*l National Library
‘ -of Canada du Canada

© .

Canadian Theses Service

Sarvi

Ottawa, Canada
KIAON4

o

» © NOTICE,

The quality of this microformis heavily dependent upon the
quality of the original thesis submitted for microfiiming.
Every effort has been made to ensure the highest quality of
reproduction possible.. %

If pages are missing, contact the university which granted
the degree. .

Some pages may have indistinct print especially. if the
“original pages were typed with a poor typewriter ribbon or
if the universily sent us an inferior photocopy.

Previously copyrighted materials (journal -articles, pub-
lished tests, etc.) are not filmed. ’

Reproduction in full or in part of this microform is governed
by the Canadian Copyright Act,.R.S.C. 1970, c. C-30.

NL-339 (1. 85/04)

9

Bibliothéque nationale

3

fioses canadiennes

AVIS
®

La qualité dé celte microforme dépend grandement de 1y
qualité de la these soumise au nucrohlmage. Nous avons
tout fait pour assurer une quahte supeneime de reprodu:
tion. - — ‘
Sl manque des pages,; veulies communiquer avec
université qui a confére le grade. -

~ La qualité d'impression de certaines pages peut laisser a

désirer, surtout si les pages origiales ont €te dactylogra
phiées a l'aide d'un ruban usé ou-si luniversite nous a fant
parvenir une photocopie de qualté inféneur.

Les documents qui font de¢ja l'objet d'un droit dauteur
(aricles de revue, tests pubhés, etc) ne sont pi
microfilmés. : ,

o _

La reproduction, méme partielle, de cotte microformiv ol
sourmise a fa Lo canadienne: ur te drod dautear, SRC
1970, ¢. C-30 :

i+

~ Canada



-

THE U%IVERSITY OF ALBERTA

APPLICATION OF FULLY GROUTED BOLTS IN YIELDING ROCK
by

! . " BUDDH®MA INDRARATNA
1

s

A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE
\ 4
* OF DOCTOR OF PHILOSOPHY

-

’

DEPARTMENT OF CIVIL ENGINEERING

EDMONTON, ALBERTA

——————

FALL 1987




‘Permission has been granted
to the National Library of
Canada to microfilm this

'L'autorisation a é&té accordée

a la Bibliothéque nationale
du <Lanada de microfilmer

thesis and to*lénd or se1b¥?—tette thése et de préter ou

copies of the film.

The author (copyright owner)
has Teserved
. publication rights, and
,neither the thesis nor
extensive extracts from it
may be printed or otherwise
'reproduced without his/her
written permission. ‘

other -

de vendre des exemplaires du
film.

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication;
ni la thése ni de 1longs

extraits d~ celle-ci ne

‘doivent. étie -imprimés ou

autrement reproduits 8ans _son
autorisation écrite.

ISBN 0-315-41110-4 '



T

THE UNIVERSITY OF ALBERTA

RELEASE FORM
4]

NAME OF AUTHOR ' ) BUDDHIMA INDRARATNA

"TITLE OF THESIS | APPLICATION OF FULLY GROUTED BOLTS

IN YIELDING ROC&

DEGREE FOR WHICH THESIS WAS PRESENTED DOCTOR OF PHILOSOPHY

Fl

YEAR THIS DEGREE GRANTED "FALL 1987

¢
.

Perm1551on 1s hereby granted to THE UNIVBRS’?Y OF;.
"ALBERTA LIBRARY to reproduce 51ngle copies of this
the51s and to lend or sell such coples for pr1vareLﬂ

scholarly or SGlentlfIC research purposes only
[«
The author reserves other publlcatlon rlghts and

neither the thesis nor exten51Ve extracts from it may
4 .

"be printed or otherwise reproduced without the author's

\
- 3

written permission.
- (r\ u

(SIGNED) = ... 1&21V7“4“4“

PERMANENT ADDRESS:

355 Pack %

* v e e vie D N R R A R R I I Y )

i
0 6.0 0 0 0 0 a0 0 s 0 00



4
e

THE UNIVERSITY. OF ALBERTA | &
«..' o {\ - ‘ ) o .
FACULTY' OF GRADUATE STUDIES AND RESEARCH

-

Y
)

The undersigned dertify that'tﬁey have read and

’

recommend to’ the Faculty of Graduate Stud1es and Research

for acceptance, a” thesis entxtled APPLICATION OF FULLY

Y

GROUTED BOLTS 1IN YIELDING ROCK Submltted by BUDDHIMA

INDRARATNA in partial fulfllment of the requ1rements for "the -

\degree of DOCTOR OF" PHILOSOPHY & .

¢ 2
JuLy 27, 1987 P

-t



vy

T ABSTRACT
‘ Presently, dlsplacement monltorlng plays an Important

role in the obServatlonal de51gn approach for’ underground

’ »\‘,'_ J)A N
topenlngs such as tunnels In partlcular, tunnel c0nvergence

measurements are con51dered as, thekprlmary component of the

(
'de51gn as you go approach Tunnel convergence is not only

easily: obtalnable and hence, un1versally measured but 1ts o

w N

'“magnltude constltutes a most useful " parameter for the

evaluatlon of tunnel stablllty Consequently, the control of

wall convergence by alternatlxa support systems can be
)
‘con51dered as a key component for the de51gn of underground

2
L

excavatlons '
The appllcat1on of fully gr5§§ed bolts as a passiye

.support system in“underground openings is analyzed in this

thesis. At present, design dec1srons related to fully,

grouted bolts are often emp1r1ca1 based on experience, or

\

-are just1f1ed after an 1nterpretat1on of convergence data.
" An analytecal method based on the concepts of

'elasto plasticity, has been developed to predlct the

oy
displacement and straipn field o§ the reinforced rock mass
surrounding a circular' tunnel opening. The method considers

the influence of grouted bolts on the extent of yielding. ’

Results from laboratory simulations and field measurements

provide convincing evidence to support the theoretical °
predictions. In addition, it has been attempted‘to describe-

potential failure mechanisms associated with both

~unsupported and reinforced tunnels. The. influence of

4
B .
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N N ’ s ( . . : N . . , . ' :
-reduced strength parameters descrlblng the equlvalentnrotk '

_mass propertles were chosen for comparlson w1th the

,mea5urements. The practlcal appllcatlon of the propo ed

\ A
detall énd 1s 1llustrated by an analyqls of bgé c‘
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' ;o 17 INTRORCTION

»

1.1 ngefal Descr1ptlof ' ¥
vﬁockyéolts can be:cla551fled as being either pct e ot
\ba551ve Actlve ‘Support means that 3 pr -spec1f1ed l is
app&1ed to the rock surface durlng @Q@tallatlon Tensi ned
. v,

-bolts fall into this: category Actlve *bolts are most -
advantageous for stabilizing loosened;_lnd1v1dpal blocko in
non—yielding ground (Support'of gfé&ity loadé). Furthefmore,
active bolts are requlred in situations where they are
installed late and cannot be actlvated by ground

‘ : : |
displacements. “’//’\~—~.ﬁ\ o S

- Passive, untensioned, grouted boltévor friction bolto 3
develop ‘load as the rock mass defo;ms. Relq@%wely small a.
Vdisplacements (4 to\? mm) are normally sufficient to P
mobilize axial bolt tensioo by shear stress transmission
from the rock to the bolt surface. These bolts or dowelé(
need not be pre-loaded and fall int~ the ca&egory of passive
support. They haQe been successfull" applfed in yieiding N
ground, and found to be often more e-oncmical-and more
effective t%on active bolts. For exampi:c, at the Washington
D;C. Metro, fully grouted bolts have shown to reduce two-day
displacements from 7.6-15.2 mm to 2.5-5.0 mm (Véh Sint Jan,
1982). Grouted bolts a;e also widely used in mining for the
-

stabilization of drifts and shafts. Simplicity of

insta}lation, versatiliéy_@“

lower cost of rebars are

: TN
further benefits of §routed bolts in comparison. to their



alternative count- ;»;%3? | . ‘ \\
- The main obji"‘:e%oé any support system shtould bé to
"assist the rock mass in supportlng itself by bu1ldlﬁ§ a
ground arch and by mob‘ilzlng the opt imum shear €trength of
‘the rock. Grouted bolts become an 1ntegr%} part of the rock
ﬁass thereby restricting the rock mass-displacemenfs by
internal sﬁreq@thening. The New Augtrién Tunnélliﬁb Methéd
(NATM) adopts these concepts to combine grouted bolts-with
‘Steel sets, shotcrete and weldmesh to prov1de a most
efficient and economical support system that can be
v inshtalled soon after éxcavatién. |
Tuhnel,converéence measurements are freqguently recorded

as the primary comporient 6f the observational design _

bd

approach, because, wall convergerce is a readily recordable

indicator of the overall response of the ground. It is often

not” dominated by localized processes. Alternative

> " A

;displace.ent measurements by extensometers or load
- ‘ :

meaSurements by load or pressure cells are certainly

ihformative,.but‘offen give results at are difficult to
interpret duye to their seASitivity to installation
procedures and localized rock mass failure’processes.
‘Therefore{.theoeffec;iVeness of grouted bolts,gan best be
N

assessed in terms of convergence rgductions.

The analytical solution pfgsented in ﬁhis thesis
constitutes an extension of the application o{i;

elasto-plasticity to_the design of underground excavations.

It considers the influence of pbolt/ground interaction,

\



opehing.geometry aad the patrern of bo1ts.on yielding and’
tﬁé tunne1 eenvergence A bolt density parameter B, has
been 1ntroduéed as a dlmen51onless quantity to describe the
dependence of the moblllzed shear stress along. the bolt
surface, the'bolt diameter,.the_tunnel radius, and the
longitudinal and'tangential’(circumferential) bolt spacing.
The influence.of B on tunnel eonvergencé is cons}déred to.be
‘of priﬁeiimpertance for the design_of'grouted lets. The
shear stress dlstrlbutlon along the fully grouted bolts was
- chosen (semlremplrlcal) to satlsfy equ111br1um of the bolt
relative to the surro&ndlng ground. The mobilized shear
stress alorg the-balt"surface_and, hence, the axial stress
'has been reéarded_as a‘fﬁnction ef‘the bolt/grout
’interaetion; J | o o
In order to verify the analytical predictiens, .
4labdratory”experiments have been performed with an
artificialtrock consisting oﬁ,gypsum cement, fine sand and
- Watar, Similrpude criteria relevant;for physital modelling
| were carefally cbnsidered"fer the 1aboratory'program and

' test speglmens were subjected to plane strain condltlon and

' external loading u51ng\the Process Slmulatlon Test apparatus

deuelqped by Raiser and Morgenstern (1981). The behaviour of

, A
intact and jointed samples has been studied, and the

/;measured{displacements and strains have been compared with

5

L . ! .
_predictions. The observed data convincingly support these
theoretical ‘predictions. . "

P
I

4
\



A critical evaluation cf the observed fafiure:
mechanisms constitutes another important aspect of this
study. Observations confirm that isotropic, :
time-independent, elasto—plastic éna{ys:s for Bydrostatic
stress condition (K,=1), can explain the equi-angular spiral
slip lines Qbservea as the domdnang failure mechanism around
the circular opening. The presence of jownts in the vicinity
of the‘opening influences the\rupture_process by
intersecting and shortening the plastic slip lines. However,

I

a rock mass with four or more joints with the same

prdpe;ties’seéms to behave similar to an isotrbpic,
nomogeneous rock mass with'reduéed strength and deformation
characteristics.

To date, the design of fully grouted bolts in
underground excavations is largely based bn either
semi-empirical or simple force-equilibrium methods (Lang,
19727~U.S. Army, 1980;. However, they cannot.propgrly‘asséss
the influence of bolting on rock mass displacements. The
analysis presented here provides an alternative design
method for fully gkouted bolts, based on a digplacement
control approach. fhe application of the @roposed method 1n
practice has been emphasized with barticular reéerence to |
field conditions and rock mass classification. Its use as a

practical design tool is demonstrated on data from the

-Enasan Tunnel in Japan (Ito,b1983).‘ | 3



1.2 Time-independent Convergence Modelling

Time-dependent deform%tions are due to both the:face
advance effect ang the creep properties of the rock mass.
The initial displacement response depénds primarily on the
rate of face advance ‘(distance to the face from the point of
interest) and the time-independent rock mass parametegs;
However, the ultimate convergence (unaffected by
three-dimensional face effects) mcy be significantly
influenced by the creep properties of the rock. The
'magnitude‘Pf time-dependent convergence 1s further
influenced by the field streés level. At relatively low
stress levels, displacements associated with creep are often
aegligible, and hence, the ultimate covergence response can
be accurately. predicted by,time—inéependent elasto-plastir

models. ’ S~

/’

Barlow (1986) has pointed out that -he installation of
supports has a aramatic_effect in curtailing this
time-aependent deformation. In this study, the NATM concept
of excavation followed by immediate sfabilizatfon 1s
emphasiéed. Delaygd installiation of grouted bolt. can often
be unsuccesgful because the displacements created during
probagéﬁgon of the yieldeq ZOﬁe are often insufiicient fbr
bolt activation. The -nasan Tunnel case history (Ito, 1983)
which elucidates this situation is discussed later.

The proposed analytical solution is capaple of
predicting the ulgimate‘tunnel convergence (at least two

tunnel diameters behind the face', where three-dimensional
. ’ '



face effects are ignored. It is:assumed that the excavated
"tunnel face is immediately supg;rted»by fuliy grouted bolts,
such that “the time-dependent behaviour aﬁH’lodsening’can be
neglected. However, materials such as coal? claystone, rock
salt and other evaporites may exhibit considerable creep
déformatiop‘even after immediatg support‘is provided at the
facer Tﬁé aAalytical model developed in ghis thésis 1s not
_aﬁﬁlicablgfgomsuch rocks. The influence of grouted bolts on
e

| N
the time-dependent deformation of rock remains to be

investigated.

1.3 Organization of the Thesis o

The scope of this-:thesis is to ekamine,‘both
analytically and experimentally, the influence of fully
grouted bolts on the b%haviour of underground openings in

yielding rock. o

§

N
A review of élternative bolt systems is presented_1n
Chapter 2, in order to highlight the main diftere;ces
between fully grout;d tolts and c‘:uentionagxnechanicél
bolts. It contains a brief examination of different
stabilization mechanisms and failure modes of active and
passive bolts. In an attempt to investigate the 1nfluence of
' ]
Bolts on the shear strength of a discontinuity, the 'single
plane of ‘weakness' fheory (Jaeger, 1960) has been extended.
Chapter 3 presents the development of tbé analytical

model. It introduces the concept of an 'eguivaler plastjc

. ) .
zone' associated with openings reinforced by fully grouted



bolts. The maiﬁ assumptions and relévant,detéils of E%e.
2lasto-plastic analysiskare given. Chapterr4 contains an
cxémination of the potential failure modes around a tunnel
opén;hq and a discussion of the influénce of grouted bolts
on their stabilizing effect. L ‘

Detailed descriptions of the 1aboratory simulation tést
procedure, the development of an értificial rock and t..2
relevant similitude considerations are givén in Chapter 5.
The Process Simulation Test appafatus"(Kéiser, 1979) has
been used in thé laboratory tests-in conjﬁnction with a
speciallyadesigned test frahe as shown in Appendix E.

g & :
Chapter 6 presents an interpretation of the laboratory

r'd

test data. The value of the analyti&al approdch as a

in Chapter 7, where an

reliable design tool is illustrated

analysis of a case history is pré nted and other practical

implications are discﬁssed. |
"Finally, the most important aspecté of this thesis are

summarized withfcohclusipns and recommendationS'in

™

Chapter 8. e Y
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. '
2. REVIEW OF ROCK BULTING'PRACfICES

The objective of this chapter 1is to‘revien the éeneral
aspects of both active and nassive bolts, in order to
facilitate the understanding of.the behaviour of fully
- grouted bolts in comparison with the alternative
reinforcemént systems. The chart illustrated in Figure 2.1
snmmarizes the types of bolts commonly used in practice.
Most of fhese reinforcements and their installation methods
are diagramatically illustrated by Hoek and Brown (1980) and
LiEtlejohn and Bruce (1975).
2.1 Untensioned Ungrouted Reinforcements (Friction Dowéls)

Wooden friction dowels, full contact mechanicaﬂ
anchors, split set friction anchors and %fellex-expéndable
bolts'fall into thisacategory. These ﬁeinforcements are

activat®dd as a result of friction between the bolt s&?face

and fne surrounding ground. Consequently, the efficiency of:

Bl

these friction dowels depends lar ély.on the roughness of
P g :

the bolfgsurfaée as well as the degree of contact
% \ | 1
(interlock)- between the bolt and the ground.

2.2 Untensioned Grouted Reinforcement (Grouted .Bolts)

| This category contains the perfofétea‘gpit type and the
grobted rebars. These full contact passive nélts are most
suitable in weak or fractufed rock (soft ér?nnd) where
me?hénical anéhoragg 1s unsatisfaétory. Tngﬁ%therrmain

advantage of the grouted bolts is that .even if local

8
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yielding occurs at a‘position aloﬁg tﬁe bolt lengtk, total
fgilure-is Rrevented since the remaining intact part$ will
still ﬁarry;load.AIg contrast, local failure of a
mechanically anchored bolt will inevitably lead to
instantaneous failure.
Gfpu;ing serves three major purposes:
a) It -bonds the bolt shank to;the'surrouhding ground making
the bolt annintegraljpapt of the rock ﬁass ltself,
b) The grout acts as a Qrotegtivg cover for the bolt and
'prevents or'reduceg,cofrosjoﬁ, and

4

c) Low'viscocity grouts can penetrate cracks that surround
the drill-gcle anZ improve the rock mass further.
Tﬁe’efficieA”y L the ggouted bolt depeﬁds on the shear
strength of ‘the bolt-grout interface and the grout-groundv
interface. Threaded rebgrs give an (xcellent bond with most
grouts, and cement grouts and organic resin grouts establish
a strong bond with most rocks. | e 7
In general most grouts are,cement—water based. They
should not contain@ions that may lead to either corrosion of
'boits of deﬁefioratiqn of the cement grout. Chloride 1ions
are particularly harmfpl'for steeltbolts whereas sulphate
ions can attackkthé cement grout. Chlorideé, sulphides,
sulphités, suiphates, carbonates and nitrates tend to lower
the 'pH of the grout encouraging electrblYtic action and
hydrogen'pagggge (Longﬁottom and Mallet, 1973; Caron,'1972)ﬂ

Therefore, it is very important that pure water is used for

cement grouts. Rehm (.1968) has shown that even a cover of 35

3 PoH
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"mm for bolts may not prevent corrosion 1f the grout is -

pOrous or cracked. In situations where the grourdwater is |

n ' R . . .
contaminated (selenious or magnesian), organic resins-are

f

p%eferréd to cement grouts for enhanced corrosion N
. ‘

resistance. A review of the-physicél and chemical pr@perties
of commercially available organic resin grouts has been
given by'Iﬁdra;atna (1983).

Grouts nust have godd wofkabiliéyfﬁof'effiCient .
injection into drill holes. However/ﬁoo hiéh water céhtehts;. v
may resuit in excessive shrinkage anH\reduced étfghgth. &ery‘
fine sand or fly ash can be added to reduce shrinkage gnd |
increase plasticity..Fluidifiers ané'retarders are used to -
main&ain workability especially in dee ‘dgill'holes,
Accelerators are’'used for rapid set under unfaéqgfable
gr0uqawater condizions. The use of“fluidifiers,réﬁf

< «

‘ entraining agents and-anti-bleed agents can effectively

IS

reduce the required water content for a given workability,;,,j,§;
thus producing a higher strength grout although at a higher °

. o ow . g SR
- cost. A typical mix composition of a cement grout (by

t

weight) may consist of 55% of qutland cement, 19;22% of o
w;ter and a fine sand content of 20-22% (water/cémen£ ratio
of 0.35-0.40). Furthé%lfactors that affect the design and
application of cement grouts and chemical resins have been
discussed elsewhere (Indraratna,“J983‘and 1984) .

Grouting pfessures are generally related to the type of
rock, inclination and'depth of drill holes. Minimﬁm )

~
_pressures (0.2 MPa) are more than sufficient for 3 - 5 m

4



-~
) ~

drill holes in intact_rock but are required for belting in
fisgurea rock. Grouting pressures must’be cerefully selected

to avoid hydraulie fracture of‘rock[ eed for many t?pes of

rock they may typically lie in the raﬁge_0.3 - 0.7 MPa
(Littlejohn anderu‘ce, 1975). .

ir3 Tensioned Grouted Bolts . . K

" These bolts provide the best anchorage in poorer rocks.

%
s

They..can resist greater axial loads than mechanically
anchbréd bolts. Anchorage in fractured rock can be
tremendeusfy improved by low fiscosity chemical resins such
as,sodium silicates, acrylamides, chrome-lignin and some
_polyesters!"MoSt modern systems use resin cartridges‘in

‘drill holes.

“““:=2;4'Teﬁsioned Mzchanical Bolts - ‘
l,‘ > Efpan51on shell type anchors, slot and wedge type boltdﬁ

?gQEll into thl; category. These systemércon51st of an anchor
ok

rwfshank,'a face plate, and a tlghtenlng nut. Mechanlcal
oI .

TNR s ) ' ; ; . ;

i ‘?:: ;._- ? .‘ ,‘ ; » . |
JE?J? Lt V
2 5. Rock Anchors

’

Generally referred tOAbOltS that are tensioned during

Q
3

biiﬁéhxhlgher Oapac1ty than the

installation, ‘but"are of}

~normal*tensloned bolts They con@ﬁst of hlgh strength steel
R



, ) \

) \, | \
tendons made up of several strands or bars fitted with a -
stressing anch@ragé at one end, and a means of transferring
load to the rock at the other end. The study -of
pre-tensioned bolts and rock anchors is beyond the scope of

this thesis. - : . - o -

e

2.6 Use of Weldmesh and Shotcrefe in Rock Boltin§'§§;ctice
Rock bolts themselves may not be able to support small
. blocks of loose rock on tunnel’@allziand rock slopes. It is-
normal practice to place a wire meshﬁlweldmesh)rover the
rock surface in addition to the bolts, and subseguently
spray ablayer of shotcrete toquinde passive support to the
rock surface. Shbtcrete‘must cover the weldmesh completely
especially when non-galvanized mesh is used in order to
prevent co;rosipn. A typical weldmesh may consist of 100
mm X 100\mm squares composed of 4 mm diameter wires.
Application of weldmesh and shote}ete has been diécussgd in
detail by Hoek and Brown’(1980),

A coﬁpléte operational scheme for rock bolting is

illustrated in figure 2.2,

2.7 Failure Modes of ‘Rock Reinforgemént Systems

. SRR ,

2.7.1 Fall Out of Bolted Segments
Excessive tensioning of the bolts can sometimes

genqgate shattered interface between bolt ends and virgin

.rock, leading to a separatlon of large volumes of rock
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(segregation of blocks). Inadequate bolt lengths cannot

. prevent the failure .of jolnted weak strata In‘réctangular
mine openings, shear fallurm due td Efrge bolt spacings or
lack of inclined bolts ‘at tn;.f@bs cgﬁvEISOuggnerate fallure

’
of bolted segments (Snyder, 1984)~PFullqhgrouted bolts in

genéral are more efficient than tensicned bolts in
preventing the above described failure rodes, becausg they
provide a greater shear andzbending resiétance at'rib§ and
at weék interfaces. The use of different bolt lengths can be
egonomrcally attractive and effective in reducing thg risk
of such failure in fractﬁred rock (Maher, 1975; Douglas and’
Arthur, 1983). : )

- /. -
2.7.2 Failure of Anchorage

Poor mechanical anchorage 1in weak rock or insufficient
‘grouting can result in a redugtlon of the bolt load’
capacity, and this has been\a major cause for occasiona’
failure of spot bolted‘roc; segments. The failurg pf‘a few
bolts due to6 paﬁr anchorage carn lead to excessivé aoad
transfer on to the adjoining bolts, sometimes leading to
progressive léoSening, breaking ahd bending of bolys,

-
Polyéster resin @@chorage has been(f&und to be very .
successful with %qspéct to this problem It has been
encouraged in re;ent times to av01d mechanical anchorage,
v

where the rock is; 'generally soft or where the rock is
éubjected tb frﬁﬁuent blasting nearby (mining areas). Where

ot

mine Opening§ are to remain in use for long periods of time,

» [}
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it is certaihly'édvisable to use full léngtH grou{ed bolts .
~ instead of any mechahically“énchored boyts:
| Oversize drill holes can lead to poor:anchorage whéﬁé
expansion shell typénbolts are used, hehce< sﬁep bo&tsfﬁust
be instailed 1n the smailest diameter holés that will ‘
accommodate theﬁ (B%ry and McCocmi k, T96Qlé\ﬁncbdrage:
Strenéths_may vary widely between di ferent bélts in the
same rock. Consequently, pullout tesgts must be ber£§fmed'

randomly to assess the anchorage ¢fficiency of the proposed

bolts.

R

-~

2,7.3 Shear Deformation gf Bolpg

~ The deformation of layered and jointed rock can resuit
in shear displacements along weék planeg“SUCh as joints and
bedding élaﬁes. Of’course, one main purpose of boltingvis to

minimize such shear displacements by reinforcing the

~

discgntinuities. However, if either the axial load developed
in the bolt or the shear stﬁffness of the bolts is
inadequét§9 large shear movehents may be generated at the
diécontinuities. As a.result, the bolgs may deform and
sugsequqntly yield as 1llustrated by Figure 2.3 thereby

5

reducing‘theiE effectiveness. ; o
Fairhurst and Singh (1874) provide gonvinciﬁg evidence
that, for‘fully grouted bdlts, the shéar reinforcement of
each plane of weakness 1is essentfally indepeﬁdent cf the
~other.. Even 1f a érouted bolt fails at one level, the shear

& stiffness of the same bolt at any other layer 1s unaffected.
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In dther words, local failure does not significantly affect
the func%ioning of the overall bolted strata. In contrast,
local yielding of a mechanical bolt will reduce the bolt
tension considerably, thereby threatening the overall

efflectiveness of the bolted strata.

)‘--‘;”_"_,--;,- \

- 2.7.4 Iﬁéroper'Tensioning of Bolts
Inappfopriate torgqu tension relationships, use of
faulty torqge wrenches or hydraulic jacks can elt’=r induce
excessive or in;dequate‘bolt tension., Excéssive’tension can
éither lead to slip ét the anchorage, sepé;ation of blocks,
é;f;\elding of the bolt and its components. Overloading of A
"grouted bolts can alssmoccur due to strong shock wave pulses
generated by hearby blasting. On tle contrary, blasf;ng can
induce relaxa?ion of pre-tensioned mechanical bolts

(Stehlik, 1964). Insufficient tensioning assists in

loosening and encourages shearing of bolts.

=

[

o )

2.8 Localized Failure of the Bolt-Grout Composite
There are several ways .in which a fully groue®d
untensioned bolt can malfunction: ¢ .
(a) Yieldiné of the bolt itself,
(bi Failure along the bol£/grout in£erface,
(ﬁQ‘Fractﬁre within the grout anﬁulus, and
(d) Failure along the grout/rock interfnce.

Yielding of the bolt occurs when the maximup-fenside

stress at any position along the bolt exceedgﬂﬂﬁe yield

»>
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stress of steel, If the shear stress developed along the

[4

bolt surface exceeds the bond strength (adhesion), o

'pull-out' of the bolts occurs as generally observed in the

case of smooth rebars. Such failure can be restricted or

delayed by profiled bolt surfaces.

Fracture of the grout annulus or failure along the

gfout/rock interface can be regarded as pre-mature, if the

load capacity of the bolt itself and the bond strength of

the bolt/brovt interface have not .been reached. Excessive

shrinkage crackipng, high porosity and retarded strength

development are some factors responsible for accelerated

fracture propagation in the grput annulus. Impaired adhesion

at the grout/rock interface can often be the result of

inadeguately cleaned boreholes, exe§sively smooth borehole

-walls or softened rock due to rock alteration.

