
INIpRpRETING Exceverrou-INoucpD DrsplecEMENTS ARoUND

e TuNtrtEL IN HIct¡l,y Srnpsspo GReNrtp

Bv

Rooxnv SrnwaRr Rnao

A Thesis
Submitted to the Faculty of Graduate Studies

in Partia.l Fulfiilment of the Requirements
for the Degree of

DocroR or PurlosoPHY

Department of Civil and Geological Engineering
University of Manitoba

Winnipeg, Manitoba

@Muy 1994 by Rodney Stewart Read



W,"w^ffi NationalLibrary
W\f W of Canada

Acquisitions and
Bibliographic Services Branch

395 Wellington Street
Ottawa, Ontario
K1A ON4

TTIE AUTHOR HAS GRANTED AN
IRREVOCABLE NON-EXCLU S IVE
LICENCE ALLOWING TI{E NATIONAL
LIBRARY OF CANADA TO
REPRODUCE, LOAN, DISTRIBUTE OR
SELL COPIES OF HIS/HER THESIS BY
ANY MEANS A}ID IN ANY FORM OR
FORMAT, MAKING THIS THESIS
AVAILABLE TO INTERESTED
PERSONS.

TIIE AUTHOR RETAINS OWNERSHIP
OF TIIE COPYRIGHT IN HIS/HER
TIIESIS. NEITTIER TIIE THESIS NOR
SUBSTANTIAL EXTRACTS FROM IT
MAY BE PRINTED OR OTHERWISE
REPRODUCED WITHOUT HISÆ{ER
PERMISSION.

ISBN

Bibliothèque nationale
du Canada

Direction des acquisitions et
des services bibliographiques

395, rueWellington
Ottawa (Ontario)
K1A ON4 Yut |¡le Volrc télërffie

Ou lile Notre élêrffie

L'AUTEUR A ACCORDE LTNE LICENCE
IRREVOCABLE ET NON EXCLUSIVE
PERN{ETTANT A LA BIBLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER DISTRIBUER
OU VENDRE DES COPIES DE SA
TI{ESE DE QTIELQIJE MANIERE ET
SOUS QUELQUE FORME QUE CE SOIT
POUR METTRE DES E)GMPLAIRES DE
CETTE TI{ESE A LA DISPOSITION DES

PERSONNE INTERESSEES.

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE

SA THESE. NI LA TI{ESE NI DES

EXTRAITS SUBSTANTIELS DE CELLE.
CI NE DOIVENT ETRE IMPRIMES OU
AUTREMENT REPRODUITS SANS SON

AUTORISATION.

0-315-99059-7

CasaadiÉ



*o*" Rt.[*". zt+o.'r.^-^+ €-J
Di,,u,tffi'orrongedbybrood,generolsubiectcotegories.PleoseselecttheonesubiectwhichmostDissertafion AbstrocÍs l¡ifernøtionolis orronged by brood, generol subiectcotegories. Pleose.select the one subie

neorly describes the content of your disseriotion. Énler the corresponding four-digit code in ihe spoces provided.

Subieet €cbgories

www www&wwwøwgã ew&w %@&w&w &@www@wg

øwß1 KJh4å
SUBJECT CODE

4ncient.............. .................0579
Medievol ............................ 058'l
Modern ...-...,......................0582
81ock ..............,...................0328
,A.fricon ...........,-.................. 033 I
Asio, Austrolio ond Oceonio 0332
Conodion ........................... 033¿
Eurooeon ............................ 0335
Lotin'Americon .................... 033ó

EDU(ÅÏIO?{
Generol ................................... 051 5
Adminislrotion .......................... 05 I 4
Adult ond Continuino ..............,. 051 ó
Aoriculturol ........... I................. os t z
Ai .....0273
Bilìnouol ond Multiculturol .........0282
Busiñess ................................... 0ó88
CommuniV Co|Ieoe .............. .....O27 5
Curriculum ond lnlfruct¡on ......... 0727
Eorlv Childhood ........................ 05 I I
Elementory .....0524
Finonce .... .. . . .. .. . . .'.......0277
Guidonce ond Counselinq ......... 051 9
Heolth ..........................:.......... 0ó80
Hioher ............... ......................07 As
Hiiony of .......0520
Home'Economics ......................0278
lndustriol ........0521
Lonouooe ond Literolure ............ 0279
MoiÉem"otics ............................. 0280
Music ................ ....................... 0 522
Philosoohv of ............................ 0998
physiccil ..1................................. 0523

www %&wwwø,w% &ww
BIOTOGICAI. SCIEruCES
Aoriculture- Generol ..............................O473

Aoronomv .......................... 0285
AËimol Cílture ond

Nutrition ............ .............. 047 5
Animol Potholoov ................047 6
Food Science oñil

Technoloov ...................... 0359
Forestrv onäWildlúe ...........0478
PIont Cuhure .......................0Á79
Plont Potholoov ................... 0480
Plont Physiolõçjy .................. 08'ì 7
Ronoe MonooËmeni. ............ 0777
Woãd Technõloov ............... 07 46

Bioloov
GËnerol .....................,........ 030ó
Anotomv ............................ 0287
Biostotisiics ......................0308
Bolonv ...............,................ 0309
cell 1 .............. . ...............0379
Ecoloov ............. ................. 0329
Entomä|oov ............-........... 0353
Genetics,".'........................... 03ó9
Limnoloov ........................... 0793
Microbiãfoov ...................... 0¿l 0
Moleculor 11........................ o¡oz
Neuroscience ..................-... 031 7
Oceonooroohv.................... 04 1 ó
Phvsioloãv :...i..................... 0¿33
Roiliorioi'............................ 082 l
Veterinory Scìence............... 0778
Zooloov ............. ................. O 47 2

Bioohvsicí''Gôneroì............ ..........0786
Medicol ............. ................. 07 60

il¡{GUISTICS
Longyoge 

,

benerol .......,.-................
Ancient...........................
Linguistics
Modern ..........................

Li lerotu re

Psvcholoov .....0525
Reiodìno 1.................................. 0535
Relioious ........0527
Scie"nces ............. ...................... 07 1 4
Secondory ................................ 0533
Sociol Scíences ......................... 0534
Socioloov of ............................. 0310
Soecioll... ......0529
Täocher Troinino ....................... 0530
Technoloqv ..... 1........................ 07 I 0
Tesls ondftleosurements ............ 0288
Vocotionol .......... ...................... 07 47

tANGUAGE, TITERAÏURE AND

PHII.OSOPHY, RELIGION AB{D

THEOICIGY
Philosophy .......... ...................... 0 422
Relioion

ë"nrrol ..............................031 8
Biblicol Studìes .................,.. 0321
Clerov ................................ 031 9
Histärv of ............................ 0320
Philosâohv ol ......................0322

Theolosy .1. .:.................. . ........0469

SOCIAT SCIE¡{CE5
Americon Studies ...................... 0323
Anlhroooloov

ArJho"ãloou .......................0324
c,lturol ...11........ ................. 0326
Physicol ............. ................. 0327

Busine!s Administrotion
Genero1 ..............................031 0
Accountino .................. -.... -. 0272
Bonkinq ..:.......... ................. 077 o
Monooément ...................... OA54
Morkeiino ........................... 0338

Conodion Stidies ..................... 0385
Economics

Generol .......,-...............,..... 050 I
Aoriculturol ......................... 0503
Cãmmerce-Busìness ............. O5O5

Soeech Potho|oov ................ 04ó0
Tåxìcoloov ......:1.................. 0383

Home Econo"nlics ...................... 038ó

PHYSICAl. SCIE$dCES

Pure Sciences
Chemistrv

GenJro1 .............................. 0¿85
,A.oriculturol ......................... 07 49
AXoløicol ........................... 048ó
Bioclíemistry .......................0487
lnoroonic ......................,..... 0488
Nucleor .............................. 0238
Oroonìc..............................0490
Pho"rmoceuticol .................... 0¿9 l
Phvsicol ............. ................. 0A9 A

Polvmer .............................. 0495
Roáiotion ..........................0754

Middle Eosiern ...........
United Stotes

il:,}'o:lt':ll'l :: : : : :

.........0333

......... UJJ/

.........0585

.........0398
Polrtrcol 5crence

Generol ..............................0ól 5
lnfernotionol Low ond

Relotions .......................... 0ó1 ó
Public Administrotion ........... 0ó1 7

Recreotion ......08 1 4
Sociol Work ............................. 0A 52
Socioloov

Geñéro1 ............. ................. 0626
Criminoloov ond Penoloov ...0ó27
Demooroòliv............... ::..... 0938
Ethnic"onä Éociol Studies ..... 0ó3,]
lndividuol ond Fomilv

studies ...............1............ o¿zg
lndustriol ond Lobor

Relotions .......................... 0629
Public ond Sociol Welfore....0ó30
Sociol Structure ond

Develooment ................... 0700
Theo- oi-rd Methods ............ 0344

Tronsoodâtion .......................... 0709
UrboÅ ond Reoionol Plonnino ....0999
Women's Studles ...............:..... 0¿53

Enoineerino
benefol .......
Aerosooce ..-
Aoriculturol ..
Aitomotive
Biomedicol ...

....0679

....0289

....0290

....0291

Genero| .................,............ 040 I
Clossicol ............ ................. 029 4
Comoorotive .......................029 5
Medievo1 ............................0297
Modern ..............
Africon ...............

....0298
031 ó

Americon ............,............... 0591
Asion,................................ 0305

........0425

........0996

Romonce ................-........... 03'l 3
Slovic ond Eost Europeon ..,..031 ¿

WW@F,WWWffi.øru@

..........0370

..........0372

..........0373
.........0388
.,........0¿ì ì
..........0345
..........0a26

o¿l 8

Conodion {Enolishl ..
Conodion {Fre-nchi
tnglrsh ...................
Germonic
Lotin Americon,.......
Middle Eostern ........

...........0352

...........0355

...........0593

...........031 I

...........031 2

...........031 5

HEAITH A¡{D E$IVIRONffi ENTAI

SCIE¡{CES
Environmentol Sciences ............. 0Zó8
Heolth Sciences

Genero1 .............,................ 05óó
Audioloqv........................... 0300
Chemolliároov ................... 0992
Dentistrv .... 1.1..... ................. O 567
Educotián .-......................... 0350
Hosoitol Monooem enl .......... 07 69
Humon Deueloãment ........... 0758
lmmunoloov ...'..................... 0982
Medicine ãhd Suroerv .........05ó4
Mentol Heolth ....l....'............O5¿l
Nursing .............................. 05ó9
Nutritioì ............ .........,....... O 57O
Obstetrics ond Gvnecoloov .. 0380
occuootionol Heálth ond'

Thiroov ........................... 035¿
Oohtholráoloov ................... 038 l
Pcitholoov ...i|..................... osz I
PhormoËâloov ..................... 041 I
Phormory ..::.......................0572
Phvsicol fheroov ..-.............. 0382
Publ¡c Heolth . 1.1................... oszs
Rodìo|oov ........................... 057 Á

Recreotiõn .......................... 057 5

...................... 0537

....................,. 0538

..,................... 0539

...................... 0540

...................... 0541

Mothemotics
Phvsras

' Genero1 .............................. 0ó05
4coustics .........,..........,....... 098ó
Astronomv ond

Astrooh'vsics..................... 0ó0ó
Atmosoleiic Science............0óOB
Aromiå ....-......... .................07 48
Electronics ond Electricitv .....0607
Elementory Porticles ond

Hioh Enãrov....... ..............0798
FluiJond Pìo'ímo ................. OZ59
Moleculor .,.,....................... 0ó09
Nucìeor ....,.........................0ól 0
Oolics ............... ................. 07 52
Rcidiotìon . ..........0756
Solid Srote ..........,...............0ól 1

Stotistics .....,.,.................,......... 04ó3

Aoolied Sciences
Aþilied tvtechonics
Compuler 5crence .

.........034ó

Chemicol ............................O542
Civil .....,.............................05¿3' Eleclronics ond Electricol ......O5A4
Heot ond Thermodvnomics ... 03d8
Hvdroulic ............ .,............... 05¿5
ln'dusfriol ............................ 054ó
Morine .............. ................. 0 5 47
Moteriols Science ............-... 0794
Mechonìcol ................,....,... 05¿8
Meto1lurgy .......................... 07 43
Minino -.............................0551
Nucleår ..............................0552
Pockooino .......................... 05¿9
Petrole"um" .......... ................. 07 65
Sonitory^ond Munìcipol ....... 0554
Svstem Science ................ -. -. 0790

Geofáchnoloov ......................... 0428
Ooerotions Räseorch ................. 0796
Plåstics Iechnoloov ................... 079 5
Textile Techno|og"y ..................... 099¿

PSYCHOTOGY
Generol ...............,...................0ó21'Behoviorol ......038¿
Clinicol .............. ...................... 0622
Deveìoomento1 ......................,... 0ó20
Exoerimentol ............................ 0623
lndustriol ........0ó24
Personolitv.......... ...................... 0625
Phvsìolooícol ............................ 0989
Psúchobì'oloov .......................... 0349
Psíchometriãi ........................... 0ó32
So'ciol .......... -..... -..................... 0¿5 I

&w
EARTI{ SCIENCES
Biogeochemistry..........
Geochemist¡y 0984



II{TERPRETIT{G EXCAVATIOÌ{- IIIDUCED I}I SFLACEHE¡{TS AROTIì{D

A TTIT{NEL I¡{ HIGM,Y STRESSED GRÄ¡ÚITE

BY

ROD}{EY STEWART RE.AI)

A Thesis submitted to the Faculty of Graduate Studies of the University of Manitoba in partial

fuIfill¡nent of the requirements for the degree of

DOCTOR OF PEILOSOPHY

@ 1994

Pen¡rission has been granted to the LIBRARY OF TItr UNTVERSITY OF MAhIITOBA to lend or

sell copíes of this thesis, to the NATIONAL LIBRARY OF CA}IAD.A. to microfilm this thesis and

to lend or sell copies of the fil¡n, and UNIVERSITY ñ/flCROFILMS to publish an abstract of this

thesis.

