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PREFACE 

The wo rkshop , •Advances i n  Technology for the Construction of Deep-Unde rg round 
Facil i ties , • was organized at the request of the Defense Nuclear Agency and 
conducted j o intly by the u.s. Nat ional Commi ttee on Tunnel ing Technology and 
the u.s. Nat ional Comm ittee for Rock Mechanics in o rde r to address technolog­
ical i s s ues i mportant to dec i s ions regard ing the feasibil i ty of st rateg ic 
opt ions . The obj ect ives of the workshop we re to establ i sh the c urrent tech­
nolog ical capab i l i t i es for deep-unde rg round const ruction ,  to proj ect those 
capab i l ities through the compressed schedule proposed for construction , and to 
identify promis ing d i r ect ions fo r t imely allocat ion of ex i s t ing research and 
development resources .  

The e a rth has been used as a means of protec t ion and safekeeping for many 
centuries . Recently, the thickness of the ea rth cove r requi red for this pur­
pose has been extended to the 2 , 0 0 0 - to 3 , 0 0 0 -ft range in s t ructures contem­
plated fo r nuclear-waste d i sposal , ene rgy storage , and strateg ic systems . For 
defensive mis s ile basing, i t  i s  now pe rce ived that the magn i tude of the threat 
has increased through bette r del ive ry systems , large r  payload s ,  and va r i able 
tactics of attac k .  Thus,  depths o f  3 , 0 0 0  to 8 ,  0 0 0  ft are being conside red 
ser iously for such f ac il ities . Moreove r ,  i t  appears des i rable that the 
fac i l ities be ope rational ( if not totally compl ete ) for defensive purposes 
wi thin a f ive-year construct ion schedul e .  

Deep excavat ions such a s  m ines are s im ilar i n  many respec ts to near­
surf ace tunnel s and caverns for trans i t ,  rail , sewe r ,  wate r ,  hydroel ect r i c , and 
hi ghway proj ects. But the differences that do exi s t  are s igni f icant. Maj o r  
d istinctions between shallow and deep construct ion de r ive f rom the stress 
f i elds and behav io r  of earth mater ial s a round the openings . At shallow depths , 
a l iner serves as a s t ructural member that i s  capable of car rying the load of 
the ove rburden . As depth increases , a l iner must be capable of red i str ibut ing 
the load to the sur round ing rock , so that the rock and l iner wo rk in conce rt to 
p rov ide a stabl e  opening . Al so, occur rences of spall ing and stress slabbing 
are unusual in shallow cons truct ion but a re increas ingl y preval ent w i th depth 
and must be accounted for in the des ign ,  excavat ion , and support processes . 
Di f fe rent me thodolog ies are requi red to accommodate othe r var i a tions resul t ing 
f rom increased depth , such as el evated temperatures , reduced capab il i ty for 
s i te exploration ,  and l im i ted access dur ing proj ect execut ion . Th i s  report 
addresses these and other questions in chapters devoted to geotechnical 
cha racte r i zat ion , des i gn ,  construct ion , and excavat ion equ ipment . 

Ui 
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Technical capab i l i ty may be the pr ime issue affecting the c reation of 
deep-underground facil i t i e s ,  but it is not the only facto r  that need be 
consid e red . A thread that wound through the del ibe rat ions for each chapter,  
and perhaps drew the mos t attent ion f rom the wo rkshop pa rtic ipants , was a 
nontechnical concern. The success of an endeavor of such magni tude ,  and one 
involv ing a compressed construct ion schedul e and eng inee r ing aspects on the 
cutting edge of technology , was seen to hinge ul t imately on the question of 
contracting and management prac t i ces . The proposed proj ect will require 
concerted inte ract ion by a mul t id i sc ipl inary team ,  but the structure of the 
contract and the atti tude and organ i zat ion of the management team mus t  be 
flexible to allow such interact ion . Current practice in the Un i ted States 
typically doe s not provide a sui tably integrated f ramework that recognizes the 
spec i al el ements inhe rent in this type of proj ect . 

I f  the obj ective of construct ing permanent underground facil i ties on a 
scale and at a depth that have not been attempted prev iously i s  to be achieved , 
i t  w i l l  be essenti al to util i z e  a s i te w i th good rock qual i ty,  proven rapid 
excavat ion method s ,  crews w i th a bent toward h igh productivity,  and innovat ive 
contracting and management practices . Thu s ,  as the potential threat to de­
fensive f ac i l ities inc reases , it is adv i sabl e to establ ish the capab i l ity for 
const ruction at the pace and great depths now env i s ioned. The bas ic quest ions 
are whethe r it is possibl e and what technolog ies must be ava i l able in ord e r  for 
deep-unde rground fac i l i ties to be a v i able strateg ic alte rnat ive . 

iv 
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INTRODUCTION AND SUMMARY OF FINDINGS 

IR'l'R(I)UC'l'IOR 

As one means of dete rm in ing the feas i b i l i ty of cur rent and developing concepts 
for deep strateg ic fac i l ities , the Defense Nuclear Agency requested that the 
u.s. National Committee on Tunnel ing Technology ( USBC/TT) and the u.s. National 
Committee for Rock Mechanics ( USBC/RM ) organize a workshop to asses s advances 
in tec hnolog ies and practices related to the construct ion process . The scope 
of the workshop was intended to complement a s imilar activ i ty conducted in 1 9 8 1  
by the u.s. Nat ional Committee o n  Tunnel ing Technology. The resul t ing report 
( 1 9 8 2 ) ,  Des i gn and Construction of Deep-Unde rground Bas i ng Fac i l i t ies for 
St rategic Miss iles , whic h concentrated on the general technical and management 
issues raised by the bas ing option env i s ioned at that time , s e rved as a 
s igni f icant resource for del i berations at this work shop . Two othe r documents 
prev iously prepared by the comm ittees ( USBC/RM, 1 9 8 1 7  USNC/TT, 1 9 84 ) also 
prov ided reference mate r i al . 

The pr imary d i ffe rence between the bas ing concepts cons idered in the two 
work shops is the spec i f ication of fac i l i ty depth . The f i rst concepts were 
proposed at depths that are relat ively shallow ( 2 , 5 0 0  to 3 , 0 0 0  ft) in compa r­
ison with current proposal s of depths up to 8 , 0 0 0  ft . To address the concept 
of fac i l ities at the depths now contemplated , the wo rk shop was designed to d raw 
on exper i ence developed in underground c ivil eng ine e r ing proj ects and in the 
construct ion and ope rat ion of deep m ines . The m in ing perspect ive contr ibuted 
valuable ins ights regard ing actual work ings at the depths of inte rest. 

u.s. National Comm ittee on Tunnel ing Technology . 1 98 2 .  Desi gn and Construc­
t ion of Deep-Unde rground Bas ing Fac i l i ti es for Strategic Mi ss iles ( Volume 1 ,  
Evaluation of Techn ical IssuesJ Volume 2 ,  Br i ef ings on System Concepts and 
Requi rements ) .  Washington , D . C. : National Academy Pres s .  

u.s. National Comm ittee for Rock Mechanics . 1 9 8 1 . 
Regu i r ements for Resourc e  Recovery. Construction. 
Reduction . Washington, D . C. : National Academy Press .  

Rock-Mechanic s Research 
and Earthquake-Hazard 

u.s. National Comm ittee on Tunnel ing Technology . 1984 . Geotechnical S i te 
Investi gations for Unde rground Projects ( Volume 1 ,  OVe rv i ew of Practice and 
Legal I ssue s ,  Evaluat ion of Cases , Conclus ions and RecommendationsJ Volume 2 ,  
Abstrac ts of Case Histories and Compute r-Based Data Management System ) .  
Washington , D . C. : National Academy Pres s .  

1 
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The pa rtic ipants we re selected to represent a variety of expe rti ses as 
well as practical and theoret ical v i ewpoints . The comb ination of backgrounds 
and knowledge--rang ing f rom acad em i c i ans conce rned w i th basic researc h  to 
geotechn ical eng ineers to des i gners and contractors for tunnel s  and shafts to 
spec i al i sts in m ine ventilation--and the resulting mix of opin ions were es­
senti al in assess ing the technolog ies and practices appl icabl e  to the bas ing 
concept. 

Assumpt ions 

To allow evaluation of technical issues w i thout constra int, the work shop was 
not restr icted to exam ination of particular systems or schemes for deep­
unde rg round f ac i l ities . Spec i f ications and requ i rements were indicated only in 
broad terms . Howeve r ,  i t  was necessary to develop some assumpt ions rega rd ing 
the geology, extent and l i f etime of the facil i ties , and schedul e  and means of 
excavation . Spec i f ically,  the assumptions presented to the pa rtic ipants in­
cluded the following : 

• The excavation will consist of a compl ex network of l ined and 
unl ined , short and long shafts , chambers , and tunnel s w i th flat and 
incl ined grade s ,  as wel l as j unctions of var ious conf igurations . 
• Long-te rm ( 50 to 1 0 0  years ) stabil i ty of the openings is  essential . 
• The construction schedule will be compressed ( f ive years to operabl e 
status ) .  
• Excavation will be pr imar ily by mechanical means ( i . e . , w i th minimal 
blasting ) .  
• The range of opening d i amete r  unde r consideration is 6 ft to 2 5  ft . 
• The range of tunnel l ength under consideration i s  f rom less than 
1 , 0 0 0  ft up to 20 m iles . 
• Depths of construction may reach 8 , 0 0 0  ft. 
• Geothe rmal grad i ent averages l 0° F pe r 1 , 0 0 0  ft of depth but may be 
substant i al l y  greate r .  
• Groundwate r  flows may be encounte red . 
• Ve rtical stress increases with depth and hor i zontal stress va ries 
f rom less than up to several t imes the ve rtical stress . 
• The range of rock strength ( unconf ined compres s ion )  includes :  soft 
( less than 1 0 , 0 0 0  ps i ) ,  med ium ( 1 0 , 0 0 0  to 2 0 , 0 0 0  ps i ) ,  hard ( 2 0 , 0 0 0  to 
3 0 , 0 00 ps i ) ,  and ve ry ha rd ( greate r  than 3 0 , 0 0 0  psi ) .  

This set of general assumptions served as the basic f ramework for discuss ions 
at the wo rkshop . 

Structure of the Work shop 

To focus the work shop , the question of bu ild ing fac i l ities at great depth was 
div ided into four ma in components : 

• The ab i l ity to gathe r geotechnical information for s i te sel ection , 
des i gn; and construction . 
• The ab i l i ty to spec i fy the conf iguration of the opening( s )  and the 
nature of the support system . 
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• The abil i ty to create the opening ( s )  safely and eff ic iently. 
• The capabil i ty of the equ ipment necessary for m ining and rock 
handl ing . 

To add ress these a reas , fou r work ing groups we re created . The concepts and 
bas ic f ramewo rk for the wo rk ing groups we re structured in the fol low ing manne r .  

Geotechnical characte r i zation focused on the process o f  collecting the 
information necessa ry to understand the ea rth • s structure and cond i tiona fo r 
des igning and bu ild ing the fac i l ity,  an effort that could requi re the evalua­
tion of a volume of 15 cubic miles of rock . The outstand ing questions centered 
around the information needed to select a s i te that has the prope r character­
i stic s ,  a strategy for evaluat ing an enormous volume of rock in a reasonabl e  
time f rame , and the technolog ies requ i red to obta in the information . 

De s ign focus ed on the processes of spec i fying the conf iguration of the 
fac i l i ty within the context of the natu ral rock that must serve as the eng i­
nee r i ng mate r i al .  The outstand ing quest ions cente red around analys i s  of the 
reac tion of the rock to the creation of openings , and the spec i f ication of the 
support system necessary to ensure that the openings are stabl e unde r the high 
stresses and time-dependent behav ior l i kely to be encounte red . 

Construct ion focused on issues af f ecting the abi l i ty to m ine and support 
the openings in a safe and eff ic i ent manne r .  The outstand ing questions cen­
tered around the geotechnical cond itions that would af f ect the excavation 
method and sequence , means to l imit r i s k  to health and safety of personnel , and 
the inf luence of fac i l i ty layout on construction performance . 

Excavation equ ipment focused on the tool s necessary to support rock break­
ing , open ing stabil i zation , and muck r emoval . The maj or questions cente red on 
current and potenti al mechanical systems that can perform rapidly and rel i ably 
for d i f f e r ing d istances and conf igurations , and constra ints on ope rabil i ty that 
may be amenabl e to mod i f ication in the near term or to appl ic ation of eme rg ing 
technolog ie s .  

The scope o f  the work ing groups was intentionally l im ited to tec hnical 
concerns . The pol itical , env i ronmental , and strateg ic issues sur rounding the 
concept of deep f ac i l i ties for defens ive purposes we re expl ic i tly avo ided . 
Othe r topics deemed inappropr i 'ate for spec i f ic cons ide ration included nuclear 
weapons effects , surv ivabi l i ty ,  retal iatory capabil i ty,  and eg res s .  

FINDINGS PROM THE WORKSHOP 

Summaries of the Wo rk ing Groups 

Geotechnical charac te r i z ation plays a key rol e in all stages of the development 
of deep-underg round f ac i l ities , f rom initial reconna issance and s ite sel ection 
through post-construction activities . A phased , observational approach i s  
essenti al i n  v i ew o f  the vol ume o f  rock involved and remoteness imposed b y  its 
depth, as wel l  as the time constra ints of the schedule . Many of the cur rently 
avai l abl e characte r i zation techniques are appl icabl e  to the proposed proj ect. 
Howeve r ,  the abi l i ty to eval uate factors that pose spec i al problems for deep­
unde rground proj ects will requ i re improvements in exploration , testing ,  and 
instrum entation technolog ies . These improvements include development of in­
struments which wo rk longer unde r  adve rse env i ronmental cond itions,  new tech­
nolog i e s  for eval uati ng in- s i tu stress, and methodology to dete rm ine remote 
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f racture systems in 3-D .  Equally important is  the use of enl ightened con­
tracting practices which perm i t  exploration , des i gn ,  and const ruction to be 
integ rated into a uni f ied, contemporaneous effort . 

De s ign of stable openings at the depths of interest requi res increas ing 
attention to des ign principl e s . The technology is  not synonymous w i th the mo re 
common , c iv i l  cqnst ruction at relatively shal low depths . Quantitative knowl­
edge of rock mass and support behav ior becomes more important, and rel iance at 
least in part on the natural support prov ided by the rock becomes essenti al . 
Interac tive design ,  accompanied by instrumentation and moni tor ing of the roc k/ 
support system, is c r i t ical fo r design val i dation. Developments that would be 
benef ic i al include nonborehol e geophys ical systems for use at the face , com­
pute r programs for anal ys i s  of j ointed rock-mass and support response unde r 
large d i splacements , and capabil ities for integ ration of yiel dabl e  el ements 
into the support system . The des ign process will demand close ti es w i th geo­
technical cha racte r ization and construction activ i ties , and the contrac tual 
format must be ca refully cons ide r ed to prov ide for ef f ic i ent impl ementation of 
design .  

Construction procedures , performance, and schedul e a r e  determ ined essen­
ti ally by geotechnical condi tions at the s i te and by layout and des i gn of the 
fac il i ty .  Each may impose s ignif icant positive o r  negative consequences that 
inf l uence construction requi rements , eff ic iency, economy, and safety. Spec i f ic 
conce rns that mu st be add ressed in compl ex operations at depth are tempe rature 
and venti l ation , in s i tu stress , groundwate r inflow, rock qual ity,  and logis­
tic s .  Seve ral areas whe re tec hnolog ical developments can enhance construc­
tibi l i ty include bo r ing machine performance in v iolently spal l ing ground , 
ef f ic ient installation of support systems w i th la rge d i spl acement capabi l i t ies , 
and d i rectional control of raise-drill ing pi lot holes . A c ruc i al requ i rement 
for effective construction w ill be contrac ting and management practices that 
prov ide flex i bil i ty for changes as excavation proceed s . 

Excavat ion equ ipment and sys tems currently offer the bas ic tec hnolog ical 
capabi l i ties for const ruction of deep fac i l iti e s . The geotechn ical env i ronment 
and proj ect layout are important f ac tors in system component sel ection and 
function . Ful l-f ace bor ing is the prefe rred means for ef f ic i ent tunnel exca­
vation , combined with •no-del ay• systems for haul age and support installation. 
For access shafts, bl ind bo r ing is potentially the fastest, lowest cos t  method . 
Fo r inte rnal shafts , excavat ion by enl argement of d i rectionally drilled pilot 
holes i s  the optimum method . Machine mod if ications and appl ication of eme rging 
technolog ies may be expec ted to contr i bute substantially to equ ipment pe rfor­
mance . 

Contract ing and Management I s sues 

Histor ically, s i te cha racte r i z ation , fac i l i ty des ign ,  and proj ect construction 
have been cons ide red separate and d i stinct entiti es . For conventional unde r­
ground structures , this v i ew has been accentuated in recent yea rs by improved 
abi l i ties to cha racte r i z e  and evaluate the site ,  to de s i gn openings cons istent 
with the natural condi tions , to develop improved materials for construction , 
and to create stabl e open ings . Howeve r ,  as demand s  increase fo r unconven­
tional, deepe r  structures , the pauc i ty of knowledge and understand ing of the 
s i te and of the magnitude and degree of var i ation in rock properties w i l l  not 
allow independence of geotechnical characte r i z ation, design ,  and construction . 
For a proj ect that challenges technology , i t  i s  essenti al to establ i sh a f i rm  
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bas i s  for teamwo rk involv ing the investigators detemin ing the var iations in 
the s i t e ,  the designe r spec i fying the f i t of the structure to the roc k ,  and the 
constructors excavat ing and stabi l i z ing the opening s .  Consequently, cont ract­
ing and management phi losophies must be ori ented to pemit, or perhaps demand , 
adopt ion of means to ensure close coupl ing of these act iv i t ies . 

Effective approaches to contracting and management will not onl y ac­
knowledge the spec i al el ements of a proj ect but also prov ide for equi table 
sha r ing of risks , establ i sh clear proced ures fo r timely resolution of des ign 
and construction changes as encountered , and foster communications and moral e  
essenti al to productiv i ty and teamwo rk ( USNC/TT, 1978). In the United States , 
gene ral prac t ice i s  to use compet i t ively bid , fixed-price contracts for un­
derground const ruct ion . Howeve r ,  a s ingle type of contract cannot suit al l 
c i rcumstances and in some instances is  most inappropriate . A pr ime example of 
the latte r case is a proj ect whe re the schedul e  i s  c r i t ical and i t  is essenti al 
to beg in construct ion well before f inal designs a re f in i shed and the plans and 
specif ications completed ( USNC/TT, 1974 ) --a case not unl ike the proj ect con­
s ide red in this report. 

In a s ui tabl e s i tuation ,  a f ixed-price contract can off e r  the owner a 
presumably f i m  price fo r the work and motivate the contractor to ach ieve the 
lowest poss ible cost. Howeve r ,  the inherent d isadvantages can ser iously 
undemine the ab i l i ty to obta in a proj ect that is on schedule , w i thin budget 
( or at reasonabl e cost ) , and ope rates to des ign. Cons ide rations in the use of 
f i xed-pr ice cont racts include the fol low ing : 

• For competi tive b idd ing , the wo rk must be spec i f ied in great detail . 
Yet, as the wo rk proceed s, the details may be rev ised to accommodate 
condi tions actually encounte red . Thus , a sol id bas i s  for prepa r ing a 
b id rarely exists . 
• The contrac tor i s  often requi red to accept extens ive r isks related to 
unknown s ubsur f ace cond itions . The b id ref l ects thi s  r i sk in the form 
of a substanti al contingency, and the prog ress of the wo rk detemines 
whethe r the contractor or owner benef i ts .  The result is higher ini tial 
costs and an adve rsar ial rel ationship that promotes expensive and time­
consuming disputes and litigation . 
• Changes dur ing construction--a common occur rence for underg round 
proj ects--a re often expens ive and involve readily contested issue s  of 
necess i ty and f inanc ial responsib i l i ty .  When the price for the wo rk i s  
f ixed , owne rs and contractors a r e  forced to adopt r i g id,  defens ive 
posi tiona that not only can affect construct ion perfomance but also 
lead to costly schedule delays , d ispute s ,  and l itigation . 
• Inflexibi lity in contracting di scourages the use of innovative des ign 
and construction techniques and improved technolog ies , the reby resulting 
in unnecessa r ily high costs for construction .  

u.s. National Comm ittee on Tunneling Technology (1978). Better Management of 
Major Underground Construction Projects . Washington, D. C . : National Academy 
Press . 

u.s. National Comm ittee on Tunnel ing Technology (1974 ). Be tter Contract i ng for 
Underground Construction . Washington, D. C . : National Academy Pres s .  
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A suitable contrac t ing and management f ramewo rk will acknowledge the 
spec ial elements of the proposed proj ect and the constra ints imposed by great 
depth, long tunnel l engths , and compressed schedul e .  Ne ithe r  t ime nor re­
sou rces will pe rm i t  s ecur ing preconstruct ion geotechnical information suff i­
c i ent to def ine the wo rk for f ixed-pr ic e  b idd i ng .  In gene ral , maximum economy 
and m inimum d isputes will result i f  the contract documents include r i sk-shar ing 
prov i s ions,  antic ipate and prov ide means for resolv ing the types of construc­
tion problems that may be encounte red , and pe rm i t  contracto r compensat ion in 
the manner that costs a re incurred . such a sys tem is commonly used ove rseas , 
although i t  is relatively novel for u.s. proj ects . In Canad a ,  howeve r ,  a 
s imilar system was used successfully for the Rogers Pass tunnel , whe re the 
constraints resemble the proposed proj ect. Anothe r means to m inimi z e  bid 
contingenc ies and d i sputes and del ays dur ing construct ion is appointment of a 
D i sputes Rev i ew  Boa rd prior to construct ion . Such boards have been success­
fully engaged for the E i s enhowe r and Mt . Bak e r  Ridge tunnels in the Uni ted 
States . 

