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ABsTRAc'r' R
YA three dimenSional approach*\s needed in order to allow a
proper interpretation: of, monitori:. data collected during
excavation and for the predictdion of the loads,on the
support. Few parametric studies han been carried out.so far
on three dimenSional models, and- most of thgm were based on
-the assgmption of axisymmetric initial stress field and
isotropic, linear elastic material properties.

A series o;.trnly‘three dimensional finite.element
analyses were conducted and the reSults are.bresented in
this theSis. A non- aXisymmetrit initial stress field was
selected and various constitutiye relationships both linear
.andfnon-linear, were assumed for°the rock. The.purpose of
2this study was to provide gools for monitoring data
interpretation,by_analyiing stresses and displacements as
they develop during tunnel construction. The load
distribution\on the support'was also subject‘of the
investigation. Field measurements collected‘at the

<

Donkin Morien project were analyzed ¥n order to verify th -

findings of the numerical analyses The limitations of the«®

honitoring program l%fd out at this particular:péoject were_

identifiedaand guidelines for a monitoring program ’

permitting optimal data interpretation are given.
'This research led to a rationale for the effective use

of monitoring data to back- analyze the strength and

deformational properties of the rock mass. It is shown that

by prober?three dimensional modelling-reliable information

v 'S

Ty
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can be extracted from field measurements. In particular, the

data collected by multipoint radial extensometers ,can reveal

-

s

- both the g_l‘? £ and non-elastic properties of the ground if

, L .
the magni %shape of the radial displacement curves
are consée- ;'V"The monitozghg program, however,

sufficient .number of measurements must be taken for each
instrumented section. The excavation round length was found

to dominate the longitudinal distribution of loads on

“liners.

-
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1. INTRODUCTION

1.1 Three Dimensional Characteristics of the_Tunnelling_
?roblem
A tunnel can be regafded as a highl§ const;ained three
,dimeheienal structure 7herein complex‘stress redistribution

'_.-:

tak*

”g%fce during face .advance.
k’Thé Usu@g approach to tunnel de51gn completely neglects

the near face behavior and the opening is reduced to a hole

P

in a plate defbrming under plane strain conditions. Closed
.;form solutienséare.ayaileble for simple planesstrain‘
'problems in linear elastic maﬁerials,'and for those cases
“Where numefical analyses are needed a simple two dimensional

‘model results in a substantial reduction of computational

\
P

cbsts.'Recently computers able to handle three ‘dimensional

finite element simulations economically have become

available to engineers.

These'simplificatidns can be more or less acceptable

dependlng ‘on the parameters governlng the - "1 problem and
on what kind of 1nformat10n the analy51s 1s e (pected to

prov1de. In general~ though a three dimensional approach is

.more approprzate for most tunnelllng problems,

2

The three d1men51onal near -face behavior has to be

considered if one or more of phe fqllowing circumstances \:)'

occur:
1) The_stress state at the tunnel'face has to be

“‘ - N '/ ' - i . . 13
‘calgulatedin-order to assecs tunnel stability in that

L
R




region;

-

__2) The tunnel is excavated in rock exhibiting stress

path dependency. In this cése quellihg the complex stress
paths occurring near the excavation fronﬁ,may be essential
for a correct estimate pf the stresses and deformations
characterizing the opening far behind the tunnel face;

3) A support is installed relativély close tg.%gg

- tunnel face as the‘ekcavation proceeds. In~this"case:a
complex rock-structure load tréﬁsfer_précess takes place>
that cannot be ignored during the-suﬁport'design stage;

4) In order to back-analyze the initial stress
distrfbutibn‘in‘the rock mass and/or the rock deférmation
properties.a monitoring program is established. Especially
ﬁ&r those cases where ‘only partial measuremgnts can be'taken
(e.g., in deep tunnels deformétion measurements are usually
taken only behind the tunnel face) a sound knowledge of the

- near face behavior is needed for their interpretation.

@? On -the other hand a‘plane_strain two dihenéional
‘approach is sufficient if all the following conditions .are
et | ) ,

1) The stability of the tunnel face is faﬁen for ™
granted# priori (based, for instance, on previous
experiences in the same or in similar ground conditions);

2) The rock is known to behave as é linear elastic
material;‘j

3) The liner, if any, 4s placed far from the tunnel
“fate (at least two diameters) and- the load on thé support

~
{é

. 4 : ’ .
’\

2



depends almost exclusively on long term\Yi.e., time

dependent) rock behavior.

Simplified approaches vere déveloped in the past to

‘ -
account for the "face effect"” in tunnel design, especially
in order to predict tﬁe load on the support. The
"Convergence Cohfinement Method“\(CCM) proﬁosed by Fenner
(1939) and discussed by many othég‘authors in the past few
.-years has played a key roie‘in.understanding the
ground-linér interaction in advahcing-tunnels. Techniqdés
vhave also been proposed to simulate the three dimens%dnal
near_face behavior by means of simple two‘diTensional blane
strain models (thesg, simplified approaches will be-'the
object of further discussion in Chaptef 2).

| The use of these sim;lified means can be acceptable in

certain cases, but knowlédge"of their limitationslas‘well as
‘a‘sqund understandihg of the cohplé&ities involved in real
tunnelling problem; are a basic requiremént without whicﬁ
misleading approaches may lead to unrealistic conclusions.

Simplified three dimensional ax;symmetmic analyses have.
been carried oupfextensively to study stress distribu;ion,
"deformations and ground support interact{ga near the QUnnel
.face. The limitation of this approach is found in its lack *
of generality as it is acceptable dﬁlyrfor very speciff@
initial stress distributéons, ground conditions and
excavation-support procedures. For this reason extension of

the results obtained by axisymmetric analyses to more

general tunnelling conditions must be undertaken with great

ek ¢
n B * » - . d
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1.2 Purpose of the research

¥

care.
Some- studies on truly three dlmen51onal numerlcal and.
phy51cal modq}g»have been condugted in the past quever

most of the efforts have been directed towards the-

‘investigation of particular case histories, and only the

case of unlined tunnels in linear elastic media have been
the object of relatively extensive parametric studies.
A crit}cal review of general design concepts and of the

literature dealing with near face effects in tunnels is

pfesented in Chapter 2. ) B j

The purpose of this research is to analyze the

tunnelling problem from a threé dimensional perspectlve in
\ Hie
order to study stresses and déformatlons as they develop

near the face of an advancing é%hnel. The investigation is

[
-

based on FEM anéiysés and is restricted to' eep tunnels with
ciréular cross section and excavated by a full-face
excavation technique. : L ' : o

The case of unlined ﬁunne;s yas investigated first
(Chapter 3 to-Chapter 5) and linear elastic isotropic,
linear elastic anisotfopic, non-linear elastic and

elasto-plastic constitutive relationships were selected to

'ﬁfﬁ%léte different rock-conditions. f? g

The main objective is to provide.a useful tool for “the
interpretation of monitoring data, in.particular of Z

convergence and relative displacement measurements - (as given

-



o/

by radial extensopeters)‘as they are often available for

deep tunnels.

4

@&

The stresses around'the opening are also inveStigated
and the factors generatlng stress concentrations at specific
locations are dlSCUSSEd as they affect the stablllty of the

tunnel.

The case of supported tunnels was analyzed (Chapter 6)
10"'

in- order to study ‘the effect of rock-liner 1nteractlon near
‘the tunnel, face. Both support and rock masses were ass!.bd
to ogey linear ‘elasticity. The effect of relative stiffness
roek-supportf\Qelay (DEL)’of liner installation, excavation
Round Length (RL)<and rock.anisotropy were investigated .

(note: DEL and RL are defined in Chapt

The main objectives were selected as follows:
1) investigate'the effegts of different support

cond1t10ns on measurements taken during fate advance' A

v
3

2) study the rock liner load transfer mechan1sm in
order to identify the most important parameters to be
bconsideredlin liner design.

Finally, data ootained from a tunnel in sedimentary
rock (Donkin-Morien Project, Sidney, Nova Sootla) will be
analy;ed in Chapter_?. The main objectives of this part of
¥ the research can be summarized as follows:

1) verify the applicability of the theoretical findings
(Chapter 3 to Chapter 6) to a real tunnelling problem;

2) propose improvements to the current monitoring

practice in order to obtain data more useful for
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back- analy51s purposes~
?'3) 1nvestlgate the p0551b111ty of predlctlng the
.ultimate deformed conflgurat1on of the tunnel far behlnd

the tunnel face, on the ba51s of partlal near face,

measurements. ThlS should permlt to back analyze tunnel
-behavlor morefrapldly. ‘ |
| Thé»ultimate'goal of this research as a_whole is toh
provide information:to {mprove’the_des{gn process_hoth in
terms ofrpredictionuof tunnel performance and back-analysis
vofrmonitoring data.ﬂFor'this purpose the effort has been
pdirected towards a betterbunderstanding of the physical
phenomena characterlzlng adyanc1ng tunnels excavated in
_Hvarlous condltlons. A select1Ve approach was chosen by whlch

‘more complex constitutive relatlonshlps -and support

cond1t1on5'were progressively 1ntroduced in the study.



2. NEAR FACE BEHAVI'OR? OF DEEP TUNNELS

2.1 Introductlon
Up to now tunnelling problems have been studied mostly
by means of two d1mens1onal approaches. The ava11ab111ty of
two dlmen51onal ‘closed form solutlons and the dlfflcultles
'lnvolved with large three dimensional numerical analyses
have intluenced this trend. However for many. cases a two’
| dimensional approach is not adequate because it doesn't
account for complexities that profoundly affect tunnel
perfotmances and that should be fully considered in design.
Simplified three;dimensional axisymmetric analyses have
~ been car;ied out by nany authors in the past thirty years.
The assumption of axial symmetry (with respect to the tunnel
axis) for tunnel geometry, mater1a1 propertles and 1n1t1a1
stress field greatly reduces the computatlonal effort Thls
>51mp11f1cat1on is acceptable only if the follow1ng
. conditions are met:
1) The tunnel cross section 1s circular,
2) The tunnel is deep (i.e., far from any_freevsurfaoe,
the effect of gravity can be neglected)
3) The deformation properties of the rock ‘and™the
initlal in situ stresses are constant in any dlrectlon
-normal to'she_tUnnel axis, and ’ ‘
4) The excavation—snpport technique is consistent with

the axisymmetric configuration.



©  Despite the restrictive axisymmegric assumptibn some
valuabie parametricustudies have been/COnaucted based on
this simplified app;oaéh and they wiil be discussed in a-
iater paragraph.

In the présen; chap: :r past efforts to account for thé
‘three dimensionality of the tunnelling problem will be
summarized and criticaliy reviewed. Some simplified design>
tools will also be discussed and their merits and .
limitations Dointed out.

-~ The casé-of,unlineé tunnels will be discussed first and
various rock Eonditions will be considered. Then the effect
of the liner will be introduced and elements of.in;erest
foﬁnd in literature wil} be summarizzd. The popular
"Convergehce Confinement” concept and some‘othér simplified
- techniques déveloped to‘apalyze the ground-éupport

interaction will also be discussed.
2.2 Unlined Tunnels

2.2.1 Unlined Tunnels in ﬁinééf Elastic Rock

The moét exténsivg studies on both numerical and
physical models have been conducted based on the‘assumption
of lineér elasticity. This is obviously the simplest problem
to be sOlved because of the following reasons:

1) This is the simplest stress étréin relationship
available for defqrm?ble materials, réquiring only tko

material constants (i.é., E and v) to be defined,



—

/

2) Closed form solutions are provided by the elasticity
theory that‘allows'comparison at certain locations (iééiq

far behind the tunnel face)
3) Avallablllty of photoelastlc technlques for . the
determlnatlon of stressesxln elastic" medla,

4) Computatlonal advantagésvfor numerlcai.modelling'

including the possibility of ‘using the Boundary'Element

. Method, and N .;'v_. S

5) The stress path independency of linear elastic
materials allows, for unlined ‘tunnels, simulation of

excavation in a 51ngle step .

At a time when computers d1d ‘not allow large truly

three d1men51onal analyses to be carried out econom1ca11y,

A

extensive photoelastlc studles were. performed for this -

purpose. - E ‘,jtf' - ':‘_ L', .

Galle and W11h01t (1962) studled the stresses around a

P

wellbore based on a’ three- d1men51onal approach Var1ous load

I\‘ -w.'

comblnatlons were apﬁiled to the. epoxy re51n model 50! thaL,

B
v

o !

by proper superp051tlon of the obtalned solut1ons, the state:

~of stress due to any comblnataons of pr1nc1pal normal ‘

axisymmetric and the non- ax1symmetr1c loadlng cases (Figuﬁesf

. dimensional stress diStributfon'wear'the end of th@"cavity;jv

stresses and 1nterna1 pressure in- the wellbore could be

obta1ned E R "“,4; A SR S
. , v _ VAR
The results were presented by the authors in the form

%

of contour curves for each stress component for the

)

2.1 and 2.2). They show-thevcomplexity of the three .

v
5
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Forfthe non-axisymmetric load‘(uniaxial load«normal't01the
eXiS’of‘the hole) a rad1a1 stress peak along the tunnel axis
is found at the tunnel face (Flgure 2,1). For the |
axﬁsymmetric‘load_conditions low fadial stresses are found
»at'the face and a stressfﬁeek is detected sbout‘onelradius
ahead_of the excavatlon‘front.‘This is .partly due to the
"initdal stress in the axial direction; P,, that tends to
'generate tensile radial stress at the_tunnel face (see later
in this cheoter). | |

, IhHFigure 2.2 the shear Stresses (r,,) are shown for
the ex?symmetric and the noh—axisymmetric cases_and a stress‘
'peak is found, along,AB; at the corner. It is interesting to
notioe that the‘magnltudes of thelsheat stresses along AB
.are Qery different for‘the two cases. As it will be
_discussed'ln Chaoter'ﬁ, the sheaf stress:near the tunnel
face is associated with deformetions'that may affect
measurements tekeh at that.location considetably{

Some 11m1tat10ns of this photoelastlc analy51s must be
pointed out..Flrst the epoxy re51n used for the models had
a'Poissonls ratio of about 0.48 whereas the Po;sson s ratio-
of most focks ranges between;0.15 and 0.3. Moreouer,‘the
‘model used by Galle ‘and Wilhoit (op.cit.) was criticized by
Abel and Lee (1973) for being too small and thereby affected
by the boundarles. However, Galle and W11h01t S results
empha51zed some of the key features that characterlze the.

e

three dlmen51onal stress d15tr1but1on mechanlsm neaﬂ’ghe

face of an advancing tunnel.
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In order to analyze the deformations occurringvarouhd
the bottom éf a bofehole, de la Cruz and Goodman:(1969)
tarriedléﬁtfa sefieé 6f axisymmetric ﬁinité element.analyééé
‘assuming a ljhearjglastic.constitUtive reiationship. Both'
axisymmétri¢ and noﬁ?axisymmetric stress fields were
cbnsidered; By means.of noaninéar regression and polynomial
.ihterpdlation they‘derived expréSSionsifor‘radiél . ‘
displacements at several points along the axis .of the

borehole. ‘ ' | N

- 4

}Applying the Same.akisymmetric model tééhnique Coates
and Yu~(1970f studiea £he’stréss distribution'aroqnd th3:‘
J_bottdm of’alboiéhole and de:ived stréss'cbncenﬁraﬁion
faétbrs: |

_M,Truly threé dimens%onai numerical studies able to
ihveétigaté stresses and deformations around tunnels in
non-axisymmetric initial'stress conditions wére.conductediby

the use of the Boundary Integral Equation Method:(BIEM).

\ o
Using this technique Hosking (1976) calculated stress

cbﬁéentration factors around the -end of a cylindriéél'cavit§ 
in an elastic'mediQﬁZ”Severél initial stresé ratios, K, énd_
Poisson'slpatios, v, were selected. , ; - | .

By thé application of the same method ‘Niwa et a}..
(1878) investigated stresses énd displacements.aréundltke
face of an’advancingftdnnél. The results were obtainedifor
'thtee”fundaméntal cases. For“theifirst'éase a unidiréétional
Anofmal stress field;.pérpendicu;ér to the ﬁunnel axis; ﬁas

considered. For the second the initial stressés were taken



patallel to the axis of the tunnel where‘shear stresses in
‘the axial planes (7,.) were applied'tovthe model for the

third case. By appropwlate superp051t10n of these results
any initial stress condition can be 51mulated (the 1n1t1al

shear stress in the transverse plane, Teer must be

negiected)g Niwa et al.. (op. C1t ) presented the first

parametric study 'of th1s kind. Thelr results are appllcable
'to‘non;aﬁisymmetricvstress‘condltlons (K0¢1) and have been -
‘used for comparison with field data g} Lo and-Lucajic (1984) k(
‘and Yuen et al. (198&?. Niwa's work nas'several limitations
that‘reduce its applrcabiiity_to practical prcblems:

1) The diSplacenent field ardcnd the excavation is only
depdcted at- few loca@ionstRadial displacementS‘are only
vshown at ‘the'tunnel wal@“%‘nd along’ ‘a line radiating from the |
tunnel face. A more detalled descrlptlon of the deformatlons
occurrlng in the rock at dlfferent distances from the tunnel
wall is needed for~pract1ca1 purposes, e. g.,for the
1nterpretat1on of mon1;or1ng data. ‘This limitatio 'is also

‘found in most numerlg/l analyses avallable in l1te ture,

2) The effect on radlal dlsplacements of the 1n1t1a1 .
axial stresses is not con51dered. It will be shoyn 1A\thls
reSearch that neglecting the initial-axial stress is not
.aCCeptable;if relatively hign K§ vatues characterize the -
initial stress field . | | | o :

In Fianre;%.3} the nrincipalwstreSSes on an axial plane
for the two load condytlons (un1ax1a1 stress normal to the |

+ * tunnel axis and un1ax1al stress parallel to the tunngl axis)
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"Figufevz 5 Principal‘Stréﬁses on the Axial Plane for Initial
Stress Normal (a) and Parallel (b) to the Tunqel Ax1s

. (Modified after N1wa et al..1978)
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are-shown. The rotation of the principal stress trajectovies .
“near the face of the tunnel (arching) is visible. It canj
la1509be observed that the axial stress; P,, generates

tensile radlal stresses at the tunnel face and it can,be,U
concluded that the action of P, tends to reduce the radlal
stress4concentrat10n at the face. This observatlon-1s |

;important because high radial stresses at the tunnel face
".may generate instabilities at that location. °

The 1nfluence of the 1n1t1al ax1al stresses on the
horizontal deformatlons at the tunnel face was 1nvest1gated
by Descoeudres (1974) "who carried out three d1men51onal
finite element analyses for tunnels in linear elastic and
elasto-plastic rock. As shown in Figure 2.4, high P, values‘.

; . N

result. in considérablexbulging of the excavation frontf@hOSe
effect on the rad1a1 dlsplacements, and hence on the

measurements taken dur1ng tunnel advance, w1ll be one of the

objects of the present research.

2.2.2‘E££ects of Non-Isotrcpic Rock Behavior
Many rocksvand rodk maSses'behave as anisotrobic
materials. ‘
_Thgieffects of texture and micro-structyral features on
‘rock anisotropy were summar {zed by Crea et al. (1980). The
idea of modelling stratified or laminated rock masses as
anisotropicr elastic.media,led Kawamoto'(l963) to develdp a
~closed form'solntion for the_analysis of stresses-and

' displacements around circular tunnels in non-isotrobic rock.
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Zienkiewicz et al. (1966) 1nvest1gated the stresses around a
c1rcu1ar tunnel in anisotropic rock by two dimensional
finite element simulations, and a three dimensional approach
for the modelling of tunnels in anisotropic jointed rock was
propoé%d<by Wittke(1970). Gerrard(1977) summarized a large
numberoof'éxperimental résults, many of which wére conducted

on large samples,'and showed that the ratio between the

maximum and the minimum Young's moduli can reach very high

values (in excess of twenty) for Some metamorph}c rocks..
For thinly layered or laminated rocks’perfedt symmétrf
of behavior about any axis perpendicular.to the planes of
stratification can be assumed (seé,Figure 2.5). In this
case, EP”ngiUm is said to obey transverse isotropy and the
general thebry for elastit énisotropic-materials can be

reduced to a simple form (discussed in. Chapte; 4).

The non-isotropic behav1or of rock has con51derable

Wlmpllcatlons .on. tunnelllng as it promotes high stress

-

concentrations near the open;ng (LekhnltSkll, 1963; Savin}
1970, Kawamoto, op.cit.) and also affects the displacements
measured during face advance by the field instrumentation.

However, the problem of tunnelling in anisotropic rock

masses has not been much studied in the past and few three

dlmen51onallanalyses are found in the- llterature. The ma1n
reason is that s1mp11f1ed axlsymmetrlc models cannot be Csed
for non-isotropic rock conditions,’ except for the.spec1al
case of tunnels wi'h axis perpe?dlcular to the planes of 5

r

stratlflcatlon
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‘that the7strainjinducedgin the;samples wasvpartially

3p1ast1c ground They made use of the f1n1te element method

[ .
The effects of anlsotropy on stress changes and

-deformatlons due to tunnelllng constltute one of the objects _

of 1nvest1gat10n of the present research o . -

- .o
¥
L
)

2.2.3 Unlined Tunnels .in Non-Linear and Non-Elastic Media

~ Most geologic media exhibit non-linear stress-strain

'relationships, and'energY'dissipation'occurs'as the

;stralnlng process takes place.

In the pre fallure range, the rock mas% tends to soften
(1ncrease 1ts deformablllty) as the applled dev1ator1c

stress is 1ncreased and, durlng unloadlng, only a portlon of

_gphe total stra;n is recovered,-Large scaﬂe tr1ax1al tests

performed by Natau et al.(1983) on-interbedded sedimentary
rock and tests'on large’granite blocks_condudted by Nose

(1964) indicated non-linear stress-strain relationships for

~ the rocks tested} and Natau et'al.(op.cit,) also observed

—

3

-unrecoverable.

If fallure is reached a decrease 1n the strength of the

mater1a1 may occur and part of the energy stored 1s
. o)

released.

Non-linear and non-elastic behavior leads.to a stress

e

redistribution process around'the opening thatfaffects the

deformatlons in the rock mass and the load on the support

Desa1 and Reese (1970) studled the propagat1on of the o

,j‘plastlc zone 1n prox1m1ty of a b%iehole in. elast1c, ideal

.
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and modelled the horehole as.an ayisymmetric prohlem.

-Daemen and Fairhurst (1972) carried d&t*a series of
ax1symmetr1c finite element analyses in order to study the
behav1or of deep tunnels excavated in failing rock (see also
Daemen, 1975)., The constitutive relationship was
approkimated by a strain dependent variation of a set of
.orthotropic elastic constants; in this manner a stiffness
reduction as‘defined by a set of stress—strain curves as
well as a-volumetric increase associated with failure could
- be" simulated. - & |

Two sets"of analyses were performedvfor different
material types, with or without loss of strength in the postilﬁ
failure range. The mesh ‘was loaded by applyimg an external |
boundary pressure that was gradually increased. For stress
path dependent materials,_as the ones considered for the r
’ rock_by‘Daemen and Fairhurst a more realistic simulation
(i.e., 1ncremental excavation in a pre-stressed mesh) would
‘have been more approprqate. The results showed that the
‘plastic'Zone tends to develop first at the*tunnel wall_
behind the face where high deviatoricdstresseS'tend‘to
concentrate. It the tunnel’is.excavated in‘ground exhibiting
weakening a'subStantially larger volume of material fails,\«
,' due to the more pronounced stress redistribution pragess N
that takes place under these conditions. If a relatively
‘high pressure is appliednto the mesh boundaries ‘the core

:1mmed1a§ely ahead of-the excavation front fails also. These

analyses showed that rock failure may increase tunnel

¥
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" but unrellable 1n terms of aCCUracy.

‘50115,

L

A truly three dlmen51onal f1n1te ‘element analys1s was
conducted by Descoeudres (1974) in order to study the
behavior of tunnels in elasto—plastlc medla under -

non-axisymmetric load condrtlons. The Drucker Prager fallure

- . ‘critérton was selected for the rock -and an 1n1t1al stress

ratio K,=2 was chosen. Due to the low strength of the rock

,,/

- y o

w1th respett to the applled 1n1t1a1 in 51tu stress an
extensive plastlc zone developed at the tunnel crown étﬁthe

spr1ng11ne and ahead’of the excavatlon ‘front. The

_convergence at the sprlngllne and at the crown for the

'plastlc case was, respectively, two and six t1mes larger

than for the elastic case. The quarter mesh used by*

Descoeudres was very coarse and small (four dlameters long
)

and two dlameters w1de) and no 1ncremental excavétlon was

.

performed- ll these factors make his resylts pnterestlng

Ranken and Gabou551 (1975) carrled out a series of

fﬁ’

linear and non llnear ax1symmetr1c analyses by means of the

" N / i'; T{ ¥,

flnrte element method Both fr1ct1onb§ss and frlctlonal

elastzc, 1deal plastlc materlals we%e con51dered The study
I»'ié‘

was: mostly dlrected towards the %nvest1gat10n of tunnels in

\\

‘ ‘%
pand because of the lowistrength assumed for the

f'ground extensxve plastlc zones as weil as large convergence
~“.:Dreg.ul-t_e_&. The,stresses 1n¢&n‘ax1al plane (plane contalnlng

. ”f;éhefqgiSfof the tunnelf are shown “in a contour map and the

-

s variations due’ to yigldgég are clearly visible in proximity

ey
e PR



of the excavation. T Sy

Panet and 'Guenot (19325.performed . series of
ax1symmetr13 tifite element analyses to 1hvest1gate thev>
behavior of tunnels in elasto plastlc purely cohe51ve'

materials. «The modé! was - submltted to a- unlform 1sotrop1c
b "w'

boundary pressure P, w1thout 51mhlat1ng 1ntremental 'iiﬂ

excavation. The analyses were carr;ed out for four,différent
stability numbers, N =2P0/c;, and plastic éones around the

excavatlon and convergence curves for the four cases were:

depicted. The chosen purely cohe51ve model restrlcts the
"appllcablllty of these analyses to tunnels’excavated 1n»>
saturated soils and rocks‘exhihitind‘a:very'low
permeability. | .
| The literature review presented above leads'to the

following conclusions:

-y
&
ke

1) Among the authors mentioned, only_Descoeudres
(oP.cit.) conducted a truly three dimenslonal:analysis where.
the remainder based their research on the restrlctfvey o
axlsymmetrlc assumptlon.' | L

2) ‘Only Ranken and Gaboussi (op. cit.) conducted an
incremental excavat1on as 1s appropr1ate for stress path
dependent materlals. All the others authors’ mentloned above_l'
simply applied an external pressure to the pre excavated
initially unstressed mesh i ]

3) The drsplacements occurring far from the tunnel iace'
are never presented even though they are often measured 1n.

the field by means of radial borehole extensometers. Thls is

N
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: in part understandable because a large size f1n1te element
| mesh is neéded to obtain reasonably accurate dlsplacements
relatlvely fa; from the excavatlon.
4} Descoeudres (op cit.) and Ranken and Gaboussi
(op c1t ) assumed the ground to behave as an elasto- plastlc,
fr1ct1o$al medlum but they d1d not specify the chosen flow
*rule. Most Ilkely associated flow plast1c1ty was selected
for thelrganalyses. Thlskconstltute a ma]or‘llmltatlon
"beceuse,ygenerally, frictional geologic media do not exhibit
| as mucngdjiation at‘feiiute ss predicted by the associated

e{

flo; rule.

1e-v. .‘ PR .O‘

243‘hock?SUpporthInte;action During the Excavation of
uéuppotted Tunnels |
"tIn order to study the load transfer mechanism taking

.~fp1ace during the advance of supported tunnels, a comples

dcrock—stfucture interaction problem needs.to be solved. |

‘ wf" Mining is“a'progresSive activity that causes changes in
the”tunnel‘geometry. When a portion of the‘rock‘is removed,
displecements take place in the rock mass‘and the external
‘and body’forces produce come work that is expended in
deforming thesroct‘and theksppport. As a result pf‘this

| ?energy transfer process the support attracts more or less
load, depending on its stiffness (relatiQe to thefstiffness,
ofvthe rock) and on “the installation proqedure adopted

In Flgure 2 6 ythe excavatlonfsupport sequence in an

advancing tunnel is depicted'schematically. The’parameter
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Figure 2.6 Schematic Representation of the

'_‘Excavation-Support Sequence. RL=Round Le_ngt'h '; DEL=Delay.



;'rtne leadlng edge of the 11ner and the tunne% face

T"Delay ?DE#) is 1ntroduced whlch is the distance betwe'n‘
. _ e
1mmed1ate1y after 1nstallatlon of an unstressed liner
segment and 1mmed1ately before excavatlon (note that some’
.:authors glve a different deflnltlon) The length of the
tunnel sectlon excavated at each step (equal to the length
of one liner section) 1s,called excavation "Round Length"

(RL).

o ‘The importance of accounting igi\;::;relative stiffness.:
“of rock and support and for the delay dbeen'recognized S

I

- for a long time. However the influence of the excavation
‘round length on.the final load distribution on the liner has

been.negleoted by most authors.

2.3.1 The Convergence Confinement Method (CCM)
The CCM was 1ntroduced by Fenner(1939) and dlscussed

- more recently by many authors (Gesta et al.; 1980 Kerisel,
H1980; Duddeck, 1980;kBrown et.al.,‘1983). Inglts.s;mplest

form,it oonsfstsuin drawing‘twoscharacteristic curves, one
gdfor the ground and the other for the support,irelating
radial displacements'Ur to radial pressnre o, at the tunnel
yall} | | - |

| In Figure 2.74TRoint”A represents-the'initial
undisturbed. condltlon for whlch 0. /Py=1.(P, is the,initial‘
tghydrostatlc in situ stress) Po1nt B, 1ntersection of the

two characteristic curves, represents the -equilibrium

conditions}reacned, far behind the excavation front, by the

N

PNt
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ground support system.sThe CCM accounts Egg thegyifects of

J

”{3 the relatlve stlffness of ground and llgkr andﬁfo¥?