The author reserves other publications rightr, and neither the thesis nor extensive extracts from it

may be prinÉed or othe¡r'r¡ise re¡rroduced without the autho/s pemdssion.



,&bs6ræ46

In concepts for the underground storage of nuclear fuel rvaste, the primary rock mechanics

concern is the development of damage around excavations. By controlling the extent of

the excavation damage zone, the potential for transport of radionuclides, either by diffusion

or by groundwater florv rvithin this zone, can be controlled. To this end, it is first neces-

sary to demonstrate that the fundamental behaviour of the rock mass around underground

openings is understood. The measurement and interpretation of excavation-induced dis-

placements around openings plays a key role in this respect. For example, in tl-Le absence of

appreciable excavation-induced damage, displacements have been used extensively to back

calcuiate in situ stresses. In rock damaged during excavation, dispiacement measurements,

in combination with numerical models and in situ characterization, are also important as a

means of d.etermining the extent and characteristics of the damaged zone, and the processes

responsible for its deveiopment. These two applications tend to be mutually exclusive.

Using AECL's Mine-by Experiment as the fieid study, this thesis considers the problems

associated. rvith analysis and. interpretation of displacement measurements taken during ex-

cavatiol of a cylindrical tunnel in a massive, highly stressed, brittle rock mass' A technique

using the radial dispiacement response from within one diameter of the tunnei face is de-

veloped to back analyze the in siúz stress tensor in conditions where extensive excavation

damage is evident in parts of the tunnel. The estimated stress tensor is, in turn, used in con-

junction with observations and results from f.eid characterization, and numerical modeling,

to determine the extent and characteristics of excavation damage around the tunnel' The



relationship betrveen displacement. stress and excavation damage is also explored through

comparison of results from numerical modeling and field characterization.

The main contributions represelÌted by this thesis are:

ø Ãn in siúz stress back analysis techniclue based on radial displacement measurements

taken rvithin one tunnel diameter of the face.

ø General approximating functions to describe the relationship betrveen radial displace-

ment and tunnel face position (i.e., the sytliced logistic function), and between radiai

displacement and radial distance for positions rvithin one diameter of the tunnel face.

o Parametric functions describing the characteristic radial displacement surfaces asso-

ciated with components of a partitioned unit stress tensor.

ø An interpretative methodology for displacement measurements in highly stressed brit-

tle rock, including a correction methodology for face curvature and stepped longitu-

dinal tunnel geometrY'

ø An assessment of the limitations of posterior-type displacement monitoring instru-

ments) such as convergence arravs, and the assumptions inherent in interpreting re-

sults from them.

ø An estimate of in situ stress conditions and material properties at the 420 Level of

AtrCL's {Jnderground Researcir Laboratory'

ø An interpretation of the extent and characteristics of the damaged zone around the

Mine-by Experiment test tunnel, and the processes responsible for its development'

Iil
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Excavation-induced displacements in a rock mass figure prominently in many current rock

mechanics problems, ranging from practical tunneling issues, such as support design, to more

research-oriented topics, such as the design of effective sealing systems for a nuclear fuel

waste disposal vault. The levei of knowledge required about the displacement freld around

an excavation is dependent largely on the proposed application for the underground opening.

For instance, the resolution of displacement measurements in a mining situation may only

be recluired to a few centimetres to establish the safety of an opening, whereas displacements

in the order of micrometres may be of interest in a vault sealing application to assess the

potential for groundwater migration. Regardless of the end use of the excavation, the

displacement field around an underground opening is influenced by many factors, including

tunnel shape, in situ stresses, material properties of the rock mass, and progressive failure.

1"1 Froblern Staternent

Correct interpretation of an excavation-induced mechanical response has important impli-

cations in terms of nuclear fuel rvaste disposal. As described by Read and Martin [157], the

speciflc rock mechanics issues associated rvith the underground disposal of nuclear rvastes

are lelated primarily to the complex coupling of groundwater f.ow rvith thermal, mechani-

cal, and geochemical effects. Stress redistribution around the opening and the subsequent
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heating due to the waste emplacement, for instance, can alter the porosity and hydraulic

conductivity around an excavation, both through the creation ofnew fractures and through

opening or closing of existing fractures. By controlling the extent of the excavation damage

zone, the potential for transport of radionuclides, either by diffusion or by groundwater

flow rvithin this zone, can be controlled. Interpretation of the extent and characteristics of

this zone by means of displacement measurements is therefore of primary concern in vault

design. The reljabil-ity of such an interpretation is, however, dependent on an understanding

of tlre in situ stress conditions.

In linear elastic ground, standard techniques for interpreting tunnel wal-l displacements

can be used to estimate ihe far-fleld in situ stress tensor from the measured rock mass

response 1717,741. These types of approaches are generally acceptable in low to moderate

stress regimes in granite or other brittle rocks, where excavation-induced damage is not an

issue. However, in high stress regimes where stress concentrations are sufficient to damage

the rock immediately around the underground opening, the interpretation of these types of

displacement measurements using linear eiasticity may result in unrealistic estimates of in

sifz stresses. Consequently, for openings with appreciable damage zone development, it is

necessary to recognize departure from [near elastic material behaviour in order to properly

assess in situ stress conditions.

Routine measurements of tunnel convergence or closure typify large-scale displacement

monitoring programs in many mines and tunneLing operations. Convergence arrays are

commonly used for this purpose because of the relatively low cost of the instrumentation

and the ease and speed with rvhich measurements can be taken. Multi-anchor extensometers

are also used to determine the radiai displacement profile away from an opening, but these

are more costly than convergence arrays? and are only used where detailed information is

recluired. The interpretation of the mechanical response measured by these instruments

is compLicated by the fact that, with the exception of specific mining applications like

that detailed by Atkins and I{een [2], or rock mechanics resealch experiments such as that
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described by Heuzé [23], displacement monitoring genelall¡' involves instaìling instruments

some distance behind the advancing tunnel face (Figure 1.1). Consequently, only a portion

of the total displacement response is typically measured.

To account for the posterior nature of the installation of these instruments, i.e., in-

stailation behind the advancing face, general rules of thumb are usually applied to the

interpretation of radial displacement data. For example. Panet and Guenot ll47l have re-

ported that, in the case ofa cylindrical flat-faced tunnel under hydrostatic stress conditions,

approximately 27% of the total displacement at the tunnel rvall occurs ahead of the tunnel

face, and is therefore not picked up by posterior-t.vpe instruments. Horvever, because of

iarge displacement gradients near the tunnel face, and dependence of the response on more

factors than just the distance of the measurement point from the advancing face, indis-

criminate appücation of such general rules to displacement measurements can lead to large

Figure 1.1: Deflnition of the posterior and anterior domains for an idealized cylindrical
tunnel. The positions of arrorvs represent typical iocations of instruments in each domain,

and the direction of the arrow indicates the typìcal direction ofinstallation: for the posterior

d.omain, from the tunnel outwards: and for the anterior domain, from an erternal opening

inwards.
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interpretative errors.

The posterior installation of instruments is just one of the problems faced when inter-

preting measured displacements. In a more general sense) interpretation of displacement

measurements suffers in most instances from a lack of characterization data about the rock

mass around the tunnel, and poorly defined boundary conditions, such as the in siúu stress

state, and material properties. Many authors have suggested that the effort required to de-

velop a refined interpretative methodology for posterior displacement measurements is not

warranted given the large degree of uncertainty associated with selecting appropriate values

of parameters describing the rock mass and its mechanical behaviour. To date, there is

little or no experience rvith controlled in situ experiments, incorporating both posterior and

anterior instruments, in a well-characterized rock mass with known boundary conditions.

The difficulties associated rvith the interpretation of displacement measurements have

relegated their use to only a handful of rudimentary cases where elasticity theory can be ap-

plied. The work undertaken in this thesis attempts to extend the use of such measurements

to cases involving the development of an excavation damage zone in a non-hydrostatic stress

fleld. Simply stated, the working hypothesis for this thesis is that, in unjointed, highly

stressed, brittle rock that has sustained significant damage through excavation-induced

stress redistribution, displacements measured near the face of a cylindrical tunnel can be

used to interpret both the far-field i,n situ stress tensor, and the extent and characteristics

of the excavation-induced damage zone around the tunnel as long as the rock mass, prior

to excavation, can be considered a homogeneous, isotropic continuum.

L"2 Scope of, Wonlc

AtrCL's Underground Research Laboratory (URL), Iocated approximately 120 km north-

east of Winnipeg, Manitoba in the Lac du Bonnet granite batholith (Figure 1.2), provided

the field study location for this thesis. The URL constitutes a well-characterized in situ en-

vironment in a previously undisturbed volume of rock for experiments that address issues of
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importance in assessing the Canadian disposal concept, and/or that demonstrate elements

of the proposed disposal technology. In particular. the Mine-by Experiment [155] at the

.120 Level of the URL, designed to investigate the excavation-induced rock mass response

around underground openings, incorporated both anterior-type instruments (multi-anchor

extensometers, triaxiai strain cells, and an acoustic emission/microseismic system), and

posterior-type instruments (convergence array's and miniaturized multi-anchor extensome-

ters) to measure the excavation-induced rock mass response, and consequently presents a

unique opportunity to assess the factors that influence the measurement of displacements.

The author's involvement in the Mine-by Experiment as Principal Investigator included

design, project management, numericai modeling and analysis. The rvork described in

this thesis is an extension of that involvement to subjects that would not otherrvise be

Figure 1.2: Location and arrangement of AECL's Underground Research Laboratory shorv-

ing the main working ievels.

,. ^a/m ^ ¡affi'(,æ wVV @,/2-->_

130 Level

240 Level

300 Level



CHAPTER 1. INTRODUCTION

considered in depth in the course of analyzing the experimental data. Results from AECL's

Mine-by Experiment are used to identify and quantify the factors influencing the measured

displacement field; to compare anterior- and posterior-type displacement measurements;

and in combination with numerical modeling, to test the working hypothesis for this thesis.

As part of the Mine-by Experiment, the philosophy adopted for numerical modeling rvas

that a staged approach, ranging from the use of closed-form solutions to three-dimensional

damage mechanics models, was necessary to assess the level of complexity required to accu-

rately simulate the in siúz rock mass behaviour. It was demonstrated that relatively simple

models incorporating linear elasticity were illustrative of many aspects of the observed be-

haviour [154, 125]. The numerical modeling undertaken in this thesis uses both two- and

three-dimensional numerical codes, and focuses on elastic material behaviour.

The thesis is arranged in seven chapters. Chapter 1 introduces ihe topic of displace-

ment interpretation and estab[shes the working hypothesis and framework for the thesis.

Chapter 2 is a review of literature concerning the relationship between excavation-induced

displacements around tunnels, far-field in situ stresses and the nature of the damage zone,

focusing particularly on cylindrical tunnels in brittle rock. Chapter 3 provides background

of the field study area, and summarizes the pre-excavation characterization results upon

which initial predictions of the in situ stress tensor and the excavation-induced displace-

ment response were made. Chapter 4 describes the deveiopment of a technique to back

analyze i,n situ stresses from radial displacements measured within one diameter of the face

of a cylindrical tunnel, and summarizes a series of numerical modeJing studies conducted

to investigate the effects of face shape and stepped longitudinal geometry on the measured

radial displacement response. An interpretative methodology is developed and applied to

displacement measurements from the field study in Chapter 5. In this chapter, results

from anterior- and posterior-type displacement monitoring instruments are compared, and

the in sifu stress tensor is êstimated through incremental analysis of radial displacement

measurements from both instrument types. Chapter 6 explores the relationship between
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displacement, stress and excavation damage, and presents results of post-excavation charac-

terization of the Mine-by Bxperiment test tunnel emphasizing the shape and extent of the

visible damage zone around the tunnel. Incorporating the visible damage into a numerical

model, different material behaviour in the posterior domain is investigated to account for

the difference between the predicted ljnear elastic dispiacement response and that measured.

Finally, Chapter 7 summarizes the interpretation of excavation-induced displacement mea-

surements in terms of the back analysis of in sz'lu stresses and characterization of excavation

damage in highly stressed brittle rock masses, rvith speciflc reference to results from the

field study.

Several appendices are included to accommodate data and flgures from numerical mod-

eling, mathematical derivations, and results from fleld monitoring. Only flgures and tables

required to illustrate pertinent concepts or to support conciusions are included in the body

of the thesis. Additional tabular data for some f.gures are not included but are available

from the author.
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Ijnder low to moderate stress conditions, brittle crystalline rocks such as granite are gen-

erally assumed to behave like the ideal linear elastic material in their intact, unweathered

states. However, under highly stressed conditions in which damage can develop around

an underground opening, the interpretation of displacement measutements in terms of in

silz stresses and material behaviour in the damage zone can be complex. With particular

emphasis on cylindrical tunnels in highly stressed brittle rock masses, the literature was

revierved for studies that considered the relationship betrveen excavation-induced displace-

rnents around tunnels, far-field in situ stresses and nature of the damage zone.

Z.L ÐisplacemeïÌts around an Ïdealized Cylíndrical Tunnel

2.!.L Elastic cases without excavation damage

Olly a few closed-form solutions exist for displacements and stresses around underground

opelings in linear elastic, isotropic media. Kirsch [99] first published the soiution for stresses

around a circular hole in an infinite plate subjected to a uniaxial stress. Mindün [131] pre-

sented. an elegant treatment of stresses around a horizontal cylindrical hole in a semi-infinite

elastic solid under the action of gravity. Terzaghi and Richart Ii81] considered stresses

around openings of different shape including spheroidal cavities, and summarized the ma-

jor contributions on stress redistribution around discontinuities in stressed elastic media.
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Of the more recent rock mechanics publications, Goodman [59] provides the equations for

stresses and displacements around a circular opening in a useful form, whereas those pre-

sented in the first edition of Brady and Brown [B] are incorrect. Based on the generai

solutions, Leeman [117], Hiramatsu and Oka [74] and others developed techniques to back

calculate far-fleld in situ stresses from tunnel (or borehole) wall displacements induced by

stress relief methods. When applied to single tunnels, these techniques provide an estimate

of the stress components in the plane orthogonal to the tunnel aús. Tire maximum and

minimum stresses in this plane correspond to principal stresses only if the tunnel axis is

parallel to a principal stress direction.