Conclus ion 

The consensus of the work ing g roups is that the basic technical capabil i t ies to 
c reate compl ex unde rground facil i ties at the pace and depths env i s ioned are 
ava ilabl e  in current practice .  The nec es sa ry improvements and adv ances in 
tec hnology hold reasonable potenti al for development within a short to moderate 
pe r iod of t ime . The refore , efforts to initi ate a deep-unde rg round f ac i l i ty 
could be unde rtaken whi l e  the technical developments a re be ing pursued . Po r 
maj o r  c iv i l  proj ects , a conf ident approach often signals the demand that 
naturally attracts technol ogical achievements . 

The consensus also is that the issues and l imitations to be resolved are 
var i ed ,  often intr icate, and sometimes formi dable . Although the technical 
bas i s  continues to expand , the practice of designing and const ruct ing an unde r­
ground fac i l i ty is sti l l  less a sc i ence than an art . The accent on art l ies in 
as sembl ing components of exact spec if ications and known response into a set 
conf iguration within a bas ic eng ine e r ing mate r i al for which ne ithe r the char­
acte r istics nor behav ior can be determ ined w i th prec i s ion . The concept of 
extens ive , deep-underground fac i l ities tests the farthest reaches of technology 
and a rt, as well as the mettl e of the parties involved throughout the des ign 
and construction processes . Howeve r ,  the path f rom concept to c ompletion does 
not appe ar to present insurmountabl e obstacles . 

The chal lenge s in creating deep-underground fac i l i ties are not sol ely 
techn ic al in nature . An integ ral part of the endeavo r ,  and an i s sue that is 
fundamental to success , is the phi losophy practiced in contracting and manag ing 
the proj ect. The s t ructure of the contrac t and the organization of the man­
agement team will have to be both flexible and highly integrated . Each will 
have to be impl emented in a manne r that recognizes the essent i al interdepen­
dence of geotechnic al cha racte r i zation , des ign , and construction . 
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GEOTECHNICAL CHARACTERIZATION 

Geotechnical cha rac te r i zation for deep-underground fac i l i t ies ( i . e . , depths of 
3 , 0 00  to 8 , 0 0 0  ft ) constitutes a m ix of old, new, and emerg ing technologie s .  
Most o f  the cur rently available characterization techn iques a r e  appl icable to 
the data requ i r ements of the proposed progr am .  Howeve r ,  the re i s  a need to 
improve certain technolog ies and a c r i t ical requi r ement to identi fy spec i f ic 
features as early in the explorat ion program as poss ible . The volume of rock 
is  enormous and remote , the potential for cond i tions part icula rly adve rse to 
des ign and construction is  s igni f icant , and the schedule fo r the proj ect i s  
compressed . 

These cons iderations cannot be accommodated prope rly w ithin the s tructure 
commonl y adopted fo r a geotechn ical program .  Typically,  the explorat ion phase 
is compl eted prior to des ign and deta iled characte r i zation is compl eted pr ior 
to construction . For a deep-underground f acil i ty,  thi s  approach is not a pre­
requ i s i te of in i t i ating e i ther des ign or construction . 

The recommended geotechn ical program includes the use of an iterat ive 
approach that analyzes the exploration data as they are produced and prior to 
impl ementing the next step in exploration . In this manne r ,  •fatal flaws• are 
identi f ied early and a s i te abandoned before any add itional funds are used for 
characte r i zation . Furthe r ,  this iterative approach i s  also intended to be 
inte ractive: explo rations are·conducted in coope ration w i th the des igners and 
constructors and continue through the des ign and construction proc esses . 

The i te rat ive/ inte r active approach assumes a mult i d i sc ipl ina ry team of 
eng inee rs , geolog ists , and contrac tors exper i enced in deep-underground proj ­
ects . Thi s  geotechnical des ign team should be supplemented by an independent 
pee r  rev iew g roup which meets on a regularly schedul ed bas i s  f rom proj ect 
inception through completion of construction . Geotechnical characte r i zation 
mu st be an integ r al part of the ent i re proj ect .  

Many of the phi losoph ic al conce rns appl icable to a geotechn ical program 
for deep-underg round construction are presented in a recent case-h istory s tudy 
of underground proj ects ( USNC/TT, 1984 ). That study also addres ses some of the 
supportive contrac ting and management philosoph i es that pe rmit the exploration 
ef fort to contr ibute ef f ectively to al l proj ect phase s .  

u.s. National Comm i ttee on Tunnel ing Technology. 1984. 
Investi gations for Underground Projects . Washington, D.C.: 

Pres s .  
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ELEMENTS OP CHARACTERI ZATION 

The program of explo ration is intended to gene rate geotec hnical data f rom the 
initi al reconnais sance through post-construction phases of the proj ect . The 
effort to cha rac te r ize a s i te requi res the continuous development and analys i s  
of information o n  a va r i ety o f  f actors which, e i the r s eparately o r  in d i ffer ing 
comb inat ions, may affect seve ral aspects of the proj ec t.  Thus , it is essential 
that deta i l ed exploration continue concurrently w i th des ign and const ruction . 

Fac i l i ti e s  at the depths env i s ioned involve a s ignif icant potential to 
encounte r el evated ground temperatures, adverse l ithology and structure , high 
in-s itu stresses , and high-pressure inflows of wate r .  Anothe r concern, ground 
shock attenuat ion , i s  c r i tical to strateg ic fac i l ities at these depths . These 
factors are cons id e red most important because s ubstanti al occur rences could 
preclude reasonable const ruct ion or ope ration . For example ,  extens ive shear 
zones , ve ry soft roc k ,  and exc es s ive stresses would prevent safe const ruction. 

The el ements of characte r i zation and the i r  appl icab il i ty to des ign , con­
struction , excavation equipment , and static and dynamic loading are ind icated 
in the matr ix shown as Table 1. The s ignif icant elements fo r each catego ry are 
noted by an •x• in the appropriate column . Sequence or othe r time-dependence 
is not impl i ed by relat ive posi tion in the matr ix . For exampl e ,  tempe rature 
data may be used for des ign purposes before , dur ing , or after the same or othe r 
temperature data are used for some phase of construction . 

Each of the •cr itical Geotechnic al Parameters• is considered to be 
c r itical becaus e  of the potenti al to establ i s h  a •fatal f l aw•: that i s ,  a 
s ingle pa ramete r  may be suf f ic i ently unfavorabl e  for design,  construction , o r  
pe rformance to d i squal ify a cand idate site .  Unde r some c i rcumstances , a factor 
such as ve ry low unconf ined strength may serve the same purpose . 

•Design• clearly rel ies extens ively on the range of cha racte r i zation 
elements . As m ight be expec ted , the close relationship between •construction• 
and •Equ ipment • is  refl ected by a s im i la r i ty in appl icable elements . The 
remain ing columns call attention to the characte r i z ation pa rameters requ i red to 
add res s the abi l i ty of the host roc k to support and transfer load s .  

Influence o f  Characterization 

The influence of characte r iz ation on indiv idual aspects of a proj ect is ex­
tended by the inte raction between these aspects . For example ,  Table 2 summa­
rizes the manne r in which geotechnical elements and f ac i l i ty l ayout af fect 
equipment fo r excavation and support installation . In thi s  cas e ,  cha r acte r i ­
z a t ion is s ignif ic ant not only d i rectly but a l s o  ind i rectly v i a  the relation­
ship between f ac i l i ty l ayout and equ ipment . 

Geotechnical pa rameters are of central importanc e in system component 
sel ection and func t ion . For exampl e ,  a full-face tunnel bor ing machine ( TBM )  
designed for optimum pe rformance in soft rock is not capable o f  eff ic i ently 
cutting ha rd rock unless modi f i ed ( e . g . ,  larger d i amete r  cutters , increased 
hydraul ic-thrust pressure ) The potential for encounter ing substantive changes 
in rock cond i tiona must be antic ipated so that the machine des ign can incor­
porate the spec i f ic features that allow such mod if ic ations . A pa rt icul a r  
concern ove rall i s  the po s s i bl e  presence o f  poor-qual i ty rock o f  suf f ic i ent 
extent to interfere with mining ,  as well as excess ive wate r inflows and gas . 

Equally i mportant to equ ipment sel ection i s  the proj ect layout, which i s  
i tsel f s ubj ect to the charac te r i z ation proc es s .  The geotechnical env i rorDDent 
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TABLE 1 Elements of Characterization for Deep-Underground Projects 

Static Dynamic 
Des i gn Construction Equ ipment Load ing Load ing 

CRITI CAL GBOTECIINICAL 
PARAMETERS 

Temperature ( rock mas s ) :X X :X 
Shock attenuat ion 

( roc k  mas s ) :X X 
St ructure ( includ ing 

d i scontinu i t ies ) X X X X X 
Strat igraphy :X X X X 
In-s itu s t ress :X :X X :X X 
Hydrology X X X X X 
Othe r l iqui ds and gas X :X X 

PHYSICAL PROPERTI ES/BEHAVIOR 

Hardnes s :X X 
Dens i ty :X X 
Poros i ty X 
Pe rmeabil ity ( roc k  mass 

and intact rock ) :X X X 
Modulus/deformab i l i ty X 
Elastic wave veloci ty :X X 
Strength 

unconf ined X :X :X 
conf ined X 
loading ( repeated ) X X 

COnt rol l ed strain path X 
Res i s t iv ity ( electr ic ) X 
The rmal conductivity* X 
Beat capac i ty :X 
Creep X X 
Squeez ing index :X X X 
Plas t i c i ty indices X X X 
Chem ic al react ions :X X :X 
Petrography :X X 

*Also thermal di f fus ivi ty .  
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is a c r i t ical f ac tor in determin ing the s tab il i ty of open ings and the appro­
pr iate conf igurat ion fo r tunnel s ,  cave rns , and shafts . In l ike manne r ,  the 
geotechn ical envi ronment must be ca refully cons idered in the plans for incl ines 
and decl ine s ,  which may present requirements vastly d i fferent than tunnels o r  
caverns . Al l o f  these layouts influence select ion o f  equipment , which may i n  
turn rest rict grades and turning rad i i .  The inte ractive nature o f  des ign and 
construct ion is clearly exempl i f ied he re . 

TABLE 2 Influence of Characterizat ion and Layout on Select ion of Equipment 
for Excavat ion and Pr imary Support 

Geotechnical Bl .. enta 

Intact Rock OVer-
Rock Maaa atreaa 

Laxout 

Strength ConcU tion Pallure !!!!.!!, Depth Decline• Incline• CUrvea 

Boring Equipment 

CUtting Tools 

Muck Transport 

At heading 

Horizontal 
haulage 

Vertical 
haulage 

M 

M 

ID 

• 

ID 

• 

M 

I 

• 

• 

M 

M 

•Aaauaed greater than 15 percent. 

I 

0 

0 

0 

0 

M 

• • • M 

• 0 I 0 

M 0 M • 

M 0 M • 

M M M M 

M M • • 

Legend: M (aajor) • atrong lapact on ayat .. caaponent aelection and function. 
I (interaediate) • aignificant iapact but not an overriding influence. 
a (ainor) • aaae consideration ahould be given for equipment selection. 
0 (no influence) • little iapact on equipment selection. 

PHASED APPROACH TO GEOTECHNI CAL  CHARACTERIZATION 

• 

M 

• 

M 

M 

• 

The magni tude of the proposed proj ect and the compressed schedul e d i ctate that 
spec i al care be taken to integrate explorat ion, des ign, and construct ion into a 
uni f ied , contemporaneous effort . The volume of rock involved and remotenes s 
imposed by its depth, as well as t ime cons t ra int s ,  el im inate the pos s ib i l i ty of 
obtain ing data suff ic i ent to prov ide sui table knowledge of the unde rg round 
prior to const ruct ion . Therefore,  a phased obse rvat ional approach i s  essen­
t i al . This approach to the geotechnical effort will allow ident i f icat ion of a 
locat ion with enough certa inty to initiate the proj ect ,  while the deta i l s  re­
qui red for f inal des ign and effect ive construct ion are determined accord ing to 
informat ion obta ined at depth as construct ion proceeds . 

I t  is assumed that an initial screening process to identi fy approx imately 
25 potent i al s i tes , each about 10 squa re m i les in plan , will precede the pro­
gram for geotechnical characterization . The prog ram would then involve four 
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b road phases : 
const ruct ion . 

s ite select ion ,  s ite characteri zat ion , construct ion , and post-

Phase I Site Selection 

Prel iminary s i te select ion i s  intended to reduce the number of poss ible s i tes 
f rom approximately 25 to 3 cand idates that are geotechn ically most prom i s ing . 
At this stage , lack of phys ical access to the 25 s ites i s  an imposed con­
stra int . Therefore , all avai l able sou rces of ex i s t ing informat ion must be 
carefully examined--e . g . , m ines , boreholes and logs , geolog ic and topographic 
mapping ,  state and fede ral geolog ic survey data,  oil and gas drill ing data . 
These sources should be supplemented , i f  necessary ,  by techniques such as 
remote sens ing with systemat ic analys i s .  The c r i t ical f actors to evaluate 
include l ithology, geologic structure , t emperature grad ient , in- s i tu stres s ,  
shock attenuat ion characte ristics,  hydrology, and existence o f  haza rdous gas . 
The systematic evaluation of potent ial s i tes will allow the select ion of three 
cand idate s i tes , as wel l as the proposed depth of installat ion for each s ite 
and the possible locations fo r access openings . 

The next stage in the s i te select ion process involves f i eld explorat ion 
efforts at each of the three candidate s i tes . F i eld work should prog ress 
i iDiledi ately with detailed surface mapping ,  hydrolog ic stud ies , and one hole 
dril led to at l east 500 f t  below the proposed max imum depth of installat ion at 
each s i t e .  Complete suites of tests on the core and in the hol es should be 
pe rformed to establ ish values for all pe rt inent des ign and construct ion param­
ete rs . Add it ional boreholes should be planned carefully,  with the spac ing and 
locat ion of each hol e chosen to satisfy ind iv idual cond i t ions at each s i te . I t  
is ant ic ipated that a m inimum o f  5 holes per 10 squa re m i l e s  of surface are a 
will be requ i red dur ing the selec t ion proces s .  The test ing prog ram should also 
include expe r iments de s i gned to est imate characte r i s t ics of shock attenuat ion . 
Both mathematical s imulation and f i eld testing w ith h igh explos ives s hould be 
cons ide red fo r this pu rpose .  

A detailed geotechn ic al report of the three cand idate s i tes should be 
prepared . This repo rt ,  coupled w i th prel im inary des ign ,  construct ion , and 
ope rat ion schemes , w i l l  allow sel ec t ion of a s ingl e s i te for construction .  

Phase I I  S i te Characterization 

I n i t i ally, detailed s i te cha racter izat ion should be accompl i shed pr ima r ily w i th 
explorat ion shafts and tunnel s .  I t  is important that these shafts and tunnels 
be located to maximize geotec hnical resul ts while prov id ing access to all c r it­
ic al dept hs of cons truct ion . Tunnel l engths f rom 5 to 10 pe rcent of the f inal 
des ign length w i th in eac h  d i s t inct ive geolog ic al uni t  s hould be appropr iate for 
explorat ion pu rposes . A complete suite of in- s i tu test ing should be performed 
to establ ish values for all pe rt inent des ign and construct ion parameters . 

The cha racte r i zation program should also include development of adequate 
methods for mapping geology, wate r cond i t ions , gas seepage , and d r i l lab il i ty 
ahead of advanc ing tunnel faces , and for monitor ing the overall performance of 
completed tunnel s , shafts , and l in ings . Techniques and instrumentat ion for use 
in the tunnel should be de s igned for appl icat ion dur ing tunnel ing wi thout 
imped ing ope rations , rathe r than j us t  dur ing downt ime of equ ipment .  Howeve r ,  
this capab i l i ty will requ i r e  development o f  new technology and spec i al i z ed 
hardwar e .  
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A comprehensive geotechnical report that i s  both factual and interpretive, 
carefull y  d is t ingu i shing between each, should be prepared at the end of this 
phase . Th is report will prov ide the bas i s  for construct ion b idd ing and final 
deta i l ed design .  

Phase I I I  Construction 

I t  is expect ed  that construct ion will proceed on a cost-plus or cost­
re imbursement bas i s ,  because preconst ruct ion informat ion will be insuff icient 
to def ine the wo rk suitably for f ixed-pr ice b idding . The geotechnical team 
should util ize advance drill ing , remote sens ing , and post-const ruct ion moni­
tor ing to val idate pred ictions of face cond i t ions and to proj ec t possible 
trouble areas . The team should also establ i sh the pay schedul e accord ing to 
cond i t ions actually encounte red dur ing construct ion . 

Explorat ion must be a cont inuous and integral pa rt of the construction 
process . As informat ion and data are developed , the results should be used to 
mod i fy cons t ruct ion techn iques and the des ign , as appropr iate . The explorat ion 
prog ram should be designed , howeve r ,  to m in imize its impact on the const ruct ion 
schedule .  Fo r example ,  monito r ing instruments could be installed dur ing ma in­
tenance pe r iods to to prevent interfe rence with mining progres s .  Furthe r ,  
eve ry opportuni ty must b e  pursued t o  continue development o f  remote techn iques 
to pred ict groundwater cond i tions , locations of c r i tical d i scontinuities , and 
changes in drill ab i l i ty ahead of the advanc ing tunnel . 

Phase I I I  of the program should be completed with a comprehensive report 
of as-built cond i t ions . The report should include the const ruct ion history ,  
deta iled geolog ic mapping , areas vulnerable to probl ems in the future,  and any 
geotechn ical conce rns bea r i ng on respons iveness to host i l e  c i rcumstances . 

Phase I V  Post Construction 

Geotechnical responsib il i t i e s  will continue for the s e rv i c e  l i fe of the proj ­
ect . Dur ing rout ine operat ions , monitoring of conve rgence/stre s s ,  water 
inflow ,  gas inflow , s e i sm ic i ty ,  support systems , and chem ical and physical 
deter iorat ion of geotechnical components will be requ i r ed .  In add i t ion , any 
anomal ies encounte red dur ing construct ion should be observed for poss ibl e 
effects . The informat ion garne red dur ing operat ions will prov ide feedback 
useful to proj ects antic ipated or under way at add i t ional sites . 

In the event of hostil ities , geotechn ical knowledge will be vital to the 
continuing ope ration of the installat ion . Geotechn ical skills and data will be 
neces sary to ass ist in dete rm in i ng point of impact and ground shoc k intens i ty ,  
changes in hyd rology, stres s ,  and t emperatures ,  and in evaluating drainage . 
He r e ,  archival informat ion and expe r ienced personnel regard ing the und e rground 
env i ronment will be invaluable to strateg ic and tactical pl anning . 