~ !

delay s a conceptual model th%’method 235 ‘been usedkigkaﬁi_fr
,successfully by several authors to ekplaln aspects of the f~'1ah
rock-structure 1nteract10n. Daemen(1975) showed how a‘.
pressure increase on the 11ner has to be expecte%k}n case of
rock fa1lure, Lombard1(1970) used the CCM to discuss the
Ceffect of a weak rock core on tunnel face stab111ty, Yow and

&
Goodman(1987) applled the concept of ground reactlon to:

\block stab111ty problems. As a practlcal d gn"tdol, the
methodbpresents‘several limitations: L
T)-ghelGround”Convergence Curve (Curve a’in Figure 2.7)
;s unknown a prlori and difficultvto determine, . ‘
@ T2) The‘radial diSplacement'OCCurring‘before support
activation (U, in Figure 2.7) is also unknown and a three.
‘dimensional approach is needed for its predlctlon (Daemen -
- and Fa1rhurst, 1972, Panet and Guenot, 1982), |
3) The complex three"dimensional:load transfer f
mechanlsm taklng place near the tunnel face 1s not well
approxlmated by the method (see E1senste1n et al., 1984)7and.7
it completely neglects the‘stress concentratron that may
occur at the leading edge of ghe l;ner,' |
4) Far from the tunnel face a plane strain condition
may not be reached in many real casestbecause of
" non-homogeneous stress distribution in the liner (alongﬁthe
axis of the tunnel), and . <:;\\ . o
. . | \\
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5) The_Convenience of the CCM is restricted to those.
cases where K,=1 can be assumed (note: an extension for'K0¢1
waS'pfesented by Pender, 1980,.bdt'onlyifbr a frictionless

‘..‘
rock- 11ner°1nterface) ‘

The CCM is a simple to&? that has the merlt of

N

emphasizing some of the 1mportant aspects governlng the

~.rock-liner interaction. However a comprehen51ve knowledge of

¥

’the three dlmenszonal near: face condltlons is essentlal to

understand the value and the 11m1tatlpns of this method.

- ‘ N

2.3.2 Mode111ng of Near Face Behav1or by Slmp11f1ed Two'

D1mens1ona1 Plane Stra1n Analyses

—— - ;

The meortance of considering. the three d1mens1onal1ty
of the tunnelllng problem and the dlfflCUltleS assoc1ated
ﬂw1th three dlmen51onal modelllng led»to the_development of
various - simplified methodé;.

Panet(1976)‘suggeshed a'two-dimensional approach whefe
the tunnel is modelled.by a hole in a plate with a |
fictitiousiinternal preSsure eQUal to the initial in situ
stresses. By decreasing the internal pressure a certain
am0unt_hf radial displacement is allowed.in order to account

for thé,movementftaking place ahead of the liner. The

support is thenuinstalled and the remaining pressure 1is

.

" removed.

‘This method is based on the same principle as the CCM.
The fictitious support pressure o  (see Figure 2.7) is

applied to the wafﬁ of the tunnel and controls the
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convergence ?rocess up to the installation of the liner.

Conceptualiy this mddel is far from reality because it

.

completely neglects the shear stresses 7, associated:with
tunnel closure in ptoximity of the excavation frght\(see
Lombardi, 1980) .° Moreover a set of practically relevant
limitations affect this approach: |

1) The amount of radial displaéement to be allowed

before liner installation is arbitrary;
5

2) The e&tension of the method to Ky#1 conditions. is

not straight forward because the amount of displacement to
) \

be allowed at each location arouM® the axis of the tunnel is

not known a priori (:.e., .the deformed shape of the hole

A ]

when the support is installed is unknown);

p-—

?) The delay in support installation is the only three
dimehsioﬁal feature considered. pther'important aspects such.
as .ear ... ~= arching and'excaQation round léngth'are

L 3

neglected;
4) Simplii. 'ed stress paths are modelled in ;hé two .

~cimensional sim lations. This may lead to-errors if stress

‘ cependent grourd masses are considered.
Siuilar ¢.mplified methods were pvoposedvby‘ﬁaabméyr

and Swcbodr  478) and Sakurai(1978). Laabmayr and Swoboda |

sucqes:ed‘ reduction of thé elastic modulus of the core g

Sirit Ly the radial dlsplacement due to the delay, ‘whereas-

k e
Sakurai“mocdelled the tunnel advance by chang:ng the 1n1t1al .
/stres§gs in the f1n1te element mesh accordlng to a L

‘pre—aéflned function.
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: 3.3¥Rev1ew of Three D1men51ona1 and Sxmpl&fled.
fg?-Ag1symmetr1c Numerical Analyses Found in therature

en andAGaboussi (1975) modelled the progressiye
excav on ahd support of tunnels in;llnear elastic and |
elasto-plastic medla by a)fihite'elemeat-axlsymmetric.model.
The effects of the delay and of dlfferent 501l$cond1tlons on
stresses and deformatlons in the ground- support system were
1nvest1gated The action of the support resulted in both
less convergence, than for the unlined cases and in smaller
plastlc zonés. These effects were more s;gn1f1cant for the

14

case of a llner 1nstalled immediately behlnd the tunnel

liface. The thrust forces calculated in the llner were higher

for the case of zero- delay and a peak load was detected at

. the lead1ng edge of the support (about one rad1us behind the

tunnel face) @hls load concentratlon is obviously _A'?AJ
. y@ :
assoc1ated w1th the three déﬁa%§1onal archlng mechanrsm at.
.. r“‘ '
the excavation frOnt The authors stressed the 1mportance of
R K2 ' I

,' a proper 1ncremental 91mulat1on of the eycavatlon support

/4

g "

procedure. ',gﬁi? _ : Vjﬁ?

Anotheﬁﬁexten51ve study by ax1symmetr1c f1n1te ‘element
analyses was carried out by Schwartz and Elnsteln (1980)_
~order t@mlnvestlgate the effect of delay and ground

(} ,"4‘-
1es on the loads in the llner. Analyzing lined

fels 1ncrementally excavated in linear elastic media for
different delays and relative stiffnesses ground-suppert
they produced a delay factor kﬂsb to be used in coijnction

with the two dimensional relative stiffness solution

] 7 ’
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’Elnsteln andechwartz, 1979). '

In Figure 2.8; the approx1mately llnea§3relatlonsh1p
" between X,;, and the delay DELg is deplcted. Note thet DELQ~-
is different from the delay defined earlier in this chapter
‘and it measures the.distance between;the tmnnel face and the
mid-point of the leading suppott sectlon.'Based,on a similsr
set of analyses Hutchlnson(1982) suggested that the’ llne in
Figure 2. 8 should be/translated as shown

Schwartz and Einstein (op. cit.) also‘carried out a set
of analyses in elasticttideal plastic materisl to’ X

investigate.the effec; £ y1eld1ng on the loads on the -

support. The ground was.ch_lh’teﬁfked by a Drucker and

Prager'failure'criterion and an associated flow: rule. A

substantlal 1ncrease in the load on the support was detected
for y1eld1ng grounds@engec1ally 1f the support is installed.
‘w1th a relatlvely Igﬁgef@elay' Lmners 1nstalled very. close

to the face of thevthnneleaere found to be very effective in.

L \

1nh1b1t1ng the propaga ion of the plastrc zone by providing

a conf1nement to th% surroundlng medium,

¥

L '). “

valuable contrlbutlon to the study of rock llner

' 1nteractlon, but it contalns also some llmltaﬁﬂpns that \must.

&t
= Qo

be considered

D_A

1) The ax1symmetr1c model does‘mot allow one, ﬁ@t

‘

f{1nvestlgate the development of bendlng moments ln the

I:

suppo:t;
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"é) lhe‘excavation round length'is notlconsidered and'the
.Varlab111ty of the load in the llner 1s neglected
| ‘?g) The assumntlon of assoc1ated flow rule is not
,approprlatevfor fr1ct1onal geologic medla.
Other aXisymmetric'and truly three dimensional’
numerlcal analyses have been carrled out, in the past yearsf
in order to 1nvest1gate the ground support 1nteract1on and
w1ll be mentloned brlefly for reference.~~ |
Gabouss1 and Gloda (1977) 1nvestlgated the effects of
Ttlme dependent rock properties on advanc1ng supported
‘tunnels by means of a;:symmetrlc f1n1te element analvses.
~The Kelv1n rheologlcal model was adopted for the ground in
ser1es w1th a spr1ng account1ng for the instantaneous ground
shear deformat1ons. Both the cases of contlnuum excavatlon
and'stoppage“for fully and.partlally l1ned tunnels were
"1nvestlgated | - o ’
‘ Advanc1ng unsupported and supported tunnels in creeplng

~ground where stud1ed,by Hanafy and Emery - (1980) and Hanafy

f;;>and Emery(1982), by means of ax1symmetr1c f1n1te elements

banalyses. By expandlng loads, dlsplacements and stralns 1nto
"Four1er S serles, 1n1t1al stress ratlos other than one were
co?‘ldered ‘ |
_%i%%e efféects of rock damage due to blast1ng‘on llned
~ tunnels was dlscussed-by Ka1ser and Hutchlnson (1982) A
series of f1n1te element ax1symmetr1c analyses was performed

and the damaged rock was. assumed to behave as a. 11near

elastlc materlal.- f' R T .



Del Greco et al. (1986) performed truly three

. ' ) s ey . C . : . T
‘dimensional finite element analyses to investigate the

15

fe

behavior of a deep mine tunnel. The rock was assumed to

‘behave .as an elastic, idealfplastic material of the - .

Drucker-Prager tYpe with asseciated»flow rule. The,

application of the rd@k bolts was 51mu1ated by nodal forces.

Some truly three d1men51onal f1n1te element analyses

i

were also carried out for the study of shallpw tunnels;r$

'.: ) By the use of a three dimensional finite element model,

xf%f o o . : o
V'a subway tunnel in Nuremberg was analized by Gartung et al. '

Q

_action of the tensioned rock bolts.

'sequences were simulated.

(1979). An‘elastOfbrittle plastic'censtitutive relat&onship'
.was'assumedlfor the ground and the.headingwbench excavatrqn
sequenCemwas'simulated,QShell‘eiemehts were selected to
model the thin sthcrete liner'where:confinement preSsure
was applied at the wall of the tunnel to account,forethe

’

Wittke and Gell (1980) studied a shailow'subway.tunnel»

1n Bachum by three d1men51ona1 f:nite element modelllng An

elasto plastic constitutive relatlonshlp was assumed for the

ground and both heading- bench and full face excavation

s

-

Katzenbaeh and Breth (1981) investigated the surface

settlements due to a tunnel excavated by NATM in Frankfurt

~clay. . The s0il behav1or was approx1mated by a hyperbol1c

stress straln relataonshlp and- good agreement with fleld

4.

data;was obtalned.

35
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- The effects g??the liner thickness and of the

overburden on the ground surface settlements and on the

stresses in the support were investigated by Pierau(1982) by

means of three dimensional finite element analyses. The"
ground was assumed to be linear elaStic and several E and »
values were considered.

A studyvof supported shield-excavated tunnels in linear
elastic soil was»conducted by Kasali ard Clouoh (1983) by -

performing truefthree dimensional finite element

simulations. . - : o .

Heinz (1984) modelled tunnelf in 1inear elastic soil

%
- driven by NATM. Both 'full face' and headlng and bench’

excavation tgghniques were investigated. ' "

2.4 The Role of Back-Analysis in Tunnel_Design
' -

Since Rabcewicz(1964) introduced the New Austrian

Tunnelllng Method NATMV monltorlng of stralns,

'd1splacements and stF‘SSes to assess the adequacy of the

de51gn and performa\he of tunnels durlng constructlon has ‘
become an 1ntegral part of the modern observatlonal
approach. ﬂn partlcular, dlsplacement measurements are
relatlvely easy ‘to obtain and monitor continuously during
excavation (Beniawski, 1984).
By W ' , .
Thewdata collected during tunnel'advance are.used

pr1nc1pally as a mean of emp1r1ca1 stablllty assessment°

based on the observat1ons of the followlng aspects-

-t
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1) bMagnitud‘e of ‘th'e. displac_ements measurﬁéeg:ompar;d
with elast1c theory or with other measuﬁdﬁents taken
previously in stable sect1ons,

2) Closure rates compared with!empirioal values,

3) Observedvmovement compared with the displacements
that would cause failure of the support or of the

surroundlng rock.

| Recently £akura1(1981) 1ntroduced a Dlrect Stra1n

Evaluation Techn1que based on the'concept of strain at
failure or "critical.strain", as an attempt to_giye a.-
quantitative i terpretation to the results of displacement\ ;"

measurements : ¥

In the: last few years maﬁy\efforts have been dlrzited -

towards developlng methods to back analyze ground pro rtief

—=a
A e

and initial stress distribution from mon1tor1ng data/an&

RN

numerlcal computations.. Gioda and Maler (1980) back analyzed

l(

cohe51on, friction angle and in 51tu stresses . by numerlcal
. 1nterpretat10n of measurements taken. durlng a tunnel

pressure test The rock. parameég§s were calculate@ by
applyrng a ;dlrect search method" for functlon mlnlmlzataon.’

Sakurai and Takeuchi (1983) developed a finite element
program for ‘back- analy51s of elastlc propertles and’ rn51tu
stresses based on the “1nverse approach": It 1s not the
purpose of this dlscuss1on to review in any detall the
advantages and limitations of these methods as‘well as their
theoretical haokgrounds (see Qioda,'1985; Clvidln& et al., -

1981) .

¥ N



'1nterpretatlons and to prov1deﬂ?&ﬁ%h@r 1n51ght in the

-available.

o _ 38
Even though so much interest has been placed in the
interpretation of-monitoring data for back-analysis

purposes, iittle effort has been spent in order to

1nvest1gate how the near face, behav1or may affect suqh~\

. back- analy51s process. Whllghaﬁéas ﬁ@ll apprec1ated by the

tunnell@ng communlty that 1n_rea11ty only a portion of the
total stress, strain and displacement change is actually
observed, little 1is known aboutvthe effects of the three .

dimensional conditions near the face-on field measurements.
. ' g . ot )

2.5 Conclusions
The discussion presented fn thlS chapter 1ntroduces the

object of this research that 1ntends}'by overcomlng some

f

11m1tat10ns detected in grev1ous 5tu§@

”*'to contrlbute to
the understand1ng of the three damensional near face
condlti%ns for unsuppo’rted and support'ed tunnels.

On the basis of thls'llterature rev1eW‘the following
conflusions can be drawn: ’.‘ ' ",

- 1) A.three dimensional~approach to tunnelling problem5~

is needed to assist the'bagk—anaiysis of monitoring data -and
the de51gn of the suppqgt | - | .

2) Slmpllfled dés1gn methods, as the CCM are

1nsuff1c1ent for de51gn purposes unless a profound

understanding of the three dimensional near face behavior is

IS A
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‘ ‘ . ;
3).Many studies conducted 'in the-pastvwere based on the
assumptibn of axisymmetri.‘APmore general approach is needed
in order to con51der 1n1t1al stress ratlos other t 6& one
and anlsotroplc rock behav1or

4) Most truly three. dlmen51onal analyses avallable from |

the llterature were carrled out to study spec1f1c case

ﬁhlstorles. Relatively extensive parametr1c studies were

conducted only for! ghe case unlined tunnels in linear

1

elastic media..

5)_Up to non, the effects:of ground‘conditions,»initial_

stress distribution and supporting procedure'on'measurements‘”

taken during tunnel advance have not been the object.cf

detailed investigation. -

3

' 6) ‘Some important aspects regardlng the development of
4stresses 1n;the l1ner due to face advance, such as the .
effect o% the.Rbund Length, have been neglected 1n previous
'studles. | |

7) Elasto-plastic modelling of ‘the ground has usually-

“been conducted by assuming an associated flow rule.fA

non-associated flow rule should be'hsed for frictional: A

mater1al to avoid. unreal1st1c d11at1on at fallure.

I

[ ¢ ) ‘
Hence, 1t 1s the purpose of the followlng to address these

]

def1c1ences and to a551st the practlclng tunneller to- ga1n _

.7

more from near face measurements.

N



3. UNLINED TUNNELS IN LINEAR ELASTIC, ROCK

3.1 Introduction
- The study of unlined tunnels excavated 1n llnear
elastrc rock represents the starting p01nt of thlS research
Even though the assumption of 11near_elast1c1ty is not
realistic for most éeolopic‘media,-the outcome'of this |
analysis includes flndings of considerahle practicall

‘interest.

é%és and. dlsplacements near. the

. Some studiesLon'St
“face of tunnels in elastlc material were carr1ed out ‘in the

past and are available in the 11terature. In.partlcular Niwa -~

et al. (1979)'performed a relatively extensiVe parametric

- study by the use of the 1ntegral equatlon method Their

’results were found to compare well w1th the outcome of this

'research. It is not the antentlon of the;pﬁesent work_to-
repeat or summarize uhat .has already beenishown by others.'
The discussion is focused on stresses and deformatlons o

' develop1ng at various dlstances from the tunnel wall. The

ma1n purpose is to prOV1de 1nformat10n useful for mon1tor1ng
data 1nterpretat1on by selectlvely analy21ng the effect of
_the 1n1t1al stress dlstrlbutlon on the measurements taken

ﬁdurlng face—advance. ‘

The mater1al contalned in this chapter is, also needed

for comparison:with subsequenﬁ,analyses, where more complex
- ‘ .

'condltlons are assumed R ;3

D
.
J

?



a large mesh, with boundarles located

41

3.2 Description of the Analysis

In order to Study the‘behavior of.deep unlined tunnels

1n llnear elastlc rock a ‘series, of three dlmen51onal f1n1te

o »element analyses were carr1ed out u51ng the program ADINA.

: The mesh chosen for the. analy51s, deplcted in F1gures

‘-3 1 and 3. 2 repfésents only one quarter tunnel; This

SImpllflcatlon‘was possible because both tunnel~geometry and

1n1t1al stress fle&d vere assumed to be symmetr1c w1th

respect to the hor1zontal and the vert1cal planes conta1n1ng
,a? ) ¥ @
the tunnel ax1s. A c1rcu1ar cross sectlon, common in modern

tunnelllng, was selected and the d1rectlons‘of the pr1nc1pal'

stresses were assumed to be parallel and perpend1cular to

the tunnel ax1s and hence, parallel ‘to the axes of the

'global coordinate system, The initial stress field was'

o . o . b
_assumed to be constant throughout thereby neglecting"

grayfty.VThisﬁassumption'is reaspnable for deep tunnels
where the stress variation withldepth is usually not
51gn1f1cant when compared w1th the average stress magnltude;
" A prelxmlnary study, conducted w1th both plane strarn
and three d1mens1onal models, showed that in’ order to
obtaln a reasonably accurate straxn fleld around the tunnel
/g}l from the
excavatlon wall was needed The flnal mesh was elght

d1ameters w1de and ten: dlameters long.

The boundary cond1t1ons are shown schematlcally 1n

F1gure 3 3. At the "Front! and at the "Back" of the mesh the

“nodes were constralned to ‘move on planes perpend1cular to



.
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‘ .Fi:gi)re' 3.1 Front View of the Three Dimensional Finite
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the‘£0nnel<aXis. The,"Side"rboundariesvofvthe-resh were
assuﬁéd to be a constant‘pressure boundaries. A preliminary
study was carried out with‘two dimensional models to éompare
stresses and strains obtained by adopting constant pressure
£oundaries or fixed node boundaries. No significant

gifferences‘were founM. The nodes lying'oh;the two planes of

‘symmetry were constrained to move on them.

Because of the computational effort involved‘iﬁx

RN

~numerical.analyses of this kind, the degree of refinement of

I

~the finite element’ mesh was by necessity a compromise

between quality df'the results and the cost (time) at which
they could,be obtaiqed. The fihai mesh is_finefgthan most.
three dimensional meshes found in the literature ana is
laéger in order fo achigxe a more appropriate pdsitionihg éf
the boundary Conditidns.' ' , ’ 0
The’mesh was defined by 3145 noda; points and §88 3-D

isoparametric solid elements. Twenty node elements were

placed near the wall and in front of the tunnel face where

¥

high stress—strainbgradients were expected to occur. Eight

-‘'node elements were used to model the rock far from the

tunnel and in the core.

In order to generate the ihitial stress field the

A

"Side" boundary pressune, compleménfed by axikl'

displacements applied to the "Back" of the mesh, was imposed

to the unexcavated, initially unstressed, model.’ T

¥

Excavation was simulated by means of the "birth-death"

“option. In this fashion the terms corresponding to the
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"exéavated"/elements wefe.eliminatéd'from the stiffness
matrix énd the stress-Qélues in the "é}cavated“ éohe wefg‘
reset to zero.:This.generates a non equilibrated condition
at the boundary of the openinglénd influences the stréssgs
in the gurrounding hedium. Excavatioﬁjwas performed in a |
single steﬁ beéause the'tuﬁnel.wasfuﬁlined énd in a linear
~ elastic medium. o

The displacehenfs aséociated.with the application.of
the initial stress fieid were eve&t&aily subtracted from the
final totél values dyring the data po;t—procéssing stage.

- Twp'céses were analyzed aséﬁmigg‘twb difféfent initial

stress conditions:

where P,, P, and P, are the initial stresses in the rock

mass (see list of symbois).

The results obtained bj these analyses were
_superimpgsed and values fog.any f%itial streés'éondition
could be found. - - ) | R it

The results were normalized with respect to initial

~ vertical stress P, elastic modulus E, and tunnel radius R.

A Poisson's ratio of 0.25 was selected for all cases,

o

P,#0 ; P =P,=0 .

Benchmarking analyses showed that radial displacementé ,

" at -the tunnel wall differed from the analytical linear
elastic solution by, on avérage, 10%, and thi§ accuracy was
considered acceptable for the purposes of the present work.

This error was expected, as the numerical method gives only-
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an approximatg'solutioﬁ ;hose accuracy dependé on the degree"
ofbrefinemént of the mesh and on the qrder“ofythe shape |
“functions of the e;ements. In the the following paragraéhs
- the results of the -finite element anélysi5~$ré discusseé.
-"Emphasis is placedlon presentatfon‘and interpretation of the
vthree dimensional effects near the tuﬁnel face as they
affect monitoring data.
| N
3.3 Stresses near Tunnel Face

o &
~ A linear elastic finite element ana¥

out using the proéram SAFE, assuming an i‘ "stress ratio
"K,=2, and the stresses obtainéd are presented in this
section.'Tﬁ% stresses‘célculated by SAFE were seleCted for
mconvenience. First, the stresses obtained by ADINA did not
have to be gupefimposed.(as done for the displacements);
seCoﬁa, the ééta preseﬁted in this paragrapﬁ are directly
comparable wifh the results of the non-linear analyses
presented in Chapter 5, that were obtained by using the same
.program. The_sffééseg calculated by ADiNAfand SAFE were
compared at some locations éha were fouﬁd to be virtually
identical although slightly différent boundary conditions
were applied to the mesh depending on the program used (see
Chapter 5 for further details).
All the daté are shown in normalized form. -The
normalized stresses, o/P,, are plotted against. the
normalized position coordinate (X/ZR) (X=dfst$ﬁ%e to tunnel

[

face). The sian convention is positive for tensile stresses



and for positions behind the tunnel face, in the excavated

-
“J

| section of thegtunnel;*The excavation.frbnt'Stands at -

' X_/.2R=.0.A

vAh 1n1t1al stress ratio Kg= 2 was assumed that

re resents a moderately h1 h value, not uncommon for deep )
P 9 b
& L e s :

underground excavatlons. :

The stresses are plotted on the hor}zontal and vertlcal

[} » g

i planes conta1n1ng the tunnel axis (i:e.kisymmetry planes

P

shown’ in F1gure 3 3) to empha51ze the effect of near face

K /-
condltxons. In order to obtaln @tresses on ‘such planes,

-values calculated at the 1ntegmatlon po1nts were

’v1nterpolated by means of the. local smoothlng technlque

-(1975) Each curve represents stresse

PPy

';proposed by H1nton and Campbell(1974) and“Hlnton et al.

:mealculated elther at
R

the crown or at the spr1ngl1ne at a normal1zed d1stance from E

¢

the tunnel ax1s r/R) In thlS manner a rather complete

A1

plcture pf the stress fleld surroundlng the excavatlon can

be glyen. At each locatlon radlal tangentlal axial and
' -

R shear stresSes 0, oc, o and Ta were plotted The two shear

- AR ot K

components,\r& and T anlsh on the. selected panes
because of symmetry "".' R ‘}7 o '," E

g Q 9 ™~ .
Only he Tesults relevant to this dlSCLSSlOﬂ%

»

| pvesented here. The remalnaer are summarlzed 1n-Appendix A,

In'Figure 3 4, the normal1zed radlal stresses at the

: sprlngllne are plotted agalnst normal1zed dlstance to the

‘
R

tunnel face. Far ahead of the tunnel face the stress flehd
b

o

S is unaffected by the advanc1ng excavatlon. Far behind the

-

48
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‘RADIAL STRESS AT SPRINGLINE
0 e
: Legend »
-05_ : r/R=10 .
| /R=11 |
| ‘_1_ r/R=1. 5

_________

..

~254

B S

Figure 3.4 Radial Stresses, o, a? the Tunnel Springline
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. X

tunnel face the final stress state, consistent"with plane

strain gonditions,fis'reached. The radial stress change is

largest at‘thégtunnel wall where it drops to zero on the

[

“exaavation free durfacé. It"gradually decreases as the

@

»

distance from the excavation wall increases. At about two to

three radii from the tunnel axis the radial stress change ic¢

almost negligible. In Figure 3.4, the radial stress at the

tunnel wall is plotted only ahead of the tunnel face.

a1

Of particular interest'is the transition zone near the

. tunnel face. It begins about one dlameter ahead of the

_excavat1on and ends at about. one dlameter behind the face

, of the ‘tunnel. face. e

~

where the firal equ111br1um conflguratlon 1s almost reached

and the "Face Effect" is no.longer ev1dent; In the
, L

tran51t10n ZOne three d1me951onal stress redlstr1butlon-

mechanlsms domlnate. The tunnel face 1s subjeoted to a sharp.

L) v . »r

 increase in radxal compress1ve stress._Thas stress peak is

assoc1ated @jth archlng caused by excavatlon Arching

1nvkoes shear stresses whxch enable load/transm1551on ahead

Y
»

In Figure'3-5 these shear stresses, %uz at the “

oy

':“'prlngllne are plotted aga1nst d1stanée from the,tunnel

1Y : LU .
face. Slnce the 1n1t1al normal stresSes P P and P, are

pr1nc1pal stresses, no shear 1is detected far ahead of the
tunnel face, where the rock is still undlsturbed and far

beh1nd where plane strain condltlons domlnate. As shown :@;
< .

schematically by. Lombardi(1980) shear stresses develop at

the tunnel face and are related to the increase in rad1al

M

e
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stress detected at that location.

In Figure 3.6, the normalized tangential stresses o0,/P,

are plotted at the crown. It can be noted that transverse

arching (arching in the r-t planes) develops fully within

~two diameters, where the shear stresses at the springline

vaniSh‘

Shear stresses play a key role in controlllng near face

convergence and“in delaylng the development of transverse

v

arching. T .

‘An 1ncrease in axial stresses was also found at the

tunnel face, .as can be seen in Figure 3.7. ThlS stress peak

is due to archlng QEnerated by release of ax1al stresses at

the face durlng excavat1on. :
Similar features to those observed at the sprlngllne A

'were found at the crown (Appendlx A). They all reflect the

gradual rotatlon of the pr1nc1pal stresses near the tunnel .

<

face durlng advance.

- g

3, 4 D1sp1acements s

N

-~ In F1gure ‘3. 8"the normallzed ;adlal dlsplaeements

.
2

'tunnel axis’ (r/R) and for Ko=2 (P,=P,: =2P, )«are plotted

- .

aga1ﬁst dlstance)from tunnel face. '

n.

The dlsplacements are normallzed w1th respect to the .
. / “

'_ elastlc modulu® of the rock E; the‘tunne1~rad1us,.R and in

€

' 51tu vert1cal stress, P.. The~dlstance'to the tunnel facé,

v

x; is normallzed wlth respect of the tunnel dlameter,.2RQ

calculated for»the spninglune at varlous dustances frem the'

v
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Figure 3.6 Tangential Stresses, o,, at the Tunnel Crown
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© AXIAL STRESS AT SPRINGLINE" -
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. Figure 3.7 Axial Stresses, o,, at the Tunnel Springline
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_ Fig-u‘v_re 3.8 R'a'dial"‘ Dvisplaceme‘nts" Ui'- at the"runnel |
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‘dlsplacement at the face reaches 41% of the total movement.”

Values of r/R'varylng between 1 and Snb were:selected

Convergence beglns about two dlameters ahead of the

2 . A.'v

'tunnel face and 1ncreases monotonlcally untll the f1na1

value, cons1stent w1th plane straln condltlons, is reached

‘}

" The maximum’ convergence gradlent occurs at the tunnel %ge
nat

'where an inflection point is located<JIt can be seen t

9%

,for r/R 1‘ tunnel wall) 'only 27% of the total convergence

'~1s found at tunnel face where, for r/R= 5 5, the radlal

Th1s 1nd1cates that the shape of the radial dlsplacement

proflles gets flatter far from the tunnel ax1s (i. e.,

:movement beg1ns earller and ends- later w1th respect to whatf"

_happens near ‘the tunnel wall).\For 1nstance, two dlameters

‘»,., - 3t .

_Heh1nd the tunnel face about 98% nf'the total convergence

;'wasﬂf und at the wall r/R=1 but only 88% of  the total.

””irad1a1 dlsplacement was detected for r/R 5 5 This aspect

' vfound to be strongly affeCLed bv the magnltudm of the'”'

u(

:wlll be dlscussed further in the followlng paragraph where

’1ts 1mp11catlons for the 1nterpretat10n of mon1tor1ng data

o,

‘W1ll be-~ p01nted ou{ DA

Radlal dlsplacements occurrlng gt the tunnel face were f
1y 0 - .

1n1t1al axlad stress,,P In Flgure A, 9, cotvergence

0

prof1les at the tunnel crown .are plotted for varlous P

' values. All curves represent d1splacements at the tunnel

" wall r/R 1 for Kz2 (i.e., P /P =2= constant where P, is

varled 1ndependently) For h1gh P, values three major'

features were observed.i
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.1) Ahead of the tunnel face ‘high P, causes relatively :
h1gh 1nward radlal dlsplacement Thls is due to the E%ndency f
- of the tunnel face to move towards the openlng when

.excavatlon_ls performed. The magnitude of such movement

depends on P,.