The analytical solutions for the circular tunnel reiating excavation-induced displace-

ments and far-fleld in situ stresses implicitly assume plane strain conditions at the mea-

surement point both before and after stress relief. In practice, displacement measurements

taken from within tunnels violate this assumption. Heuzé [72] wrote:

The fact is that all deformations measured inside rock masses are residual in

nature. No matter how close to the openings or how soon the instrument or

station was emplaced, some deformation has alreadg talcen place that could not

be measured. If absolute deformations as well as absolute stresses are needed

to compare model predictions to prototype reactions, one will haue to infer the

absolute deformati,ons from the residual ones measured'

Field studies designed to measure the total excavation-induced displacement response [40,

1L9,42,100, 78], including that portion occurring ahead ofthe advancing face, have gener-

ally been inconciusive owing to inhomogeneity of the rock mass.

To further complicate the interpretation of measured displacements, deviations from

lilear elasticity can result in stress and displacement patterns significantly different from

those predicted by isotropic elasticity. Kawamoto [94], for example, considered the state

of stress and deformation around a tunnel in orthotropic elastic ground. He found that
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orthotropy resulting from stratification, structute, mineral differences, or discontinuities,

had a marked effect on displacement patterns, illustrating that characterization of the rock

mass is an important precursor to interpretation of displacement measutements. The effect

of non-linearity was considered by Santarelli et al. [169] and Santarelli and Brown [168], who

explained anomalously high strength around boreiroles in hydrostatically loaded sandstone

samples using a radial-stress-dependent elastic modulus. Ewy and Cook [48, 49] shorved that

an analytical solution with the elastic modulus dependent on radial distance gave a better

representation of observed non-linear behaviour. Several other authors [37, 162, 31] have

developed equations describing non-ljnear stress-strain relationships which can be extended

to cover the case of a pressure- or mean stress-dependent modulus. In each of these cases?

the effect of non-Iinearity is to reduce the elastic modulus near the opening, resulting in a

decrease in stress concentrations, and an increase in radial displacement, at the tunnel (or

borehole) wall.

Recognizing the limitations of analytical solutions for infinitely long circular tunnels, and

the fact that a closed-form solution for stresses and dispÌacements near the face of a cylin-

drical tunnei does not exist, attention focused on relating residual or posterior dispiacement

and strain measurements to in situ stresses through physical and numerical model studies.

Galle and Wilhoit [56] used a photoelastic technique to measule stresses around a borehole,

and showed that, through superposition of results from various loading configurations, any

combination of geostatic stresses could be considered. Hoskins [79] conducted full-scale

laboratory tests using doorstopper stress measurements. Stress concentration factors at

various points on the tunnel face rvere also investigated using numerical models [fO, Z6]' In

an attempt to improve the doorstopper technique, Hoskins [80] and later van Heerden [1-85]

conducted tests with flat and hemisphericai-ly-ended boreholes to determine if a non-planar

face rvas effective in reducìng stress concentrations and potential fracture zones near mea-

surenent gallges. Sugawara and Obara [175] and Kobayashi et al. [101] also considered the

þ"emispherically-ended borehole. The borehole deepening method of stress measutement,
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studied by de la Cruz and Goodman [30], used the finite element method to relate the

residual deformation close to the bottom of the borehole to the initial stresses and elastic

constants. These techniques have proven satisfactory in conditions where the rock mass

around the tunnel or borehole can be considered an isotropic, linear elastic continuum,

but are susceptibie to misinterpretation if stresses are high enough to cause non-elastic

behaviour near the measurement gauges.

Other numerical modeling studies were conducted to determine the effects of various

factors on the excavation-induced displacement response. Kulhawy [103, 104, 105] used a

two-dimensional finite element model to iook at the effects of E, u, gravity, initial stress

magnitude and orientation, opening shape, and non-linear stress-dependent material prop-

erties in continuous and discontinuous media. His studies highlighted the fact that, even

under ideal conditions, the displacement response can be complicated by tunnel geometry

and material properties. Niwa et al. [135] used the integral equation method to examine the

effects of individual unit stress components on the displacement field around a cylindrical

tunnel. However, the use of quarter symmetry in the three-dimensional model misrepre-

sented the effects of antipiane components of the stress tensor. The study did, however,

demonstrate that the reiationship between far-field 'in situ stresses and displacements can

be complex near the tunnel face.

2.L.2 Cases involving plastic zone development

In conjunction with the observational approach, e.g., Rabcewicz It53], prediction of tunnel

convergence is an integral part of the characteristic line method described originally by

Fenner [52], and later improved by such workers as Morrison and Coates [132]. Although

the focus of this thesis is not tunnel supports per se, the many efforts to predict conver-

gence for support design are relevant because they consider the effects of different material

behaviour near the tunnel rvalL on the rad.ial displacement response. A detailed review of

the characteristic line method is given in Hoek and Brown 178]'

i1



CHAPTER 2. LITERATURE REVIEW

As described by Brown et al. [12], the stresses and displacements in the rock surrounding

a tunnel and in the tunnel support system depend on the rock mass properties, the in situ

stresses, the type and stiffness of the support system, and the timing of its installation. The

interaction of these various elements can be represented on a ground-support interaction

diagram (Figure 2.1) by a characteristic line and a support reaction line. The characteris-

tic line represents the relationship between tunnel convergence and support pressure. The

choice of rock inass failure criteria, stress-strain model, and treatment of plastic volumetric

strains markedly affects the extent and dilational characteristics of the plastic zone, and,

consequently, the characteristic line and maximum radial displacement. According to Dud-

deck [36], prediction of the characteristic line analytically is restricted to one-dimension, i.e.,

the axisymmetric case (Figure 2.1). This limitation impJìes a circular cross section; plane

strain; hydrostatic in situ stresses; a homogeneous, isotropic continuum; uniform radial

support pressure; and a uniformly thick plastic zorre. Derivation of the equations describing

the characteristic line for a typical axisymmetric case, assuming an elastic-perfectly plas-

tic material governed by the Hoek-Brorvn failure criterion, is demonstrated in Hoek and

Brown [78]. Brorvn et al. [12] summarized other solutions up to 1983 (Appendix A).

Most solutions to the axisymmetric tunnel problem have used the Mohr-Coulomb fail-

ure criterion. Horvever, uses of Fairhurst's non-Iinear criterion based on Grifith crack

theory [tOZ], Mohr-Coulomb based on long-term strength parameters [t0Z], piece-wise ljn-

ear approximations to non-ljnear Mohr envelopes [98, 102], and the Hoek-Brown failure

criterion [12] have also been documented. More recently, Panet and Guenot 11471used a

von Mises and a Drucker criterion for different materials. Likewise, the use of eiastic-piastic

or elastic-brittle-plastic stress-strain relationships rvas prevalent in most studies, although

strain-softening behaviour of the rock mâss) represented by a trilinear stress-strain law, has

also been considered [39, 40, 734, I44].

Plastic volumetric strains have been represented in a number of ways. Most of the
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earlier solutions assumed that the rock in the plastic zone would deform at a constant vol-

ume [52,93,I32,9]. The concept of an averageplastic dilation in the rock mass,introduced

by Labasse [t06], was used by severai other authors [28, I, 721, 722), bú Ladanyi [107]

showed that piastic dilation varies ivith radius and location within the plastic zone. Pa-

rameters deflning the post-peak volumetric strain have been determined directly for intact

rock materiaIl25,38, 108], but other authors have used the associated florv rule to estimate

them [167, 707, 54,78]. Schrvartz and Einstein [170] used a non-associated flow rule to

simulate zero total volume change in the yielded zone.

Characteristics of the plastic zone have also been treated differently by various authors.
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Figure 2.1: Typical ground-support interaction diagram showing the characteristic line for
an axisymmetric tunnel in an elastic-perfectly plastic medium governed by the Hoek-Brown
failure criterion. Reference points on the characteristic line are: (A) far-field hydrostatic
stress, (B) transition from elastic to piastic response) (C) equilibrium state, and (D) maxi-
mum convergence for the unsupported case. The axisymmetric tunnel problem is illustrated
in the upper right diagrarn.
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Lombardi [122] shorved that variations in cohesion and friction angle rvithin the plastic

zone could be represented by annular regions with different characteristic lines. Florence

and Schrver [54] demonstrated that three different plastic zones could develop around a

tunnel under axisymmetric load depending on the values of Poisson's ratio and the friction

angle. Other authors 167, 75, 84] have postulated solutions based on different values of

the elastic constants in the elastic and plastic zones. Kaiser [83] concluded that tunnel

wall displacements rvere affected by the history-dependent post-peak behaviour of the rock

mass, and that the extent and shape of the plastic zone lvere rate-dependent and could vary

within a rvide range.

There have also been many recent publications concetning the visco-elastic axisymmetric

tunnel problem. Sulem et al. [176]. for example. developed an analytical solution assuming

a linear creep law, constant volume creep, a \4ohr-Coulomb failure criterion, and constant

volume plastic strain. Others 1172, I4I) have formulated the visco-elastic equations for

various rheological models from Lapiace transformation of the elastic plane strain solution

for displacements around a circular tunnel.

While the large number of solutions to the axisymmetric tunnel problem is impressive,

tire basic assumption of a hydrostatic stress field limits the usefulness of these solutions for

most in silu conditions. In addition. because in situ material behaviour may differ from that

observed in laboratory samples, the determination of failure criteria and post-peak material

behaviour is not straightforward. In most cases, it is possible to use several different models

to match an observed displacement response. Horvevet, unless the model reflects the actuai

physics of the observed behaviour around the tunnel, it is of limited use in characterizing

the behaviour in the plastic zone. In emphasizing this point, Gesta et al. [57] stated that in

siúu measurements could only be satisfactorily interpreted rvithin the framework of a cortect

mechanical model.
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To overcome the limitation of hydrostatic stress conditions in the axisymmetric tun-

nel problem, Detournay and Fairhurst [32] considered non-hydrostatic loading using a lin-

ear elastic, perfectly plastic isotropic material characterized by a cohesive-frictional yield

strength and by dilatant behaviour during yield. The yield function and non-associated

plastic potential were represented by Mohr-Coulomb criteria, and excavation was simulated

by monotonically decreasing the internal pressure in the tunnel. The authors found that

the obliquity m, defined as the ratio of the far-fleld stress deviator to the yield limit, was

important in defining deviation from hydrostatic conditions, and in particular, controlled

the shape of the failed zone, the ellipticity of the cavity caused by non-uniform closure,

and static determinacy. Based on this work, Detournay and St. John [33] developed de-

sign charts to predict the size and shape of the failed rock regions and induced closure

for cases of non-uniform in s¿'úu stress fields. In related wotk, Pan and Chen [143] con-

sidered displacement behaviour and plastic-zone development around tunnels of differeni

cross-section under plane strain conditions, and deveioped families of characteristic lines for

various non-hydrostatic in sifz stress conditions.

Although solutions to the axisymmetric tunnel problem predict radial dispiacement at

the tunnel wall under different internal radial pressures, Lombardi 11.22] and Eisenstein et

al. [41] pointed out that the two-dimensional nature of the solutions precludes consideration

of the complex stress redistribution associated with the advancing face of the tunnel. To

overcome this limitation, several extensions to the plane strain solution were proposed. Pan

and Hudson [140] applied a correction function to results from the plane strain analysis

to approximate the three-dimensional case. Gesta et af. [57] cited examples that used a

fictitious radial support pressure to account for the support provided by the face. Using this

approach, Panet and Guellec [1a6] found that results from locations further than one-half

the tunnel radius from the face compared favourably with those from a three-dimensional

analysis. Schwartz and Einstein [170] demonstrated the "core modulus reduction" scheme

to account for the face effects in a similar manner. Amberg and Lombardi [1] used body
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forces directed outwards into the rock mass. The use of a fictitious radiai support pressure,

or other "internal" boundary condition, horvever, improperly represents in situ conditions

because, although the deviatoric stresses near the tunnel lvall are pteserved, the confining

stresses at which they act are not. Consequently, tire ability to predict material instability

at the tunnel wal-l with any of the accepted failure criteria is adversely affected.

Perhaps the most significant advancement to the characteristic line method was made by

Panet and Guenot ll47l, who developed ecluations relating rvall convergence to the position

of the advancing tunnel face. Based on flnite element model studies for different materials

and earlier work by Panet [145], the tunnel convergence function was given by

16

c,tx)-c*[' (*k)'] (2. 1)

rvÌrere Ct (r) is the convergence at distance ¿ from the tunnel face, C"o is the convergence

far from the face, and r, is the plastic radius.

Ðquation 2.1 agreed well with the modeling results in the region further than one-half

radius from the tunnel face. For non-viscous ground. the authors showed that measutement

of convergence or convergence rate at two points rvas suff.cient to determine the plastic

radius and the fi.nal convergence. In ground rvith time-dependent properties. the authors

suggested that the equation for convergence is a function of both distance from the face and

time. IJsing the Fréjus and Las-Planas tunnels as case studies, Guenot et al. [61] further

modified the equation describing convergence to

(2.2)

rvlrere Ct@) is given by Equation 2.I, and ? is the relaxation time of the rlieological model.

The curve-flt parameters rn and rL were found to be independent of the tunnel üning stiffness.

Application of the method was described in more detail in Sulem et al. [177].

The analytical solution presented in Equation 2.2 is appealing in that the relationship

between displacement and support pressure is implicii in the piastic radius parameter in

c (r,t): ct(x) 
{r * - [t - (, *)"] ]
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the denominator, the relationship is independent of materiai type, and the equation param-

eters have physical meaning and therefore can be verified in situ. However, the underlying

assumptions in applying the equation, i.e., that the tunnel is of circular cross-section (not

true of the Fréjus or Las Planas tunnels) and that the initial stresses in the ground are

hydrostatic, limit the applicabilìty of the approach. In addition, the relatively poor fit be-

tween measured and predicted data within one-half radius of the face brings into question

the choice of function used to represent the time-independent displacement response.

