factor (SRF) 20 (o,/o, c 2.5) 20 (0~10, < 2.5) I 0  (ac/o, z 2.5) 

Q 1 .O 0.9 60 

Excavation support ratio (ESR) 1.6 (permanent mine opening) 1.6 (Permanent mine opening) 1.6 (permanent mine opening) 

Span, m 4 4 5 

Equivalent span, m 2.5 2.5 3.1 

Required (9) 

Required support(8) 

Acluai support used 

Categoiy 4, mck bolts, 1.3-m Categoiy 4, rock bolts, 1.3 rn No support required 
spacing, 50 mm shotcrete spacing, 50 mm shotcrete 

Category 25, untensioned bolts. Category 25, untensioned bolts, No support required 
I-rn spacing, chain link mesh I-m spacing, chain link mesh 

Friction bolts,l-m spacing, chain Friction bolts, I-m spacing. Spot bolting with mechanical anchor 
link mesh chain link mesh bolts, friction bolts. 1.5-m spacing. 

RQD Jr Jw 
TUNNELING QUALITY (Q) = (T) (T) (=) 

Figure *.-Required support for different span and rock mass quality (after 8) 
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TUNNELING QUALIN (Q) = ( - ) x ( $ ) x  ($1 
f Unsupported 4 Systematic bolting with 40-100 mm unreinforced shotcrete 
2 Spot bolting 5 Fibre reinforced shotaete. 50-90 mm, and bolting 
3 Systematic bolting 6 Fibre reinforced shotaete. 90-120 mm, and bolting 
4 Systematic bolting with 40-100 mm 7 Fibre reinforced shotaete, 120-150 mm, and bolting 

unreinforced shotcrete 8 Fibre reinforced shotcrete, > 150 mm, with reinforced rihs of shotcrete and bolting 
9 Cast concrete lining 

Figure 5.--Required suppoft for different .(Mn and mck mass quality (aftw 9) 

Equivalent span, m 25 50 100 

Required support (9) Category 4, systematic bolting. Category 4, systematic bolting, No recommendations 
4 0 - 5 h m  shotcrete 4 0 - 5 h m  shotcrete 

I Required support (8) Category 11. tensioned bolts. Category 12, tensioned bolts, No recommendations 
2 - 5 m  spacing 2 - 3-m spacing 

The rock conditions at site 3 may be similar to those expected 
at major NUSL facilities. Based on a Q o f  60, support system 
requirements for spans of 25,50, and 100 m were estimated. These 
spans are indicated on figure 4, and table 4 summarizes support 
recommendations. Spans up to 50 mare feasible with modest sup 
port requirements; however, a span of 100 m is beyond the experi- 
ence base o f  the empirical method, and no recommendations are 
glvcn. ~ u c h a  w~deopenin~ma~ be impractical. Review ofthedata 
polnL5 used to develop figure 4 shows clearly that spans above 50 

marc beyond the experirnce base and may be ~mpract~cal. Figure 
5 isa more upto-datedesign chart for rock suppon as a function of 
span and Q. Again, spans up to 50 m appear feasible with modest 
support requirements. 

A cursory review of the underground construction literature 
provided few examples of similar size and span to those proposed 
at the Homestake NUSL. Nieto (10) summarizes the general 
characteristics o f  large underground chambers i n  rock. Uses for 
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these ehambers mclude as powerhouses, storage fac~lities for 
materials and fuel, subway stations, ctushing and minlng facilities, 
and military tests. Underground powerhouses are typically 
excavated at a depth of 100 to 800 m. Storage facilities range from 
shallow to 500 m. Depths of subway stations are typically at 
shallow depths (up to 50 rn). Widths range from 14 to 50 m; 
lengths extend up to 500 m; and heights range from 3 to 50 m. 
Provost and Gnswold (11) desmbe the power plant chamher at 
NORAD wlthlnCheyeme Mounta~l m Colorado. l lus chamber is 
about 22 m w ~ d e  m compelent granite. Cordlng and Deere (12) 

NUMERICAL ANALYSIS OF LARGE DEEP 
UNDERGROUND CHAMBERS 

In addition to the empincal analyses of wlde spans, preliminary 
numerical analyses of the large underground chambers at the 
proposed NUSL w a e  also completed. Extensive rock mechanics 
studies at the Homestake Mine in support of mining activities en- 
abledthese analyses. Themcdeled mom was a 50-m-high cylinda 
with 50-md~ameter hemispheres representing the mine roof and 
floor and a volume of 163,624 m3. In constructing a FLAC3D 

discuss anorher 22-m-w~de openlng for the Dupont Circle Metro mcdel(I5),one-eighthsymmeay wasusedtorrducethcs~zcofthe 
Station In Washmgton, D C Bock (13) describes three other fmltedfferencc mesh, which consisted of 140,800 zonn shaped 
Wsshmgton, D.C., Metro statlonsthat are 18 m wideandsupported lcke extruded annulus sectors having a 2.3-m raaal thickness k d  
by 7-m-long rock bolts. T b  bolt length is about 40% of the an extruded length of 2.5 m (figure 6). Sector dimensions were 
opening w~dth. The rock type at these stations is typically granltlc nduced to approximately 1.5 m for one oomputer run to confimt 
gneiss cut by occasional shear mnes and other discontinuities. that the mesh s m  was small enough to estimate the depthoffailure 
Bo~sjoly etal.(l4)descnheanundergroundpowerhouseinQuebec, into the rock mass. The initial m sltu stress state used in these 
Canada, bav~ng a wldth of 24 m. analyses was based on stress measurements made in the 1970's and 