>

2.9 Comparison of Grouted and Mec' .nical Bolts

The following‘important advantages of fully grouted

bolts may be summarized:

1.

In all ground types, grouted anchorage can be ensured,
whereas mechanical anchorage 1is questionable in soft or

fractured rock. .

! [\

In grouted bolts, the effective bond.or an~horage length
is equal to thé bolt length, whereas in tensioned bolts
the effective length is limited to the fixed anchorage
length.v S~

Failure of rock at the mouth of the hole or local

@



Fully grouted bolts transmit shear stresses much more

—addltlon the pepet raﬁ

20

yielding of bolt at any point can seriously affect the

capa&ity of a mechanical bolts system.

v
Py

) o
effectively in both lateral and axial directions, and

have a greater axial, bending and shear stiffness. Once

N
activated they are more effective thar echanical bolts,

and also are more resistant tor shock loads fro- ~lasting,

’ A ¢
and earthguakes . oo : .
: : } "vﬁi A : é‘\ o \:‘.3; -

.‘nEullyrgrouted bolts are moVe resi stan\ to COrrosion, In

c

@n mf gyout into cracks reduices
SIS A .

: permoablllty and discq r%g@s weatherlng or rock’

’alterat1on processes 1in the surroundlng rock. 2

W

Installation is more complex but the time and effort of
manual ten51on1ng is ellmlnated 1frfully grouted
untensioned bolbs are empioyed s

However, ully grouted bolts are not effectlve 1n the

s

following adverse;condltlons:

1.

Since grouteﬁ;bblts degend on ground displadjgent for

CAEEN

activation, tensioned bolts are preferred where

displacementa have to be readily cuttaileda Tenéioned

~grouted bolts can be installed by appllcatlun of grouts

4

(resins) w1th dlfferent setting times.

°

Setting time: and strength properties of the grout are .

>

serlously affected where ground water contlnues to. flow

N

into the borehole.
( .

Extreme temperatures affect the strength development of ’

i : |
most grouts. ‘ : o0

.
-
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4. Grputed bolts may not be economical in situations Qhere
the presence of large cavitiés or fault zones 1in thg
near vicirity generate substantial loss of gréut.
_ s
2.10 Selection of Rock Bolts for' Various Rock Types

The following summary 1s Entended as a guide for the
seiection of bblts. The role of bolfing 1n stro%g and weak

rock has been classified in Table 2.1.

A. -Untensio- 1 grouted dowels

“ 1) Uses:

(8} Stability of an exposed face or reinforcement prior
to excavation (tension is quickly developed 1f installed
close to an advancing, fa-e),

(b) Permanentﬁ@}'temporary'support of unstable rock

-

strata, and (
(c)\PrincipLe‘Suppd:t system in NATM to control yielding

kS

of rock mass, hence, ;unnel convergence.
11) Rock Tyée: |
Generally advantageous 1n fréctured or yielding rocks
ksﬁch as mudstone, coal, shglé,‘weathered sedimentary or

metamdrphic rocks.

¢

B. Tensioned Bolts (mechanigal or resin grouted)

-

i) Uses: — S I
(a) Both for temporary}and'perménént supéort,
(b) Particularly advantageous for stabilizingllarge
unstable blocks (keyblécks), and

(c) Suitable for excavations where displacements must be

L

> ' ~=f
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. .

. ) .
‘Table 2.1 The Role of Bqltinélin Various Types of Rock

e

WV

Rock Strength
Rock Condition A

- | Strong | Qéé& ------
Cslightly Jointed | A | Aor/amd s
stretified B, + C B+ C + D.
highly fractured B end/or E \, B +E

ROLE OF BOLTING: o -
A prevent spa111ng and collapse of 1oosened blocks.-
B : 1ncrease cohesion & internal fr1ct1on of ,rotK mass.

-9

increase shear strength at intlerface.

(] (@]
.o e

reduce vertical deflection by beam building.

B use ef wire mesh & shotcrete for additional support
as well as- secondary and tertiary bolas io prevent
spallﬂng and squeez1ng A v
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severely curtailed.

Rock Type: . ' B

>

In weak and fracfured rock mechanitag‘ancho;age is

inefficient. Resin grouted tensionéd bolts are suitable -
for any type of rock, bat purely mechanical :-bolts such

=~

as expansion. shell are ‘ideally sg}fed,for relatively

‘hard rocks such as limestones, sandsones, marble, etc.

Tensioned Anchors or Cable Bolts

©

Uses:

" Stabilization of tunnel intersections and other major

i1)

excavations which fequire long bolt lengths and high
support pressures (e.g; Diwidag or Macalloy anchors) .
Rock Type: - - : N

Not economical for weak fééks due to their high load
cépacity. Havé been éucces;}uliy used in unweathered

stronger rocks such as blocky limes;oneé and sandstones.,
. ('/

2.11 Summary of Interactive Factors Influencing the Design .

(\

‘Properties ol Intact and Jointed Rock

of Reinforcement Systems

Q .

I * N \.
s), cohesion and friction

Strength parameters (oc,ot,qu,

(c},¢i), Elastic constants (E,v), permeability (k 3,

properties of joints and bedding planes, and.type of

-~ -keyblocks must be known for design.

Groundwater and Associated Problems
Water pressures in tension cracks and weak planes, flow

into excavatiom, feasibility of grouting and corrosion
R



24

potential also influence design and excavation
procedures.

In-situ Field Stress

Overbufden pressure and K, are requlired to predlct the

stress distribution (before and after excavatlon)

iteometry of Excavation .

Circular, rectangular, horseshoe and other shapes affect

the stress distributien and method of support.

Potential Failure Modes bf Openings

The type and pattern of bolts requ1red for stabilization
are influenced by the potential failﬁreﬁmodes or modes
of yielding prior to bolt installation. ' s

. 2 ‘%
N

Excavation Procedura

Method of,ercavatioh (full face, part face etc.), type
‘ of equipment and rate of excavatlon not only affect the

stress field but also the 1nstallatlon procedure of

supports and, hence, the mooe of\bolt activation.

Properties of Bolts and Installation Procedure

Material and geometrical properties of bolts,

torque~tendion relationship, type of anchorage, method

of drilling and grouting,- typg of wire mesh and

.shotcreting procedures influence the ultimate load

L

capacity of the bolt.

Pattern of Bolting
- Lendgth and spacing (variable or uniform) of the bolts

.and their arrangeﬁent around the excavation di(EEE}X\\&/f

influence the degree of stabilization.

’



9. Time Lapse

‘The time lapse between excavation and bolt installation
influences the load development of a grouted bolt and,
hence, the tunnel convergence.

10, Instrumentafion p

Load and displacement monitering can provide very

important data to assess bolt system performance end to

establish more efficient designs for. subsequent -

excavetioﬁ werk. ”

The recognition’of most of the above mentioned
danteracive faetori, in the developheht of an analytical
method for the design of fully grouted rock bolts will be

discussed in Chapter 3. - '
)
!
2.12 Iﬂbrovement of Rock Mass Shear Resistance by Joint
Reinforcement ? ‘X |
The presence of a major discontinuity wiEh unfavourable
dip can be qetastrophic in underground opeBings unless such
']ok\fs can be stab1llzed soon after excavatlon. Both active
and pa551ve bolts may prevent dilation and also minimize the
shear displacement along a weakness. Conventional mechanical
bolts immediately provide a direct normal streSS'and-
restrict dilation. Fully grouted bolts also provide shear.
re51stance against the direction of Sllélng (shear
dlsplacement). However’, the development of the optlmum ax1al

load (tension) in'a fully grouted bolt requires a small

.amount of deformation of -the rock mass which is quickly
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v

.attained in yielding rock. The’shear resistance provided by
‘mechanical bolts is purely due to an increase .in nérmal
stress thét'stimulates greater friction at the joint
ingerface. Experiment%’' conducted by Haas'ét.él. (1975; on.
limesténes and sFales havé revealed that the increase in
shear resistance okfered by éroqted bolts ds'cohs&derably'
greater than the additidnal f;iction provided by mechaniéal

Q

bolts.

Bjurstrom (1974) has considered the shear strength of a
bolted joint as an aggregation of the following three
- ~ >

constituents (Figure 2.4):

a) Shear resistance due to reinforcement effect: -
13
T, = P(cosf + u siné)

where: P = bolt tension, 8 = éngle between the bolt and the

joint and u = tan¢g ;

14

b) Shear resistance due to dowel effect:

where: d@ = bolt diameter, o, = bolt yield strength-
and 0. = uni-axial compressive strength of rock ;

c) Shear fesisﬁance due to friction of joint itself:



@

‘ ) . .
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Figure 2.4 Shear SPrength of Reinforced Joints (modified

~after Bjugstrom, 1974)
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where: A

n

, joint area, o. = normal stress on joint

and 0.

; joint friction angle. ™

" Hence, the total shear resistance: T, = T, + T, + T,
Shear tests conducted by Bjurstrom (1974) aléb reveal
that the optimum bolt cépacity 1s achieved, when the
inclination Qf the bolt HP the.jéintv(e) equals the
mobilized frict}en\gpgle of the joint (Figure 2.4). As 6
approaches ¢ ., the applied shear stress reguired to obtain
a giQen shear displa;ement as well as the axial bolt stress

1 .
> axlal stress becomes excessive,

rapldly increase. Tf :ti

yleldlng of the bofgkf’ occur before the required shear

disﬁTécement;is attained. This is indicated by the
discontinuity shown in Figure 2.4. Barton and Bakhtar (1984)
and Héas (198%1) have also rpublished similar findings. The

analysis of slopés and excavations ngférce~equilibrium

methods (Barton’ 1973) also suggests that the direction of.
the maximum bolt fension is inclined at an an e of ¢

(mobilized) relative to the joint plane.
) _ h ‘
A finite displacement of the joint is required for the

mobilization of the shear strength. This mobilized shear

stfengtﬁ is a function of the pre—peatg peak or post-peak

displacements. Therefére; thg appropriate bolt load and

inclination angle depend on the corréSponding strength
envelope for peak or residual strength. Génerally~for

practical purposes, the bolts are designed for post-peak

displacements at.the joints, hence, the Opiimql inclination *

angle of the bolt may be recommended a$ ¢ (mobilized) as

9
Vo
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ﬂmﬁxhxﬁguq2.& “ -
2.13 Reinforcement of .a Singl€~Plane of Weakness

Jaeger and Cook (1969) have analyzed, by application of
‘thg limit equflibrium, the behaviour’gf a linear
diécéﬁtinuity in a roc$igass with the Mohr-Coulomb shear
§tfength criterion? Th; analysis presented here 1s an ke
extension of the lattér'appréach to‘accommodate the
influence of bolting on the joint. Figure 2.6 1llustrates a
single jointcgéinfo}ced by a bolt inclined at an angle 6 to
the joint plane. The cross-section area of the bolt and the
area of the joint per unit lqngitudinal iength have been

représented by A, and A, respectively. In the 'single plane

of weakness’ thébry, Jaeger and Cook (1969) have_preposed

)

the following equations: NS
T, =.C, ¥ 0 tang, (2.1)
o, = %(o,+03) - %(01-03)c052a ' o (2.2)

2(c. + ojtaﬁbj)

0, = 0. % 7= tang tana)sin2a ’ (2.3)
where: 7 = shear strength of the joint,

3 o
S

o, = normal stress aq;d%é the joint, ’

0,, 0, = vertical and horizontal field stresses,
4

c,, ¢, = cohesion and friction angle of the joint,

a = jeint inclﬁnation to the minor principal plane.
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Figure 2.5 Influence of Mobilized Friction Angle ¢ , Bolt

Installation (modified after Barton and Bakhtar, 1984)
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D

Figure 2.6 Reinforcement of a linear discontinuity

5



The development of load (o,-A,) along the bolt axis,
provides additional normal stress and shear resistance to
the joint. The equilibrium of the reinforced joint leads to

the modification of Equations 2.2 and 2.3 as follows:

‘/
o, = %(01+o3) - %(01—63)c052a * 0,-A,-sinf/A (2.4)
2(cy + o,tang,) 2(F, + F,)
= + - >
9, = 05 (1 - tan¢3tana)51n2a - tan¢3tana)s1n2a (2.5)

where: F,

0, A, cosf(1 +:tan¢3tan9)/AJ
and F, = 7., A,/(A ~sinf)

The mathematical dériiation of the iatter gquations 1s
summarized in Appendix C. The tensile stress (d;) and the-
shéar strength .7, ) of a mechanical bolt sfould not xceed
the yield stress of steel. However, fully grouted bolts have
a lérger effective cross-section areé as a result of the
grout annulus. Consequentiy, much larger axial and shear
loadé can be tolerated by them prior to failgre. However,
because tﬁe axial load varies along the'leng&hyof a grouted
bolt, the degree of reinforcement also depends on the
location of the joint relative to the bolt axis. )
I The -expressions F, and F, reflect the influence of

bolting ontthé adaitional normal stress and shear resistance
‘ ‘ : : .
provided to res¥st the joint diéplacements. Since the shear

strfngth of a discontinuity is modelled by Equation 2.1, any
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. LU,
increase of the normal stress results in an enhanced’shear

strength of the joint. This analysis was extended further to
incTude the effect of - several bolts installed at dlfferent
inclinations (Appendix C).
2.14 Theories of Rock Reinforcement by Bdlting
2.14.1 Q‘spension a /;:;Efiodal Stabilization of Individual

" Blocks ///Vd

Bolting must attempt to stfengthen the rock mass by
preventing the detachment'ef loose blocks. The suspension
thebry is basedﬁon the fact that unstable individual blocks
an be stabilized .by suspehsion from the relatively stable
rock beyond them. The bolt'lengths must be a&;duate to
penetrate sufficiently into the stable.sfrate. Both actiye
end passive bolts not- only balance the weight of the
unstable wedges, but may also increase fhe shear resdstance
of the joints whlch are 1nterseetedlby the bolts Figure 2.7

Y

1l1lustrates the above dlsgugsed st&blllﬁatadn concepts The
transverse resistance offered by the uncomparably high shear
stiffness of the fully grouted bolts is greater than the
shgar resistance provided at a joint by a conventionai-
mechanical bolgd A varlety of 51mple analytlcal rock bolt t:f3;
models have been develogped for the stablllzatlon of v' ”
rectangular lecks and trlangular,wedges'us;ng;tbe_llmlt
equilibrium technique (Lang[if9§1; Cofdihd:énd:beere, 1972;

Hoek and Brown, 1980;‘Brady and Brown, 1985%).



(A) . ? Simple Théory (for rectangular blocks)

| |
| i
1 1
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- strong
X weak
D /44,423 ' A
-3 A
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excavation
Y

= unii. weight of roc ..

Por simplicity, ignore shear on sides of - ¢ tlock,’
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\

{
|

Weight of block = S..S .D .y = Tensic: ~f bolt (T)
N '

(B) . Resistance toﬁsifding of a'Triangularvwedqe

‘Hoek & Brown, 1980.

AN s

. o
P = tang(cA + W-cosy + T cos8) / (W-siny - T-sifif) .
. _ R

JOINTS : e

- AB = sliding surface

. . " 4

W = weight -of- block

excavatio A = area of slidifig
T = tension in bolt

% 5
'F = Pactor uf} safety for s%}diﬁg S

-

S

1
v

Figure 2:7 Stabilization of Unstable Individbal Blocks
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.

Lang and Bischoff (1981) have proposed ‘an analytical

_solution for the design of boltsminrrectangular‘mine

openlngs based on Terzaghi's limit equ1l1br1um method The

latter 'Relnforced Rock Unit’ approac%éreveals that the bolt

length mist be at least twice the spacing to prevent

excessive loading of the bolt. The sjme criterion. has been

l-proposedﬂearlier by Lang (1961) an?.the U.SS. army (1980) in
: " PR LN ; :

projection or- by other means.

’ - oL . . - 4 . '
semi—emplrlcal design gu1des. The above discussed methods

ibésed on. the theory of suspen51on may be employed

f.successfully for spot or gattevn boltlng;where the geometry

of the unstable wedges can be determined by hemisphérical

oy :7"‘!’“ {‘?
: iy

2. 15 Keyblock Bolt1ng to Premﬁnt Ra"elllng

\eyblock method 1s a lower bound approach tHat se7rches
¢

for all block% that are pobehtlally most crltlcal. Any

>movable blocﬁ must be f1n1te and exposed at the opening

'.wallz Keyblock detang or spat bokting attempts to bolt all

x.

f1n1te removable ‘blocks such that no other potentially loose
w4

‘rocks are able to move. If a keybl@ck falls into. the

-excavat1on subsequent release of other blocks can follow

<

4
and 1nduce progre551ve ravelllng Given a partlcular
’ 4

‘excavatlon geometry, keyblock theory ‘determines a complete

set of jOant pﬁanes that deflne keyblocks which can be

‘ex&ended to'elther ;nd1v1dual jqint blocks or multiple

&

united blocks. Spot bolting should successfully stabilize a

"potential‘keyblock'areé" by keying of rﬁgid blocks te form
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-

larger blocks._This'ip turn generates a %szressive action

that reduces the adverse effects of pobéntial'ten§ion zore

a

above. the excavation. The theory and procedure for #inding
keyblocks and keyblock bolting are explained in detail by

Shi Gen Hua and Goodman (1984).

»
»

2.16 Beam Building Theory

“Thisﬁfheory can be explained in two ways. Firstly, one
can consider the bolts as havﬁng’the gﬁfect of laminating
thin lé?ers toéether, tﬁereby forming a thicker monolithic’

system. Such a system will transmit horizontal shear from
" one layer to the other and minimize the relative horizontal
~displacements that will take place at'fhe interface$’due to -

bending.»Tensioned bolts can directly increase friction 4t

e

interfaces b§'norm51 stress, whereas the groutéd bolts can
also tfansmit shear as' a resuit of £he shear stiffness of
the'bolt—grout system. The purpose of the bolts in produéing
a monolithic beam is the improvement of shéar,resistanﬁé’

b%Fween the .layers and the reduction of deflectﬁgns under

S

the applied load. Snyder (1984) has shown thaté%uﬁly.grouted
bolts are more effective than mechanical tensioned boligﬁin

reducing dgﬁ}ecfibns due to their enhanceg axial and shear

>

stiffness. The increase in effective depth. and -flexural

rigidity (E1) of the laminated composite is a function of

the bolt spacing, the %}igl and shear stiffness of the

/-0

”

bolts.. N



M: Saggihg and bugkling of laminations have often been o
observed in openings excavated in coai and thinly beddea f

| sandstpne/shale.strata,as illustrated qualitatively,in '
Figure 2.8. fBéam.buildihq' provides protection against‘sﬁch .
failure modes. Tf the bottom layer immediately above the
excavation is thinnef or weaker than the other layers, it
tends to sag more and Separate at m;dspan frém'the layer
above 1t. This proceés_f% common in rectangular ;oalﬂmine

openings. Howévgr, bolting at mid-span has been successfull

in restrigtin@‘delamination;oAt the middle of the reinforced

span, the bottom layers are mainly in tension, whereas the
top most layers are mainly in compression. Consequently, the

\u[ . N . N . - . . t
neutr&l axis of each ayer tends to approach an imaginary

neutral axis of a monolithic beam.'s - .o T el

o7

However, closer to the supports (ribsﬂgz.pillars)‘thg g
) ) I 5 g, i K R

o ¥

laYers»act independently, and separation tends to occur

between suppofts and quarter-points of the span. .The

separation of layers at thérribs is’maiﬁly due to'highe: .
verfical shear and bending'moments. Therefo;é, it is
recommendéd to use smaller bolt spacing as,well'asvangled
bolts over the abu&ments.(ribs5; The mathematical analysis

; .

of the beam theory is given by Gerdeén‘etval? (177) and

Snyder (1984).
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Figure 2.8 Prevention of Bucklihg'and Sagging by Beam
Building
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. 2.17 Arch Building Theory

/

Excavat creates a zone of loosened fézk that can be
effect1vely<%e1nforced by. boltxng Radlal boltlng leads to
the concept of creating a&structurally competent arch which ¢
is a fundamental approach used in many empirical designs.-s
The geometry of the compress1ve arch has been predicted by

assuming a dlsper51on-angle of 45‘ (Flgure 2.9), and 1tsV

thickness is given by (Lang, 13972):

=L -8 ' | g (2.6)

1
N

\

.

where: L = bolt length and S, =v‘tv:angential bolr spa¥ing.

The confinement pnovided.by the tension in radial'boltsf
creates a'co;;ressive arch around thelopehing with increased
tangential stresses. For the arch to be structurally
competent, bolts must not induce compressive stresses
: greater than the uniaxial stEEngth’of'th% rock. In‘addition,

they must effectively contro]l excessive deformations of the.

rock mass by stab1llzlng active’ ]01nts

“ O
The cont1nu1ty of the art1f1c1al arch between the bolt§>

a4

is achileved, opig if the ratio of the length/spac1ng@pf the

l

" bolts is greater than 2 (Lang, 1972) 1f the latter ratlo‘ls'ﬁ

P

- less thah , the compressive zones will be coanﬁed to
locallzed regions around 1nd1v1dual bolts and will not
intersect to form a‘continuous arch. Structural analysis of
~the reinforced arch are given by Ldng, 197?;'Bischof£ and

Smart, 1975 and Gerdeen et al., 1977.

1 i



Figure 2.9 Formation of a Compressive Rock Arch (modified
after Lang, 1972)

~ ¢
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2.18 Summary

The comparative review of alternative bqit-system§ has
emphasized'the’advantages of fully grouted bolts QVer the
conveﬁfional mechanical bolts.6Their enhanced shear
stiffness and the effectiveness even in the weakest -rocks

.y

have made fully'grouted bo}ts economically attractive. A
rational analytical modg}nfor the §tabilizatfon of J .
underground excévations has been déveibpea by Hoek and_Brown
(1980), employing Ehe“conpepts of support confinement and
ggound teaction curves. Fully grouteé‘rock bolts unlike
other support systems cén&dt be modelled by a support
confinement curve because they beégme an ihtegral part of
ﬁhe rock masslfthereby restfi;ting its deformations
internally. The following chapfer presents a rational

analytical approach-for the design of fully grouted rock

bolts in_tuhnél openings.

6 : | ._ ' W

W .

¢ &



3. THEORETICAL .ANALYSIS OF FULLY GROUTED BOLTS IN
‘ UNDERGROUND EXCAVAT IONS

eIast1c1tj before &deldlng occurs are made to simplify the
analys1s Tﬁe elastlc behav1our of an openlng 1n/zn infinite
medlum is well documented in~ the llterature (e, g/ Obert an5
-Devall 1967) . The abbiicetgén'of Alry's etress functiohs

. and Hooke's law to determlne the stress and strain flelds

- constitutes the'%endémenFals ef the elasth ;heory Since
tunnels are much ionger than thelr dlameter it is ‘0
reasonable to assume that: the pIane strain cendltlon (;
' (longltudlnal strain, 352;0) prevalls ultlmately The .
cgh@itions at the'ﬁaee giiier s;gnlflcantly and, hé?cé,
‘thfee dimensiohal’effeceseshould be considered. For the
foliowing, it is a=<umed that this transition does not
affect the final 5, . behaviour. .

Yield 1n1t1at10n ts ass%@ea to occur following a linear
Mohr-Coulomb failure c:gterlpn. Post - peak behaviour is;
characterized by the fioﬁ%ﬁéﬁ%’£hat geverns the plastic
deformations. In the perfe:.’v'plastic meterial model, there
is no si.rength droghafter ¢  hence, yielding continﬂes'to
occdr at a constant peak stress level. However,'é strein

weakening behaviour is generally observed in most rocks?

where the post-failure behaviour is strain-dependent.

42
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The elastic, brittle-.'astic model is a simplification
of the above described behaviour, and is chargctefized bi.ap
instantaneous strength drop at peék as shown in Figure 3.1,
-nekMohr-Coulqmb'ﬁailure criterion is still applicable

although the post-peak strength is reduced. The'principal

stresses in the plastic zone can now be related by:\

& .
where: m = %—;—g%%% = tan’(n/4 +¢/2) and 0 <s '
y - ,_
The parameter s is a measure of the degree of strength
loss"occuring immediately after the peak trength is
reached. In wniaxial compression, s is almost zero; whereas
it approaches unity if the perfectly elasto-plastic state is
attained in.t:iaxial compression. Further dicussions on the
'vap;lication of different elasto-plastic models under various.
boundary conditions are given by Hendron and Aiyer _(1972),
Guenot (1978) and Goodman (1980).
.1‘At the boundary of an elastic excavation;.the
tangential stress is maximum, whereas the radial stréés ls
minimum. The credtion of such an unconfiﬁed stress state. at =
-——p—tnnﬁéf—waii initiates yielding of the rock, if thé
tangentialistrefs exceeds the unconfined compréssiye
strength of the rock mass. In the case of isopropic yieldiné
in a homogeneous material under ¢ nydrostatic field stress,
an axisymmetric plastic zone develops at the tunnel wall and

y
i
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propagates away from the cavity. Since the radial or the
confinfng stress increases from the'opening, yieldinédis
gradually inhibited with inoreasing distance from the tunnel
wall. Where the tangential stress after redistribution is
equal to or lower than the uncorflned compress1ve strength
~of the rock, further yleldlng is prevented Therefore, the

yielded.zone 1s always surrounded by an outer elastlc zone.
."' [ . . .
! Strain softening and creep properties of rocks ardﬁ

[ . ; o
generally time- dependent Furthermore, the presence of
- a

joints a“d'fractures makes the rock mass anisotropic.
'FConseduently, time—dependenthstress redistrinE}on with
associated anisotropio yielding, generally. induces localized
failure, even if the in—sitU'stress field is.hydrostatic
‘ (Ko=1). The process of modelling anisotropic, time-dependent

 behaviour by analyticai_techniques is mathematically complex
?

s

S or 1mp0551ble, therefore, approx1mate solutlons may have to®
be adopted, for example, by numerical methods. Analytlcal
models based on elasto plast1c1ty (Goodman and Dub01s, 1971;
Hendron and Aiyer, 1972; Egger, 1973; Ladany1 1974,'Hoeh
and Brown, 1980: Brown et.al., 1983; Kaiser et al., 1985)

. b . Lo .
. have often assumed 1sotropic andftlme-lndependent material

v

propertle w;th relatively 51mple failure cr1ter1a
The comblnatlon of equlllbrlum equatlons and a failure

criterion provides the basis for the determlnatlon of stress
distribution in the plastic zone. The assumption of the '{
continuity of radial stress throughout the medium is =~ = 7%

'
-

necessary for the determination of the plastic zone radius.

)
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Tbe radialTpr;ssure at'the e¢lasto-plastic boundary can be
regarded as an internal support, for the outer elastic’'zone. .
Copsequently,‘the stress and“stfain fields.of ﬁhe.outér
‘elastic zone can be‘dgtgrhined,

The strains in ‘the plastic zone are the sum of elastic
Iand plastic components. The elastic componeht:of the strains
. and displacements in the plastic zone has been determi;ed bf
assuming the same e%gstié cogéténts (E »), and cpplying
Hook?'s‘laws. The plastic strains'arr jcverned by an
appropriate flow rulé postulated for the yielding behaviour.
Sirce :he extept of‘yielding 1s dependent on f%e dilation
chara;tegistics of the‘materiai, tbe flow rule must
accoﬁmodate the influence of dilation. In the analysis
presented here, 'the following‘flow rule appiicable to linea}

Mohr-CQulomb failure has been adopted (Egger, 1973):

where ¢? and ¢! are the radial and tangential plastic

‘Strdins, respectively.