Barlow [a] and Barlow and Kaiser [5] extended the solution to account for the effects of

support/ground interaction, and for tunnel excavation sequence (e.g., heading and bench)

by describing the anterior and posterior domains with different displacement functions. The

tunnel convergence in the anterior domain was given as

17

(2.3 )

where Q1 is the proportion of the totalstress change associated with excavation that occurs

ahead of the face, r¡ is the value of ø at the tunnel face, r, is the plastic radius, Croo is

the ultimate time-independent tunnel convergence, ,4. is the ultimate time-dependent con-

vergence) and Cz (l) is the time-dependent convergence distribution given by Equation 2.2.

For the posterior domain, the convergence function was given as

C (r,t) = lQt -f QzCt (")l[C""" + ACz(t)] (2.4)

where Ç2 is the proportion of the total stress change associated with excavation that occurs

after the face, and Cr(r) is given by Equation2.7. This work suggests that construction

methods/sequences and tunnel support could influence the measured convergence, particu-

larly if the ground response has a large time-dependent component. It also shows that the

convergence response is best described by a piece-wise continuous function.

Extensive numerical model studies have been conducted to consider factors related to

rheological behaviour, and their impact on the excavation-induced displacement response.
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Many authors [58, 164, 742)havefound that the advance rate of the tunnel and the timing

of the lining installation are important factors in squeezing or swelling ground where time-

dependent behaviour is a concern. Panet [145] developed an empirical relationship for time-

dependent tunnel convergence to account for these and other effects. Based on published

data, Kaiser and Morgenstern [87] developed a phenomenological three component model

to explain their observation that the strength of rock consists of a time-dependent and time-

independent resistance to deformation. Field studies where rheological models have been

applied have generally involved weak or fractured rock, e.g., [121, 138,61, 189], and have

been largely phenomenological in nature. Lombardi [121] stressed that the actual cause

of the rheologic behaviour in the rock mass, e.g., true viscous behaviour or progressive

failure, was of subordinate importance in support design. However, in characterizing the

excavation-induced damage zone, the cause of the observed behaviour is the important issue,

and therefore phenomenological models are of limited use in this regard.

Findings from other three-dimensional parametric studies of stresses and displacements

around underground openings are also applicable to displacement interpretation in hard

brittle rock. Hanafy and Emery [64, 65] evaluated the effects of stress ratios on tunnel wall

convergence in squeezing ground using a rheological axisymmetric finite element model with

non-axisymmetric loading represented by Fourier series. Resuits of the study showed that

radial displacement increased with increasing longitudinal stress ratio (i.e., ratio of axial

to vertical stress), decreased in the cïown and increased at the springline with increasing

transverse stress ratio (i.e., ratio of lateral to vertical stress), decreased with increasing

advancement rate, and increased with increasing time deiays.

Pelli [i 8] and Pelli et al. [149] used a three-dimensional finite element model, with non-

associated flow plasticity and incremental excavation, to investigate the effects of the virgin

stress f.e1d (for stress ratios I( < 2), zero reading delay, rock mass anisotropy, non-linear

ground behaviour, and tunnel support on convergence and extensometer readings. They

found that zero reading delay signifrcantly impacted the amount of displacement missed

18
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by posterior-type instruments, and that high values of the axial stress component, i.e.,

the normal antiplane component of the stress tensor, affected the dispiacement patterns

significantly. They further showed that plots of radial dispiacement versus radial distance

and versus excavation advance could be used to estimate the elastic modulus near the tunnel,

and identify zones of non-linearity. Appìication of the fi.ndings to the Donkin-Morien tunnel

in Nova Scotia [150] illustrated the problems introduced in displacement interpretation by a

poorly-defined stress state, heterogeneity of the rock mass and inadequate instrumentation.

2.L.3 Cases involving brittle failure

Numerous laboratory studies have been conducted to simulate the behaviour observed

around tunnels, and have generally used materials with pre-drilled holes to represent typical

underground openings [125]. Kaiser and Morgenstern [88,89,90] performed a particularly

illustrative study of displacements using continuously datalogged extensometers and con-

veïgence arrays to examine the deformation of small tunnels in weak or jointed, brittle rock

represented by a large block of coai. They found that local geological features affected the

final pattern of convergence, and that global or local softening near the opening, rather

than strain weakening behaviour, could account for displacements in excess of linear elastic

predictions. Results from this study also showed that, for orthotropic compressible mate-

rial ljke coal, convergence measurements reflect the global response of the rock mass and

the general stress redistribution caused by the development of local yield or fracture zones,

whereas extensometer measurements provide a much more detailed locai record of deforma-

tion. Similar conclusions \Mere reported for a tunnel in fractured dolerite [195]. Kaiser et

ai. 186] concluded that analytical solutions cannot be used to predict behaviour if rupture

occllrs.

lvlany numerical modeling studies of damage zone development have been conducted,

but have generaily not been related to displacement interpretation. Barla 13] used an

iterative two-dimensional flnite element approach to analyze stresses in brittle rock. Kelsall
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et al. [97] developed an ecluivalent porous medium based on stress-hydraulic conductivity

relationships obtained in the laboratory to study damage development. Zheng et al. [196]

used an iterative elastic trvo-dimensional finite element model to demonstrate that, by

simulating progressive failure through element removal, the frnal stable shape of a borehole

breakout could be determined. Borehole breakouts and their formation were also considered

by other authors, e.g., [63, 197, 139]. Most of these studies, while claiming the ability to

predict the final breakout geometry, do not attempt to match observed processes involved in

the deveiopment of progressive failure. Kaiser [83] emphasized that deformation processes

in model predictions must be compared with in sifz processes to validate numerical models.

Recent rvork by Read [15a] and Martin [125] suggests that, in order to properly capture the

development of progressive failure, the three-dimensional effects caused by the advancing

face of the tunnel must be taken into consideration.

2.2 Field Studies of Ðxcavation-Induced Ðisplacements

2.2.L Deep hard rock mining experience in South Africa

The control of displacements to limit instability was a prevalent theme in many of the

early publications regarding South African mining practices, and the problems faced in

brittle quartzite at great depth. In considering rockbursts, Cook [20] and others 122,1651

conciuded that behaviour around underground excavations in llard rock is largely elastic,

except near the opening where the rock is generally fractured. Using an elastic analysis

technique based on Muskhelishvili [133], Ortlepp and Cook [137] predicted displacements

around longwall excavations by measuring -Ð and v from small laboratory samples, and

by assuming a lithostatic vertical stress component and horizontai to vertical stress ratio

between ! and |. Hoek and Brown [78] pointed out that this was a common assumption in

the 1950's and early 1960's. In situ monitoring',vas carried out using stainless steel links,

and crude wire extensometers, and it was concluded tirat two-dimensional eiastic models

were adecluate to predict displacements around deep hard rock excavations, albeit, at some
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distance from the tunnel ivall. Ryder and Officer [163], using an extension of the theory for

an inclined excavation [166], reached the same conclusion.

Even in hard brittle rock, displacements were found to be fairly complex in nature.

Field rvork by Walsh [188, 187] showed that deformation around deep hard rock excava-

tions occurs in trvo parts, the first immediateiy after blasting, and the second gradually

within a day. It was also noted that convergence near the working face was generally larger

than predicted due to cracking where shear stresses were suffciently high to cause slip.

Atkins and I{een [2] described displacements about excavations in a typical South African

gold mine as a complicated interaction of elastic deformation, süding on parting and shear

planes, extensional movement due to bed separation, and displacement due to dilation asso-

ciated rvith extensive fracturing ahead of the advancing face. They measured displacements

normal to the direction of mining ahead of the advancing face by installing extensometers

from an adjacent opening, and found that much of the deformation occurred coseismically.

They further noted that discontinuities could effect excessive "lide" displacement, and that

in situ and laboratory-derived material properties for fractured rock masses could differ

signiflcantly.

Pierce and Ryder [151] described a tr,vo-dimensional plane strain boundary element tech-

niclue capabie of incorporating inelastic behaviour to account for the skin of fractured ma-

terial surrounding deep-level excavations. They modeled a case history of fracture devel-

opment around a square opening, and showed that the resulting fracture zone significantly

exceeded that predicted by simple linear elastic theory, in keeping with fleld observations.

The South African hard rock mining experience is significant with regards to this thesis

in several ways. First, in highly stressed brittle rock, the rock mass was shorvn to behave

essentially in a linear eiastic fashion, with the exception of zones close to the excavation

which were fractured as a result of stress concentration. Second, the experience rvith in-

strumentation and analytical tools has shown that, with a prudent choice of instruments,

installation locations and numerical modeling techniques, the understanding of material
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behaviour can be improved. Third. problems in determining the in situ stress tensor and

representative material properties increase the uncertainty in the interpretation of near-lield

behaviour. Stress conditions, particuiarly at depth in hard rock, are generally not hydro-

static [11, 68,69,71], and can vary significantly from the assumed condition of a horizontal

to vertical stress ratio between j and |. Finally, in an environment ivith a ljthostatic

stress of 70 MPa, the tabuiar shape of openings in South African mines can create stress

concentrations in conflned a eas near the face in the order of 900 MPa [20]. These stress

magnitudes are well beyond the realm of those in rock considered highly stressed in this

thesis, and, consequently, the South African experience must be considered in this light.

2.2.2 Climax Spent F\-rel test

Hetzé et al. [73] described an excavation response experiment conducted at 420-m depth in

the Cl-imax granite pluton in Nevada. The experiment comprised two parallel drifts from

which two arrays of extensometers and vibrating rvire stressmeters were installed. A central

horse-shoe-shaped drift was excavated betrveen, and parallel to, the instrumentation drifts in

heading-and-bench fashion using a drill-and-blast method. The rock mass comprised cluartz

monzonite and granodiorite, with a number of shear zones intersecting the tunnels, and three

near orthogonal joint sets. Results from flnite element modeling of the excavation sequence,

using a laboratory-determined elastic modulus and ignoring the discontinuities, showed

poor agreement with the measured response. Consequentiy, a detailed site characterization

program rvas undertaken to establish better estimates of material properties and in situ

stresses. Assuming that the rock mass was initially unstressed, calculation of Poisson's

ratio rvas based on the relative magnitudes of the vertical and horizontal stresses. Results

from a second finite element simulation, using a lvlohr-Coulomb failure criterion based on

published data for the strength of granite, and incorporating joint elements to represent

discontinuities, showed better agreement rvith measured results.

The Cfimax experimeni has m.any similarities io AtrCL's Mine-by Ðxperiment. Both
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experiments are in granitic plutons at 420-m depth, similar instrumentation was used, and

the experiment arrangements are similar. The main diference betrveen the experiments is

the complexity of the rock mass and the resulting difficulties in characterization, monitoring,

and back analysis. The Climax test demonstrated that discontinuities and a relatively

poorly characterized rock mass complicate the back anaiysis of material behaviour. It also

showed that it is difficult to characterize a fractured rock mass, and that numerical models

must include key elements, e.g., discontinuities, blast damage, or strain-softening, that

govern the rock mass behaviour. However, the level of complexity in the numerical model

in this case outweighed the level of understanding of the rock mass characteristics.

2.2.3 Colorado School of N¡Iines test

The Colorado School of Mines (CSM) test was conducted approximately 100 m below

surface in fractured granitic gneiss near Idaho Springs, Colorado, to study the development,

and means of characterizing, excavation-induced damage. As part of the instrumentation,

posterior extensometers were installed to monitor displacements as the tunnel was advanced

using a carefully-designed drill-and-blast technique. Following excavation, characterization

of the damage zone, created by a combination of stress redistribution and blasting effects,

was conducted using a variety of techniques. The excavation damage zone was found to

extend between 0.5 and 1.0 m into the rock mass. An important finding from this study was

that the posterior extensometers provided very little information because the majority of

the rock mass response occrlrred ahead of the face, prior to instailation of the instruments.

2.2.4 Geomechanics studies at the URL

During the construction phase of the URL, a series of multi-anchor extensometers and con-

vergence arrays were installed to monitor the excavation-induced displacement response

in the URL shaft, and at the 240 and 420-m Levels. In each of these studies, displace-

ments measured by the extensometers and convergence arrays were posterior in nature, and
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therefore subject to the same problem as other posterior-type measurements. A detailed

summary of the studies is given in Read and N,fartin [157].

Instrument arrays were instalLed during excavation of the rectangular (upper) shaft

at 15-,62-,185-, and 218-m depth in fractured granite containing three near-orthogonal

joint sets [116]. The results of this initial study showed that the mechanical response of

the rock near the shaft wall was quite variable and was controlled to a large extent by

subvertical joints [171]. Numericai models based on [near elastic continuum behaviour did

not predict the mechanical response very rvell near the excavation boundary, but showed

better agreement 1.5 m and further from the shaft wall. A discontinuum approach was more

successful in mode[ng the fractured rock mass response [171], although the rectangular

geometry of the shaft complicated the analysis. Chan et al. [15] showed that, in order to

match the measured response in the 15-m Array, an elastic modulus increasing linearly from

about l0 to 40 GPa over 1.5 m near the opening was required.

An excavation response experiment was conducted in Room 209 at the 240 Level in

1986 [115]. This experiment rvas designed around a 3.5-m-wide horseshoe-shaped tun-

nel excavated through a near-vertical water-bearing fracture oriented almost perpendicular

to the tunnei axis. Three different groups performed numerical model predictions of the

excavation-induced response. I{aiser et al. [85] found that predicted displacements and

stress changes agreed reasonably well with the measured response using an elastic modulus

of 50 GPa for the rock mass. However, better agreement was achieved in the back analysis

if the damage around the excavation was simulated by zones of different moduli. Chan et

al. [1a] showed that the modulus next to the opening could be as low as 10 GPa, but that

one diameter from the opening it was about 60 GPa, similar to that obtained on intact

laboratory samples.

Instrument arrays were installed a|324-, and 384-m depth in the circular (lower) shaft

in massive, unjointed granite [128, 130]. Displacement results generally showed that the

rock mass behaves as a jjnear elastic, isotropic continuum except for a small region near
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the shaft wall (Figure2.2). Convergence measurements were also carried out at twenty-six

instrumented arrays in the lower shaft during excavation [128] using an ISETH distome-

ter [183] . It rvas assumed, based on results from one anterior extensometer in the Room 209

experiment, that only 40% of the total displacement response was recorded by the posterior

colrvergence measurements. Back analysis of in si,tu stresses from measured dispiacements

gave consistently higher results than from other methods, suggesting that the various fac-

tors affecting near-field displacements around the shaft were not properly considered in the

initial interpretation and back analysis. In particular, the face shape deviated significantly

from the assumed planar condition.