CHARACTERIZATION TECHNI QUES FOR 3 , 0 0 0- TO 8 , 0 0 0-FT DEPTHS 

In gene ral , character ization techniques and instrumentat ion that are sui table 
fo r shal low depths ( less than 3 ,  000 ft ) can be appl i ed sati sfactorily at 
greater depths . The rock mass and support response can be proj ected to the 
greater depths and the appropr iate modif icat ions inco rporated into the tech­
niques and instrumentation . Howeve r ,  seve ral k ey env i ronmental f actors may 
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be int roduced that a re unique to deep-unde rground proj ects . These factors 
include the potent i al for ( a ) cor ros ive waters , ( b )  very high operat ing tem­
pe ratures and , for s trateg ic fac il i ti es ( c )  h igh shock loads and ( d )  high 
electromagnet ic puls e  (BMP) load ing . The abi l i ty to evaluate these facto rs 
will requ i re spec ial i zed tests , tec hniques , and instrumentation . 

Testing and instrumentat ion programs dur ing the geotechnical explorat ion , 
construct ion , and operat ion phases of the proj ect w ill requ i re extens ive use of 
boreholes . Determ inat ion of the locat ion and number of boreholes fo r charac­
te rization can be a ided by the use of dec is ion analys i s  techniques .  Statis­
t ical correlat ions and analyses of borehole data,  such as with the Kr ig ing 
method ,  will improve geolog ic extrapolat ions between boreholes and help iden­
t i fy the best locat ions fo r add it ional bor ings . 

Testing and Measurement Techniques 

DYNAMIC 

Dynam ic tests should be conducted to obtain rock mass properties and to asses s 
behav ior characte rist ics such as ground shock attenuat ion and block mot ion 
unde r dynamic load s .  These determinat ions should al so be used to evaluate 
var ious types of st ructural l in ings . Appropr iate dynamic techniques include 
the follow ing : 

• spec i al i zed geophys ical logg ing to obtain dynamic elastic modul i ( 3-D 
veloc i ty )  and s e i sv i ewer logs to obta in f racture orientation . 
• spec i al ized geophys ical surveys both in vert ical hol es f rom the 
surface and in horizontal hol es at depth ( e . g . , vert ical s e i sm ic 
prof i l ing [VSP], tube wave veloc i ty surveys , and c ross hol e surveys ) .  
• h igh explos ive tests at surface , w i th appropr iate ins trumentat ion 
ove r  a range of depths to measure s tress , veloc i ty,  accele ration , d i s­
pl acement , and attenuat ion . 
• high explos ive tests at depth to measure rock mass properties , 
attenuat ion , block mot ion , and dynam ic j o int properties . 
• high explos ive tests·at depth to measure response of in-place st ruc­
ture s to a shock env i ronment . 

HYDROLOGIC 

Hyd rolog ic tests are requ i red to measure characte r is t ic s  of groundwater flow 
and to eval uate flow cha racte r i s t ics of f racture systems . Fracture sys tems 
have been found to play the dominant rol e in control of g roundwater inflows in 
crystall ine rock and in highly f ractured rock masses . The types of tests will 
v a ry ,  depend ing on the effect ive poros i ty and permeab il i ty of the rock mat r ix 
and the int r ins ic f racture/ j o int ing system .  Pressure and inj ect ion tests 
s hould be used to obtain hyd raul ic conductiv i ty and s torage coeff ic ients of 
fracture zones . Format ional-pump , constant-head , and slug tests can be used 
for zones of high permeab i l i ty .  Transient-pulse o r  slug wi thd rawal tests 
should be used fo r the t ight e r  format ions , or zones w i th l i ttl e  f racturing/ 
j o inting . 
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THERMAL 

The rmal measurements of the rock and fluid s  in the rock are requ i red for 
env i ronmental monitor ing and to as s ist in establ i shing the range in whi c h  
temperature-dependent rock prope rties are t o  be determined . Thermal conduc­
tiv i ty, heat capac i ty,  and the coeff ic i ent of thermal expans ion are requi red 
for rock at and near excavat ion surfaces and for each of the d i s t inct ive types 
of earth mate r i als between the ground surface and the underground excavat ions . 
Measurements should also be obta ined f rom borehol es d r i lled for othe r tests . 
The design of the measurement program should assume anisot ropy unless and until 
accumulated measurements indicate otherwise . 

IN-SITU STRESS 

Trad i tional techn iques for measur ing in- s i tu stress cannot be used for stress 
determ inat ions in deep boreholes . Bydrof racturing i s  the only di rect measure­
ment t echnique currently available that i s  appl icable unde r such cond i t ions . 
Stress data f rom hydrof ractur ing should be suppl emented by other ind i rect 
stress dete rm inat ion tec hniques using oriented cores , such as d if f erenti al 
strain curve analys i s  ( DSCA ) and anelastic stra in ' recovery ( ASR ) . Borehole 
observat ions of s idewall elongat ion or spall ing and wellbore b reakout also can 
be used to determ ine the orientat ion of the hor i zontal stresses . In a ve rtical 
borehol e ,  core d i sc ing is an ind icat ion of high in-s itu hor i zontal s t res s . 

LIMITATIONS TO TESTING AND MEASUREMENT TECHNIQUES 

The greatest obs tacl e  to testing and measurement is presented by the extent of 
the rock mass that is subj ect to eval uat ion . For strateg ic fac i l i t i e s ,  suit­
abl e  means to assess attenuat ion is an add i tional concern. To add ress the 
majo r  l im i tat ions of current test ing and measur ement techniques , i t  i s  neces­
s a ry to : 

• develop dynam ic in-s i tu tests to characte rize the roc k mass ove r  tens · 
of me te rs . 
• des ign a d ynam ic test to obta in attenuat ion properties of a rock mass 
vol ume at the stress l evel s of interest . 
• improve current methodology and techniques to dete rmine ( a ) a 3-D 
f racture system w ithin the rock mas s away f rom the borehol e/ tunnel , and 
( b )  the hyd rolog ic , the rmal , and the rmomechanical characte r istics of 
l a rge volumes of rock . 

Instrumentat ion and Moni tor ing Techniques 

DYNAMIC 

The capab i l i ty to assess the dynamics of the rock system is of pr imary impor­
tance to the long-term st ructural integ r i ty of the fac i l i ty .  For strateg ic 
purposes ,  moni tor ing is essent i al to add ress deg radat ion of the rock mass 
because extens ive degradat ion may not allow i t  to func t ion as a v i abl e 
structure fol lowing host il ities . An instrumentat ion and moni toring scheme 
should encompas s the roc k mas s ,  the support system , and ancillary f ac i l i t ies . 
Dev ices that may be incorporated into this scheme include veloc i ty gages , 
stress gages , accel erometers , and large block d i spl acement o r  shea r  s t r ips . 
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HYDROLOGIC 

Changes in the hyd rolog ical reg ime are a pr ime concern dur ing construct ion , 
normal operation , and fol lowing host i l i t i e s . Inflow exceed ing handl ing and 
d i sposal capab il ities could read ily lead to problems rang ing f rom d i f f icul t to 
catastrophic . I t  is doubtful that grav i ty dra inage w i l l  be poss ibl e at a depth 
of 8 , 0 0 0  f t .  The refor e ,  flow mete rs s hould b e  installed and pumping water 
monitored for careful cont rol of the hyd rolog ical reg ime . Sealed pi ezometers 
should be installed in borehol es within the fac il i ty ,  particul arly at c r it ic al 
locations { e . g . , power plant , command and control centers ) .  Active dewate r ing 
throughout the service l ife of the s t ructure is necessary ,  regardless of nat­
ural dra inage cond i t ions . '!'his will enhance shock abso rpt ion capab i l i t i es of 
the fac i l ity .  I n  add i t ion , continued pumping w ill enl a rge the • cone of depres­
s ion , • thus a id ing in both tempe rature and water cont rol , pa rt icularly if an 
aquifer is magmatic in o r ig in as opposed to surfac e  recharge . 

'l'BERMAL 

Temperatures of the rock and the flu id s  in the rock should be monitored at the 
surface of the underground excavat ions and in borehol es ext end ing f rom the 
excavation surface to depths of up to several d i ameters of the excavation . In 
add i t ion , tempe ratures should be monitored f rom the ground surfac e  down to the 
excavations in vert ic al interval s suff ic i ently small to characterize each d i s­
t inct ive ve rt ical temperature grad i ent . 

STRESS/STRAIN 

Stress/ s train changes in the rock mass and support sys tem are important param­
ete r s ,  both throughout the l i fe of the st ructure and dur ing and aft e r  hostil­
ities . Rock mass response to load ing may be deduced f rom changes in support 
stres s .  Seve ral techniques are readily ava i l able to obta in suppo rt and rock 
mass measurements . Su i table instrumentat ion includes pressure cells and 
embedded strain gages in the l iner or backpack ing systems , s t r a in gage s in 
s t eel l iners , sets or bolts , and rock mass s t ress change dev ic es ins tal led in 
boreholes . 

DI SPLACEMENT 

Displ acement of the rock mass is a ve ry rel iable parameter for assess ing long­
term pe rformance of the s t ructure and response to extraneous load ing .  Dev ices 
to measure d i splacement are pe rhaps the most developed of any geotechnical 
measurement sys t ems and are the most straightfo rward in t e rms of data analys i s  
and interpretation . Mul ti-station extensomet e r  arrays should form an integ r al 
part of the fac i l i ty moni to r ing system ,  both dur ing and aft e r  const ruct ion . A 
5- to 1 0-year ope rating l i f e  is reasonable for d i spl acement moni tor ing systems 
in adve rs e env i ronments . 

CHEMICAL 

'l'he chem ic al reg ime , both in i t i al wate r and rock chem istry,  should be moni tored 
c losel y .  Attent ion should be devoted to alterat ion in the regime , espec i ally 
as m ight apply to support sys tems { e . g . , steel , grout ) .  The approac h may 
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cons ist of someth ing as s imple as pH monitor ing of f ac i l ity d i scha rge o r  moni­
tor ing of part icula r  chem ical constituents such as chlorites , sulfates , and 
carbonates . Spec if ic concerns would be the possible effects of long-term 
seepage which may be corros ive or the presence of water in conj unct ion with 
stray elec t r ic al cur rent . 

LIMITATIONS TO INSTRUMENTATION AND MONITORING TECHNIQUES 

The maj o r  ove rall l imitation of instrumentation and moni tor ing schemes is 
inst rument performance ove r  both the short and long term--a di rect funct ion of 
the fac i l ity env i ronment . For the long term, the l imitation would encompass 
al l dev ices to some extent , but part icularly el ect ron ics subj ect to hot ,  cor­
ros ive water and pe rhaps to EMP. Othe r constraints are that s t ress change 
measurement in boreholes is ma rg inal ly successful and that dynamic stress 
changes a re poorly understood . Data transm iss ion ove r long d i s tances is j ust 
now be ing perfected with mult ipl exed d ig i tal transm iss ion ove r f iber opt ic 
cable . In-shaf t data acqu i s i t ion might be part icularly d iff icult due to the 
ef f ects of f al l ing debris on the ins trumentat ion . 

Geotechnical characterization pl ays a key role in all s tages of the development 
of deep-underground fac i l ities , f rom ini t i al reconna issance and site sel ect ion 
through post-construct ion . A well-developed , i te rat ive , systematic approach to 
explorations and rev i ew ,  comb ined with the use of qual i f i ed pe rsonnel , prov ides 
the bas i s  for des ign and , more importantly, id ent if ies factors whic h could make 
the proj ect unsafe or impract ical to build and/or ma inta in . 

The pr inc ipal focus of geotechnical inves t igat ions should be on in-s itu 
test ing during const ruct ion of pr ima ry open ings and fol low-up val idat ion of 
s t ructure pe rfo rmance in a rock mechanics test bay. This approach will yi eld a 
much l a rge r data base on des ign facto rs related to const ruct ion than can be 
achi eved by ground-surface based measurements . In-s itu test ing integ rates the 
ef f ect of rock mass discontinu i t i e s  into measured respons e .  Quanti fying the 
scale effects is not c r i t ic al for construct ion but can result in lowe r costs , 
improved safety ,  and increased chances for a successful proj ect .  

Although many of the currently available techniques a re appl icable to the 
proposed program, improvements in s i te characte r i zation technology are needed 
for the depths envis ioned . These improvements include development of instru­
ments which wo rk longer under adverse envi ronmental cond i t ions ,  new techniques 
for evaluat ing in-s itu s tress and shock attenuat ion , and methodology to de­
term ine remote f racture systems in 3-D .  Equally important is the use of 
enl ightened contrac t ing pract ices wh ich pe rmit the investigators , des igners , 
and cont racto rs to wo rk togethe r to solve the geolog ically based problems as 
they occur . 
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DESIGN CONSIDERATIONS 

This wo rk ing group was responsible for assess ing the des ign technology for 
stable underground open ings at depths greater than 3 , 0 0 0  ft , and poss ibl y as 
deep as B , O O O  f t .  Del ibe rations focused o n  the overal l  design process and the 
major features of de s i gn pertaining to opening stability . Throughout ,  design 
was viewed as an iterative and interact ive process that requi res close ties 
with geotechnical characte r izat ion and construct ion activities . 

I t  is expected that preconstruct ion geotechnic al invest igat ions will be 
l imi ted inevitably because of the depths env i s ioned for the proposed proj ect . 
Consequently, the in itial des ign approach mus t  be based on generic or assumed 
typical cond it ions . The requirements of this approach include : 

• cha racte r ization of the typic al classes or types of potential ground 
failure cond itions ant icipated throughout the site . 
• descr ipt ion of typic al rock re inforcement or support for each type of 
ant ic ipated failure mechanism. 
• estimation of the quant ities of each typical support sec t ion l ikely 
to be encounte red along the proj ect route . 
• d e t e rm i nat ion , d u r ing cons t ru c t ion , o f  t yp i c al support or 
re inforcement ( includ ing no support ) that is  most appropr iate fo r the 
actual ground cond i t ions· encountered . 
• monitor ing of the respons e of the ground and support systems , lead ing 
to val idation or modif ic ation of the in itial approach . 

Ef f ic i ent implementation of the des ign will requ i re careful cons ideration 
of the cont ractual format under wh ich the construct ion takes pl ace .  Attent ion 
should be di rec ted toward s the recommendat ions contained in a prev ious study of 
contract ing pract ices ( USNC/TT , 1974 ) ,  as wel l as to the system cur rently be ing 
used for the Rogers Pass tunnel proj ect in Canad a .  For that proj ect--where 
sim i lar constra ints apply as for the proj ect cons idered here--the cont ract 
documents antic ipate the types of construct ion probl ems , prov ide means for 
resolut ion , and permit contracto r compensat ion in the manner that costs are 
incurred . 

u . s .  National Comm ittee on Tunnel ing Technology. 1 974 . Better Contract ing for 
Unde rground Construct ion . Washington, D . C . : National Academy Pres s . 
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DBSIGR PROCESS 

The design process is a sequence of act ivit ies undertaken with the obj ective of 
insur ing stable underground openings fo r the l ife of the s t ructure . Precon­
struction des ign will be based on gene r ic or typical cond i t ions . Subsequently, 
the ini t i al as sumpt ions will be reviewed and ref ined dur ing const ruct ion as 
s ite characte r izat ion data are developed . The process des ign is the same for 
both the preconstruct ion and construct ion phases , but the level of detail is 
s ignif icantly d i f fe rent . 

The des ign process beg ins w i th an exam inat ion of s i te characte rization 
data with an eye fo r potent i al fai lure mechani sms ove r the proposed layout. 
The type of f a ilure mechan i sm  is the bas i s  for select ing the analyt ic technique 
appropr iate fo r estimat ing the rock respons e to load s dur ing and afte r con­
struct ion and , ul t imatel y ,  sel ec t ing the type of support for the s t ructure.  
The analyt ic techn ique d ictates the type of data input needed to arrive at 
support requi rements . Instrument ing areas both dur ing and after construct ion 
prov ides an obj ect ive means of val idat ing and , if necessary, modi fying the 
ini t i al des ign analyses and support recommendat ions . The type of information 
requi red f rom instrumented areas depends on the analytic techn ique . 

Table 1 summarizes the des ign process , l is t ing the common fa ilure mecha­
nisms encounte red in underground const ruct ion with the appropr iate method s  of 
analys i s  and the data input requirements for the analys i s .  Typical support 
method s  for the var ious fai lure mechani sms are noted by cross reference to 
Table 2 .  

TABLE 1 Maj o r  Features o f  the Des ign Process 

Failure Mechanism 

Structural 

St rength/ s tress 

Faul t/ she a r  zone 

Time-dependent 

Method { & )  o f  Analys is 

Kinematics 
Empi r ic al 

Stress analys i s/ f a ilure 
c r i te r i a/fai lure mode 

Emp i r ic al/ exper ience 

Emp i r ic al 

Stress analys is 

Data 
Input 

( a ) 

{ b ) 

{ C ) 

( d )  

Typical 
Support Systems * 

1, 2 ,  3 

2 , 3 , 4 , 6 

4 1 5, 6 

4 1 5, 6 

*The numbers correspond to the types of support l is ted in Table 2 .  
{ a )  unconf ined compressive s trength o r  appropri ate mate r i al behav ior 
model 1 spac ing , orientat ion , cond i t ion ( pers istenc e ,  separation , rough­
nes s ,  weathe r ing , f il l ing ) of j o ints 1 groundwater flow and pressure . 
( b ) deformat ion modul i ,  intact s trength propert i e s ,  rate dependent prop­
erties ( dynam ic/creep ) , j o int propert ies , anisotropy, in- s i tu s tresses . 
( c )  nature and d ist r ibut ion of f aults . 
( d )  creep/ relaxat ion modul i ,  • ag ing • of mate r ial prope rties , dynamic . 
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Fa ilu re Mechanisms 

Pour fa ilure mechani sms are identif ied in '!'abl e  1: s t ructu ral , s trength/ 
s t res s ,  f ault/ shear zone , and t ime-dependent ( squeez ing/ swel l ing/ creep ) . 
• st ructural • ref e rs to failu res that are of k inematic origin prec ipi tated by an 
adve rse comb inat ion of j o int and opening geome t ry .  • strength/ s tres s •  refers to 
the s i tuat ion whe re in-s i tu stress exceeds the rock strength in such a manner 
as to pose a threat to an opening . The progress ion of local failure to 
threatening proportions may involve brittle fracture and s train softening or 
flow in a duct ile manne r .  BOth modes are poss ible but have d i f ferent conse­
quences for s upport load ing . •Faul t/ shear zone • refers to a f a ilure mechanism 
activated when a head ing enters an unsuspected f ault zone poss ibly conta in ing a 
large vol ume of wate r ,  sand , or clay .  • Time-dependent • refers to failu res that 
may result f rom ( 1 )  degradat ion of mate r i al properties as a consequence of 
d i f fus ion processes collect ively known as • ag ing , • ( 2 )  a v i scou s component of 
deformat ion , creep, or pl ast icity, and ( 3 )  dynamic ove rstres s ing . 

Analytic Methods 

St ructurally controll ed failures may be ant ic ipated by an analys i s  of the j o int 
block k inemat ics in a systemat ic way us ing l im i t ing equil ibrium analys i s  ( key 
block theory ) or by emp i r ic al correl ation w i th rock mass clas s i f ication 
schemes . 

Stress controlled failu res requ i re calcul at ion of the d i spl acement,  
strain,  and stress change s about an open ing as it is  excavated . '!'he compl ex­
ities of the problem l ikely will requ i re the use of computer-based techniques 
such as the f inite element , d is t inct element , and bounda ry el ement method s . 
'!'he st ress changes , when added to the pre-excavat ion s t resses , allow for a 
compa rison with strength, i f  done purely elast ically.  If  done elas t i c­
plastically, an estimate of the extent of prog ress ive yield ing i s  possibl e .  
'!'he extent of the yi eld zone ( i f any ) a s  excavation proceed s i s  an importan t  
des ign a id . 

Faul t zone f a ilures lack cons istency in ei the r the i r  geomet ry or the 
nature of the materials involved . such fai lures are bes t  handled empi rically 
as encountered , because each occurrence usual ly presents unique character­
ist ic s .  