T r
!

2) At the”tunnei'face’higheera'values involve lower

inward radial displacement or even outward radial movement.
_3)'Forthigh Py Qaines, C'nvergence behind the tunnel

face fncreases monotonlcally but for low P, values the
maxlmum convergence at the crown is reached near the face
‘(at.O,SS(x/2R)S1). Farther behlnd the face, outward movement
occnrs until*transverSe'arching (in r-t planes) isvfuily _"‘
deveioped Near face.arching is responsible for this |

e phenomenon by drastlcally modlfylng the shape of the -

J convergence proflle at the face. |

The effect of the initial axial stresses on the

convergence near the tunnel face, 1s con51stent w1th the

AL g r
‘;<£In Flgure 3. 10 thlS mechanlsm is schematlcally deplcted by

show:ng the tra]ectorles of the ma]or pr1nc1pal stresses, a®,

Q
3 f
L

-~

Jq;tress édmponents (P and Py ), are assumed to be zero. In

‘ ?‘the lowér part of the flgure, the rad1a1 dlsplacements at
the w%ll are*also shown, schematlcally, along the tunnel

L

B 53:."

they bend’around the excavatlon. In. order to empha51ze the R

-
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Far ‘ahead of the tunnel face (Location A in Figure 3.10) the
rock is unaffected by'the'excavation and the initial

stresses are unchanged (i.e. zero radialfstress) Closer to
: L4

the face (Location B) the major.. stresses begln to rotate and

.N

a small compressive radial stress develops. A ten51le minor

principal stress, aSSOC1ated w1th separatloQ\of .the stress:

¥

' trajectorles, also appears. At Location B the development of

compre551ve radial stress, together with «the decrease in

axial stress, 1is con51stent w1th the radlal inward movement

found for h1gh P values. ¥

a
= tw-»sﬂ-» B i .

At Location C, at the tunnel face, tensile stress in

‘the radial directien is found.where the axial stress dtops{

to zero. This styess condltlon can be compared with what
c?u

happens at the crown of a tunnel for an extreme stress ?afitr"

(for 1nstance Ko=0). In that. 51tuat10n the rotated pr1nc1pal
stresses are assoc1ated with ten51le stresses at the crown
and with outward movement at»the springlines. Similarly, at
the tunnel'face, rotation of tne principal axlal stresses

generates tensile stresses at the excavation front "pushing"

outward the wall of the tunnel.

In Figure 3,11 conVergeneesprofiles'are shown, at the
springllnej for various P, values. The considerations
regarding tunnel ctown still apply but the,effect of‘Pa
aopears to be*less crucial for this case. The.;eason is that
release of axial sttesses,'due to excavation,'generates an
axisymmetric degprmation field, around the tunnel,’that
mostly afﬁects measurements taken at those loeations Qhere

3
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the minimum initial stress).. - - ’

- "3.5 'Some Implications for Monitoring Data Interpretation

TX ’ . . . . N ' S
3.5.7 Convergerice Records - S

. . f b

Convergence measurements, often carried outgdu!“b
tunnel advance, usually start as close as possible to the

A4 ) A

tunnel faces

In Figcre 3.12, a set of’cucves islplccted at the
sprlnglinevfcr KaéfT\Each'curve'represents measurements"u
relatiye to a dlfferenx.zero reading location, For instance,
for the solid curve che Zero reading was taken at the tunnel
face, forvthe broken line the zero reading was taken half
radius -behind the tunnel face and‘so on. Tha subscript 6
(see fiqure legend) 1nd1cates d1stances from face at which
the zero readlng was assumed to be taken. B

Near the tunnel face, where the d1splacement gradient
is very h1gh small delays in convergence p01nt installation
- result in drastic redUccions of the measured radial

displacements. In general misinte;pretatidn 6f'monit6ring
| ‘data due to delayed zero readlngS'may lead to an ) |
underestlmate of in 51f$ stresses and’ rock deformab111ty
For K,=2 the convergence values measured at the
spr1ngl1ne, behind the tunnel face, are smaller than the“

total radial dlsplacements\(x e., 1nclud1nc the movement ,

ahead of tunnel face). This is due to the. fact that the
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radial. movements ahead and behlnd the tunnel face are L ;;/
1nwards (i.e., they have “the same 51gn, see Flgure 3.8).

the contrary, at the tunnel crown, outward radlal movements
can be 1nduced at the face by a high 1n1t1al ax1a1 s&ress P,

'(Flgure 3.9). For this case,. the- convergence mon1tored

starting immediately behlnd the tunnel face (X/2R)O 0) 1s
larger ‘than ‘the total radlal dlsplacements..Thls phenomenon »é
~can be observed in Flgure 3q13 where a set of convergence
curves, for  K;,=2 conditions, are plotted at the crown (or- -
Envert). Each surve is assocaated w1th a certaln zero 'r
read1ng delay. For~ (X/ZR) =0 (zero read1ng taken at tunnel
face) the . f1nal "measured” radial d1splacement is larger-7—‘
‘than the total movement. 'Extrapolation of the rule of
;1ncrea51ng the measured dlsplacement by a certa1n amount
v(say 27%) tolaccount for deformat1on occurrlng ahead of
tunnel face, as it applieS“to K°=1»conditions'(see Panet and #
Guenot,l9&2); would fail, for this case, tovgive:a realistic
‘picture. However,~since displacements'at thevcrown are very
small as opposed to relat1vely large movements at the
sprxngllne, Ko values back- calculated us1ng the "27% rule

and obtained by con51der1ng the ratlo of radlal |
dlsplacements at crown and spr1ngl1ne, would g1ve an error

(v

not larger than about 15%. A more 51gn1f1cant error would
arise if, only know1ng convergences at crown and invert, the
“rock mass deformablllty were to be found. Even if P, Ph,jP._/V
and Poisson's ratio were known.exactly, the "27% rule" alone

would lead to~an’error in excess of 30%.

T



)

CONVERGENCE AT CROWN
Ke=2.0; r/R 10 .

| R
B
-0.17 S 2 ]
- | Legend
o -0.34+ (x/2R)e = 0.0
& | W_ZB)::_Z_-?
5 | | (X/2R)e=.50
| ;5 —0ﬂ51_ “\ total radiél’@igplaégmqnt_glégﬁbLfiZ§'
< : I »‘ 1f
-0.68-
. —0.85 1 — - ) ! T 1 H ,
0 r.. 2 3 4 5 6
X/2R

Figure 3.13 Effect of Zero=-Reading Loca;ion;:(&/ZR)d, on

Convergence Measurements at the Tunnel Crown (K,=2)



‘In Flgure 3. 14,‘convergence-curves hav1ng zero'readlngs
taken at the tunnel. face &re plbtted at the sprlngllne for
different values of;axlal 1n1t1a§|stress (OSP S4P ). Flgure
' 3 15 shows the correspondlng curves for. tne crown. It is.
apparent €hat sen51t1v1ty of radlal convergence measurementsd
- v to the 1n1t1al axial stress magnltude is much more
| pronounced at the crown and invert than at: the sprlngllne\
(for Ro= 2). .At the spr1ngllne the difference in. measured
dlsplacements between the two extreme.values ‘is. 20% (ofltne .’
snaller value) whereas it is 120% at the crown. if a
narrower range 15 examlned for 1nstance P, P and P ZPV‘ a‘ _

5% dlfference 1s found at the sprlngllne and a. 20%

dlfierence at the crown._If the zero readlng 1is taken h&1f"

”ife‘pronounced at the crown (Figure 3.16). For thls.case-

tfefradlal dlsplacement measured for P,=4P, is 5.1 times

JI§?§Er than.for P,=0.0 (410% dlfference) and a 215%
~‘lference’{s detected between P,=P, and P,=2Pv. Almost.no"

‘ge is instead observed at the tupwel;springlinéw

rlgbt at the tunnel face, Even small delays may sen51b1y

-change the outcome of the back analy51s because of high
-

deformat;on-gradlents presentvnear the face. Alternatively,-

the location_yﬁere'the zero reading is taken must>be

determined accurately,‘and blast damage should be

" considered,
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2) Back?analysis should be~based on neasurementS'taken;
at least at two dlfferent locations (crown and sprlngllne)
“to minimize the magnltude of errors and - " .

3) In the direction of the m1nor pr1nc1pal.stress
(crown and 1nvert for K,=2) sen51t1v1ty to axlal stress
magnltude is hlgh Especially if :ae zero readlngs are taken-
at a certain dlsta ce hind thevrace-(e g,,\X/2R 0. 25)
oack-analysjs base on data taken at these 1ocat10ns only

.o [
may lead to considerable errors.

, -
3.5.2 Multipoint‘Eatensometer Records.

Sometlmes multlple anchor extensometers are placed
aronndwthe openlng for the purpose of measurlng the
d15tr1but1on of radial deformatlons in the rock mass..If the
‘1nstrument can be placed far ahead»of the tunnel face, for
instance by-advancing a boreholevgrom another'deep
3excavat10n, total relatlve dxsplacements are £OUnd
| T In F1gure 3. 17 total relative d1splacements along a -
radial multlple'extensometer, placed at the tunnel

\ springline are,shown for K,=2. Displacements'are plotted
abainst distance to the tunnel axis (r/R)'and each curve
represents what would be recorded at a certain dlstance from
the tunne&¥face (X/2R),, (note: ,, stands»for measurement)..
'The sélid- 11ne, for 1nstance represen;s}readings taken at
- .the tunnel face where the dashed llne (short dashies) \\

represents readings taken far behlnd the tunnel face. The.

‘datum of . the measurements was assumed at an infinite
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Figure ‘3,17 Relative Displacement Measurements at the Tunnel )
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distance from the tunnel axis. Therefore a correction must
‘be applied to the diagram if comparison with real data - “\\%a

z

(datum at finite distancel has to be made. 4&

n

. -

At the tunnql face a zone of radlal compre551on, about i

2 L

one half radius deep, occurs. The compre551on zone reduces
| ( gradually as‘the face advances until 1t.completely vanishes. °
-If an extensometer is placed at;the face,‘only the .
difference between the solid and short dashed'llnes (partial
_.valuesl7is measyred (see helow) ' ‘.t \
L " In Fkgure 3.18 a similar sgt of curves is shown#%@r the
tunnel crown At this location only a minor port1on:g&urock‘
near the’tunnel wall is moblllzed by the stra;ggpg process.
In pract:;al terms thas implies that at th1s locatlon a
relat1vely short multlple anchor extensometer (i. e., 4 radi15
_long) would be spff1c1ent to monitor the mobilized rock
Usually radlal extensometers can only be placed at some §
dlstance from. the ‘tunnel face, and part1al measurements are
, obtalned As a result, dependlng on the dlstance from the'
tunnel face at wh1chlthe 1ns ruments are placed steeper or \
< flatter profiles, than for the total d1splacement case, may
be obtained. ThlS is- due to the fact that p01nts located at
_\dlfferent distances from the tunnel axis displace at

dlfferent rates

Small rad}al compress1on may somet1mes be observed in

/?L;\

_$thls k1nd if relatively low P, values are

(e
measuremen&ﬁyj

assumed Iﬁkaigure 3.19, for instance, read1ngs for - varlous

zZero readlng locations, taken at the tunnel crown for Ky=2
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half diameter X/ZR -0. 57 behlnd the tunnel face, relatlve

'radlal compre551on would be recorded/due to the development ’

of transverse archlngg EE R BN

]
"

-~

3.5.3 Shape of Radial’ D:splacement Prof1les

fhe analyt1ca1 functlon oeveloped by Ramberg ang-
’ Osgood(1943) in the form glven by Desa1 and Wu(1976)
."found to match reasonably well the convergence curves given

by convergence p01nts and rad1al extensometers 1nstalled at

..-the tunnel face. The functlon 1s deflned by an 1n1t1al

‘gradlent S , & f1nal gradlent, Se¢s the locatlon of. the v-"_/

“asymptote at X-O UO, and a shape factor, m (see 1nset in -

F;gure~3.20) It can be expressed as follows.'
B (S;S;)X

U,
'Low m values 1nd1cate slow convergence to the“asymptote and -.

m

U,=(S;=S)X(1+ ) "/'"+sfx [3.’1-1

vlarge curvature rad11. Rap1d slope varlatlons are assoc1ated

'cw1th hlgh m values. For m*1 the Ramberg Osgood functlon

'ngegenerates to an hyperbola.‘s ‘can be assumed to be: equal

" to zero (horlzontal asymptote) for the t1me 1ndependent
“rproblems consldered in this thes1s' 1 e., U0 is d1rectly

! related. to. the final" convergence.

For more 1nformation on the meanlng o these(parametersr

f;”the reader is. referred to Rlchard and - Abbott(1975)
The parameter m is 1mportant for def1n1ng the shape of

.curves hav1ng the same 1n1t1a1 grad1ent. For such cases a

”:glower*m value corresponds to a flatter curve.vg
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1nformat10n Whlch could be revealed by back analy51s. One offgﬁ

the factors affect1ng the shape of- the convergence curves 1ssﬁ{

~

the dlstamc;\iﬁbm the tunnel ax1s at wh1ch dlsplacements are;
measured | S “ c L
Two convergence curves, for. r/R 1. 0 and.1 85 areTShovn h?
in. Flgure 3.20. Radial dlsplacements are normallzed Wlth
respect to the the final convergence and plotted agalnst
dlstance to tunnel face. The curves were calculated at the‘

spr1ngllne for the K =2 case and zero readﬁngs were assumed

sto be taken at the tunne . face. The funct1on parameters

v

(Eqn 3.1) used to f1t vlsually the- two curves are- deplcted
in “the f1gure legend The shape factor m: is 1 35 for r/R 1

(tunnel wall) and 2.15 for r/R 1.85 whereas S decreases

»

from 2. 03@0 0.69, ThlS substantlal varlatlon of the
o
normallzed 1n1t1aL gradlent shows that the radlal

3

dlsplacement curves become flatter at greater d1stances from

the tunnel'ax1s. The dlstance from the wall at Wthh’the'i

x

measurements have been taken must be cons;dered carefully if
t S ape of the radlal dlsplacement proflles has- to be used

Ior back anaiy51s purposes.

Voo ¢

3. 6 Conclus1ons o :',kff '. L ﬂ-" ;';'

~In thlS chapter, stress d1=tr1but1on and dlsplacemehts
‘near the face of an advanc1ng unsupported tunnel 1n 11near
elastlc 1sotrop1c rock were studled A few conclusrons of

’

practlcal 1nterest can now be drawn?*

L
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Calculated at the Tunnel Sprlngllne (r/R=1 and r/R-1 85) by

the Ramberg Osgood Analytical Functlon (ﬁL\?)



1) Convergence measurements should be started
immediately behind the tuﬁnel-face; Even a small delay may
have a subétantiallinfluence on the resuita, because of the

¢ .
high convergence gradient near the excavation front.
< 2) Displacement profiles giVenrby.raéial multipoint

extensometers are also affected by the distance from the
tunnel face at which the ihstruments are placed. It Qas
showﬁ that for low‘initial axial stréssu(k =2; P »=P,) an
"apparent" compre551on zone may be detected at the tunnel
crown if the measurements are started one radius behind the
tunnel face. |

3) Measurements should be,raken at least at Eﬁb_
locations, at crown and springline or in both principal
stress directiOns,;to minimize errors.-ydnitoring at tﬁe
tunnel crown only (dlrectlon of the minimum principal |
stress) may lead to serious back analysis errors, as radial
movements at that location are hlghly sensitive to the-
magn1tude of the 1n1t1al axial stress P,.

4) The radial displacement profiles have different
‘shapes<depending-on the_distance from the ‘tunnel axis at
which‘the measurehents are taken. In general, the profiles
get flatter as the dlstance from the tunnel increases. The
radial displacements profiles measured in field should be
compared with curves calculated at the-same distance from

the tunhel wall.

e



¢ .
4. UNLINED TUNNELS IN ANISOTROPIC ROCK

~

4.1 Introduction

' In the previous chépter the distribution of étresses
énd deformations near the face of a tunnel_in'linéar eiastic
isotropic rock was Studied. The influence of the initial
gxial stresses on the near face behavior was emphasiied,;as-
it'qffects the measurements taken during‘excavaﬁioni' |

In the' present ;Lapter the effects of rock anisotroby‘
on elastic stresses and deformations is discussed. - |
U This work does rot inverd to be a compréhensiye
_treatige on- tunnels excavatedvin'non isotropic rock. Only
some agbects, reiétéd_to the near face behaviér\pf advancing
tunnels, are diBcussed.

'it is alSO’sHown that initial stress distribut}on and
roék'aniéotropy may have similar effects in terméyof
deformations in the rock around the opening. Some of these .
'similaritigs are'po}nted out as they should be Eonsidered»

during monitoring data interpretation.

4.2 Description of the Analysis

A series of three dimensiohal finite element anaiYses
were carried out, using the program AD%Né,'in order to study
the behavior of deep unlined tunnels iéglinear elastic
_anisétropic rock.
The selected finite element mesh, as well as the

assumptions regarding boundary conditions and principal

79



stressvdireotioné and distrioutfbn, are described'in
Chapter 3. - - |

In its most general form anlsotroplc elaat1c1ty
-anolves twenty one mutually 1ndependent parameters.rlma
layered or strat1f1ed mater1als perfect symmetry of behav1or
about any axis perpendicular to' the planes of stratlflcatlon
can be assumed. In this case the medium is said to obey |
transverse isotropy and the following relationshlps can be

‘written:

L} ‘ 1 Vz' sz ﬂ C
©TE % B, %" E,’z % “’21
ot o e, [4.3)
“y"TE, O E, Oy E‘.zoz & o UL
) 'v V1 vz'y‘. ‘ 1 . . .
€©:=F Ox” B0t £, — - [4.4)
1:-7’;._’;“ ‘ N
2(1+v ) : .
'sz=€‘ryz=n—'—". EL ‘ TYz ) ’ ) ) [4 . 6]
b 1 ' o ‘
- r szzaTTyz A ‘ . [4 7] )

!

By the pr1nc1ple of conservat1on of energy (e.g., Fung,
. 1965) the matr1x of the coef£1c1ents of Eqns. 4.2 to 4 7
a
must be symfetr1c§l and, therefore, the follow;ng
relationship must be satisfied: |
B i'__ 2 o - " [4.8)
The param%ter G,,1s independent and emp1r1ca1 formulas are

found 1;/the 11terature for 1ts determinat1on _The follow1ng
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relationship (Zienkiewicz, 1968): vk_ .
. N :

I T R | ‘
G~ EE, ; = ., - [4.9]

was adopted in the present work.

- Threeatunnels,‘excavated 1h_transverse isotropic rock,
were'modelled .‘A constant ratio IQ/E,=10‘was choseqbwhere E, *
"is the elastic-usddlus for any»direction parallel to the .
strata: This rather high E /E value is reallstrc for
| metamorphic fol;ated.rocksv(Gerrard, 1977), and was selﬁcted
tc.emphasize the effects of rock anisotropy on stresses and

.deformations near'the’tunnel The uarameter'vg was given a
\value of O 25' consequently (from eqn. 4.3) ‘rO 025 was

. assumed A constant stress ratlo K0 2 was selected £6r the
7

2,.

Athree cases whereas a d1fferent orlentatlon 1ﬁ space of the
rock's elastlc propert1es was assumed for each case, as
dep1cted in Figure 4.1.

§

* Case 1 represents-a tuhnel driven in horizontally
'layered rock. For this'case the minimum Young's modulus, E,,
is associated tolthe yertical direction. The maximum Young{s
modulus , E,, characterizes the rock in any horizontal
direction..The shear deformations in the cross sectional‘
planes (r t) and in'the'vertical axial plane”are controlled
by the shear modulus G1, where the modulus G, is assoc1ated
-w1th the horlzontal ax1al plane. For the anlsotropy ratio
chosen in th1s work, ‘the value of G,,(glven_by Eqgn. 4.3) k
turns ‘out to,be.ahout 4.5 tiues»smaller than G,. ' |

For Case 2, the elastic'prcperties.ofethe rock are
rotated by 90°, with reSpect to?Case 1, arouhd‘the tunnel

s
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Case 1 /h
' : '
/// E,
- %1/;7":E:f’.
Case 2
<&
E,
Ez'
£

Figure 4.1 Orientation of the Elastic Properties for the

. Cases Inveétigated - L / e J

W



a.xi's.'
| For'CaseHS, the orientation of the minimum elastic
modulus, E,, correfpcnds.withpthe*akial directibn; where the
maximum modulus, Ez, is associatea with any direction"
perpendicular to the tpnneluaXis; A high shear’modulus,.Gz,v
4'controls, for this case, the shear deformations in the cross
sectlonal planes (r,t). The ax1al planes (a r) are |
characterlzed by the low shear modulus G, -

R In he. follow1ng paragraphs the results of the finite
element analyses are dascu!%ed. Empha51s is placed on how
anlsotropy affects the behav1or of the tunnel near the face

and monitoring data. 7

4.3 stressesfhear'Tunnel Face'

u%In Figures 4.2 to 4.;,'norma1i;ed radial stresses at
the tunnel springline are plotted for Cases f to 3. Each |
curve represents a dlfferent normallzed dlstance from the
tunnel axis r/R see legend)

For Case 1 (Flgure 4.2), a stress peak at the tunnel

face is observed, at r/R=1.0, due to arching. For locations
farther awayvfrom the opening; little stress change occurs
'ahead ;f the‘tunnel face. - |
For Case'2 (Figure 4.3), a mych less 51gn1f1cant stress
peak is observed at the face. The reason s that for this
case, the/tunnel face is hlghly deformable in the hor1zontal
dlrectlon, relatlvely to Case 1, due to Yhe orlentatlon of

. f;\

the rock propertles. It can then’ be stated tha% if the
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CASE 1 HORIZON. BEDDING
~ RADIAt STRESS AT SPRNGLINE
Y, — — —

3 Le

Legend | | \\\
S ofREt0 N co----
o/R=11 | [

at the Tunnel Springline;

c!?

Figure 4.2 Radial Sttesses, g

Case'1‘ g
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CASE 2'VERTICAL BEDDING
RADIAL STRESS AT SPRINGLINE.
01— o — . |

Legend | -
) f{R:LO o

Figure 4.3 Radial StresSescﬁgr, at the Tunnel Springline;‘

Case 2
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- CASE 3 VERTICAL BEDDING
RADIAL STRESS AT SPRINGLINE
0 e —.

1- Legend- '. ‘ :
’ r/R=1.0 - e o= ] .

ae /Py
S

—3 | 1 i I 1 1 1 1
-4 =3, -2 -1 .0 1t 2 3 4 5 6
“X/2R

Figure 4.4 Radial Stresses, o_, at the Tunnel Spr'inglvine;

Case’é\_
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maximum initia. stress (normal to the tunnel axis) actg in.
the directionjof tae minimum elastic quulus (Case 2) lower.
stress concentraticds areiegpected td,occur'at_the‘
excavation front. in/Flghre 4:5, the radial:horizontal
stresses whead of the tunnel face calculated at the tunnel
axis are’ compared for the three cases. The max1mum stress
value is found, at the face, for Case 3 whereas the m1n1mum
‘is detected for Case 2. This obse vation has 1m@ortant

practical implications, because stress concentrations at the

4‘e“mayulead to instabilities.
For Case 3 (Figure 4.4), the:port}on of rock"

immediately ahead of the tunmnél face, for-r/R=1.1 and 1'3‘

-presents radial stresses considerably lower than for Cases 1

and 2. Th1s is due to the low elastic modulus in the axial
direction that causes large 1nward movement of the tunnel
face(see Figure'4 6). As W1ll be shown later in this

chaptgk this movement encourages relat1vely large

o 1

tonvergence_ahead 6f the tunnel face that Es conS1stent with
the observed stress debrease. . ,' h
The shear stresses at the tunnel springline are :
plotted, in F1gure 4.7, at‘r/Ré1. . A stresg peak can be
'observed for&gach case,_at the facer Theulowest value is
found for Cas:QS' due to the low elastic modulus along the
axis of t%%%tun;?l thatﬂallOws large 1nward movement of the

o _ .
face dur1ng excavatlon. In conj ‘tion with this movement, .

€3N

with respect o the ones due to

relatively high shear stres having opposite sign

e wall convergence,

87+ -

.
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RADlAL HORIZ@NTAL STRESS .
~R=00 |
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Figure 4.5 Radial Horizontal Stresses; ¢,, at the Tunnel

Axis, Ahéqd f the Face: Caées 1 to 3
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develop and relatlvely low Ty values result at the tunnel

face,;

| The—tangentnal stresses calculated at the tunnel crOWn
;for r/R 1 3 are plotted 1n F1gure 4 8 Thls*flgure shows thef
jlnfluence of the magnltude c:lthe shear modulus in' the- ax1al
‘planes (a r) on the development of " the transverse archlng
'For Casg 3 the low shear modulus G1 results 1n a hlgh

| tress gradlent near the tunnel face. The ultlmate |
‘tangentlal streSs 1s reached relatlvely close to the
,exCavatlon front..As Wl ll be shown later 1n thlS chapter,.{‘
'thls 1s a clear 1nd1catlon of hlgh convergence rates

It can a so be seen that far behlnd;the‘face the

'tangentlal stresses are hlghest for Case T ThlS is due to

v
T e

ftherhlgh st1ffness of the medlum in the horlzontal ; 1_:i...

,.

dlrectlon. ThlS phenomehon has been d1scussed further by

;Lekhn1tsk11 (1963) and Sav1n (1970)

In Flgure &, 9, the ax1al stresses at 'the. tunnel:",' T

fspr1ngllne arg plotted for r/R 1. The-axzal stresses'at

v

the face av: much lower in . magn1tude for Case 3. In. Flgure

e

i4 10 a schematlc dlagram for the explanatlon;of th1sﬂ

tphenomenon 1s 91Ven. The medlum around the tunnel is assumed

‘to be composed f a set of parérlel horlzontal beams, hav1ng"

a Young s modulus E The beams are connected to each other:
o

‘by peans of 1nterface elements, able to transmlt shear

streSS;'hav1ng a shear stfffness G If theﬂbeams are very

st1£f ‘with respect to the 1nterface elements (hlgh E/G) most

of the ax1al stress 1ncrease,‘due to excavat1on, occurs 1n
- N e
9 ‘_< v N . * B . . . ~
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TANG. STRESS AT CROWN |
RIS '
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Figure 4.8 Tanggntial Stresses, o,, at the Tunnel Crown;

Céses 1 to 3



- 93

AXIAL STRESS AT SPRINGUNE
& fR=ll

_

Case 2
------- Cases 1and 2
Case3 | —
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Figure 4.9 Axial Stresses, o,, at the Tunnel Spr.ngline;

Cases 1 to 3
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Figure 4.10 Effect of Anisotropy on the Axial Stress

‘Distribution at the funhel-FaCe
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BeamgA. This is because thectransmission of load'to;Beam‘C,
reguires large relative displacements in.Interface Bh}A .high
elastic m?dulus in the axial directlon results in a stress
distribution curve hav1ng a high gradient .near the tunnel
wall (Curve C1 in Figure 4.10).

on the other hand, if the. beams are soft with respect
to the 1nterface elements (low E/G) the stress_increaSe is
easiry transmitted to_beams‘located‘farther away fromithe
tunnel and a:relatively flat axial Stress‘distribution'
results (Curve C2 in Figure 4.10). This.is what oocurs‘in
Case 3; where a low shear modulus characterizes‘the a?r
blanes, and explains whyva low.axial stress concentration is
found at- the face, near the'tunnel wall.»Behind-the.tunnelv,‘

face the stress decrease detected at the ekcavation front N

For Case 1 and Case 2 (as well as for 1sotrop1c media) does o

1ot occur for Case 3 where v1rtua£ly no change in ax1al
stress is found (see Figure 4.9). This is also_due to the
low'Young's modulus-in the axial direction characterizing

lase 3 which 1nvolves small axial stress changes for plane
P _'UA

strain’ conditions.

s

In conclusion, it has been observed that the

s

13
»
~ t

>rientation of the rock's elastic parameters-considerably ’
bnfluences,the stress. distribution near the tunnel face.

If the minimum elastic modulus is parallel to the axis
>f the tunnel low shear stresses at the tunnel face are
Eound This has an 1mpact on the radial displacements around -

:he opening, as discussed 1n the - next;paragraph.
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A low shear modulus in the axial‘planes, as in.Case 3,
auses a rapid development of transverse archlng behlnd the
,unnel face. From thlS observatlon a hlgh convergence
;radlent can be ant1c1pated

Far behind the tunnel face high tangential stresses
Jccur 1f the tunnel axis is parallel to the strata and if
:he major 1n1t1al stress (normal to_the tunnel axis) acts
parallel to the direction of high stiffness. This could lead
:o@unexbected?tock failure if-the“degree of anisotropy'were"
1eg1ected'in’des%gn. N | C T
1.4‘Disp1a¢ements

The dlsplacements developlng around_tmg‘tunnel due to
-he excavation are shown in the usual fotm (see Chapter 3)
Phe radlal dlsplacements are normallzed w1th respect to the

A

verage Young s modulus E defined as: _
Ey= 7 2 ‘ ; v [4.10]

[n.Figute 4,11, convergence'atvthe tunnel crown and
;ptingline is plotted, -for Case 1, againstndistance to‘the.:
-unnel face. The makimum'initial stress, normal to the axis
>f the tunnel, acts inathe same direction as the maximum
toung's modulus.'The minimum‘Youngts modu}us (in the
rertical direction) is parallel to the minimumbinitial

;ttess. )

The ultimate convergence is larger at the crown than at

-he sprlngllne, oppos1te to ‘the 1sotrop1c case. 1f part1a1

ilsplacement measurements are taken, neglect1ng the movement

4
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Figure 4.11 Convergence at the Tunnel Crown and Springline;
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occurring ahead of the face, a ratio
U, (springline) /U, (crown)=0.75 is found. This ratio would

correspond to a ratio Ky,=0.87 (instead of 2.0) for tunnels

"~ in isotpopic rock (based on two dimensional close form

- O . _
For Case 2 (Figure 4. 12)}'the maximum initial*stress,-

normal to the tunnel ax1s,'acts 1n the d1rect1on of minimum
. \

stiffness. A relatlvely large inward d1splacement takes

place at the springline and ‘the tunnel crown ‘moves outward

ement ratio of 8’45 is found (if the convergence.

ahead of theCEace ig neglected) Close form solutions for

'1sotroprc elastic media predict, on the basis of this ratio,

a Ky=4.5. Note.that if the total displacements are

¢ Pl

‘considered.(inoludinghCOnvergence ahead of the face) an even

higher<diSplacement ratio (and K,) is found.