The rock mass response was monitored during the excavation of the 420 Level station

and access tunnels using seven convergence arrays. Results from preìiminary analysis of

three of these arrays demonstrated that an analytical approach was not appropriate for a

non-circular tunnel with a damage zone in an anisotropic stress field. Given the lack of an
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Figure 2.2: Comparison of measured and predicted displacements at the 384 Array. Note

that the measured response exceeds the predicted response near the shaft rvall.
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alternative approach, no further analysis rvas attempted for these arrays.

2"3 Surnrnary

The review of the literature considered the relationship between excavation-induced dis-

placements, in s'itu stresses and the nature of the damage zone, and identified several defi-

cient areas that are addressed by this thesis.

In purely elastic conditions, techniques to back analyze in situ stresses from displacement

measurements rely on the plane strain solution for an infrnitely long circular tunnel. This

solution, however, requires an estimate of absolute displacements from the residual ones

measured, and produces an estimate of only the stresses acting in the plane orthogonal to

the tunnel axis. The determination of absolute displacements is complicated by zero reading

delay in posterior instruments, and the effect of the axial stress component on the radial

displacement response. In conditions where rupture occnrs, closed form soiutions cannot

be used to back calculate in situ stresses. fufethods that use measured strains to calculate

stresses through relationships based on linear elasticity are also susceptible to problems

associated witir anisotropy, non-linearity and non-elastic behaviour near the measurement

gauges. Tiris thesis describes the development and implementation of a techniclue to back

analyze the complete in situ stress tensor from a single arbitrarily-oriented cylindrical tunnel

using the radial dispiacement response measured within one diameter of the tunnel face.

The technique is particuiarly useful in ground showing excavation damage in the posterior

domain.

By far the most work rvith regards to material behaviour around underground openings

has focused on the axisymmetric tunnel problem, primarily for the purpose of tunnel support

design. However, the underlying assumption of a hydrostatic stress f.eld, and the two-

dimensional nature of the problem, preclude the application of the anaiytical solutions

under most in szúu conditions. The work by Detournay and Fairhurst [32] in the case

of non-hydrostatic loading, and Panet and Guenot ll47l in accounting for the effect of
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tire tunnel face, represent important advances in the applicability of such solutions to real

situations. Nevertheless, both of these solutions are subject to one or more of the limitations

of the axisymmetric tunnel problem. A functionai relationship between face position and the

radial displacement response for the case of non-hydrostatic stress conditions has not been

reported in the literature, and, with the exception of hemispherically-shaped tunnel faces,

the effect of a non-planar tunnel face on the displacement response has not been considered.

This thesis presents general approximating functions to describe the relationship between

radial displacement and tunnel face position (i.e., the spliced logistic function), and between

radial displacement and radial distance from the tunnel centre. These reiationships are, in

turn, used to develop parametric functions describing the characteristic radi,al displacement

surfaces associated with components of a partitioned unit stress tensor.

Numerical modelìng studies related to excavation-induced dispiacements have been, for

the most part, phenomenological in nature, and incorporate a large number of parameters.

Simple ünear elastic models have been more successfui in illustrating important aspects

related to the development of excavation damage. In addition, previous parametric studies

have considered the effects of material properties, constitutive behaviour, tunnel geometry

and stress ratios up to I( = 2 for tunnels oriented parailel to a principal stress direction,

i.e., no antiplane shear stresses [53]. The effect of antiplane shear stresses on displacements

around underground openings has not been widely considered. This thesis uses relatively

simple two- and three-dimensional numerical models to assess the relationship between

components of a partitioned unit stress tensot, including the antipiane stress components,

and the displacement response around a cylindrical tunnel. The material behaviour around

a tunnel in highly stressed rock is also investigated, and the effects of face shape and

longitudinal geometry are considered up to stress ratios of I{ : 4.

The laboratory studies by Kaiser and Morgenstern lB8, 89, 90] suggest that displacement
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measurements can be used to determine the nature of excavation damage, and that conver-

gence arrays and extensometers compliment one another in this regard. Ho',vever, an under-

standing of the characteristics and boundary conditions of the rock mass is an essential pre-

cursor to the interpretation of material behaviour. fuIany case studies of excavation-induced

displacements around tunnels have considered rveak or fractured rock, where displacements

are large, and the faiiure zone around the tunnel is extensive. In these conditions, char-

acteristics of the rock mass and boundary conditions are often poorly understood. Other

ûeld studies in highly stressed brittle rock have shorvn that the rock mass behaves essen-

tially elastically, except for zones near the opening ivhich show non-linear or non-elastic

behaviour. In addition, in situ monitoring around tunnels often suffers from inadequate

instrumentation and, with the exception of a feiv studies conducted rvith extensometers

installed ahead of the advancing face, most studies have used posterior-type measurements.

This thesis considers a well-characterized, homogeneous, unjointed granitic rock mass, with

well-defined material properties, in rvhich displacements are small, and large-scale failure

around the tunnel is ljmited to localized areas of high stress concentrations. The fleld study

incorporates state-of-the-art anterior- and posterior-type instruments around a cylindrical

tunnel excavated using a non-explosive technique. thus permitting direct comparison of the

resuits from the two instrument types rvithout tlie added complication of blast-induced

damage.
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The Mine-by Experiment arrangement was based, in part, on in situ characterization of

the URL shaft and 420 Level station conducted prior to extensive development of the 420

Level. The geotechnical aspects of the field investigation and subsequent laboratory testing

include geology, in situ stress conditions and rock properties. As background for the fleld

study, the results from the initial characterization phase, and a synopsis of the experiment

arrangement including elements of construction, instrumentation and monitoring associated

with the Mine-by Ðxperiment, ate summarized.

3.1-,&ÐCL's Undergrou.nd Research lrabonatory

3.1.1 Excavation sequence

The undergrounri workings at the URL consist of a shaft, ventilation raise, small shaft

stations at 130- and 300-m depth, and major developments at the 240 and 420 Levels. The

URL sliaft rvas constructed in two stages. The upper shaft (Stage 1) ,,vas excavated from

the surface to a depih of 255 m between March 1983 and April 1985 as a nominal 2.8-

by 4.9-m-rectangular shaft by the traditional drill-and-blast benching method. Benches

were dril-led 1.5 m, giving an average 0.75 m advance for each biast. Timber sets spaced

2.5 m rvere installed to within 15 m of the face during sinking. Development of the 240
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Level, using several drill-and-biast variations. follorved completion of tire upper shaft. The

lower shaft (Stage 2) was excavated as a 4.6-m-diameter circular shaft betrveen July 1987

and November 1988 using a full-face drill-and-blast technique. Each blast round used a

specially-designed blast pattern with a central burn cut to minimize shaft wall damage.

The rounds ranged from 1.0 to 3.4 m in length. Following completion of the lower shaft,

the 420 Levei rvas developed for use in several Operating Phase experiments 1173], including

the Mine-by Experiment.

3.L.2 Geology

The IIRL is located in the Lac du Bonnet bathoLith, which is considered to be typical of

many granitic intrusions of the Precambrian Canadian Shield [29]. The batholith is an

elongated body about 75 by 25 km in surface area and about 10 km in depth, and has an

ENE-WSW trend. It lies in the Winnipeg River plutonic complex of the rvestern Superior

Province, and has been dated as Late Kenoran in age (2680 + 81 Ma).

The geology of the URL has been characterized from detailed logging of drill-core from

boreiroles, and geological mapping of surface and subsurface exposures. From these in-

vestigations, it has been concluded that, near the URL. the bathoijth is made up of five

main rock units: the pink (altered) or grey (unaltered) granite groundmass of the batholith,

xenoljthic inclusions of various compositions, leucocratic granitic segregations, and subver-

ticai granodiorite and pegmatite dykes. This classification scheme is based primarily on age

relationships between the various rock units [43].

During excavation of the URL shaft, two major thrust faults (Fracture Zones 3 and 2)

and their associated splays (Fracture Zones 2.5 and 1.9)wereintersected (Figure 3.1). These

faults dip to the southeast at betrveen 20 and 30o and typically contain low-dìpping fractures,

secondary alteration products such as clay, hematite and chlorite, zones of cataclasite, gouge

and rubble, and regions of moderate-to-high groundwater florvs.

Above Fracture Zone2.5, the rock mass comprises mainly piLk granite. In this region,
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trvo subverticai joint sets have been identifled: a prominent set striking about 020 to 040o ,

and aless prominent, intermittent sei striking about 150 to 180o. Below Fracture Zone2.5,

the rock mass is essentially unfractured, rvith the exception of Fracture Zone 2 and its

associated splays 1.9 and 1.5.

According to Everitt et al. [47], the rock mass at the 420 Level is composed of three major

[tho-structural domains: a gneissic grey granite, a leucocratic granite, and a xeno]ithic-

leucocratic granite. A major subvertical granodiorite dyke swarm, approximately 100 m

thick and striking NNW, crosscuts these domains and is present throughout the 420 Level.

From earlier work by Brown et al. [10] at the other levels at the URL, the granodiorite
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is poorer in alkalj feldspar and richer in plagioclase than the grey granite, although the

transition between the two units is diffuse (Figure 3.2). Thin pegmatite dykes crosscut

all other rock types, but are mostly confined to the larger granodiorite dykes at this level.

Detaiied petrographic analysis was not conducted on rock types from the 420 Level prior

to the Mine-by Experiment because of wide mineralogic variations within each unit.

A few minor closed fractures, associated with the granodiorite dyke swarm to the west

of the station, were identified in drill core from exploratory boreholes for the Mine-by

Alkalifeldspar Plagioclase

Figure 3.2: Ternary diagram showing the composition of granite and granodiorite for the
URL (after Brown et aI. [10]). Note that in this classification no distinction was made
between the granite and granodiorite, the latter being grouped with biotite-rich granite.
The inverted triangles represent xenolith compositions.
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Experiment. However, because these fractures were not detected in the tunnel wall following

room excavation, their areal extent is small. This appears to be the only fracture type in

the immediate vicinity of the 420 Level. In the absence of fracturing, the in situ hydraulic

conductivity of the rock mass is very low (10-13 m/s).

3.1.3 In situ stress

In 1982, AECL Research carried out the flrst in sifu stress measurements at the proposed

site for the URL. These hydrauJic fracturing measurements were taken between the 12- and

540-m depth in the general area of the proposed access shaft to the URL. During the nine

years following, seven different classes of i,n situ stress measurement methods were used: five

methods of overcore testing, the Bock borehole slotter method, under-excavation (i.e., large-

scale undercoring), hydraulic fracturing, source location of microseismic events, convergence

measurements and observations. Martin et al. [127] conciuded from these investigations that

large-scale techniques, such as convergence measurements, ate less sensitive to the effects of

processes üke microcracking, and that the use of a larger rock volume in the measurement

tends to reduce the inherent variability associated with small-scale measurement techniques.

An extensive in situ stress research program, started in 1985 after completion of the

rectangular shaft, was conducted to characterize the in sz'Íz stress state around the URL

access shaft and the main development levels. This work continued with the extension of the

shaft, completed in 1988. The existence of major thrust faults and subvertical joint sets in

the upper 275 m of the URL compljcated the interpretation of. in situ stress measulements

and observations. Martin [124] concluded that the stress conditions at the URL can best

be described as a series of stress domains separated by the major thrust faults, Fracture

Zones 2.5 and 2 (Figure 3.1).

Stress Domain I, above Fracture Zor.e 2.5, is a region of relatively lorv stresses due to

stress re[ef associated with the extensional .joint sets. The orientation of the maximum

horizontal stless in this region is 040o, parallel to the major extensional joint set. In

.1.'l
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comparison to stress measurements at other sites in the Canadian Shield [Zt], this direction

differs by about 90o from the average N\\¡-SE direction. Nfartin [124] suggested that,

because the mass of rock above Fracture Zone 2 has undergone reverse thrusting of about

7.3 m, the upper portion of the rock mass is analogous to a brittle beam in bending,

resulting in extensional cracking perpendicular to the direction of thrusting and stress relief

perpendicular to the extensional joints. As a result of tÌris process, the stress component

parallel to the extensional joints is now the maximum horizontal stress. In terms of stress

magnitude, Stress Domain I is considered "normal" for the Canadian Shield. The minimum

stress is vertical and very close to lithostatic; the maximum horizontal stress increases from

about 8 to 15 MPa rvith depth; and the horizontal stress ratio increases from about 1.6

to 2.4.

Stress Domain II, betrveen Fracture Zones 2.5 and 2,is a transitionai zone rvith moderate

stresses. The stress orientations within this domain are the same as in Domain I, primarily

because of the existence of the same subvertical joints. The stress magnitudes, however, are

quite different. The vertical stress shows a large perturbation near Fracture Zone 2 related

to local high contact stresses between the upper and lorver surfaces of the shear zone [124],

increasing from about 12 to 26 MPa with depth. The maximum horizontal stress shows a

similar jump in values, increasing ftom24 to 32 MPa with depth. The horizontal stress ratio

in this region shows a corresponding increase from 7.2to 2.0. Extensive stress measurements

were carried out at the 240 Level excavated in this stress domain.

Stress Domain III, belorv Fracture Zone 2, is a highly stressed region rvhere the rock

mass is unfractured with the exception of Fracture Zones 1.9 (a splay of Fracture Zone 2)

and 1.5, a reiatively narrow zone of shallow-dipping fractures. The maximum horizontal

stress direction in this region, estimated at azimuth 135o, is very similar to the average NW-

SE trend measured elsewhere in the Canadian Shield. However, because of the absence of

fracturing, the in silu stress magnitudes are higher than those measured at similar depths

in other parts of the Shield [71]. The verticaL stress is perturbed in the vicinity of Fracture
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Zone2, reaching 25 MPa, but approaches the caiculated lithostatic stress near 420 m depth.

TIte estimated maximum horizontal stress is between 50 and 60 MPa. Estimates of the

horizontal stress ratio range from 1.05 to 1.25.