Time-dependent failures requ i re a n  analys is o f  s t ress that includes 
time-dependency in the constitut ive equat ions ( stress-strain relat ions ) in the 
form of time-dependent mate rial prope rties or v iscous deformation. Dynamic or 
transi ent load ing usual l y  impl ies ine rtial forces and wave ef f ect s .  Howeve r ,  a 
quas istatic load ing analys is may be adequate , depend ing on the nature of the 
trans ient . 

'!'he excavat ion sequence followed dur ing const ruct ion may l e ad to st res s  
concentrat ions s ignif icantly d i f fe rent f rom those associated w i t h  the f inal 
excavated geometry .  For exampl e ,  a tunnel/ tunnel intersect ion , if formed by 
advanc ing one tunnel towa rd s  the othe r ,  creates a s i tuat ion whe re the advance 
is towards a zone of high stres s  concentrat ion on the rock being m ined as well 
as on the rock that remains after compl et ion of the st ructure . A prefe rable 
sequence would involve advance away f rom zones of high s tress concentration . 
Fo r this reason , stres s analyses tha t account fo r the exc avat ion s equence are 
needed in order to quant ify st ress changes induced dur ing construct ion as wel l 
as those as soc i ated with the f inal , fully excavated geome try .  
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Data Requ i red 

Two types of data are requ i red for input : in i t i al data to perform an analys i s ,  
and monitor ing data t o  update des ign as well as wa rn o f  instabil i ty. The data 
input includes : 

• geology , geolog ic structure 
• geomet ry ,  excavat ion s equence 
• in-situ stres s ,  t r ansient stress 
• hydrolog ic regime 
• gas 
• temperature f i eld . 

These data are common to each method of analys i s  that is  pa rt of the de­
s ign process . More spec i f ic needs for each method are detailed in Table 1 and 
include mate r i al properties . In this regard , data for the ent i re s i te cannot 
be obta ined with adequate prec i s ion J therefore , an est imate of the var iat ion in 
prope rt ies should be developed dur ing geotechnical characte r i z at ion as an a id 
to quant ifying unce rtainties . 

EFFECTS OP DEPl'B 

The des ign concerns assoc i ated with the more common , • shallow• c ivil const ruc­
t ion differ f rom those expected at the depths env i s ioned for construct ion of 
the proposed proj ect . The re are three primary features of des ign which ref lect 
these diffe rences . 

F i rs t ,  the failure mechan i sm shifts f rom a structurally control l ed ( kine­
mat ic ) process to a strength/stress cont roll ed proces s with increas ing depth. 
The failure of openings is d r iven mostly by grav i ty at shallow depths . At 
greater depths the fai lure mechan i sm i s  dr iven more by the ratio of rock mas s 
strength to the induced st ress . 

Second , tempe rature increases with depth and the v i rg in rock temperature 
( VRT )  m ight approach 13 0° P. The rmal stresses associated with VRT l evel s of 
13 0° F , or less , should not adversely affect the des ign of open ings and support 
sys tems . The except ion , howeve r ,  l i es in potenti al increases in rates of rock 
c reep . 

Th i ld ,  the presence of water at depth c an be assoc i ated with excess ively 
high pressures and flow rates . E i the r occurrence can l e ad to the potent i al for 
l iner fa ilu re . Water inflows must be e i the r stopped ( e . g . , grouting , heavy 
l iners ) --which is an expens ive and unl ikel y  solut ion--or dra ined , a more 
reasonable scena r io .  

These three features a re considered unique to deep construct ion and must 
not be ignored because they may prohib i t  open ing stabil i ty and cons t ructi­
b i l i ty .  Exist ing des ign technolog ies a r e  adequate t o  handle the i ssues but are 
by no means pe rfec t .  The re are research and development need s  that should be 
add ressed .  I t  is essential , in any event , that the is sues be recognized at the 
earl iest poss ibl e s tage of the des ign proces s .  
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SUPPOR!l' S!'S'l'BIIS 

The design of the s upport system should be versatile , so that the most appro­
priate method ( s )  for support can be determ ined on the bas i s  of the var ious rock 
conditions actually encountered dur ing construction . This approach requ i res 
that excavat ion equ ipment accommodate installat ion of a mix of support systems 
in concert with excavation . 

The s upport systems appropriate for typical categories of ground cond i­
t ions ( or failure mechanisms shown in Table 1) are outl ined in Table 2. Within 
these systems there can be variations . For example ,  Type 3 ground support may 
include more closely spaced rock bolts and wire mesh rather than rock bolts and 
shotcrete . In this case , the variation may resolve a confl ict between maximum 
tunnel ing ef f ic i ency and the des i r ability of shotcrete . 

TABLE 2 Requi rements for Typical SUpport 8ystems 

category �sv�s�t�em=----------------------------------------------------------

Type l 

Type 2 

Type 3 

Type 4 

Type S 

Type 6 

Unsupported except for spot rock bolt ing of occasional loose 
blocks . 

Rock bolt pattern ( wire mesh requ i red occasionally ) . 

Rock bol t pattern with shotc rete l aye r ( and wi re mesh ) . 

Shotcrete appl i ed immed iately after excavat ion . 
Rock bol t pattern and wi re mesh. 
Monitor ing of deformation .  
Second shotc rete layer placed after rock h a s  s tab il i z ed ( if 
requi red ) .  

Spil ing/ steel sets . 
Cabl e bolts ( long ) . 
Ground stab i l i z ation by grouting ( if required ) . 
F inal encasement ( if requ i red ) .  
D ra inage . 

Yi eldable rock bolts in conj unct ion w i th shotc rete and w i re mes h .  
Monitor ing o f  support pe rformance . 

Howeve r ,  i t  should be recogni zed that within each rock category the re may 
be dive rg ing opinions as to the part icular support system to be ins talled . 
The refore , it is  important that clear author ity be establ ished to d i rect the 
cont ractor as to support requirements for a g iven cond i tion . Thi s authori ta­
tive responsib i l ity ,  includ ing provis ions for appropriate payment ,  should

· 
be 

ass igned e i ther to one individual or to a small group ( two o r  three ind iv id­
uals ) .  
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Shafts and Intersect ions of Openings 

Support for shafts and intersect ions of openings ( tunnel s/ tunnel s ,  shafts/ 
tunnel s )  will requi re inte ract ive design and systems similar to tunnels .  Bow­
eve r ,  some d ifferences must be considered . 

For shafts , the maj or d i ffe rence is that the support system would encom­
pas s  the ful l c i rc\DDference of the wal l in all cases . Dur ing des ign ,  pa rt ic­
ul a r  attent ion mus t  be devoted to in-situ horizontal stres s .  To prevent smal l 
rock fal l s  dur ing construct ion , a shotcrete l ayer can be appl i ed which could 
also s e rve as a portion of the support system . Anothe r common safety measure 
is to bolt wire me sh between the l in ing and the shaft bottom . Pe rmanent con­
c rete l in ing will insure long- term stab i l i ty .  

For inte rs ections , the m a i n  d ifference i n  support design ar ises f rom 
highe r s t ress concentrat ions than would be encountered in s im il a r  rock in a 
tunnel . The support requ i r ement increases as the angl e of the intersect ion 
dec reases f rom 90 degrees . 

Spec i al Conce rns 

G roundwater must be accounted for in support sys tem des ign . For any sys tem 
that seal s  the rock and does not al low f ree dra inage , the l ining must be 
drained or designed to wi ths tand the pressure . At depth, the hydrostatic pres­
sure can be high and the heavy l iners requ i red to resist the pressures would be 
ext remely expensive . The refore , d ra inage and d i sposal of water inflow should 
be cons ide red in support design .  Dra inage should al so reduce the amount of 
f ree water ava ilabl e in the rock after dynamic load ing , a matter of inte rest 
for strateg ic fac i l i t ies . 

The ha rd ening system of strateg ic f ac i l i ties is log ically related both to 
the support system and to the rock mas s .  If  a hardened sect ion includes rock 
bol t s ,  then a portion of that patte rn may be used as initial support . I f  rock 
bolts are not included , but a ha rden ing system will be instal l ed ,  then a thin­
wall full column support or point anchor bol ts may be used . Conside ration 
should also be given to flexibl e versus r i g id support systems . 

The geomet ric aspects of tunnel s ,  shafts , and inte rsect ion( s )  l ayouts are 
important to open ing stabil i ty .  The proxim i ty of mul t ipl e openings will af f ect 
the concentration of st ress around each open ing . In add i t ion , the angula r  re­
lat ionship of intersect ions ( tunnel s/ tunnel s ,  shafts/ tunnel s )  aff ects stress 
concentrat ions and the extent of yi eld zones . Acute intersect ion angl es and 
mult ipl e inters ect ions should be avoided . When such s i tuat ions are unavoid­
abl e ,  spec i al support sys tems such as steel sets and buil t-up reinforc ed c r ibs 
may be requi red . 

MONITORING FOR IN'l'ERACTIVE DESIGN 

The in i t i al des ign may be developed reasonably on the bas i s  of the necessa r ily 
l im i ted s i te and geotechn ical informat ion avai l abl e pr ior to const ruct ion . The 
var ious classes of support are pred ic ated on estimates of the behav ior of the 
expected f a i l ure mechan isms . Howeve r ,  the geomechan ical behav ior of the rock 
as actual l y  exposed dur ing construct ion , as wel l as the inte ract ion between the 
ground and the support , will va ry f rom the assumpt ions of the ini t i al des i gn .  
Moni tor ing and evaluat ion f i eld inst rumentation measurements w ill permit 
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adj ustment of the in itial ass1Dipt ions accord ing to pe rformance , lead ing to a 
closer correlat ion between estimated and actual rock respons e and support re­
qui rements . 

The pr imary elements of in i t i al rock support dur ing const ruction ( v iz . , 
rock bolts , mesh, and shotcrete ) are readily var i able as to spac ing or thick­
ness . Consequently,  dur ing construct ion it is qui te feas ible to mod ify support 
quant i t ies bas ed on evaluat ion of monitor ing instrumentation , thereby s ecur ing 
optimum support and economy both in the near term and over extended per iods of 
time . 

The moni toring prog ram should be des igned to dete rm ine the pe rformance of 
the comb inat ion rock/support systems . The program should inco rporate the 
following instrumentation as a minimum : 

• conve rgence points--to ve r ify movements of the supports and rock at 
the pe r iphe ry of the opening .  
• mult ipl e pos i t ion extensomete rs--to ve r ify rock mass movements away 
f rom the tunnel surf ace . 
• rock bo rehol e and/or l ine r pressure cells--to measure s t ress changes 
ind icat ive of load transfe r .  
• pi ezomete rs--to monitor water pressure bui ldup . 

RESEARCH AND DEVELOPMENT 

Research and development to ass ist the des ign of deep underg round f ac i l i t ies 
should include the fol low ing efforts : 

• Nonborehol e geophys ical systems ( e . g . , ground prob ing radar ) need 
furthe r development for use at the face to identify maj or geolog ic features 
ahead of excavat ion . Also, surface and borehol e geophys ics need improvement 
fo r more eff ect ive s i te cha racte ri zat ion . El ect romagnetic ( rada r ) surveys , 
be ing sens it ive to wate r ,  could be used to locate saturated f aults in an 
unsaturated rock env i ronment . 

• Case-history information ( e . g . , stab i l i ty,  rock/ support inte ract ion ) 
on deep excavat ions ahould be col l ected and evaluated . 

• Const i tutive laws need better formul ation and/or development for all 
types of geolog ic mate r i al s ,  and espec i ally for rock types expected to be en­
countered at great depths . 

• Computer prog rams for analys i s  of a j o inted rock mass and support 
respons e under la rge d ispl acement ( and pos s ibl y l a rge-stra in dynamic loads with 
prog ressive f a ilure by caving and flow ) should be developed and the accuracy of 
computed const i tutive behavior should be checked aga inst cas e-histo ry data.  

• High speed , low prof ile d i amond d r ills need to be developed for 
ins trumented borehol es near the f ace ( j us t  behind the machine ) .  

• Failure mechanics of a j o inted rock mass , part icul arly at high st ress 
l evel s ,  require research. Improvements in knowl edge of f a i l ure c r i t e r i a  and in 
me thods for analyz ing the inte ract ion between the rock mass and the instal l ed 
support system are necessary for des igning more eff ect ive support . 

• Yieldabl e support el ements · ( e . g . , foam concrete,  point-anchored , 
s t r ippabl e ,  threaded bolts ) requ i re research to determine capab i l i t ies for 
integration into the support sys t em .  This is  a prime conce rn for deep f ac il­
i t ies in v i ew of the high in- s i tu stresses expected and the potent ial for high 
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dynamic ( or quas is tatic ) load ing . Convent ional support des igns usually feature 
• r igid •  systems ( except ions be ing yi eld a rches , wood cribs , etc . ) .  SUpport 
elements such as full-column and point-anchored rock bolts , cable bolts , 
shotcrete , concrete l inings , and steel sets offer s igni f icant res istance to 
ground deformations and are considered • r ig id . • In the highly yield ing ground 
that may be expected at great depths , large deformat ions may cause fail ure of 
the support elements and perhaps catastrophic failure of the opening as well . 

The technology ex ists to des ign stable underground openings to depths of 8 , 0 0 0  
ft . Howeve r ,  this technology is not equivalent t o  o rd inary tunnel design at 
rel at ively shallow depths , whe re suff ic ient support can usually be marshal l ed 
to ove rcame diff icult cond i t ions . Increas ing depth requires increas ing atten­
t ion to design pr inciples . Quant i tat ive knowl edge of rock mass and support 
behav ior b ecomes more important , and rel iance on the natural support prov ided 
by the rock as well as on the instal l ed support becomes essenti al to stabil ity .  

The des igne rs must recognize that the f actors affect ing opening stabil i ty 
become s ignif ic ant at depth. Therefore , data developed during the s i te char­
acte r i zation stage must be used to maximum effect in orde r to avo id early 
construction diff icul t i es and attendant delays . Inte ract ive design accompanied 
by inst rumentat ion and monitor ing of the rock/ suppo rt system is essent ial to 
des ign val idation and modif ic ation . 

The inst rumentation l ayout must be pl anned and impl emented in a staged 
des ign so that the data expected are prov ided in a t imely manne r that allows 
prac t ic al use dur ing construct ion . Here , deep-m ine case histories and related 
experience are pe rt inent . Monitor ing data should also be used to warn of 
impend ing instab il ity .  

F inally,
_ 

it is important that construct ion philosophies be reoriented 
towards a deep m ining pe rspec t ive .  Deep openings may undergo large defor­
mations , and support sys tems must wo rk with the ground ( i . e . , yield ) rathe r 
than res ist the inevitable movement of rock into the openings . 
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CONSTRUCTION ISSUES 

The constructib il ity of a deep-unde rground proj ect will be dete rm ined, ulti­
mately, by two f actors:  

• site geotechnical conditions 
• f acil i ty l ayout and des ign . 

The site charac te r i z a t ion prog ram must account for the geotechnical/ geolog ic al 
paramete rs and physical properties of the rock mass in te rms of influenc e  on 
construction methods and sequence . The l ayout and design of the f ac i l i ty must 
permit ef f ic i ent and rapid pe rformance of excavation and support operations. 

GBOTBQINICAL BXPLORATIOR 

Detailed site exploration for construction of a deep-unde rground fac il ity can 
be accompl ished most eff ectively by plac ing a shaft and adi t so that the rock 
cond i tions to depth can be observed di rectly, in s i tu. I f  t ime i s  a constraint 
and s ever al site s  are candidates, it may be desi rable to place shafts at each 
s i te so that the f inal dec ision can be based on in-situ observations. Small­
diamete r shafts have been dri l l ed to depths of inte rest at Bot Creek , Nevada 
( 5 , 5 0 0  ft deep J  1 2 0  in . diamete r )  and Amchitk a ,  Alaska ( 6 , 15 0  ft deep J 9 0  in . 
di amete r ) . 

Exploratory shafts and adi ts prov i de direct ev idence of the source and 
magnitude of water inflows. Preconstruction excavation also of fers an oppor­
tunity to obse rve the l a rger-scale rock features that signif icantly affect 
const ruction but cannot be evaluated f rom borehol e data , such as the continu ity 
and wav iness of j o ints and the extent and characte r of weak zones. For the 
designer and contracto r ,  the abi l i ty to inspect the rock mass and determ ine 
s ignif icant geotechnical condi tions is an important benef i t .  

An exploratory shaft install ed prior to the ma in construction contract can 
be used to advantage dur ing construction. I t  can prov i de early access to the 
tunnel level as well as s e rve venti lation and muck ing operations throughout the 
construction per iod . 

Site Character ist ic s  

A maj o r  purpose o f  the geotechnical exploration prog ram i s  to determine s i te 
char acte r i stics that bear on excavat ion and support procedures . In s el ect ing a 
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a i te or locat ing a fac i l i ty at a given s i te ,  the occur rence of certain cond i­
t ions should be v i ewed as d is t inct d i s advantage s  fo r const ruct ion . Even i f  not 
def ined as • fatal flaws , • thes e cond i t ions can have a substantial negative i.­
pact on construct ion operat ions , cost , and schedul e .  The refore ,  if pos s ibl e ,  
proj ect s i t ing should not b e  cons idered i n  areas that feature : 

• maj or aqu i f e rs . 
• heavy squeez ing or swel l ing charac te r istics ( e . g . , wide f ault zones , 
plast ic shales ) .  
• gassy formations ( e . g . , methane ) .  
• v i rg in rock temperatures above 1 0 0° F .  

Large quanti t i es of water a t  depth are d i f f icult to handle and are haz­
ardous when suddenly encountered dur ing const ruction . S i t ing the proj ect in or 
near sources of substantial wate r  such as maj or aquifers and heavily f aul ted 
ground should be avoided . When f ault zones must be penetrated ,  the opening 
should be oriented to m in imize d i s tance in faul ted ground . Heavy squeez ing and 
swell ing of the host rock impedes the performance of most tunnel boring ma­
chines with rigid ,  cyl ind r ic al bod i es . Gassy format ions are dangerous and slow 
productiv i ty because extens ive safety precaut ions are requi red to protect crews 
and equipment.  H igh tempe ratures inc rease the vent ilation and cool ing modi f i­
cat ions necessary to ma intain the ef f ic i ency of the const ruct ion operation . 

Othe r cond i t ions that will adve rsely affect construct ion,  but pe rhaps to a 
lesser extent than those ind icated above , include the fol lowing : 

• stress slabb ing , v iolent spal l ing , or rock bursts in highly stressed , 
br ittl e ground . 
• extens ive ravell ing and slak ing . 
• low volume water inflows at high pressure ( extens ive g rout ing of 
small f is sures to reduce inflow rates to meet proj ect requi rements ) .  

None of the cond i t ions noted will preclude construction prov ided that suf­
f ic i ent time and f inances are avai l abl e to manage the cons equences . St il l , 
f rom a construction standpoint , the most des i rable course is to rej ect s i tes 
whe re major occurrences of the cond i t ions are j udged l ikely to exist , based on 
ava i l able geotec hnical informat ion . 

Minor occurrences of any of the cond i t ions can be accommodated . Howeve r ,  
the presence o f  water or gas always war r ants spec i al cons iderat ion for poten­
t i al to impede construction as wel l  as to create probl ems dur ing ope ration of a 
f ac i l i ty .  

The • ideal • locat ion would b e  a n  area with a relat ively low, ave rage amb i­
ent surface tempe rature and a low or ave rage subsurface temperature gradi ent . 
The subsurface would be f ree of wate r  and gas , the rock would be competent and 
machine boreabl e ,  and the rock mas s would be free of maj o r  discontinu i ties . 
These favo rable cha racte r istics would be pred ictable and ex ist throughout the 
ent i re s i te .  

FACILI TY  LAYODT AND DESIGN 

The des ign and layout of an underground proj ect is a primary means of promot ing 
eff iciency, economy , and safety in const ruct ion . Const ant attent ion to this 
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r elat ionship is essential to successful compl et ion of the f ac il i t ies envi­
s ioned . Some of the act ions important to compl ex const ruct ion operat ions at 
depth are:  

Safety 

• L ayout the f ac i l i ty so that each shaft system ( i . e .  pa i r  of shafts ) 
will serve as many underground head ings as pos s ibl e .  
• Des ign each shaft sys tem t o  handle ( a )  maximum muck hoisting , ( b )  
maximum mater i al servicing , ( c )  maximum pe rsonnel s e rv ic ing , ( d )  maximum 
vent ilat ion ,  and ( e ) spec i al ,  maj or heavy/large equ ipment t r ansport , 
includ ing ope rational requirements . 
• Estimate the average advance rate for mul t iple head ings served f rom a 
single shaft at S O  pe rcent of the rate that would be achi eved unde r s in­
gle head ing , surface portal cond i t ions . 
• Maxim i z e  use of raise drill ing , ream ing , or sl ashing method s  for 
shafts when ground cond i t ions are appropri ate . 
• Avoid hydrostat ic l iners in large openings . 
• Establ ish rail haulage at less than one pe rc ent grade . 
• Plan grades for equipment operat ion within suitable l im i ts : ( a ) -15\ 
and +10\ max imum desi rabl e grades for LBD ramp , ( b )  -20\ and +15 \ max i­
mum allowable grades for LBD ramp , ( c )  2 0\ maximum desi rabl e grade for 
tunnel bor ing machine . 