"These obserwations lead to the conclusion that either

the 1n;t1al stresses or the degree of anlsotropy of the rock

‘should be known before the back- analy51s is attempted. This

is because stress d1str1but10n and orientation of the

elaStic'parameters produce similar effects on‘displacements.

9

In Fxgure 4 13 the convergence profiles for Case 3 are

shown. Note that a larger scale has been .. for this

-

diagram. The low stlffness d1rectlon is parellel to the axis

of the tUnnel It can be seen that some outward movement

: Under high ax1al stresses, is apparent. Another featyr

occurs at the tunnel face, espec1ally at the crown

An analogy w1th tunnels in 1sotrop1c rock, excavate

-

S
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RADAL DISP.
CASE 2 (/R=10)
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Figure 4,12 Convergence at the Tunnel Crown and Springlinefg

Case 2 .~
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Figure 4.13'Convergenc§;at the Tunnel Crown and Springline;

Case 3
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.convergence gradient near thg face.
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be pbsefQéd is the high gradient characterizing the
convergence curves for Case 3. This phenomenon, which will

be discussed more extensively later in this chapter, is

‘-.",

_consistent with the‘stress distribution shown in the

previous para%Fg?h, that revealed a rapid developmént of

-transverse arching for this case.’
. A

In conclusion, some similarities were found between the * -

;

effect of the stress distribution and the or1entat1on’of the
pr1nc1pal dlrectlons of deformability. This makes it

difficult to back-analyze the rock parameters and the stress

“distribution at the same time.

On the o.her hand, the shape of the convergence curves
may be able to give, in some cases, adaitional_information.
It was fouhd, for instance, that_a low.eléstic modulus in
the axial direction, associated with a low shear modulus on
the axial pianes,’resdlts in high convergence gradientsnnear

the tunnel face. ‘ : gﬂ4

H @@,

4.5 Implicatiohs for Monitoring Data Interpngiftion

4.5.1 Convergence Records T :

In the previous chapter it was pointed out that, when

~convergence measurements are carried out, the zero readings

should be taken as close as possible to the tunnel face. It

was in fact recognized that even a small delay may affect

“.coas&derably the outcome of the measure@énts dge to the high

A
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Ins this context the shape of the convergence curve
plays an important role. In fi@Ure 4.14, four convergence
curves at the tunpel springline are shown in normallzed

.form. Radial dlsplacements are normalized with respect to

A

-

the max1mum gonvergence (U /U“mx) and are plotted against

normallzed dlstance to tbe face (r/R). The three anisotfopic

cases and the elastlc 1sotrop1c case are\ compared.

If the zero reading is assumed to be t

half
radius behind the tunnel face'(marked by a vertical line in
4 0w

Fiqure 4.14), only a portion of the dlsplacements taking
“place behind the face i's found. For the isotropic case 9
of the radial dlsplacements 1s measured. For Cases 1 and 2
the convergence.curves are flatter than for the tunnel in
1sottop1c rock, end, respectively, 51 and 43% of the
displacements is measured. FQ Case 3 only 21% of the
di§pécement is measured; due to“ghe relatively'low shear

modulus in the axial planes (planes contalnlng the tunnel
ax1s) | o ' \ , ' \ A
: . o

The relationship between shape of the convergence
curves and orlentatlon of the elastlc propertles of the rock
will be discussed further at the end of this chapt.:. For
now it can be.eoncludedvthat roek anisotropy may increase or
decrease the sensitivity of the' convergence meaeurements to
‘delays, with fespect to the ‘tunnel face, at which the zero
@readings are taken. In particular,iif the minimum elastic

modulus is associated with the axial direction, high

convergence gradients (i.e., high sensitivity to delays)
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4 5 2 Multzpoxnt Extensometer Records

.‘J\_‘. ".

?he relat1ve d1splacements calculated at the tunnel

\

{ﬁcrown are plotted, Ln Flgure ﬂ 15 agalnst the dlstance from o

\.-. o 1

:,the tunnel axls r/R The dlsplaCements ahead of the tunnel
face 3re not con51dered (these are partlal values) 50 that
:f'these datavcan be compared wlth measurements taken by means
:;of radlal multlple anchor“extensometers placed 1mmed1ately v
T‘_.f'at the tunnel tace.i E T - ’
'if In terms of radlal d1splacements at the tunnel wall
\;the;valuq calculated fOr_gase 1 is largest. Thléjls due to_ﬂp
~theilow-Young's modulus in-the yerticalddirectionl For-Case |
2,coutward mo;ement;is.fohhd due to_the combination of highil

elastic:modulusvand low radial initial stress in the

+

vertical direction. = - e AN
Ih the previous chapter‘it was observed that, for K-QZ"
relatlvely short radlal extensometers, placed at the tunnel
crown, are suff1c1ent to deplct the stra1n fleld near the
V‘tunnel. It is here‘found that, not only the 1n1t1al stress
_.diStribution; but also the orientatlon of the'elastic h
parameters affects the propagation of the straihing process;
It can, in fact be observed that-for Case 3 no
'dlsplacements are detected for r/R larger than 4 whlle, for’
k.Case 1 and Case 2, s1gn1f1cant movement occurs at r/R26
‘,(1 e. flatter relatlve d1splacements curves are found for

"nCases 1 and 2).
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PARTIAL VALUES ; (X/ZR)o—O 0
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Figure 4.15 Relative Displacements at the Tunnel Crown

(Partial Values); Cases 1 to 3



' observation 1is very important, in practice, because ,it

B

Cohsequentely,'it can be stated that for those cases

4

for whlch the tunnel axis is parallel to a. d1rect10n of .

maxrmum stiffness (Cases ! and 2), radlal multlple anchor

T
y

extensometers of considerable length may . be necessary to

describe the deformation field,around the opéning.tﬁhis;]

L
L

concerns tunnels excavated in thimly'stratiﬁied'or‘laminated

rocks, with the axis parallel to the strata, if a
. ) kg : . ’ .

~

'significant degree of anisotropy characterizes the overall

‘stress field is known, the distance of‘propagationgof'the Ny

" strain field can provide a useful indication to detect

anisotropic rock behavior.':‘?

In the prev1ous paragraph the .outward movement
occurrlng at the tunnel face, for Case 3 was dlscussed Such
behav1or is partlcularly pronounced at the crown and

%

con51derably affects the part1al measurements, w1th zero

readlngs taken at- the excavatlon front. In Flgure 4. 16

partlal and total relatlve dlsplacements calculated .at the
tunnel crown for Case 3 are compared The purpose 1s to show
how d1fferent the d1sp1acements glven by an extensometer
placed at the face (pazt1al values) are. w1th respect bo the
displacements g1ven by an extensometer placed far ahead of |
the tunnel face (total values): The partial read1ngs,c;@
usually the only available data for‘deep tunnels, have

/

larger magn1tudes than the total measurements. This may

“behavior of the rock mass. For these'tunnels, if the initial

cause misleading conclusiong to be draWn espgc1ally 1f th .
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F:gure 4. 16 Relatlve DlspIacements at the Tunnel Crown

- (Part1a1 and Total Values) Case 3
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tuhnel crown is the only monitored location.

P

It can be concluded that espec1ally at the tunnel |
crown (d1rect10n of the m1n1mum 1n1t1al stress), the shape‘
_of the relatlve dlsplacement LUFVES, as g1ven by the radial
extensometers placed at the tunnel face, are sens1bly
affected bymthe or1entatlon of the rock elastic propertles.
Relatlvely flat curves,with large ‘radial dlsplacements far
_ from the tunnel‘wall are found 1f"the ax1a1 direction is
assoc1ated with the maximum elastic modulus. 1f theﬁminimum
elastfc modulus controls deformations along the ax1s, the

radial dlsplacements are concentrated near the wall=of the

tunnel,

4.5.3h5hape of”Radial Displacement Profiles;”n‘i ,

Tne shape of the convergencegCUrve is sensdtive;to the
ori-~tation of the rockzelastic properties., In Figure 4,17,
‘the_convergence curves at the tunnel springline.are shown,
for'thevthree cases, in normalized.form. The finite element
results have again been fitted by“the'Ramberg-Osgood o
function. The initial gradients S, and the shape factors.m
selected forvthe_31tt1ng are shown in the legend

| The 1n1t1al grad1ent associated w1th Case 3 is tuo

times as large as for the other two cases. The h1gh
'normallzed initial gradlent found for CaseA3 is duevto}the
low modulus controlling Shear deformationvon‘theaaxial

planes.
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' The shapenof the convergence‘curves ls:relateo to the‘ratio
between.the'shear modulus in the axial planes‘G.'and the
elastlc modulus controlllng convergence far behind the
tunnel face E (the effect of the P01sson s ratio is
neglected). For a tunnel 1n elastlc lSOthplC rock, for
v=0,25, C; ratlo G/E=0. 4 is found For Case 3 thig ratio 1s
0. 09 and a steeper ,convergence curve is observed. For Cases
1 and 2 the ratio G/E assumes dlfferent values, dependlng on
the orlentatlon of the axial planes. For Case 1, for
"1nstance, the ratio G/E in the'horlzontalpplane is 0.4,‘as
vfor_the,isotropic case; and 0.9 in the vertical-plane. The
”Samecsituation, rotated by 90°, is found for Case 2. dn_
vaverage;'the ratio G/E for Cases’1 and 2 is‘the highest,:and
relatively flat,conyergence curves are in fact obserhed.'
| Thevmbvalue varies between.1_and71.3 for the three
‘cases. Sﬁch parameter seems.to”be valuable in defining shape
'oifferences only for those cases where normalizea |

convergence curves having eqnal initial gradients are
compared. | |

In conclusion, the‘shape.of the'conVergence ourﬁes are_f

\
‘sen51t1ve to the or1entat1on of the elast1c parameters. They,

-

can be regarded as a useful tool for back analyszs,

~

espec1ally for those cases where a_low elastlc‘modulus .‘f

controls deformations in the axial direction. S

~3
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4.6 Copclusions | |
| The effects of rock anisotropy on tunnel hehavior,‘asv g
investigated in this chapter, can be summarized as follows:

1) Back- analy51s of the 1n1t1al stress fleld based on
'dlsplacement measurements taken in a tunnel in anisotropic
rock, may lead to serious errors if the non—1sotroplc nature
of'the.medlum‘is not understood. Either initial stress field
or orlentationvof the elastic properties of the rock mass

\ .
should be known a priori.
| 2f\The sensitiuity}ofitheuconvergence measurements to
_the‘distance from the tUnnel«face‘at which the iero readings
, are taken, discussed 1n)the brev1ous chapter, ‘may b€ ?G’ther‘h
1ncreased if the m1n1mum elastic modulus controls
deformatlons in the ax1al d1rect10n."

3) ‘The partlal convergence measurements, aken at the .
tunnel crown, may have laréer magnltudes than the total
radlal dlsplacements if é?; m1n1mum elast1c modulus controls
deformatlons in the ax1al dlrectlon. This may cause
vmlsleadlng conclu51ons ‘to be drawn, espec1ally if the tunnel
crown 1s the only monltored locatlon. | | _

‘ 4) The shape of the/d1splacement proflles, as given by
mult1ple anchor extensoéeters at the tunnel crown (dlrectlon
of the m1n1mum 1n1t1al stress) .can indicate non- 1sotrop1c‘
rock behavior. For'the cases investigated, relatively flat
lcurves, with large displacements measured'far from the

tunnel wall . were found when the maxlmum elastlc modulus was
3

assumed to control deformat1ons along the axis of the

5 . . . L

~
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v

tunnel.

5) The shépe of the convefgenée curves‘is related to
the.fatio between shear modulﬁ;\\F’thé axiai pianes and
~elastic.m6dﬁlﬁ§ contrqliihé,dqnvergence far behind the

funﬁeL face; In general, low G/E ratios'lead’to stéep
.convergencé profiles where*reiatively flat curves are found
‘vior High'G/E values.'This‘géature caﬁ be uéeful, during £he
backfanalysis process,-becéuse it can reveal the anisotropic'

’

nature of the rock mass.



5. UNLINED TUNNELS IN NON-LINEAR ROCK
\
5.1 Introduction

“In the prev1ous two chapters the stress- straln N
_dlstrlbutlon around unllned tunnels in 11near elastlc rock
was studied. It is very well 'known,” however, that most
geologlc medla exh1b1t non-linear andfnon elastlc behavior,
allow1ng a certain amount of. energy d1551pat10n to occur’ as
the straining process takes place.

‘A tunnel can he regarded as a highly.constrainee '
structure; if-portions of the rock mass yield under high
IOads;'a complex mechaniSm of stress redistribution
fintervenes'to‘re-establlsh equilibrium. The purpose of  this
chapter is to study the effects,of such mechanisms onk
Stressesy deformations andvstabillty'near'the'tunnel face.

For this reason, the results of linear and non-linear a;h-‘

~7

analyses are systematlcally compared and the d1fferences are

emphasized. I )

The ma1n ob3ect1ve is to prov1de information useful in

detectlng non- llnear and non- elastlc rock behav1or by means

’

of monitoring data interpretation.

Two simple models haye been selected for the analysis
in order to simulate non;linearity_in the pre-fallure range

and at faijure.

]
-

Only the results of interest for the discussion are

shown here. The remainder can.be‘found ;Q‘Appendix c.

~
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5.2 Description of the analysis
In order to study the behavior of unlined tunnels
excavated in rock exhibiting non-linear stress-strain

relationship, two finite element analyses were carried out

u51ng the program SAFE. For .both of them a stress ratléDK =2

- was selected

5.2.1 Tunnelbin Non-Linear'ﬁedium, Ekhibitingvﬂyperbolic | k\
Stress-Strain Relationship L |
One of the analyses was performed to study.the effects
of non- llnear behav1or in the pre- fallure range on the
stresses and the dlsplacements 1nduced by the excavat10n~dn
the rock mass. For this case the hygerbollc stress strain
, kelatlonshlp proposed by Konder (1963) was selected for the‘
rock in the form given by Duncan and Chang (1970) Although
it is not 1deal £o model relat1vely complex stress paths,
this model has the adVantage of be1ng 51mple as 1t is
-defined by s1x parameters having direct phy51cal meaning.
The main’ character1st1cs of the hyperbollc relat1onsh1p are
'.shown schematlcally in Flgure 5.1. The function: relates
~axial straan ¢, to stress difference (0,-0;) as they can be
measured at dlfferent stages of a triaxial test i
lojéconstany).ult is defined by an initial modulus E,, and
id an ultimate‘stress difterence value (0,-0,), whichkboth

vary depéndlng on the ‘minor pr1nc1pa1 ‘stress 03. The effect

A,

) Y

of .the intermediate pr1nc1pal stress o, is neglected @

Experlmental stud1es conducted by Janbu (1963) on 50115 lead
. . . = e :

®
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to the relationship: | _ T

B, = KBy (5—)" SRR G
where' K is a modulus humbe;, P,@ is the atmospheric pressure
(hefe«used as a normaiizing factor) and n is the exponent
determining. the raté of varlatlon of E; with o,.

The ultimate dEV}atOIIC stress value is expressed as

follows:

‘g 4 1 2C.c05¢+20,51n¢ ,
(0,03) ), = R_f'(ofoz):f‘: R (1-51n¢) [5.12] .

where (0,-0;), is the.stress difference at failure, R, is a

‘constant (failure'rﬁfio)(~c and ¢ are the Mohr Coulomb

PO
-

strength barameters; ,

Even though the hypenbolzc model was developed for
soils, it is based on prlniégles (e.g., the Mohr- Coulomb

4,
failure cr1terlon) tﬁﬁﬁw‘l#ﬁvapplles for rock masses. In the

gl

‘present work only the 1ﬁa;5 ‘part of the hyperbola (OA in

F1gure 5. 1) was needed to simulate the prg-peak portion of a
typical stress-strain eprve. - g}

,For unloading ana reloading a linear,stress:strain
relationship was assumed with modulus;

04 n' '
By = Ky Ppnlpg™) : _ [5.13]

atm

>
)

where K, is an unloading-reloading modulus- number. -

\

- : o



B R 107) by settlng the exponent n equal to 0. This
?L%assumptlon 1s reasonable for rock where the dependency of

: jthe 1n1t1al elastlc modulus on the conflnlng pressure 1s not

-~ . ;“.

?haas pronounced as for soals. A constant P01ssons s ratlo of
;T[O 25 amd an unload1ng reloadlng modulus E —E were selected

f{dA value of 1 7P was glven to the cohe51on cy and a frlctlon

"fiangle of &O was chosen. The fallure ratlo R was set equal -

T
Y
Lot

x_fto one.-_']pl-;ﬂ .

?ffs 2 2 Tunnel in L1near Elast1c, Ideal Plastlc Med1um

e Another analy51s was carrled out to study the behav1orv
luof the tunnel when the max1mum shear strength of the rock is
dexceeded at some locatlons near the openlng"rhe rock was -
.hiassumed to behaVe as a llnear elastlc medlum up to fallure.
fv;At fa1lure the rock was assumed to behave accordani to. 1dea1
fi;flow plastlclty A stress- straln relat10nsh1p of thlS k1nd
'ﬁffls shown, schematlcally, in Flgure 5. 2 _This model does not
;ffaccount for soften1ng in the pre fallure reglon and for
h;weakenlng in. the post fallure reglon.‘Th1s s1mp11f1cat1on‘
Phwas however con51dered acceptable for the purposes of thlS
7thesxs.‘ 'j:;f, o . '_ M ’”'f' o8 .

~In. the pre- fallure reglon the model is deflned by two B

'f”elastlc parameters, E and V. At fallure the model 1s deflned
: . &
'Efby a fallure crlterlon and a flow rule. ’

In the elast1c range ‘a Young s modulus E=P,. 10 and a

o P01sson s ratlo of 0 25 were selected The Mohr Coulomb
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fallure criterion was chosen; it can be expressed in terms

in

of” stress'rnvarlants, as ‘follows:

. B
T
v PR
v 4+
PR

Y. #“%11§ip¢?+4%3;«(COSG - §1%%§A22_) - c.cosé [5.141
2 e T ;:,,.:‘-’; . .-\.‘ . .

i : R
o L ¥

RIS

L ¥

where i{ isvthe'first invariant of the srreSS‘tensor, J, is
the second invariant of the:deviation stress tensor and élds
7 rhe Lode angle (Nayac and zienkiewici,,1972) A cohe51on
c=0. 6P and a friction angle ¢ 30 Were selected

| A non assoc.ated flow rule was a55umed for ‘the model by'

4\

ﬂdeflnlng a plastlc potentlal fUﬂCthﬂ as-
) L

Q = %J{sinw + V3, (cosé §i%%§lﬂﬁ—) [5.15]
The d11at1on angle y was glven a zero value so that no
volume change takes place in the medlum due to plastlc
deformat1ons. The ch01ce of u51ng a .non assoc1ated flow rule

'was made because hlgh dllatlon at fallure, as- predlcted by

the assoc1ated flow plast1c1ty for fr1ct10na1 maberlals, 1s

not reallstlc for geologlc medla. The V=0 assumptlon is

: ’ Sy ‘.\,f‘ .
reasonable for an elast1c, 1deal plastic med}um and it is

supported by experlmental ev1dence (e. g., Mrﬁler and
: L A
Cheatam, 1972) L R

5.2.3 Remarks to the FEM Model & j:
Bedause of stress path depepdency assoc1ated with non.

'llnear rock behavior, excavatrpﬁ was performed 1ncrementally

U
2 g e PN
: ,-"u.,' Lo _. . g .
""P_:".',, N



for both cases. The. mesh used for these analyses is SR
virtually identical to the one used for the llnear elastic ﬁ{
zases. The constant pressure boundaraes on the 51des of the

4 : 54: .
mesh were replaced by flxed nodé boundarles because SAFE ;,

T

allows direct 1nput of 1n1t1al strgsses in the mesh At theif

same t1me f1x*nc the boundary nodes reduces the cost of the

[ { ,A

analyses by reduc1ng ‘the number of degrees of freedom to ‘be’ )

14

included in the stiffness matrlx. It also reduces the

complexity of the input f11e because\no surfaoﬁﬂ&ractlon has
! o ¥ ’ . g - 4+ , . :"T

to be-applied to the mesh.. A”llnearlelastid’analysisjusing“

SAFE and these new boundary eonditions was also performedata‘

13

provide a basis of comparlson for the non llnear cases.

In the follow1ng paragraphs the results obtalned w1ll i
vbe shown and .discussed. Most of the plots were prepared to-
allow dlrect comparison among results obtalned for llnear.

elastic, hyperbollc and elasto plast1c cond1t10ns.

5.3 Stresses

. The normalized radial stresses in the-horizontaﬂ
direction calculated ahead of the tunnel"ﬁaCe'Qill'be‘shoun
ﬁirst."The purpose is to study the effect‘ot'thedrbcg's

constitutive relationship on stress concentrations at the

y

v

tunnel face.

In Figure 5.3, the radial stresses caloulatedVin the
horizontal axial plane are plotted along the tunnel axis
(r/R=0.0) for the linear elastic, hyperbollc and |

elasto-plastic cases. A stress peak is fognd, fot all
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conditions, about 0.4R ahead‘of theTtUnnel”face due ‘to..
tress redlstrlbutlon caused by excavatlon.pThe 1ncrease 15

-abput 14% of the initial horizontal stress and a sllghtly

lower value is observed fo; tﬁi tunnel 1n hyperbollc rock

As 1t will be shown later 1n$%h%s paragraph no yleldlng

occurs at thi*'s location for the elastqulastlc case.'5

r/Rgﬁ 8. A hlgher stress concentratlon is found at thls

location near %he tunnel face (37% stress 1ncrease 1n llnear

'_elast1c rock) Y1eld1ng occurs, for the elasto plastlc case,:

as the glven fallure cr1terlon 1s exceeded The h1ghest

stress peak 1s found\for the llnear elastlc case where the

"~ tunnels in non- llnear medla result 1n lower stress
‘concentratlons.
In Fi@ure 5. S, the radlal stresses are plotted at

r/R=T.1 The hlghest stress peak 1s found for the

elasto-plastic rock. where the lowest 1s observed for the ;7“ ‘

-
hyperbolic case. o o o

o

For the. Lunnel excavated 1nﬁhyperbollc rock relat1vely
mgl o
low stress concentrat1ons are observed everywhere at thq

face. Hence 1t 1SAconcluded that non- llnearlty 1n the J*:” h

i pre fallure range 1s benef1c1al for face stab111ty by

B : \

allow1ng stress redlstr1but1on that prevents fallure to'

occur. Lombardi (1970) showed by means of the

Convergence~Conf1nement.method- that if ﬁhe rock core drrf}7't'

exhibits non-linear behavior, lower stress concentratlons ’n'"

are to be gxpected at the face. HIS conc1u51ons are vﬂj'hifff_sfh

‘4

PSRN

- The same stress component is plotted 1n Flgure 5. 4 for:

]
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of y1eld1ng takes place at the tunnel f

v».1.25

_ confirmed-by the outc@me of this research.

For the elasto- plastlc case only a very 11m1ted amount

plastlc zone is rlng shaped and 1ts th1ck ejs 1n g%% .
) : a~e9‘_
d1rect10n is about 0.2R. The non C1r‘ular Shape of the?

2_plast1c rlng is related to the dlfferent magngtude of thef

initial radial stresses (K,#1.0). The observatlon that no -

_yielding'OCCUrs in the central portion of the core is -

. J

' con51stent with the stress dlstrlbutlon found for E%ﬁear
‘elastic c0nd1tlons that presents hlgh concentrat1ons of

radial stresses for r/R values larger than O 7 (see Figures

5. 3 and 5. 4) -

Cow .

At the center of the excavation front (Location A in

Figure 5.6) no yielding takes place and the increase in’

.i_radia strgss is equal for tunnels in linear elastic and
'elast -plastic rock masses (Figure 5. 3) At r/R40'8 5
'(deatlon B in Flgure 5. 6) the high stress concentratlon

c generates .yielding: and a lower stress peak due to stress

4

:redlstr1butlon, is found for the elasto plastic case. At -

il

"”r/R 1. 1 (P01nt Cin’ F1gure 5. 6) a relatlvely hlgh stress
Q‘peak 1s found for. the tunnel in the elasto- plastlc rock
_ Thls can be explalned by looklng at the plastlc zone behlnd

hthe tunnel face deplcted 1n F1gure 5.7. At ‘the tunnel

v

spr1ngllne a 11m1ted amount of y1eld1ng takes place right

behlnd the face due to the hlgh axial stress at that -

1 .
locatlon and to the decrease in conflnement near the tunnel

' wall Farther behlnd the face unloadlng occurs as the aX1a1

(Flgure 5. 6) The
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Figure 5.6 ‘Plastic Zone at the Tunnel Face
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»

s*resS'tends toLdecrease and the rock behaves as a linear

elastig medlum sthe ax1a1 stress at the Springline is. -

‘ploéked 1n*Flgure 5. 13). Point C is located immediately

B

outsrde the .plastic zone and the high'stress peak is due to

4

stress‘r°"=str1butlon., s

A ar effect of the stress redlstrlbutlon process
J

g%s v151ble in Figure 5.8 where the Shear stresses Tar LOT

» the llnear elastic and the elasto plastic cases ag r/R-1

‘are shown Due to the 11m1ted ab111ty of the’ plastic rock to

carry shear stresses, a higher shear ‘stress concentration is .
found 1mmed1ately out51de the plastic zone. This is related
to the radlal stress increase depicted in Flgure 5.5.

In Figure 5.9 the normalized tangential stresses

-calculated at the tunnel croﬁn are plOtted aéainSt the

dlstance to the tunnel face[ for ‘the linear elastic, non

llnear elastlc and elasto plmstlc cases. The stresses are

‘:calculated at L”h§'1u Fhr ahead of the tunnel face, where.ﬁkr

'only low 1ncreases in dev1ator1g sﬁress occur, the behavlor

. S
'of the three curves 1s v1rtua11y iden tlcal Immedlately

?D;‘
ahead of the tunnel facé the three curves separ@te and

.5follow dlfferent pa;hs. The magnltudes oﬁ'the tangent1al

stresses for tgg?hyperbollc and elasto plastlc cases, far
beh1nd the tunnel face, are con51derably lower compared with

the linear elastlc case. The rock near the excavat1on is

subjecteggfc an increase in. tangent1al stresses and a

decrea 1n radial stresses. For the hyperbollc material

w,

-h1gh stress dlfferences (o -0,) involve low elastic modulus
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‘ for wh1ch low stresses due to rock softening are’ found at
f:crown and 1nvert.
| For the tunnel 1n the elasto plastlc rock the decrease
_1n tangentlal stresses due to non- 11near1tﬁ is much.more
",gronounced than for the‘hyperbollc case.-Thls 1s due to the
. parameters chosen to characterlze the y1e1d1ng rock forr_
»whlch a very 11m1ted amount of dev1ator1c stress can be,
1susta1ned in the plastlc reglon.
In F1gure_5.10, the tangentral streSses at:the crown ,' 
are plotted forfr/R=1.3.‘The relative.position,of'the,three
l;'curyes‘is similar.to the'onevdjscussed ahove.pThe.” | |
:‘differenCes between'the‘threehcases are however less .
pronounced at thlS locatron” ‘This. -was- expected because -as
-locatlons farther from the tunnel wall are con51dered the
g tendency of the dev1ator1c stress to concentrate . decreases
?and 50 does the effect of. the non- linear: stress straln

[y

drelat10nsh1ps.

: As locations farther away from the axis of. the tunnel-
‘are selected dlfferent condltlons are encountered As shown
in F1gure 5 11 the tangentlal stresses at r/R=2.65 for the

'elasto plastlc case are -the hlghest w1th respect to the
other two cases, whereas the stresses for the linear elastlc
*materlal are lowest If a vertlcal line pa551ng through the
tenter‘hf the tunnel is drawn, the 1ntegral of the

1

hor1zontal stresses along that llne will have to be the same
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with the 1in situ horizontal stresses, far from the tunnel,

must be satisfied independently of the'material behavior.