The parametgr a is’the‘dilation coefficient
characteristic of a given yielding material. Zero volumetric
'strain (no volume change) is represented”by a = 1. If a = m,
the associative flow rule for Mohr~Coulom§ifailure 1s
obtainea.°FOr a.méterial with a friction angle (¢) of 30”, a
value of a ;‘3 is an upper bound for dilation. The |

associative law assumes that the plastic strain increments
Ao | ’

A Ae‘..‘ 5
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R

are normal to the fallure envelope \wormmlity condition) and

Y
o B

thereby generally over- estimates the plastiﬁ strains Q,ﬁ

-

P I

%ﬁerefore a non-assoc1at1ve fiow rule (1< a <m) is moné

Ry /
|
realistic as. *llustrated *n Figure 3. 2 : flfﬁﬁ
\\ : i3
A

The compatibility equation foz total strainss ¢an be

written in the gener§l form

'l;"" *2 . 'l 4v‘ :
Gel e ey
' 2 v .

VB a t
- S = c o=
T R A , co s Vo
B T I e~ : PRI

s

* ‘The combiﬁétson of compat bility (plah%ﬂstréin) and the flow
,,/4«_ U
rule enables a Solution for. the strafw field to be obtained.
Assuming a plane s*rain condition for axisymmetric stress
»:

ﬁfleld dun/dr=0 thn rollOwing strain displacement

relaﬁﬁbnships can be derived to determine the radial

) -
¥ S Y . . _
displacementS' . R - -
ﬂ . ' P
@
B A O e T (3.4)
; ._'_,,-f[ _dr Ea B , -eﬁ - r .
° Y S : .k $
. .“a- ) &6- . -
- PAES L . e . . - .
. where - " are the total radial anéf}angential strains,
.‘! ~,’£C" . J . .’(_‘ .
F ¥ ~ 3
.r&spectively
..ap 3 o RS q},

'ﬁ“ﬁ e gf ‘can be assumed that the plastic strain components ep

fiand ei are zero at the elasto-plastic boundary. The\
combination of strain compatibility and the f{;; rule
enables the determination of the total stiain and
displacement fields. A summary of elasto—plastic solutions

applicable to isotropic, axi-symmetric yielding is given in

Appendix A.

¥
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A\) ‘ N ,"
3,101 Application to Physical Models‘

The main difference between a real tunngl'ané the
physical model considered in this study is that in reality,'f
a tunnel is excavated in a pre-stressed body. subjected to |
in—sipu stressés; Therefore, the deformation of th§ model is;
greatéf‘than that of the real tunnel by ;re initial elastic

‘deforﬁétion of the intact platé (Figure §.3).

The elastic convergence under hydrostatic field stress

for the realfand model tunnel are given by:

u,(real) = o0,-a(1+»)/E = 0.°a/2G | (3.5)"

o

0y (model) = 20,-a(1-0")/E = 0, al1-9)/G (3.6)

E

‘The shear modulus (G) is given by: G = 2(1+p)

In other words, the elastic convergence of the model is

2(1-v) times greater than that of a real tunnel excavated A n

o

a pre-stressed body. However, under any field stress

-responsible for significant yielding, the magnitude ok
. 3 [
plastic strains generally dominate the total_strains. This

,is particularly true for weak materials with a relatively
low post-peak strength and a high dilation coefficient.
Therefore, the difference in elastic convérgence due to the

initial pre-stress of a real tunnel can often be neglected.

‘ ) s
o 3 . . ] ;l

P

3
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Field Stress

‘v

"ELASTIC, BRITTLE-PLASTIC

Tunnel Convergence

)

Figure 3.3 Compaﬁison of Model Tunnel with Reality

!
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/

3. 2 Assumptlons and Analyt1cal Considerations

The extent of yleldlng (plastic zone radlus) is
dependent on ‘the material properties of the rock, the
'1n situ fleld stress and the tunnel radlas Yielding may be
followed by rupture of the wall 1f uncontrollable e
“deformatlons occur in weak ground It 1s the objective of
bolting to minimize- large dlsplacements in order to ma1hta1n

- a coherent load bearing r1ng around the tunnel. The }

installation of bolts eff ctively improves the apparent

Iy

material/propertieé'of the rock mass thereb§ reducing
strains and displacements. The applicatioh of
elasto-pLasticity to the desigh of underground'exoavations
has ‘been introduced recently by Kaiser et al.,\T985. The“
analysis presented here constitutes an extensionoof this -
appro%Fh, to assess the ihfluence of fully grouted |
(frict&bnal) rock boltS'on the tunnel behavioyrﬂ

. Thevﬁollowing major assumptions have beehvmade:

1. Deep circular excavation.in hydrostatic stress field

2. éomogeneous, l1sotropic material with,time—indepehdent
properties. | |

3. Elastic, brattie—plastiovstrength uodel.(Figure 3.1)
with a linear Mohr—Coulomb failure—criterion (oc; ¢?.‘
Plestic deformations gollow a flow rule with a.constant>.
rate of diietion 1 <:a <1m). | |

: ™
4, ‘Deformation pattern near the tunnel 1s properly

-

descrlbed by plane strain condltlon. Three dlmen51onal
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effects at tunnél face are neglected. Plastic
deformations foliow a non—associafive‘flow rule.with'a
coefficient of dilation, 1,< a < m‘, (Equationvi.l and

; Figdre 3.2). 4 | |

5. Shear stres; distribution along tﬁe.fullylgfoutéd bolts

. is assumed by the mode }llustnatéd in Figure-3.4; The ..
influence of“th relatiJ;ly thin grout annulus on, rock
mass deformation has been ignored.

6. Axiéymmet}icqulthéttern~aroﬁnd.the excévatioh (Figure
3.5);‘consists of identicaﬁ bolts_yith equal»épaeing
along the tunnel axis'and around tée ci;cumference. The
tangential bolt spacing around the opening is defined»gy
the proauct of»the_tunnel radius and the angle between

L}

two adjacent bolts (i.e. S, = a-6)
7. The increase of the apparent elastic modulus (E) of the
rock mass due to the'preéenée of relatively stiff«sfeel__

bolts around the tunnel is not modelled by the proposed

- analytical solutién“

3.2.1 Stress Distribution Along Fully Groutea Bolts
" A model for thé stress distributions associated Qi%h
grouted bolts has been‘prbpoSedlby Freeman (1978) and Sun
% Xueyi'(1?84), based on field ohservations (F;gure 3.4). Tao
and Chen (1984),.havé independently inyestigated‘the
%«;pehaviour of grouted bolts in yielding rock and have
»'supportéd ;he latter'model_with theoreﬁicél verification.{

Observations from the. Kielder tunnel (Freeman, 1978) and the

SR
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(B) THE LONGITUDINAL SECTION

Figure 3.5 Fully Reimforced Circular Excavation
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' Kiirunavaara Mine (Bjornfct and Stephansson, 1984) have
_provided most ‘convincing evidence in support of the fact
that in yielding ground, a fully groutéd bolt 1s essentially

J

divided into a pick-up léngtﬁ and an anchor léngth: The
pick—up:length restralns Ehe rock from deforming, whereas
the a;éhOrzlength is-restrained by the rock. The positive
shear stresses developed on the pick4pp length oppoée the
'displacement_of rock towards the excavafion. The equilibripm
of phe grouted bolt relatiyely to the gxound isuen3ured by
the negative shear stresses-acting along.the anchor leng;h.

. The changé in'diréCtion of the shear stresses creates a
neutralypoint on the bolt, where the relative displacement
Setweén_the bolt and the surrounding gnoﬁnd is essentially

Zzero. . H

The *shear stress distribution (7)) is given by::
‘ , L : v ok

1 do(z)

2 m-d dz

-wheré: d = bolt diameter and Q(z) = axial stress
distribution along the bolt.
The neutral point of the bolt has been determined

theoretically by Tao and Chen (1984), as given by:

- L - - o :
P = Tnl1 + (L/a)] | vA (3.8

. _ ) ’ :
where: p = radial distance to the neutral point, L = bolt-

length and a = tunnel radius.
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(-4

Tanimc > et 21. (1381) have show" independently, that
the neutre po.nt occurs near the mic -point of the bolt in
many insta :es. In fac*, Equc.lon 2.5 can be simplified by

-~

algebraic <. .si~n *tc vield: a + 0.45L

3.3 Influence of Bol*"~7 vrength Parameters
’ v

. The equilibrium of an unsupported opening (Figufe 3.6a)

can be represented by:
E;L + (o, - 0,)/r =0 ; .. =0 . (3.9)

Combination of the linear Mohr-Coulomb failure criterion

(Egn. 3.1) with equilibrium leads to the following:

]

do, : . | ' .
=t (1—m)o{/r = 0,/r - (3.10)
where: m = tanz(w/4‘+ ¢/2) and o. = 50

cr o}

In a bolted element (Fiq. 3.6b), the additional radial
force due to shear sprésses along the bolt is assumed to be
given by:.Ar = nm-d-o,-Adr . The équilibrium Condition'for
this segment of longitudinal length S, is given by the

following equation:

do, . L 5,
g7+ [ - m(1+B)Jo,/r = o, (1+8)/r - (3.11)
. 2
d-A n-d-Aa
where: = I = as S. = a-b
B="5"9 S, 'S, T



(a)

(b)
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Figure 3.6 Analysis
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B is a dimensionless pérametét, thatﬁrgklects the

relative density of bolts with respect to’ the tunnel

] -

perimeter. It takes intd& conﬁiée:atiqn.phe shear streSses'onfﬂ
the bolt surface,.which oppose the rpék'mass_displacements;

néag the tunnel wall,

The friction factor, A, is analogous to the coefficient

o
- tJ ...

of friction orAthe"bond angle.ﬁft;rglates.fhe mean mobilizéd-ﬁ
shear strength'to'thé;stfess(appiied normal to the boltv |
sQrface;:Theoriés ofvreinforéed earth as well as the -
analjsiswpf spl?ﬁ sets and'otﬂer friction bolts consider a ,\
,similéf:pafameﬁer~(Wijkféna Skogberg, 1982; Bacot et al?;
1978; Schlosgér and Eiias,_19785; The magnitude of X for
smothArebars falls in tﬁelrahge_tan(¢g/i) <-A'<}tan(2¢g/3)
and for £héped rebars .approaches tan¢;;-depending on the |
degrgé ofcadhesipni(boﬁéJstrength)(at the bqlf/gréut'
interface. The?friction anglé of avhardeﬁed:gfgut (éemeﬂ£v6r 
reSi;) is cémparahle to that of most’intact“focké:

Failure of a bolt—ground cémpo;ité fakes plééeraéroSs
1he‘weake§t interface unless the boltiitself yields. The
product of the hole.diameter and the bond strength of the
grout/rock interface is higher than the product of tﬁé bolt
diameter and the bond strength of ﬁhE'bolt/grout interface

(i.e. d, 7

. db~rm).-Hencé, failure generally.occurs by. the

bolt 'pulling out' as often observed in.the case of smodﬁh
rebars. Such fa{lure of grouted bolts_ can be prevented ‘by
shaping of the bolt surface which increases the magﬁitﬁae,of

v

\. However, failure may initiate across the grout annulus or

-
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[ 4

~at the grout/rock interface, due to impaired strength
development of the grout or the poof adhesion between the
grout and the borehole. .
3.4 Concept of Equivalent Strength Parameters

By introducing m' = m(1+8) and o. = o_(1+8), Equation

3.11 for the bolted composite can be simplified as follows?

do

r

3 (1-m")o./r = o, /r . o (3.1%)

Comparison of the latter with BEquation 3.10 for the
[ ',)‘ .

unsupported case indicateé'that both equations have the same
algebraic stucture. Defining an equivalent friction angle
and uniaxial compressive strength for the reinforced rock

“ .

mass as ¢ and o;, the following expressions can be readil

- )
~‘obtained: -
e .o [+ sin@} + 2~sin¢:
¢ = sin B(1 + sing) + 2
oo [m(1+B) - . ' .
= sin | 99 g) 1 o (3.13)
o, = o (1 + B) .. . } (3.14)

The above equations‘are gra;hically illustrated in Figures
3.7 and 3.8.
Grouted bolts create a zone of improved. reinforced

rock in the region defined by theipick—up length of the

' '
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bolts. within this ione, the friction angle and_the_uniaXiai‘
'compresséve strength of the rock mass are increased.
‘Therefore, fhéfdégree of sﬁabilization around the tunnel
wéll is-a functﬁon of the bolt density paraméter B.

M The.magnifudg_of B can be increased by;

a: decreasing the bol%%§§$§{hg,
'b. increasing the bolt surface area,
_ c.#iﬁcreasing the roughnegs of bolt surface.
< .

»John (1976) and Hoek and Brown (1980) have also recognized -

the increase in apparent strength parameters due to fully

grouted bolts. .

o

3.4.1 Determination of the BOLt Density Parameter

In practice, the value of B varies between Q.OSfand
0.20 for most cases. In a few case hispories such asjat the
Enasan Tunnel {(discussed léter) Very high valués for g
(grea&er than 0.405 were reached by‘veryvintensive bolting.
Several examples documented in the literatufe are shown in
Table.3.1,'Aé am- illustration for determihing g, consider
the foi;owing example, of ag;unnel (a = 5.1 T) excévated in
highly fractured rock (3 =r35°, c¥= E)} supported by bolts
(d = iz mm) at spacings of S = 1.3 m, s;iiﬁlo m¥. Assuming

_ o .

for 'shaped (rough) rebérs, N o= 0:6, the bolt density

parameter B becomes 0.118 or B/x = 0.20.
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Table’B.T*Summary of B/X\ Ratios Determined from‘Severag Case
. W o

Histories

.

? .

a d S Sy B/ L Source
(m' {mm) (m) (m) (m) '
_ o : “Bawa and
10.4 | 29 |} 1.5 ] 1.5 | 0.41 | 7.6 | = Bumanis
| (1972)
4.5 2i 1.5 | 2.0 0.12 | 3-6 John
- : (1976)
1.65 . £ | 0.9]0.9|0.16 | 1.8 | Freeman
- (1978
5.0 28 | 1.0 | 1.0 | 0.37 | 6-9 | Ito (1983)
2.0 | 13. ] 0.8] 0.8 0.16 | 1.5 | Sun (1984)
2.6 18 | 0.9 0.9|0.18] 1.8 Sun (1984
| : \ Liu and
3.0 20 | 1.0 | 1.0 | 0.18 | 2.5 Huang
' - ) (1984)
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3 5 Influence of Bolt Length on Tunnel Wall Stab111ty

One orher 1mportant parameter for controlling
displacements,';.e., the bolt length, is: not anc;uded iw the -
bolt den51ty parameter because the effect of a bolt depends

on its length relatlve to the’ radlus of the y1eld zone, The

: 0

shear stress dlstrlbutlon and, hence, the locatlon‘of the
neutrai point are directly related to the bolt length, the '
extent of the plastic zone and the étrength reduction 1in
this 'zone. As.it will be shown later,®the extent of the.

yield zone and the tunnel wall displacements can be

effectively reduced by increasing the bol® length.

© 3.6 Concept of Equivalent Plastic Zone

Grouted bolts have the effect of improving the weakened

¢

or loosened zone by 1ncrea51ng 1ts apperent strength (0C and/w

¢). The extent of the plastlc zone, is dlrectly related to
the rock mass prdpe?tles and. erefore, any improvement of
the rock strength must reduce the extent of overstressed
"~ rock. Consequently, the plastic zone of & bolted tunnel is
lower than that of'an unsupported tunnel. It is termed
'Equivalent P}astic Zone' because it is.the yield zone in a
material of improved propertiee‘simulating.a'behaniour
equivalent to the bolted rcck mass. The following factors
A
‘directly affect the magnitude of the 'Equivalent Plastic
Zone' \ | ‘ .
“ <
(a) Bolt density parameter ,B;

(b)" Bolt length L;
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»

(c) Radius to the neutral point of the bolt p;
(d) Tunnel radius a; and '
(e)’ Field stress oo}

The determination of the equivalent plastié zone
. . : R _
radius, R', must be divided into three categories depending
on the boundary of‘tﬁe equivalent plastic zone relative to

the neutral point and the bolt “angth:

v (1) R' < p < (a+L) (minimal yielding);
(IT1) p < R' < (a+L) (major yielding);

e

(111) R" > (a+L) (excéssive yielding)dA

.

.4

These three categories are diagramatically i1llustrated in

4
Figure 3.9.

3.6.1 Determiﬁation of the Equivalent Plastic Zone Radius
The coﬁdition of minimal yielding (R < p < a+L)
occurs, either at relatively shall field stresses or when

the bolts are excessf&ély'long. In thié}situation, the
‘extent of the plag%i;‘zone is confinédfyi%ﬁin'the pick-up
'length ofvthe bolt. Iﬁladdition, QourJQistﬁnct zoneg can be.
‘identifiéd by tHe'l§caf{on of thé'pl;; ‘3ae.reiativq to
. . o .

ithe neutral point and the bolt ends.

Al

v’
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-

"

(1) R < p}S (a+L) (minimal yielding)

(111) R > (a*:!.}) (excessive yieldihq)

Fig@re -3<\9 Categorization of the Extent of Yielding
e ., |

65
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'3.6.1:1 Zone 1:.a <r <R
In tﬁis region of the piék—up length,_tﬁe ground
displacemehts towérds the opening dre resistéd'by the

" positive shear stresses. The equivalent stress fields 4n

. i
~ this zone are represented by:
B vS'OZ mt_‘
o, = [——r——] {(r/a) -1} ,
m-—'l” . ' ) v
0, = m‘.or,+ S'0; . (3,15)
where: m' = m(1+8) 'and o. = o, (1 + B)
3.6.1.2 Zone 2: R' < r < p | | |
£L0ONE < 5 C N

S B

This part of the elastic zone is confined to the
pick-up length of the bolt. The elastic stress fields in
this éone ire given by:

]

= ol - (R'/r)*T + o, (R'/r)’

<Q
n

o, = o,l1 ¢ (R0 - o (R/D) L (3.16)

-

The peak tangential stress«atithe elasto-plastic
"boundary is given by the beIOWing condition (s=1):

R
-



T BT

The radial stress at the elasto-plastic boundary o, is

derived by §ubstituting'r = R in the latter eguations:

‘v

200—a:
Op = *
mt1

3.6.1.3 Zone 3: p < r <, (a+L)
/ :
This part of the elastic zone i$ contained within

the anchor length of the bolt. The radial and tangential

4

stress fields are given by:

»
.

o, = o,l1 = (p/r)') + o, (p/r)°
A -
0, = ol1 + (p/r)°1 = o, (p/r)" (3.17)

where: o, = o,(1 - (R'/p)%] + OR‘(R’/b)Z

—

3.6.1.4 Zone 4: r > (a+L)

. 4
This is the outermost elastic region whdch is

beyﬁhd the bolt, and can be regarded as virgin Eock. The
elasti; stresses in this zone are given by:
o, = o501 -~ [(a+L)/r1*} + o [(a*L)/r )
0, = o,{1 + [(a+L)/r1*} - o [(a+L)/r]> (3.18)

A
N T

where: o, = 0,{1 - [p/(a+L)1?} + 0p[p/(a+L)]2
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The radial distance to the neutral point, p, 1s given by

Equation 3.8 as discussed earlier.

At the elasto-plastic boundary, the aséhmption of the

continuity of radial stress gives:

: 200_0; SO:: * ‘o
0y = ; = ; (R'/a)" - 1}
R m+1 [m -1 ] LR/

The solution of Equation 3.19 is given by:

It is obvious that when g tends to zero, the paramqte%s

R" _ [ L] [m'—L] [205 ] ]”(N_”
Eoo b+ o | =] | — - _
a S im +1 0 '

(3.19)

(3.20)

.

igm‘ and o; approach m and o, respeétively. In other words,

_Equation 3.20 becomes identical to that of the unsupported

I
C

when the extént of the plasic’ zone has propagated beyond the

case 'as derived by Kaiser .et al. (1985). Expressions for the
equivalent plastic zone radius can be derived for Categories

(11) and (III) in the same manper (Appendix B). A summary 1is

given below.

neutral point. In this situation, tHe plastic zone itself is

The condition of major yielding (p < R' < a+L) occurs

divided into two parts by the neutral point. Conséquentlyh

only the plastic zone region that falls within the pick-up

length of the bolt is.éffectively stabilized b

S ]
shear stresses. The eguivalent plastic zone ra

'by: '

b

y the positive
/
dius 1s given
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and
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1 + B, qV/(m-1) '
[ ] (3.21)

T A

ni—=

ESNE

[m:1 ]'[liﬁ] {(p/a)m&’_4 1}

The condition of excessive yielding occurs (R" > a+L)

either due to large in-situ stresses in relatively weak rock

or as a result of inadequate bolt lengths. In this situation

the bolt is completely embedded in the yielded rock and no

anchorage 1is érovided from the outer elastic zone. The

radius of the equivalent plastic zone is given by:

where:

PR

[1+ (L/a)] [1 1;2}31 7 ]Mm_” (3.22)
FlE]
(2] [tearn /e - 1] .

i

%

(op) [B] a1 (e/a) T - 1)

-

m(1+8) and ~m' = m(1-8)

The terms A, and A, may be simplifiec by .assuming that m'= m

at r=a+L (bolt end). The deriivations for Categories II and

.III are given in Appendix B. The strain ahd displacement

fieids“are determined by the application of Hooke' = law,
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<3

5Wt can be seen from Flgu‘

v

strain compatibility, flow rule and strain-displacement

relationships as discussed earlier.

Evidence to supporr the ahafytical~predictions has been
obtained by laboratory simulations of a model tunnel (130 mm
radius) and w111 be presented later. An art1f1c1al rock with
the following préperties was tested: E = 1500 MPa, v’ = 0.25,
6 =32° o = 3.5MPa, s = 0.90 and a = 2.0. Elaborate
details of the experimental procedure aré summarized<ih
Chapter 5. The predicted srreés, strain”énd.displacement
fields for this model tunnel, reinforced Witﬁ 100 mm brass
bolts and'subjected to a far field stress of 14 MPa ére
presented thFigures‘3.1O to 3.12. Different boltbparterns
(8 =-0 to 0.291) are illﬁstrated for cbmparison. A#friction

factor X = 0.36 has bee i

-,ed for the smooth bréss bolts.

ﬁ%{ameter B 1ncreases,ﬁt
ﬁ

*

(R)

A

approaches the tunnel radlus Further-away from the tunnel,

the stress field approaches the far,rield-stress{

iy

The strain field, illustrated in'%igure‘3.11, shows a
similar trehd. As B_increases, the radiél and tangeﬁtial
strains apprbéch the elastic\solution. The prohounced
redﬁction of the‘total tangentiai'strain (e‘%ﬁinside'thé
overstressed zope at the elasto- plastlc boundbry, indicates
'strengthening’' of the yielded materlal by - the bolts‘ The

accumulated <ffect of stralﬁ;geductlon 1s refle@ted in @

k?}

RS



“ R g, = 14 MPa
O ~-~8 = 0.000
! ——f8 = 0.145
L
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Radial and Tangential Stresses (MPa)
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Figure 3?.10 Stress Field near the Tunnel Opening
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shift of the radial displacement field (éigure'3.12). As the
distance f;omvth% tunnel wall increases, thewffect of | :
bofﬁing diminisheS'rgpidly and .thé far field conditions are
approached 1. is evident that the maximum déq;ease in ‘
strains ana ial displacements occurs at the tunnel éall.

Hence, the tunnel wéll convergence‘can be considered as the

most appropriate parameter for a displacement controlled
- ,

design approach,

-

3.7 Influence of Bolts on Tunnel Stability

‘The radial strains and dis ements at the tunnel wall
" are the. most fundamental quanti{ies required t¢6 evaluate the

stability of a tunnel wopening. In the field they are not

only feasible to measure but are also generally reliable.
The radial strain and convergence of the r¢ .forced tunnel
wall can be predicted from the.following.equations, after
the magnitude of R’ gas been deter@ined (see Section 3.6)

for the respective Categories I to III:

¢ = - a('l—‘u)ocr['(m+1.)/(m+a)]{(R'/a‘)m*“ - 1}/2G

- a(1'—u)oc(1—s)[(R'/a)"“]/2G,_1_— vo.s/2G (3,237
ul/a = _(7-V‘>oc-,{1 \ [<m+1>/<m+'a)3[<n',/a>m*° - 111/26

ot (I—V)OC(1_'5)[(‘R'/a)“°]/2G" | | (3.24)

&



75

v ~
]

Figure 3.13 illustrates™the variation of the predicted

convérgence of the model tunnel for different bolt patterns -

-
.

(100 mm long brass bolts) and a range of field stresses up
tg 14 MPa. A sgdden shift to the right or ih&rease in
convergence occurs in this stress range for bolt densities
of 0.092 to O.220.AThis'transitEon is found when the radius
of the eguivalent plastic zone exceedé the bolt lenéfh, such
“that the entire bolt becomes completely embedded in the
plagtfc zéne (defined by the qguation for Categdry 111;

R >-a+L). However, if the rock mass loses its strength more
gradually rather than instanfaneouslfwds“issumed in the
elastic, brittle-plastic modél, this shift will be léé§ -
pronounced in reality and is nQ{/b

expected to be found in the

model tests.

3.7.1 Use of Displacement Control Approach for Design
- The following example explains the use of the

displacement control approach for design. Consider a tunnel
+ . : .

of ‘5 m radius excavated at a depth of 500 m in a relatively
weak sc:di“entary rock with the following, representative

materia;vpropertiesﬁ ¢ = 350, o. = 15 MPa, E e 6000 MPa,

c

v = 0.25, s = 0.4 and a = 2.0. The predicted convergence of
the unsupported tunnel wall is 31.6 mm with a plastic zone

‘radius of 6.42 . 1f fully gfouted bolts (XA = 0.6, éiameter
32 mm énd length 2.5 m) were selected for sta;ilization of

‘the_tﬁnnel wall, with alboltvdensitylparamekgf B = 0.075,

~ the extent of the equivalént plastic zone would be reduced
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- by 3.1% and the tunnel conxergenceiby.12.0%.‘Howev€>, a.
'greater bolt density of B="0 17 would reduce the extent of

B .7
,—.‘

. the plastlc zone by 8 0% and the tunnel convergence as much
. v

,.as 29. 2% In thlS manner, the benef1t of increased. bolt

- v

density can be assessed in a. ratlonal manner,A ‘ Fie

N RO
N ~,

Table 3. 2 summarizes typ1ca1 rcentages ol“reduct;on
of tunnel convergence with- respect to the bolt den51ty, for
a tunnel excavatéd in a yleldlng mater;al wlth*the -

propertles: ¢ = 32° v = 0.25 E/o =. 425, -8 = 0. 90

a = 2.0, for an excavatlon w1th grouted bolts a/L ratlo of
- ®

30) A = 0.36 (smooth rebars) and 06 = 14 MPa. It.shows”
nthat when relatlvely shorﬁ bolts are’ used in a- yleldlng

rock, a high density is reou1red to effectlvely reduce
o - I ' .
tunnel wall dlsplacements.