The highly stressed condition of this domain posed a problem for stress measurements

at the 420 Level. A variety of techniques were tried during ievel development, with limited

success, Overcoring provided unreliable results because of exaggerated axial straining (in-

cipient discing). Hydraulic fracturing produced subhorizontal fractures in horizontal and

vertical boreholes, from which the vertical stress was estimated [35]. A large-scale under-

coring (under-excavation) test in the 420 to 240 Level vent raise using triaxial strain cells

provided estimates of both the magnitude and orientation of the maximum and interme-

diate stresses, but produced unreaüstic results for the minimum principal stress [92, 190].

Results from an acoustic emission/microseismic array instailed in four inclined boreholes

around the URL shaft [i79] provided estimates of the maximum and minimum horizontal

stress directions, which were supported by observations ofbreakouts in the shaft, but pro-

vided no estimates of magnitudes. Doorstopper tests performed in boreholes drilled for the

Mine-by Experiment at the 420 Level [23] produced an estimate of the stress tensor for the

area, but the results for stress magnitudes did not correlate with results from other tests or

observed behaviour around excavations at the 420 Level. A composite stress tensor for the

420 Level (Table 3.1) was compiled from the best evidence for principal stress magnitudes

and directions from the various testing methods, and from observations of breakouts in the

shaft and in tunnels at the 420 LeveI. The composite nature of the tensor, horvever, pre-

cluded the use of rigorous statisticai methods in determining the mean value and confidence

intervals of each of the stress components, and their respective orientations. Nevertheless,

this composite tensor was sufficient for designing the Mine-by Experiment arrangement.
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Table 3.1: Estimated in szlz stresses and 90% confidence intervais for the 420 Level (af-

ter Read and Martin [155]).

Stress Components A2 O3
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ul
Magnitude (MPa)
Trend (')
Plunge (")

48+5 14+1
044+ 10 290t25
05+5 79t5

55+5
135 + 10

10t5
Stress Ratios otloz otlos ozl ot

i.15 + 0.1 3.93 + 0.5 3.43 + 0.5

3.I.4 Geotechnical properties

The geotechnical properties of the Lac du Bonnet granite have been determined from

extensive laboratory testing, e.g., Lajtai [112, 113], Lajtai and Bielus [109], Lajtai and

Schmidtke [111], Jackson et ai. [81], Stimpson and Chen [17a]. However, extrapolation of

these results to the in situ materiai properties of the rock mass is not straightforrvard, even

in situations where the rock mass has no joints to account for in sifz strength reduction.

The diffi.culty lies in the fact that the boundary conditions and stress history of a sample

of rock differ from the fieid to the laboratory, i.e., a laboratory specimen must go through

a complete unloading cycle prior to being tested. If the sttesses relieved during drilling are

high, the resulting laboratory sample may contain signiflcant damage that is not present

in the field. Conversely, if samples are selected from a lorv stress regime, the amount of

sample disturbance is reduced, and results are more representative of lhe in silz rock mass

properties. Martin [125] illustrated the importance in recognizing sample disturbance when

interpreting the results of laboratory testing on Lac du Bonnet granite'

The geotechnical properties of rock in the field study area (Table 3.2) rvere estimated

from laboratory tests performed by the Canada Centre for Mineral and Bnergy Technology

(CANMET) on representative rock samples from the 420 Level, and on samples of granite

from the upper 275 m of the batholith. Results from samples taken from the high stress

domain at the 420 LeveI shorved a markeri decrease in peak strength from those taken at
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Table 3.2: Estimated geotechnical properties for granite and granodiorite in the field study
area (after Read and Martin [15i]).

Rock Type Granite Granodiorite
Density (ke/-") 2630 + 10 2660 +.20
Uniaxial Compressive Strength (MPa) 2I3X20 228t20
Tangent Young's Modulus (GPa) 65 + 5 66 + 5

Poisson's Ratio 0.25 + 0.05 0.25 + 0.05

the 240 Level and above, suggesting a substantial amount of sample disturbance caused

by induced microfracturing. Read and Martin [157] concluded that results from samples

of granite from lower sttess domains nearer surface were likeiy most representative of the

undamaged in situ rock mass properties at the 420 Level. Martin [tZS] also showed that

samples of Lac du Bonnet granite taken from Cold Spring Quarry, near Seven Sisters,

Manitoba, had similar properties to those taken from the upper 275 m of the bathoiith at

the URL.

Triaxial compression tests were conducted on samples from the 420 LeveI, and from the

upper 275m of the batholith to determine a Hoek-Brown failure envelope representative of

the in situ rock strength. The Hoek-Brown failure criterion [78] is given by

0t=r'3+6o"q+soJ (3. 1)

rvhere 01 and o3 ârê the maximum and minimum principal stresses, respectively, o" is the

uniaxial compressive strength of an intact laboratory sample, mis a shape parameter, and

s is a scaling factor to account for the presence of joints or discontinuities in situ. The

tensile strength associated with the Hoek-Brown criterion is given by

o' l* - (*' + 4s)ål (3.2)ot=T L ' r I

By definition, Bquation 3.1 is a peak strength criterion, and in the unconflned case,

reduces to

tndt

o1 = $o" (3.3)
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In cases rvhere s is equal to 1, i.e.. no in si,tujoints or discontinuities , Equation 3.3 implies

that the uniaxial stress required to cause failure in situ is equivalent to the laboratory-

derived uniaxial compressive strength of a cylindrical sample. Martin It25], however, showed.

that the peak strength measured in the laboratory is influenced by a number of factors,

including sample size, Ioading rate and stress history of the sample, and can therefore

not be considered a true material property. Consequently, three key stress levels [6, 113],

corresponding to: 1) the start of crack initialion o"¡,2) the start of unstable crack growth

o"¿, ãl1d 3) the short-term peak strength o", rvere determined from the triaxial tests. The

Hoek-Brown envelopes associated rvith each of these stress levels for grey and pink granite,

and granodiorite, are shown in Figure 3.3.

Numerical modeling simulations were conducted for two orthogonal excavations at the

420 LeveI [126] using the average stresses given in Table 3.1. Bmploying the Hoek-Brown

envelopes defined by the peak strength results for the three rock types, the stresses at no

point around either opening exceeded the rock strength, even when o" from the damaged 420

Level samples was used. These flndings rvere at odds with observations of breakout notch

development in the roof of Room 405, excavated orthogonal to the o1 - o3 plane (Figure 3.4).

Because there are no natural fractures in the rock mass at this level to account fot an in

szúz strength reduction, i.e., s = 1, Martin and Read [126] concluded that traditional peak

strength results from laboratory samples overestimate the in situ rock strength, especially

near the tunnel boundary. This observation is consistent with experience elservhere [70, 150].

Implementation of the other Hoek-Brown envelopes shown in Figure 3.3 into the bound-

ary element model of orthogonal rooms at the 420 Level showed that the best agreement

with observed behaviour was achieved rvhen the envelope representing crack initiation for

pink granite was used in the analysis. However, Martin [125] and Read [i5a] showed that

the use of such an envelope underestimates the strength of the rock mass arvay' from the

opening, and that a more complex faiiure envelope is required to properly represent both

confinecl and unconfrned conditions. Studies on very small tunnels in laboratory tests have
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Figure 3.3: Results from uniaxial and triaxial tests on grey granite, pink granite and gra-

nodiorite. The Hoek-Brown failure envelopes are based on: 1) crack initiation stress ø"¿

(upper), 2) unstable crack growth initiation stress o"¿ (middle), and 3) short-term peak

strength o" (bottom).
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shown that the strength of the rock at the tunnel rvall can exceed the uniaxial compressìve

strength [168,48], but that the effect diminishes rvith increasing tunnel dimensions. The

initial modeling results from the 420 Level of the URL suggest that failure at the periph-

ery of a 3.5-m-diameter tunnel occnrs at less than 50% of the laboratory-measured uniaxial

compressive strength of the rock [125]. Consequently, in si,tu rock strength can be a complex

issue even in situations where the rock mass contains no joints or discontinuities.

Mapping of excavation-induced damage during construction of the 300 Level suggested

that damage zone development rvas more pron"ounced in granite than in granodiorite [a5].

During development of access tunnels at the 420 Level, similar observations were made near

discrete granodiorite dykes. However, the difference in excavation-induced damage between

the massive granite and the outer margin of a large granodiorite dyke was less pronounced

in a drill-and-blast excavation (Room 405) driven orthogonal to the or- o3 plane. Altirough

laboratory testing suggests that the mechanical properties of the two rock types are similar,

40

Borehole traces

Figure 3.4: Comparison of breakout notch development
420 Level illustrating the effect of orientation relative to
stress on the development of excavation-induced damage.

Room 413 is aügned with o1.

in two orthogonal rooms at the
ihe plane of maximum deviatoric
Room 405 is aligned rvith o2, and
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the fleid observations imply that there are differences in their fracturing characteristics, i.e.,

the grorvth and interaction of cracks. This difference is noticeable upon stress relief during

samplìng.

3.2 T'he Mine-by Ðxpenirnent

The premise for the Mine-by Experiment was to locate a volume of rock typical in terms of

geology and stress conditions of potential disposal sites elservhere in the Canadian Shield, to

characterize the rock mass volume and instrument it with state-of-the-art instrumentation,

then to excavate a test tunnel through the instrumented volume to measure the excavation-

induced response. As discovered during the characterization of the URL, it seemed possibie

to meet the experiment's objectives by locating the Mine-by Experiment at the 420 Level

in Stress Domain III, where the stress conditions are similar to those at a depth of about

1000 m in other parts of the Shield. A complete description of the final detailed design of

the Mine-by Experiment is given in Read and Martin [155].

3.2.I Experirnent arrangement

The arrangement of the Mine-by Experiment (Figure 3.5) was the result of an optimization

process drawing upon a variety of technical proposais for instrumentation layouts and mon-

itoring methods, evaluation of the practicality and safety of the operations associated with

implementation, and evaluation of the most effective use of available resources in conjunc-

tion with the overall URL experimental program. The azimuth of the test tunnel (225')

was chosen so as to maximize the stress ratio in the plane orthogonal to the tunnel axis in

order to promote excavation-induced damage development.

Access for instrumentation installation was provided by a series of dril-1-and-blast ex-

cavations. An incline and a decline were excavated at 20Vo grade on tangent, and 10%

grade through the curves to develop an upper and lower instrument gallery, Rooms 409

and 413 respectively, orthogonai to the planned test tunnel. A vertical raise (Room 004)
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was excavated to connect the upper and lorver galleries for ventilation purposes, and a drill

station (Room 416) was excavated at mid-height in the raise for instrumentation borehole

drilling. A third instrument gallery (Room 405), parailel to the proposed test tunnel, was

extended off the existing 420 Level for additional driìling access. AII access tunnels rvere

initial-ly 3.4 m wide by 2.9 m high and horseshoe-shaped, but the first 30 m of Room 405

was slashed to 5.0 m wide by 3.5 m high to accommodate additional testing. The vent raise

drill station (Room 416) was excavated as a 3.5 m wide by 2.7 m high opening.

Following excavation of the access tunnels and installation of the instrumentation for

the experiment, the 3.5-m-diameter circular test tunnel (Room 415) was excavated at 0.5V0

grade to 46 m in length from an assembiy chamber (Room 414). The wall-to-wall spacing

between the instrument galleries and the test tunnel was approximately 18.5 m.

420 Vent Raise
URL Shaft

Incline

Instrument Galleries

Figure 3.5: Arrangement of the Mine-by Experiment at the 420 Level of the URL.
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8.2.2 Excavation technique and equipment

From previous experience in Room 209 and the URL shaft with the drill-and-blast exca-

vation method, the damage zone near the tunnel walL results from a combination of stress

redistribution and blast effects. Similar observations in granite have been reported by Pusch

and Stanfors [152]. Because the intent of the Mine-by Bxperiment was to study the damage

resulting from stress redistribution, the test tunnel was designed as a full-face machine-

excavated opening to avoid the undesirable percussive effects of blasting. Initially, a tunnel

boring machine (TBM) was considered the best technical option Ittr0], lut the costs asso-

ciated with excavating such a short section of tunnel, including equipment preparation and

mobilization, were prohibitive. Consequently, an alternative method was devised.

The excavation method (Figure 3.6) involved line-drilling and reaming a series of 1-

m-deep perimeter holes around the design diameter of the tunnel, and then progressively

breaking out the interior of the round using hydraulic rock splitters in a series of production

holes [95, 136]. Although the test tunnel was initially designed as a 3.5-m-diameter cyJ-in-

drical opening with a flat face, the excavation method necessitated a stepped longitudinal

profile to accommodate drilling of each round, with a maximum diameter of 3.5 m in each

Test section for
rock breaker

Room 414
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round. Based on previous excavations at the URL. some deviation from planarity rvas also

expected in the shape of the face.

The excavation sequence for the test tunnel incorporated several rounds of careful drill-

and-blast for the first 10 m of the tunnel, follorved by 36 m excavated by line-driliing and

rock breaking in 1-m rounds. The first 34 m of Room 415 rvere excavated as full-face rounds,

and the frnal 72 m of the test tunnel used a pilot-and-slasÌr sequence. In total, 50 excavation

rounds were required to complete the test tunnel.

3.2.3 Enthalpy control

trnthalpy control (i.e., the control of temperature and humidity) was considered important

in terms of limiting the number of variables in the interpretation of the measured responses.

A 75 kW capacity system comprising an air handLing unit, a blast cooler, and two com-

pressor/condensor units was instal-led at the 420 Level to maintain as close as possible the

ambient rock conditions, i.e., 10.5o C, > 90% RH, in the test tunnel as excavation pro-

ceeded. Although some short-term spikes were recorded in the air temperature during peak

excavation activities, the overall rock temperature rvas maintained within about 1.5o C of

ambient temperature. Relative humidity rvas consistently above g0%.