1980's at the Homestake Mme. Measurements between 930 and 
To summarize, underground construction I~terahlre provides 2256 m mthemineresulted m a Inear saessfonnula dependent on 

some examoles oflaree undermound chambers with snans UD to 50 d e ~ t h  below the mine surface (7). The inltial stress state m the - - 
m. ~e~ond ' tha t  width, experience appears to be lunlt;d, at ieastm model~asachiwedb~ applyitlgthethreeorthogonalstressesatthe 
the Un~ted States. hite-difference mesh boundary seven radii from the rib of the 

cylindrical room and Iterating to equilibrium. 

Figure 6.-Finitedifference mesh with excavation In one-elghth symmetry 
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where h = depthinmetem, 
0, = vab'cal stnss in kilopascals (lea), 

and 4, and o, = horizontal stresses in kPa. 

The mom was assumed to be excavated in a homogenous, 
isotropic mckmassco11~~ctedbetwtmexistin~levclsbelow 21 18 
m. & average depth between levels was usedfor parameter h m 
calculate ~nitial stresses. A Mohr-Coulomb fsilurecritaron defined 
by cohesion and an@e of internal friction was used to limit the 
elsshc behavior of the material or the strength of the mck msss. 
Because thew was a lim'ted m u n t  of material propaty informa- 
tion on the Yams Member, three values for cohesion were 
used-12.2,18.3, and24.4MPa. Thesevalussnpnsent SO%, 75%. 
and Im of average strengths calculated fivm unconfined 
compressive strength test nsults conducted on speciwns fromthe 
Poorman Formation and a value of 30" for the angle of intmnal 
frict~on. The field-scale unconfined compressive and tensile 
strengths in the Poorman Fwmation (42.3 and 6.58 MPa, respec- 
tively) were 50% of the average laboratory values. They were 
obtained by monttorinn the loss of borehole extensometer anchors 
during &ing of large-vertical crater retreat stopes between 21 18 
and 2 I64 m deco at the Homestake M i  (n. Thew c x ~ m c t c r s  
were also usei to calibrate a three&ional, finiteelsmmt 
ompram. mullinn ina field-scale modulus of deformation mual to 

COHESION 
12.2 MPa 18.3 MPa 24.4 MPa 
(1.770 psi) (2,650 pi) 13,540 psi) 

23,615 MPa, or 25% ofaverage labomtory values. This value was 
used in the f m i t e ~ e r s e  analyss. 

Two s p e c i m  were prepad for unwntined com~ression 
tests and fi& specimens w&eprepsred for Brazilian t&ile tests 
from a grab sample of rock from the Yates Mombcr. The specimens 
won annoximately 1 by 0.5 m. Their avexane tensile strenah was 
about -& same &the average w i l e  of rock &m the 
~00tllXUI Formation, but tho &ed cmnpmive sBength was 
more than two tlmes the value for the Poorman Formation. Tbis 
implies thal24.4 MPa is about halfthe cohedonvalue forthe Yates 
Member an4 based on these tests, is a reasonable estimate of the 
field, or rock mas, value of cohesion. It is important to empbme 
that these specimens may not reOrrscnt the entire Yam Member. 
A thoro@-site investi&on is &enrial to chatacterizhg the roek 
more aocuratelv. The hiah srrensth of the laboratorv suecimeos 
combined withiheir elas&-brittlebehavior when loa&to tailure 
indicate that Yates rock may be prone to mck bwsting. 

Results from the fi-ce model indicate that the 
maximum depth of failure into the rock around the cavity is 10 m 
and Occurs in the Iowa m o f ( f m  79. The maximum yield width 
in theroom'srii M 6.8 m. yield zones in the y-zplane &ugh the 
originare sirnilarmshaw, but not as extensive as vieldmes in the 
 plane. If the eentmid of the chamber is loc& 2141 m below 
the surface tn rock eguol in strength to that of the Poonnan 
Fofmation, the model calculates yield zones in both the lower roof 

COHESION 
12.2 MPa 18.3 MPa 24 4 MPI 
(1,770 prll (2,BSO PI) (3,540 psi) 

v V V 

Depth at o w n  = 2,141 m (7,025 (1) 
V V v 

Depth ak orign = 2.324 m (7,625 R) 