(24

’

The der@ﬂopment of load on a grouted bolt has the

effect of prov1d1ng additicnal conflnement (1ncreased radlal

v stress/ fn the ylelded zoneJ’As a result ‘the tangent1al
stress at the same point 1is 1ncreased‘more than "%;.:v:
'proportlonately, where: ‘doé > m‘-Ao” . Tne/6f5§§h§§ failure
envelope Lé thereby shlfted upwards, 1nd1cat1ng an

1mproyement of the app rent strength (o, ¢), as represented

o
-

by the Mohr diagram in F1 Ure.3.14.'This;énables the’ rock

L \

mass to behave as a.stronger material with a corresponding

reduction in tunnel converqencéaat a given field.stress.
Since fully grouted bolts effectively improve the
apparent strength and stlffness 6f the rock: mass, the

‘behaviour of the reinforced opening can be(ldeally\

{

4
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¥ ‘ . t‘..rbr
represented by a char nge sin slope of the ground reactlon
curve. The vertical axis of the ground'reagtlon/curve
(Figure 3.15% represents the radial stress (o)) requ1red at
the tunnel boundary‘to-prevent further'convergence. The
_horlzontal ax1s represents the tunnel convergence (u )“Fhe
'ground reaction curve is unlque for every point along the
tunnel boundary for the condition of ax1symmetr1c yleldxng

under=hydrostat1c fleld stress

The response of an.unsupported opening in yielding rock

’isigiven byrcurve A. Curve B represents an imaginary-grounc:
7“reactlon cur*e of the opening, where bolts would have been

' 1nstalled befoﬁe any. d1splacements could have occured.
;;Incrdgntly, Curve Blrepresents a rock mass with a greater
stiffness (slope) thah Curve A. In realitv, an initialf
-displacenent (uo)/of the tunnel wall cannot be prevented due
iﬂto the t1me lag between excavation and the act1vatlon of

jgrouted bolts. The magnltude of convergence after boltlng 1is

xdependent on the stlffness of the bolt/ground composite - o~

; 2
* (Appendix D),‘and 1s'reflected by a 'downward shift' of the

i

; i, ' ) . - s
ground reaction curve‘from_Curve A to C. In contrast to

fully grouted bolts, pre-tensioned mechanical bolts provide

-

“dlrect radial pressurl (actlve support) against the tunnel

wall but do. not become an 1ntegrél part of the deformlng
* LAY

. rock mass. Consequently, their performance'ls best

‘\
represented by a support conf1nement curve with 2 spec1f1c

stiffness (Hoek and Brown, 1980) and its 1nteractlon with

the original ground reaction curve.
‘ v > 7

’
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3. 7 2 Influence of Open1 g S1ze and Bolt Length on. Tunnél

§ ConVergence

o
It can be deduced frem e analy:is that the

—

dimen51onless ratics T

l
l«

* . !
. an 1 ‘3 are bcth directly

ﬁﬂependentvonfbolt den: ara. e B) ard the normalized

;jbolt.length (L/a'. ." B s kepr .orsrant {or a smaller

-

«

. tunnel excavated in the _ame homcceneo s and isotropic rock,

the ratio u./a is not afi: 1. f tne bo.t length-is also

14

‘reduced proportiona:ely . .e., <caled¢ e2duction). However,

"if the bolt length rema s unchange’ for a smaller tunnel

'presented by the dimensienASif ratio u"/u , where, u' and u,

radius (larger L/a ratlo) the guantity u./a decreases for
I N o
. N
the same fB. In contrast for a larger opening the bolt
lehgth ‘must be Yncreased accordlngly in order’ to maintain

I

the same u, /a ratio for a given B.

The ‘above predlﬁtlons may not be accurate for a tunnel
excavated in a predominantly jointed medium. This is
. A A .
because, a larger opening intersects a greater number of

discontinuities, thereby adopting a behaviour equivalent'to

that of an excavajion %&ia weaker medium.

3.8 Normalized Convergence Ratio

The convergence of a reinforcgd tunnel -opening can be
, . ;

are the total convergences, o%ithe relnforced and uns‘(Hﬂrted
tunnel openlngs respectively at the same stress leve.. “he

total tunnel convergence includes both the elastlc and ’
]

plastic displacements. For any given field stress, u,

. 18

-

4

¥
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: thatlit is insensitivexto moderate changes of the .
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less than u, but it approaches u, when the bolt density

. . ) . g
parameter (B). or the.bolt length (L) tends to zero (see

~

.later: Figure 6.8). - \ S

.9

~.-x . The normalized convergence ratio decreases as the

in en51ty of bolting 1ncreases. It obtalns a m1n1mum value
14

when u, tends to u,, the elasttc portlon of the total

convergence. The latter condition may be approached at veqp‘h_

intensive bolt densities such as B > 0.30, which is not dhly

‘rare in practice but is economfcally{unattractive, The

convergence ratio is particularly useful in the design of

' . . . {
grouted bolts, since it reflects the reddction 1in

convengence that can be achieved by a glven bolt pattern.

- A
An impo¥rtant characterlstlc of the convergence ratio 1s

-

deformatlon and strength parameters For instance, a change

‘in Young s modulus affects both u and u, equally,.hence the

ratio-ua/ua remains unaltered. Tie latter characterlstlc of
the normalized convergence ratio makes its use in'design
) . | e e,
even more reliable, since the wvariations of ifi=situ-
geotechnical parameters can be tolerated without any
. / o . -

significant error. .The applicatior ¢{ the convergence ratio

in design is discussed in Chapter 6.

3.9 Concept of Bolt Effectjve ?
In @rder to‘assess-the ?; jé¢;u0f bohiﬁng, the
tunnel convergence is selected as the appropr;ate evaluat1on

criterion, Obvzously, optimal eff1c1encyvo§\a bolt system

-—
<
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. corresponds t@ minimal tunnel convergence thgat can be
_ \ ,

achieved within economig'limitatgpng. In réality, thej%otal‘

convergence of a_yielding, reinforced tunnel wallN(u)) must ~
: . ! |
«hﬁ less thap that of an unsupported opening (}g#{.bﬁt more

tﬁan the convergence predicted by the. linear elastig

solution (u,).. Cgnsidering these limitations the bolt’ ’

4

 effectiveness (i) for QE?ﬁven field stress is best de{ined‘

as: . Y ,
. ' “ S SR

1 ='L}—‘U-% " (3.25)

The application of the ? 1t effecfiveness'in prgctice

. A . . . . ’ ‘ . )

, will be highlighted by the analysis of one case history in
Chépter 7. The‘bolt‘effectiveness (1) i§.sensitive_to
modérate‘cbanges iﬁipniaxial.compressive strength and the

friction angle. Thereforep its use“as a design tool is RN
_ WY . — .
justified only if the geotechnical properties of ‘the ground
g ‘ . S %
are accurately determined. . L ) -

»
9



v 4. FAILURE MECHANISMS NEAR TUNNELS

» . .
D1 Failure Mec;;;>sms qf/Intact Rock

failure patterns of 1ntact material which can subsequent y

: . _ . ,
be compared with actual observations..In the case of a

circular .opening excavated in a homogeneous, isetropic, § .._

material subjected to a hydrestatic field stress, an

axisymmetric failure zgne is anticipated. Elasto-plastic lé?

solutions propose a pattern of logarithmic sp%galirupture o
surfaces for a Mdhr-Cg?lqpb material.~The intersdttion of -

the above slip lines define unstable !'cherrystone' shiéeé

s

wedgﬁs (Figure 4.1) that separate and tend t6 move info the

opening. This phenomenon has been explained bbeabcewicz
- : _ .
(1978). The locus $f these-equilateral slip

r=avet Y gy (4.1)
s where: f(¢) = €1 - sing)/cos¢
The slip lines make an angle of (Z - 2) w1th the tunnel

wall, whicﬁ is analogous to the Rrakine stress state at A

smooth boundary. They terminate at the boundary between the

plastic and elastic zones. If tne cmnd floa\of isotropy, is -

~

violatéd"preferred' slip lines w_1' he formed in directlons
S Y
dictated by weaknesses. : 3/{

1 . . . iy
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Elastic

Figure 4.1 Equilateral Spiral Slip Lines ig}the Plastic Zone

{
~
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Other ;upture processes that have been observed afe spalling
1and extensional slabbing, due~to the peragatiOn of tensile
- cracks near the tﬁnnel wall. ;\nce the rédial stress at the
tunnel wall is zero, the latter mechanisms can be explained’
by considering an element at the tunﬁel wall to be in a
state of unconfined compression as shown in Figuré 4.2. Both
shear and tensilé.failure are observed‘in uniaxial
compre8sion test specimens. The propagation of-eguilateral
spirals ardpnd a'circular opening 1is compafable to ‘the
fophation of shear planes in an uniaxial test specimen, at
~an angle of (% - %)'to the direction,of:thelapplied stress.
Thg.bccﬁrence’BfA'slabbing' of a tunnel wall-is a £
mégnificatioh of the sﬁrféce instabilities such as tensile
‘splifﬂfﬁg that are also observed in some test specimens. » .
‘4.1.1,Application of the Bifurcation.Theory

.TheAtheofy‘of bifurcation and the associated stabili y
',chVe (Vardoulakis,1984)‘can be‘uéed to predict the
potential failure mechanism for a given.material as

“

1llustrated ianiguéé 4¢3.4The vertical axis represeﬁfs.phe ‘
@ :
ratio of tensile strength to compressive strength (n) of an
uniaxial test‘specimen,.aﬁd the horizontal ‘axis represents
the Hardeging pafameter.(N) which is determined from the
stress-strain fglationship. A linear Mohr-Coulomb matéfial
s characterized by N = 1, The stability ;urve;Seﬁafates
distinct regiohs where‘sheariféilure preaominates in Zone 3,

. surface instability predominates in_Zone S and only surface

X
1}
s

0.
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o, =0 at

tunnel wall
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Figure 4.3 Stability Curve for Potential Failure Mechanisms
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instabiiity occurs in Zorte Dﬁ Most rocks that exhibit a
Mohn-Cohlomb behaviour have a magnitude of n between 0.05
and 0;10, and a hardenina creter close to unity, hence,
.adopting a predominan£ o ar ~.ure character. Gypétone,
the artificial rock deve 7ed fce thé purpose of
gégmechanical modelling (discussed in Chépter 5), was
characterized by ﬁ=1 and 9=0.074. Therefore, pronounced
shear fracture can be expected du%ing failure of this
material.

C

4.2 Influence of Wall Curvéture on Rupture Propagation

As the tangential stress at the boundary of a ci;cular
opening‘excgeds the compressive strength of the unconfined
rock elements, failure is initiated and logarithmic slip
lines propagate. The probability of failure is theoretically
the same for all wedges nearest to the tbnnél wall. However

R

in reality, the nature of inhomogeneity and anisotropy
dictates 'preferred' unstable wedges, creating localized
cavities with reduced radii of curvature. For inStance,.an*\\
_equivalent elliptical opening.m5§ be formed by the
separation of two wedges 2ither side of the same
diameter, as often &bserved even in symm;tric stress fields
(Kaiser ét'al., 1985).

The elements which are now exposed at fhe 'sharp’
corners of the newly formed cavities will experience a

tangential stress ‘concentration (compressive). The smaller

1s the radius of curvature, the greater is the intensity"of

q
C
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stress concentration inducing progreeeive rupture. However,
progressive‘rﬁthre does not necessarily continue as
expected. The height and volume of the elements at the
boundary of a cavity are directly related to ifs_fadius of -
curvature as illustrated in éigure 4.4. Hudson et al. (1972)
have shown experimentally, that lerger or higher‘ro}cklg
elements or samples exhibit lo‘ﬁr uniaxial compressive

: st;ength and greater rate of post-peak strehgth_reduction.
Fairhurst and Cook (1966), and Guenot (1979) havekaiso,
recognized the variation of the appa;ent strength with the
shape of the opening. Therefore,vit.may be postulated that
the over-stressed elements at a 'sharp' corner of a cavity
may ekhibit an increased apparent strength resisting
subsequent rupture. Eventually, the opening may stabilize if
the aeparent compre%ﬁiQe s;rength‘of the elements becomes
greater than the turrent tangential stress at the tunnel

-

boundary.

4.3 Influence of Bolting on Failure Mechanisms

The apparent friction angle of a material increases as
-

~a result of bolting. Therefore, the failure mechanisms.
around-an opening should alsa be influenced by bolting. In
the case of axisymmetric yielding under hydrostatic field
stress, the formation of equilateral sITE/I:;eK that make an
angle of (% - %) at the tunnel wal} has been Z;Fdicted. Any’
improvement of the ffictien angle (¢) suggests,. ﬁhat the

2

slip lines around a reinforced opening should make a smaller
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mean height = 0.5(2r + dlida

mean volume = 0.5(2r + dl)da-gl v o

AV = V, -V, = (r, - r,)da-dl

excavation

slip line

o

Figure 4.4 Influence of Curvature on Rupture Propagation
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angle with the tunneliﬁﬁﬁgﬂwln other words, the size
(thicknégg

ekt

) ﬁﬁ thgfunsiﬁble wedges define@ byJEhe 

(o

o

interéeétinglélip iines‘sbou}é becqme*smallé%ias the
intensi;y of bolting incréases. ST
The,installaﬁion of bolts normal to the»diregfiqn of
the maximum ﬁrincipaf stress has the ogtimum effect of
reducihg the poteﬁtia} for tensi¥e fracture. In ap opening’
;xcavated in a bedded rock mass, failure mechanisms such as

‘

buckling of thin laminations or spalling can be suppressed -
by bolting. The application of confining pressure regtricts
surficia%,fensiié splitting of a triaxial specimen.

Installation of grouted bolts similarly controls the

mechanisms of surface instability associated with a tunnel

'4opening, as a result of the greater confinement provided by

the increased radial and tangenkial stresses.
T bt v
4.4 Influence of Existing Joints on the Rupture Process
Jaeger (1960), ?atton (1966), Rechsteiner and Lombardi
(19?4) and Kaiser et al. (19é5)vhéve indicated that a jolint
may constitutema“potential 'short cut' for a slip line. The{
exlistence of é joint can introduce random anisotropy on the

material behaviour. Guenot (1979) describes in detail, how

\ .

the equilatergl spiralpslip lines are directed from their
general locus to alternative failure planes along existing
discontinuities.

Discontznuities can“influence the locus of frqcture

planes only 1f the friction angle or cohesion of the jolnts

)
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is less than that of the intact material. Yn addition, the

. movement of ;%joint depends on the orientation of the joint’

relatively to the principal stress direqtions. Consequently,

some joints initiate failure actively whereas the others

remain inert. If the applied shear stres$ in the direction

. "
of a joint brientation exceeds the shear strength of that =

et

_joint, the correspondlng slip line w1ll shear the rock aleng
. the joint, but otherwise, the failure will occur through the

.intact material. Figure 4.5 illustrates such a case, where

~ the influence of joints on-the failure of a tunnel wal¥ is

predom1nant at A, less significant at B and insignificant at
P Y

C and D (Guenot 1979).

.

‘ Four types of rupture initiation around a tunnel wall

can be predlcted*

»
"

(a)  Splitting and buckllng of a column of matenial

-

between the tunnel wall and the ad301n1ng-dlscont1nuity;
(b) Slabblng of mater al between the tunnel wall and
the ad301n1ng disconti..uity; “ o .
(c).. Sliding of nedges (separated‘by slip lines and
joint planes) on their boundaries into the opening; |
(a7t Sliding of a sangle }Cherrystone‘ shaped wedges
where joint movements are 1n51gn1f1cant and'51ip lines
propagate across the jOlntS and 1ntact mater&al.

-

Figure 4.6 illustrates the above mentioned rupture processes

»

around a tunnel opening. Spllttlng, buckllng and slabblng G

- are typ1cal surface instability phenomena, whereas sl1d1ng

of wedges are assocliated with shear failure-as distinctly
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Figure 4.6 Types of Rupture Initiation a® a Tl’?ﬁnel Opening
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' identified by the 'bifurcation theory (Vafdoulakis, 1984) .

A major objective SMthe grouted bolts is the

-

improvement of the shear ‘strength of existing joints. If the,
shear stiffness of the grouted bolts and the density of
@Qlting are adequaté, the apparent shear strength of the

3 )
reinforced joint may be large enough to resist the applied

shearstress _in the direction of movement.. Buckling and ’

Y a

slabbingrcanibe prevented by 'beam building', since such

instabilities are applicable on%y/fgizhin laminations

"(columns). Keyblock bolting can'effectively,:gstrict sliding
“ - ‘\. - . .

Conseguently, thﬁprtentiai of any ‘prefefred'

Y.

of wedgeéi

.rupture mode propagation-can be elfmina;éd by systematic

)

bolting. . ; A

34

& . Ty ¥ |



5. LABORATORY SIMULATION - ¥

» ' .

é¥tal Considerations in Physical Modelling
.The behaviour- of -underground openingé,in rock is
generally complex A comprehensive understandi..g of the
variables that determlne ZEE ;ehav1our of large openings 1is
1mportant for rational de51gn In-situ field stresses,.
intact rock propertles, ]Olnt characterlstlcs and geometry

»

~of the opening are some of these yariables. The use of
simulated rock expands the scope'of geotechnical research,
since scaled models'facilltate ﬁhe.inQestigation of the
influence of specific varlables on the behaviour .f airock

structure. Furthermore, a great . adbantage of physical
modelling is that lower capac1ty teet ‘equipment and less
sophlstlcated cuttlng tools can be emfloyed due to the lower
strength and hardness of the artificial rocks. In addition,
model materials can be readily made and reproduced in’.
‘identical batches in the laboratory, thereby; eliminatino
the costs of excavation End“trahsportetion.

An acceptable geomechani¢al model must be constructed
with a material thatmcan accurately represent ﬁhe properriee
of the real rock mass. In the oase of a reinforced opening,
the geometry and the material properties of the bolts must
‘also be properly scaled. In order to-reproduce the failure
modes of the real qpening exactly, the geometrical andl
“material similitude criteria must be satisfied by the

geomechanical model (Bureau et al., 1972 Heuer 'and Hendran,

. o 96
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1971; Fumagallib11979; Clark, 1981; Kaiser et al., 1985).

5.2 Dimensionless Analysis and Similitude Parameters

~

Similitude laws are based on dimensionless analysis and

- , \ -

are formulated by algebraic ope}atiOns such as the .

Buckinham's m-theorem (Langhaar, ;QS}A

L.

Obert and ﬁuvall,

1967) . Dlmen51on1ess analy51s 187 :
. &:' ',

form of equatlons common - to both‘the model and the

" to obtain a general
prototype, where the Stress-strain behaviour is dependent on
geometry, material properties, applied loads and gravity.
effects. The most Yelevant similitude parameters for

geomecrhanical modelling are discussed below.

5.2.1 Geometrlc Similitude for a Re1nforced Opening

The<5cale facto# represents the ratlo of any spec1f1c
"dimension fe.g. the radzus{ offnhe prototype to that of_the
moael (lp/lm). The importaA£;;pécific diﬁensions common to
both,m;del and pfototype are the‘tunnel radius (a), the
spaciny (S), the length (L) and diameter (d) of the bolts.
, ! : RIN )

Therefore, the geometric scale-factor must be satisfied by

[

all the following dimensiénléés-ratios: o .
lm & Sm Lm dm

5.2.2 Fundamental Material Similitude Parameters.
The'foilowing geotechnical parameters (dimensionless)

must be-accurately'éstqblished for the artificial rock {nl
‘ﬁ‘:; - » . - -

o

{
e d

e |
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. . , -@»
‘order to simulate the real behaviour:

[ . ) '. o p .
(a) Poisson's ratio: v, = v

F

. R
s - ’ .
. S B N

PN ¢
s (bl}fq1ctlon angle: ¢, = ¢, {
. . ny j
L " .- o Oc R OC
- (c) critical strain: [ET} T
! | "o °

¥ R
i &)

. . ‘ .= . .- Oc % oc
(d) uniaxial strength ratio:. [——]* = [——]
_ Lo, ) a

< o

Il

‘The strain similitude for yielding and failure of bolts.

can be represented by the following eguations: -~
\./,
g
yielding: [El] = [El
bim . bip 1
' . O¢ Tel1 ‘
failure: [E;] = [E;]
m p PR
.

3
b

The comparison of relative deformation characteristic%.
between the bolts and the rock yields %Pe-following

similitude equation:

. * I
5.2.3 Similitude Parameters for Discontinuities

The behaviour of a.tunnel opening is influenced by the

"joint structure of %he surrounding rock mass. Theretore, the

A i3




- o ' . 99
'jointhrdpert%gs.arg prudent in the simulation of
_anisotropic charaéiggﬁrThe friction-angle (¢,),\the spacing
(t) and the or =nta i#h (8) of the joints are the

&

. e 3 ; G .
fundamental similictude parameters required for geotechnical
: 1C:

modelling of a rock mass structure. The normal and shear
”

stiffness as well as the joint roughness coefficient

(Barton, 1973) should also be scaled bUt these are of

secondary importance. The grictional properties of the model

(
.. & C Lo . .
joeints can be varied 1f necessary, by-introducing various

filler materials or by indentation or smoothening of the

sliding surfaces. Frigtion angles for different filler

Kl

ﬁaterials and vérioys simulated joints have been ¢¥ten
elsewhere by Fumagalli (19739) and Stimpson (13979).
The similitude criteria for linear discohtihui;y

k4

" modelling can be satisfied by the follbwing equations:

(a) ?01nt friction: ¢, .= ¢, o \)
b o AR T
) joint spacing: = = —
i ] p g lm tm
e
(c) joint orienﬁation: 6, = 6, -~

’
o .

)

If all the above similitude requirements can be fully

‘\v . . ! ’ .
satisfied, then the geomechanical model can be regaraed as

‘representative of the real.prototype behaviour. However, all

similitude parameters canrfot be simultanegusly established

for any particular rock, especially with resééct to the

—
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material properties. Furthermore, the in-situ boundary

-

conditions are rarely simulated perfectly in a laboratory

model. Consequentlﬁ, a perfect model (replica) ofzany'

particular prototYpe behaviour 1is impossible to achieve,

“However, realistic-predictions of the rock mass behaviour

can certainly be made;ﬁor an acceptable range of material

properties.'

- 5.3 Development of an Artificial Soft Rock

A model material that uniquely obeys all the similitude
laws 51multaneously for a given rock is beyond the: scope of
pract1cal 11m1tat1ons However the ‘simulation of a general
rock class or a- range of dlfferent rocks is fea51ble ThlS

chapter descr;bes the development of a 51mulated rock that

" may represent a variety of sedlmentary rocks such as

~a

limestones, sandstones and shales.

-0

i ——— *

5.3.1 Selection of Model Mater1als
In the past materlals such as concrete, plaster of
©

Paris, cork,;rubherk plastlcs and gelatlns have ‘been used

&n‘pmysical modelling (Stimpson 1970). In recent times, a

/natural materral such as coal has been used to 51mulate

TG
jointed rock (Kakser and Morgenstern, 1982; Kaiser et al.,

1985) . Howeveg, the use of a natural material has the
limitations of representing & protot&pe which has a similar
joint'stﬁcture, as well as be1ng expen51ve in terms of

excavatithand transportatloh. Johnston and Choi (1986) have

. . a
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[

explained the use of crushed mudstone, cement and water as

constituents, to manufacture a model mategial that Jeélly

simulates the consolidation behaviour,of'a real mucstone.

The followiné considerations are respected and are intended

as a general guide for the development of an appropriate

artificial rock:

8. The cqnstituents of the simulated rockxmustnbe
universally oﬁtaingblé, economical and should not be
toxic: ’

9. Oneé batch of specimens must be identical to anotger and
easily preparea under laboratorf conditions;

10. The physical properties'of.the synthétjc rock must be
time—independent and insensitive to varlatlions in room
temperature and humidity;

11. The deformation of the physical model under ‘the
specified laboratory loads must be adeguately sensitive,
ia order to be monitored accurateiy with available
strain and displacement measﬁring instruments;

12. The strength and deformation properties of the simulated
‘rock must satisfy'at least the basie similitude criteria
vréqqirg3 or the prediction of the prototype rock mass

behaviour. h
5.3.2 Mix Composition of a Synthetic Soft Rock

The development of an appropriate synthetic rock was
aimed at representing a range of intact rocks wi'th the

following similitude parameters:
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(a) 25” < ¢, < 40°

(b) 0.25 < » < 0.35

(c) 0.2% < 0 /E < 0.4%

(@) 10 < o ¢ < 20

A simulated rock which_satisfied the above criteria was
prepared 1in the iaboratory by mixing several constituents in
the following proportions (by weight): .

1. Hydrocal White gypsum cement - 10.0%

2. fine uniform Ottawa sand - 75.8%

3. water (25°C) - 14.15%

4. retarder (Na,HPO,) - 0.05%

Gypsum cements pf different ‘characteristics are
produced by the U:S. Gypsum Corporation and their material
properties are given in Appendix F1. Hydrocal gypsum cements
are universally available and are inexpensive. They can be
moulded into any éhape when mixed with water, aﬁd thel- .ong
term strength is time-independent after the hardening
process (chemical hydration) is comple:zed. Ottawa sand
(type-7140) isgan uniform fine silica sand distributed by
the Ottawa Sand-Company. Its grain size is characterized by
D, of 0.2 mm as indicated by the grading curve (Appendix
F1). The latter constituents mixed with water give a setting
time less than 10 minlites, hence, a retarding a;Znt 1s -
necessary to delay hardening; Anhydrous Sodium Phosphate
(Na,HPO,) is a soluble inérganic salt that does not affect

the strength and deformation properties of the hardened

compound. A very small amount of Na,HPO, (0.05% by weight)
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“delays the initial setting time by approximately 6 hours
measured by the Vicat apparatus. The variation of the

setting time with the am@ggt of retarder is illustrated in

£ e

Appeh&ix F2. Thi's simulated rock thus prepared, will be

referred to as GYPSTONE hereafter.

-5.3.3 Tecﬁhique of Manufactﬁrdng Gypstene

Mixing of the material constituenﬁs“may be carried out
in tablegmounted industrial mixers or in a standard concrete
mixer,.aépéﬁéing on the required volume of material. In
order tévensﬁre perfect homogeneity of .the overall compound,
gypsum cement and sand may be initially'mixed’together prior
to the addition of water. SubsequentlyY water at room
temperature with’the retarder (disscolved) mﬁét be adaed to
the dry constituents and thoroughly remixga.

Compaction of all specimens‘could be aéhieved by
simultaneousC?ibratiqn‘and tamping. In addition, systematic
poking with a pointed steel rod w;s necessary to accelerate
the expulsion of tfapped air. Continuous vibration was
achieved by firmly attaching the moulds on a vibrating table
(SCOXSOO mm°) of 200 Kg capacity with a makimum amplitude of
1.0 mm. The moulds were filled with thin layers (30-40 mm)
of material, and the excess bleeding water was removed
before the addition of the subsequent layer, During the
process of hardening, this model material hasfa kendéncy to

form a strong adhesive ond with most metal- surfaces.

Internally waxed cardboard moulds and aluminum moulds
' [ ]
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treated internally with a thin coat of teflon spray or
3 . .
waseline were found to be ideal. for casting of small and

large specimens. ~

o

;
The cheirical name of gypsum cement is calcium sulphaég
hemihydrate. When mixed with water, it récrystallizes_aé the
dihydrate forming a complex structure of monoclinic trystals
with enhanced strength and deformation properties. This
reaction can be represeﬁtea by the following chemi~al

o _ . .
equation: - . >

Caso 'lHVO + gHﬁO 2 CaSO, - 2H,0
PR LR 22 4 2

.’L‘&

&

The weight of water required for the above Eeactionkis less
Phan-19% of the weight of gypsum cement. However,>a much
greater quantiﬁy of wdter wa§ employed in mamufactyring the
model material in order tghobt n an adequately erkable mix
that coulq be readily compacyed on the vibraéiné table.

. Once. the samplea were cast, £he moulds were removed

from the vibrating table and kept at room temperature for

about 12 hours until the initial sgtting was completed.

S

Subsequently, the moulds were stripped and the samples cured
between 45°C and 48°C for 4 weeks at 30% relative humidity.
At the end of this curing period, a minimum dry unit weight
of approximately 19.6 KN/m’ is attained for gypstone °
(Appendix F2). The curing témperature should not be allowed
to exceed 50°C, because at this temperature éxcessive rate

of evaporation of free water initiates shrinkage cracking on
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the sample surface. - ¥

It hés been éxplained by Raphael (1960), that beyond
54°C the bonded water of hydration dissociates érom calcium
sulphate dihydrates. Therefore, it may be deduced that at
such temperatures disintégratidn of the crystallized
stucturé begins to occur, adversely affecting its stfeﬁgth
and deformation properties. In fact, gypsfone samples éured
© at temperatures above 75°C were characterized by a reduction

~in uniaxial compression strengths by.25% to 50%.