Planning for the health and safety of pe rsonnel beg ins early in des ign devel­
opment fo r the preconstruct ion through pos t-construct ion stages of a proj ect . 
The issue is inhe rent in the phased , integ rated approach proposed for geotech­
nical exploration ,  des ign ,  construct ion ,  and equ ipment select ion . Howeve r ,  the 
scope and schedule of this wo rk shop pe rm it only the briefest acknowl edgment of 
quest ions related to safety. The refo re ,  a pa rtial l i s t  of des ign obj ect ives 
for stab i l i ty and construc t ib i l i ty is presented he re as a means of highl ight ing 
the range of f actors to be accommodated in plans for a heal thy and safe wo rk ing 
env i roiDDent :  

• L ayout parall el openings w i th connec t ions , whe re possibl e ,  to a id 
vent ilat ion and provide emergency escape ways . 
• Pl an machine m in ing for shafts , if  poss ibl e .  
• Prov ide f o r  immed iate ins tal lat ion o f  adequate ini t i al suppo rt .  
• Ma intain heat ( wet-bulb temperature ) a t  the f ace within acceptable 
l im i t s 1 prepare cont ingency stand-by powe r and evacuat ion plans . 
• L imit encounters w i th ve ry highly stressed , bri ttl e  roc k ( potential 
for s eve re popping or bursting ) . 
• Min imize exposure to heavily f aul ted ground whe re sudden , high in­
flows of water could be encounte red ; probe fo r water whe re expected . 
• Moni tor the presence of radon and other gases and pl an for adequate 
dilution ;  avo id s i t ing in gassy format ions , if  poss ible . 

Haza rdous s i tuat ions may develop w i th l i ttle advance notice and escalate 
rapidl y. Even though the probabil i ty of occurrence may be smal l ,  it i s  essen­
t i al that t rained pe rsonnel and appropriate equ ipment and suppl ies be read ily 
ava i l able to handle emergency cond i t ions . 
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BPPBCTS OP DEPTH 

At the depths envis ioned for this f acil ity ,  cond i t ions will differ f rom those 
as sociated with common ,  civ i l  construct ion . Depth produces changes in the rock 
envi roment and imposes consequences for proj ect execution that may influence 
construct ion requirements , ef f iciency ,  and costs.  The factors of concern at 
depth include tempe rature , in-s itu stres s ,  groundwater inflow , rock qual ity ,  
and log ist ic s .  The i r  effects o n  t h e  const ruct ion effort can be summa r i z ed as 
follows : 

• Temperature-- ris ing temperature inc reases cool ing and ventilation 
requi rements and decreases worker ef f ic i ency. 
• In-s itu s t ress--h igh in-s itu stress inc reases the potential for 
stress slabb ing ( format ion of new f ractures ) and rock bursts ( v iolent 
rock failure ) a round the advanc ing open ing . 
• Groundwater inflow-- increas ing pressure exacerbates the volume and 
rate of groundwater inflows . High-pressure flows encountered suddenly 
can halt const ruct ion and flood the excavat ion , pumping costs for s ig­
nif icant quantities will be high . Large inflows may bring addi t ional 
heat into the tunnel , rais ing the wet bulb ' temperature beyond the de­
s i rable range by the process of evaporation . Groundwate r inflows also 
tend to reduce stabil ity of the rock blocks sur round ing an opening and 
contr ibute to muck handl ing problems . 

Dec reasing permeabil i ty may occur w ith inc reas ing depth at same s i tes 
and signif icantly mit igate groundwater inflows . If reduct ion of inflow 
were necessary in low pe rmeab il ity rock , grout ing at high pressure and 
low viscos ity would be requi red .  
• Rock qual i ty-- improvements in rock qual ity typically develop with 
depth, includ ing an increase in j o int spac ing and t i ghtness and an ab­
sence of weathering , rel i ef joints , and othe r surface features . Bow­
eve r ,  some s t ructural features may penetrate deeply, such as large f ault 
zones which can resul t  in he avy squeez ing at depth. 
• Logistic s-- increas ing diff icul ty in access for explorat ion purposes 
may result in more unknowns and greater risk until access at depth has 
been achieved . The t ime requi red for shaft s ink ing and shaft operation 
will l engthen, with prog ress ive impact on the proj ect schedule .  Changes 
in layout may be necessary fo r const ruction eff ic i ency. 

It should be emphas ized that the benef its or probl ems assoc i ated with a 
deepe r facil i ty are strongly influenced by the loc al  s ite cond i t ions , such as 
geolog ic st ructure , rock strength, and t emperature grad ient with depth. Por 
example ,  at some s i tes the strength of the rock will be suf f ic i ent to prevent 
stress slabb ing , even though the fac i l i ty is deep . The var iation in these 
cond it ions f rom one site to another ,  at the same depth , may be greate r than the 
variation with depth at a s ingl e s i te . 

Seve ral factors of concern to construct ion at depth merit d i scuss ion in 
more detai l . They are temperature , vent i lat ion , and in- s itu stres s .  

Temperature a nd  Ventilation 

In underground construct ion , the temperature l evel is influenced by seve ral 
f actors . The geothermal grad i ent at a g iven s i te determines the v i rg in rock 
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temperature ( VRT )  at a given depth. To the VRT must be added the s i gnif icant 
amounts of heat generated by electr ical machinery. Por exampl e ,  a tunnel 
boring machine will produce about 20 kW-h of heat energy pe r ton of rock 
excavated--or 6 mill ion Btu per hour for 1 0 0  ft of 18-ft diameter tunnel pe r  
day .  Beat also flows f rom rock strata , broken roc k ,  and f issure water if the 
VRT is above the ambient a i r  temperature . 

Beat criteria based on human phys iology indicate that a maximum design 
wo rk area tempe rature of 86° P wet-bulb ( WB )  can be wel l supported . The tem­
perature ranges ( 0 P )  def ined for work areas are as follows : 

( 8 0 ° WB 

86 ° to 9 1° 

Work e r  eff ic i ency is 1 0 0  percent . 

The • econom ic • range . 
form eff ectively. 

An accl imatized m iner can pe r-

The • safety facto r •  range . Correct ive measures should 
be appl ied if temperatures are in this range . 

Risk of heat s t roke cl imbs d ramat ically. 
duty ,  short durat ion wo rk should be 
temperatures greater than 91° WB .  

Only l ight­
expected in 

Por fac i l i ties with the potential for elevated temperatures at depth ,  the 
heat mus t be removed or i solated to keep work area temperatures under 86 ° P 
( WB ) , the • econom ic • range . Thus , it i s  most desi rabl e to s i te the f ac i l i ty in 
strata with a VRT of less than 86 ° P .  The 86 ° to 1 0 0° P range i s  acceptabl e ,  but 
some a i r-cond i tioning would be requ i red in long , dead-end , rapidly advanc ing 
head ings . Const ruct ion in st rata with VRTs at about 1 0 0 ° to 1 2 5° F i s  certa inly 
possible but apt to be ve ry costly. 

Ventilat ion is an immed i ate construction concern ,  requi r ing that a pr ima ry 
vent ilat ion c i rcuit be set up qu ickly.  The procedure involves driv ing at least 
two head ings or shafts f rom the surface and connec t ing them underground · at the 
proper depth. A fan is then pl aced in the c i rcui t ,  which funct ions to prov ide 
f resh a i r  for the aux i l i a ry fan system . Quantity is determined by summ ing the 
requi rements of the ind iv idual head ings . In mining , d r i ft and shaf t s i zes are 
often spec if ied to l imit the fan operat ing point to a 2 5  to 3 0  in . water 
column . 

Current vent ilat ion technology is adequate for construct ing a deep f ac i l­
i ty .  The cos t  and compl exi ty of the system w i l l  depend on the ant ic ipated heat 
load . Pl anning for vent ilat ion will depend on the des ign and l ayout of the 
fac i l i ty .  

In-Situ St ress 

The effect of s t ress on s tab i l i ty and excavat ion prog ress must be viewed w ith 
respect to the st rength of the intact rock . Stress slabbing behavior will 
beg in to occur in b r i ttle rocks when the unconf ined s trength of the intact rock 
is less than approximately f ive times the maximum in- s i tu stress ( taken as 
equal to the overburden s t ress , in many deep proj ects ) .  At this strength 
l evel , the slabs may form along the intact rock and some comb inat ion of a pre­
ex isting joint , fol iation feature , or bedd ing pl ane . More pronounced slabbing 
occurs when unconf ined strengths are less than approximately two to three 
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t imes the ove rburd en stress . At this ratio , f racture through the intact rock 
alone is l ikely.  

The intens ity of the popping or slabb ing of the rock is a func tion not 
onl y of the strength/ stres s rat io but also of the brittleness of the rock and 
the total strain ene rgy that is  released as the rock frac tures . For a g iven 
strength/ stress rat io , the stiffer,  higher strength rocks will release more 
ene rgy and resul t  in more dynamic spall ing . In rock with pre-existing f rac­
ture s ,  the intens i ty of the s l abbing will be less than in the more intact rock ,  
even though the slabb ing and loosening m ight t ake pl ace a t  a lower threshold of 
in-s itu stres s . 

Tunnel s can be constructed in ground subj ect to s t ress slabb ing i f  appro­
priate excavat ion and support procedures are appl i ed .  TBMs can be used suc­
cessful ly if the cutterhead and mucking system are des igned to handle slabs of 
the s i z e  poss ible under spal l ing and stress sl abb ing cond i t ions . Short , 
movable shields may be prefe rable to long , f ixed shields on TBMs . The support 
mus t  be capable of hold ing the f ractured rock in pl ace . Rock bolts or dowel s ,  
mesh, and shotc rete can be used to control stress slabb ing and prov ide support . 
Under stress sl abb ing conditions , part icul arly in a deep excavat ion , the sup­
port mus t  be instal l ed close to the tunnel f ace to protect aga inst spall ing and 
to minimize loos ening of s l abs . 

EXCAVATION ARD SUPPORT 

In view of the s i z e  and compl ex i ty of the proposed f ac i l i ty, which are f actors 
compounded by the depths env i s ioned , othe r deep underground proj ects should be 
surveyed as potential sou rces of useful information . For exampl e ,  in North 
Ame r ic a ,  South Af r ica , and Ind i a ,  mines ope rate at depths similar to and 
seve r al  thousand feet greater than the maximum antic ipated here . 

In Europe , and to a lesser extent in North and South Ame r ica , tunnel con­
s t ruct ion in mountainous areas has involved g round cover that is deep by the 
standards fo r this proj ect . Fo r exampl e ,  the old Oonnaught Ra il road tunnel and 
the new Roge rs Pass tunnel are at depths of 4 , 0 0 0  f t  in schists , with fol iat ion 
trend ing across the tunnel axi s .  The Oonnaught tunnel was excavated la rgel y  
without support , although a protec t ive l in ing was later installed to prevent 
f al l ing of rock pi eces loos ening in the tunnel a rch.  The rock showed no ev i­
dence of s ignif icant s tress probl ems . In a diffe rent type of proj ect on 
Amchi tka Island , chambers we re excavated at a depth of 5 , 0 0 0  ft wi thout spall­
ing problems related to high stresses . 

For the most part, TBMs w i th long , f ixed shields have not performed wel l 
in deep tunnel s in which the ground was subj ect to squeez ing and s l abb ing 
induced by stres s .  E i the r squeez ing or loosening of slab s  a round the pe r imeter 
of a long shi eld can c ause the TBM to stall . Furthe rmore , once the sl abby rock 
eme rges f rom behind the tail of the shield , i t  is often so loosened that i t  i s  
diff icul t t o  support in place . In South Af rica,  ope rat ion of TBMs at great 
depth ( i . e . , 9 , 0 0 0  ft ) was unsuccessful due to effects of both temperature and 
stres s . 

Recently, TBMs with short s hields and the capab il i ty of pl ac ing support 
c lose to the cutterhead have pe rformed well in ravel l ing and squeez ing ground . 
In the Sti llwater tunnel , at a depth of 2 , 0 0 0  f t  in a ravell ing and moderately 
squeez ing shal e ,  progress ove r  a pe r iod of months ave raged in excess of 15 0 ft 
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pe r  day us ing a TBM with a short canopy , whe reas a TBM with a long shield had 
been slowed and was f inally unable to advance in the same ground cond it ions . 

For shaft s ink ing , the d ive r s i ty of proj ect expe rience is more l imited and 
cont racto r expe r i ence is l im i ted even more so . Gene rally speak ing , only a few 
contractors in Borth Ame r ica have sunk s ingl e l ift shaft s to depths greater 
than 6 , 0 0 0  ft . 

'.l'unnels 

The f ac i l ity should be des i gned to tak e  advantage of the capab il ities of tunnel 
bor i ng machine s . Long runs of tunnel s with c i rcular c ross s ect ion and constant 
d i ameter a re des i rabl e .  The re may be advantages if pa i rs of tunnel s are d r iven 
togethe r ,  with c ross ad its connect ing the two . For example ,  an opportuni ty may 
be prov ided to pe rform both the excavat ion and l ining ope rat ions s imul tane­
ously, at d i f ferent locat ions in the tunnel . Furthe r ,  access to and egres s 
from the head ing is improved , groundwater inflows are more read ily control l ed ,  
explorat ion can be car r i ed out ahead of the tunnel s ,  and vent ilation may be 
enhanced . 

Gene rally, the ab i l i ty to pl ace ground support immed iately behind the face 
becomes more important in a deeper fac il i ty because the potent ial for ins ta­
b i l i ty inc reases with depth. Fully res in-grouted or f r ic t ion anchor bol ts can 
be instal l ed  immed iately behind the cutte rhead of the TBM. Wi re mesh o r  cables 
tied to the g routed bolts is  one means of provid ing protect ion f rom dynamic 
effects . High st rength, w i re f iber-re inforced shotcrete also helps to cont rol 
spall ing as well as to prevent loosening of sl abs . A s i l ica fume add i t ive is 
useful for rebound cont rol . 

In rock subj ect to spall ing and f ractur ing , and in faulted ground , i t  is 
desi rable to have the capab i l ity to place shotcrete clos e beh ind the cutte rhead 
of the 'l'BM rathe r  than hav ing to delay placement until the t rail ing gear has 
pass ed .  Howeve r ,  shotcrete is not normally placed a round a TBM, pa rt icularly 
in small-d i ameter tunnel s ,  because of dus t ,  space l im i tations , rebound bu ildup 
on the machine , and l im i ted visual abil i ty to monito r  placement . Thus , when 
rock bolts alone are inadequate and some inte rmed iate support between the bolt s  
is requ i r ed near the f ace , t h e  cont ractor often must switch f rom bol ts t o  steel 
ribs rathe r than be ing abl e  to add shotc rete and reta in the rock bolts . This 
change involve s  different equ ipment and requi res a s i gnif icantly dif ferent 
construct ion techniqu e .  SWitching back and forth between the methods resul ts 
in delays as equ ipment is  removed and repl aced and in low eff ic i ency as crews 
alt e r  thei r rout ines . 

The re is a contrad ic t ion he re , because a tunnel l ining sys tem that rel ies 
on bulk mate r i als , such as shotcrete components , may be preferable for a deep 
fac i l ity .  Large l ining elements such as steel ribs and precast s egments re­
qui re increased handl ing t ime in the shafts compa red to bul k mate r i al s .  

Even though i t  may b e  necessary to install add it ional support a t  a later 
t im e  for the permanent requirements of the fac i l i ty,  i t  would appea r  desi rable 
to use the in i t ial support for pe rmanent support to the maximum extent pos­
s ible . Efforts m ight wel l be di rected towa rd developing and test ing a support 
system that can be installed eff ic i ently and yet has the duct i l i ty and tough­
ness r equ i r ed  to withstand la rge deformat ions dur ing load ing . 
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Shafts 

Shaf t s ink ing pe rfo rmance c an greatly affect the total proj ect schedul e .  The 
in i t i al shaft mus t  be sunk bl ind and will be on the c r i t ical path f rom start to 
f in i sh .  Whethe r subsequent shafts a re sunk bl ind or constructed by one of 
s eve ral other means will depend on rock cond i t ions , prefer red d i amete r ,  and 
schedul e constraints . 

An explo rat ion access shaft would be the f i rst to be constructed . Anothe r 
sha f t ,  and most l i kely a pai r ,  would be required fo r venti lat ion adequate to 
accommodate high advance ra tes for mul t ipl e tunnel s at depth. The shaft(  s )  
could also s e rve for muck ing and serv ice operations . To achieve ful l pro­
duction at the tunnel level as soon as poss ibl e ,  a shaft for explorat ion and 
one fo r vent i l at ion could be bl ind sunk s imultaneously. 

In sof t roc k ,  the f astes t method to put down a small-d i ameter shaft is by 
bl ind sha ft ( l a rge-hole ) d r ill ing . The d i ameter that can be ach ieved de­
c r e ases as depth and rock st rength inc rease . Surface drill rigs w il l  cut rock 
up to 3 0 , 0 0 0  psi , but only at smal l d i ameters and high costs . The d i ameter 
possible at a g iven depth, even though sui tabl e for exploration purposes , may 
be too smal l to pe rm i t  adequate vent i lation to remove heat . 

Bl ind shaft sinking by conventional ( d r i ll-and-blast ) means i s  poss ibl e at 
d i ameters up to approx imately 33 ft and to depths of 8 , 0 0 0  ft . Thi s  method is 
sui table for all the rock s trengths considered here . The s ink ing rate would 
probably reach 8 or 9 ft per day .  With proper plant , the s ink ing rate i s  
rel at ively constant,  i . e . , not d i ameter dependent . 

A bl ind downhol e bor ing mach ine i s  in the development stage but the tech­
nology i s  not ful ly proven . Such equ ipment is expected to pe rform effect ively 
in rock up to 2 5 , 0 0 0  to 3 0 , 0 0 0  ps i  compress ive strength. Shaft d i ameters of 2 2  
f t  and s inking rates of up to 2 0  f t  pe r day ( twice the rate of conventional 
s inking ) should be poss ible with this technology. Bas ic ally, l i ke convent ional 
s ink ing , the machine would wo rk to a maximum depth of 8 , 0 0 0  f t ,  at which point 
ho ist ing l im i tations would be reached . 

Once one shaft i s  sunk , i s  may be poss ible to construct a second shaft 
us ing raise d r ill ing , reaming , or slashing method s ,  depend ing on ground cond i­
t ion s .  S ingl e or mult ipl e-pass enl a rgement is faster than convent ional s ink ing 
and requi res less heavy plant . For a deep shaft , i t  will be necessary to 
install d r ill stat ions at intermed iate levels . Ra ise and reaming equ ipment has 
been used fo r shaft depths to a maximum of 2 , 5 0 0  ft , but poor accur acy of pilot 
hol e s  is a l imitat ion for method s requ i r ing the i r  use . Howeve r ,  tec hnology now 
be ing developed to d r i l l  accurate pi lot hol es should be ava i l able when re­
qu i red .  Ra ise and ream ing equ ipment has been used successfully in rock with 
compress ive strengths as high as 5 0 , 0 0 0  psi . In soft rock , r a i s ed or reamed 
shaf t d i amete rs of 20 ft are real i stic � in hard rock , 15-ft d i ameters are pos­
s ibl e .  

I n  mechanical ly excavated shafts , the pr imary l in ing would b e  appl ied 
afte r complet ion of exc avat ion and the method of appl icat ion would depend on 
l in ing des i gn .  Ra i s e ,  reaming , and bl ind drill ing techniques would be used 
onl y in f avo rabl e ground and bl ind bor ing or convent ional method s  would be 
selected for use in poorer cond i tions . 