¥
<

Lower'stresses near the tunnel corrésgond with higher' e

stresses far from the tunnel. 'ﬁv _ . igﬁ%

. In Figure 5. 12 the axial stresses at éﬁ; tunnel crown
are shown, at r/R=1.1, for tHe linear elastlc and the
eiasto—plastic cases (fer the hyperbolic case'osciilating.
stresses were found at this'location). At the tunnel face
the elastic case exhibits a much higher stress peak than the
other. This is cohsistent with the tadgential stress
difference foundvét that location‘(see Figure 5.10). Behind
the tunnel face»the stress in the elastic medium stabilizesi
at a value higher than the initial axial;stress; as expected‘
?for'l'near—elastic, plane strain conditions. For the’w
elasto plastlc case ‘the flnal stress value is sl1ght1y lower
'than the initial ax1a1 stress, because of y1eld1ng

The axial stresses at/ahe tunnel sprldglrnebarg'spoaétcd_

for r/R=1.1, in Figure 5.f3. ft is of~interestrto ndtekthag?axa
the elasto-plastic case presents.stressesdwery sidiiﬁr toa"
the linear elastic case. This is due to taeﬂfact*that fbnbvf
the elastic, ideal plastic model used in th1s analys1s, most,,d
stress redistribution takes place gi the crown and 1ﬂ;ert . |
wvhere a high deviatoric stressvtends'to,cpnceﬁtrate. qucth'
hyperboiic case, on the other hahd the non-linear o |

stress-strain relatlonshlp results in a con51derable stress

decrease at the tunnel springline.
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 of the mater1al may never

. AS the tunnel race advances the axial,stress {maximum
at the face) decreases‘andfa condition of unloadfng occhrs;
”sincebthe'rock is Stiffer on dnloadingvthan on loading a
‘ considerable”stress1dropﬁtakes place‘as plane strain’
condltlons are approached | |

In this sect1on, the effect of ndn llnear behav1or.on
| the stresses around a tunnel was dlscussed Stress
tredlstrlbutlon due to non- llnearlty was found to affect‘
con51derab1y the stress fleld especxally at- those locatlons
where'hlgh stress.concentratlon is expected to occur in
‘linear'eiastic media: For tunnels in;rock masses exhibiting'

non- llnear stress strain- relatlonshlps, the max1mum strength

“;;ached even when predlcted by
.lineardelastlc models.‘For'ﬂxgétlc, 1deaI plastlc medla,
'stress redlstrlbutlon takes place when the maximum strength
of the'materlal is exdeeded " For the part1cular parameters
ﬁ,chosen‘ln thevpresent work, the elasto-plastic material
\caused the largest amount of stress redlstr1but10n, v151ble

v .
part1cularly very near the tunnel wall, L

I

v

5,4‘Displacements

In F1gure 5 14 convergence at the tunnel sprlngllne 1s
‘Lshown for the 11near elastlc, the hyperbol1c and the
elasto plastlc cases.. The normallzed rad1a1 dxsplacements

are plotted agalnst the normallzed dlstance‘to the tunnel

'face. For the hyperbol1c case E represents the 1n1t1a1

,modulnq F‘
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For the tunnels in non- 11near medla, rad1al
dlsplaCements larger ‘than for the llnear elastlc case are -
found Thls was expected because.non 11near1ty as con51dered o

“in the present work 1nvolv@s,reductlon of the system R
stlffness at those locatlons where dev1ator1c stresses tend

to concentrate. Because of the materlal parameters selected
for the analy51s, the largest deformat1ons were. detected for- -
the hyperbollc case, both behlnd and ahead of the tunnel

face. ThlS is partly due to: the fact that the Young s

B modulus chosen as a norma11z1ng factor is the 1n1t1al
elastlc modulus (1 e..tangent to the hyperbola at. zero ax1a1.‘
stré1n). ThlS is obv1pusly'an arb1trary choice that haS»j”
con51derab1e 51gn1f1cance 1n terms. of magnltude of the

| normallzed dlsplacements. For the elasto plast1c model
however, the Young s modulus E actually re;resents the
stress straln relat1onsh1p.controlllng the tunnel behav1or
‘in the elastic range. Only at those locat1ons where the
given-failure criterion is ekceeded does plastic

- deformation occur.‘For the partlcular case 1nvest1gated most

.'*y1e1d1ng takes places at the tunnel crown and invert, behind -

: the face._In the non llnear elastlc case a larger amount of
rock 1s affected by non 11near1ty and the maxlmum stlffness
.reduct1on would occur, also for this case, at those
locatlons where dev1ator1c stresses tend to concentrate.

,The convergence5at:the tunnel crdwn ;s shown in Flgure

. 5315; The difference in‘movement:between»linear;and non

linear media is more pronounced than at the. springline. This

e R
S [ .
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is due to the h;gh K, value asshmed for thevenalysis whi
causes high deviatoric stresses at the crown and invert.;The//
'éunnels in the linear elastic and in the eiastq—plastic

. media‘giQe'the'same radial displacements ahead of the tunnel
face;_Behind the face,‘whefe the failure criterion for the e#i'
plesfic rock is exceeded, larger movement is found ‘in the |
yielding material. In Figu;es 5.16 and 5.17-ére plotted the
radial displacements at the crown at various distances from
the tunnel axis (note: linean§elastic ease showniin |
Figure A7). Ey compering these two figures it can be

- observed that different deformation distributions
characterize»tﬂ&“two cases. THe difference in radial

&l
Ty

displacement bg¥

virtually iden
wall, larger retd
hyberbolic case (‘;é, CD). For the elasgq-plaetic case, in
fact, the deformation concentrates at those'locetibnsewhere
yielding oceure, which is very near ;he tunﬁei Qall. For the
- non 1inear—elastic cese, even rock relatively_farlfrom the
wall is affected by some reduction of its elastic ﬁédulus
(with reépect to the iﬁitial elastic modulus E,).

| In conclusion, larger convergence is found for those
cases ih which the tunnel is aesumed to be drijen'in
non-linear rock. The effect of nbn-linearity is particularly
abparent at the tunnel crown and invert where; for the

initial stress conditions (K0=2) assumed in this work, the

highest stress concentrations occur. For the elastic,ideal
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plastic rock, -large displacements due to non-linearity'are,'
on;y found behind the tunnel face where the strength of the
material is exceeded. For cgis case, relatively large
displecements are ccncentrated near ége tunnel wail where
yiering occurs, |

/ . R
5 5 Impllcatlon for Monitoring Data Interpretation’

5.5:1 Convergence Records

If convergence mea*urements are taken,

tunnel face, flatter curves are found for the.

the end of this chapter where' the shape of‘th : .hié} | F
displacement curves is discussed.'

- Placing éﬁﬁextensometer in a borehole driven from a
ﬁearby excavation, the whole ccnvergence profile, including
the section ahead of the excavation front, can be'depicted.
In tgie case-the curves‘shcwn in Figures 5.14 to 5.17 are
the outcome of the measurement. In Figure 5.14, it can be
'seen that identical convergence curves are found ahead of
the face for the linear elastic and the elasto plastic cases
whereas considerable dlfferences are detected behind the
excavation front. The profile sectioﬁ common for the two
cases can be used to back-analyze, by comparison with 3-D
elastic analyses, the elastic modulus for the rock mass.

This elastic modulus is consistent, behind the face, with

the radial displacements found for the linear elastic case.

FN
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| »The same value 1s however too h1gh to 3Ust1fy the larger

movement occurrlng in the yleldlng rock -and this can reveal

the non- llnear behav1or of‘ he.rock mass.vThe’lnltlal

stressevan‘the must be known to a good degree;of
accuracy.

'Aﬂsi.rlar appﬂoach .can( be £ llowed also for the

pre- fa1lure reglon"and yreldlng at fallure -may be found The -
advantage of os;ng_measurements taken at theftunnel crown i$
that'the-differences in displacéments’ane 1$§ger at this |
\locatlon than at the sprlngllne. However,{as shown in the.
prev1ous chapters, the shape‘of;theﬂradlal dlsplacement
.profiles-at thevcrown;is highly sensitive to axiai:stresses,’
and orlentatlon of the rock deformatlon propertles. Both

aspects must be 1nvestTgated before a reasonable conclu51on
i . . I ‘k‘\

caﬁ be dra ..'*' T SR PRN . . P v
_ be . wo. | e 4._@%% L
SRR : R - : i
N . o : B P
f5.5~2'Mﬁ1tip6int ExtensometerAReCOrdsj R RS

In Flgure 5. 18 relatlve dlsplacements at the tunnel
. Ry : \y 4
spélngllne are plotied agalnst dlstance to the,tunnel axis

ha ]

r/R. The three curvés, represent1ng the llnear elastlc, the

%hyﬁ%rbollc and the elasto plastlc cases, can be compared to

'V N

‘.vmeasurements hav1ng zero readlng at the tunnel face as

7glven, ﬁor rnstance, by radlal multlple anchor extensometers

placed at Eﬁ%sghcavatlon fronta For the three.casesgtne,

N S
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. 'rock behav1or if located at the tunnel sprlngllne (for .

147

vrelatiye displacements differ consistently with the
ohservations presented in the previous paragraph. The.
largesthdisplacements‘are found for the hyperbolic‘case; the,
_smallest«for~the linear-elastic case at any distance.trom
the nall The three curves are v1rtually 1dent1cal in shape.
'Thls means ,that the relatlve movement between the head (a)
of a multrple ancﬁof rad}al extensometer (located at the
tunnelewall) andzanlancﬁéif(B)}ﬁocated, say, ‘at r/R=5 will
give ﬁ;;} littﬂeyindication of the non-linear behavior.
Relative displacements calculated at the tunnel crown
are shown in Figure 5,19, Again,‘partial movements wlth
respect to the tunnel face are plotted agalnst normalized
dlstance to the- excavatlon front At thlS location the three-
curves have different shapes. The.linear elastdic case gives
the smallest displacement at the tunnel wall but for higher
r/R values, the s1tuat10n changes. For r/R 1arger than 1.25
, _(A), the radlal dlsplacements for the llnear elastlc case
are larger than for the. elaste plast1c case. For r/R larger
than 1.9 (B), larger dlsplacements occur for the llnear
elastlc case than for the . hyperbollc case. For the tUnnel in

:elasto plast1c<50ck about 50% of the radlal,movement occurs

in the plast1c reglon. R \ */ﬁl

oy t
-

v; In conclu51on, mult1 anchor radlal extensometers placedA

.at the tunnel face, glve llttle 1nd1catlon of non- lznear 'f

' p
v L.

K =2). At the tunnel crown h1gher concentrat1on of (L

deformat1ons occurs near the wall 1f the rock doesn t behave'
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-osc1llat1ng trend characterlzlng the curve, for the

149
i ‘ ' *
as a llnear elastic med1um. On the other hand, in the

d1%ect1on o he m1n1mum 1n1t1al stress (1 e.,,at the-
’ 4
crown) non- l1near1ty ghvolves lower rad1al dlsplacements

far_from the‘tunnel wall,

5.5.3 Shape of Radial Displacemént Profiles

It was observed 1n the- prev1ous -hapters that the shape>~

of the curves obtalned by plottlng rad1al dlsplacements

;gagalnst dlstance from the tunnel-face may COntaln useful .

»1nformatlon to understand the rock propertles.

In F1gure 5.20, rad1al d1sp1acements curves. at r/R 1. 3

XY o

are plotted for the 11near elast1c, hyperbolzc and - " ;j L

- elasto- plastlc cases. The radlal dlsplacement is normallzed

v
oY

EY

The curves are calculated at the tunnel sprlngllhé and

a value r/R larger than one was selected to av01d a sllghtly

hyperbollc case, at the wall Thxs flgure shows that
non llnear stress strazn relatlonshlps are assocxated w1th

sl1ghtly flatter curves. A. 51m1lar behav1or 1s(found at the

l

_ tunnel crown (not shown here) : '1;4 '

vIn F1gures 5, 21 normallzed convergence curves are

"-shown at the tunnel spf1ngllne—for the- 11near elastlc and

' w1th respect £d Umm; as done .in the prev1ous chapters.._ ff L

A

“the" elasto plastlc casés. The two Curves are f1tted by meansvj"'

ot W -

of the Ramberg Osgood functloﬁ that was descrlbed 1n Chapter

i 3. The non lznear rfch gﬂVes a flatter curve ﬁeflned by

R}
L

.......

lower S and m values' The dlfference between the two cases f_f
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& is much more apparent at the tunnel crown (see Fzgure 5 22)

.where most y1eld1ng occurs._In the preV1ous chapters 1t was

_observed that low S values often correspond wlth h1gh m
:values and v1ceversa, Here, for the f1rst tlme, a con51stent
'decrease of the two parameters is found as the "degree of

'flatness of the convergence curves 1ncreases.__.~

'_'5 6 Conclus1ons »

Two cases of tunn!ls excavated 1n rock masses.
exh1b1t1ng ‘non- 11near behav1or were dlscussed in. thlS
chapter. A stress straln relatlonshlp deflned by anv |
hyperbollc functlon was selected for one of the analyses,

where -an elastlc 1deal plastlgfrock behav1or was assumed 1n

_the other. The data vere compared w1th results obtalned by

assumlng llnear elastrc1ty and the follow1ng cﬁhtl@stons can

PR

3y

be drawn- ‘; BB 'aigf. S f'a'r f"

1) Non 11near behav1or 1n the pre fallure range 1s

'benef1c1al to tunnel stab111ty, both at the face and’at the"",

ﬂwall because 1t reduces stress concentratlons near the

;openlng o ;f’?h -

2) The rad1al dlsplacements are, in general larger for

tunnels 1n non llnear rock than for tunnels in linear_;T'"
elastlc medla. The dlfference is partacurarly,rotlceable at

the crown and 1nvert (d1rect1on of the m1n1mum 1n1t1al

W
(R t ,’- '. . ’ . . P - N . 3
'=stress) R S R

, . R . . “

3) If the rock mass behaves as a non- 11near mater1al

jthe relatlve dlsplacement curves at the crown’ d1rect1onxof

“

2,

<o
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. occurs. For the cases examlned both m and 'S, decrease as

154

the m1n1mum 1n1t1al stress) beéome steeper than for _he

~11near elastlc case and movement only occurs near the wall.

X

This is partlcularly apparent for the elasto plast1c case

T

zone. L1tt1e 1nformat10n can be obtalned at the tunnel ,

>

"sprlngllne where very 51m11ar relatlve dlsplacement profiles’

ane found for the three cases. . : u,’“ i3

) If the whole convergence curve 1s known, ‘
non- l1n€ar1ty can be detected by back analy21ng a f1ct1tr\us

elastlc modulus based on the curve. portlon ‘ahead of the

tunnel face. The ultlmate convergence can be compared with t"}

the elastlc solution based on thlS Young S modulus.
'FCons1stency w111 be found only 1f the rock behaves as a

»11near elastlc material. . .
5) The radial dlsplacement ‘curves (néglecﬁing the'

movement ahead of the face) are«flatter for the non l1near‘

.@ )
-gases than for the’ llnear elast1c case.'Avcons1derable L

-

dlfference was found at the crown where most y1eld1ng

Ly i

'é

flatter curves are con51dered _' oy
I. v . X N

B F

PNE
A
S

“where 50% of - the dlsplacement takes place in the plastlc‘-f”‘

A
NPT



6. SUPPORTED TUNNELS

6.1 Introduction .

In the previous chapters the behavior of unlined B

tunnels=under various initial stress and ground conditions

was 1nvestlgated Emphasis was placed on the effects of the

three dimensional near face conditions on monitoring data as
often tahen»during tunnel advance.

However, a primary support is usually placed behind the
face in order to'prevent'instabilities that may occur due to
the excavation process. In modern tunnelling - phllosophy the
importance of this support is emphasized as 1t prov1des
conflnement to the surroundlng ground thereby prevent1ng
loosenlng and strength loss,

Dur1ng the excavatlon process the liner attracts some

load, dependlng on its stlffness relative to the rock and on .

'the 1nstallat10n procedure. The - predlctlon of these loads is

o

Warprlmary concern for the de51gner and it is str1ctly

ul'
”“ ?‘1aped ‘to the three dlmen51onal nature of the tunnell1ng
f:é,_ . '\3° Y Hy

problem. At the same - t1me,_the liner acts as a stiff.

PR

lmp uslon in the,rock mass and some effects on dlsplacements

§Eﬂ§€ also be expected, ' . ,'I‘ ST

[
- n

“In thls chapter, the effects of the relative stlffness
¥ .,“, g .

?(hgth\anﬁ the rock an1sotropy on thrust and. bendlng moments
n‘i’». -

\ JNN
1n thexllﬁEr wqii be dlscussed The effects of the support

_ L T i
on thg,dlsplacement&a(l e., mon1tor1ng data) in the rock
i . .
3” 0
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surroundlng the tunnel will also be 1nvestlgated The
«gmgﬁ%seils to prov1de some understandlng of the

three- dlmen51ona1 load transfer mechanism taking olace near
tunnel face and to asslst the interpretation of monitoring

k.
7

data in supported tunnels.

6.2 Descr1pt1on of the Analyses

6.2.1 General o f} : .

.

_In order to study the beﬁav1or of deep supported
tunnels in lrnear elastic rock, a’serles of three
dimensional finite element analyses were;carried outvusing &y
the program ADINA A mesh v1rtually 1dent1cal to the one
descrlbed 1n Chapters 3 and; 4 was selected and the ushal
" assumptions regardlng cross section shape, symmetry of the

problem, principal stress directions and dlstribution.were
made. | |
A fhe purpose was to“investigate stresses’and

"deformations in the rock, as well as thrust forces and
bending moments in the lining, as they develop during face
advance. The lrher was assumed to be linear elastic and to
be relatively flexible with respect to the rock mass., A step.
- by step excavation procedure was adopted to closely simnlate
real tunnellinglconditions. The hirth-death option available
in the program was used to eliminate "excavated" elements

and to activate'the support as needed. The liner was

modelled by means of three dimensional isoparametric shell
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elements described by Bathe and Boloutchi (1977). These
elements were preterred over solidFBfD'brick eléments that
.display~various_Shortcomings if used for thin ordthlck,shell

' analysis. This topic‘is‘wldely discussed in the literature
(Zienkiewicz"1977- Zienkiewicz et al,, 1971; Pawsey and.
Clough, 1971; ZlenkIEWICZ an Hlnton,'19?6) The lined
tunnel was tested under 2-D plane stramn condltlons and the
results were compared with closed form solutlons glven by
Einstein and Schwartz (19795 A d1fference in convergence of
approx1mately 10% was detected for the two cases and this
accuracy was. considered suff1c1ent for the purposes of the

B present study An error of thls k1nd is expécted in

R -«5#1".& 2 i R
numerlcal analyses that only Prov1de approximate solutions.

B O

The accuracy of the results depends on the degree of
Pref;nement of the mesh.

Inrtotal nine f1n1te element analyses, three of which
consldered anlsotroplc rock conditions, were carried out
varying the relative stiffness of llner and rock, the delay
of support lnstallatfon(DEL) and the excavation round
length (RL). The meanings of DEL and RL have been exp%ained

in Chapter 2.

6.2.2 Parameters for Tunnels in Isotropic Rock
The initial stress ratio, K,=2, and the initial
vertical stress, P ,=5 MPa, were kept constant and so were

the Poisson's ratios for ground, », and liner, »., that were

g

set to 0.25 . In Table 6.1, the cases analyzed and the
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paraméters used for each of them are shown. The

 compressibility and the flexibility ratios, C ang:F, are

defined. by Einstein and Schwarti (1979):

ER(1-»7) , |
C = —/————— 6.16
CEA_(1-p ‘ [
o ‘ER3(1§l:) :
- F s — 6.17
. C BT
&
| , .i o
where E, v, E, and v, are the elastic parameters for the
Fock and the support and A, and I, are, respectively, the
R -
cross‘se o "n? the moment of inertia of the
suppor f hhof tunnel The compressibility rati

x#ratio F' is a measure of the

T

condxtlon?“ﬂthstelh ane Schwartz based their formulatlon of
C:and B on the pr1nc1ple that the stlffness of the
perforated ground mass (a plate with a hole) had to he,
considered, as opposed-to Burns and Richard (1964), Hoeg
(1968) and Peck et al. (1972) who based the calculatlon of

the ground stxffness on the unper‘orated gvound mass

ex1st1ng before the tunnel was excavated.

]

(o)
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.‘\ 7'~" .
6 2 3 Parameters for Tunnels in Anlsotrop1c Rock

‘In order to study the effect of rock anlsotropy ontj.f»u
chrust and bendihg moments in the llner, three f1n1te =
.element analyses were carrled out assumlng transverse

isotropic behavior for the»rock Slmllarly to the analy51s o
of»unlined tunnels (see Chapter 4), the 1n1t1al stress |

ratio, as well as.the ratlo between the max1mum and m1n1mum
elastic modull, were malntalned constant (Ko 2 E /E —19

,‘uq,.

-~ The or1entat10n of the planes of strat1f1cat1on w1th respect”'

o

to the tunnel axis was_ changed as shown 1n Flgure 6. 1 The-"

t

llner was assumed to be 1nstalled one. radlus behlnd the face‘f

&

(DEL=1R ) and.an. excavatlon round length RL 1R was selected

N = —_—

Delayb excavatlon round length and stlffness of the support -

were kept constant for the three cases. In Table 6 2 are
summarlzed the parameters used for the three analyses (1A

2A 3A). Note .that the concepts of compre551b llty and

~

‘flex1b111ty rat1os, as formulated earller 1n thls chapter,_ !

are only appllcable for 1Sotr0p1c nock condlthons. Fpr th1s
| -

reason the modul1 ratlos E /E and E /E are presented 1n
Table 6.2 and the thickness of' the llner th is normal;zed '
'wlth spec to the tunnel radius.

In L:« 50110w1ng paragraphs the results of the<finite

.- elen: anaryses are dlscussed Empha51s is put. on thea

effects of the three dlmen51ona1 load transfer mechan1sm on ,

P
*

stresses and deformations 1h the rock llner system.,

L4
)
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Figure 6.1 Orientation of the Elastic Propertiesifor Cases

. 1A to 3A (Transverse Isotropic Rock)
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.j6.3eDispiacements R

Lo The convergence curves ‘for some of the cases
: 1nvestlgated are plotted 1n'thejusual normalized form, in

fFlgures 6. 2 and 6 3

4

l 'I"v

hJG 3 1 Effect of the Relat1ve St1ffness .o
Cases 1, 2 and 3 are compared 1n Flgure 6. 2 in order.to.

Hfjshow how the relatlve stlffness affects the radlal

N

'lesplacement at the tunnel . wall. For the three cases the

; .
l‘ner was placed 1mmed1ately beh1nd ‘the tunnel face (DEL O)

'

dap

tn 'an excavatlon round length RL 2R was - selected. The
; %ﬁﬁiferent values of the compre551b111ty ratlo C and of the
flex1b111ty ratio F are also shown. As expected he’ j?‘“

g

rmallzed convergence decreases wlth decreas1ng the o

'pre551b111ty rat1o C thtle effect due’ to changlng

'1b111ty ratlo F can be observed Although the llners are .

\

" S%Med 1mmed1ately behlnd the excavatlon front, convergencé‘ _

RS

-ahead oi the tunnel face 1s essentlally unaffected by the

- fstlffness of the support, and dlfferences among ‘the three

’cases heglnAw1th1nwone radius behind the face. For tunnels

‘in SOilﬂa.relatively-higher support stiffness may lead to
more substantial‘differences ahead and behind the excavation
& front. At the'tunnel'crown (direction of the minimum initial

stress) a change in the direction of the radial movement .

~ \

(1nward to outward) is detected. This phenomenon is

associated with the outward squeezing action of the
deforming liner and is particularly apparent for relatively.

R
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: zhigh_support stiffness.

. 6 3 2 Effect of. Delay and Excavatlon Ro!nd Length

| L In order to show the effects Qf delay and excavatlon
'fround length on radlal d1splacements, convergence curves for

- Cases 1 4 and 5 are. plotted 1n Flgure 6 3 - The paramete:s C

: and F were' kept constant for the: three cases, where

f_ jdrfferent-delays.(DEL 0 for Cases ¥ and 4 DEL=1R for Case

l.NS) and excavat1on round lengths (RL=2R-for Case'1; RL= 1R for
:‘tases 4 and 5) were assumed The excavat1on support sequence
for Cases 4 and Sgre deplcted schematically 1n/agure 6.4,
In1t1ally KFlgure 6.4a), the leadlng edge of the llner is -
placed at a certaln dlstance From the tunnel face (1R for
Case 4 and 2R for Case’ 5) that also represents the maximum
'length of the unsupported tunnel sectlon. Then (Figure

\6 4b)’ an unstressed llner ring is placed 1mnediately behind
the tunneleace for Case %'and at one radius distance from

" the face for Case 5. Finally, excavation is performed |

. kFigure;6.4c) and the initial conditions are restored. If
the convergence curves;relative‘to Cases 4 and 5 are
compared (Figure 6.3), smaller radial)displacements are -
detected for the fully.lined.case (Case. 4)-. This'uas
expected because, if the relative stiffness'liner-rock is
kept constant, the delay-of linerinstallation plays a key
role in controlling radial displacements as well as preSsure
on the<support. In Figure76{5‘a‘schematic:explanation of -

-

this phenomenon based on the convergence‘confinement concept

[
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is presented. If the liner is placed at the tunnel face,
'equ111br1um 1s reached at point A corresponding,.to the
radlal d1splacement U,,. If the support is 1nstalled with a
_certain delay DEL, equ111br1um is reached at point B |
~corresponding to the radial. dlsplacement Uw. The delay also
’ affects thrust,and bendlng moments in the l1ner as wlll be

"dlscussed later ip this chapteh

For Cases 1 and 4, an apparent change of'directgon”of
the radial disolacement (from inwarg to outw;;§§ lg also ’
detected at“the soringline.'This is due tovthe three
dimensional stress transfer from ground to suppor* -and back
“to the ground as the tunnel face- and the leadlng edge of the,
liner advance. The longltudlnal component of the three.
dlmen51onal archlng tends to load heavily the leadlng edge
of the liner, espec1ally if the support is stiff an placed ~
- near the face of thektunnel Further behind the. excavation

Zfront> this effect vanlshes and part of the energy stored in
_the support_;s released as the. ring expands. Schwartz and
':Einstein (1980) also observed similar convergence behavior -
in some of their axisymmetric analyses;.It'will be shown,

' ;uapter that'loads‘on'the liner and

d;are atfected by thlS phenomenon.

ih ordétho 1nvestlgate the effect of the excavation
round length on the radlal dlsplacement the‘convergence | v
curves for Case 1 and Case 4 can be compared (Figyre 6.3).
Shorter excavation round lengths are associated with lower \\‘

convergence, both at the crown and at the springline, due to
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a higher .average pressure exerted by the linmer on the tunnel

wali. Most of the pressure is concentrated at the leaaing
— - " l . ‘ .
~edges of the sections as theyv are ipstalled immediately

~ behind the excavation front. By decreasing the magnitude of—
“RL, the-number'leading edges exerting high'preésure on the
" rock .increases and a more hongeneous stress distribution on_
{

3 .
the support is achieved (Figure 6.6).

6.3.3 Radial Multipoint Extensometer Records

It has been shown in the previous section that the

deformations in the rock surrounding the excavation are
! A

influenced by the presence of the support. The effect of the

liner on the relative displacement profjles will now be

4

invest+igated.
If a radial multipoint extengometer is placed ahead of
the tunnel face, where the rock is still undisturbed by the .

#iining process, and readings are taken far behind the

excavation front, the total dlsplacement field is measure&a

In Figdg 6f7 the total radlal dlsplacements calculated at

&

‘the springline for the unl}ned case, ‘Case 4 (DEL= 0; RL= 1R)

and Case 5 (DEL=1R; RL=IR) ake

the curVes q&@ somewhat transl

7 ompared For the ljfied cases

ted towards lowe

;; dlsplacement‘Values due to the pressure exert by the -

o

support on the tunnel wall. This effect is more'pronounéed
for Case 4 where!'the liner, plécéd‘immediqtélyAat the tunnel
face, provi@és greatet\confinement to the surrounding roc&f
A shallow compressign zone can be detected at the tunnel
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~wall foreti\\éupported.tunnels ’Tnis feature -is, agadn,\nCre;
.pronounced for Case 4 where the compre551ve relatlbe
- di s%lacement (AU in Figure 6 7) is as: large as 42% of the
‘o a'l convergence taking place at the wall. This compre551on
zone is even more apparent at\the tunnel crown as shown in
Figure‘6.8.,Also at. this location the'effectlof the support
" is more Significant fcr Case 4, where the inward movement |
taking place within 2 radii from the tunnel wall is

completely compensated by the compre551ve relatlve — -

dlsplacement occurring in a thin zone at the back of the
liner. .

It has -been observed that the effect of the
support—rockfinteraction is mestly concentrated in a
relatively thin zone at the tunnel wall. This occurs because

e

the pressure exerted by the liner is congentrated
prin\ipaIly at the 1eading edge of the support sections. As
;EBWZ schematically in Fiqure 6.9, this non-homogeneous ‘ ‘
stress diStribution limits the-volume of rock within ‘which

: the major conflnement actlon is felt. In Figure 6.10,
stresses Calculated anng a rac .a axis (r as shown in
s_Flgure 6.9) are.plotted for Casz 4. The purpose is to show
that a radxal stress increase due ‘to the actlon of the
‘liner, is actually concentrated near the wall of the tunnel
(within 0.5 R). The radial stress peak in the proximity of
the leadinc edge of\the spppcrt;is_alsc'evident from Fignre

6.10.
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'REL. DISP. AT CROWN
~ TOTAL VALUES
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Legend
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Figure 6.8 Relative Displacements at the Tunnel Crown (Total

Values); Unlined and Cases 4 and 5 o
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For deep tunnels the 1nstallation of radlal extensometers
ahead of the tunnel face is seldom p0551ble and the
'measurements can only be taken behind the excavatlon front.
Partial measurements with zero readings taken at the tunnel
face and one radius“behind the tunnel face are shown;"as
predicted by the 3-D ?EM models for Cases”4 and 5, in
“Figures 6.11 to 6.14, heasurements taken at the tunnel:
springline (ﬁigures 6.11 and 6.12) and at the‘orown (Figures
6.13 and 6.14) are considered. The compressive zone becomes
dominant for zerb réadings@taken one radius behind the
‘excavation front, espec1ally at the tunnel crown.
IComore551ve zones of the kind discussed in this chapter
have often been observed in real tunnelling dases. Kaiser
and Mackay (1983) measured displacements around a Sinking
shaft by means of mult1p01nt,rad1al extensometers (for
instrument looation see Figure 6.15). The outcome of some of
the measnrenents (Mackay, 1982) is shown in Figure 6.16
vhere relaéive compressive zones are visible. This
compre551on was first assumed to be due to erroneous.
readlngs,/51nce they could not be explained by two
dimen51onpl analyses. However, the.fact that they were
con51steptly observed at thlS and other pro;ects, leads to
the’ condlu51on that a compre551on zone, when related to an
1n1t1aL measurement taken close to the advanc1ng face,ﬂmust
: actuahﬂy exist. The extension recorded 1n the shaft close to

. the vall must be attributed to loosening due to blast

damaée of the-rock in the immediate proximity of the shaft
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- REL.DISP. AT CROWN.
' PARTIAL VALUES. DEI=R; RI=R

0.5

(UAE)/(R*P.)

) ]
Figure 6.14 Relative Displacemehts at the,Tunnel Crown
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In conclusion, the relative radlal dlsplacement as
g
measured by radial extensometers located at varlous
'd1stances from the face of a supported tunnel, can be
e l,‘J-

characterlzed by a compre551ve zone 1mmed1ately behind the

':1s 1s-of great practlcal significance because most

extensometer readlngs are related to the movement of the
anchor head which is most llkely located inside the relative

/
compre551ve zone. The effects of the support 9n radial

dlsplaceggnts appear to be mainly concentrated very near the
wall., As a reeult at the spr1ngllne, the overall shape of
the relatlve dlsplacement curve for unlined and llned
tunnels is 51m££a; and can be used for back-analysis
pufpoees. At the tunnel crown substantlal,shape changes only
’occut for the fully llned case where similar curves are

found for Case 5 and the unlined tunnel.