5.4 Engineering Properties of Gypstone.

A scriss of uniaxial and triaxial compression tests and

indirect tensile tests have been carried out to determine

the following propefties:

[N
—

(a) uniaxial compressive strength (o.) ;.
(b) Young's modulus (E) ; v
° (c) critical strain (o./E) .

v

(d) failure stfaina(eﬂ ;
-{e) Poisson's yatio (v) 7
(£) friction angle (9¢) ;
‘k%} Fensile strength (o,) and.
(h) influence of confining stress (oﬂ
5.4,1 Uniaxial Compre§siog Tests
Standard cylindrical specimens (75%%;x 150mm) were

tésted in uniaxial compression. The ends |of the samples were

. smoothened and capped with a thin;sulphgﬁicoating, in order

Vd
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\,ﬁo:prevent premature failure due to any stress

concentrations. The large ma]orlty of the samples failed in -
shear generally separating into two cones. A handful of
samples failed prematurely by tensile splittind,whieh may
-have been caused by ex1st1ng shrlnkage e;ecks on the sample
surface. The stress-strain behaviour of.two typical samples"
is illustrated in Figure 5.1. The uniaxial compressive
strength (o' generally veried between.3.0 and 4.0 MPa and
jhe elasticlmpdulus (E) between 1350 and 1550 MPa,” for the
majority of samples in a batch of 43. Tﬂe magnitudeﬂof E Qae
measured at 50% of o.. The mean-values of 5C and B Qe:e

. ®

determined at 3.44 MPa and 1463 MPaL'respect;vely. ~

5.4.2 Triaxial Compression Tests
In order to ensure complete waterprooflng, gypstocne \
l
samples were jacketed in thln 1mpermeab1e rubber membranes. ‘

The specimen ends were carefully smoothened, but to

~facilitate their enclosement inside the rubber membranes,

s&gphur caps were not installed. Several specimens were

- tested at confining strésses varying from 0.7 MPa to 5.2

MPa. The behaviour of a selected number of these triaxial
‘ 1 .

specimens is illustrated in Figure 5:2. These stress-sﬁraih
curves'shoe that the deviator stress (0,-0,) at failure;v |
axial failure strain (e,) and the elastic modulue are

dependent on the confining stress (o¢,). The-failure envelope

as a function of the pr1nc1pa1 stresses at failure (p-q

plot) has been,determlned as illustrated in Figure 5.3. It
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can be deduced from the failure envelope that the behaviour

) = '
»of_gypstone can be described by a 1inear, Mohr-Coulomb

v

response,;with a frrction_angle of 32° and .a cohesion
intercept of 0.92 MPa. -~

A generally observed phénemenon in many soft synthetic
rocks is that the elastic modulus is hignly sensitive to
relatinely small variations in-confining stress (Rosenblad,

R N
1968), in comparison with the associated change in deviator
g o
stress at failure. This may _presgnt difficuties-in

“maLnta1n1ng strain 51m111tude requlrements for tr1ax1a1

N

compre551on. However\\the elast1c modulus of gypstone shows.

a gradual variatien’ (1500—1900 MPa), as the confining stress

'1/'

. . . . bb . - .
1s 1ncreased from 0 to 5.2 MPa, indicating a triaxial

behavidur typical of most sedimentary rocks. X

The‘increase in deviator stress at failure 1s a

fUnCtIOﬂ of the applled confining stress. Similitude at

.

.

fallure in 3erms of stresses can be represented by .

Q.' normpllzrng the maximunl deviator stress (o,-0¢;) and thep
;Qg confining stress (0,) by the.unij&ial eompressive strength
- S S

Sgﬁf(dc).vFiguge.5.4 illustratesya comparison of gypstone with
Ag{_:weak seaimentéry rocks wrth respect to the nermalized
E%% behav1our Heek and Bronn (t980) failure criterion is, 1in

a similar normalized representation where the

“¥._t 1nc1pal stresses at failuwe are normalized by the uniaxial

&;m ; — ~

) e» compress1ve strength Flgune 5.5 illustrates th1s
relatlpnshlpfﬁor‘gypstone among a. range-of different rock

types®
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The fallure strain (e,) is also dependent on the
conf{ning stress. An alternati&é Eompérispn of stress-strain
.-similitude in triaxial compression between the model and the
prototype can be presented by a plot of failure strain
against the normalized qonffhing stress.(bgybc). Figpré'5.6,
1llustrates the latter relationship forxgypsione in
comparison with the éame sédimentary rocks preseﬁted‘in'
Figure 5.4. It:is clear from ;he bove 5;;ELsséd norﬁalized
failuré rgpresehtétions, that gyp tone obeys the fundamentai
triaxial Stfeis—strain similit’ é requirements for modelling
soft~sedimentarj rocks. The gr nular structure of gypstone

actually resembles a typical sandstone. i

5.4.3 Split Cglinder Tests

The tehs%le strength of'gypstone:ﬁés-d§termined~
indirectly by split cyfinder tests. The estimated tensile
strengths varied between'0.20 MPa and 0.32 MPa, with a mean
3510.26 MPa and a standara deviation of 0.045 for a set of
ten samples. The ratio of ot/bC was found to vary betweén
'5.2% and 8.3%. It satiéfies tHe requ&red stréhgxh similitude

3

criterion for sedimentary rocks. The uniaxial compressive

b

“strength was dequmined from éémples of the same batch.

Q . - @
: A
-

v
5.4.4 Poisson's Ratio Determination

»
Several specimens tested in uniaxial compression were

instrumented with 'adhesive type' strain gauges in orde%it0~

determine the Poisson's ratio. The system of instrumentation
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consisted of two pairs of axial and tangential strain gauges
glued on to the samplq surface, as well as two pairs of
Linear Variable Differential Transformers (LVDT) mounted
‘ diamétfically to moritor the lateral expansion_of two-4
Vorthogonal diémgters. A vertically mounted LVDT was also
installed to determine the average axial strain of the

s .
cylindrical specimen.

The measured Poiséon's ratio varied erratically with

the axial stress indicating a scatter of 0.20 to 0.35. The
\,

\ . , . i
contf%sting results of two sampgles are shown in Figure 5.7.
.. ) ¢

4.~

A mean value for the Poisson's ratio (v) of 0.26 was
determined with a standard deviation of 0. 4, for the

elastic response of the stress-strain behaviour.

574.5“Summary of £he Properties of Gypstone

“Gypstone‘is a homogeneous and isotropic softssynthet:.~
rock that can be reproduced readily under laboratory
‘conditions with insignificanﬁ variation in.properties fron
onevbatch tg~anbther. The initial wet mix gives an |
appropriate workabilitx to facilitate compaction by
vibration independent o%xghe mould shépe. The geotechnical
siﬁilitude parameters of gypstone and its stress-strain
behaviour in both uniaxial and triaxial compression,
provides convincing evidence to suppert its su{tability in

modelling the behaviour of weak sedimentar rocks. Table 5.1

summarizes the relevant properties of gypstone.



Table 5.1 Properties of Gypstone Synthetic Soft

Rock
!

“

‘Material Units Mean Stanaard Value uséa ‘
property (SI) deviation | for analysis
v, (wet) | KN/m’ 21.81 |{ 0.10 - N
Yq (dfy) KN/m’ 19.56«~d/ﬁfbf -
e . 0,325 | "0.004 .
H « | "ok | 0.22 . H
o, wea |34 [ 0.4 fy50 ¢
E ’Mgagj;% 1483 |- 95. 3 1500
y 2" o2se | 0.0%8 0.25
€ % 03571  0.035 oféeg
€c % o.23§ 0.028 oazq\>, |
0, . Mea 0.258 | :0.050 & 0.26
¢ deg 32.0 Lo 320
c MPa 0.86 - ©0.90
s - | 0.%0 . 0.0 °
a i - - 20
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5.5 Selection of Model Rock Bolts

)

O

In reality, steel bolts are used as reinforcements for
the stabilization of yielding'rocks. The similitSde
parameter for yielding (o /B ) varies between 0.12% for mild
steel and 0 21% for high yield steel. The similitude -
parameter for tensile failure (0,/E,) varies in the range
0.19% - 0.38%, depending on the carbon content and the
method of heat treatmentt The elastic modulus'of.most
sedimentary rocks varies con51derably from 2000 MPa for weak
mudstones to 20,000 MPa for relativeTy strong limestones and
sandstones (Hoek and Brown, 1980). Therefcre, the similitude
parameter for relative deformation (E,/E ) may vary within
tbe wide limits i 10-100, where, E, and E, are the elastic
moduli of steel and rock respectively.

Annealed brass has an elastic modulus of approximately
1103000 MPa a yield stress of 80 MPa and a tenSile strength

f

of. 315 MPa. The similitude parameters evaluated for the

brass/gypstone oompositelare s;mmarized belowr |
(a) o0,,/B,, = 0.08%
(b) 0,,/E,, = 0.30 % " ‘and
(c) E, /B, = 67

"and o,, are the yield stress and the tensile g}?ength of

Doy

brass respectively Ey, and Eg are ‘the elastic moduli OEJ‘-“

Y,
brass—anpd gypstone respect1vely After comparison w1th

. aluminum, copper, plastics and fibre glass, brass rods weze
" considered as most appropriate for simulating prototype

steel bolts.
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‘5.6 Influence of Bolts on the'Behaviour of Intact Gypstone
in Uniaxial Qompression _

Gypstone sam les (300x300x100 mm’) were prepared to
study quantltatlvely the behaviour of reinforced comp051tes
Brass bolts of 2.5 mm in diameter and 100 mm in length were.
installed normal to the 300mm x 300mm face, after drilling
3 mm holes and subsequent grouting with an organic resin.
Different bolt patterns were selected by Qarying the
horizontal and vertical spacing. These samples were tested
in uniaxialacompression-and failure was.promoted across the-
bolts Plate 5.1 shows a typical reinforced sample and the
assoclated fallure across the plane of boltlng

The stress—straln behaviour (Appendzx,F3) shows that as

the density of the bolts increases, the apparent strength'bwu
3
A

_Jéé

(@] I——r.

and stiffness increase significantly, but with little effe

on the fallure stralns It was clear from these simple ’
. compre551on tests, that the grouted bolfs support a
significant proportion of the applied load deléylng the
: propagatlon of shear fracture However as-the failure

'strain of -the material is approached brlttle fallure OCCUrs.

1dev1tably by shear fracture propogatlon acro%s the ‘bolts.

Figure 5 8 illustrates the Jarlatlon o{&th@ apparenk
M

uniaxial strength of the relnforced sample normalized to
that of, the or1glnal sample.’, The horlzon zl ‘axis represents

>
Ib, the product of the quantltles H/L and V/L where H, Vv,

and L are the horizontal spac1ng, vertlcal spacfnq aqg tle

length of bolts respectively. The parameter I, 1is 1nverse1y

L3

o
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)

P
Plate 5.1 Typical .Intact Sample Before and .After its Failure
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proportional to the bolt ersity;'and is analoéous'to the
bolt-density parameter (B).

As the bolt density increases or I, decreases, the
apparent strength of thg gypstonq/ﬁampies increaées. This
variation is not far from being liﬁear, as predicted by the
analytical mode 1 (§qua}ion 3.14). The dominant failure-mode
of the resin grouted brasg bolts was debonding at the
bolt-resin intérface, impl?ing the phenomenon of 'pull-out'
“of bolts. In addifion, Xielding of a few bolts was
occasionaly;observed in several samples, particularly after

the failure load was reached.

f.

s

5.6.1 Synthetic Smooth Joints and their Properties

A pair of hardened plaster surfaces can be utilized to

\

simulate smooth joints. The synthetic joints (1.5 mm in

thickness) were prepared by Hydrostone gypsum cement and
1

.

water combined in the proportiong* of 5:2, and cured at a
b

temperatureiof 40°C for one week. Shear box tests were
conducted to determine their properties (Appendix F4). The
joint frictional properties are summarized below:

0

(a) mean friction éngle (¢;) = 21.9

(b) cohesion intercept kcj) = 0.02 MPa
(c) joint,fdughness coefficienf (JRC) = 3.3 - 4.8
(d) joint dilation angle = 4° - ¢°
The joint roughness coefficient and the dilation angle have

been determined firom semi-empirical expressions (Barton,

1973). "The above frictional properties are typical of smooth
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rock joints slightly infilled withlglay'bgrsilt.

In addition, the normal and.sbear stiffness of the
joints were estimated from the monitored shear behaviour of
the pléster joints. The normal stiffneés was estimated at
approximately 130 MPa/mm. The shear s£iffness wals not
consistent,-and fiuétuated in the rang;-O.S to 0.9 MPa/mm
for the range{oi normal stfesses varjing‘from 0.094 to 0.370
MPa. This indicates a joint stiffpesé rétig (k,/k,) between
170 and_éOO, wﬂ%ﬁh is also typical of prototype smooth
joinis (?érfbn, 1973). )

K

5.7 Influence of Bolts on the Behaviour of Jointed Gypstone |

in Uniaxial Compression Seiic

' : .
The Hydrostone joints were placed in three laver§ -at

'

vertical spacing of. 75 mm , withih 300x300x100 mm’ sampleé.
The inclination of the joint layerS‘WSS selected as 60" to
the.direction of the applied vertical 10Ad. Different bo:.
patterns were achieved by vary%ng the horlizontal and
_vertical bolt spacing (50, 75 and 100 mm}, and by adjusting
the loéatioqjof the bolt rows relatively to the position of
the three j;int layers. The stress-strain curves of these

samples in uniaxial compression are given in Appendix F5.
X \

—

Plate 5.2 illustrates_é typically jointed sample and its
failure in uniaxial compression.

The apparent strength of‘jointed materials 1s
influenced by two major factors:

(i) bolt density (spacing), = and
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e

, \ iy
Plate 5.2 TypigaY Jointed Sample Before and\}fteg its

Failure - . T
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.
o i

(ii) degree of joint reinforcement.

Figure“S.Q illustrates the normalized apparent strength
igainst I,, the product-of H/L gnd V/L. It shows that as the
magnitude Bf I, iskreduced.hy decreasing the bolt spacing,
the spparent strength is generally increased as expected.
However, it 1is further observed that for a given bolt
density (constant 1), the apparent strength 1s cons1derably -
affected by the relat&ve location of the bolt rogs with

L}

respect to the joint planes. The latter vatlatlon in

. C , . |
@trength is depicted by the Curves A to D. For 1instance,

bpth Curves A and D indicate vadtly different strengths tor

.the same. bolt %@nggy Th1s 1s due to the fact that Curve ;
?fepresents a pattern of bolts, where none of the bolts

intersect with the joints to provide any stabilization. On

]

the contrary, Curve A represents an alternative location of

" the bolts, such that the bol fons ana the joint planes
intensecg etfectively to prov de the optimum reinforcement
effect for the samples. 1

The samples represented by Curbe.c als0 indicate a

similar behaviour to those of Cutve'D, since only their
jmiddle”joint layers are reinforced by bzolting. Hence,
failPre occnrs along one ef'the unreinforced jéint planes.
The addition of one row of “bolts progides greater stability
to the'remaining jornt pIanes, considerably improving the
apparent strengths (Curve B). It can be concluded from -
Pigure 5.9, that whate&er the bolt-density\maj‘be, the
strength of a‘material cannot be .improved sjgnificantly, -

v . . . oot
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unless the bolt pattern is carefully selected with respect

to the ,existing joints, to provide the optimum reinforcement

or dowel effeét.

&

5.8 Experimental Procedure: Bolted Tunnel Wall :

5.8.1 Sample Prepé&ation and Arrangement in Test Frame '

"The geometry of the éyps@oné test samples def.ines a
dispersion énéle of'45O at the tunnel centre (130 mm
radius). The géneral dimensions of_phg sampleé are indicated
in Figure 5.10. This particular shape was selected to
exaggerate the scalé of the geomechqnicél model/ since the

complete tunnel -opening is defined by the radial arrangement
’ -~

N

of eight such identicgl Segments; Therefore, in the case of
hydrostatic field stress, the axisym&étric deformation
around the tunnel opening caa Bé»represented byvéne segmeén -,
A Speciél mouid‘(Appendix E1) was- built to caéf these
samples. The compacpion tec@nique ané‘ﬁqfing pro;eduré of
gypstohe have been described earliér.,After curing was
completed, the specimen sidés weré carefully smoothed where
warranted, and any voids on the surface were filled with

fresh gypstone prior to testing. The application of load to

~the samples requires a rectangular bdnndary. Therefore, the

particular~geometry of the samples dictated the design of a

N

test frame with two triangular wedges as shown in Appendix
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Hydrostatic load condition (K,=1) requires zero shear stress
along any radial plane. Conseéuenfly, it 1s prudent to
provide minimum friction at the samplé’bodndaries during~..
testing. In order toc fulfill this requirement as practically
as possible, a pair of teflon sheets (0.5 mm in.thickﬁeéé)
was inserted between the Specimen'surfaces'aﬁd the tést
frame. The friction angle at the intérface of two sliding
teflon surfaces was found to be less than 2, hence, wés
~adequate for the purpose of minimizing friction at ali
contact boundaries.

The installation of bolts required thé.drilling of °
100 mm lbng,'3 mm diameter holes normal‘to the tunnel'
boundary, and cérbide tipped drill rods weré employed for
this purpose. Compressed air was uéed to clean-the drill
holes prior to injecticn of the organic resin. Brass model
bolts (smooth) were subsequently insertedfinto‘the drill
holes and *“he overfiowing resin was removed qu kly from the
tunnel surface. The sampleé were keptfovernight to permit
complete hardening Qf'the resin before the installation of
extensémeters. Figure 5.10 illustrates a typical gample

after the installa¥ion of bolts.

5.8.2 Instruméntation and Monitoring

5.8.2.1 Plane Strain Condition
A set of four LVDTs and four dial gauges were
'locﬁted at the corners of the top loading head above the

£

test frame, in order to measure the vertical
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2

displacements of the sample. The vertical stress (o)
was adjusted as necessary to arrest any significant
, , e

“vertical displacements.

5.8.2.2 Applied Loads

| . &
The magnitude of the applied stresses was measured

ey

by a total of 12 aluminum load celis placed at the end
of ‘each ram piston. Strain,gaugeslwere frrmly attached

-he interior surface of these ﬁollow cylindrical load
#ils. The load cells ;ere’provided with spherical
seating at the Jontacts with the loading platens to
prevent eccentric load transmission. Further dé;ails of
thesd load cells afe given by Maloney (1984).
5.8.2.3 Tunnel Convergence

The w;ll convergence of the &igking at different.

points could be measuréd by an aésembly of twé or three g
LVDTs mounted on a vertical stand. S}milarly, the
displadements;at~tﬁelfa} field boundary were.also
measured. Two ﬁvpfélyeféaééunt;d beside the test frame :
on'‘either side oP théyfunmgﬁ}té {Qgigate any sample
rotations, wﬂich W%re in faét'foiﬁé to be iqsggnifiqant.
The LVDTs were of the type HP-24DCDT-500 with a’ |
meésgring ranée of +12.7 mm to a linearity accuracy of

at least 0.5%.
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5.8.2.4 Radial Strains near the Ope#ing
. The\tollowing procedure was adopted to'measure the
strains and displacements near thejtnnneliwall: | |
{a) A 20 mm deep, 2 mm diameter hole.was drﬁlledeahd.the
measuring point of the LVDT rode(with core) was fixed

‘ (epoxy glue) at the bettom of the hole. |
(b) A cyllndrlcal socket that can accommodate the LVDT
barrel was then attached to the tunnel wall_conCentr1C\\
with the protrudfng LVDT core.
(c) The LVDT barrel was$ inserted :”to the‘sockf' <1.th

.

the core enclosed within the bar:

\id) The pair of screws pfov1ded -1 ~he socket was.

N\ ' _— <
ti@ptened to hold the LVDT barre. irmly insige the S é
- S . 4 ' .

socket. . : )

The fixed end of the LVDT r -3 directly measures the’@j '
dlsplace@ent of the material at that p01nt whereas the

\‘PVDT barrel with the socket 1s dlspldced by the. same

amount as the tunnel wall. Consequently, the data ;ogger
records the relative displacement betweén the tﬂnnel

“wall and e bottom of the drill hole, théh'd?vided:bﬁ/
the depth of the hole (20 mm) determ1nes the gberage'
adial strain. The tunnel oonvergence was dlrectly |

meRsured bw mounting adg:’ .@nal’ LVDTs beh1ndvthe former

_ LVDT barrels. This arrangement 1s shown in Plate 5. 3

oA ), .
¥ - RN U Jhe
v : M
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5.8.2.5 Internal Radial Strains py Extensometers

The average internal straiphs are calculated from
~ F . C
the measurement of relative qlsplacement between two

L]

points separated by a known gauge lengthmehe assemblf

Lo

~of a system of laboraféry extensometers is discussed in
detail by Maloney ({984), and a‘diaggamatic illustration
1s given‘in Figure 5.11. In brief; twovcoaxial rods are
grouted at their tipé separafed by é.knowh gauge length.
“A LVDT core is attached to the inner rod, Qhereas a
sockét which holds the LVDT ba;rel is attached to the

N /
end of the'oufer ;od. Therefore, the reading,of the data
logger inaicates Eﬂe relative disélagement between the
two groutea points,”which divided by the gauge length
determines the average radialléﬁrain betweenwphe grouted

N

points. . ™

S

5.8.216 Data Processing System and Préséntation

The data logger scans the measureménts of 12 load
cells and 13 LVDTs at each load step. These readings are
converted to loads and displacements using calibration
charts and finally converted.to stres§eséﬁnd strains.
The dlsplacement and strain response tog%a%latlon; in
boundary stress (controlled variable) are,discpéggd in

detail in Chapter 6. 4

&

#
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5.8.3 Test Appardtus and Load Application

‘The model studyoﬁiilizes the Process Simulation Test
(PST) apparatus developed by Kaiser and Morgenstern (1981),
and only the essential aépects of 'the test machine and.the~
loading proeednre are discussed here. A echematic diagram o{
the PST apparatus is given in Appendix E3. After the test
sample 1s arranged in the test‘frame it is transferred on
to the bage.plate~of the_PST apparatus. An assembly of
twelve'fams operated hydraulically can provide the fequired
triaxial stress 'state. The rams in the, vertical direction
were used in phis etud§ to naintain plane strain,conditions,-
whereas the horizontal rams were employed to simulate a
lateral blaxial stress field;

The maximum pres;nre that can be aép;ied'to the sample
in the lateral‘direetion is 15 MPa, without significant load
fluctuations. The applied-load is uniformly disg}ibuted to
the sampfe sides via the triangular steel-wedgeé (test
- frame). The shear stress along the sample boundaries has

-

been neglected due to the palr of teflon sheets 1nserted
between’the sample and the steel loading frame. I

The application and transfer of load onto the sample is
illustrated: In Flguﬁe 5 .}The hyérostatic field stress
(0,) was provided by the lateral stress applied in the
Y-direction (0y5 at the far field bopndary. The tan§ential
 stress distribution (0,) applied normal to the femaining
sides of"the sample eouid be predicted by elasto—plastic

analysis, which is a function of o, and the material
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properties of gypstone. The‘-ate;al stress in the

X-direction (o0,) was determined static equilibrium, to

X

0 : :
provide the mean resultant o,, assuming zero shear stress

7 " along the sample sides. The magnitude of o, was increased by
1ncrements of 1 MPa, and the vertical stress (ozf was
adjusted accordinaly to ma1nta1n plane straln cond1t15ﬁs

| mhe field stress was not ﬁ%creased beyond 14 MPa, so that ox

“would not exceed 15 MPa, which is the maximum load capacity

of the apparatus.
5.9 Simulation of Jointed Rock Masses

5.9.1 Frictional Properties o

In order to assess the behaviour of jointed rock masses

°

in plane strain triaxial compression, a serles of
preliminary tests were conducted on 300x300x200 mm’ jointed

samples. These gypstone -samples were provided with

Hydrostone joints (150x30x3 mm3), which were_insefted from
the sample top in an orderly arrangement to establish four

t

sets of discontinuities as shown’ in Fiqure 5.13. The cured"
specimens were subsequently loaded to failure in the PST
~apparatus by increasing the major-lateral etress (o,) for
l dggéehgnt Cdngéning etresses (0,), maintaininq plape strain

in the vertical direction. 1 ‘
o ¥ i )
The jointed samples failed by developing diagonal shear
planes which propagaped,along the existing joint planes. The

. D . oy
failure envelope in terms of principal stresses 1s shown 1n

¥
LY
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Figure 5.14. The .mean szEflon angle ano//he uniaxial

strength determined by assumlng a l1near relationship were

-

- 27.9% and 3.36 MPa reSpectlvely An elastlc modulus of 1400 ~
]

MPa and a 901sson S: ratlo of 0.25 were also estlmated by the

compar%son of‘measured stress- stra1n data (Append1x F6) WIth

fIt“gbu%d be*deduced from the observed stress-strain

a
»

f behavioyr ano the‘féilure mode of these:jointed samples,
. [ [

that fodr sets of discontinuities~enable zé; material to

adopt an equivélent‘nearrisotrooic behaviour with reduced
strength properties: The only exception to this generél

‘ fe
_statement 1s>%hen one of the ]Olnts becomes much more

pronounced (weaker) than the others (Hoek and Brown, 1980).

(<o

’.‘v
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6. EXPERIMENTAL DATA AND INTEF@?@TJ;@‘ION

-

6.1 Plane Strain Behaviour of Intact Samples

The material properties determined from laboratory
tests have been used in thevelastofplqstic analysis to
predict the behaviour of gypstone ggmples under plane strain
condition, Unfortgnagely, the dilation coefficient (a)'
 cannog be determin?d réliably by laboratory Qests; Hence; an
assumed value of?a‘in the range 1 < a < m has'beeh
substituted in the®analytical equations. Fhe comparison of

: Y ,

measured data and theoretical predictions (with an assumed
a) prgvides é realistic methoé of evaluating the dilation
charaéteristicsﬂof gypstone. In bractice, a for an actual
rock mass cannot be determined and must be estimated. For
this purpose, an inta;t gypstone sample wac tested in the
PST apparatus, and the displacements of the tunnel wall and
t%e far field boundary were carefully monitored at each
stress increment. The rédial distances to tﬁe tunnél wall ~
and the far fgmd boundary are 130 mm and 700 mm,
respectively. |

The measured displagements agreed well (within less
. than 10% deviation) with the predicted data for an assumed
‘dilation coefficient of 2.0 as shown in Figure 6.1. it 1s
evident from Figure 6.1 that the zero volume change
condition (a=1) underestimates displacements. In contrast,

the associative flow condition (a=m) overestimates

displacements. The material properties of intact gypstone

-

141 S
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summarized earlier in Table 5.1 have been assumed in the
analysis. The accuracy of the predictions made by the
general elasto-plastic solutions depends largely on the
material properties and the boundary stness conditions

~simulated by the PST @ppératus (Guenot, 1979; Kaiser et al.,

1985).

6r2 Behaviour of Reinforced Intact Samples

S
[24

ﬂé.2;1 Bolt Patte}ns

For the purpose of modellﬁng different bolt patt;rns,
‘the spacing and‘the'lengthrof bolts were varied. The
verticai‘bo;t spacing that.repreSentS the longitudinal bclt
spacing‘iq reality was varied from 25 mﬁ to 100 mm, thie
keeping thé transverée (tangential) spacing constant at:

50 mm. This provides aﬁ array of bolt densities varying fr-
B=O:O73 to B=0.291 as illustrated in Figure 5?2. The
installation of twor rows of Bolts in the transverse |,
direcfion ofgihe model fuﬁnel section'represents a pattern
of 16 boigs around the circumference of a full circular
opening. ) _

In.order to stuay the influence of bolt length on the
behaviour of a tunnel opening,i100 mm and 50 mm long bra>§1
bolts (Z75 mm in diameter) were installed in different
samples. A typical test sample reinfo%%?d by 100 mm long
brass bolts at a density of B=0.145 méy simulate a sgttorkof

a real tunnel of 5.2 m in diameter, reinforced by:2.0 m longl
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steel bolts at a spacing of 1.0m x 1.0m.
i N - .