As the depth of the f ac i l i ty inc reases , the length of tunnel d r iven f rom a 
g iven sha ft should be increased to achi eve an ef f ic i ent operation . Mul t ipl e 
he ad ings in a hub-l ike a r rangement m ight be d r iven f rom a s ingle shaft . 
Alte rna t ively,  f ewe r but longe r tunnel s could be dr iven f rom the shaft . 
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Mult ipl e ,  long head ings , i f  s imultaneously d r iven , will present la rge muck 
hoi st ing and vent i lat ion requirements . Thus , it is expected that the d i ameter 
of the shafts requ i red will inc rease w ith the depth of the fac i l i ty. 

RBSBARCII ARD DBVELOPMBR'.l' 

The construct ion technolog ies can be advanced s ignif icantly by research and 
development that i s  accompanied by demonstrat ion proj ect s .  I t  i s  ant ic ipated 
that subs tanti al prog ress could be achieved in suff ic ient a reas so that the 
results could be appl i ed to construct ion proj ects start ing within a f ew  years . 
Some of the most important requ i rements a re as follows : 

• Rapid methods to s ink shafts .  
• TBM capable of deal ing with viol ently spal l ing ground . 
• TBM that allows appl icat ion of s teel f iber imbedded shotcrete immed i­
atel y beh ind the face . 
• TBM that can perform effect ively when rock hardness exceeds 3 0 , 0 0 0  
ps i compress ive st rength. 
• Support sys tems that are eas ily installed near the face and have 
large d isplacement capab i l i ties . 
• D i rec t ional control of d r illed pilot holes . 
• Feas ibl e means to use the hea t  of evaporat ion to cool the envi ronment 
and means to t ransport l iqu i f ied a i r  into the head ings to supplement 
vent i lation . 
• Improved techniques for heat exchange ( e . g . , u-tube ) in ve rtical 
shafts and fo r transport ing ice unde rground pnemnat ically, in o rde r to 
reduce pmnping of condenser cool ing wate r .  

The maj or factors affec t ing constructibil ity deep underground are geotechn ic al 
cond i t ions at the s i te and the des ign and layout of the fac i l ity .  The charac­
te ristics of the rock mass influence construct ion method and sequence . Among 
the more advers e  features are maj o r  aqui fers , heavy squeez ing or swel l ing 
behav io r ,  gassy fo rmations , and highly st ressed ground subj ect to violent 
spall ing . Fac i l i ty des ign and layout infl uence pe rformance of excavat ion and 
support ope rations . Considerat ions include shaft sys tems for mul t iple head­
ings , shaft c apac i ty for max immn transport and muck ing , grades fo r rail haulage 
and equ ipment ope ration ,  and pa ral l el openings w i th connect ions to a id venti­
lat ion . 

Inc reas ing depth i s  accompani ed by changes in the rock env i ronment that 
can influence cons t ruct ion requirements , eff iciency, and costs . Factors me r i t­
ing spec i f ic attention are temperature , in-s i tu st ress , g roundwate r inflow ,  
rock qual i ty,  and log i s t ics . For example ,  r i s ing temperature increases vent i­
lat ion requi rements and dec reases wo rk e r  eff ic iency ; high stress increases the 
potent i al for slabb ing and rock burst s ;  volmne and rate of g roundwater inflow 
is exace rbated by inc reas ing pressure ; s t ructural features such as la rge f ault 
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zones can result in heavy squeez ing 7 and l im ited access for explorat ion in­
creases the possib i l i ty of unknown cond i t ions .  

The fac i l ity should be designed to accommodate excavat ion w i th tunnel 
bor ing machine s .  TBMs with short shi elds may b e  more ef f ect ive than machines 
with long , f ixed shields .  Long runs of tunnels with c i rcul a r  c ross sect ions 
and constant d i ameter are des i rable . D r iv ing pa i rs of tunnel s with connect ing 
c ross ad its may benef it exploration ,  groundwater control , and vent ilat ion . The 
ab i l i ty to place support immed iately behind the face is important because the 
potential for instab i l ity inc reases with depth . A l in ing system that rel ies on 
bulk mate r i al s  rathe r than large components may be prefe rable . 

The construct ion technolog ies should be improved for excavat ion and sup­
port ope rat ions at depth. Substant i al progress can be achi eved through de­
velopments such as 'l'BMs capable of deal ing w i th v iolently spall ing ground , more 
rapid methods to s ink shafts , eff ic i ent instal lat ion of support systems with 
large d i splacement capab il i t ies , and d i rect ional cont rol of d r illed pilot 
holes . 
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EXCAVATION EQUIPMENT AND SYSTEMS 

Th is wo rk ing g roup was assigned the task of assess ing the technical feasib i l i ty 
of mechanical excavat ion systems fo r the construct ion of deep-underground fa­
c i l i ties . Many factors affect ing equ ipment des ign and system select ion we re 
cons ide red w i th part icular reference to construct ion technology. The r efore , 
concepts developed he r e in should be rev i ewed in conc e rt with those presented in 
preced ing pa rts of th i s  report , part icularly the chapte r  deal ing with const ruc­
tion. 

In add i t ion to the gene ral assumpt ions adopted as a f ramework for the 
wo rk shop, the group assumed that the underground fac i l i ty would be constructed 
with seve ral d i s t inct modes of excavat ion .  Equ ipment requi rements were con­
s idered for each of four categories of excavation ,  as fol lows : 

• tunnels--more than 1 , 0 0 0  ft in l ength. 
• crosscut passages and inte rs ect ions--short chambers o r  tunnel s less 
than 1 , 0 0 0  ft long . 
• access shafts--ve rtical opening to surface , temporary for const ruc­
t ion. 
• inte rnal shafts--temporary or permanent shafts between levels , or 
cyl ind r ical open ings requ i red by fac i l ity plan . 

Types of cutting machines ,  b i t  or tool s ,  and muck removal and excavat ion 
support equ ipment are cons ide red for each mode of excavat ion . State-of-the-art 
construct ion

· 
method s  are d iscussed , as well as potential equ ipment mod if ica­

t ions and poss ible appl ications of eme rg ing technologies . 

TORRBL CORSTROC'l'ION 

Excavation Equipment 

Pour types of mechanical equ ipment we re cons idered for potent i al use in tunnel 
excavation .  The types ,  all state of the art ,  are full-face tunnel boring ma­
chines , partial-face tunnel bor ing machines , roadheaders , and impact break e rs . 

PULL-FACE 'l'UNNBL BORING MACHINES 

A tunnel boring machine ( TBM )  employs a c i rcul a r  cutte rhead structure to which 
e i ther d rag or d isc- type cutt ing tool s are attached . The c i rcular st ructure i s  
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rotated and thrust at the rock surface at the head ing , caus ing the cutters to 
penetrate and f racture the rock . 'l'o rque and thrust react ion forces are taken 
through a s t ructural f rame to an anchor ing system which braces by g r ipp ing the 
tunnel wall . 

TBMs have been used eff ic i ently in excavat ing soft to hard rock-- i . e . , 
Rock Qual ity Designat ion ( RQD ) values f rom 2 5  to 1 0 0  pe rcent and uni axial 
compres s ive s t rengths f rom 2 , 0 0 0  to 3 5 , 0 0 0  ps i .  TBMs are generally des i gned 
for optimal pe rfo rmance in geolog ical envi romnents with l im ited variations in 
roc k and rock mass cha racte r i s t ic s .  Some • hyb r id •  machines des igned to accom­
modate a wide variety of rock cond it ions have been used also, but with varying 
degrees of success . Thus , the s i te select ion process should ident ify and ex­
clude locat ions with widel y  varying rock characte rist ics . 

The technology exists today for eff ic ient excavat ion of c i rcul a r  head i ngs 
at ave rage advance rates between 1 0 0  and 2 0 0  ft pe r  day .  on a spec i f ic proj ­
ec t ,  the advance rate will depend on the des ign of the excavat ion system , the 
tunnel l in ing requ i r ed ,  muck haulage capac i ty ,  cont racto r schedul ing ,  and human 
factors . To allow fo r the most rapid advance ,  the bored tunnel should be 10 ft 
in d i ameter at a m inimum . 

Recent mod i f icat ions incorporated in TBM system designs include the 
follow ing : 

• d i sc cutter arrangements which reduce rad ial load s  on the main bear­
ing , inc rease penetrat ion , and reduce cutter wea r .  
• rear-mounted cutters which can be replaced f rom the rear o f  the cut­
te rhe ad , decreas ing excavat ion delays . 
• dust control sys tems which incorpo rate double dust shield s with suc­
t ion on the rear shi eld . 
• hyd raul ic sys tems which m i n im i z e  space and maintenance requi rements 
and heat product ion . 
• s tepped or variable d r ives which prov ide a range of cutte rhead rota­
t ion rates and may inc reas e penetrat ion in rock masses where machine 
progress is not l imited by available torque . 

Fo r long tunnel s with gentle al ignment curves ( rad ius greate r than about 
3 0 0  ft fo r an unshi elded machine ) and grades not exceed ing 20 percent , a ful l ­
face , d i sc-cutte r-type TBM is  t h e  most viable excavator . Trail ing floor com­
ponent s a re gene rally of l im ited flex ibil i ty, howeve r ,  and larger rad i i  curves 
( about 5 0 0  to 6 0 0  ft ) may be requi red to allow adequate clea rance for the 
equ ipment . 

Fo r ramps and slopes , TBM des ign can be mod i f ied to prov ide eff ic ient 
pe rformance at grades up to about 27 percent ( 15 degrees ) downgrade and about 
1 0 0  percent ( 4 5  degrees ) upgrade . Upgrade excavat ion on steepe r slopes can be 
accompl ished with bl ind shaft bor ing equ ipment , which is d i scussed late r in 
this chapt e r .  Excavat ion in an upgrade d i rec t ion is prefe rable because it 
eases muck handl ing and water d i sposal and reduces powe r requ i r ement s .  

PARTIAL-FACE TUNNEL BORING MACHINES 

Pa rti al-face TBMs util i z e  d i sc or pick-type cutters but attac k  only part of the 
rock f ace at the head ing at any one time , us ing a hor i zontal or vert ical sweep­
ing mot ion to compl ete the ful l f ace . Ci rcul a r  c ross section ,  partial-face 
cutt ing equ ipment has been used successfully in Europe . one pa rtial-face 
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mac h ine which cuts a rectangul a r  opening currently i s  unde rgo ing t rials in 
Austral i a .  Because only a few cutt ers are in contact w i th the rock at any 
t ime , thrust and torque requi rements are less than for a full-face TBM . The re­
fore , compa red with a ful l-face machine , partial-face TBMs can be l ightwe ight 
and highly maneuverable equipment . Howeve r ,  the l im ited installed powe r re­
sults in correspond ingly low advance rate s .  Thi s  equ ipnent may be used more 
eff ic i ently in shorter tunnel s and c rosscuts , whe re maneuverab i l i ty and short 
mob i l i zat ion t ime are of pr ime importance . 

ROADBEADERS AND IMPACT BREAKERS 

A roadheader is a mob i l e ,  pa rt i al-face bor ing machine . Cutting tools are tung­
s ten carb ide p icks on rotat ing cutte rhead s  mounted at the end of one or more 
cant ileve red booms . I n  typical use, the machine is not braced aga inst the 
tunnel wal l s .  Fo r c i rcular open ings in relat ively mas s ive , s t rong rock , road­
he ad e rs cannot be suff ic i ently product ive to c0111pete w i th full-face equ ipment 
and p ick costs are l ik ely to be high . However ,  i f  a nonc i rcular cros s sect ion 
is requ i red or mob i l i z at ion t ime is short , roadheader excavat ion may be pre­
ferred .  I n  lowe r strength o r  less mas s ive rock , where support ins tal lat ion may 
control the rate of advance , roadheaders may be ccmpet i t ive w i th full-face 
equ ipnent . 

Impact breakers are percussive machines whic h b reak rock by mechanical 
impact .  Expected low advance rates ind icate that no s e r iou s conside r a t ion 
should be g iven to this type of tool , othe r  than for t r imming ope rations . 

Research and Development 

OVe rall , a full-face TBM is clearly recommended for most eff ic ient excavat ion 
of tunnel s .  Thus , subs equent comments on tunnel cons truct ion equ ipnent are 
di rected only towa rd full-fac e ,  TBM-based sys tems . 

Signif icant increases in TBM excavat ion rates can be achi eved by impl e­
menting equ ipmen t developments and appl icat ions of eme rg ing technolog ies . 
Areas fo r part icula r attent ion include cutte rhead powe r ,  cutt ing tool s ,  ma in 
bear ings , fatigue res i s tance , shield design, water-j et ass is ted cutt ing , con­
t inuous monito r ing , and robot ic s .  

CU'l"l'ERBEAD PONE R  DENSITY 

Highe r penetrat ion rates resul t in substant ial increases in cutte rhead torque 
and powe r requi rements . At present , the mos t  s igni f ic ant f actor l im i t ing 
pene tration rate i s  the amount of powe r which can be instal l ed in the space 
ava i l able at the f ace . Al though acme success has been noted recentl y in in­
c reas ing powe r  at the f ac e ,  developments and basic changes in motor and d r ive 
mechan i sm  des ign a re needed to increase the powe r densi ty of the cutte rhead . 

CUTTING TOOL S 

Fo r the foreseeable future , the s ingl e d isc cutter is  l i kely to be the pr in­
c ipal cutt ing tool for TBM exc avation . Signif icant advances in cutter des ign 
are pos s ible for inc reased excavat ion eff ic i ency .  Powe r requi rements for exca­
vat ion ( hp hour/ ton of rock ) can be substant i ally reduced by inco rporat ing h igh 
thru s t  cutters which pe rm i t  l a rger spac ing between kerfs and fewe r cutters on 
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the cutte rhead . I nc reased cutter d isc l i f e  and resi stance to ab rasive wea r  are 
pos s ible with the use of new al loys for d isc r ings and the expected development 
of improved s ingl e d i sc carb ide- insert cutte rs . In add it ion , improvements in 
the des ign of center cutters are desi rable to reduce h igh wea r  rates and 
scuff ing assoc iated with the t ight rol l ing rad iu s .  Attent ion also should be 
d i rected toward improvements in bea r ing seal des ign to extend cutte r  l i fe . 

MAIN BEARINGS 

When TBMs are cons idered for excavat ion of ve ry long tunnels ,  the need for su­
pe rior qual i ty and more eas ily changed main bea r ings b ecomes impe rat ive . In 
cu r rent machines , repl acement of a failed main bear ing requ i res a 4 -week mini­
mum shutdown . Improved convent ional bear i ngs , or poss ibly hyd rostat ic bea r­
ings , mu st be developed . Furthermore , changes in the machine conf iguration are 
requ i red to pe rm i t  rapid replacement w ithout ove r-excavat ion or pull ing the 
machine f rom the face . 

FATIGUE RESI STANCE 

Faster cutte rhead rotat ion rates and h igher thrust produce cutterhead and ma­
chine v ibrat ions with highe r ampl i tude and f requency .  The potent i al for fa­
tigue probl ems will inc rease , pa rt icula rly when machines a re used for longer 
d r ive s .  St ructural plate alloys with inc reased toughness should be inco rpo­
ra ted into cutterhead des ign . Attent ion also should be g iven to saddle des ign 
deta i l s  bec ause saddl e  bol ts fail w i th increas ing frequency on machines with 
high rotation rates . 

SHIELD DESIGN 

Under cond i t ions of h igh in-s i tu stres s ,  g round squeez ing a round the TBM can 
slow advance rates or s tall progress completely, lock ing the mach ine in place . 
Improvements in the des ign of TBM shields are needed to fac il itate ope ration of 
equ ipment in squeez ing ground cond i t ions . 

L<M PRESSURE , WATER-JET ASSISTED CUTTING 

The use of low pressure ( as low as 2 , 0 0 0  ps i )  water j ets to ass ist d i sc cutting 
resul ts in signi f icantly reduced cutter forces . Fo rce reduct ion is not part ic­
ularly s ignif icant in softer rock whe re high penetrations can be real i z ed with 
unassisted cutt ing . Howeve r ,  in harder rock the force reduct ion can be a maj or 
benef i t ,  allowing inc reased penetrat ion rate by a machine with a g iven torque 
c apac i ty.  Water-j et ass istance may be espec i ally useful at gage and center 
cutter pos i t ions whe re i t  may extend cutter l i f e .  Pumps requ i red to generate 
low water pressures a re caame rc i al l y  ava ilable and of proven rel i abil i ty for 
long pe r iod s of ope ration . 

CONTINUOUS EQUI PMENT MONITORING 

The advance rate of a TBM depends both on the rate of penetration and on equ ip­
ment ava i l ab i l i ty .  Fo r recent , wel l- run proj ects , actual bor ing t ime is typi­
c ally only about 50 percent of total shift t ime . Pe rhaps only 2 0  pe rcent of 
the downt ime is attr ibutabl e to serv ice and repa i rs of TBM system components , 
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but this f igure m ight be reduced by incorporat ing instrumentation to detect 
problems and allow ma intenance before breakdowns occur . Redundant systems , 
which can be automat �cally util i zed as requ i red ,  can also be incorporated into 
TBM system des i gn to increase equ ipment availabil ity. 

ROBOTICS 

Remotely ope rated and robot ic systems can be incorporated for var iou s purposes 
to inc rease rel i abil i ty and reduce the number of requ i red pe rsonnel . The fol­
lowing appl icat ions for robot ic systems are pa rt icul a rly interest ing : 

• cutte r chang ing 
• automat ic stee r ing control 
• automatic g r ippe r reset 
• automat ic support system installat ion 
• equipment maintenance ( e . g . , lub r ication ) . 

Roc k  Support I nstallat ion 

INITIAL SUPPORT 

When initial support is requ i red to ensure stab i l i ty of the head ing , the fol­
lowing equ ipment can be used for installat ion : 

o hyd raul ic rock bolt d r ills mounted on the TBM to install bol ts within 
about 8 ft of the dust shield . 
o mechanical erec tors to fac i l itate installat ion of steel sets and 
structural fab r ic ( •weld me sh • ) l agg ing within a f inge r shi eld about 6 
ft behind the dust shi eld . 

Structural fab r ic has been used in Aus t ral i a  and Wes t Ge rmany for its 
abil i ty to yi eld while contain ing failed rock , but such f ab r ic has not been 
used extens ively in the Un ited States . This tec hnology should be conside red 
and demonstrated prior to const ruct ion of the fac i l ities d i scussed he re . 

Particul a r  attent ion should be g iven to opt im i z ing the rate of e recting 
steel sets w ithin the trail ing f inge rs . 

It will be noted that shotc rete is not mentioned as a component of the 
ini t i al support system .  Recent expe r i ence with shotc rete appl ied in the v ic in­
ity of a TBM has resul ted in cons iderat ions of equ ipment ma intenance . The 
probl ems encounte red with current technology suggest that appl icat ion of shot­
c rete in close prox im ity to a TBM is undes i rable and should be avoided . 

PINAL LINING 

In some rock masses , a f inal tunnel l in ing can be e rec ted near the act ive 
head ing , preclud ing the need for i n i t i al support instal lation . For exampl e ,  
prec ast-conc rete segment l iners can b e  placed immed i ately behind the TBM g r ip­
pe r locat ions , and e rection equ ipment can be provided . Alte rnat ively, conven­
tional cast-in-pl ace l iners with s�eel f iber or rebar re inforcement can be 
placed w i th col l aps ible or telescop ing formwork . 

Work has been prog ress ing on the conceptual development of ext ruded tunnel 
l in ing systems both in the Uni ted States ( sl ip-form type ) and in West Ge rmany . 
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The less sophisticated Ge rman des i gn has been used in a 2 2 . 5-ft d iameter soft­
ground tunnel . 

Pl acement of a f inal l in ing is an ope rat ion that should be located 1 , 0 0 0  
to 3 , 0 0 0  ft behind the TBM trail ing floor and be • d ecoupl ed • f rom the tunnel 
excavat ion process . Development of a v i able l in i ng system that is close­
coupled to the rear of the machine i s  pos s ib l e ,  but not l i k ely to be accom­
pl i shed wi thin the next f ive yea rs . 