. 6.4 Loads dh the Support

?”‘suggort g§,placed relatively close to the tunpel

- omple&agock structure load transfer process takes
: ,_1.5@ ’ ﬁ

place as th# excavatlon is advanced In order to study the

effects of relat1ve stiffness, delay, excavation.round

length and anisotropic rock b hav jgr on the loads develdping

in the lining during face advance, thrust fodhees and bending

moments in the support were calculated for the cases

‘investigated. : -

p
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In this paragraph the method used for calculating the
Lo ' ) ‘ oy
- loads in the liner is explained and the results are
discussed.'> E S | | T

e

x

6.4.1 Calculation of Thrust and Bending Moments

~ Some d_}%\:ltles were encountéred in trying to use the

‘stresses cal ed in the liner by the 3-D FEM analyses for

T,
@ -

. ]
a direct computation of thrust and bending moments in the

support. The sfresseé at'thevintegration pgknts of tﬁe shell *
eléments wereﬂin fact fOUﬁd to be sligh£iy'osci1;§ting and

this generated apparently'incbnsiétént loaé distributioﬁé:
espeéia}ly‘for the bémdiﬁg moments.,

a An indirect method wag then chosen consisting in
applying to a‘separate sdpport-ring the disQlacements o
calculated -by theﬁ3fD;fiHite element model. The rédial

movement of ‘the sﬁpport was'found;vés depicted in Figure -
6.17, byvsubtracﬁinqgihe total ﬁisplacemen% at Lgcatidn A

from the total displacemént aﬁ‘Location B. AU, represents

the radial movement ‘of the support’ at Location B, The ‘same

procedure was'alsb applied to téngential displacements.

LA

5

o The'support ring used for the Eomputation)is composed
of 16 Hermitign beaméeléﬁents,.asféhown_in Figure 6.18a. The
displacements 6 be applied to each nodé were found by
interpolating values given by the 3-D model for crown,
springline pnd mid-point.

| The radial displacémqnts étlthe crown and at the

springlihé were interpolated by means of the function:

A%
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Figure 6.18 Support Ring Used for Computation of Loads in

the Liner (a) andsInterpolation Functions for Radial and,

Téngential”DiSplacements (b)
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AU, = A-B.cosé . ] [6.18]

‘here A and B are constants and the.angle 6 is indicated in
‘igure 6.18a. The tangential displacements at the crown and
it the springline (both zeroes because of symmetry) and at

‘he mid-point were interpolated by the fuhction:
AU, = D.sinf . B - [6.19]1

'here D is a constant.

The analyt1ca1 functions (6.3) and (6.4), shown
;raphlcally in F1gure 6.18b, descrlbe ‘the dlsplacements
iround 2-D unsupported (Obert and Duvall '1967) and |
supported E;nstelnband Schvartz, 1979) tunnels'in elast{c ;
nedla _

“For Case 4 a 3-D support shell (Flgure 6.19) was
ieformed in the same manner to<§tudy thrust and bendlng
noments developlng along the axis of the tunnel. A quadratic __
Jolynomlal function was selected to 1nterpolate |
longitudinally the displacements takén at the leading edge;'

nid-section and trailing edge.

4 2 Effects of Relatxve Stxffness of Support
- In Flgure 6.20, the thrust~forces calculated for Case 1
(DEL=0; RL=2R) are normalized with respect to initial

vertical stress and tunnel radius, and plotted against 6

i
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‘ ' . , ‘ S
(defined in the figure). The maximum load is detected when

the leading‘edge'of the liner section is one radius hehind
the tunnel face. As the face advances further, the load in
the liner decreases somewhat This phenomenon can be
exolalned in terms of ? +D load. transfer mechanism that takes
place near the face and loads the leadlng edge of the
support morq heav1ly, ﬁecause of the high K, value, the load
developlng at the sprlngllne is only 65% of the load at the -
crown. Ten51le stiess develops at the tra111ng edge of the
sect ion that is placed one diameter behlnd the face and is
expanded by thé rebound mechanism_disoussed earlier;in'this
chapter.‘ égihﬁﬁ | |

In‘FigUre 6. 21v these con51derat10ns are suﬁmar1zed
schematlcally, For each support sectlon the maximum thrust
is found at the leading edge where the trailing edge'may be
subjected to tensile'stresses if the‘linerris assumed to be
able to stand tension and full bonding between'rock and
liner exists. The leading'edge of the liner, near the face,
is hlghly stressed by the 3-D arch1ng mechanlsm domlnatlng
in that region and thls generates a peak load consistent
wrth the shape‘of the convergence curves observed earlier.

The thrust forces ‘in the'liner_calcu1ated for Gase.2
and Case 3 are shown in Fiéures 6.22a"'and b. For Case 2 |
(Figure 6.22a), the high C-value (soft liner) resdlts in low\
stresses in the support, whereas for Case 3 (Figure,6r22b),
an intermedlate stress-level, with respect to Case 1 and

Case 2, corresponds to an intermediate C value. For/these'

4 ¥
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Figure 6.22 Thrust Forces in the Liner for Cases 2 (a) and 3
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two cases virtually no load is found at the tfaili@@fedﬁe_of A
P o '”lgff“‘- -

the liner sectlons. | - - B T A;
, : . 4 a _
' The bend1ng moments in the 11ner calculated Qor¢g%s : .3

f . ”

are plotted agalnst 9 in non- d1men51onal form, 1ﬂ'?au

’ 6.23. The maximum galues are detected at the crown an.

Q" Aq,, -

the springline and zero moment is found near the ‘mid- p01nt .
(9=45’) where the inflection point is located. Vlrtually no
hending'moment ls'foundbat the trailing edge of the section.
'InvFigure 6.24a and b,'the bending moments for Case_2 and
Case 3, respéctively, are depicted;.For Case 2 an extremely
Low moment is-detected in the‘liuet gue to.the high
‘flexibility tatio F (support very flexible), whereas for
Case 3 the hlghest load is found due to the low F valueq For
this case a moderate bend1ng’%oment also occurs at the
‘trailing edge of the sect1on. |

| The maxlmum normallzed thrust forces and bendlng
moments calculated for Cases 1, 2, and 3 are plotted in
Figure 6.25 and 6.26" against compre551b111ty -and flex1b111ty
ratlos. In the same graphs the values given by E1nste1n and
Schwartz (1979) E/S closed form solutlon are plotted for’
compaéison. The analytical solutlon gives higher loads than
the numerical analyses for-all cases.vThis uas expected
because‘the'two dimenslonal E/S solution is obtalned
_assuming that the llner is placed before excavatlodvoccurs
(3. e. ~ahead the tunnel face) without accountlng for the

dlsplacements occurrlng before llner 1nstallat10n. If theii?

data of the closed form solutions are mu1t1p11ed by a

R
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reduction factor, as glven by Schwartz and E1nste1n (1980)
'for supports applled 1mmed1ately behind the tunnel face
(X;=2,=0.83) more_reasonable envelopes.are found for the

results of the finite element analyses:‘It must be

i

considered however, that Schwartz'and éinstein (op.cit. )

S

refer to an average load on ghe liner sectlon ratherxﬁhan to

'the maximum load at the leadln ’edge, and the excavat:

round length that they assumed (Ry,=0. 5R) is'differént from
the values used in- this research\\ih F1gure 6 27, the )
~difference between the 3-D'analyses and the E/S relative
stlffness solution is'illustrated schematlcally in terms of
the convergence confinement concept..While in real cases
(and in the 3~-D model) the‘liner can.onlv be, placed
immediately behind.the«tunnel face where some radial
displacement has already taken place (U,), in the Ef& . .
solution the liner is-assumed to be installed before anv
novement occur. This assumptions lead to relatively hlgh
loads on the support as shown 1n Figure 6.27.

The S1mp11f1ed 2-D solutlon can however still be used
iflappropriate reduction factors are appliedf In Figure
: 6.28a_and b reduction factors’for thrust‘(kT) and (X,) in
the liner are shown ploffed:against C and F, respectively.
Even though the amount’ of data available does not allow one
to define the relationships in great detail, some
conclu51ons can be drawn. First, both A, and A, depend on

the relative st1ffness parameters C and F. For the cases

investigated A, varies between ‘0.5 and 0.8 whereas \, varies ~
- R v : ’ B . \//,/ .
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Figure 6.28 Reduction Factors}k;'(a) and 2, (b)
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between 0.54 and 0.72. The reduction facths of.
approximately 0.83 and 0.55 given, respectively, by Schwartz:
and Einstein‘(1980)'and.Hutchinson (1982) for K,=1 and DEL=0
(see Figure 2.8, Chapter 2), constitute the upper and the

lower bounds of the A, va 2es found in the present siudy.

6.4.3 Effects of Delay
| In order to invesfigate the effects of the delay of.

support instéllation on the stresses in the liner, fesuits
obtained from Cases 4 (DEL=0; RL=1R) and 5 (DEL=1R; §L=1R)
aré compared. | * |

The thrust forces are plot}ed in Figure 6.29 for.
comparison. For zero delay (Figure 6.29a), rélativeiy_high
thrust devélops in the support, one radius behihd the tunnel
face. As the -excavation advénces, a load decreasejtakés
place associated with elastic rebound of the liner (see
convergénce curves, Figure 6.3).ADuring this process; the
16ad profile also becomes flatter and the stress
concentration at the crown vanishes. Tensile stress occurs
at the trailing edge of the support section_Similarly to
that observed for Case 1. |

If the linér is installed one rédius'béhind the face
(Figure 6.29b), very little compressive stress develops and
tensile stresses‘arg detected at the crown.

The bending moments for'the}séme cases are éompared in
Figure 6,30} For Case 4, relatively high bending‘moments
deveiop'at the leading edge, far behind the tunnel’facé

-

- : ®
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where the trailing edge-istMlY,moderately loaded. For

Case 5, approximately theﬁsame'bending moments, of
relativel?kzow magnltude,_are.tound'at,the leading and
trailing edgeshofpthe ilnerr section, Reductionjfactors for
“thrust (xT)-ASéiséhaing moments gxg) have been calculated
and are plotted agalnst the delay in Fxgure 6 31 These
factors relate loads obtained by the 2-D 51mpl1f1ed solution

(Einstein and Schwartz, 1979) to the apes calculated by

means of the 3 D FEM analyses. “Two dlfferent % values are

found for DEL 0 (0.77 and 0. 425 for two dlstances from the

: facc (1R; far behin8 face) where, for Case 5 (DEL 1R), a A\,
va.u of 0.075 is detected.—

For the bending moments A, values lower than 0.5 are
found for both cases. If the 11ner is installed IR beh1nd
the excavation front, the bending moments are reduced to
less- than one third with respect to the DEL=O'case.

6.4.4 Effects of the Excavat1on Round Length J"

In F1gure 6.32a and b are plotted the thrust forces for =
Cases 1 and 6. The higher thrust force 1s detected for the
longer excavation round length (RL=2). At the trailing edge,
‘for the variable case (RL;1/3 R), no tensile thrust develops
and a more'homoceneous%load distribution is. achieved.

- No 51gn1f1cant d;fferences are detected for the bendlng'
moments at the leadlng edge (Figure 6. 33) N

In Figure 6.34, reductlon factors: for the .closed form

_psdlutioniby-EinsEkin and Schwartz (1979) are calculated for
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the three oases (A, and A,), at the leadlng edge. It should
be noted that the effect of the excavatlon round length
’causes_cons;derable-changes in thrust, i.e., kT var;es
between 0.40'and 0.84. The most,critical conditions areh

. detected for the longest RL—value,-whereas, for short

| excaVation round lengths, ' a more homogeneus stress
distribution‘over.the liner leads to lower’stresses
assoc1ated w1th better ground control On the other hand
small variations of A, are found (A,~0.5) that indicate a
very limited effeCt of RL on the bending moments.

-

6.4.5 Thrust and Bend1ng Moments Along the ‘Tunnel Ax1s

N
;' For Case 4 (DEL;O;%RL=1R) a support shell (Flgure g‘19
dwas used tin place’of’Zhe support ring; in order ‘to
investigate thrust forces and bendlng moments in the
support. In Figure 6.35, the thrust in the ax1a1 d1rectlon
(Ta)fis-depictedbfor the crown and the sprlngllneu The'llner
is injtension'in the aﬁial;directioneand atrelatively‘high

" load was detected at thé{leading edgé of the support
.-sectlon. In terms of absolute values,-the axial and
tangentlai thrust forces at the leadlng edge of the liner

are comparable in'magnitude. A schematic diagram for

explanation of this phenomenoniis'showﬁ in Figure 6.36. Due

to the action, of thelinitial(axial stresses,P;,’the_face‘of‘

the tunnel ‘is initially "pulled" towards the opening.'In the

process an axial strain variation is generated'in the rock,
: o . I'e ’
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and compre551ve behlnd it, As the excavation front advances,
the tensile straln 1n the "axial direction tends to vanlsh as
plane strain conditions<are approached. If an unstressed 2
liner sectien‘is_placed‘in tHe compresgive zone, it is
axially_entended as excavatic- proceeds. The axial tensile -
_thrust is then expected td depend on the magnitude of P,.
Anbapproximgtely'constant;bending moment, M,, was
detected by the shell analysisbin the samevsuppert section,
along the tunnel'axis. Its-magnitude is about 30% higher
.than for the moment?éalculated in the liner ring
» Slgnlflcant ten51le thrust and bending moments along

the tunnel ax1s ¢an only develop in'the liner if the

following condltloﬁs are meg

and

4

2) Perfect bonding between liner and rock ex{;ts.

6.4.6 Effects on Rock Anisotropy on Thrust and Bend1ng
| Moments o
Three 3-D f1n1te element analyses were carrled out in
order to study the effect of rock anlsotropy on thrust and_
'bendlng moments in the liner. Linear elastic, fransverse
‘isotropic behavior was a§sumed for the roch,.and dirferent,

pr )
“orientations in space of the planes of stratification wére



o

,-&:
Iength‘RL=1R»was‘selected. Thé‘assumptions-made for the
three cases (13, 2A,13A) are summariZed in Table.6.2.
The.concept of relative stiffnessbas.applied tonthe‘!
isotroplc contlnuum is' not extendable to- anlsotroplc medla
.and, tor.thls reason, the ratios E /El, 2/E and th/R are
presented in Table 6. 2 - This d1ff1culty in quantifying the
relative stlffness 1s not very 1mportant for the purpose of
the present research whlch 1s to study the effect of the
or1entat1on of the rock elastic propertles on the load in
the support, w1thout attemptlng a quantltative comparlson
vlth “the: 1sotrop1c case., | | _

In Figures 6.37 and 6.38, the thrust'forces'calculated
in.the liner for the three casespare shown. The hfghest |
valueplsffound for Case 1A at the leading'edge,-due_to the
fact that'the maximum'initial'stress)'normal to the tunnel
arls}’acts-in the direCtion of the minimumlelastic modulus,'
Note that large rad1a1 dlsplacements were calculated for
’unlaned tunnels in s1m11ar condltlons (see Chapter 4) Some
ten51le stress occurs at the tra111ng edge 1n the crown
reglon 51m11ar to that found for Case 5. For Case 2A (Figure
6. 38a) the max1mum thrust at’ the leadlng edgeo sllghtly ¢
lower 1n magn1tude than for Case 1A is detected at the :
sprlngllne due to, the hlgh deformablllty of the rock in the
vertlcal d1rect1on. Relatlvely low thrust is observed for
the same case, at the tunnel crown due to the high - st1ffness

of the rock in the horlzontal dlrect;on,_A schematic

explanation ofthis phenomenon is(@iven in Figure 6.39 where

214
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rock and liner at tunnel crown.an§,sprin§line are ':A'_”
represented, f&r Case 2A by couples of parallel sprlngs.lit
is interest#ng g‘ note that »as already observed in '
Chapter 4. the or1entat 'on of the elastlo‘propertieS'and of
the initial, stresses produce s1m11ar effects en., tunnel

»"’ u’; R
performance. Max1mum thrust at the tunnel cro%n for f‘

1nstance, can result from:hlgh horlzontal stresses rlowﬂ
horizontal modulus or from a comblnatlon of both factors
Very little thrust was detected in the 11ner for Case
3A (Flgure 6.38b). ThlS was expected because of the hlgh .
elastzc modulus of the rock 1ﬁ“fhe radlal dlrectlon and

because, for this case, most,convergence occurs 1mmedrately

'behindvthe tunnel face (as discussed in‘chapter 4).

The bending moments for the same three cases'are.shown
in Figures 6.40 and 6.41. The highest bending noment is
observed for Case 1 (Figure 6.40),’It 1s 2. 4 t1mes;larger
than for\Case.zA (Figure 6.41a). Also note that opp051tei
sidns are found for the two casesddue to sthe dlfferent' |

»

orientations of the elastic properties. VirtUalli‘no bendrngr

was found for Case 3A (Figure 6.41b).
| In Fiqure 6.42, some of the results are suMmarlzed The,
main aspect to be empha51zed is the substant1al effect af
the,orlentatlon of the elastlc properties}on the bending
moments for tunnels with axis parallel tg'the planes’of' o
stratification (Cases 18 and 2A). On the other hand, iittle
effect is noticed on the'maximum thrust_fbrce:;If the;tunneiv
axis is normal to the planes of stratification, ;eiatfveIY'

¢



e | 218

BN
’
3

3

.‘ﬁ'.
¢
K
o .
.\1
.
'1 Iy .. ’ B A (o] X
.~ SPRIN : p
<
v
)

"

© Fiqure 6.39 Effect of Rock-Anisotrépy on, Thrust in the Liner



by

I

) ¢
Legend
LEADING EDGE (FAR FROM FACE)
T.RA.'.L.'.NG..EP..G.E..(F.A.?.F.R.QM.FA?F)
o ‘
o .
* 2.'0 ‘Case 1A o -
o :
N '."
& co- s
\ o %
=2 104
-2.0 — "

I :
0 15:..30 45 ,{60 75 90

60

)

219

Figure 6.40 Bending Moments in the Liner for Case 1A



220
‘P'. f] P QB ""-fg':%
D e o

o )

"O ) § '

— 2.0 J .

e Case 25 o ()l

1.0- :
P N

x

M /.-'(P;R'z). B

—1.0 1

w -2.0 T 1] T 1 |
s 0 15 30 45 60 75 90

~— 2.0 : e ,
T Case 3A ‘ (b))
o~ 1.0

I

& o0 ‘ —

~

=

-t04 e

- -2.0 T “f L ! LS :
0 15 30 45 60 75 90
. GQ o

Figure 6.41 Bending Moments in the Liner for Cases 2a (a)

~and 3A; (b)- - .



[+ . e
. // ' ~ "
T/(P'VR) ) v - . M/v(psz) |
Y O Thrust : L
C®107%] .\ S o £107°
4 - Bending moment o
- 5.0 O\\\\ by ‘9 . 1.2
N Tl R
¥ v \ \ - LI
2.5 B N -0.6
N |
» .\\.\_ ‘
\\\
O
0.0 - @ 10,0
] o 1
A 2 3
’
NS

221

0‘, .

Figure 6.42 Maximum Thrust and Bending Moments for Césgsv1h,

2A apd 3A

~
o



little load develops in the linmer..

6.5'C0nclusions 4 .-' “ R Lo . ..» }jmiq
. In thlS chapter some of the aspects characterlzlng the_

lrock llner 1nteract10n 1n supported tunnels have been -

v dlSCUSSed The effects Jf relative stlffness,'delay,

excavatlon round length and non- 1sotrop1c rock behavror on

thrust and bendlng moments,_as well as the effects of the

1 y i

‘support on rock deformatlons and monitoring data, hrave been
investigéted' v N £ |
The follow1ng conclu51ons can be drawn:
1) The max imum thrust\force in the 11ner depends on the -
. r{%at1vevst1ffness of the support as deflned‘by the
compressibility ratio C. Low values of t'correspond}with.

SN

high thrust forces. 2

2) The maxlmum bendlng moment in the llner«depends on
the relative. stlffness of the support as deflned by the f
compress1b1l1ty ratio F. Low F values‘corresponderth.hlgh.”
'béndind moments." - . |

3) The 2- D close form solution given by E1nste1n and
Schwartz (1979) was shown, as expected to be conservat1ve ;
~when compared w1th more reallstic 3 D models. The" safety,
margln 1mp11c1t in the 2-D solut1on depends the on relatlveb
kstrffness, the delay and the excavatlon round length.

©4) Increas1ng the delay from the face at which the

. kiner is 1nstalled decreases both thrust and bend1ng

llmoments in the support.
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5) Most of ‘the load tends to concentrate at the lead1ng

'eoges of the liner seCtlons. Smaller excavat1on round

v

:lengths allow a more homogeneus pressure dlstrlbutlon on the

support thatvresults in goodﬂﬁround control"(small'radial

displacements) with relatively moderate loads in the liner.
'6) If the. tunnel is driven in transverse 1sotrop1c

rock, the locat10n~of the maximum thrust force and the.

magnitude of the maximum bend1ng moment heav1ly depend on

‘»tbe orientation of the rock elastlc propqules. If the

tunnel axis . 1s normal to the strata, relatlvely low loads

are detected in the llner.(

7) For the cases 1nvestlgated ‘the radial convergence
ahead of the tunnel face does ‘not depend on the stlffness of
thevllner.or the delay. For those cases where monitoring of
displacements-ahead of the tunnel face is7possible, radial
d1splacement measurements can be regarded as useful
back analy51s tools.

B8) A zone of compressiue strain»is found at the tunnel
wall due to the confinement action of the_support, This

feature is more apparent if the liner is stiff'and placed

’near ‘the - tunnel face and the measurements taken by

‘multi- anchor radlal extensometers can be con51derably

-

affected by it.

9) At the tunnel;springline (direction of maximum
inltial stress forhKOQZl: the shape of the relative
displacement'profiles,.as.measured by radial multipoint

extensbmeters, is not much affected by the action of the
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{

~liner except for the compressive zone qgcurring at the béck,a

of the suppoft. Relative displacements taken at sufficient
. - )
istance from the-tunnel wall can then be useful for '

béck—énalysis'purpésesl At the tunnel crown a more

UL . : ' e o r
substantial impact of the support on the shape of the curves

.

is found if the tunnel is fully lined. ' ’

O
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" f3. 7w 0 7. Back-Analysis of Field Data:

'_§§1~Intro% ction |
| In this chapter, the monitoriné data collecteg ddring
0the excavation of a TBM driven'tunnel atlthe_Donkin—Morien'
' project are analyzed. In particular, meaSurements taken by
means of multipoint radial extensometers, placed far ahead
or 1mmed1ate1y behind the tunnel face,_are considered. The
strength and the deformation properties of the rogk -mass are
back-analyzed on the basis of data collected at several
) >locations along the ax1s of the tunnel
The analy51s is based mainly on comparlsons between
field data and results of thekparanetric studies presented
. earlier in Chapteré 3 to 6._.Some efgects of rock

1nhomogene1t1es are also assess d im order to explain .

observed deformation modes that could not be pnedicted with

bhe idealized models oﬁ ‘homogeneous groundﬂ The purposes of

,4. 1"

lffthls study can be- summarized as follows'
| 1) Establﬁgh a methodology ﬁor'effective 1nterpretation
of monitoring data, in order to allow stability assessment
and de51gnﬁfﬁprovement as the excavation proceed3

liscuss the limitations of the monitoring program at

< the Dodfin—Morien project.and suggest improvements for
future monitoring practice;
3) Present a simple method that should allow early
predictlon of the radial displacements and early detection

of yielding and failure in the rock mass.

e C ' 225
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An effort is also made to translate specific
observations lnto‘key eoncepts of general applicability.

_ : y v
7.2 Descrdbtion of the Project ;

The mine. zzcess tunnels for the Donkln Morlen prOJect
1n Cape - Breton Island Nova Scot1a,,comprlse a TBM drlven
clrcular tunnel (Tunnel No.2) that was bu1lt between January

, 3 and December 27, 1984.‘Excavation wasyperformed

northwards, from portals on Cape Perce, to 1ntersect the

-

Harbour Seam»about 3.5 'ometers %ffshore (Figure 7 1). ghe

tunnel was driven in layered s entary rock of
Carbonlferous age, w1th layers:dlpplng towards north (10°),

at' a maximum depth of 200 m below seabed.

+ Tunnel No.2 was g&da“ ted parallel to another tunnel

f 2} ‘,v, o "
- Tunnel No. 3‘ that is characterlzed by A horseshoe cross
VP&' ,

section and that was dr%ﬁen b& dr1111ngiand blasting. The
s -y

.distance between the twp tunnels is- 50m TUnnel No.2 was
._.\ .

selected for the. back analy51s because a more cpmplete set

oo

the results of the finite element analyses

The longltudlnal sectlon of Tunnal No. 2 is shown 1n

‘AFlgure 7. 2u The tunnel was dr1ven 1n a 30 m thlck un1t qf

; ompetent sandstone up to chalnage 1300 m. The remalnder of

‘,“.

'the tunnel was excavated in weaker mlxed sedlments ““”’-

con51st1ng of sandstone, 51ltstone and mudstong i

et
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7.2.1 Excavation and Support |

A 7.6 m diametervfull—face, shieldeg_LQVAT MﬁéOO TBM
‘was used'to drive Tunnel No.2 (Marsh et al. 1986)& In
contrast to most TBMs which thrust of f the tunnel’ walls, tRe
LOVAT TBM is de51gned to thrust off the tunnel support rings
that are actlvated at t%e back of the shleld as depicted in |

Figure 7.3 where the propulsion system of the machine is

i

.shown. Note that the support ring can only be expanded one

diameter behind the tunnel face.

.\ V' " The support was de51gned for the purpose of susta1n1ng d
) the thrust load from the TBM as well as grav1ty loads due to<
loosenlng of the rock at the tunnel crown (Yuen et al.,
1987); It is composed of steel r1bs,(w150x23l connected by =

!longltudlnal thrust blocks. The r1bs were spaced at 1.5 m
along the length of the tunnel except for a few: cr1t1cal
sect1ons where’ the spac1ng was reduced to 1 m. Wire mesh,

fabrlcated from 8 .mm (longltudlnal) and 4'mm

'.(c1rcumferent1al) wires, was also 1nstalled above the

P
i

sprlngllne to prov1de support to any'loosened rock fragments

: and hence to 1mprove safety durlng tunnei drlvage.

e
.

:7.2.2'Rock Properties and In Situ Stresses
Laboratory and field teSting‘provided strength and
ldeformation.properties_for the uarious roch types. The
laboratory testing prooram included uniaxial compression
tests, Braiilian and frlanlal'tests aseyell as thin section

studies, X4ray“diffra3tion analysis anddscleroscope'hardness”
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testing. The field testing program_jncluded in'gggg moduizs
measurements, by means of the Colorado SChogi of M1nes |
dllatometer System, that were conducted in the sandstone in
an horizontal borehole drilled from Tunnel No.3 to Tunnel
No.2, A hammer seismic wall survey was also carried out in
both tunnels in order to study the effect of the excavation
procedure on rock disturbance |

The data relevant to the present dlSCUSSlOﬂ are
summarlzed in Table 7.1. A P01sson s ratio of 0. 25 (mean
value) was measured for the sandstone. The laboratory
testing program revealed relat1vely hlgh uniaxial B
compressive strength for thecsandstone (0,245 to 145 MPa)

and‘for the interbeddeed sandstone-siltstone (0.=48. to.153_"‘

MP®). The 51ltstone, the 1nterbedded siltstone- mudstone and

B

the mudstone were found to be much weaker than the i

sandstone, w1th un1ax1al-compre551ve strength ranglng
'between 14 and 68 MPa. In the field, loosening at the tunnel
A . - . . ’ ' ¥ . ‘

crown was observed in the mixed Sediment sections In- terms N
¥ t

of deformablllty, the sandstone wég?found to be more than 3
three t1mes stlffer than the 51ltstone, 1nterbedded
51ltstone mudstone and mudstone. The in 51tu d1latometer?m
tests performed in the sandstone‘unlt resulted in Young%s
moduli ranging between 7fané 28 Méa which are much lower
than the yalueS‘found in the laboratory. This difkerence was
Expected, because the rock deformability‘is known to

decrease as the volume of the rock tested increases. This

' results are in  agreement with Heuze(1980) who found that the

YL
Sy
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elastic moduli ﬁeasu;ed in the laboratory are 2.to-3.times
larger than the values'measdred in field.