~.
N

,/;5“ \\: -
6.2.2 Strain—Disblacement Response otheinfﬁrced Samples
Only one selected set of test data 1is discussed in
detail here for the purpose of clarity. The femaining teét.
resultsrére given in gppendix G. Each test sample has been -
loaded increméntally to a maximum field stress of 14 MPa {ﬁ 4
the 'PST apparatus. The following material properties haQe

been employed in the theoretical analysis of the model

openings ;ith bolt densities B=0.145 and.B=0.220: '

E=1500 MPa;»v=0.25; 0.=3.5 MPa; $=32": s=0.90 and a=2.0. ;
Figure 6.3 presents an examéle of the measured and &
predicted’tunnel convergence agéinét the applied field - o

stresé for B=0.145 and L=T60 mm. Both loading and unloaging
paths were followed, alth;ugh one of the LVDT-mounts

debonded prematurely (Curve c). The figure indicates

excellent agreement of observed and theoreticallconvergencei

at lower load levels. Above 8 MPa, the tunnel wall .
experiences significantly larger convergence as spalling and
‘dilation within the plastic zone become dominanti It igiof .
interest to note that around 11.5 MPa, the radius gf the &

equivalent plastic zone predictéd by theory exceedé the’b%gg
length, and the reinforcements become completely embedded‘in |
the plastic zone. This transition is reflected by a sudden
shift in the theoretical curve, defineq by the eguation
aésdciated with R" > a+L. The experimental ;esults do not

show;éhe same shift. This is expected, because the model

¥
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¢
material loses its strength more gradually. The post-peak'

strength loss is not instantaneous as assumed in the
elastic, briﬂrle—pfastic model, Qonsidering‘;hese factors,
the predictions and Qbservatiehs are iqugood e;reement.
Figure 6.4 presents the vériationtéf‘radial strains in

- close vicinity of the tunnel wall (r=1§0‘to_15d mm) with the
increase in applied boundary stress. Good agreemeht\between
the predicted and the measured strains wés‘generally
observedr HoweQer, at loads below 4 MPa, tée"relatiVely low
measured strain response may seggest that the model hedua

»,somewhat higher than assumed strength:near the tunnel wall,
in the:order of 4 MPa , dﬁe to sample preparation effects.
The occurence ofja sudden shjift in the theoretical curve
associsted witth' > a+L is not convincingly depicted by the
test data, due to the same reasons as menthoned earlier w1th
respect to tunnel,convergence. In both Flgures 6.3 and 6.4,
the measured data 1llustrate a dramatic non- llnearlty of
d}splacements and strains along the unloadlng paths at fleld'
stresses below 3 MPa,‘Thls behaviour is probably assoc1ated
with the hysteresis phenomeﬁon of crack opening which the

“ analytical approach cannot model.

The radial straies monitored in the euter‘eldstic zone

of the sa&ple;with p=0.22 are illustrated in Figure 6.5.
These strains were measureduby'extensometers instaired-in
the.positions r=300/350 ‘mm aﬁd:r=400/450 mm., The theory
predicts a ljnear respoﬁ%e at low applied stresses
(0,<3 MPa), but with increasing field stress the enhanced

PP
S
: b
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effect of plastic zone ptopagatidnﬁls-reflected kv a chénge
in curvature (anti-clockwise) of the radialistrain response.
The Eesf data show excellent agreement with theéry except
that at very low field stresses below Z.MPa, the

: : 3 -‘ . «? .
extensometer responsé” is insensitive to 'small strains (most

¢

likely as=m result of friction between the'coaxial inﬁer and
outer rods). Unfortuna‘ely, the unloading path could -not be

followed due to unéxpected bursting of an ofl seal in one of
the hydraulic rams ébbve 13 MPa; preventing further testing.

“ .
Figure 6.6 illustrates the displacement of the far

field boundary?kith the applied 1614 stress. The far field
boundary“(r=700}mm) is away from the tunnel wall by more
‘than four tdnnel radii (r=130 mm). Thérefo}e; the‘influence
of plasti; zone propqgation on faf field displacements is
Ahardly noticeable fgé/Zhe range of applied stresses (o,=1 to
14 MPa), indicating an almost linear giastic response.
_However, at much higher fieid stresses,;the efﬁent'of the
plastic zone may become increasingly dominént, producing
.signig%gant non—linearity. The thepfetical p;edictions |
deviate from realitf, when the piastic zoﬁe tgdius becomes
considgrably closé to the far f&éld bounQ§§f};Therefore, a
largerbgeomechanical model would have to bévﬁsed*for
accurate prédictions‘at.excessively high loads (0,>15 MPa).
The measured diéplacements generally show‘goodvagreemént
with the théoretical predictioné, but indicéte“a somewhat

higher deformation modulus particularly‘along the unloadihg

péth. ' :
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6.2:3 Norm: .ized Convergence Ra* - as/a Design Aid

Fic . e .7 suwwarizes the mde dured and predicted
resultf “rom T s5ts waith varicus bblt patterns (L/a coﬁstant
at 0.7 at apﬁliéd field s;res;/;evéls between o, = 5 to
14 MPa e mezsur~d (dashedba;' vertically shaded)
normalized -o -ercence ratio. .,/u,, is plotted for these
" stress levels nd five density parameters, aﬁd_compared
with predictions (i1u-.l line%”and,horizontally shaded) . u; is
the total convergence of thé reinfbrced tunnel wall and U,
the convérgehce of the unsupported tuﬁnel.

- The observed convergence‘data convincingly support the
theoretical predictions. The response of the tqnnel
convergence 1in elastic rock has also Been‘plotted for
comparison.and for the same stress fange. The normalized
conVergence ratio decreases as B increasés (i.e., the tﬁnnel
convefgen;e Eeductidn‘is almdst proportional to the bolt
density). At bolt densities excgedﬁng 0.25 to‘0.45, the
tunnel wall'displa;ments converge towards the elastic
response for stress levels of 5 to 14 MPa. Bolt density
'configurafions where the tunnel wall displacements at a
given field stress are lgss than the calculated elastic
response are unrealistic. Therefore, theoretical predictions
based on the proposed method of énaLysis beyond this point
are méaningless. However, because the range of bolt
densities normally'employed in pract}ce varies between 0.05

A7

and 0.20, this does not limit.tﬁe applicability of the

o . &
predictive equations. ‘
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It. can be shown that the normallﬂed conyergence ratlo
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3

.‘.,»g:?}*

1s independent of the elastlcuparametemsiand ;nsen51t1ve tq
. [ | R 4

S e o .
moderate changes of the uniaxial comp?e551ve strength and

7

the fr1ct10n angle for a glven conf1guratlon of

reinforcement. Consequently, the relatlonshlp 1llustrated in

A

Figure 6.7 for a glven ‘bolt length may be used for des1gn

- purposes.-For example, for a tunnel of 5 m diameter

.

excavated in a yielding rock.(¢ = 35°; :in a field streds‘of *
9 . - N \ e : o
10 MPa; 400 to 450 m deep)’With 2 m long bolts (L/a = 0.80),

s

the tunnel wall dlsplacements would be reduced by 40% for a 5

boltvdens1ty-parameter.ﬂB) of 0.20. This could be ach1eved

by 1nstalllng 32 mm shaped rebars (A=0.60) with a spac1ng of

z

VO 85m x O 85m

»

6.2.4 Imfluence of Bolt Length on ‘Tunnel Convergence
0. \ -

In order to assess the influence of the bolt length on

tunnel convergence, 2° samples (B=0. 145 and B=0. 291) were

) nelnfotced by relatively short bolts of 50 mm-in length. The

measured and predicted strain-displacement response to the
applied field stress 1is given in Appendix H. The agreement

between the measured and the predicted data was generally

"within 10% for both samples.

Figure‘618 summarizes theAnormalized convergence ratio
adainst the bolt denSity parameter for 50 mm long brass
bolts (2.5 mm in diameter); The measured results for. ﬁ 0
0.145 and 0.291 are plotted for comparison ‘'with the -

predictions, for the applied stress levels of 5 £o 14 MPa. A

h 4

Sl
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hompar1son of Flgure 6 7 with 6.8 clearly shows that the |
hﬁpvergence reductlons attalned by 50 mm bolts L/a'= 0.38)
are. c9n51derably less than those achleved by 100 mm ‘bolts
L/a1= 0 76) partlcularly at hlgh bolt densities. The
horlzontally shaded range for 10C mm bolts has been repeated
for ease of comparlson For instance at B=0.25, a’
convergence reduction of 42 to 58% 1slpred1cted for 100 mm
‘bolts, whereas only a 26 to 37% reductlon is expected for
50 mm bolts The observed data generally 1nd1cate a very
51m11ar trend for the same applled stress levels

At relatively low bolt den51t1es (B:< 0.15), the ,
reduction in total cohvergence is less.pronouncedlfor any
.given bolt length, because,the magnitudes of. equivalent
(improved) strehgth parameters (m',.o:) decrease'rapidly
with the ggduction of bolt density parameter (B):‘For'
instance, at .8=0. 10' a convergente reductlon of 5 to 15% is
predlcted for 50 mm bolts, wher as the 1nstallat10n of 100
mm bolts curtails tunnel wall displacements only marginally
predictind»a convergence reduction of 15 to 23%. The
“measured test data verlfy these predlctlons with less than
10% deviation. In other words, the v1rtues of 1ncrea51ng the
ﬁbolt length'are less‘significant at;logﬁbolt deh51t1es,
'where y1e1d1ng is con51derable |

o
Figure 6 8 also 1nd1ca9es, that excessively high bolt

£
densities (B > 0.50 to 0.60) are required fbr 50»mm bo}ts im

order to limit tunnel wall displacements close to.the
~elastic response. These densities would almost have to b&l
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double ‘the magnitudes of B required for the same convetgence
reduction by 100 mm bolts. Bolt density parameters of O 50
“to 0.60 ﬁfe both impractical and uneconom1cal to be employed
in the field. In such cases, where the requ1red bolt
dénsitieé are excessively high (B > 0.25), effectlve
convergence reduétions can only be attained by inéreasing
%he bolt lengths. It is obvious, that for a wide range of
field stresses (0, = 5 to 14 MPa), the bolt léngth/tunhel
radius (L/a) rétio of 0.38 is cert@inl&eﬁnadéhuate in
obtainihg acceptable convergencé reduct ¥ons. Based on the
resulfs of this study, it maf be concluded that L/a ratios
less than 0.75 canﬁot be recommended for efficient; g
converQence control, even if acceptable bolt densities

(B'> 0.15) are employed.

The effect of increasing the bolt length dn tunhel
convergence is particularly emphasizea,_if as a result, phé~
extent ‘sf the plastic zone becomes enclosed within the!
reinforced region (R’ < a+L). Foy example, at B=0.291 and at
0,=14 MPa, a decrease in tunnel convergence from 9.6 mm to
3.5 mm (63.5% reduction) can be;ach&eved by 100 mm bolts,
because the plastic zone has not propagated Reyond the
bolted zone at this load However, if 50 mm bolts are
’1nstalled at the same fleld stress of 14 MPa, the plastic
.zo@e extends beyond the relnforced zone genexdt1ng a much
hlgher tunnel wall displacement of 6.2 mm (35.4% reductlon).
The measﬁred convergence data verify this-behéviour'within

an accuracy of 6 to 8%.
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The}influen;e of bolt length on tunnel“cqnmergence
deéreaseé significantly, if the plastic zone has propagat?d‘
much beyond the reinforced zone (R’ > a+L). For example; for
© B=0.145 and at a field stress of 14 MPa, the convergence

reductions associated with 100 mm and 50 mm bolts are 20.4% °

and 17.6% reépectjvely, indicating a negligible effect of

doubling‘thé bolt lengggj. olts of L > 125 mm would be more
71 Wi _ , :

effective for this case.

N
A}

<

6.2.5 Strain Distribution®

:The'shdrter the bolts are around an opening, the
greater the extent of yielding and, hencé, the tunnel.wall
Q\gisplacements for a givén field stress. The radial strains
lnear the tunnel wall.(}=130.tb 150 mm) are affected in the
same manner as the convergence. However, the inflpénce‘of
bolt lengths on the radial strains in the outer elastic zone
depends on the radial distance to the point éf interest.
Figure 6.9 iliustrates the radial strains measured in the
reéions r=300 to 350 mm and r=400 to 450 mh for'B=0.]45/an§

L=50 mm.

.‘Tﬁe continuous change in‘curvature of the preaicted and
measured data With'ipcrg%éing g;rgss,_particularly in the
region r=300 to.350 mm , indicqﬁes?sign@%icant influence of
_ yielding'associated,yith reduced bolfbiéngthé. An increase
in bolt lengths or the bolt density is reflectedrby a

reduction in curvature (anti-clockwise) of the radial strain

response as shown earlier in Figure 6.5 for B = 0.22 and.
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L = 100 mm. Thé observed strain data (Figure 6.9) imply the
‘possibility of a higher apparent strength of the material.
The 1nsensxt1v1ty of the strain response below 2 MPa is
probably due ito the frictional re51stance between thea

~ ;
coaxial measuring rods of the extensometers.
. . Neither the bolt length nor -the bo;t’denSiéy can
significantly“influence the displacement tesponse of the far
field boundary go the applied stress. This is to be expected
because the radialldistance to the far field boundary ié”
Imo;e than five tunnel radii, there?y making the elastic
boundary displa?ements nearly Lndepenaent of yielding around
the bpen}ng. ;e@
6.3_fnfluen§e ;f Bolts on the Behaéioﬁr'of Reinforced

v Tunnels in Jointed Material

v

! K0S
6. 3 1 Simulation of a Tunnel Opening 1n a J01nted Medium

The d}men;lqms of thg§§01nted test samples were
identical tovtﬂoégﬁof the“intact'samples described earlier
(Figure 5.10). However, four "sets of joint planes wefe
introduced to rebresent a jointéd medium as illustrated by é
typical. test Sample in Figure 6.10. For the purpose of
testing convenience, the density of tﬁe joints hac heen
reduced beyond a distance greater than 275 mm fror -he
tunnel wall, because this outer regioh remains elastic for ,
the range of field. stresses applied by the PST apparatus.

Each test sample represents any one of the*eight segments -

]
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which constitute the complete tunnel opering when assembled

éircumfeﬁentially. The selected patternlof four closely .

K

“;spacéd joint sets is not only expected to maintain nearly
isétropic beha§iourfbf ghe jointed rock mass (Hoek and

Brown, 1980); but "is also érragjed to establish the same
ljoiht directions around the opening by symmetry between .

adjacent(segments."lm order to study the effect of grouted

el

bolts on the sttain and displacement response of this
“jointed medium, several belt densities were simulated with

" B=0.073, 0.145 and 0.220. The geometry of the brass bolts

I
2

fhstalled was kept‘;ohstant at 100 mm in length and 2.5 mm

in diameter.
Initially, ‘a jointed.samé%é without bolts (B=0) was

tested (plane strain) in the PST apparatus. This preliminary

-

test was necessary to verify accurately the properties of

the jointéd medium for compariso¥ with those determined

g

earlier 1n Section 5.9.1 for the’ same joint pattern.
Figure 6. 11 shows the variation of tunnel convefgence,(B=0)
with the applied field stress in the jointed medium. The

measured data agree well with the predicted data (Cur;e C)
: ' La
with a maximum deviation of 12% for the applied stress range

of 0 to 14 MPa. The comparisog of predicted‘and measured

-

strain-displacemert response of the unreinforced sample

vgrifﬁés, that the equivalent parameters ¢ = 27.5{

o. = 3.4 MPa, E = 1400 MPa, » = 0.25 and a = 2.0 are
realistic in modelling the behaviour of héavily jointed

\

- i . L . .
gypstone as an &pparently 1sotropic medium. A comparison
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“;ith Table 5.1 shows that the jointed mass'properties are
siightly less than those of the intact material. The
variation of strains and displacements with the applied
field stressf of all 301nted samples is 1llustrated .
graphically in Appendix I. They support the extens1on of the»
Hanalytiéal model in predicting phe behailour of -an openlng
excavated in a ﬁedium'with four relatively élgkely s;aced
joints. | ,
_ - o b

However, there are a few 11m1tat10ns of the analytlcél
model in the appllcatlon‘pp jointed rock. For example, 1if
either the ﬁumber of the joint sets 1is leés than fQuru(i.el,
not ékisymmetrié around the tunnel;kor‘if some joints are
mpcﬁ weaker than.the others, then the éffectsﬂof anisotropy
dictate the behaviour of the rock mass around the tunnel. On
the contrary, 1f a large number of ]01nts w1th 51m11ar
" properties exist randomly in a rock mass, nearly isotropic
behaviour can be expe;ted as explained by Hoek and Brown
(1980) . '\ |

As expected, the convergence response of‘ﬁhe tunnél
'wa1£ indicatés higher magnitudes for thé joi;ted.samplé. For

example, at a field stress of 14 MPa, the behaviour 6ﬁ,the

reinforced opening with- f=0,145 in the jointed medium .- .

N Sy

3

indicates a“convergence increase of 54%, with respect to the
correspondlng opening 1in the intact medlum at the same
stress level. Partlcularly at f1eld stresses in excess of

7 MPa, the observed convergence increases at a hlgher rate

than the '‘predicted response of the intact medium. This is
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expected as the joints are only affected when yielding
propagates and considerable joint.displ%;ement is induced
after weakening of the opening wall. Therefore, a gradual -
transition from the_pfedicted behaviour of the intacf to the
discontinuous mass model is expected and observed with
increaﬁing field stress.

Figure 6.12 summarizes the convergence data for all the
jointed samples teséed in plane‘stféin,triaxial compression;
The normalized convergence ratio (u;/ua) is plotted against
the bolt density parameter (B) for the field stress levels
of_S to 14 MPa. u;~an@ u, represent the convergénces of the
reinforced and unsupported tunnels 1in the'jointea medium
respectively. The test dafé_indicate excellent agrééﬁent'
with the predictions assuming reduged rock mass propértfes.
It is observed from Figure’6.12, that the tunnel convergence
” ﬁf§tio decreases again almés; lineariy with bolt density, and
Lépproaches the elastic response for B}> 0.30. In fact, a
very similér'trend was observed fér intact samples
reinforced with 100 mm bolt;. The comparison of Figures 6.7
and 6.12 reveals that although a material with inferior
strength‘and déférmation parameters (jointed medium) results-
in lafge;"tuhnel wall displacgmewts, the normalized
convergence ratio (ul/u,) for a given bolt depéity (B) 1is
’insensitive‘to moderaterchanges of matériil propertiesi'

Therefore, the-normglized convergence ratio against bolt

\
Ed

density parameter“%elationships can be utilized as an useful

RS

tool in the displacement controlled design approach for a

)
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range of yielding rocks. G

6.4 Observed Rupture Processes Around Tunnel Openings
6;4.1 Tunnel Openings in Intact Rock

| As discussed in Chapter~4, two major types of potential
failure mechanisms could be predicied theoretically. Shear
failure of a tunnel excavated in a hydrostatically loaded -
Mohr-Coulomb material is assbciated with disintegrating
wedges that aré defined by intersecting‘spiral rupture
surfaceé.‘ln addition, surface instabilities are associated
wifh tensile splitting, spalling.and slabbing of the tunnel
wall. The.synthetic material gypstone falls within the zone

of predominant shear failure (n < n.), as indicated by the

g

3). Localized spalling (slabbing)

stability curve (Figur

of the unsupported t;i 0, “511 was initiated beyond a field

gstress of 7 MPa, foli@wﬁﬂfbyﬁéxtensive shear fracturing at

%ads above 12 MPa. The '#8Bserved slabbing at lower stress
i T |

1evei§7ﬁ$§*?g’betabﬁgibuted td;thé existence of a thin skin
of strohger rgé%ﬁﬁtﬂthe:tunnel wall.bThis skin 1s a result
of the model preparation procedﬁfe.

The experiméntal observationé“gpnsistently verified the
analytical predictions that ultimate failure around circglar

openings reinforced with grouted bolts also occurs by

disintegrating wedgés*asg?ciated with the_gntersection of
- ’ gy
: ' )Gy
multiple slip lines (shear). Plate 6.1 illstrates  the

multiple slip lines and associated wedge‘fa%lure after

B

f‘. '
I



168

unléading from a field stress of 14 MBa, for two reiﬁforced
model tunnels (B=0.073.énd 0.145) in intact,gypstone‘medium.
In fact, the bolt\density had a significant effect oh
the rupture propagatid%l As the bolt density was increased
(B > 0.145), the'extent of shear failure aséociated with the
intersection of 'spiral slip'lines was diminished
dramatically, even at the maximum'applied field stréss af
14 MPa. The aﬁalyticél model predicts a reduction of the
angle subtended between the slip lines and tﬁe éorrésponding
tangent at the ﬁunnel wall, as a result of the increased.
apparent friction angle dué to the grouted bolﬁs. This in
‘turn impliés_a.reduction in extent (depth) of phe failure
zone. The observed\éhear'jailure around heavifgzréinﬁércéd
model openings supports these analytical*pfédittions.
Localized spalling of the tuﬁnel_dall.continued to occur ‘in
the‘regions whére the influence of rock reinforcement was
minimum, but less pronunced. PLate 6.2 illustraﬁes ~he-
failure pattern around openings associated witﬁ}ééﬁge bolt
- patterns (8=0.220 and B8=0.291). A cohparison of él%%és 6.1
and 6.2 clearly indicates a redQction in depth of the
failure zphe (segregating wedges) with increasing polt

udensity.

6.5 Observed Rupture processes of Jbinted Samples3f
Failure initiation in the jointed samples dif{éréd from
that of intact samples. The failure around the opening,

without doubt, was-influenced by the plane of joints nearest

(e
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to’the tunnel boundarx At low bolt dens1t1es (e.g, .

. B=0. 073) the Zone of failure extended from the® tunnel
boundary’to the plane of the nearest jOlntS In other words,
the. dlrectlon of the S. 1nes has been dlctated by tHe
critdcal plane of. jOlntS 1n the&v1c1n1ty of the openlng

HoWever, the occurence of 5urfacetinstabilities (spalling

and splitting) on the tunnel wall was similar'to that of

-

intact samples. Again, it is attributed to & thin skin of

stronger ‘rock at the tunnel wall. Plate 6.3 illustrates in

both plan and elevation, the failure of a typical
4 ’

‘unsupported model tunnel in jointed rock after a field &

% : L

.stress leve. of 14 MPa:

ib‘ ; ) y)

: Ti.» -.fect of bolting on the jointed medium is very
encouraging.. The increase in bolt density (B8 > 0.145) 5

’g%be effect of dramatically curtailing joint movements, with.
—_— : . . '
/4ﬁ§:Tesult«of decreasing the tunnel convergence Ke.g.,Figure
I1.12). FurthermofeT‘fa1lure initiation was postponed until

the application of relatlvely h1gh field stresses in excess

of 9.to 10 MPa. For instance, at a‘bolt density of B=0.22,

 both shear fracture around the opening and surface

instability‘of the tunnel wall were considerably.restficted.
- The fallure mode in Tact resembled the one of a heavily
relnfOtced opening in an intact medlum The zone of failure

around the opening assoc1ated with shear_planes (at 0,=14

bbund&ry, and was prevented from extending towards the

nearest joint plane,.



Plate 6.3 Influence of the Critical Jcint Plane on Rupture
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It may be concluded frod these observatlons, that:the =
behav1our of an openlng in a jOinted medium can be 1mproved &

: . _
by employlng an 1nten51ve bolt density, which can minimize

joint dlsplacements in the V1C{§:?y of the openlng The

greater the bolt length, the ' larger the number of 301nts

stabilized. However, the jolnt5>furt ay from the tunnel

b
G

boundary (2 to 3 rad11) do not experlence the same magnltude
of. dlsplacements typical of the jeints in ‘the weakened
'plastic zone near the tunnel wallh Consequently, 1ncreasing
the’bolt length beyond a eeftain debth from the plastic zone

boundary implies rapidly diminishing economic returns.



7. ANALYSIS OF A CASE HISTORY AND COMPARISON WITH EMPIRICAL

?

'DESIGN METHODS - -

7.1 Analysis of Enasan Tunnel

The application of .the elasto-blastic anéiytical
solution to the Enasan tunnel project,ianapan’(ftd::1983)
~will be demonstréted here. In this project, t@o pafé}lel_
highways were construttéd through Mount Enasan in-the I
vicinity of the active Andrea fault'®f the centr%ﬂ‘Alpg in
the Japanese island of Hdnshu.-TheSe High&bys are 8.6 km'in
léhgth and are separa;ed by 60 m‘center.to center. The |
fudnel\secfions (NO{th Enasan Highway) considered in this
stﬁdy have a radius éf approximately 5.1 m, and they are

subjected to a mean overburden depth of 450 m.

The Enasan Tunnel was constructed in three sequehtial
excavation stages (he.ding, bench and invert) by the New f;
Austrian Tunnell_ng Method. It was driven through heavily N

folded and fractured granite characterized by the fo}id@ihg'“

material properties:;§=245 MPa, v=0.4, ¢%35°, c=0}49 MPa, #
o ‘ . .

0.=1.32 MPa and y=25 K&N/mJ (Ito, 1983). Since the peak and

ultimate strength parameters were found to exhibit .nearly

the same magnitudes, the post-peak behaVioU§ could be

modelled by a perfectly plastic stress-spﬁain response with

s=~1.0. The dilation properties of the rock were represented
1 T . \
by a dilation coefficient (a) Qf'ﬂfﬁ,vwhich was assumed to

be typical for highly overstreSsédbfock._

-
@ . o

o T
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7}7/:\Geometry and Pattern o£ Bolts

.Figure 7 a’ 1llustrates ‘a typlcal transverse sectlon of-

P :tiOn‘B'of.the North Enasan nghway (Barlow\.1986) ﬂ‘

i"outed‘bolts {24 mm in. d1ameter) installed at a spac1ng of
iéO mx ¥ .05 m. A\fr1ct10n factor (A} in tht order of 0.35
to 0.40 can be regarded as typlcal of smooth grouted rebars

1nstalled in heav1ly fractured rock. A longltudlnally

slotted shotcrete llner was also 1nstalled Supplenental
krelnforcement w1th 8 m and 13 5 m long bolts was employed
when unacceptable convergenc 's continued to occur, resultlng’
in a mean c1rcumferent1al bollt spacing of 260 mm, In fact, l

_this corresponds to an increate 1n bolt %§351ty from B=0.1
a

to B=0.52.

7.1.2 Prediction. of Tunnel—Con

~ -

An unsupported tunnel sect on' excavated in the same

heavrly”fractured rock maSS“nonld resent a predicted yield"

zone of 12.4 m in\radius,'witn‘a co,. spondlng convergence

.jin ekcess of 2.0 m (i.e. total, collapse). The llnear elastic
solution predicts a convergence of 350‘mm Wthh is 1n close
agreement with the elastlc convergence of, 369 mm estlmated

1

by Barlow (1986) with an alternative convergence solution.
‘Both elasto-plastic and elastic solutidns indicate the
- necessity for intensive support for the control of these

" unacceptable displacements.
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For the 'nit@al bolt pattern (B20.13, L=9 m), a-tunnel
convergence of 1070 mm (R -10 9 m) is predlcted by the f'}ﬁ
analytlcal solution. The ultimate measured convergence at
e roof after supplemental bolting (increase in B from 0.13
to 0. 52) atfa much later-stage was 920 mm. In comparison
withgkhe tunne+ convergence predicted for the initial bolt
pattern,-the convergence reductlon ‘attained due to |
supplemental boltlng does not seem to be very considerable.
However, a mUCh greater\convergence reductlon could have
been aqpieved if these supplementalxholts had also been
;,jnstalledAinitialiyr Barlow f 186) has in fact highlighted
'the same finding; This wds. to be expected,'since bolts

4 '

installed inside an already existing large plastic zone have

)

much }ess effect than if - they had been installed before or
durlng the propagatlon of the ylelded zone.