Antic ipated Advance Rates 

With impl ementation of the suggested equ ipment mod i f icat ions , advance rates 
currentl y achi eved can be increased s i gnif icantl y .  Assum ing that horizontal 
and vertical muck removal sys tems a re des igned for • no-del ay• haulag e ,  that 
in i t i al support requ i rements are m inimal , and that no delay occurs in conj unc­
t ion with pl acement of a rch conc rete , then an estimate of TBM pe rformance can 
calculated ( Tabl e  1 ) . 

TABLE 1 Potential Pe rfo rmance of a Mod i f ied 
a 

Excavat ion Syste.-

Uni ax i al Compres s ive Estimated Rate
b 

Sys tem Ave rage 
Strength of Rock of Penetration Ut i l i z at ion Advance Rate 

ksi  ft ' ft/day 

5 to 1 0  2 8  to 3 5  3 5  2 3 5  to 2 9 4  

1 0  to 2 0  2 5  to 2 8  4 5  2 7 0  to 3 0 2  

2 0  to 3 0  1 8  to 2 5  5 5  2 3 8  to 3 3 0  

An 1 8 - t o  2 0-ft d i ameter TBM with 2 , 0 0 0  hp instal l ed powe r and a n  ene rgy 
gonsumpt ion rate of about 3 hp-hrt ton . 

Rate of penetration l im ited by assumpt ion of installed powe r .  

The rates of penet ration for the three ranges i n  rock strength l isted in 
Tabl e 1 a re estimates based on bo r ing exper iments 

·
conducted at the Colorado 

School of Mines . The sys tem ut il i z at ion values are est imated to include time 
f rom the start of ope rat ion with the trail ing floor unt il complet ion of the 
tunnel . Advance rates are s imilar fo r the c i ted rock st rength groups , and an 
ove ral l  ave rage of 2 5 0  to 3 0 0  ft per 24 -hour day i s  potent i ally achievable . 
Such an achievement would present a cons ide rable chall enge at great depths and 
h i gh ambi ent tempe ratures . For tunnels at depths less than 5 , 0 0 0  f t ,  howeve r ,  
advance rates i n  this range are a reasonable goal for the 1 9 90-1 9 9 5  time pe­
r iod . 

EXCAVATION OF CROSSCUTS AND INTERSECTIONS 

Types of Equipment 

Five types of mechanical excavat ion equ ipment a re considered for eff ic ient 
excavat ion of cros scuts and t r imm ing operat ions at intersect ions . They are 
roadheade rs , mult ipurpose boring machines , mob ile miners , pa rtial-face mob i l e  
excavato r s ,  and wate r- j et equ ipment . 
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ROADHEADERS 

Roadheader6 are machines equipped with rotary cutte rhead a ,  e ithe r d rum or 
mill ing type , mounted on one o r  more boom a rms . This equ ipment is highly flex­
ible and good for small , int r icate j obs . A roadheade r  uni t  is eas ily moved and 
can cut any c ross-sect ional shape . React ion to the cutt ing forces is suppl ied 
by the dead we ight of the equ ipment . Roadheaders are not usually braced 
aga inst the excavat ion wall s 1  some gr ipping mechanism would inc rease cutt ing 
eff ic i ency but at loss in flex ib i l ity .  

Single-pass ope rat ions can cut 6- to 2 0- f t  openings . Larger d r i fts can be 
excavated with shield-mounted roadheaders o r  head ing and bench construct ion 
techniques . Typical cutt ing tools are pick s ,  and ut i l i zat ions of less than 3 0  
pe rcent a r e  commonly achi eved on j obs whe re support installat ion i s  r equ i r ed .  

Cur rently, roadhead e rs a re ope rated in rock w i th uniaxial compress ive 
strength less than about 1 5 , 0 0 0  ps i .  If the rock is mass ive , the l imit ing 
uni ax i al compress ive s t rength for eff ic ient excavat ion can be as low as 5 , 0 0 0  
ps i .  The d i s advantages o f  roadheader excavat ion include slowe r advance rates , 
high cutt ing tool costa , and the tendency for heavy machines to • cut up• the 
inve rt du r ing m ining .  Roadheaders will be most useful for low volume , int r i­
cate shaping or t r imming in rock of mode rate st rength. 

MULTI PURPOSE ( FULL-FACE ) BORING MACHINES 

Mul t ipurpose bor ing machines ( MBMs )  a re short,  maneuve rable tunnel and shaft 
bor ing equ ipment currently in development . The MBM, intended to be sel f­
launching and to be used in soft to hard rocks , includes s id ewall g rippers for 
react ion of cutte r  forces . This equ ipment is remotely ope rated , so that per­
sonnel are not exposed to haz a rdous cond it ions or unsupported ground and ven­
t i lat ion requ i rements may be reduc ed . 

The MBM i s  designed for hor izontal , sloped , and ve rt ical excavat ion . Muck 
removal equ ipment is requ i red for uphill excavat ion whe re grades are up to 
about 6 0  percent ( 3 0  deg rees ) .  Grades g reater than this will • self-muck •  by 
gravity. The max imum downg rade for excavat ion is about 27 pe rcent ( 15 de­
grees ) ,  a l imitation imposed by the machine conveyor in current use . Abrupt 
grade changes can be accompl ished w i th a relatively small requ i red rad ius , 
about 8 0  ft fo r 6- to 8-ft d i amete r head ings . The exist ing des ign i s  for 
machines in this d i ameter range only.  I f  the s i z e  we re to be inc reased , some 
flexib i l i ty would be lost .  

PARTIAL-FACE MOBILE EXCAVATORS 

Pa rt i al-f ace mob ile excavators a re machines which use d i sc cutters on a 
pa rt i al-face cutterhead . The cutterhe ad rotates on an axis and can be moved 
t r ansve rsely to cut a rectangular opening . Anchor ing is prov id ed by s ide and/ 
or crown and inve rt hyd raul ic gr ippers . One type of pa rtial-face excavator in 
cu rrent use is the mob i l e  m ine r ,  which was developed to excavate a rectangula r 
opening 12  ft high by 2 0  ft wid e .  Other units a re des igned to cut open ings 
f rom 7 ft high by 10  ft wide to 14 ft high by 2 2  ft wide . Two-pass ope rations 
a re poss ible for highe r open ings . . 

The mob ile miner leaves a flat invert and can excavate effic iently both 
tunnel s  and slopes to 3 6 -pe rcent ( 20 degrees ) grade . This equ ipment is ve ry 
flexible and well sui ted to e i the r hard or soft rock . Pa rtial-fac e  equ ipment 
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will be most effect ive fo r s ide ent ries with l engths too short to j ustify 
mobil i zat ion of ful l-face units . 

WATER JETS 

Wate r j e ts a re employed f requently for ope rations in uraniferous sandstone , 
e . g . , drill ing roof bolt holes . The equ ipment pe rforms best in porous or soft 
roc k ,  although high-pressure wate r  j ets have been appl i ed  successfully for 
slott ing granite d imens ion stone . Minimal amounts of wate r  are requi red at 
high pressures , and the support equ ipment is  compact and easily moved . Power 
requirements are high ,  so that wate r j ets alone cannot be con s ide r ed  competi­
t ive with othe r equipment for l a rge volume excavat ion . 

The use of wat e r- j et ass isted b i ts for d r i l l ing and cutt ing is a proven 
approach to excavating rock and will fac i l i tate excavat ion of int ricately 
shaped open ings in a reas whe re damage to the sur round ing rock must be m inimal . 
Excavat ion with wat e r- j e t  assi sted d r ills and slotting equipment gene rally 
results in bit l ife that is  many t imes greate r  than that fo r convent ional 
tool s . 

Research and Development 

To imp rove the ope rating eff ic i ency of c rosscut excavat ion equipmen t ,  attention 
should be devoted to impl ement ing the follow ing developments and mod if icat ions : 

• Water-j et ass isted roadheaders for softer rock . 
• Brac ing mechanisms fo r roadheaders and wate r  j ets to provide in­
c reased pe rformance in hard e r  roc k .  
• Hard- rock roadheader w i t h  d isc cutte rs and , pe rhaps , water j e t s . 
• Increased flexib i l ity in pa rt ial- and full-fac e  boring equ ipment . 
• Pa rt i al-face mob i l e  excavators fo r l arge r sect ion , short-length 
tunnels .  

ACCESS SHAFT EXCAVATION 

Types of Equipment 

Va rious types of mechanical equ ipment can be cons idered for use in excavat ing 
the 3 , 0 0 0- to 8 , 0 0 0-ft deep, 2 0 - to 2 5-ft f ini shed-diameter shafts to be used 
for const ruction acces s .  In the follow ing d i scussion , the terms • d r i l l ing • and 
•bor ing •  a re not inte rchangeable . •Drill ing • refe rs to equ ipment with the 
powe r supply located remotely at a d e r r ick and t ransfe r red to the f ace v i a  a 
d r i l l  s t r i ng o r  pipe . • Boring •  ind icates equ ipment with a powe r supply down­
hol e ,  pa rt of the cutting equ ipment . 

BLIND DOWNHOLE DRILLING 

L a rge-di ameter d rill ing may be a possible technique for excavat ing access 
shaft s .  Us ing a reverse c i rculat ion , a i r  l i ft method of muck removal , shafts 
have been drilled in a s ingle pass at 1 0-ft d i ameter and 8 , 0 0 0-ft depth in 
Amchitka , Alaska , and at 14-ft d i ameter and 2 , 4 6 0-ft depth in Weste rn Austra­
l i a .  Mul t ipl e-pass shafts have been d r i lled at 2 5-ft d i ameter and 1 , 6 80-ft 

4 2  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

A d v a n c e s  i n  T e c h n o l o g y  f o r  t h e  C o n s t r u c t i o n  o f  D e e p - U n d e r g r o u n d  F a c i l i t i e s :   R e p o r t  o f  a  W o r k s h o p ,  D e c e m b e r  1 2 - 1 4 ,  1 9 8 5
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 9 8

http://www.nap.edu/catalog.php?record_id=19198


depth in Rolland ( 1954-195 9 ) .  These multiple-pass shafts we re completed in 4 0  
to 4 3 .,nt hs .  

D r i l l inq shafts i s  inherently s a f e r  than conventional s ink inq because no 
personnel ente r the shaft until i t  is fully l ined . Moreove r ,  drill inq can be 
the only practical construct ion opt ion in some qeoloq ical cond i t ions , i . e . , 
ve ry soft qround or very wet cond i t ions . The wate r  ( or mud ) in the shaft 
supports the walls and s tems the water inflow by v i rtue of its hyd rostatic 
head . Pormulat inq the mud to match the chemistry and requi rements of the rock 
i s  an establ ished science .  

At leas t two riqs have been built with pow e r  ( to 0 . 5  mil l ion ft-lbs torque 
and 2 . 0  mill ion lbs l ift ) suff icient to drill larqe holes at an economical 
rate . Howeve r ,  the practic al ity of build inq larqer and larqer riqs i s  ques­
t ionabl e .  A d i s advantaqe of the drill inq sys tem is the requirement that all 
powe r to the rock face mus t  be t ransmitted throuqh the drill s trinq .  The cost 
of a few thous and feet of la rqe-diuete r drill pipe will exceed the price of 
the d r i l l  rlq.  

One fundamental l imitation of the bl ind shaft d r i l l inq technique is the 
accuracy of the shaft . In qene ral , a shaft proceeds in an ever e:xpand inq 
spi ral and deviation control i s  total ly pass ive . Shaft tol e r ances are espe­
ci ally c rit ical if the ultimate use of the shaft involves hiqh speed hoist inq . 
Ma intain inq true ve rtical i ty within 0 . 2 5  deq rees is a function of qeoloqy, 
equipment , crew talent , and sometimes luc k .  

In summa ry ,  d r i l l inq may b e  a v i able opt ion a t  d i ameters o f  1 2  to 1 6  f t  
and depths of 3 , 0 0 0  to 5 , 0 0 0  ft . At s i zes and depths beyond these , bl ind 
d r i l l inq probably reaches i ts economical and feas ible l imits . 

BLIND DCMNROLE BORING 

The use of a downhole borinq machine--s imilar to a TBM ope rated vertically-- is , 
in theory, an opt ion fo r convent ional shaft cons t ruct ion . This manned system 
uses all the establ ished convent ional techniques except that the d r ill inq and 
blast inq operat ion is replaced with a mechanical full-face or pa rtial-face rock 
cuttinq head . Muck hoistinq may be accompl ished by conventional sk ips . 

Shaft bo r inq with a manned downhole machine was f i rst attempted in 1969  by 
Z eni-McKinney-W i l l i us .  I n  1980 , a 24-ft d iameter 6 7 0-ft deep shaft was bored 
and l ined in a proqram sponsored by the u.s. Bureau of Mines . This proqram 
involved a ful l-face shaft bore r ,  followed by a wo rk deck or qalloway . A j ump 
form was used to install concrete l ininq .  The shaf t bor inq mach ine was las e r  
quid ed and neve r deviated f rom true ve rtical more than o.  7 5  in . Althouqh the 
bor inq machine bu i l t  a s t ructurally acceptable shaft , proqress was insuf f icient 
for econom ic ope ration . The maj o r  problem related to pickinq the muck off the 
f ace and transport inq it ve rtically to a sk ip load inq stat ion . 

The f i rst known pa rtial-face machine was built ( c i rca 1 96 5 ) in Russia,  but 
l ittle informat ion is available about its pe rformance . It was al l eqedly suc­
cessful in s inkinq a 2 1-ft d i ameter shaft . A part ial-face shaf t s ink inq sys tem 
capable of 2 0 - to 2 4 - f t  diameters has been des iqned and built by Robb ins­
Redpath but not util ized as yet .  An advantaqe of a partial-face machine is 
that access to the f ace and the he ad is accompl ished more easily than with a 
full-face uni t .  A disadvantaqe i s  that the pa rtial-f ace conf iquration l imits 
the powe r which can be appl ied to the rock so that the excavat ion rate may be 
less than with ful l-f ace equ ipment . 
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A shaft bo r ing system has the potent i al to meet the requ i rements for 
shafts in l arge d i ameters up to 8 , 0 0 0  ft deep, with accuracy acceptable fo r 
high speed hoi s t ing . The capi tal cost of such a system is less than an equ iv­
alent drill ing system fo r shafts l a rger than about 2 0  ft in d i ameter and 1 , 5 0 0  
f t  deep . All the techniques developed for conventional s ink ing--such as 
temporary support , grout ing , l in i ng ,  pann ing , pumping ,  and f reez ing--may be 
used to cont rol the roc k and water inflow .  As in convent ional s ink ing , depth 
l imits are l argely d ictated by hoist ing cable capac i ty .  

REAMING 

The use of ream ing equ ipment involves d rill ing a pi lot hol e  and enlarging the 
hol e to f in ished d i ameter in one or more add it ional passes . Both upward and 
downward ream ing are common techniques . In e i the r case , howeve r ,  rock removal 
is by grav i ty and access to the bottom of the shaft is requ i r ed .  The technique 
is not appl icable to the in i t ial access s haft but i s  generally an econom ical 
opt ion fo r add i t ional shafts once underground works have been extended . 

Fo r shafts at small e r  d i ameters ( e . g . , 12-ft d i amete r to 3 , 0 0 0  f t  deep ) or 
shal lowe r depths ( e . g . , 1 , 0 0 0  ft deep at 2 0-ft d i amete r ) , raise drill ing is 
commonly used . Whe re appl icable ,  raise drill ing i s  by far the least expensive 
method of shaft excavat ion . However ,  as with othe r drill ing method s ,  all the 
powe r to the cutt ing head is t ransm itted v i a  d r i l l  pipe , which l imits both the 
capabil i ty and econom ic feasib i l i ty of raise d r i l l ing . 

Because all raise reaming techniques follow a pilot hole ,  tole rances of 
the f inal shaft are d ictated by the accuracy of the pi lot hol e .  Methods to 
cont rol pilot hol e accuracy , as well as the survey tool s ,  are s low and expen­
s ive to use and the i r  accuracy l evel s are not far beyond the requ i red shaft 
tol e rances . 

Rec ently, in South Af rica,  a sequential reame r was used for larger d i­
amete r ( i . e . , 2 0-ft ) shaf ts . The raise-type reame r cuts in sequence , f i rs t  an 
inte rmed i ate d i ameter and then the f inal d iamete r .  Although the raise head i s  
f u l l  d i amete r ,  i t  is  const ructed hav ing two independently rotating components . 
Th is technique l imits the powe r t ransmiss ion requ i rements of the d r i l l  s t r ing 
by cutt ing only a pa rtial face at a g iven time . The swi tching between the two 
components is done automatically. 

A down reaming machine , sometimes referred to as a •v• mole ,  has been used 
fo r larger shafts . L i ke a bl ind shaft bore r ,  this unit is manned , fol lows a 
l aser beam , and employs convent ional tec hniques for g round and wate r  control . 
The pr inc ipal d i f ference is that rock cutt ings are swept down a prev iously 
excavated shaf t ,  gene rally in the 6- to 8-ft d i amete r range . Because the v­

mol e powe r system is located in-hol e at the f ac e ,  much greate r power can be 
appl i ed to the roc k .  As a resul t ,  this type of machine has been used suc­
cessful ly to exc avate shafts in hard ( to 4 0 , 0 0 0  psi compress ive st rength ) roc k 
to a d i ameter of 2 8  ft . In deepe r and l a rge r d i ameter shafts , capi tal costs 
fo r the equ ipment requi red a re less than fo r bl ind d r i l l ing . The extensive 
powe r capab il i ty of a v-mol e  has been demonst rated in enlarg ing a shaft f rom 8 
ft to 24 ft in d i ameter at a rate exceed ing 1 0 0  ft pe r day . 

The down ream ing method has the potenti al to meet all shaft excavation 
requ i rements to depths of 8 , 0 0 0  f t ,  provided that access at the bottom to 
handle muck has al ready been establ i shed . 

Copyright © National Academy of Sciences. All rights reserved.

Advances in Technology for the Construction of Deep-Underground Facilities:  Report of a Workshop, December 12-14, 1985
http://www.nap.edu/catalog.php?record_id=19198

http://www.nap.edu/catalog.php?record_id=19198


MECHANICAL IMPACTOR 

An tmpactor shaft s inker has been constructed and tested in the Uni ted States , 
but in one caame rc i al use to date the equ ipment was not succes sful in exca­
vating homogeneou s ,  mass ive rock .  Expect ed advance rates for the impactor are 
not compe t i tive with rates poss ible us ing othe r types of equ ipment . 

Excavation Methods 

Three methods are suggested as options fo r s ink ing deep, l arge-di amete r ,  access 
shafts . They are pi lot hole drill ing and reaming ,  bl ind bor ing ,  and conven­
tional d r il l-and-blast . 

COMBINATION BLIND DRILLING AND REAMING 

Th is method , wh ich is used for i n i t i al opening of a m ine or othe r unde rground 
wo rk ings , is a comb inat ion of bl ind drill ing and raise reaming or down ream ing . 
A 6- to 8-ft f in i shed-d iameter shaft i s  bl ind d r i lled to f inal depth and cased 
with a hyd rostat ic l in ing . A smal l e r  d i ameter unl ined p i lot hole i s  also 
d r il led to depth, and a connect ing d r i ft i s  excavated between the two at the 
wo rk ing l evel . Then the p i lot hol e i s  enlarged to the requ i r ed  shaft d i amete r .  
Muck f rom the subsequent ream ing ope ration i s  removed through the bl ind d ri lled 
and l ined shaft , wh ich is f itted with a muck hoist ing system . Sever al  equ ip­
ment options are available for enl a rg ing the pilot hol e and select ion depends 
on shaft depth and f in i shed d i amete r :  

• s ingle pass reaming w ith a raise d r i l l  
• mult iple pass reaming with a raise drill 
• raise reaming w i th a sequential reame r 
• down reaming, as with a v-mole ( requ i res e i the r an intermed iate raise 
excavation to about 6-ft d i ameter o r  d r ill ing the orig inal p i lot hol e to 
at least 2-ft d i ameter ) .  

Current method s  of pilot-hol e d r i l l ing are expens ive and slow , w i th typi­
c al advance rates not exceed ing 5 ft pe r hou r .  The penetra t ion rate is del ib­
erately kept low to increase accurac y .  The accuracy of the pilot hol e  is  
important b ec ause the f inal shaft may be f itted with a high speed hoist . Tech­
n iques cur rently used for inc reas ing d r i l l ing accuracy c reate • dog l egs • f rom 
inte rmed iate dev i at ions and cor rect ions . These • dog l egs • also can c ause an 
out-of-spec if ication haulage shaft . Compensation for e r rors of a few feet in 
pi lot hol e al ignment can be accompl ished us ing a v-mole type of unit . 