IAh’in situ'stress measurement ptogram was conddéﬁgd in
’Tunnel No 3 by means- of two overcorlng technlques, singvthe'
CSIRO (Australlan Counc1l of Sc1ent1f1c and Industrlal
» Researcthrganlzatlon) hollow inclusion gauge and theAUSBM
(Undted States Bureau.of Mines) deformation gauge. A total
of four USBM tests amd five CSIRO tests were undertaken in a
horizontal borehole but three CSIRO gauges gave unrellable
results. The formatlon of a network of a1r‘bubbles 1n‘the
“glue around the strain gauge tUbe'affected*tge deeper tests
(Yden et al., 1985). The compiete stress tehsor was
available for only two locations aldng theaborehole; one of
vwhich was too elose to the wall of the tunnel and, hence,
was~affeeted by stre55rcbnceqtratidn near'the‘excaVatidn.- ;
The USBM tgsts coﬁld oﬁly provide the vertical and the-aXial‘
initial stress components. A vertical initial stress
consistent with the tunnel depth and‘avmodetatelyfhigh
horjzoental stress (K0 of about 2) was detected. At aboﬁt onéff
‘radlus from the tunnel wall a substantlal stress decrease .
was observedathat could not/be explalned by the{e}ast;C}ty»
theory,iprobably'due to stress“redistributien.aésoeiated’to
roek fracturing iﬁ.ptoximity of'the tunnel wall.(note;"at;
| Chainage 900m a frattured zonélalmpst 4m" deep was detected

at the sprinaline of Tunnel No.3, as observed by Yuen et

al., 1985).
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S 7.2.3. Monitoring'Programz

-

A relatlvely exten51ve rnstrumencatlon program funded
by CANMET was undertaken to dccument the tunnel
performance. ThlS program 1ncluded stra1n gauges on the
steel ribs and the thrust blocks, pressure cells~to'measure
radial stresses between rock and steel sets and aiial
stresses in the rlbs, and’radial multipointyextensometersl
located at various dlstances from the tunnel face. Only the

latter will be dlscussed 1n thlS chapter. The effect of the -

"

llner on the overall tunn:fggghav1or will be neglected

becu'1se the support is very flexible and was placed

relatively far behlnd the face. The measurements conflrm the :

. approprlateness of th1s assumption. A significant amount of

load was in fact only detected on the liner for those

sectlons where loosenlng (i. e., gravity loadlng) occurred at

P b

the tunnel crown, - _ R
‘Radial extensometers were placed at sevéral’locations‘

both in the sandstone.and in the mixed sediments. In the

:sandstone (atvChainage 800 m), a multlpoint extensometer was
’ located in a-horizontal-borehole driVen from Tunnel No.3 |
"ahead of;TUnnel‘No‘Z It constitutes, for thlS prOJect the

»only instrument able to measure dlsplacements ahead of the

'tunnel face (a 51m11ar 1nstallat;on at Chalnage 920 m

4

’malfunctioned?.'SeVeral“extensometers were placed at the.f

tunnel crown, 1n the mlxed sedlm&nt sectlon, in order to
detect loosenlng tak1ng place during the mlnlné process
T

{note* some instruments were also placed 1n proximity of the.
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Springline, but most of them gave unreliable results;-Yuen“
etvalj; 1985),'for‘each section”measurements are taken only
' oat»one location (crown of springline) partly because of .
4511m1ted acce551b111ty to the excavatlon front due to the
ﬁ:’sh1elded TBM Extensometers at the 1nvert for 1nstance,
'could be placed only behlnd the tall of the machine, at one
dlameter from the eﬁcavatlon front |
7.2.4 SMPplemental Remarks - | o v' | ;°
‘ A few add1t1onal obS@rvatlons are. relevant to this

thesls§ i |

1) The 11ner is very. flex1ble and’ placed far from the
'tunneltface.‘Its effect on the tunnel deformatlonal behav1or‘
will be neglected in this study, : o SN

22‘The stresses were measured only atvone-chafnage‘
(Tunnel No,3,dChainage 964 m).,Thg‘horizontal, radial stress
at theispringline was”mea5ured only at two locationsv |
(CSIRO) one of which close to the wall of the tunnel and
hence,,affected by ‘the excavation. ThlS 1s a le1tat1on of -
'the testlng program as-'a more accurate knowledge 0of the
initial stress fleld would have been begef1c1al %br an
-effective back analy51s-“-‘ R /H

3) Only.one multfpolnt-extensometer was:placed at eachp
1nstrumented sectlon. Whlle thls helps to detect |

v

varlablllty, 1t makes a quant1tat1ve back analy51s of the

Lo#

mon1tor1ng data d1ff1cult (see Chapter 3);
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4) Exten51ve loosenlng ‘at’ the tunnel crown was observed
~in the mixed sedlments, due to the low rock strength and the

high horlzontal stresses.,

7.3 Multipoint Extensometer Records.ih the.Mixed Sediments

A few vertical mhltipoint radial extensometers were
placed at the tunnel crohn in theimixed sediments.h |
Méasurements taken hy four of these ihstruments will be
adalyaed in this section in order torprovide some
understandlng of the strength and deformatlon
characterlstlcs of the rock mass. | !

ALl the extensometers con51dered here were placed
immediately behind the tunnel face (between_0;25:and‘1h from
the face). One of them iS-of’the rigid probe type'whereas_
the remainder'were flerihle probe extensometers.eQﬁipped
with-a greater number of anchors. Zero readings were taken
at the face after ihstallation'and, because ofilack'of
.accessibility‘due to the shield of the TBM;vno'readingsl
- could he taken‘w{thin one diameter from thefexcavatioh
front. Theréfore, the shape of the radial disp;acement‘
curves is not availabie near the fade.'For this reason, the
method proposed by Barlow(1986) and Barlow and Ka1ser (j987)
could often not be applled ‘

. A_yery detailed back-analysis‘oﬁiroqﬁfproperties and tn'
situ stress fieid is not possible, heoaose of the lack of

'suff1c1ent data on. each section. As expla1ned in Chapter 3

dlsplacements should be measured at varions loraticne arannd
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~

the tunnel to allow an effectivebback:hfiﬁi51s process, In
partlcular, measurements taken at the tungel‘crown wvere
found to be strongly affected by the initial axial stress P,
whose magnltude is not accurately known for thls case.
Failure observed at the tunnel crown and’ invert 1nd1cates,
con51stently with the field measurements; a relatlvely hlgh
initial horizontal stress Ph. A K,=2 was assumed to be
.representatlve for the'follow1ng dlscu551on.

———

7.3.1 Back- analy51s of Rock Mass Strength
| In. order to back- analyze the peak strength of the rock
. the locatlon at whlch the strength of the rock is exceeded
and the stresses at that location must be knownh. For some
~ cases, failure initiation is easily detected if’appropriate
‘monitoring.is carried out during face advance. Sometimes the
location at.which the strength of‘the rock mass is ekceeded
may be mlssed and only very general conclu51ons can be
drawn. Examples of both cases w1ll be shown in the follow1ng
dlscu551on. | |

The assessment of the stress state at a certain
 particular loCation around the opening reqnires a sound
knowledge of the initial stress field that should beg
measuredjcarefully by means of in situ testing; Information
‘regarding the in”situ stress field can also be back—analyzed
from the dlsplacements induced by. the excavatlon in the rock

mass if detalled mon1tor1ng is carrled out on a tunnel

-

PR L L I S . - LE R Y — .. .= . . . -
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one extensometer was available for each instrumented &
sectlon. The stress dlstrlbutlon around the tunnel can be o
determined by means of three d1men51onal npmerrcal analyses
by assuming the rock to behave in a certalnvmanner, e.g.,.asf
a linear elasticlmediumt‘Tne-assumption that the material
obeys linear elasticity up ﬁo failure, as made in this
research, is reasonable for many rocks that a{;ibit a fairly -
brittle behavjor. For those;ca;es where a considerable ‘
‘degree of no“;}lnearlty is expected in the pre- peak range,
the- llnear eQ?.tlc'assumptlon may lead to unrealistic stress

predlctlons

et al (1986)‘a5ﬁ Santare111 and Brown (1987): Also,

non- homogeneltles and non- 1sotropy of the rock deformation
"propertles can cause stress concentratlons around the tunnel
that may not be neglected. One example in wh;ch )
non-homogeneity of the rock mass may have considerably
'affected,the‘tunnel'performance will be presented.

In Figures 7.4 and 7.5, the longitUdinai sections of
“the tunnel in proximity of Chalnaées 2263 m and 3205 m are
‘shown. At ‘both locatlons, flexible probe extensometers,
approxlmatelyr7 m long, were ;nstalled at the tunnel cronn
immediately behind the tunnel face (i.e., 0.25 to 1m). At
Chainage>2263 m (Figure 7.4) the rnstrument is located in
Athe'Siltstone (np to 2 m from the wall), coal (up to 3.6 m),

mudstone, carbonaceus mudstone and interbedded

. sandstone-siltstone. At Chainage 3205 m (Figure 7.5), the
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sgndstone—siitstone up to 4.5 m a&a%’ffom the tunnel wall.
'The relative displacement profiie;far behind the tunnel
A_fece, as measured by;the mulfipoint radial e#ﬁensometer
located at Chainage 2263 m, is depicted in figure 7.6. Most
of the mOVement-occurs within two meters from the tunnel and

a relatlvely high radlal displacement of 25mm is found at

the crown of the excavation. A sudden charnii [Rascurve
gradient, at 1.4 meters from the tunnel wa‘ﬁ

~

thickness of the loasened zone., The radial uuaEREE‘ement

| N aacathiti
curves, measured by the extensometer at Chainage 22%3 m, are
piotted in F;gure f 7. The. radial dlsplacements are plotted

[}

agalnst the distance from the tunnel face and the deepest
a;chor has been chosen as datum. From this figure the
thicknees of the loosened zone as well as the location at
which failure occurred can be clearly identified. Relatively
small displacements take place in the rock within 14 m (1.8
raaii) from the#tupqel-face,'thenffailure occurs and a
portion of rock more than 1.0 but less than 1.4 meters thick
is affected by loosening. Note that. only a portion of the
siltstone unit below the coal faile. Some separation between
siltstone and coal takes place.

The. relative radial displacement profile far behind the
face, as measured by the multipoint extensometer af Chainage

3205 m, is depicted in Figure 7.8. In this case the

thickness of the mobilized zone is ‘deeper but’ does not
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_h‘This‘curve Elattens gradueiiy and does nor reveél the
thickness.of the loosened zone\hy a sudden.change in
»gredient;‘The radial displacements curves given by the
extensometer at Chainage 3205.m are'shown in Figure”7.9.
Again,'ﬁailure occurs far from the tunnel face (at}about
14.5 m){end a considerable amount ofvloosening’oan'be

observed. The broken zone seems to propagate to more than 2m

1

and is approximately twice as thick as for the previous

case.

s _are assumed to exist'at
o . A v
© S PESEERr ot these two locatlons

If the same 1n1t1al s

Chalnages 2263 and 3205

.

must have falled under 51m11§r l%eo'condltlons. 'In order to

s;mpﬁlfy the back-analy51s process, the rock:strength is

—

assumed, at this stage; to depend only on the max1mum and

‘

_minin:%gorlnc1pal stresses (the etfett of the 1ntermed1ate

pr1nc1pal stress WIll be 1ntroduved later in th1s sectlon)

~

The unlaxlal compre551ve strength for the 51ltstone can

~ be quantlfled w1thout ma;or dlfflcultles. In Figure 7.10,

/

’.the tangent1a1 stresses at the tunnel crown as obtalned by

”a three dlmen51onal f1n1te eiement ana1y51s, are plotted
agalnst the dlséaﬂce from the tunnel face.- The stresses heve
-:been obtalned bygassumlng K =2Jand are normallzed wlth
~respect to the vertlcal initial stress, Phe: dlstance from‘
the face 1s normallzed w1th.respect to the tunnel diameter..
For the two cases dlscussed above, fallure 1n1t1atlon took‘
place at about 1. 9 dlameters behlnd the face of the tunnel

As indicated in Flgure 7.10. (P01nt A) 98% of the ult1mate
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(far behind the face).tangentlal stress has developed. This

indicates that Ofor the cases considered, failure occurred

for a tangent1al stress of about 24,5 MPa. At Po1nt A, the

,tangentlal stress at the tunnel wall also- cocresponds to the
uniaxial compre551ve strength_of.the.rock The strength of
the rock-mass can'be’described for rnstance, by u51ng the

f;tlure criterion proposed by Hoek and Brown (1980a, 1980b):

0, = 0, + (mo_o,+s0_ )1/2 - ~ . [7.20]

[3 . o )
where o, and.o, are the maximum~and'the’minimum (effective)
'principal stresses, od is the un1ax1al compre551ve streﬂgth

\

" of "the 1ntact rock and s and m are emp1r1ca1 parameters. The

,unlaxlal c0mpre551ve Stress of the rock mass o n and the’
d

'.un1ax1al compressave strength measured in the laboratory a

can'be related as follows (Hoek 1983):

B Y ¢ N J e [7.21]

. s - . et i
, . . .

Qhé£e157tén Qéf;ibéfweéh“% (imtaotlgoogf'and O-lneavilyifl
‘Jjointed or brokenerCk). Suostitutlng o, with the value'

”f;found by laboratory testlng (mean value)‘and Ocn “wlth the o
value back- analyzed above-: ' _: ' p'w' “.l - S

’

o =.26.5 = (5 8861/ T [52)

_ the parameter § can.be calculated:



e

o

§:= 0!21.‘ , : - ""h:eél- 'Ai:" ; [7!23j .
. Foliowing the55uggestfonsegiven‘by“Hoekt(1983), a parameter
m=5 can bebassumed'for very goodfguality siltstone rock
:masses,‘ - L _ hg ”
.cNote-that‘Hoek-Brown‘faiiure:;r{terion defines'the
strength of the rock in terms of effectlve stresses where
the back- analyzed a con51dered total stress. Total and .
.feffectlve stresses’ c01nc1de, at the tunnel wall, 1f the

permeablllty of the rock 1s hlgh enough to allow a rap1d-

’ d1551patlon of the pore pressure (1f any) during face

'&'? l'.%.l«.

advance. The efiect of seepage on the total" s@tess

-q

_,distripution-around the tunnel mlght have to be con51dered
jnbut,iin'this case, 1t seems reasonable to neglect 1t The

'-permeabiiity of the rock ‘was not tested at the Donkln Morlen ¢

‘jprOJect and whether the rock mass’ was saturated or not is.

“'unclear._Almost no- water flow was detected dur1ng excavatlon

A

Land this seems to 1nd1cate that the rock was v1rtually dry

'(Aston,‘1987) .

' So far in thlS dlscuss1on the strength of the rock has

7been assumed to depend only on the maxlmum anc m1h1mum

N

'«pr1nc1pal stresses.vThe 1ntermed1ate pr1nc1pa1 stress,

¢

. however, is expected to plav a role (e g., Hendron, 1968)

and, should be con51dered Srlvastava et al. (1986) extended

theAHoek—Brown a1lure crlterlon as follows.

T m(cosd + ),/J2 - ml;/3 - so, =0 - [7.24]
. OC ) . | ’ o .> . A: 3 . ’ , v . . Tl v ‘ .v = B
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fwhere I, 1is the flrst 1nvar1ant of the stress tensor, J, is

W J

the second 1nvar1ant of the stress dev1atdon tensor and @ is

‘.the Lode angle (Nayac and Z1enk1ew1cz, 1972) -The‘

i

1ntersectlon of this’ functlon ‘and -an. octahedral plane 1§%?n
_ 1rregu1ar hexagon (Flgure 7. 11), 51m11ar to *he one g1ve y -
the Mohr-Coulomb crlterlon Eqn.'7 24 was obtalned by’ gw -
'applylng the procedure suggested by Nayac and’ Zlenk1ew1cz
(op. cit. ). The parameter s can be calculated by x
substltutlng the pr1nc1pal stresses at fa1lure in Eqn. 7.24‘

and by assum1ng an m value. The major pr1nc1pa1 stress

corresponds to the tangent1a1 stress at fallure (P01nt A in i
Flgure 7 0) the 1ntermed1ate pr1nc1pa1 stress corresponds
to the ax1a1 stress at fallhre (P01nt

: \3(

the minor pr1nc1pal stress 1s zero as 1t vanlshes on the o

B¢1n Flgure 7. 12)' and R

- 8-

'}free surface. Assumlng m= 5 (Hoek 1983) §= 0 21 results that

- is equal to the value g1ven by Eqn. 7 20 It can then bev"

v;vconcluded that neglectlng the effect of the 1ntermed1ate“

kY

,pr1nc1pal stress is acceptable qu thlS case.

7.3. Y1 Influenéefof‘InhOmogeneitles;‘,.h}. L
For certaln COﬂdlthnb, 1nhomogene1t1es in the rock ¢~?~1{

_mass must be con51dered because rhey may cause stress

. concentratlons that cannot be expla1ned by means of the

'elast1c1ty theory In Flgure 7. 13 the 1ongltud1nal sectlon

| fvof the tunnel in the prox1m1ty of Chalnage 1428 is shown. A

>

: 21 m 1ong r1gld probe/extensometer equ1pped with four f
anchors (1nclud1ng head) was instalied at the tunnel crown,”

'8
1mmed1ately behlnd the face. Another 1nstrument was located

e
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at the invert of the tunnel, but it won't be considered in

- this discussion as it was installedvfar from the tunnel

face, behind the shleld of the TBM.VEven though the tunnel

,,»

is- completely contained in a thlck siltstone layer a coal
seam is located only one meter above the crown. At this

locatlon surf1c1al loosenlng and-spalllng were observed too,

and conSIderable downward d1splacements were measured In

Flgure 7. 14 the radial dlsplacement proflle at the tunnel.

lcrown.as shownwfor @halﬁabe 1428 m.. A very large radial
..displacement of~almost 80mm was detected at the tunnel wall

due to loosening. The:radial'displacement curves plotted in

Figures7.12 show that failure in the siltstone took place_at
a much ®arlier stage than for the two cases dlscussed
prev1ously At the back of the shield, fa1lure had‘alreadyf/
occurred and a significant amount of loosening was revealed
by the 1arge gap between the displacements measured at‘the

wall and at 3m from the excavation. Because of lack %of

measurements near the tunnel’face, the 1ocation.at which the .

strength of the rock was exceeded is unknown. The reason of

early failure is to be found in the relatively low stiffness-

- of the coal that causes a high stress concentration in the

’

thin siltstone layer at the crown 6f the tunnel. In the next

~section, it will be confirmed, by the elastic modulus

’baok~analyzed for Chainage 1428 m, that the coal is highly

deformable, relatively to the 51ltstone. \

In the prev1ous example the fallure of the rock in

proximity of the tunnel wall took place ahead of the TBM's
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rock inhomﬁ%éneity. In the fblléwingAcase a similar

phenomenbh is found, due to the relatively low .strength ‘of

¥

the rock mass.

S , : :
- 743.1.2 Effects of Low-Strength Rock at the Tunnel Crown

The ldhgitudinal seetion(ot the tunnel in proximity of
Chainage ?996 m rsﬂﬁepicted in Figure 7.16. A fle#ible probe ;
extensometer is installed at the tunnel crown, immediately
behind the face of the tunnel, in'a 5.5 m thick layer of
interbedded s&ltstonefmudstone} Surticial 1oqsehing at the
crown,”witmin’a 60°’arch, was observed: In Figure 7.17 the

radial dlsplacement profile at the tunnel crown 1s:shown for.
_ghalgage 2996 m. Even for thls case a considerably large

59 .
rad;al displacement, of more than 40mm, is detected at the.

wall due‘tp’loosening. The radial displacement emrvessv
recorde&.ﬁy the mmltipoint’extensemeter ;;; shown in Figure
_7.15. Iwmedlately behind the shield of the TBM (P01nt A in
‘Figure 7. 18), fallure has already occurred. and a loosened
zone, approxxmately half a meter deep, is revealed by the
gap ‘between the measurements at 0.4 ana 0.8m. Ac thevface‘of'
the tgn@e; advances, the tendedty of tangential stress to
concentrane near the crown of the tunnel causes further

| propagation ofxfailpre. At about two diameters behind the

. face of the tunnel (Point B in Figure 7.18)vdeeper'portipns
of the _k mass fail-ana far from the face; a plastic zone

of tr,~hnr5° greater.than 1.7 m is detected. -The

back-a;*;vsis of the rock strength is complicated by the
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' known accurately However, a reasonable stress range at
wh1ch fallure must have . occu:red can be selected It can bef
A.aSSumed that jallure alms;t certalnly took place bﬁhxnd the-l.

4

" tunnel face. The radlal stress_ increase occurrlng “ahead of

4

the‘face ]S in fact—very moderate at the tunnel crown (see "
’Flgune 7. 1;) Immedlately behlnd the - face of the tunnel, the
:flrst p0551b1e condltlons of fallure are found as ‘the axlal -
stress increases to approxlmately 17 MPa. CFlgure 7.12). If
~ the rock'strength is assumed to be independeht;of the-
’intetmedlate‘principal'stress and‘the uniahlal comptessi&e-'
’strength of thé rock is exceeded by'thié value (17'MPa),
failure OCCUrred very-closely to the face of the tunnel.‘If.
not, failure took plaCe sdmewhere'within 0. 8‘and 1. 0 |
‘diameters behind the face, where. the tangentlal stress.h;"

reaches 23.5 MPa (P01nt B in Flgure 7.10). The upper llmii_

for o, of 23.5 MPa (0

t‘one diameter behind the face) can be

defined without prohlems',the~lower llmit is'uncertain. 1f
'lthe rock fa11ed 1mmed1ately behlnd the face of the tunnel
fbecause of the high axial stress value, this, would only
1nd1eate that o, is lower than' 17 MPa. At the same’ tlme;“
the relatively thin'plastie zone detected aé'the wall (about
0.5 m thick) immediately behihd the TBM shield indicateS"
that the maximum dniaxial strese of 23. S'Méa has(:ot'
exceeded the unlaxlal strength of the rock by a very

.s1gnlflcant amount..On the ba51s of these observatlons a o,

of 17 MPa can be assumed for theninterbedded

s
v
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v

“correlating the assumed 0., (17 MPa) to o, ashobtaine%_in'the'

“Iaboratoryi(35 8 MPa), ’an s*valoefof:approximateiy 0.2 isf

.found agaln. This 1nd1cates a very good quallty rock mass Ai
.(Hoek 1983): The\effect of the 1ntermed1ate pr1nc1pa{‘ /

'stress could also be con51dered as 1t was done earller 1n_‘p

I'4

\

_'thlS chapter.
;In‘thls section, the strength'properties'of the rock.
gmasS‘haVevbeen-investigated by study%gg the meChanism of

tfallure 1n1t1atlon at the Crown of the tunnel

~

_In.order to.deflne the parameters controlllng failure
L : P

7propagation;_more.extensive studies should be condncsed

using_appropciate:numErical technlques. Once the peak

~strength of the material is known, the amount of strength ‘

] loss character1z1ng the rock mass 1n the post peak range,"
for 1nstahce, could be %elated to the thackness of the -
.plastlc zone. Thls_study goes beyond the scope of thlS -

reseatch and suff1c1ent’datavare not available for avproper

- ‘ . q
verification. '

7.3.2 Back¥Analysis oflkock Mass Modulus- ”

i

If the rock mass surroundlng the tunnel exhlblts a

llnear ‘elastic stress straln constltutlve relatlonship in
the stress range of-1nterest 1ts elastlc modulus can be - |
_ found by matchlng the f1eld data with analytlcal results. A

reasonable P01sson S ratlo can Be assumed and the in situ
stress fleldemust be. known.~Epr certain cases, the initial

-



SLIELO .LdLlU‘ I\o 4;dll dlboU UC udcn—dlldly;eu diL LIe ~;dlllc Lilne
(Sakurai and Takeuchi, 1983). 1f a.plastic zone develops at
the. crown and at the-invert of ‘the tunnel' the back- analys1s.

-

of the elastic modulus of the rock mass is more d1ff1cult

In Chapter 5 it was observed that the shape of the relatlve
dlsplacement curves, given by mu1t1p01nt radlal
extensometers at the crown, 1s con51derably affected by
yielding (for Ky=2). In Figure 7.20, he.relat1ve radlalf
,dlsplapement-curves calculated at toe ‘unneL crown for'
llnear elast1csand elasto-plast;c,rock are_compared. For the
ntuo cases the same Young's modulus characterlzes the rodk
masses in therelaétlc region. The two curves have
.con51derably dlfferent shape but 1ntersect ‘at Point A'.
1P01nt A':represents the only locatlon at>wh1ch_'by f:ttlng
numerlcal llnear elast;c results to the f1eld data the rlght
Aelastlc modulus for the rock mass would be back analyzed

\

_.For p01nts'located between Po1nt A' and the tunnel wall

f1tt1ng with llnear elastic results leads to an !

;underest1matecof the Young's modulus, whereas an

overestimate occursﬂif a point located>outside,of&Fointh is
‘selectedr For the example shownfin Fidhreh?.ZO, Point A’
approximately corresponds to the'boundary of the plastic
azne. This is reasonable forlK0=2’ because failure-tends t
'TCause larger dlsplacements in the plastlc zone than for the
.elast1c case, and reduces the 1nward movement out51de the

plast1c zone,by;changlng the shape of the cross;sectlon from

ICircular to "elliptical" (Figure 7.21). In order to evaluate
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correctly the éléstic modulus of the rock mass, the»clOsest'
measurement to the boundary of the plastic zone, but in the
elastic re&%@n, should. be fltted to the calcu?ﬁted llnear‘
elastic values. Since yielding at the tunnel crown rcsults

1n relatively low radial dlsplacements in the elastlc reglon
(Figure 7.21, between 2' and C'). The back-analyzed'modulus
.'1s "then‘an upéer'bound value, o f~ |

! 7?wo cases will row >e analyzed by us;ng the suggested
‘procedure. The seTected'cross sections are the.ones Bt
Chainages 2296 m and 3205 ' m (see figures,7.1érand 7.5). Thi,,
results obtained by a three dlmen51onal f1n1te‘element h
ana1y51s are compared wlth the f1eld data for Chalnage o0
2296 m in Fiqure 7.22.5The flttlﬁh was carried out by
-match1ng v1sually measurements obtained at. 1. 5 m from the
tunnel wall (near the plastic zone boundaré); 7.5 m behind
the tunnel face. The measured  curves at 3.2 and 3.7m from

the wall.give lower displacements than predicted by the

A

finite element analysis whereasethe_movement of the anchors

-

in the plast¥c zone considerably -exceeds the Fdicted
(based on linear elasticity). A Young's modulus of 1.65 GPa

§of the interbedded siltstone-mudstoné is the outcome of
’ o , R '
this analysis, whereas Ex=9 GPa was measured in the

laboratory for the samg material (Yuen et al., 1985).
. B o _ o _
Chainagé€ 3205 m was also ahalyzed in the same manner. A.

¢

“point 40 m:hehdmd the tunnel face and an ahchor at 2.9 m ./

X

‘fﬁbm the tunnel wall was selected {or comparison with th

L : : ~ . ‘
finite element results (Point-A gure 7.23). The
. : . . ; 4 )
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at this location; whereaskE=113GPa was measured in the
‘lahoratory'for the same materialk(Yuen et al., 1985). The
~data collected within 15'meters‘from the tunnel.face'were‘
not con51dered for back analysis because they dlsplayed )
erratlc behav1or (Flgure 7.24) Slmllar Jumps as reflected
By Flgdre 7 24 are_ observed at other sectlons, perhaps due
“to the action of the r1b expan51on mechanlsm o
‘If the moduli back-analyzed for the two cases are
" compared with the laboratory results it is found'that the
ratios of E(field)/E(lab)*are;O.IB and 0.5, respectively,
for interbedded siltstone-mudstone'and siltstone{‘These
values are in agreement with thelnotion that the modulus of
'deformability'measured on‘small sampies always constitutes»
~an upper bound value for the rock mass.
Flnally, the deformablllty of the rock at Chalnage,

Y

1428-m was. analyzed In the prev1ous section it was stated’
that the low stiffneés of the coal seam caused early failure
(near the ‘face of the tunnel) at thlS 1ocat10n The elastic
modulus of the rock was obtalned by f1tt1ng v1sually the -
numerlcal results tq the dlsplacements measured at 3 m from.
-the wall (Figure 7.25). The very low modulus value‘
hack?analyZed-(EéO 5 GPa) proves the polnt that the coal is
hlghly deformable w1th respect to the 51ltstone, and this |
| supports ‘the conclu51on that this stlffness varlatlon caused
'J.stress concentratlon and fallure in the th1n 51ltsone layer

]

B ‘at_the,crown of the tunnel. - | g ' /
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At Chainage 800 m, where the tunnel is contained in a —

“thick sandstone layer, a-horizontal rigid probe, multiple

’ éhchqf extenéométér, Wés‘placeé-iﬁ a bofehdle driven ffpm
Tunnel No.3 (see Figure 7.26). The’iﬁstrument was placéd far
ahead of the tunnel face and the-compféte develqpment of
deformations along one line could be monitored as the tunnel
,'advanced; }h Figure 7;27, the results of the in situ
dilagométer test performed at Chéinage 805 m for the
de;erhinatiop gf the E-modulus, are plotted against distance
" from tunnel wall« Within.one radius from the tunnel wall, é‘
stiff zoﬂe was detected wit'. E Qalues as high as 28 GPa,v
wﬁe:eas furtﬁér ffom the wall an almést constant modulus of
about 10 GPa was found. Note that the profile depicted in |
Figure 7.27 indicates the presenée of a weak zone orvplane
at 1.5 m from the wall of the tunnel..Any signs of a
weakness éQ:ld, hdwever, nof be detected in the borehole

records at Chainage 800 m, where the extensometer is

located.

7.4.1 Analysis of the Total Relative Displacements

The final radial displacementsvm;asured by this
extensometer af the»springline and at Chainage 800 m,
instalied three d;améﬁets ahead of the tunnellfaqg,-are
plotted in Figure 7.28. Between 1.5 and{éﬁm.from the tunnel-

wall . a compression zone is found. A possible explanation of

this phenomenon is given schematically in Figure 7.29 where
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the effect of a thin stiff.zone on the radial displacements
around the tunnel is illustrated. Such a zone”coﬂld be
shaped differently and might be caused by a natural ,/ff\\\\
inhomogeneity or differential rock “damage due to
construction. After excavation, the stiff ring represented '
in the figure causes a localized constraining effect thak.
limits the radial displacements. This effect is concentrated
near the wall of the tunnel'and vanishes far from it. Note °
theianalog; with the compression zone found .in proximity of .
’thelleading'edg;\ofsthe liner sections‘descrihed ;n Chapterr'
6. In ord. - to substantiate-this'hypothesis a finite element
*%nalysis was.carried out whéfe‘the conditions described in |
Figure 7.29 were modellzd A stiff ring 1.3 m iong;(along
the axis of the tunnel) and 0.4 m thick with a- E modulus
1000 times higher than for the surrounding rock gave the
radial displacement‘profile depicte in Fj gure 7.30. The
extreme difference in elastic modulus was lected in order
"to prove the point that a stiff inclusion can actuaily
generate a'compressive zone_at the tunnel nall.'These’
. results Q}e only‘iﬁ@ended to provide,a‘qualitative
' éxplanation of anbotherwise inexplicable phenomenon and no
attempt of_matching quantitatiyeiy the field data was:made.
In Figure 7.30 the'results of the numerical analysis are |
,compared with the relative displacement pfofile'caltplated
by'the“elasticity,theory; without gonsidering the effect of
the stiff‘ring. Note that the stiff inclusion causesla

reduction of the radial displacements everywhere along the

-
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curve. In the real case the stiff zone is thicker and the
ratio between the stiffness of the rock near and far from
the.wall is much less significant than for the numerical

case, The numerical results obtained for the supported

"tunnels (Chapter 6) show that a relatively flexible ring,

placed behind the tunnel face, is sufficient_to generate

some compressive radial strain in the-surrounding rock. The
. : ' B

geometry of the stiff zone, as we%ﬂ as soft pockets 1ocated

near_the extavation may also play an important role in

t

B enhanc1ng the compressive effect

¢

In an attempt to explain thlS relative cpmpre551ve zone’
séveral other p0551b111t1es were examined and modelled by

two and three dimensional finite element analyses. It was

' found that neither, pre-existing soft zones nor. weak, plastic
~zones located near the tunnel could have caused this

phenomenon.