Statlon ‘A of "the North Enasan nghway is separated by a
distance of 35 m to the'west.from Station B. The roof of the
tunnel‘at Station A'was reintorced primarily with
alternatxng 6 m and 9 m long bolts w1th a bolt den51ty
parameter of 0 27, The invert was relnforced by the same
bolt pattern ds in Station B. A maximum convergence of
710 mm was_measured'at the roof at Station A. The predicted.
roof convergencentor 9 m,long‘boitsﬂalone and 6 m iong bolts
‘alone were 480 mm (R'=9.33 m) and 650 mm (R'=9.89 m)
respectively, for the given'holt.densrty (B#O.Z?).lThese
magnitudes sllghtly underestlmate the convergence as

compared to the measurements. ThlS dlscrepancy may be
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attributed td the variatfon in mabetialTproperties between .
R o ) X 5 : i
Statipns A'andﬁB,vwhich,can be expected i ucovily foldet

and.fracturedfrock mass. Cthideriwg *h se actore the

' tunnel'eohvefgenees p;edﬁcted ?y e an icel sclu ion are
iedeed realﬁstie, Fuftﬁerﬁqrc, ' shtws that .rvergerce ,
could be'ﬁeduced;effectivell by 1mizasirg to bolt denéfty.f

/

/

I3

7.1.3¢Apblieation of Bolt Effectivenc:s
:%ighre 7.1b illustretes.the calculated vai . .1on of

b?lt effeeeiveeess as‘a_functioh of L.t lengt. at
StationfBL Keeping the tegal quahtit&nof steel constant, the
corresponding bolt density changes with bolt length are also
shown in the lower diagram. A total steel quantity of 90m/h
tunnel length was initially used'et the roof (solid circle),
whereas the final steel gquantity was as ﬁuch as 315m/m
tunnel length after'supp;emental bolting (open circle).
- This, invfact, eorresponds to an increase of B fromv0.13 to
0.52 (at L=9 m). If 9 m long bolts with the final bolt
_4'density had been installed immeéiaﬂily, an effectiveness of
almost 100% could have been achieved (dashed line).
Alternetively, if "13.5 m long bolts had been installed at

"the'beginning (full line) with a lower bolt dénsity
. parameter of.B=U.32, fhe bolt effecETvegsss would have been
1 as much as 95% instead of 58% (fu%& line, uppe¥ graph). In
reality, because of delayed installation, a much lower
effectiveness of‘approgimately 65‘t5 70% was actually

reached. This Highlights the importance of installing
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;ggkouted bolts as early as possible near the tunned face.

It is of interest to note that at a bolt length less
3 'v ’ » . 1 " . .
than 6 m,.the'gplt effectiveness (initial pattern) drops

dramaticailyijThis is to be attributed to the fact that the

o;

extent of ﬁhéwblastic zone propagates béyond the bolts.
However, for bolt lengths -less than 4.5 m, the efﬁectivenéss f
increases‘agéin because of‘the arématic increase in B. In

this region, the bolt density B dominates over the effect of
the boit length. The corresponding bolt densities are .

however untrealistic.

v

E

7.2 Compafison with.EmpirigPI pesigh:;ethods ' -, i

4" Barton et ql.v(1975) have provided a support design
guide ba¥ed on Ehé rock mass qualicy&(Q)..For many ground .
classes? particularly in pobr, yielding ground, they do not
generally advocate’'the applicatjon of ﬁntensioned groutea

! bolts. Hence, it ig not meaningful to compare the proposed
method, with the Q-system. Howévef,\piéniawski (1976) based
upon 'g Geomechdnics Classificationfor Rock Mass Raging
(RMR) /system has discussed the aﬁpl}cability of fully

grouted bolts in all classes of rock. His design tab@es and

recommendations are intended for tunnel openings of the

order of 10 m width, excavated at depths g han 1;000 m -

by drill and blast method, reinforced by {
. grouted bolts. Supplemental support by dﬁO'; § é, wire mesh’

and steel sets are suggested for poorer grdund;
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The recommended bolt%lerigths (L) and grid spacings &S, .
S .

¥
* &‘ET) for the differet rock olasse@'are tabuiag;d.in the
flrst three columns of Table 7.1. The ratio B/A ror these ™~
’ rock classes can be deduced from the laéfer 1nformat10n andj
“is tabulated }n.the.fourth calumn of Table 7.1. The
magnitude of k;can be estiméted'from the friction angle of
the excavated rock to determine B. Cérresponding bolt
densitylparameters'for an assumed A=0j5 are given in the
:

last column of Table 7.1. ' “

~Several interesting aspects evolve from this table. The

1
. ) r

recommended bolt densities for poor to ¥er boor rock are j
insensitive to rock quaiity changes and, the recommended
<rahge is wery wide. Furthermore, the magnytude ;f the
recommended bolt den51t1es 'seems to be too low- partuoularly
for very poor ground at RMR < 26. The fact that only a
change in bolt length is recommended to control poorer
ground does not agree with the flndlngs from this study and
practical experience (Golser, 1987). It can be seen that the

bolt d¥nsity paramete varies significantly as the spacing

is decreased from 1 mto 1.0 m. Therefore, a further

reduction of the bolt spacing for the weakest rock class™

could assure a sufficiently high bolt densit

curtall dlsplacements more effect1vely

paramefer to

Laubscher and Taylor ( 1996 on the basis of thelr
experience have proposed a bolt spac1ng of not more than
0.75 m for poor ground at RMR < 30 for support of mine

e k"

excavations. This corresponds to B-values of about 0.28 for

e
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A=Qs 5, and seems to %e in good agréement with rhe densities

V

‘ required for-effective conse;;ence reduction. The influence

. of bolt fr{\\lon as a very ortan&\de51gn parameter, is

-also 1gnored in tHis emplrlcal m&!hod \From these A
_observatlons weAconclude that the RMR system does not
provide a sufficiently sensitive guide tovproperlyddesignéh
grouted bolts in yieldiné rock (RMR < 40). For'poor.and very
poorm?ock, a rational design method for’grquted bolts shéuld s
be based on the proposed analytical approaéh, which provides

-

a sound basis for effective convergence control. .

-

| BEE 2 oo ®
7.3 Observations from the Kielder Experimenta;;TunneL
The behayigmr of different‘support systems has been
‘'studied in the Kielder/gxp rimental tunnel (Ward et’al.,
1976 Freeman; 1978). ffhe excavation of this t@pnel was
’ spepificaliy selec%éd to be in a weak mudstoné layer (8 m
thick)/ since the édjacent‘roqﬁs consisted of cgmpetent
limestone aqdrsandstone which reqguire ré%%tively less
support: In this project, rock movements were measured
;iéggrﬁiculardy'above the roof 6f_the 3.3 m diameter opening.
. The .influence of fully grouted resin bolts on ground
‘dlsplacements was investigated mainly in the porticr of the
“tunnel excavated by the drill and blast method (NATM
The fou%ﬁzathom mudstone was extremély tissured with’
multi~directional fractures and abundant mica partings. It

was characterized by a rock quality designation (RQD)%"V

\
less than 8% indicating its highly fissured nature. Houghton

- ' o , - 0

—a
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A
(1$\§)>descr1bes this mudstone as a miterlal which when 1
) expoeed is prone to ragld deterlfﬁ;t;on qulckly formlng a
sfil-like mass. On the bagis of'Geomeehanics Classification
| (RMR , support tecommendations for fully grouted
bolts hav been'CompiledAtor the dlf@erent rocks surrounqjhg’
: , ¢

the experimentgl tunnel and the access adits (Hoekrand

Brown, "980)f . L
Tabl’e\ 2. “sumr‘nari% the calculated'BM:“rattios.for the
RMR’recommendations, which incorporate thefeffects of the
relatlveK? smald size (1.65 m radius) of the experlég;tal
tunﬂel Accordlng to Table 7.2, the recommended bolt Qattern

r’
indicates a B/\ ratio of (0.03 to O 10 and a bolt length of

-~

3 to 4 m. For this tunnel with-a diameter of 3.3 m, the

re-ommended bolt length necessitates the ¢ upbiﬁdfbf“tﬁo
- A

-«

bolts toagther for feasibility of instal

recommenged bolt densfty pérameter (B for an assumed )

friction factor (k) of 0.5 varies be yeen 0. 025 and 0.05., On

the ba51s of the knowledge acquired frqm geomechanlcal

¢

modelling and the analysis of the Enasan unhel, one can
A :

i . \
deduce that the latter bolt density is insufficient for
3" N

. 4 K - N . " .
~effective control of turinel convergence. Furthermqre, 1n

4

comparison with the relatively competent limestones and

- (.

*

sandstones, only a marginal increase in bolt degsit" and

1

bolt length has been recommended for much weakenr ‘mudstone. -
<This'justifies the conclhsapn drawn earlier (Section 7.2),

that the RMR system does not p?Lvide a sufficiently
\ sensitive gquide for the design of fully grouted\untenéi;ned

4
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Table 7;1 ﬁecommended Bolt, Densities according to
Geomechanics Classification (RMR) |
~ 5 ) : ' -
Rock Class | . L Su & Sp BN 8
RMR o (m) {m) . (at A = 0.5)
81-100 - Generally No Suppoirt Required | 0.00
61-80 2.0-3.0 | 2.5 0.05 0.10
41-60 3.0-4.0 | 1.5-2.0 | 0.08-0.14 | 0.04-0.07
21-40 4.0-5.0 1.0-1.5/_ 0.14-0.31 0.07-0.16
below 20 | 5.0-6.0 | #.06-1.5 | 0.14-0.31 | 0.07-0.16

Table 7.2 Recémmended Bolt Densities for Kielder

Experimental Tunnel based on Geomechanics Classification

" Rock Type L St &>ST B/ | B
(m) {m) - (at A = 0.5)
 Great « A SR o
‘Limestone 2.0 1.5 0.04§ 0.023
" Four Fathom ] . b
Limestone © 2.0 1.5 ~0.046 _ 0.023
Four Fathom | o : - '
Mudstone | 3.0-4.0 1.0-1.5 0.05-0.10 0.02-0.05
Natras Gill L | o
Sandstone 3.0 1.5-2.0 0.03-0.05 0.01-0.02
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bclts in poor gquality.rock. | | o
The»regommended bolt pattern by Geomechanics
Classification had not been followed dufing tHe
stabilization- of the experimental tunnei. The actually
installed bolt pattern consisted of 1.8 m long fully grouted
bolts (25 mm in diameter) at a spacing of 0.9m x 0.9m. This
provides a B/\ raﬁio of 0.16 ér a bolt density parameter (f)
of 0.08ufor an assumed A of 0.5. However, the findings f;om
this reseafch study have revealed that a bolt density
parameter of at least 0.15 t 0.20 is required, in order to
obtain effective convergencs =ductions for gblt lengths
approaching the magnitude of the tunnel.radius. Therefore,
.it‘may.be concluded that the Kielder experimental funnel has
not been sufficiently reinforced with fully grouted rock
bolts for optimum ground contrcl. "* )
The‘field measurements have indicated the inadequécy of
the bolt density. For an unsupported tunnel section, radial
displacements in excess of 20 mm at ; po'nt 0.3 m above the
roof have been observed. The installat?on\sl grouted
untensioned bolts did not on average achieve convergence
reductions greate;-than:ZO%. As a resulﬁ, a thick layer of
shotcrete (140 mm) was sprayed'in order to maintain the
tunnel wall displacements at én‘acceptable level of a féw\\v
millimeters. Alterna-ively, a similar bolt effectiveness
could have been achie.ed, for example,vif 2.0 m long bolts

had been installed at a B/X ratio in the order of . 7,

i.e., at a spacing 6f30.6m x 0.6m. The validity of this
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o
recommendation cannot be verified as it was not investigated

;at the Kielder experimenial tunnel.



8. CONCLUDING REMARKS,‘IMPLICATIONSlAND RECOMMENDAT36N§

\ . -~
8.1 fmplicationg;of the Equivalent Plastic E?be Theory -

,Thé'theoretical analysis pﬁesented in thés thesis has

introduced a convergence cont}olled approach for the design .
of fully grouted bolts. The effectiveness of fully grouted
bolts should be asééssed on the basi® of convergence |
reduction, which in turn should assist the deéigner in_”
{seléctlng the optlmﬁm relnforcement configuration. The.
extensive geomechanical model study and the analysis of the
Enasan Tunnel case history have verified the reliability of
the analytical solution in the convergence prediction of
reinforced deep tunnel openings in poor ground conditions
(RMR < 40). |

| The influence of the bolt density parameter (B) on the
apéarent strength of the rock masé,.profouﬁdly reflects the
importance of the bolt spacing and bolt-grout interaction

-

(ffiétiohal) in design. In poor ground, the'usé of shaped .
(rough) reﬁars with a relatively dense bolt corfiguration is
recoﬁmendedbin practice. The gyaluation of the equivalent
plastik zone radius (R') as a function of the bolt density
patameter and bolt length, provides a fundamental basis for
tifé determination of tunnel wall corvergence. Due to the
algebraic structure of the pertinent mathematical equations,

an accurate estimate of the dilation coefficient (a) is

prudent in predicting the correct displacement field.

186
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The normalized conQergence ratio and the resulting bolt
effectiveness are the fundamental design aids introduced in
His aﬁalysis._The normalized convergencé ratio is-most
appropriate 1in deéign, where the_stréngth and frictional
parameters are boorly defined. The bolt effectiveness, on
the other hand, is a convenient desigﬁ aid where the
geétech;ical parameters are well established. The study of
the Enasan Tunnel shows that the instaliation of an optimum q
" number of grouted bqlts‘ihmediately on excavation near the
tuﬁnél‘face contributesCo a much greater degree of
stabiliiation than the provision of supplemenfal bolting at
a later stage. It is indeed the initiél bolt configuration
that is predominant in controllihg the e#tent of |
overstressiné around the tunnel wall and the final tunnel
convergence. | .

The mathematical treatment of the elasto-plastic

. F '
analysis has been based on several simplifying assumptions.

axisymmetr.c bolt pattern, excavated in an isotropic,

For instance, a circular opening reinforced with an

hémoger»ous médium, subjected to a hydrostatic field stress
‘has be-n ccnsidered. The equivalent plastic zone, thus
determined by the analytical method is axi-symmetric or
cixculaf in shape. Therefore, the accuracy of the analytical
solution beéomes guestionable -as gﬁe complexity of the
ggologicalotonditiéns and geometry inc:easés. Furthermore,
since the behaviour of the rock maés is modelled by an

elastic, brittle-plastic model with an associated linecr
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Mohr- Coulomb fallure;crlterlon materlals wlth a pronounced

o

_non linear stress+ straao behavrour or a strain- dependent
plastic potential are not_modelled accurately by the
simpLified analytical approach. |

The presence of a major discontinuity is capable of
introducing a predominant anisotropic elemant, which may
itself dominate the rock mass behaviour around a tunnel
opening.. However, the geomechanical modelling of jointeo
rock masses in the laboratory has confirmed the fact that
the presence of four_;ets of discontinuities causes the rock
mass to behave 1in aioearly/rsotropic'manner, albeit with
reduced apparent strcngth and deformation parameters.
Therefore,'the theoretical solution can be extended to
predict the behaviour of fractured rocks, if the rock mass
geotechnical paramoters can be detorminéd;

The influence of time-dependent material properties on
ground convergence has not been investigated 1n this study.
Time—dopendent loosenipg can be critical if an opening is
left unsupported for a cons&derable period of time. However,
t ime-dependent/ convergence of a tunnel openlng can be
mlnlmlzed by/the provision of supports at the face,
immediately after excavation, Thérefore, it may be deduced
that the theoretical convergence predlctlons are realistic,
'1f fully grouted bolts are 1nstalied soon/after excavation.

In this respect, the primary NATM design objective is also

acknowledged.
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f) The rational. approach for the design of fully grouted -
bolts for underground excavat1ons in yielding rock presented

1%

in th1s thesrs clearly illustrates the capability of the

- fully grouted untensioned bolts 1in controlling rock mass
displacements. Comparlsons with empirical.hethods Has.
demonstrated the superiority of the convergence.controlled

o

design method for very poor rock.

8.2 Implications of the advancing tunnel face

The proposed analytical Tolution'predicts the ultimate
convergence (more than two tunnel diameters behind the |
face). Three d1men51onal effects close to the face have been
neglected Therefore, the convergence ratio and the bolt
effect1venes§ 1ntroduced in this analysls are related to a
two,dlmen51onal solution. In reality, the observed
convergence (u) is affected by the face e: fects, and is
generally less than the pred1cted tota. Liosure (u,) by the

’lamount of displacement (u,) which occurs ahead 'of the face
or prior to initial measurement (Figure 8.1a).

Panet and Guenot (1982), Barlow (1986) and Sulem et al:
(1987) have presented numerical analyses of the advanc1ng |
face effect (Ky=1) for c1rcular tunnels driven through
elasto—plastic material. In their solutions, the prediction
of the convergence profile behird the face requlres a
pr&limlnary assessment of the ultimate time—independent

closure and the final extent of the plastic zone.

Alternatively, several in-situ convergence measurements

e
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1behind the face maf be utiiiqed for the pufpose of
semi*empi-ical solution. gowever, the ultimate convergence
and the qorresponéing'plastic'zdne-radius for both
unsuppofted and reinforced openings can be determined by thé
analytigal'solution proposed ;n this thesis. Consequently,

the threé%%imensional convergence response near the tunnel

face may be extrapolated from the ultimate time-independent

—_—

behavfour.
F'qure 8.1b illustrates the iniluence of the excaQation
sequence on tunpel convergence. The closure of a reinforced
tunnel predicted by the proposed analytical solution, as
shown by Curve D (after consideration of the face effects)
is eﬁpected to be less thaﬁ the observed convergence of a
single gtage excavation (Curve B). Thig isubecéuse the
analysis assumes ihstantaneoUs reinforcement at the face, in
contrast to dekayed installation of bolts behind the

advancing face in the normal practice. However, multi-stage

\

excavation with simultaneous reinforcement {Curve .C)
.dramatically reduces the adverse effects ofkdelayed support
installation (time lag). The observéd convergénce response
apprdaches the_énalytical solution as the number of headings
and the speed of bolt installation are increased. For poor
rock conditions, this constructionm sequénce is very
realistic and, hence,‘the analytical model is reasonably

representative of reality.

?



192°

8.3 Implications of Geomechanical Modelling
The present requirements fofSEMe excavation of
underground openings in rock, of unprecedented size and
, . t

complexity, require a.more comprehensive understanding of \

the influénge of the variables which determine their

‘behaviour. A rational design reguires a knoﬁledge of the

variables and Gheir relative influence on the behaviour of
underground excavations. Among these variables are the
in-situ stresses, intact rock properties, discogtinuity

-characteristics, the geometry of the structure and the

_congtruction and sﬁbport techniques.‘?he role of the above
;

-variables var} dramatically from Gne site to an ther. The
cost and impracticality of obtaining data fromjfconstruction
sites to determine duantitaﬁive %elationships bet veen the
pertinent variables and the opening response, suggeét the
need for alternative techniques. |

Numerical analygeg using finite element techniques can
easily accommodate any opeﬁing shape in an elasto-plastic
material with a éiven yield’criterion. However, yhere the
open%ng is reipforéed with fully grouted rock bolts and
where the rock mass contains several discontinuities in
different directions, the development of a powerful

_ S

numerical model becomes very complex. As a resu}t, accurate
~prediction of érilure modes and tunnel wall convergence may
become unreliable. | —

. . - ) L
A most promising technique to investigate

experimentally, the influence of grouted bolts on the
® ¢ '
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behaviour of an opehigg excavated in a jointed medium is the
development oflabemgchanical models. However, the similitude
c;iteria for thé-funégg;ptal géotechnical paraméters must be.
carefully satisfied to repfoduce the behaviour'of the real
opening in all respects, including the distribution of
stresses, strains, displacements and failure modes. )
Generally, for any given model and prototype, it is Qeryv
difficult to satisfy exactly all the‘méterial similitude
parameters simultaneously, although perfect géometrical
similitude (sYstematic scaling) can be easily achieved.
However, this model study, as @ell as simiiar_investigations
(e.qg. Kaiser et al., 1979) has revealed that éccurate_
predicti@ﬁs of the real behaviour can be mad;s}f, at least,
the fundamental similitude requirements areisafisfied to an
acceptable degree of.accuracy. 4

The major limitation of‘ggomechanical modelling»is the
technical difficulties associated with similitude criter{a/
particulariy gnépuntered in simﬁlating details of the
geologic environment of the real ééructure and dynamic
boundary loading conditions. For insténce, the intact —_
material properties and the joint or bedding charactefigtics
(frequency, orientation?and friction) can be accurately
modelle?, buf the influence of folding,-faulting and seismic
distu:banceslére practiially impossible to simulate reliably
in a ladboratory model. | |

This geomechanical model study has verified the

analytical prediction that grouted bolts increase the
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‘apparent strength and stiffneSs,of both intact and jointed .

materials. In the case'of.jointed rock masses; the degree of

——

jointireinforcémgnt seems to be. the fundamental factor which

determines the strength of\joigtedtméterials; Although 'the

apparent strength increases_as a function of the,bolt

den51ty, this effect is not obvious unless @; gritical

Y

joint Pplanes are adequatelv relnforced &o Eﬁé&%nt further

—

displacements and subsequent failure. In the case of a
random pattern of joints, the failure may initiate along any

critical discontinuity favourable to slip with respect to

_ _ _ \
the applied load directions, and may even propagate across  --

- the 1 -act material. Systematic bolting presents a pattern
[ 4

of 'stiff' elements around the @ening "which'pos‘itively
obstruct fracture propagatiOn;;ﬁff
In the light of .the knowledge galned from this research
study and other 1nvest1gatlons, the following general guide
has been presented in an attempt to asslst the design and

installation of fully grouted bolts in umderground openings.

¢
CPY ’
-
. 'u"?‘ :
o

sotw )

8.3.1 Summary 'of Practical Gu1dance:f§r.E£f1c1ent Bolting

1. Install bolts close to the face §oon after excavation.

Especially in weak fractured Tock, 1nstallatxon of. rough
.rebars that ensureqa friction faEt;t (k} greater than
0.5 is essential. A dense bolt pattern with é'bolt
density parameter (B) greater than 0.15 (/M > 0.30) and

a L/a ratio Rot less than 0.75 are recommended for

effective curtailment of displacements.

i;,g
«
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an intact, conaﬁnuum.

face.

195
t
Identify any critical joint planes'in tﬁe vicinity of
the tunnelvopening.’Eftectivg reinf%;cement of the joint
planes by grodted~bolte inhibits: Eéemature_faiiure.
around the opéhing and e&able the'rabk(mass to behave as
Ensure integration of tte bolt and the surr nding T
ground by’ suff1c1ent groutlng of the coﬁple:r

L@R
hole. Adequate frlctlonal 1nterlogk at thﬁtbolt/grout

e drill

interface and at the grout/rockﬂlnterface is essential.
The axial and shear stiffness of,the'bOlt-grout
composite must be adequate to prevent exce551ve d11at1on

and shear dlsplacements of d15cont1nu1t1es

The grouted bolt syStem must reduce fdrthet loosening or

ravelling of rock to satisfy'acceptable design

specifications (standards). "
S

i,

the bolt configuration must be feasible to install. It

must provide the minimum obstruction at the working
: B ) .

3

Alteration of bolt lengths and spacing mey be

implemented for greater economy and e%};ciency,

: %artféularly whete the rock properties are variable

‘around the opening.
\

"Minimum disturbance of the rock mass must be maintained.

) ]
Hence, excavation, drilling and bolt installation must

be carefully executed. Repeated drilling and regrouting,

removal and replacement of bolts must be avoided as much

3

as poesible.

R
>

!



Selection of grbut%ﬁ?ust be carefully advocated to-give

Jtpe appnopriatedworkabfiLg ,, short and long term \\
strength., In areas v ‘ere “H8 rock is exposed to frequent
. :

blasting nearby or in seismic regions, grouts with

greater plasticity may be considered. .
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APPENDIX A

- GENERAL ELASTIC, BRITTLE-PLASTIC MODEL

(a) Failure Criterion

The linear Mohr-Coulomb criterion is applied with a
reduction in post—peak'strength, as given by the following

relationships:

The parameter s is a measure of the degree of strength loss

occuring instantaneously after the peak (failbre) stress)

(b) Stresses in the Yielded Zone

The combination of the equilibrium equation and féilure

criterion results in the following differential equation: .

== + (i-m)o /r = o/t (A.1)

1 + sing R
where: m = = and o. = s5-0

1 - sing -

cr c

The shear stress (7,,) at any given radial distance is zero
for axisymmetric deformation under plane strain condition.
For an unsupported opening (B=0), the solutions of

Equatioh A.1 are given by:
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;‘iimit of the yiéldcd zone surrounding the tunnel,

- | 206

|25 e -
’ 0, = [;,Of] {m(r/a)™. - 1] | (k.2)

The above solution is the same for both the geomechanical

model and the actual excavation.

(c) Stresses in the Outer Elastic Zone

L)

The strgss distribution in the elastic zone 15
...J - " .

equivalent “to, that of a larger opening of radius R,

supported -hy am uniform internal rstress o , under the same

external'field“stress. R is the radial distance to the outer

~

At the;elaétonlastic boundary (r=R), the internal

ftresses are given by:

,gﬁr. LS .
v PRS- Y
» L e .

50,
Lmﬂ1

}‘ (m(R/a)™" - 1} - (A.3)

e S NG ke R ' : : . .
wx&mgthe.%@asblc zore, the stress disiributions are given by:
. S 4.“ .
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(d) Radius of the Yielded Zone

The plasﬁﬁc zone radius' (R) can’be determined by
assuming continuity of radial stress at the ela;to—plastjc
.boundarfi It is also assumed that the field boundaries are
fér enough from the tunnel, such that their influence on the
solution for R is negligible.

T

W Equating the expressions for o at r=R, obtained for

the elastic and plastic zcnes respectively, the normalizeéﬁ?i

plastic zone radius (R/a) can be derived as follows:

20 V/Am-1)
R 1 Im-1 0
Be g =IE - 1] ] he3)

(e) Strains in the Elastic Zone
Hooke's laws can be applied to determine the radial and
tangential strains in the elastic region surrounding the

plastic zone.

.Substitution of the expressions for stresses (Equations A.4)
in the above relationships provides the strain fields for

i

the model test under plane strain conditions (yr;=0):

e, = zgl1-2») - 2—06[1'- (0.,/0,) [(R/1)?
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o g : | 2
€, - %(1_21}) " 2_0G[1 _.‘fon/oo)](R/r)" (A.7)

The term o0,(1-2»)/2G is the initial elastic deformation of ,
the plate without the opening. The other term is the
deformation due to excavation. The deformation of the

i ‘ . “‘ . .
laboratory model is the combinatiorn of both terms.

)

(f) Strains in the Plastic Zone - -
Thé‘total strains in the plastic zone are made up of
both elastic and plastic strains (¢'=e“+eP). Hooke's law has

been applied to calculate the elastic strains which are

given by the following expressions:

m
1t

e

The continuity of total strains across the elasto-plastic

boundary requires a specific tangential plastic strain
associated with streggth loss after peak to. occur
immediatelv. The magnitude of this plastic strain at r=R is

given by:

&
7

Clearly, the plastic strains bdcome zero at the

elasto-plastic boundary for perfectly plastic material with



Substitution of Equation A.8 and the flow rule (Eq.