3.2.4 Instrumentation

The lvline-by Experiment incorporated two tiers of instruments. The first rvas selected on

the basis of previous excavation response tests at the URL, and included extensometers

and convergence arrays to measure displacements, triaxial strain cells to measure induced

strains, and thermistors to measure temperature. A second tier of instrumentation based

on acoustic emission/microseismic (AE/MS) technology was used to study the development

of tlie damage zone around the Mine-by Experiment test tunnel [178]. In keeping rvith

the scope of this thesis, only the results from the convergence arrays and the tweive radial

extensometers are considered in detail. Results from the other instruments are used in a
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qualitative fashion for the interpretation of in situ behaviour. Monitoring data from the

instruments are discussed later in this thesis.

Extensorneters

Borehole fracture extensometers (Bof-exs) have been used successfully in other major exper-

iments at the URL to monitor very small displacements [182], and formed the majority of

the displacement-monitoring system for the Mine-by Experiment (Figure 3.7). The Bof-ex is

an incremental-type extensometer, i.e., it measures relative displacement between anchors.

Each extensometer string incorporated ten direct current linear variable differential trans-

former (DC-LVDT) displacement transducers, eleven mechanical screw-type anchors, Invar

or stainless-steel rods, and centralizers. The repeatability of each transducer is *0.6¡;m,

and the range is t6 mm. Seven thermistors rvere also inciuded in each extensometer string.

The radial Bof-ex strings were installed in 75.7-mm-diameter (NQ-3 size) boreholes.

Connecting tubing

Spring loaded LVDT

nt¡alizer

Spring activated
mechanical anchor

Figure 3.7: Arrangement of Bof-ex boreholes for the Mine-by Experiment and details of a
typical extensometer installation.
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These holes penetrated the design section of the test tunnel by 200 mm so that the ends

of the boreholes could be located once Room 415 ivas excavated. Accurate collar surveys

and downhole laser surveys rvere conducted for each borehole to determine the exact collar

location and alignment deviation [158]. The deviation in alignment was less than 0.5o, which

introduced negligible error in the measured radial displacements. Anchors were spaced as

close as 340 mm near the tunnel wail in the borehoies, and less closely further from the

tunnel. The innermost anchor was approximateiy 100 mm outside the design perimeter of

the test tunnel in each string.

A total of 12 radial Bof-ex strings were installed for the Mine-by Experiment in two

instrument arrays at chainages 20*00 and 22f50 in Room 415. The first array comprised

trvo vertical and two horizontal extensometers, and the second array contained two vertical,

two horizontai, and four extensometers inclined at *45o from horizontal. The boreholes for

the instruments in these arrays were drilled from the instrument galleries (Rooms 405, 409,

413, and 416) towards the planned location of the test tunnel. Because they were installed

prior to the start of excavation, the response measured by the extensometers represents the

total displacement induced by the excavation of Room 415 within the radial coverage area

of the extensometers. These extensometers are typical of anterior-type instruments.

Convergence arrays

Convergence arrays rvere installed in Room 415 at eight locations betrveen chainages 10+20

and 31*96 (Table 3.3). Details of a typical convergence array installation are given in

Figure 3.8. Convergence arrays in the field study comprised 12 pins installed as close

to the tunnel face as possible in a vertical measuring plane orthogonal to the tunnel axis.

Specially cut lengths of Invar ',vire rvere used in combination rvith a Kern distometer [128]

to measure the distance -betrveen opposing pins along six diametral measurement lines.

Changes in tunnel diameter were recorded fol-lowing each excavation round, providing a

record of tunnel wall convergence versus excavation advance. Additional readings rvere also
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Table 3.3: Location of convergence arrays in the Mine-by Experiment.

Array Chainage (m) Excavation Round

+t

475-r
4r5-2
415-3
415-4
475-5
415-6

4r5-7
415-B

r0.204
72.537
15.380
18.485
22.565
26.062
28.924
31.964

5

7

10

13

77

22

25

28

a) Kern distometer

Wire coupling adaptor

9.
(.120',) -

.8
( I 60')

.1 .

(l 80: )

6.
(200')

Release ring Screw connector

(240") 

"'lo:' 
(?og')

b) Typical convergence ¿uray

Figure 3.8: Details of the instruments and

the Mine-by Experiment.

Tension gauge

Drillhole
(32-mm diameter)

Resin grout
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c) Typical convergence pin

arrangement of a typical convergence array from

SE
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taken within each round to determine the tunnel convergence with respect to time. A

summary of the convergence data from the Mine-by Experiment is presented in Read et al.

[15e].

Previous experience 
"vith 

the Kern distometer at the URL has shown a repeatabilit¡r

of *0.1 mm [128]. Careful calibration of the instrument and Invar wires rvas performed

underground before and after each use with a standard calibration apparatus. In this way,

corrections for temperature were incorporated automatically into each reading. The same

operator was also used as much as possibie to reduce operator bias in the measurements.

A standardized reading procedure, repeating each measurement four times, was followed

during the Mine-by Experiment.

The convergence pins consisted of 19-mm-diameter steel rebar, 200 mm Ìong, with a 100-

mm-long stainless steel setting bolt rvelded to the end to attach the distometer connector.

The convergence pins in each array rvere installed in 32-mm-diameter percussion drill holes,

300 mm deep, an average of B0 mm from the tunnel face. There rvas, however, some

variation in chainage across the face, as shown in face contours for each round [i61]. The

floor pins were set in slightly deeper holes, countersunk about 50 mm to protect them from

construction equipment. All pins rvere fixed in place with resin grout. Each array, with

the exception of array 415-5, was designed to have convergence pins at 0, 20, 60, 90, 120,

160, 180, 200,240,270,300, and 340o counterclockwise from a NW horizontal line. Array

415-5 had two measurement ljnes rotated 10o ciockwise to avoid interfering rvith previously

installed extensometers.

Other instruments

In addition to the Bof-exs, a series of eight excavation damage extensometers (Ed-exs)

were installed at approximately chainage 22*50. These instruments are a miniaturized

version of the Bof-ex, approximately i m in lengtir, comprising ten ACDT transducers and

eleven anchors. The Ed-exs rvere installed radially outrvard behind the advancing face in a
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posterior fashion to provide detailed dispiacement measurements within 1 m of the tunnel

wal-Ì. A complete description of the instrument and an example of its application is given

in Thompson et al. [184]. Results from the Ed-exs are used qualitatively in this thesis.

The CSIRO Hollow Inclusion (HI) triaxial strain cell [193] has been used almost exclu-

sively at the URL to measure incremental strains due to excavation. Information gained

from these instruments has been used to calculate changes in the in situ stress field and to

validate results from computer modeling [t90, 191, 192]. A total of twelve CSIRO HI cells

were installed in two arrays for the Mine-by Experiment at chainages 18f25 and 24125.

Results a e summarized in Read et al. [i60].

The results from an AE/MS system, installed to monitor excavation-induced seismicity

in the rock mass during extension of the URL shaft, were used to design a more elaborate

system for the Mine-by Experiment to evaluate the physics of fracturing associated with

development of a damage zone a ound the test iunnel [178]. Two of the objectives of

this design were to improve the accuracy of source location determinations and to develop

more rigorous source mechanism analysis procedures. The AE/MS system cornprised 16

three-component accelerometers coupled to the rock with grout. The pattern of 16 sensors

optimized the measured response; in the centre of the array source location accuracy \Mas

better than 0.25 m. This number of sensors also allowed the use of a moment tensor inversion

scheme to perform source mechanism analysis [5i]. A summary of AE/MS results for the

Mine-by Experiment is given in Martino et al. 1129].

Ultrasonic tomography and acoustic emission (AE) data obtained during laboratory

hydraulic fracturing tests on two 600-mm-diameter samples of URL granite [18] showed that

the development of microcracks couid be monitored with high-frequency sensors acoustically

coupled to the rock surface, and that source locations and mechanisms could be determined

on a small scale. This approach rvas applied to the in si,tu rock mass in the NW sidewali of

the test tunnel in conjunction with the Ed-exs to determine the levei of activity at various

distances away from the tunnel wall. From these data, the distribution of acoustic emissions
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rvith location and orientation relative to tlie excavation rvere determined [13],

Information on the P and S rvave velocities in the rock mass rvas obtained through

severai tomographic surveys carried out with AECL's miniCHARTS system between the

various excavated openings prior to excavation of the test tunnel (Hayles, pers. comm.).

This study required two 40- and trventy 1.5-m-long vertical boreholes in the floor of Room

409 and roof of Room 413. Other cross-hole tomographic studies were conducted in the

Bof-ex instrument boreholes before and after excavation of the test tunnel to detect changes

in the rock mass resulting from excavation-induced damage [66].

3"3 Surnmary

The initial characterization of the field study area was conducted prior to the large-scale

development of the 420 Level, and excavations reiated to the Mine-by Experiment. However,

the information gained from the various investigations was sufficient to design the Mine-by

Experiment arrangement, and to conduct preliminary numerical modeling reiated to failure

around some of the underground openings at the 420 Level.

Based on the initial characterization of the 420 Level, the geology in the fleld study area

was expected to be a mixture of granite and granodiorite. From laboratory studies, the effect

of lìthological variations within the field study area was assumed to be negligible because

of the similarity in the elastic properties of the two rock types. However, freld observations

suggested that the failure characteristics of the two rock types were different. Nevertheless,

in comparison with granitic rock masses in other excavation response experiments [73], the

rock mass in the field study area lvas considered homogeneous and isotropic, and contained

no signiflcant discontinuities.

A number of different stress determination techniques were tried at the 420 Level, but

none of them produced a satisfactory estimate of the complete in situ stress tensor. Con-

sequently, individual components of the tensor rvere estimated by different means. Because
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of the composite nature of the estimated tensor, it was not possible to apply rigorous sta-

tistical methods to determine the mean value and confrdence intervals of each of the stress

components. The estimate rvas, however, considered sufficient to lay out the excavations for

the Mine-by Experiment and to perform preliminary numerical modeling. The maximum

principal stress component rvas estimated to plunge at about 10o to the SE, and the inter-

mediate principal stress rvas th.ought to be near-horizontal. The test tunnel was designed

to be parallel to the o2 direction.

The properties of Lac du Bonnet granite have been well-characterized in a variety of

laboratory testing programs. Based on the results of uniaxial and triaxial tests on undam-

aged samples of Lac du Bonnet granite, the rock mass at the 420 Level was expected to

behave in a linear elastic fashion. However, progressive failure, resulting in pronounced

breakout notches in some of the excavations, was noted at this level. Numerical modeling

undertaken to explain these observations of i,n situ failure suggested that a Hoek-Brown

failure criterion based on the crack initiation stress, rather than the peak strength, from

laboratory tests was a better indicator of rock strength at the tunnel wall. From numerical

model studies, the rock at the tunnel wall was estimated to have a strength less than 50%

of the unconf.ned compressive strength obtained from intact laboratory samples.

The test tunnel was initially designed to be cylindrical with a diameter of 3.5 m and a

flat face. The excavation method, however, necessitated a stepped longitudinal profrle to

accommodate drilling of each round, with a maximum diameter of 3.5 m in each round.

Based on previous excavations at the URL, some deviation from planarity was also expected

in the shape of the face. Precise survey control was maintained during the excavation,

drilling and instrument installation activities to ensure the exact location of the instruments

relative to the test tunnel was known.

Trvelve radial extensometers and eight convergence arrays were installed as part of

the monitoring instrumentation for the Mine-by Experiment. The innermost extensometer

anchor was placed within 100 mm of the design perimeter of the test tunnel. Other types
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of instruments were also installed for the experiment, but results from them are considered

only quaütatively in this thesis. In particular, an AE/MS system and a series of tomographic

surveys rvere included to assess damage induced by the excavation of Room 415. Results

from the instrumentation and monitoring studies are discussed in later parts of this thesis.
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As shown in Chapters 2 and 3, most stress determination techniques are ljmited to conditions

of low to moderate in situ stresses. To develop a technique appJìcable to highly stressed

rock masses, where excavation damage may develop within the tunnel, parametric studies

of displacements around a cylindrical tunnel in a continuous, homogeneous, isotropic, linear

elastic medium were conducted. The studies assessed the effects of stress components,

face shape and tunnel perimeter geometry on the measured displacement response using

two-dimensional, aúsymmetric and three-dimensional numerical models.

4.L Ðescríption of, Nr¡mrenical Codes and Conventions

A comparison of displacement results from different codes for a cylindrical tunnel in a

[near elastic medium under hydrostatic stress conditions illustrated that FLAC 126] and

EXAIVIINE"D [27] gave results within 2% of the closed-form plane strain solution far from

the tunnel face. Near the face, the displacement responses produced by the two codes rvere

comparable. Based on these findings, FLAC was used on a 486-50 MHz personal computer

for two-dimensional and axisymmetric analysis, and trXAMINB3D was used on a Silicon

Graphics Personal Iris computer for three-dimensional analysis.

During the course of the parametric study, a number of different coordinate systems,
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involving both rectangular and cylìndricai conventions, were used to illustrate different

aspects of the rvork. The conventions are described lvithin each section. Unless otherwise

specified, the material properties used in the analyses were Young's moduius (65 GPa) and

Poisson's ratio (0.25). In all cases, standard SI units were adopted.

4.1.L Two-dimensional and axisymmetric studies

FLAC is a two-dimensional expJicit finite difference code, with axisymmetric capabilities,

primarily intended for geotechnical engineering applications. Its flnite difference formuiation

differs from the flnite element method in that it uses a mixed discretization scheme [123], full

dynamic equations of motion, and an explicit solution scheme capable of handìing arbitrary

non-ljnear stress-strain laws. The resulting matrix equations are identical to those for the

flnite element method using constant strain triangies. Code verifrcation and validation have

been extensively documented [26].

The conventions used in FLAC follow traditionai mechanical engineering practice. Ten-

sile stresses are considered positive, and forces and displacements are positive if directed

in the positive coordinate direction in the two-dimensional case, or radially outward in the

axisymmetric case. To be consistent with geotechnical engineering conventions, results from

FLAC were converted to follow the convention of compressive stress and inward radial dis-

placement positive. In this way) conuergence is defined as positive displacement of the rock

mass directed towards the tunnel centre, whiLe diuergenceis negative displacement directed

away from the tunnel centre.