Y Y v 

Depth at onpn - 2,278 m (7.475 Rl 

Figure 7.--Failure zones In x y  plane Ulmuph origln 
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and ribs (figure 7A). Previous m l n g  experience confirm that a 
stope 24 m wrde, 30 m long, and 46 m high excavated with the 
vertical crater retreat method at 2141 m sufferedsome caving, but 
remalned open when the mof was supported with cable bolts (5). 
Convemtions with m e  personnel indicated that large structum 
(45.7 m high, wide, and londhavebeen excavated but are unstable 
at depths i f  2416 m. Thse~bservations, combined M t h e  fmlte- 
dfference results.~mvlvthat 2141 mmav bethedeewt50-m-wide 
openmg that can &$in the P-& ~ o m s k e  formations 
without encountering stability problems (figure 7.4, S). However, 
if the rock strength of the Yates Member n approximately twee 
that of the Poonnan Formation, as initial labomtory tests mdicate, 
then &lure will be lunited mound the room consmeted in Yates 
mckeven at 2416 m underground (figure 70). Results could differ 
ifthe Yates rock bas anisotropic material ppertker 

Failure zones were initrated where redistributed stresses 
became concentrated near the lower mof of the &amber and 
propagated Into the nbs as mintng depth mcreased. The thickness 
of the failure u u ~  diminished to zero near the a m  of the 
hemispherical roof because the arched opening elimlnaieda wedge 
of material of a type that oRen fails and requires suppon. 

SUPPORT aF LARGE DEEP WCERGROUND CHAMBERS 

Empirical methods suggest that systematic bolting with tensioned 
bolts on 2- to 3-m centersand 40 to 50 mm of shotcrelearerequired 
to support a 50-m-span in a rock mass where Q = 60. Bolt length 
should be at least one quarter of the span (16). 

For smcture-controlled failure, we assume a worst-cast rock 
wedge with dunensions of 15 by 15 m at the base, 15 m hlgh, and 
welghlng about 3 100 tomes. We alm assume double-strand cable 
support wlth capacity of40 tonnes. Support of this mek wedge 
requires about 78 double-strand cables over the 15- by 15-m area, 
wluch imphes a spscing of about 1.7 m. 

For stress-controlled failure, we designed based on the IOm- 
deep fallwezone found from numerical s-ss analysis. The weight 
of the 10-mdeep fallure zone 1s about 27.5 tomdmz.  Assuming 
double-strandcable support withcapacity of40 tonnesrequires one 
cable per 1.45 m2 or a spacing of about 1.2 m 

CONCLUSIONS 

The stabil~ty of a 50-m-wldeopening wlth a volume of 163,624 m' 
was analyzed usmgempincal rock charactenzatlon techniques and 
the numerical model FLAC~D. Empirical methodssbow that a 50- 
m opening 1s feas~ble with ordinary rocksupport. A likely support 
system is double-strand cable bolts wtth 40-tome capacity, 15-m 
length, and 2-m spacings. The numerical madels calculated zones 
of plastlclty around the openmg at all depths below 2141 m. The 
m m u m  oxrent of the failure zone was 10 m. A support system 
to contaln thls falled materlal conslsts of double-strand cable bolts 
w~th 40-tonne capacity. 15-m length, and 1.2-m spacmgs. Such a 
support system IS obv~ously feasible. Based on these prellmlnary 
analyses, there are no apparent geotechntcal showstoppen for a 
NUSL at the Homestake Mme. 

Observationsofinstability in largestopes by minepersoonel at 
2438 m underground suggest that 2141 m may be the deepest level 
at which a room spanning 50 m can be mined and maintained in 
mck with men& equal to thoso of the Poorman and Homestake - .- 
formations. If ihe mik sttength obtained from the w e n s  of 
Yates rock are rapresenfative of the entire formation, then 
wnstru~tion of large mums may be possible at levels below 2141 
m in this host mck, but may raise rock bmting concern. 

Roposals to develop a NUSL at Homestake or San Jacinto or 
elsewhere call for expenditures on the order of $100,000,000 for 
underground development. The U.S. National Committee on 
Tunneling Technology (17) recommended expendihues of about 
3% of eshmatedlaoject cost for mtefhnical site investimtionsfm 
any major undergmkd civil cinsbuction, such as unlderground 
power stations or mewopelitan tunnels. Therefme, any NUSL site 
may need about $2 to $3 million for exploratory tunnels, core 
drilling, instruments, testing, and analyses to develop an adequate 
engmeedng design prior to beginning constmction. 

The authors w h  to express their applecration to Mark Laurentl, 
chief mine engineer; Mike Srahl, mine production enginea; and 
Kathy Hart, chiefgeologist, Homestake Mining Co., for providing 
aceess to underground workings and prowding h i i c  mbiity 
lnformationonlarge excavationsat theHomestake Mine. Modeling 
suggestions made by John D. Osnes, manager of Gwmefhanics, 
RESPEC. Rapid C~ty. SD, are also much appreciated. 
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