3.2) in the total stfain compatibility condition (Eq.‘3;3)

provides the following differential%equatfﬁm:'_
! 0 o JI{

. EE lﬁz"‘,’b S
deP A so iy w00
(v = a0 men Gl Y

The solution of the above equation with the bbundary
condition stated in Equation A.9 is given by: ‘
P 1-v|{m+ m*a m-! R 14g
e = so. ——2G][m+a][ R/r) 1]<r/a> T R(R/r)
and ef’ = ~a- e’ (A

L

The addition of the corresponding Equations A.8 and

¥

boundary conditions of the model test, where:

(g) Radial Displacement Field

A.11 gives the total strains in the plastic zone for the

209

'

™~

.10)

.11)

The dlsplacement field can be obtained dlrectly by the

following strain- dlspla%fment relatlonshl@s 'which satisfy

O G’J
the compatlblllty cond,f&ons

[ 3 N
(%)

5 )
—
-

»

.13)
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The conditions of plane. strain under axisymmetrié"
deformation (v ,=0) imply that the total strains.are.

independent of the tangential strain components. Therefore,

JE——

the radial displacement field can be readily_evaiuated‘ftom

~ [ | oy

~any of the following expressions:

Elasto-plastic tuhnel convergence can be subfeqguently

determined by suﬁstitufiqg'r=a in the abov expressioné.
Further details of the general elast -plastic models

have been discussed by Kaiser et al. (1985), Guenot (197§),

X

Panet-~(1976) and Bray-{(1967).
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APPEND IX B =

/ DETERMINATION OF THE EXTENT OF YIELDING

[

The Categories I to III of the equivalent plastic zones

have been diagramatically'illustrated in Figure 3.9.

A

complete ana1y51s of Category 1I and a general dlscu551on of.

Categories II and 111 have been presented in Sectlon 3.6.

The mathematlcal treatment of Categories II and III

presented in detail here.

211
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Category II: p < ® < a+L

Zone 1: a < r < p
This is the inner yielded zone confined betweeg/}he
tunnel boundary and the neutral point. The equivalent.

stresses in‘this region are given by equations identical to

those 'of Zone 1 of Category I:

7, =l[ S;?C ] ((r/a)" - 1

m -1
0, = m"or + 5-0: (B.1)
. S0, L
at r = p, o, = ; {{pfa) -
gl m_1 e
where: m =m(1 + ) and o = o (1 + B)
Zone 2: p < r < R ‘

Thif is the outer plastic zone beyond the neutral
éoiht. The plastic stresses in this zone are given by the

following equations:

L
S U‘C m'-1 ° m' -
o, = [==5] (/)™ = 1)+ 0, (/)
o, = m' -0, + s-0} (B.2)=
7
where: - m' % m(1 - B) and = o, = o (1 - B)
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As r approachés R", m' and &;approach m and o, respectively,
where:, m > m' and o, > 0, .-
ane 3: R; < } < a+L

.This i's the inneT elastic zone within the reinforced

R .

region which surrounds the yielded zone. The equivalent
elastic stresses .in this zone are fepresented by ihe
following eguations:

v
»

o = o1 - (R'/r)F] + oy (R/r)]
o= o,l1 + (R/r)°) - o, (R/r)’ (B.3a)

The peak tangential stress at tne elasto-plastic boundary 1is

given by the féllowing conditicn (s=1):

e

The radial stress at the eladto-plastic boundary o, is

deduced by substituting r = R" in the above equations:

20,"0
0, = ——< (B.3b)
m+ 1
Zone 4: r > atlL
Th ¢ .5 the outer undisturbed elastic zone beyond the

reinforced region. The elastic stress fields in this zone

are given by:



\ ~

b

o =0 {1 - [(a+L) /r] } o+ o [(a+L) /)

1

0, = 0,{1 D a+L /rl°} - oL[(a¥L)/rJ:

e

where: o, = 0,{1 ;:[R'/(a¢43]5} + 0,[R/(a+L) )’

3

At the,elasﬁo-blastic boundary, the assgmption'of

radial stress continuity yields:

e

200—,5{3:.. /_- [Soclv ‘ [ m-1
m+i

The plastic zone radius 1S t@éh given;by the,equatiohﬁ

“RL _p [———1. + By p/en
a a1+ A
20 !
_ 1 {m-] ¢ /
where: By =3 [m+1] [Uc 1] u
and ao= [BE] (3] feam )
. m -1 1'.;6;, .
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Category 111: AN

-~

-

R ‘ /
2one 1: a < r < p

The equivalent radial and ﬁangential stress fields for
this inner plastic zone (pick-up length region) are

represented by the same equations corresponding to Zone 1 of

Category II:

s-0 .

o = [ ez -

m -1

0, =m0, * S0, (B.7)
. : « S OC m"\
at r = p, 0o = . {{p/a) -1

g m-1:1 .
A 7
where: m = m(1 + B) .é&d o, = 0. (1 + B)
>

Zone é: p < r < a+lL

This is the middle plaStic zqné which is confined to
the ‘anchor length of the bolted region. The stress fields
afe-givéa by the same equations corresponding to Zone 2 of

Category II:
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Zone 3: a+L < r < R
This is the outer plastic zone beyond the reinforced

.region and its equivalent stresses are reprgsented by:.

S0, m-1 -1
o, =[] /T - ) o e/
0, = m-0_ + 50, (B.9)
s Y
T ' S O'C . ' m'-\' m'-1
“wbere: o, = |z | (L@ /p]" T = 1) o, [arn) /o)

-

Zoné 4: r > R’

/\

This is the elastic region surrounding the plagtic

P

zone. The elastic stress fields are given by theyéame'

equations corresponding to: Zone 3 J? Category I1:
. . , o . , N
o, = 0,1 - (R/r)°] + o, (R /1)
.0, = 0,01 * (R/0)'] - oy (RY/0)F T (eTO)
' v A , S
The radial stress continuity at r ¢ R’ yields: o
20 ~0. S0 s N n- N . m |
e B VIEE A A - LA CR AP AT
m+ 1 m-1 C
29

The radius of the equivalent plastic zoné can be decermired

i

from the following expression:

L

R' g 1 + };1 ’ i/ {m-1) . ) .
—a— = [1 + (L/a)] 1 " A2.¢ A_‘ (B.]Z) .
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where: B, = %

A, = [fF;T]'[[(a+L)/P]m“1': 1]

AN

(1+8) [mf] ] [(a+L)/p]" " ((p/a)" " = 1}

m -1

3’
n

3

3
n

m(1+B8) and m' = m(1-8)

At the far end of the grouted bolt (r = a+L), m' and o
appréach m and o, respectively, where: m > m' and o. > o,
Hence, modification of the terms A, and A, can be made
accordingly. This procedure of updating parameters seems to

result in a greater accuracy of convergence predictlon

(Category III) if B tends to be large.
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SOLUTIONS OF THE EQUIVALENT PLASTIC ZONE RADIUS

1) Case 1: R* ¢ p <a+ L (minimal yielding)
. 1/({m*~-1)
R* -1 : — '
—={1+s [ - N/m+ 0|2 /0%y - T
a - 0" ¢ ' ,
where m* = m(1 + R), o* =0 (1 +‘B)
c c
- &
4
ii) Case 2: p < R* ¢ a + L (major yielding)
-1 1/ (m=1)
R p {1 +s  [(m /(1) ][ (20 /0 - 1)}L
a a 1 + A :
1 ]
: m=-1,1+5 m*-1
h Ay = ‘ ¢ - K
where A, (m, - )(1 ~ 8)[(0/1) 1]
iii) Case 3: R* > a + L (excessive yielding)

-1 1/ (m=1)
R jasy {1 +s >[(m-1)/(m+1)J[(2a0/oC> - 1)]}
a a ' » 1+ A2 + A3 :
m'-1
m -~ 1 a+ 1L
where Ay = (BESNASE) -y
‘ . ’ m -1 m*-1 a.+ Lm'—'1
Ay = (1 +8) (;:—:—?J{(O/a) - 1}(—'0 )
& -
m* = m (1 + R), m' =m (1 -f)
p = L/In [1 + (L/a)]
The terms A, and Ay can be simplified by assuming that m' = m

at the boundary r = a + L.



APPENDIX C

REINFORCEMENT OF A SINGLE PLANE OF WEAKNESS

Modification of the single plane of weakness theory to

;

accommodate the effect of bolting has been discussed in (

.

Section 2.15 with a diagramatic illustration in Figure 2

o —

“ The mathematical derivations of®Bquations 2.4 and 2.5 ar

L

;o
presented here.

List of Symbols

1

A, = area of the joint: .

o
A, = cross-section area of the bolt

0, = axial stress (tensile) of the bolt
7, = shear strength of the bolt
0, = normal stress across the joint

1

vertical and horizontal fiéld stress

Q
w
I

cohesion and friction angle of the joint

0
hs3
n

f = angle between the~bolt and the joint

[=)
1

inclination of the joint to the vertical axis.

219 . ‘ ) »
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Forces Normal to the Joint

-~

The normal stress acting across the joint (e, ) can be

n

determined by resolving forces perpendicular to the joint -
. C ) N _ .
"~ direction. The equilibrium of.these forces is represented by

-

"Ehe;following equation:

{

.2 2 .
o,-A = 0,-A -sin‘a + 0;-Aj-cos’a + 0,-A,-sind (C.1)

¢

Substitution of cos2a = 1 - 2sin’a = 2cos’a - 1 and
subsequent simplification glves: '

= 1
On—-2

N|—

(0,40;) - 5(0,-0,)cos2a + o, A,-siné/A, L. 2)

JForces Parallel to the Joint

If F, and R, are the applied shearing and resisting
“forces parallel to the joint, respectively, resolving forces
in the direction of the joint yields:

(0, = 0,)A -sin2a

w
| —

oy
"

o = 0,-A,tang, *+ ¢ A+ 0,°A,cosf + 7, A,/ /sinb (C.4)
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The condition of equilibrium (F, = R;) and subsequent

v s
algebraic manipulation result in the following equation:

: 2(c; + ojtang,) ¢ 2(F, + F.,)
o = g, + — T + — . (C.S)
! » ¥ 77 - tang,tana)sinza = (1 - tan¢,tana)sin2a
P
where: F, = 0,-A,-cosf(1 + tang tanf)/A,

‘iﬁa%eneral, several bolts may be installed at different
angles across the plane of weakness. If the number of bolts

is represented by n, then the parameters o,,, A, and 6, vary

for i = 1 to n. Hence, Equations C.2 and C.5 can be modified
as follow :
1 1 o1 . ;
0, = 5(o,*0;) - 5(0,—03)c0520 * o L 0y, Ay, "Sind, (C.6)
3 1=1

2(c, + ojtang,) : 2(p, + P,)

a0, = 0, *+ - = S ~ (C.7)
(1 = tane¢ tana)sin2a = (1 - tan¢ tana)sin2a

) ‘l n n . . '

where: P, = X: Z] 0,, A, cosf, + tan¢>3-12.'_.1 0,, Ay Sind, ]
& -
Tor D .

and P, = 5 E‘ A,,/sinf,

w



APPENDIX D

EFFECTIVE STIFFNESS OF A REINFORCED COMPOSITE

List of Symbols

3

Ao = stress change after excavation )

Ejpr Ej Ep = modulii of intact rock, joint and jointed rock

&
o
it

elastic modulus of the bolt

y = cross-section area of the bolt

=
n

>
"

. _longiiudiqal spacing x transverse spacing

0, = axial bolt stress spread over the area A,

. . I
O1pr 05y Ogp = stresses iQ;}ntL-t rock, joint and jointed
rock : oo

€, = axial strain of the bolt

€,5, €5, €,5 = Strains of intact rock, joint and jointed

rock.

_Assumptions

(i) the joint is horizontal and the bolt is installe normal
to the joint direction;
(ii) each bolt has an area of influence of A in plan,

-

where: A, = S, x S; 3

B .

(i11) effective bolt stress is averaged over the area A, ;
(iv) the axial strain of the bolt at a given point is the
same as that of the surfounding rock for small relative slip

at their interface.
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(]

L

>

\\ The total strain of the jointed rock is determined by

the summation of the strain vectors of the intact rock and

the joint ‘as given below:

Assuming that e, = e, , the additional stress provided by
the bolt can be given as follows:
& | &
A
> (D.2)

Oy = A, By €

The effective modulus of the composite (E') can be

determined by re-arranging Equation D.1:

: 1+ o (1/E,. + 1/E.)/€ ...
E' = = > . . L " (D.3)
1/Ep + 1/E, ,

Combination of Equations D.2 and b.3 results in:

The modulus of the unsupported jointed rock can be

deduced by making ¢, = 0, which yields the following

]
8

LA

@%pression: o

(D.5)

1 1 1
——— = + —
Eop Eg E')
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Substitution of the latter in Egquation D.4 gives:

JR A
r

A, .
© s B =g, +2FE _ _ (D.6)

This can. be extended for the case of several-parallel
joints reinforced by bolting. The greater the npmbér‘of
’_joints is, the smaller the fhagnitude of the amodulus E;p 1S.
.~The latter condition may be ideally-represénted in a
regtangular mine opening, whefé the horizontal bedding-

ﬁianes are stabilized by vertical bolts (Figure D.1).
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Figure D.1 Horizontal Bedding Planes Reinforced by Bolting



APPENDIX E

FEATURES OF THE LABORATORY TEST EOUIPMENf.

-

In Appendi; E1, the design detalls of the aluminum
mould used for. casting of gypstone samp;es are 1llustrated.
In Appendix E2, the design‘features of the steel test frame
used for ldéding of the samples are presented. These
diagramatic illustrations were utilized for manufacturing
the mould and the test frame in the workshops at the
University of Alberfa. In Appendix E3, a schematic diagram
of the Process Simulation Test (PST) apparatus 1s presented.
Further details of the PST apparatus has been given by
Kaiser (1979). The gypstone samples were loaded in plane

strain using the latter test equipment.
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D

Design of the Aluminum
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i Al PLATE r=130
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554 5%
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(T4B} ' 1
+ , ! '
‘ - PLATE
D0x205416
:
| . 55 %5 , .
v 5 STEEL ANGLE
L 2 (188}
e % 800.0 R
-\——aoonaoo.m COVER PLATE (A} (Top & Bottom) |
NOTES —ONCY THE 55x55 ANGLE SECTIONS ARE STEEL. ' L
REST OF THE STRUCTURE IS ALUMINIUM, .
~ TKE EXACT REQUIRED DIMENSIONS OF THE ~odk
SAMPLE SPACE ARE AS FOLLOWS et 585 27
' ' < T e seat g %
. ‘l‘::,, . % : . v E
S Py
..‘.‘. /’//4
Dimensions in mm T e
' - ' -" ~;;".'«.‘, 8 L///' /

Figure E.1 Details of the Mould - Part 1
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TYPICAL CONNECTION BETWEEN STEEL ANGLES AND ALUMINIUM PLATES

—~16mmTCP [OVER PLATE-ALUMINIUM

X

TR e
s 5555 STEEL ANGLE .
= ‘ 2
— =— lemmAl WEB PLATE
. |
» P /4" BOLTS
e T
- L T : 2 ¥
.
. 4 -
meeonom (OVER PLATE
00 . (ALUMINIUM )
. . T ;
v Ve iy ‘ ' —ﬁ -
< A TYPICA CORNER o
. T N

oy

|

16mm TOP
LATE

3.
L1

123

790%205 46"
Al PLATE

20 .

|
{

-
1}
[
11

A=

—

16 mm. 8OTTOM
' PLATE

R0, 6250 625 (80
L T:‘
‘I\_

~ 35.0"

T
P

EE

—

‘ L 200,
%_

‘?

PLAN | | : o Q.lmejs.rons in mm
- (LOVER PLATES Nm‘ SHOWN )

—_— i
. 3 s
[d A . . 1 b4
1 o .(‘ "y
; 1N o LT
At . .
A ; L
- >

: ‘.,
I o

' Figure E.2 Details of the Mould - Par

ii
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CONNECTION OF CURVED ALUMINIUM BLOCK — PLAN

660x205x16

Al PLATE 20416
BOLT
| vz DIA NOTE
A 174" | ORDINARY NUT &BOLT
B 174" | 80T HEAD EMBEDDED
WITHIN THE Al.WEB
AND COVER PLATES
C |~ /4" | THREADS CUT INTO
| THE PLATES OR BLOCK
| ) {no nut)

L
Figure E.3 Details of the Mould - Part iii
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Desigr%ié.of the Steel Test

'
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o \
g ARRANGEMENT OF SAMPLE AND THE Y0ADING WEDGES.
o,
. PLAN .
.20 S 100 2% L
¥ hagn ! —]— 1
T T
1
|
|
!
i
: l R
| ~
i
|
| -]
L :
|
| SAMPLE ¢ i
| ! AMPLE  SPACE ‘ ; N
_d 4
3 : \\‘ §»
ol R R
|
t
|
!
| m
1
t w
! < &
: LOADING  WEDGE > .
| .
o | |
3 W PLATE 28 1 [ W PLATE 28 1
o - 500 -
NOTES — THE ABOVE ORAWING DOES NOT SHOW THE CONSTRUCTION DETAILS !
OF THE WEDGES,THE TOP 8 B0TTOM COVER PLATES OR ANY BOLT
DETAILS. N

— THE REQUIRED SAMPLE SIZE AND SHAPE ARE SHOWN IN THE
MOULD DETAILS THE DOTTED LINE$:SHOWN IN THE ABOVE
DRAWING ARE ONLY FOR GENERAL GUIDANCE.

— THE CONNECTIONS OF WEDGE PLATES AT THE CORNERS (WELDED.)
MUST BE CAREFULLY CARRIED OUT TO MAINTAIN A PERFECT
TRIANGULAR BOUNDARY. S

Dimensions in mm

4

-

Figure E.4 Details of the Test Frame - Part"i
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800 x663x15 —
(OVERPLATES :
(TOP &BOTTON )

BOLTEDTO THE
AD3OINING 15m]
TRANGULAR
PLATES

233

®
_;

L3
Ba
S = ™
2. i
ol PATE 2 PLATE 1B 4
1'— N 201 ' 00 230 —"l
L i 1
. 600
A A
600x 640x=15
Sapgfng ! TQP COVER
' ¥ = - 5 PLATE
] — — — _—. —_— e e — e —— — — —— -
- ______ij\ _
S SN I i FOUR 15mm
0 | o TRIANGULAR
N _——h / PLATES WELDED
o S I »7 T0 THE INNER
‘f_ -;I: A SIDES OF THE
.. S R O /] WEDGE, PLATES,
= L ; 7 1 | re. plates1,283)
‘ J - 531 '] -
SPACER - V .
jmm AA L 600x640'x15
- - © BOTTOM COVER PLATE
NOTES — THE TOP AND BOTTOM COVER PLATES ( 600 x 643815 ) ARE BOLTED- <>

BOLT DETAILS ARE SHOWN ON PAGE 23S.

TO THE ADJOINING 15mm TRIANGULAR PLATES(T'¥ B).

3mm SPACER IS REQUIRED BETHEEN COVER PLATES AND ADJOINING

TRIANGULAR PLATES HENCE THE BOLTS INSTALLED ACCORDINGLY. R

SEE PAGE 235.

N

THE FOUR15mm TRIANGHLAR PLATES (SIDES 531x 220 x 575 ) :
ARE WELDED ALONG THE INNER BOUNDARIES. OF THE WEDGE PLATES
.2 ,% 3 WITH AT LEAST 8 mm LEG LENGTH FILLET WELDS

THE 'HEIGHT OF EACH VREBGE BEFORE THE BOLTING OF COQVER PLATES -

. NUST BE ACCURATE.AT 205mm AS SHOWN ABOVE. S gt

Dimensions in mm

e

@

.

Figure E.5 Details of the Test Frame - Part ii
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. | ‘ T0P COVER PLATE
SPACER - ;
S mm L .
L St oo ppann it
1_._——.———-——-————————’_-‘--_ v L—'— _ — LOLF;?TLRIAN‘GULAR
. T__—_"———_“"-—’7{.“_'“31
S U M Y
. ‘r—— T 1; B L — BOTTOM TRIANGULAR
e et el B |
Far T 75 ,
T - I
_ ‘BB b BOTTOM COVER PLATE

«

NOTES - BQLT DETAILS BETWEEN THE COVER PLATES (T & B)AND THE ADJOINING
TRIANGULAR PLATES [ T& &) ARE NOT SHOWN ABOQVE
{see page 235)

— THE 15 mm THICK TRIANGULAR PLATES ARE WELDED AS DESCRIBED
'\EARLIER,TO THE SURROUNDING WEDGE PLATES

Dimensions in mm

' ; »
- .

N
. ' y ’ t=15mm

22

22.5°°

531 ¢

. PLAN DIMENSIONS OF THE 1S mm TRIANGULAR PLATES

Y . T | . . . ]
) . v . .
. 8 : oo : ¢
3, : N ’ - B .
1

Figure E.6 Details of the Test Frame - Part iii
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BOLTING OF &COVE$T PLATE (TOP & BQTTOM) 1O THE ADJOINING TRIANGULAR
PLATE (TOP & BOTTOM ) i '

S

Dimensions in mm //t T
&

— \
/ . +E

(\\\\'\' K\\\\\\‘\ﬁ\\ixx\\\\\ TT\\\\\‘

1

531

. )_1
™~ )

PLAN

-

NOTES - BOLTS. SIx 05"{ 127 mm) BOLTS ’ @
THE PATTERN OF THE BOLTS IS AS INDICATED APPROX. TO SCALE
BUT CAN BE VARIED SLIGHTLY.

wcssee —— Y. ANGUEAR PLATES WELDED TO THE INNER SIDES
OF THE mWEDGE PLATES{i.e PLATES1,283 )
- g mmLEG LENGTH FILLET WELDS PREFERRED

. O !
A TYPICAL BOLT SECTION

~—-—— COVER PLATE
{TOP OR BOTTOM )

| opnt—
! I '
% L] S — SPACER 3mm’
ad l e, w— .
l
|
[Val | 4 T
"" I T o
L
(w%%’@ TRIANGULAR PLATE
' ( TOP OR BOTTOM )

NOTES — BOLT HEAD MUST BE WITHIN THE COVER PLATE

Figure E.7 Details of the Test Frame - Part iv

O

235



e ':‘.‘:1”" N
p
e »
#
f
12
1
.
ol .

- APPENDIX E3

Process Simulation Test:Apparatus
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: ; REACTION HEAD
LOAD CELL 1 7] W
§ ONGIT JD
: 1 1 ~LONGIT JDINAL
HYDRAULIC RAM = J/ -
LOADING HEAD 2515
NN
) J
LATERAL P73 \ V/////7//tunnel N — ~
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HEAD Jf 1 N
_/ 60016001600 N_Laters.
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1194
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REACTION HEAD * : 3
—— Tl J LI ey
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o 2819 - .
Dimensions in mm
o

I

¥

Figuré E.8 A Schematic Diagram of the PST Apparatus

(modified after Maloney, 1984)
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APPENDIX F

MATERIAL CHARACTERISTICS OF GYPSTONE

- Properties of Hydrocal gypsum cement and fine Ottawa
sand used in manufacturing'gypstbne synthetic rock are
presented in Appendix F1. The vafiatioﬁ of the,density of
gypstohe during the curing period is illustrated in‘Appendix

F2. The influence of the retarder anhydrous sodium hydrbgen

. . 3 S
.phosphate (Na,HPO,) on the initial setting time of gypstbne

1s also shown in Appendix F2. g

"~ The stress-strain behaviour of intact, reinfodrced
gypstone blocks in Qniaxial compression «is graphically
illustrated in appendix F3. The behaviour of Hydrostone
joints in the shear box test and the uniaxial stress-strain
characteristics of jointed, reinforced gypstone samples ére
presented in Appendices F4 and FS.respectively. The
béhaQiour of the multi-directional jointed samples, loaaed
in tr;axial compressién (plane strain) by the PST apparatus

is illustrated in Appendix F6. ’

. ” | 3
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APPENDIX F1

Propert ies of Gypstone Const i tuents’
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 Table F.1 Physical Properties of Hydrocal Gypsum Cements

(Data from U.S. Gyps'.um Company)

‘

USE
CONSISTENCY
(parts of water : DRY DRY SUGGESTED
by weight COMPRESSIVE | IMPACT | DRYING TIME
per 100 parts . |VICAT SET| STRENGTH |STRENGTH | (hrs) (1-2'
PRODUCT of plaster) (minutes) {psi) . (g-cm) thick cast)
White HYDROCAL . ® 12-20
| Gypsum Cement ¢ 45 25-35 5.000 1.750 et 1200F)
Statuary
HYOROCAL . 12-20
Gypsum Cement 40 20-25 6.500 . 1.700 (a: 120°F )
HYORO-STONE ' B 1220 |
Gypsum Cerment 32 17-20 . 10,000 1320 - | (at120°F)
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APPENDIX F2

Hardening and Cum’ng of .Gypstone

4
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Setting Time by *Vicat Hours'.

APPROX. SETTING TIME (Hours)

Retarder = NaHPQ, (anhydraous)
. ' I .

v

2
1
|

- I S 1 TR 1 !
0.0 0.2 0.4 0.6 0.?, 1.0
. . RETARDER/PLASTER RATIO (%)

Figure F.2 Influence of‘NazHPO‘ on Setting Time of Gypstone
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APPENDIX F3

Uniaxial CompbessiOn of Intact Gypstone Blocks
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AEPENDIX'F4

Shear Box Tests on Hydrostone Joints
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Figure F.5 Shear Behaviour of Synthetic Joints
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APPENDIX F5

Uniaxial Compression of Jointed Gypstone Blocks
4 RE: :
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Figure F.7 Stress-Strain Behaviour of Jointed Blocks
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Triaxial Compression of dointed Gypétone Blocks in Plane

Strain
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Figure F.8 Stress-Strain Behaviour of Jointed Bloc¥s loaded.

in the PST apparatus



: APPENDIX G
BEHAVIOUR OF REINFORCED OPENINGS (LONG BOLTS) IN AN INTACT:
MEDIUM

In this sgcgigq;;ﬁhe variation of displacements and
strains §s a funétion'of the applied field stress 1is
illustrated for intact samples; The simulated tunnel is
.reinfdrced with 100 mm long bolts. The tunnel co&yergénce,
the field boundary displacement and the radial strains in
both plastic and elastic regions have been measu;ed by -an
assembly of LVDTs and extensometers. The measured results
are plotted with the predicted data for comparison. The
response of three different bolt densities (B;0.073, 0.220
~and 0.291) are présented here. The behavibur co%resﬁonding
1 to B=0.145 has been discussed in defail%in Chapter 6.

The predicted behaviour was generally bésed'on the

following parametérs: E=1500 MPa, v=0.25, a;is MPa, ¢=32'

alues of E and

and a=2.0. The only exception was the higher
o. (1550 and 4.0 MPa, respectively) assumfed for one test
sampigl(ﬁ=0.073), whieh may have been. the result of slight

~ . .
over-compaction during castfﬁgﬂ\
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APPENDIX H

»

_ BEHAVIOUR OF REINFORCED OPENINGS. (SHORT BOLTS) IN AN INTACT -

-4

MEDIUM -

1

In this section, the tunneliconQergenCe, the field
boundary,displacement and the radial strain response in
plastic and elastic zohes are presehted for intact samples.
However, the model opening is ‘reinforced with relatively
short (50 mm) bolts. The response of two bolt densities
(B=0.145 and C.291) is 1llustrated. A summary of the
convergence data has been g{ven in Chapter 6. For the

predicted curves, the same assumptions as in Appendix G were

-

made.

N
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A ' APPENDIX I -

BEHAVIOUR OF. REINFORCED OPENINGS (LONG BOLTS) IN " dOINTED
| | " MEDIUM

In this section, the tunnel convergence, the field .

<

hpundary displacement and the radial strain respOneein
_plastie and elastic zones are presentéd‘for jointed Sampleé.
The behav1our of the unsupported openlnglls also presented
followed by the response.of. three bolt den51t1es, B 0. 073
0.145 and 0.220.. The model opening is reinforced with 100 mm
long bolts A summary of the convergence data has been

dlscussed in Chapter 6. The predicted data was -based on the v

follow1ng geotechnlcal parameters ‘ E=1400 MPa, v=0.25,
o =3.3 to 3. 4 MPa, $=27.5° to 28 and a=2.0. " ~
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