At a depth of 3 , 0 0 0  ft , all of the equ ipment opt ions noted above a re 
feas ibl e . Complet ing the access shaft w i th a s ingle pas s  or sequent i al  reame r 
extends the s t ate of the art ,  but the method i s  w ithin cur rent technological 
capabil i ty .  

A t  5 , 0 0 0-ft depths , bl ind d r i l l ing o f  the in i t i al 6- t o  8 - f t  shaft in hard 
rock is  technically ma rg inal . The total we ight of the drill s t r ing , b i t , and 
we ights for pendulum and cutter force exceeds the capac i ty of any cur rent r ig . 
I n  add i t ion, accuracy requi rements fo r a d r i l l ed hole a re diff icult ,  i f  not 
impossible , to meet with current technology . 

At a depth of 8 , 0 0 0  ft , the procedure of bl ind drill ing the muck hoist ing 
shaft and pilot hol e ,  with subsequent enl argement of the pilot hol e to full 
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construct ion s i z e ,  i s  not a prac t ical solut ion in the near term. Particular 
probl ems include drill str ing and rig avai l ab i l i ty for the ini t i al bl ind shaft ,  
p i lot hole accuracy , and the effects o f  squeez ing o r  spall ing g round on the 
prel im inary drill , pi lot hol e ,  and inte rmed iate or f inal ream ing . 

BLIND BORING 

Bl ind shaft boring to full d i amete r i s  tec hnically possibl e ,  but imp rovement in 
pe rformance i s  requ i red fo r econom ic feas ib i l i ty .  The potent i al exists for 
favo rable advance rates ( at l east twice as fast as fo r convent ional excavat ion ) 
becaus e bl ind shaft borers can apply more powe r onto the f ace than drill ing 
method s .  Adequate shaft d i amete rs a re possible w i th inc reased powe r ,  and the 
equ ipment allows more prec ise cont rol of deviat ion than drill ing techniques . 

A manned shaf t bor ing machine i s  appropri ate for all rock strengths con­
s idered and fo r shaft depths up to 8 , 0 0 0  ft . Any sui table l in ing system can be 
employed . Visual inspec t ion and test ing of the rock is poss ible dur ing s ink­
ing ,  and developed techniques fo r controll ing instab i l i ty or groundwater inflow 
probl ems c an be appl i ed .  

CONVENTIONAL 

D r i l l-and-blast tec hniques mus t  be cons ide red an opt ion fo r access shaft exca­
vat ion and slashing for smal l-diameter shaft enla rgement . D r i l l- and-blas t 
shafts can be completed ve ry accurately in rock of all s t rengths cons idered , 
and cont inuous geolog ical inspect ion is  poss ible so that ground problems can be 
handled by standard techniques . 

S ingle-pass s ink ing of full s i ze openings by conventional methods i s  the 
only demonstrated means of const ructing large-di ameter shafts to depths as 
g reat as 8 , 0 0 0  ft . The d i sadvantages of this method include lower advance 
rates ( no more than 10 ft pe r day can be expected ) ,  more d istu rbed rock mass 
than w i th mechanical equipment, l abor- intens ive construc t ion, and extremely 
haza rdous working cond it ions . 

Research and Development 

Shaft s ink ing by bl ind shaft boring equipment holds the potential for the 
shortest schedule and lowest cost of al l the method s  cons ide red he re . Improve­
ments in pe rformance are poss ibl e ,  particularly if add i tional attention i s  
g iven t o  developments in mechanical or pneumat ic and vacuum muck ing systems . 

Fo r d r i l l ing and ream ing ope rations , attention should be g iven to devel­
oping the capab i l i ty fo r inc reased accuracy in pilot-hol e d r i l l ing . 

In d r i l l ing ope rations , carb ide insert cutte rs are commonly used . The 
development of longe r-l i f e  carb ide insert cutters will help to reduce t r ip t ime 
requ i red for cutter replacement . The potential use of new alloy d isc cutters 
should also be invest i gated fo r downhol e  d r i l l ing operat ions . In add i t ion , 
attention should be devoted to improv ing cutter bear ing seals and developing 
longe r-l i f e  bea rings . Th is i s  pa rt icularly important in v i ew of the highe r 
tempe ratures , deb i l itating g roundwater,  and ab ras ive we ar to be expected unde r 
adve rse cond i t ions in a deep shaft . 

Fo r bl ind shaft bor ing , a potenti al future technology involves the devel­
opment of a subme rged boring mach ine capab l e  not only of applying high horse­
powe r onto the fac e  but al so of u t i l i z ing an a i r  l ift or pumped slurry method 
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of muck removal . A submerged machine could be of g reat benef it whe re the 
hydrostat ic pressure of a mud-f illed hole i s  requi red for shaft stab i l i ty. 
Howeve r ,  a maj or d i sadvantage would be the need to remove the machine for 
ma intenance and cutte r changes . The feas ibil i ty of this type of uni t  may be 
paced by the development of h ighly rel i able components and longe r-l ife cutters , 
capable of withstand ing head s  in excess of 5 , 0 0 0 ft for more than a few hours 
of ope ration . 

IR'l'BRRAL SJIAP'1' UCAVATIOR 

Types of Bqu ipaent 

Internal shafts with in a deep f ac il i ty may be temporary or pe rmanent and may be 
open connect ions between l evels or bl ind shafts , as the fac i l i ty des i gn re­
qui res . Pour types of mechanical equipment can be recommended : raise d r ills , 
bl ind raise drills , bl ind shaft d r i ll s ,  and mult ipurpose bor ing machines . 

RAISE DRILLS 

The raise d r i l l ing ope ration involves s ingle-pass reaming of pilot holes and 
requ i res access to the top and bottom of the shaf t .  Raise d r i l l s  have been 
used for excavation of hard and soft roc k ,  with the l a rgest d iamet e r  shafts 
completed in softer rock . 

The equ ipment has been demonstrated in 2 0-ft d i ameter shafts up to 67 0 ft 
deep and 

·
in 1 2 - ft diameter shafts up to 3 , 0 0 0-ft deep . Us ing a s equential 

reame r ,  2 0-ft d i amete r shafts have been completed to depths greate r than 1 , 0 0 0  
f t  in hard rock . The only l imitat ions to the raise d r i l l ing techn ique are 
unstable g round ( f rom low strength o r  exceptional d epth ) and accuracy as con­
troll ed by the pi lot-hole d r i l l ing . 

By a wide marg in, raise drills offer the f astest, most econom ical , and 
most demonstrated method of construct ion . Raise drill ing with d i rect ionally 
d r illed pilot holes will be the optimum method of inte rnal shaft excavation in 
good ground cond i t ions . 

BLIND RAISE ( BOX BOLE ) DRILL S 

Box hol e d r i lls a re commonly used for the construction of ore passes in s tope 
m ines . A pi lot hole i s  not requ i red , and access i s  necess a ry only to the 
bottom of the shaft . Cu rrent technology includes equ ipment with in-the-hole 
dr ives and non- rotat ing d r i l l  s t r ing , de r r ic k-mounted d r ives and rotat ing drill 
str ings , and l a rge-d i ameter units propelled by pipe-j act i ng methods . Demon­
strated capab i l i ty of this equ ipment inc ludes 15-ft d i amete r shafts to 15 0-ft 
lengths and 5-ft d i ameter shafts to 3 0 0-ft l engths . The box hole technique i s  
s lower and more l abor- intens ive than raise drill ing . Typical d r i l l ing accuracy 
is about one percent . 

BLIND SBAPT DRILLS 

The bl ind shaft d r i l l ing operation involves downward d r i l l ing w ithout a pilot 
hol e .  Acces s is requi red only t o  the top o f  the shaft J the refore , bl ind shaft 
d r i l ls can be cons idered whe re bottom access is not prac t ical . Although an 
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underground r ig does not ex i s t ,  requ i rements fo r development a re not exten­
s ive .  Such a r i g  would be very s imilar to a raise drill . 

MULTI PURPOSE ( FULL-FACE ) BORING MACHINE 

The mult ipurpose bor ing machine ( MBM )  i s  a concept under development . As 
conce ived , the MBM is a short , maneuve rab l e  mach ine , s im i l a r  to a remotel y  
cont roll ed TBM . One such uni t is in existence and has unde rgone laboratory 
test ing .  The dev ic e  has the potent i al to fol low a compound curve , pe rhaps 
starting a d r i ft hor i zontally and then turning vertically to continue exca­
vat ion . The ex ist ing unit--S . 7 ft  in d i ameter and equ ipped with 2 0 0  hp of 
powe r and variable cutte rhead speed-- i s  des igned to excavate a 1 , 0 0 0-ft long 
incl ine or raise . 

Research and Development 

To improve the pe rformance of inte rnal shaft excavat ion equipment , attention 
should be d i rected to the following areas : 

• Development of an underground bl ind shaf t d r i l l . 
• Cont inued development of the mult ipu rpos e bor ing mach ine concept . 

MUCK HANDLING SYSTEM 

Transport in Tunnels 

At the head ing , muck buckets on the TBM cutte rhead sc rape muck f rom the inve rt 
and del ive r i t  to a chute at the top of the cutte rhe ad support s t ructure . The 
chute discharges muck onto a short conveyo r which t ransfers mate rial to the 
rea r  of the TBM . The TBM conveyo r d i scha rge s muck onto a s econd ( trail ing )  
conveyo r which i s  built into a trail ing pl atform and towed behind the TBM . 

Movement ( haulage ) of muck through the tunnel is typical l y  accompl i shed by 
one of fou r types of sys tems : rail , conveyo r ,  wheel ed , o r  pipel ine . 

RAIL SYSTEM 

A TBM trail ing platform is gene rally f itted with double-t rac k  rail and a switch 
at the end of the platform near the j unct ion with the ma in tunnel t r ack . Rail­
mounted muck cars are f il led by one of two methods : 

• The d i scha rge point of the t rail ing conveyor is  at a f ixed locat ion , 
to one s ide of the trail ing platfo rm fo r dual-track platforms . Empty 
muck cars a re t ransferred f rom the incom ing to the outgoing track w ith a 
ca r-pas se r ,  and the cars a re posit ioned und e r  the end of the conveyor 
for f ill ing . This system can prov ide continuous muck removal , assum ing 
that a supply of empty cars can be ma inta ined at the head i ng .  
• The t ra i l ing conveyor i s  at least as long as an assembl ed train and 
i s  cent ral l y  located with respect to the tunnel wal l s . Tra ins rema in 
stationary dur ing muck car f i l l ing . The conveyor is f i tted with a 
movable defl ector ( t r ippe r ) wh ich is  pos i t ioned at locat ions along the 
conveyo r and can di rec t muck into cars on one s id e  of the tunnel . Aft e r  
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a train i s  loaded , muck t ransfer i s  halted while the deflector i s  re­
turned to its start ing posit ion at the l ead ing end of the trail ing floor 
for use in load ing a train on the oppos i te s ide of the tunnel . This 
system al so can prov ide cont inuous muck ing but generally requ i res a 
l a rge trail ing platform . 

Tunnel haulage i s  typically on 24- to 3 6 - i n .  gage rail , with wider gages 
for large r tunnel d i ameters . D i esel locomot ives are used and , i f  space is 
avai l abl e ,  tunnel rail may be double t racked .  At the muck ing shaft , muck c a rs 
are empt i ed with a rotary dump, and muck is transfer red into a hoist surge b in .  

All facets o f  the desc r ibed rail system a r e  state of the a r t .  I f  grades 
are relat ively flat ( less than one percent ) ,  this system will provide no-delay 
haulage for a s-mile long head ing . For unfavorable g rades and/or longer hauls ,  
add i tional venti lat ion o r  trolley el ect ric locomotives may b e  requi red .  The 
l imit ing g rade for unass i sted rail haulage is about three pe rcent ( 1 . 7  
degrees ) .  

CONVEYOR SYSTEM 

Bel t conveyors have been used for tunnel haulage on a few 'l'BM proj ects , but 
delays associated with belt extens ion , repa i r ,  and ma intenance have been s i g­
nif icantly greater than for rail systems . In add i t ion, conveyors only haul in 
one d i rect ion .  Thus , alternate systems for mater i al and pe rsonnel transport 
must be prov ided .  

A conveyo r sys tem o f  same va r iety ( e . g . , pocket , bucke t ,  cover belt ) can 
be used for mate r i al  transport on any slope , but convent ional belt conveyors 
can be used only for grades up to about 30 to 35 pe rcent ( 18 to 20 deg rees ) .  
Heat diss ipation and vent i lat ion requ i rements will be lower fo r conveyo r than 
for rail systems . 

Conveyor systems have the potent i al  to accommodate the inc reased advance 
rates ant ic ipated and may be the only equ ipment capable of ma intaining high 
c apac i ty ,  uninte r rupted serv ic e .  Recent developments i n  belt technology and 
techn iques for speedy repa i r have increased the rel i ab i l i ty of conveyo r systems 
and reduced the occur rence of extens ive downt ime for belt repl acement . In many 
m ining and manuf acturing operat ions , belt conveyors have been demonst rated to. 
be the most econom ical choice for long-d i stance haulage . 

WHEELED SYSTEM 

Load-haul-dump ( LHD )  veh icl es will only be useful for ve ry short haul s and for 
short-term operat ions such as mob i l i z at ion . Low prof i l e  dump t rucks can pro­
vide faste r ,  h ighe r capac i ty s e rv ice than LHD vehicles , and may be econom ical 
fo r muck haul age in short- to inte rmed iate-length head ings . Wheeled systems 
may be d i esel , elec t r ic ,  or batte ry powered . 

Wheeled systems may be prefe rred whe re f l exib i l i ty and maneuve rab i l ity in 
tight a reas are requ i red ,  and vehicles can be ope rated on grades up to about 17 
to 20 pe rcent ( 10 to 11 degrees ) .  Howeve r ,  requi r ements for f latter inve rts 
and larger open ings ( i . e . , greater than 15 f t ) are more str ingent than for rail 
o r  conveyo r haul age . 
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PIPELINE SYSTEM 

Slurry and pneumatic pipel ines have been used for bulk material t ransport . 
Haulage rates as high as 150  tons per hour of rock have been achi eved in 
spec i al appl ication s .  Although capable of continuou s ,  uniform , high-capac i ty 
transportat ion in both hor i zontal and vert ical d i r ect ions , these systems are 
not g iven fu rthe r attention because the following factors reduce the i r  poten­
t i al : 

• l imitations on muck part icl e  s i zes 
• ab ras ive wea r  of p ipe , pumps , and valves 
• space requ i red near the head ing for requ i red plant components 
• la rge powe r requ i rements .  

Transport in Crosscuts , Inte rsect ions , Ramps , and Slopes 

For c rosscuts and inte rsect ions , it is expected that LBD or low-prof ile t rucks 
could be used for short d istance transfer to pas s ing haulage . Load ing of the 
haul ing veh icles would be accompl ished by mucking shovels or f ront-end load­
e rs .  Extendable conveyors could be used in s ide pas sages . Howeve r ,  wheeled 
vehicles are l ikely to be prefe r red for mob i l ity, flex ib il ity, and ease of 
ma intenance . 

Fo r ramps and slopes , unass isted rail haulage can be used to handle muck 
only at g rades up to about three pe rcent ; conveyo r haulage can be used fo r 
grades up to about 3 5  percent ( 2 0 degrees ) .  For steepe r grades , c a rs or buck­
ets on t r ack or c able guides can be used i f  a w inch as sembly i s  added to the 
rear of the bor ing machine . For d ry cond i t ions , upslope excavat ions with 
grades greater than about 85 to 100 pe rcent ( 4 0  to 45 degrees ) will • s elf-muck • 
by grav i ty .  W i th wat e r  present , the grade for • self-muck ing • is reduced to 
about 3 5  percent ( 2 0 degrees ) . 

Transport in Shafts 

Ve rtical movement of muck f rom the bottom of a deep const ruct ion shaft can be 
accompl i shed by the fol lowing method s : convent ional ho i s t ,  conveyor ,  pneu­
matic , and hyd raul ic . 

Fo r conventional hoi sting , ava ilable equipment includes mechan ical f r ic­
t ion and d rum ho ists . Th is equ ipment is  the only type in common use fo r ve rti­
cal movement of mate rial f rom depths as great as 8 , 0 0 0  f t .  

Conveyor systems cons ist ing o f  bucket elevators and tray-l i f t  conveyors 
have been used for ve rtical muck d i sposal . Howeve r ,  these systems have not 
been appl i ed  in shafts of the depths cons ide red he re . 

Pneumat ic and hyd raul ic systems have been used for continuous- l ift verti­
c al muck ing , but not in shafts of the depths cons idered he re . The l imitat ions 
of this method previously noted for tunnels apply in this case as well . 

Research and Development 

The most l ikely method s  for hor i zontal muck t ransport in long tunnel head ings 
are rail and conveyo r haulage . For ve rt ical muck transpor t in shafts , conven­
tional hoisting equ ipment is l ikely to be preferred at this t ime . I ncreases in 
haulage capac i ty and system rel i abil ity can be ach i eved by impl ement ing 
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equ ipment developments and extensions of exist ing technolog ies , as follows : 

• Ra il systems that incorporate advances in automation for remote 
ope ration ,  car sw i tching , and dumping would se rve adequately fo r the 
inc reased advance rates antic ipated . 
• Redundant hoi s t ing systems should be considered to allow continuou s ,  
rel iable muck ing for shafts . One system could cont inue to operate dur­
ing maintenance ( often time consuming ) or repa i rs to the othe r .  
• The potent i al for us e o f  a vert ical conveyor ( cover belt ) should b e  
investigated for hoisting muck up deep shafts . 

In view of the f act that perhaps 2 0  to 2 5  percent of all shift t ime is 
typically assoc i ated with haulage delays and repai rs to t r a i l ing and backup 
sys tem components , continuous equipment mon i tor ing tec hniques should be inco r­
porated to minimize downt ime . Redundant systems , which can be automat ically 
uti l ized as requ i r ed ,  should be prov id ed .  Remotely operated and robotic 
systems can be developed for regular maintenance to inc rease system rel ia­
b i l i ty .  

Mechanical excavat ion systems a r e  feas ible for the construct ion o f  deep­
unde rg round f ac i l i t i es and the bas ic technolog ical capabil ities exi s t  within 
the construct ion industry .  Of a l l  the components o f  a deep f ac il i ty that a re 
cons ide red he r e ,  g reatest conce rn is focused on the excavat ion of deep, ex­
te rnal shafts . 

Ful l-face tunnel bor ing machines a re the preferred method of tunnel exca­
vat ion .  With no-delay haulage and support instal lat ion , and inco rporat ion of 
suggested mod i f ications , an advance rate of 2 5 0  to 3 0 0  ft pe r 24-hou r d ay is  
potent i ally achi evabl e .  

For tunnels a t  low g rad e ,  rail haulage systems should b e  adequate for muck 
haulage at the ant ic ipated advance rates . Fo r grades great e r  than 2 to 3 pe r­
c ent , conveyor haulage will be the prefe r red method . 

Adequate ini t i al support can be installed very nea r  the face on a no-del ay 
bas i s ,  prov id ed  that the fac i l i ty i s  s i ted in high qual i ty roc k .  Construct ion 
of a f inal l ining can be a decoupled operat ion , located wel l beh ind the t r a i l­
ing floo r .  A v i able system for f inal l ining installat ion i n  the immed i ate 
vic ini ty of the TBM i s  not l ikely to be developed w ithin the t ime pe r iod under 
consideration he r e .  

Fo r excavat ion o f  c rosscuts and short tunnels ,  recentl y developed equ ip­
ment such as the mult ipu rpose boring mach ine and the mob i l e  m ine r will be of 
g reates t use . For t r imm ing and shaping ope rat ions , roadhead e rs and water-j et 
d r i l l s  will be most eff ect ive . 

Fo r access shafts , bl ind shaft bor ing holds the potent i al as the qu ickes t ,  
lowest cost s ink ing method . I f  attent ion i s  g iven to the development of an 
improved muck ing system, bl ind shaft bor ing will be the pref erred method . For 
internal shafts ,  excavat ion with raise drill enla rgement of d i rect ionall y  
d r illed pilot holes will be the optimum method . 
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