Results from the numerical models for locations far

the analytical plane strain solution [59]. The radial and t

circular hole in an infinite medium are given, respectively

a2 (, l-U,: 
+G; {(or 

+ o2) + (o1- "r) ln(l- r) -
and

from the face were compared to

angential displacements around a

,by

a21 ì
i)*,ze ¡ (+.t)
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ue - -*{r, -,,,l,e - 2u) - 5].',rr} (4.2)

(4.4)

where ø is the tunnel radius, G is the shear modulus, r is the radial distance from the tunnel

centte, 01 and 02 àrê the principal stresses in the plane orthogonal to the tunnel axis, z is

Poisson's ratio, and d is the rotation angle measured counterciockwise from the o1 direction

(after Goodman [59]).

Plots of radial displacement vetsus face position were generated using dimensionless

coordinate variables. Normalized face position XID was used as the abscissa, where X is

the diference in axial location of the tunnel face and instrument given by

X = rJace - rinstrument (4.3)

and D is the tunnel diameter. Normalized radial displacement UrfUr*"c was used as the

ordinate.

For the axisymmettic case, U,^o, is the maximum radial displacement induced by a field

stress of 1 MPa, and is given by

Tra- tñar 
2G

For a general axisymmetric plane strain case with field stress cr, the tangential displacement

around the tunnel is zero, and the normalized radial displacement is given by

U, oo,
(4.5)

Ur*o" T

Stress ratios for the axisymmetric studies are presented as the maximum plane, axial,

and minimum plane stresses normaüzed to the minimum plane stress, ê.g., I( = I,2,L

means that the ratios of maximum plane and axial stress to the minimum plane stress are

1:1 and 2:1, respectively. The individual normalized stress ratios are referred to as I(^o",

I(oriot and I{rn¿r. For the condition of axiai symmetry, the maximum to minimum plane

stress ratio is always unity.
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4.L.2 T'hree-dirnensional studies

EXAMINE3D and its companion programs are designed for modeling and visualizing three-

dimensionai geometry and data, and for analyzing stresses and displacements. The codes

are based on the boundary element method, and incorpolate, among other features, au-

tomatic mesh generation and a mixed integration scheme to accurateiy calculate stresses

and displacements at field points. Validation of the code, conducted ìn part by comparing

results to those from ANSYS, a commerciai finite element code, showed negligible difference

between results from the boundary element and the finite element codes for a cylindrical

tunnei under non-axisymmetric ioading [60].

In EXAMINÐtD, compressive sttesses are considered positive. The convention for pos-

itive normal and shear stlesses is illustrated in Figure 4.1 for a general r,A,z coordinate

system. The same definitions for convergence and divergence used for the axisymmetric

cases also apply to these studies. For special cases where one of the principai stress direc-

tions coincides with the tunnel axis, the deflnitions of stress ratios also apply.

+z

Figure 4.1: Convention for positive stresses in trXAMINE3D
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Results from the studies are presented as characteristic radial displacement surfaces, an

adaptationof thecharacteristiclineconcept. Thez, yandzaxes correspondtonormalized

face position Xf D, rotation angle d and normaljzed radial displacemenl (Jrf U,-"ø, respec-

tively. Looking towards the tunnel face, rotation angle is measured counter-clockwise from

a point on the right sidewall at the height of the centreljne. A constant normaiizing factor

U,^o,, in this case equivalent to the maximum radial displacement induced by applying a

uniaxial far-field stress of 1 MPa orthogonai to the tunnel axis, was used to avoid depen-

dence of the results on the shear moduius G and tunnel radius ¿. For the three-dimensional

studies, Ur*o" is given by

(J,^o,: a(r: u) 
(4.6)

u

and the normalized radial and tangential displacements far from the face are given respec-

tively by

f: : *t -,) {r"' * o2) t (o1 - "'lnl -') - Sl'osze}
and

;: : - *êõ{t"' - "'l' Q - 2u) - #lsin 2P}

(4.7)

(4.8)

TIre three-dimensional characteristic radi,al displacement surfaces can be represented in

trvo-dimensions by considering the radial displacement response versus either face position

for a flxed rotation angle, or rotation angle for a frxed face position. The studies also

considered, in a qualitative manner, the tangential and axial components of displacement.

Positive normalized axial displacement is interpreted as movement of a point at the tunnel

perimeter towards the start of the tunnel, and positive normalized tangential movement is

clockwise looking towards the tunnel face.
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4.2 Ðffect of, Stness Cornponents on Ðisplacernents

The relationship between stresses and displacements can be complex depending on the ge-

ometry of the problem under consideration. In linear elasticity, stresses are related directiy

to strains, which ate, in turn, related to the partiai derivatives of displacement, i.e., the dis-

placement gradient. Displacements are therefore described by an integral function of stress

or strain. For simple geometries, such as a circular hole in an infinitely thick plate, the solu-

tion for stresses within the plate may be obtained by introducing an Airy's stress function,

then solving the biharmonic equation for a given set of boundary conditions [55]. For more

complex three-dimensional geometries, there is generally no analytical solution describing

the stress distribution. In the absence of a ciosed-form solution, a three-dimensional bound-

ary element modeling study was conducted to investigate the effect of stress components

on the displacement response at the wall of a cylindricai tunnel.

4.2.1 Modeldescription

Tlre model used in the three-dimensional study is shown in Figure 4.2. The closed cylinder

Figure 4.2: Model geometry used in EXAMINE3D to analyze effects
on tunnei wall displacements. Grid lines are located at 0 = 0,20,45,
160o and extend frve tunnel diameters either side of the face.

of stress components
60,90, 120, 135, and
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representing the tunnel is 3.5 m in diameter, with a length to diameter ratio of ten to

minimize end effects. Rather than simulating the complete displacement response at a

fixed instrument location by iterativeiy advancing the tunnel face, a gradual face advance

of ten tunnel diameters was simulated in one step by using a series of fleld grid points,

representing different relative distances between the instrument and face locations, arranged

in eight axial lines. The grid lines extend five tunnel diameters either side of the face with

fie1d points spaced 10 mm within 1 m of the face, and 100 mm outside this region. Field

grid points were located 5 mm outside the design perimeter of the tunnel, i.e., 1.755 m from

the tunnel centreline. The boundary element mesh on the cylinder surface is not shown in

Figure 4.2,brt contained 3772lsnear elements. A total of 4284 field grid points were used,

531 points per gridline.

The method of simulation, i.e., maintaining a fixed face position and considering instru-

ments at various axial locations, is at odds with the fleld condition where the instruments

are fixed and the face position changes. To reconcile the two approaches, a cartesian coor-

dinate system was chosen for the model such that the tunnel axis rvas coincident with the z

axis. In this way, the definition of face position X is consistent with the field definition given

by Equation 4.3. The region where X > 0 represents the posterior domain and the area

where X < 0 is the anterior domain. To maintain a right-handed convention, the positive

y direction is horizontal to the left looking in the positive r direction, and the positive z

direction is up.

4.2.2 T'he partitioned stress tensor

Most previous studies involving displacements around a cylindrical tunnel have considered

special stress states invoiving axial symmetry or zero antiplane shear stresses [12, 148], i.e,

the tunnel axis coincides with a principal stress direction. To assess a general elastic case

where the far-field stress components are unequal, and the tunnel axis does not coincide with

any of the principal stress directions, the principle of superposition can be used to partition
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a unit stress tensor into a set of three normal stress and three shear stress tensors [13b],

i.e.,

ii i 1l : t¿ s sl.l3 ? sl.l3 3 31.lr11l Lo'õl Lóô'j Lõõ;l-_ Y-_T
iîåsl.f3sîl.f3sålL' '.'j t, -J L; g ;l

(4.e)

o23 o73

By applying scalar multipliers to the six partitioned tensors, any general stress tensor can

be described. Hence, by describing the displacement responses for the six base cases, the

response for any combination of the six tensors can be found by adding the individuai

displacement responses. Of the six partitioned tensors, Ø11, o33 and ø13 represent plane

components of stress, i.e, oriented in the cross-sectional plane orthogonal to the tunnel

axis, while o22, or2 and o2s are antiplane components [53]. In terms of the coordinate

system used for the model (Figure 4.2), o1y is coincident with the y-axis, o22 with the

z-axis, and o33 with the z-axis.

4.2.3 Ðisplacements related to plane components of stress

The plane components of the partitioned stress tensor are illustrated in Figure 4.3. The

displacement responses produced by the o11 tensor are shown in Figure 4.4 versus face

position, and are characteristic of the harmonic responses associated with these components,

i.e., sinusoidal in terms of displacement versus rotation angle. The difference between the

displacement responses related to the various plane components is characterized by a phase

shift in the harmonic response. As shown in the plots of displacement response versus

rotation angle (Appendix B; Figures 8.1 to 8.6), the responses for the radial, axial and

tangential displacement components have a periodicity of 180' for all three of the plane

tensor components, but differ in the positions and magnitudes of their respective maxima

and minima.
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The radial displacement response produced by ort has a sigmoidal shape in the axial

direction, and shows convergence for the quadrants where -60o < d < 60o and 120o < 0 <

240o, and divergence for the quadrants where 60o < 0 < I20o and 240o < 0 < 300o. The

response is, therefore) asymmetric with respect to zero displacement, with the transition

between convergence and divergence occurring at 0 = 60, L20,240 and 300o for X f D = læ.
Near the face, the rotation angle at which this transition occurs varies slightly, as shown in

the plot of displacement versus face position. The maximum normaijzed radial displacement

is l and occurs at 0 = 0 and 180o for XID = *oo. The minimum is -0.333 and occurs at

0 :90 ar'd 270o for XID = +oo. The proportion of the radial displacement occurring in

the anterior domain, i.e., the amount missed by posterior-type instruments, was consistently

37% of the piane strain solution for displacement at the tunnel wall given by Equation4.2.

The axial displacement response versus face position for ø11 has a complicated asym-

metric shape. The displacement near Xf D = 0 is directed in the positive axial direction

into the rock mass ahead of the tunnel, resulting in axial compression of the rock in the

anterior domain, and extension in the posterior domain. Some variation in the response

with rotation angle was noted near X f D = 0, and two crossover points were apparent in the

posterior domain at XID: 0.086 and 0.486. The maximum normalized axial displacement

G:r
@

-æ.

Figure 4.3: Plane components of the
a magnitude of 1 NdPa.
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partitioned stress tensol. AI1 stress components have
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is 0 and occurs at XID = too for all d. The minimum has two peaks, -0.106 and -0.107,

at XID = 0.174for 0 :0 and 180o, and XID: -0.060 for 0 :90 and 270o, respectively.

The tangentiai displacement response associated with o11 is sigmoidal in the axial direc-

tion, and symmetric about U0lU,^^" = 0. The maximum dispiacement is 0.667 and occurs

at XID : +oo for 0 : 135 and 315o. The minimum is -0.667 and occurs at Xl D = +co

for 0 : 45 and 225" . The transition between positive and negative tangential dispiacement

occurs at 0 = 0, 90, 180 and 270".

The dispiacement responses produced by the o33 tensor are identical to those for the

o11 tensor? with the exception of a phase shift of 90o in the rotation angle. Consequently,

the various maxima, minima and transition points are located 90o clockwise from those for

the o1i tensot, with the maximum radial displacement occurring at 0: 90 and 270o.

The o13 tensor represents pure plane shear. Through simple transformation, the same

stress state can be produced by combining a unit compressive normal stress component ori-

ented at 0 = 451225" and a unit tensile normal stress component oriented at 0 :135/315".

Therefore, the displacement responses can be determined by subtracting the o33 response

fromthe ø11 resporse, and adding aphase shift of 45o. Theresulting displacement responses

have a periodicity of 180" and are all symmetric about UlUr*", = 0 in the axial direction.

The radial and tangential displacement responses for o13 are both sigmoidal in the axial

direction, with maximum and minimum normaüzed displacement of t1.333, respectively,

at X I D = +oo. For the radial response, the maximum displacement occllrs at 0 : 45

and 225o, the minimum is at I : 135 and 315o, and the transition from convergence to

divergence occnrs at 0 = 0, 90, 180 and 270o. For the tangential response, the maximum

dispiacement occurs at 0 : 0 and 180o, the minimum is at á : 90 and 270o, and the

transition occurs at 0 = 45, 135, 225 and 315o.

The axial displacement response associated with o13 is relatively complex, although the

maximum absolute magnitude is only 0.045 at XID : -0.174. A smaller peak is also

evident at XID :0.174. As in the case of o11, the axiai displacement response has two
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neutral points in the posterior domain: one at XID :0.086, the other at XID = 0.486.

Positive axial displacement is associated rvith zones of radial convergence, while negative

axial displacement is related to zones of radial divergence. The axial displacement far from

X lD = 0 in both the anterior and posterior domains is zero for all rotation angles.

4.2.4 Displacements related to antiplane components of stress

The antiplane components of the partitioned stress tensor are illustrated in Figure 4.5. As

shorvn in Appendix B (Figures 8.7 to B.11), the displacement responses produced by the

antipiane stress components are more complex than those for the plane components, particu-

larly near the tunnel face. The antipiane shear components produce harmonic displacement

responses) while the antiplane normal component produces an axisymmetric response, as

shown in Figure 4.6.

The radial displacement response produced by the o22 Lensor rises in the axial direction

for all d from zero at XID = -co to a peak of 0.049 at XID - -0.343, then decljnes

through a neutral point at XID = -0.063, dropping to -0.050 at XID = 0. In the

posterior domain, the response shows a sharp transition, rising towards zero at Xf D : Iæ.
Likewise, the axial displacement response rises from zero at XID = -oo to a peak of 0.309

at XID: -0.066, then gradual-ly declines to zero again at XID = *oo. Because of the

axisymmetric nature of the response, there is no tangential displacement produced by the

axial stress component.

The o12 and o2s tensors produce displacement responses with a periodicity of 360o.

Consequently, near the tunnel face, the dispiacement pattern produced by the antiplane

shear components is antisymmetric rvith respect to the tunnel axis. The displacement

responses versus face position associated with o12 àre shown in Figure 4.7. As illustrated

in Appendix B (Figure 8.9), the displacement response for a23 is g0o out of phase with the

012 IeSPonse.

In the axial direction, the radial displacement response rises from zero at Xf D: -æ