\ _

7. 4‘1 1 Back-Analysis of the Sandstone ,Blastic Modulus

The elastic modulus of the ‘rock can be back- analyzed by
comparing the radial displacement. profile detected in the
field to the displacements calculated by means of the V
el%sticity theory. I Figure 7.31, the field data (solid
Iioe)vare compared to the theoretical profiles (broken
lines) calculated fot'E=10 and 6-GPa (withoot.compression
zone simulation). Ih,orde: to'allow,thisvcomparison,-€%e

calculated values have been obtained assuming a datum 42m

away from the/wall of the tunnel (location of the deepest

anchor). It was observed earlier in,this chapter
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%FigogéfV»BO) that thefstiff_zone:oauses a decrease of the

radial movement at any distances from the excavation. -For.
this reason the calculated displacements (without stiff
ionel_should be larger thar ‘the measured values (with stiff

zone). The solution with E=6 GPa represents an upper bound

/" (vdlue for the rock mass, because it giJES a theoretiaal

profile just slightly'displaced abovg‘the field data. ~ -

The differences between the dlsplacements measured &t

3mand 21 m from the tunnel wall, AU, (3-21) (Figure 7.31),

-~

" farther from the wall, where the lower modulus is

and at 7 m and 21 m from the wall AU, (7f21) (Figure 7.31)
were also con51dered for comparlson with the elastic. theory
"The relatlve displacement AU _(3-21) can be matched by the *
ela)st1c1ty t% 1f E=8 GPa is assumed whereas E=5 GPa has
to be assumed in order to obtaln a relative displagement dI

the same magn;tude of AU,(7-21). The measurements obtained

calculated, are the more regiable because they are less

affected by the‘compression zone. : 2
A .
- A larger deformab111ty, than the one predlcted by the

fleld tests, has,been back- analyzed by means 6f monitoring
data 1nterpretatlon. Th1s_1s'reasonable becahse ¢ 40,000

times larger volume of rock .is mobilized by the tunnel

‘excavation than by the dilatometer. If at %east another set

‘of measurements were available, at the tunnel crown, an

assessment of the 1n1t1al stress cond1t10ns could also be

made. The con51deratlops presented so far were based on the

‘assumption that the’rock”does not exhibit significant

v

oy



non:linearity at'any_locatron around'the‘tunnel..ThéA;eader
. shouldhalso remember that, .at the tunnel springline for
'K =2, the shape of the relatlve dlsplacement proflles Wr:v
found to be relatlvely insensitive to the const1tut1ve

relat1onsh1p adopted (Chapter 5).

| 7.4.2iShapego£ theshadial ﬁjsplacement Curves Ahead-of’the
| Tunnel Face “?' L 'J.f o ” |
it?’g The shape of the rad1a1 d1splacement curves, recorded
ahead of the tunnel face, w1ll now. be dlscussed as the
‘dnumerlcal analyses showed-that 1t may be useful for
~ back- analy51s purposes. The radlal dlsplacement proflles‘“
,along the axls of the tunnel glven by the extensometer at
Charnage 800 m, are plotted‘ln Flgure.7 32 Wlthln 10-15 m
:ahead of the tunnel face, a substant1al change 1n the trend
of - the curve is observed The rate of convergence f1rst
1ncreasesvbut then decreases as. the excavatlon front
'approaches the instrumented Section. This results in.
relat1vely small rad1al dlsplacements at the tunnel face
with. bespect to the final movement measured far behlnd the
hface. In Chapter 3 thls partlcular behav1or of the radlal
.dlsplacement curves was found to be related to high initial
chal stresses.-Furthermore 1n'Chapter~4, it was observed
that the Orientation‘of"the deformatdon propertles of the
rock atso plays an 1mportanf role. In partlcular, for low

elastic modulus in the axlal d1rect10n (Chapter 4 CaSe 3),

11tt1e or.even outward convergence could be detected at the



'CH.800; SPRINGLINE

-
-
-
-
-

A
4 .3 .~
fL\?\/’/ A e
1 1 L
59 98 119

)

Figuré 7.32 Radial Displacement Curves for Springline at

Chainage B00 m

BN

\

¢

-



face, whefe a relatively large inwar? movemént‘is found a
féwimétersvahead of the excavation front. The behavior of
the radial displacement curves seems to indicate a high
initial axial stress value..However, this was not detected“
by the in situ stress meésurements. On thé‘other'hand, the
sandstone seems £o be relatively isotropic with respedf‘to

the cases discussed in Chapter 4. A local inhomogeneity,

- —=5Tch as a soft zone in the tunnel core, may have enhanced

3 J :
hWe effect of the axial stresses, released :t the tunnel

face during excavation, on the radial displacements near the
face (see Chapter 3). > definite explanation for the

observed displacement curves could not be found.

7.4.3 Analysis of thé Radial'Displacemént Curves Behind the
Tunnél Face .' | . | ‘ :.:ﬁﬁ“
The radiél displacement behind the tunnel face will now
be analyzed. The purpose is to verify whether a reliable
vprediction_of the rock defo£mability is ﬁoésible if thé_
displaceménts ahéad‘of the tunnel face are unknown.
In Chapters 3 to 5 the effects of the ground prqpéfties S
on the shape of the radial displacemént curQEs were
discussed, and some of the earlier findings will now be used
for the back-analysis of the eggsticwmodu}ﬁs-of the rock
mass.
In'figure 7.33, three'convetéenpe curves for tunmels in
linear elastic, hyperbolic and elaéto—plasiic rock obtained

by three:dimensional fﬁnite‘elément’modelling, are compared.
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It can be observed that'the;curves'are.vittually identical-
up to about 0.2 radii behind the tunnel face (Point A in
Figure'7.33) and very similar up to_0.45 radii behind the
face (Point Bl. For theee three cases, the elastic moduli
(initial elastic modulus for the hyperbollc case) are the
same, and major dlfgerences only occur relatlvely far behind -
the excavation front, where high deviatoric stresses
develop. This observatlon leads to the conclusion that for
cases where moderately non- l1near behav1or is exh1b1ted by
‘the rock mass, the shape of the initial part of the radlal
displacement curves can reveal'the‘magnltude of the elastic
modulus‘of the rock-independent of the ultimate rock‘mass _
benavior.v'

p The Eadial'displacement,profile, measured‘ata3 m from
the wall of the tunnel, is compared, in Figure 7.34 with a
curve calculated at.the same location by a three dimensional
finite element ga y51s. An elastic modulus of 10 GPa and an
1n1t1al stress ratio K,=2 were selected. The calculated
curve gives an almost perfect match of the field data up to
Point A (Figure 7.34), then tne two prdfiles diverge towards
different final dieplacements. The difference in radial
displacementé, detected far behind the face, is only in ba;t
a reflection of the difference in total radial movement
(1nclud1ng dlsplacements ahead of the face). Ithis also due
to the fact that a considerable dlfference between the

measured and predicted displacement at the face occurred.

The final displacement should be corrected as shown in the

-
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“figure (C-line) to account for the»different{trends‘of the
two curves ahead.of the face. The Crline'wasiobtained by
addingfto the measured radial'movement, far’behind.the face,
~ the difference between’calculateddan measuredfdispiaCEments
at the tunnel face (see inset-in Figure 7 34)i'Note,
however, that this torrection can only be applled if the
movement ahead of the face of the tunnel has been measured
The initial part of the curve, f1tted by the numer1ca1
results{ is assumed to be 1ndependent of the dlsplacement at%
" the Eace. This was proven to be correct at least at the
.tunnel springlihe and for K0=2, by the results presented in
Chapterfﬁ. In Figure 7.35, convergence curves - foﬁ’dlfferent -
'axdal stress (P,) values are shown. The radlal dlsplaCements
at the tunnel face differ for each caSe, Near the face,the
»curyes have almost identical_shape, even‘though they‘finally
connerge'to different values. N - DN |
The same fittingiprocedureAwas then applied to the
curve at 7 m from the tunnel wall shown.dn Figure 7f36' For
Eyis case an E value of 7.5 GPa is needed to match the #
initial part of’the curVe. Consistent with what‘observedw
earller in ‘this chapter, a lower elastic modulus was, found
by con51der1ng measurements taken far from the wall of - the
tunnel (and far from the compressive zone). These results,‘
however, are not in agreement with'the analysis of the totel
diSplacements;.;hat_led to the”conclusion that the elastic
“modulus of the rock mass should be lower than 6 GPa (see

.

previous section).
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‘ Bettertagteement was achieved by subtracting the
displacements measuredzet 21 m from the-tunnel wall, from
the displacements at 3 m and at 7 m from the wall,
respectively. They»are compared With calculatedlcurves'ih
Figure 7.37 and_7338. In this mahner; the measurements
become %ndependent from the locatioh:of the datum. For the
meaeurements'at 3 m from the wéll, the same tesult.found'
previously, E=10 GPe} is obtained. The rather high E value
observed ay this location is justified, due to the effect of
.the:compressive zone detected near the‘yall,of thevtunhel
.(Flgure 7.28). If the movement at the tunnel face -is not

T
- “a

knof ; %&cause the extensometers have been placed behind the

A

face,Qaﬁ'OveEfstimate of

e non-elastic deformations may

. result.
SN

The relative displeeements between 7 m‘and 21 m from"
.the tunnel wall, Dfeeentea in Figure 7.38, gﬁve a profile
that can be f1tted by assumlng E=5.75 GPa. Thes;
4“@bservat10ns are. con51stent with the conclusions drawn
earller in thls chapter, based on the.analys1s of the total
tadiai\aieplacements. Thé datafback;caléulated at 7 m from
the wall arefcertainly thevmost‘reliable ‘because it is
telat1vely far from the compress1ve zone and hence 1ess
a‘fected by local rock don homggene1t1es For this reason, a
modulus of apprqxlmately 5 to 6 GPa is mos* Tikely - |

appropriate for the sandstone. A certain amot it of

non-elastic deformation occurs and is visible for the two

kY
¢

cases, as indicatedrin Figures 7.37 and 7.38.

o 4

)
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Note - that no attempt has been ‘made to fit the full
radial dlsplacement curve by means of th2 finite element

(elastggﬁrresults, The feason is that only the’ initial . -

- portion of the curve (near the face) reflects the elastic

+, ‘ 4 .
properties of the medium, whereas the displacements far

. » L x
behind the face are affected by yielding (Figure 7.33),
initial stresses (Figure 7.35) and other factors influencing

the dlsplacemqptﬁ ahead og\the tunnel face., - | .

3

~7.4.4 Prediction of the Radial Displacéments By Curve

Fitting

Another aspect that was revealed>by‘the numerical

| anaiyses, was that the shape of the radial displacement '\

- curves is a valuable indicator for the determination of the

rock mass properties. In particqlar,'flatter’displaéement
profiles are f ound if'the rock exhibits a non-linear
stress-Stfain‘relatibnahip. Thefconvergeneé curve .can be
fitted by means of the Ramberg-Osgcog function (described in
Chapter 3) and for equal 1n1t1a1 gradlent the shape factor
m can be used to quantlfy thegaﬁiference in shape. In Figure
7:.39, the radial dlsplacement p§@f1le measured at 3 m from
the tunnel face is compared with three Ramb&&g Osgood *
curves, calculated for three different shape factors. The
closest fit was&gbtained visually for m=1.2 whereas, for the’
linear elastic case, an m value of about 2 is appropriate:

This indicates that the rock mass is affected by a certain

amount of non-linearity and this is in agreement with the



296

~ FITTING OF FIELD DATA -
3.0m FROM TUNNEL WALL

RS
0 1 1 LS 1 | 1 I 1 LI
0 10 20 30 40 S0 60 70 80 90100110120
. X (m)

Figure 7.39 Fitting of the Radial Displacement CuLrve by the

“Ramberg-Osgood_Function with Various m Values



»

7.?8. A

The properties of the Ramberg Osgood

.‘

N

functlon can also

be used to predlct the f1nal radlal dlsplacement based on

the 1n1t1al part of the curve, measured in prox1m1ty of the

tunnel face. ThlS feature can be very useful because»lt may

7allow rapld evaluation of data,.w1thout waiting for the

oA

tunnel face;to be far ahead of the 1nstrumented sectlon. A

procedure presented by Desa1 and Wu (1976) may be used to

determlne U0 and m. (see Chapter 3) ~on the basis of the

knowledge of the initial gradlent and’ two other p01nts on

-the curve. Desal and Wu (op.c1t.) also prov1de a 51mple

" iterative algorithm,
it Y \ .

In Figure-7 40, the7basic aspects of

‘ computer program to solve this problem by means of an -

the pr0cedure are

1llustrated From the 1n1t1a1 part of the curve, avallable

from the measurements, the 1n1t1a1 gradlent S; and the

dlsplacements measured at two dlstances from the: tunnel face

(e. g., mid- dlstance U1 and latest measurement U,) can be

‘ obtalned. With thls.data, the full curve can be defined. The

method was applied to_the radial displacement profile

'measured‘at 3m'fr0m'the wall in order to verify its abilitY

tunnel face from the 1nstrumented sectlon

‘.Each curvevwas,forced to pass. through the

avaiiable (farthestrfrom the face) and an

point. For instance,‘thelfirSt prediction

v

‘to- predlct the rad1a1 movement for various dlstances of the

4
d

(Flgure 7. 41) i

:F'v', !
last measurement
1ntermed1ateﬁ T,

was madeass&rln@

)
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The two points selected wete at 2.5 and 5m from the -tunnel
'_‘face.'When the face;is.at 5 or 10m frof the instrumented
Tseition,'relatively high values of m, not far from the ;

,values suitable for linear elastic conditions, are

"
Pa

predicted. This is in agreement'with theiobservation.that

N

the 1n1t1a1 part of the curve reflects the elastlc : f?%

properties of ‘the medlum.

As the face of the tunnel continues_to advance,; the m
3

'“- value decreases, and at about 3 radii (12.24m) from'the

excavatlon front a .good predlctlon of the final- dlsplacement

is obtained. The gradual departure.from.the 11near elastlc
cond1t1ons can be detected 1n thlS manner, as the excavat10n~
proceeds, ‘by 51mply back- calculatlng m. This is of great

practical value because 1t.a1}ows a rapid response to

A _ e
unexpected rock condltlons.-The m value characterlzlng the .

?

dlsplacement prof1le can‘then be used for movement

predlctlon in other 51m11ar tunnel sectlons by forc1ng the

R

curve to pass through the latest measurements (see Flgure

‘

7.42). The results obtalned by th1s procedure are. shown in
Figure 7.43, where 1t can be observed that a reasonable
guess can be made based on the . 1n1t1a1 12m of the curve\if

B R
}\‘ . R
¢ 3

the m value is corred%ly pnedicted.
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| In this chapter ‘some of the monltorlng data collected
during the excavation of Tunnel No}2 at the Doukin-Morien
oroject were discussed. Measurements taken at the tunnel
crown ih'thefmixed sediments,‘ahd at- the tunnel springline
in the Portal sandstone were analyzed.

TwO major"limitations-of this'monitoring and testing
program uere detected: |

1) The stress measurements vere limited to a sihgle
location' and because of technlcal problems durlng testlng,
an accurate assessment of the 1n situ stresses was not -
'prov1ded and | |

2) Only one extensometer was 1nstalled for each
1nstrumented section,’ most of the tlmes at the tunnel crown,

The 1n1t1a1 stress field must be known to a good degree
of accuracy because.lt is\a crucial factor 1nuthe

~

back-ahalysis process. Thi is.particularly important if
only one extensometer is 1nstalled at a certain sectlon,
especially 1f it 1s located at. the crown (d1rectlon of the
minimum initial stress) A number of at least two- (crown and
sprrngllne), posslbly four measuremehts {in the dlrectlons
of:the maximum and minimum pr;nc1pal stresses) should be
taken’at each'section.'This»would reduce the degree of
uncertainty in‘the’back-analysis\process by allowing
comparison.at,different.locatiOns, ahd would also permit an
assessment of}the initial-stressvfield.:Measuremehts téken

all around the cross section,would also lead to a better.
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For the analysis of'Tunnel’No.é, a K,=2 was assumed, as
it ls‘in reasonablehagreementiwith the field stress
‘measurements provided, The back-analysis of rock strength
;andvdeformahility in the mixed sediments‘(measurements'taken
~at ‘the crown of the tunnel, behind the fage; led to
;reasonable values. Lawer strength and higher deformabillties
| than p;zdlcted by the laboratory tests were found. The

»

following conclus;ons can be - drawn.

1) If the dlstance from the tunnel face at which

‘ fallure takes place is detected by the f1eld 1nstrumentatxon‘

- and the 1n1t1al stress field is known, the uniaxial

compre551ve strength of the rock mass can be

‘ back—calculated. If the constitutive relatlonshlp of the
rock does not ekhlb1t‘51gn1f1cant non—llnearlty in the
fpre-peak range, the prlncipal stresses at,fallure;can'be
calculated by three dinensional finite element‘analyses,_
'lbased on‘the assumption of’linear elastic'rock’behavior;

2) The elastic modulus of the rock should be calculated
by f1tt1ng the results of the three dlmen51onal numer1cal
.analys1s, based on the‘assumptlon‘of linear elastic
vbehavior,vto.a measurementftaken in the elastic zone, as
-cloS£ as possible to the plastic'zone boundary.'This Valuel
constitutes an upper bound value of the real'elastic o
"modulusi Again,.an implicit assumption of linearQelastic'

behavior of the rock mass in the pre-peak range.is made.



3) The fact that only the final measurements were
auaiiable,‘because thefshield of the TBM did not allow
"readlngs to be taken within one d1ameter from the face, was
certalnly a major llmltatlon of thlS mon1tor1ng prégram The~
.shape of the;dlsplaoement'proflles could not be analyzed
and;'for some'cases;‘the location at which.failure occurred
| could‘not be detected. | ‘ |
| The'measurement takem at Chaihage 800 m, in the Portal"
sandstone;‘gave theecompiete'picture of the'deformationb
_field. In thrs.sectiou a compressiVe zone, probably due to a
thin_zone of stiff rook,encountered by the tunnel»waS“
':observed Small displacements were detected at the face,
»perhaps due to hlgh 1n1t1al axial-. stresses, assoc1ated to a
local rock non- homogenefty 1n'prox1m1ty of the 1nstrumented
”sect1on.-Based on the apalysis of the final total and
partial“displacements;'and'on the shape of the diSplacement
proflles, a value of apprOX1mately 5-6 GPa was calculated
for the rock mass'(note' E 10 GPa was measured by fleld
test1ng) The - follow1ng ggnclu51ons can be drawn-b

1 The-1n1t1a1 part (near ‘the face) of the convergenoe_
curve reflects.the elastic propertles of the medium even‘i}
‘a moderate amount of non 11near1ty characterizes the rock
deformablllty f o J o | o

. 2) F1tt1ng the comélete radial dlsplacement curve (as‘
done by Yuen et al., 1985) w1th'the results of the numerical
’results did notvprove'to be very helpful in the o
u_paoKFanalysis process. Fitting the curve immediately behind

9



.the tunnel face, can,inétead reveal the ~liastic modulus of
the roc& mass. | | |
3) Partial mévements,vmeaSUred immediately behind fhe
tunnel<face,'can.resu1t an feasonable_predictions of the
elastic modulus. On the 6ther hand) the amount of ndn—linéar‘
;=deformation can be significantly 6verestimated (or
ﬂundereatimated)(because these raadinga are profoundly
affected by the magnitude of the dlsplacements ahead of the
tunnel face (unknown for many. cases)
| 4) Early detection of non-llneatlty in tne»rock mass,
and eariy.predictiOn of final radial aiSplacéments was
- proven to be posSibievby aimple'éurVe fitting of the radial
displaqemenf'profiles.}The parameter m ofvthafRanbergPOsgood
function was found useful for defining the shape ofwthe" |

curves and for detecting non-linear rock mass behavior,

»



8. Conclusions and Recommendations

8.1 Introduction

A series of three dimensional finite element analyses
were carrfed out in order to investigate the effects of

initial stresses, rock behavior and support conditions on® = *

4

the near tunnel face stresses and deformations in the rock,

- the loads on the tunnel support, and onlvarious types of

measurements taken during face advance. Unlined tunnels in’

rock exhibiting linear elastic isotropic, anisotropic and
non-linear stress-strain relationships were considered,

-whereas the study of lined tunnels was restricted to linear
. : _ o

YA
ths

elastié'co'ditions, for both rock (igbtropic énd
‘anisotgaéj:) and support (isotropic).‘Eor_most analyses, an
initial stress ratio K,=2 was adopted tif not specified
otherwise).'Finally, a ‘back-analysis of monithing data N\
_ Collected‘in Tunnel No.2 at the Donkin;Morien project was

carried out.
4 -
‘l

| o | N
' 8.2 Unsupported Tunnels ' :

The main 6ng;tiye sf this-part of the research was to
‘provide‘information useful for monitofing data
interpretation., In particuiar, convergepcevand.relative
dispIACement’measurémenﬁs‘(és givenJby multipoinf radial
extensometers) were invéétigated‘énd'thé conclusioﬁé_ofvthis
study are summarized in the following sections.

&

< bv. *
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8.2.1 Effects of Zero Reading Delays
In aeep tunnels convcr-gence and radial displacement

. 4 . .
measurements are usually scarted behind the tunnel face; The
results of this research showed that the measurements
heavily depend on the distance from the faﬁe at_whi;h the
instruments are installed. EQen a small -delay may ha-e a
‘substantial influence on the monitored displacement values
because\of‘the high convergence gradient at the excavagaon
.front.'Tﬂisveffect is particularly pronounced in the
direction of the miqimum radial stress (tunnel crown for
Ko=2). At this location some éutward movem;nt may be
recorded i1f a low axial stress, P,, char?étgrizes the
initial stress field, and if the‘in§£ruMEnt is installed one
radius behind the tunnel face. The senéitivlty\of the radial
disblacement measurements to tﬂe digténqe frcm the tunned
face at which the zero readings aré?&%ken, méy be further
increased if'the material is anisptgﬁpic and“the minimum
elastic modulus controls defo;paiions in tﬁé}axial

directions. This can be eépeciélly:the case of tunnels

excévated with the ax?ﬂfnormal to the planes‘of lamination
or stratificati@d. ﬁggéurements'must be started immediétely
.,behin?:f%e tunhel face, if monitoring ahead of the
excavélﬁon_ffont is hot possible., Frequent readings should
be tékén initially, otherwise n0'conc1usivé data

intérprétation is possible.



8.2.2 Effec¢ts of InitiaIIStresg QiStnibution _
The magnikude of the.ihitial axial stress é:j may
considerably affect the méasurements taken by instfumehfs
installed behind the tunnel face; in the;direcfion-of tﬁgg
minimum ihitial stress (tuhnelrcrown for K,=2). If not
considered during monitoring data interpretation, a high P,
value (r;lative to P, and P,) may lead to an underestimate
of the roek deformation modulus; where an Qverestimate may
occur if the real P, is smaller than the assumed. The
initiaf@gtcpss field should be carefully measured’and, in
particular} its axigl component should be assessed within a
. reasonable degree of accuracy. The high sensitivity to P, of

the measurements taken at the-tUnnel crown, on the other

- hand, suggests that monitoring should never be restricted. to

zhat location only.

It was also observed that similar effects on the
displacements around the excavation, as induced b& initial
stress distri?ution, are creatéd by the ofientation 0% the
medium elastic properties. If a significant degree of ground
apisotropy.is'expected,'a sound knowledge of the initial
stress field is particularly important to‘permit an

effective back-analysis of the anisotropic rock properties.

v
~

8.2.3 Shape of the Relative'DisplaCement Profiles (U, vs r)
A relative dlsplacement profile is obtained by plottlng
the radial dlsplacements measured by a multipoint radial

extensometer, against the distance from the tunnel wall at



which eich measurement has be‘-en taken. The shape of the
relative displacement profiles in the dirécti.on- of the
minim‘ux:\ radial stress” (tunn;l crown for K,=2), was found to
be usefil in detecting the orientation of the ground's |
‘el.a‘stic: pfropert ies as well as non-iinearorock-behaviOr.
"Relativély flat ‘curves, with large displacements measured
far fronthe t:unnel. wall, wefe detected when the maximum
elastic moéulus was assum'ea to control deformations along
the turmel axis (i.e., axis parallel to strata). on the
other =und, if the --rockﬁ mass exhibits a non-linear
consti‘:utive} relationship, tiue relative displacement curve
at the cfown becomes steeper *.rah for the linear elastic
cvaSe, and the'moverﬂent concentrates near the tunnel wall.
'Tl'le shaple of I'the rélative displacement profiles
calculated at th.e ‘tunnel spri.nﬁgline (direction ofv the
'maximu:n initial st)‘r_ess, normal ﬁo the tuinel axis) was found
:.to be Iélatively‘u{'fa;:'ffeqted by the non—linea‘r stress-st?ain
bEhaxfi’ig)f'of the rocl:‘k"). Theréfdre ‘these data can be used to

.. »

back-amlyze the e}a‘stic deformation properties of the rock,
. s % o ’ Voo . =
even f o cases whefe a r'nodf rate amount of yielding takes

=Y
LN e

place,
8.2.4 Shape of ‘the RadiaijaD;;-f'splacement Ctgxtves-_(U, vs X)

T shape of the radial displacement curves also
~dependson the material properties of the rock. Low ratios
betwee nthe shear modulus in the axial n’anes, G, and the

" elastic¢mdulus in the radial directio: -, lead to steep



associated to high G/E ratios. FOr non-linear rock bpenavior
flatter CUrves than for the-linefr elastic case were
: detected espec1ally at the tunnel crown where most y1eld1ng
;occurred The shape factor m (Desai and WU, 1976) was found
-to be helpful in def1n1ng the shape of the curves for cases
characterlzed by similar 1n1t1al gradlents. The‘TTltlal part
of the curves, monltored at the tunnel sprlngllng, showed to
be almost‘unaffeg;ed by-a moderate amount of yleldlng'and‘by
“the magnitudé of the'initial axiai stress P,. This suggests
that ‘the shape of the dlsplacement proflles, near the face
of the tunnel, can reveal the elastlc modulus of the medium
even in moderately y1e1d1ng ground Slnce the shape of the
radial convergence curves 1mmed1ately behlnd the tunnel face
is only.funct1on of the elastlc modulus, plottlng the,
normaiized convergencevrate, as suggested bv;Barlow and
-Kaiser:K1987), could be a good indicator»of yielding.
| ;‘if the,whole radzal'displaCement curve is'known,
non-linearity can be detected by back—analyzing a fictitious
,e]astlc modulus based on ‘the portlon of data monltored .ahead
of the face. The f1na1 movement far behlnd the excavatlon
front, can be compared with the elastlc SOlUthD based on |
3

suth a Young s modulus. Con51stency 1s found only 1f the

roch behaves as a linear elastlc medlum.



A serles ot three dimensi 1al finite element analyses
were carried out in drder'to'lnvestigate the r0ck—liner
interaction near the tunnel’face'andiits effecteaon
monitoring data and loads on the‘sUpport, The relative
stlffness of the l1ner, the delay of support 1nstallatlon
(DEL) and-the excavation round length (RL) were varied and
non—isotropic rock conditions were also.cohsideredf the

initial stress ratio was maintained constant (K,=2).

.8.3.1 Effects on Monitoring Data

If the stiffness of the liner is low relative to the
stiffneés of thebground; as expected for ;ost primary liners
~in rock, the radial displacements ahead of.the.face-of the

‘tunnel are v1rtually unaffected by the support. For thlS

reason, if measurements of the movement occurr1ng ahead of

the face are available, they can be regarded as useful

4

Ny

back-analysis tools. .
| - A 2onevof compressive radial strafn may be detected at
‘the tunnel wall due to the confinement action of the ¢
" support. This feature iavmore apparent if the liner.islatiff
and placed near the tunnel fice. Measurements taken'by.

radial mult1p01nt extensometers can be considerably affected

. by thlS compress1ve zone,,that is. often detected in field.

N

A

At»the tunnel sprlnglxne (d;rectlon of *the ‘maximum initial
streés for K,=2), the shape of the relative. dlsplacement

proflles is ‘not much affected by the action of the llner, ff'

O



support . It is then concluded that, at this location,

relative displacements taken at sufficient distance from the

wall pf the :tunnel® can: be most useful for back-analysis
§ ¥ Loy

(I ‘ ..
) "‘ g:»;:}; 4 “‘:

pUrposes.. " .
o "f7~

8 3. 2 Loads on the Support
As expected the thrust forces and the bending moments
in the liner were, found to depend on the compres51b111ty =

ratio C and on the flex1b111ty ratlo F.‘pihg

-
]

Increa51ng the delay from the face at wh1ch the llner

is 1nstalled leads to a decrease in both the thrust and

I

- F

'bendlng moments 1n the support. The. 2- D closed form solutlont‘
given by Elnsteln and Schwartz (1979) was shown to be i
conservatlve when compared W1th'more reallstlc 3-D models

This was also expected as the assumptlon of liner

appl1cat10n far ahead of the~excavat10n face (1i. e, zéfo

K

rad1al dlsplacement at .the t1me when the ‘liner 1s 1nstalled)

bl

15u1mp11c1t in the two dlmens1onal approach The safety

margin assoc1ated w1th the use of the analytlcal ,51mp11f1ed

')»,-Nw

solutlon, depends*on the relatlve stlffness, thé delay and

the excavatlon round length0 : ;@/‘j%;

Most of the load tends to concentrate,at the leadlng
edges of the llner sectlons. Smaller’excaiatlon round .
lengths‘result in more homggeneous loﬁd‘dustrlbutlon on the A
2support and consequently in better?géound control and

) = «\(¢’

relatlvely mooerate stresses 19 the llner.

.......



‘the location of the'maximumvthrust*force and the magnitude-;

P
of the maximum bendlng moment heav1ly depend on the

orientation of the rock, elastlc propertles. 1f the tunnel

‘jrr'- L
axis is normal to the strata, relatlvely low Aoads are RN
detected in the 11ner.7" A L

> : t
8.4 Back- Aaalys1s of F1e1d Data , ° '

)
".

The monitoring data collected durlng the excavatlon of

‘Tunnel No. 2 at the Donk1n Morlen progect (Cape Breton

71

Island, Nova Scotia) were analyzed by comparlson w1th the

results obtainedfby the f1n1te element method. The tunnel

oo

was assumed to be unllned because the support was very

W

flex1ble and installed far behlnd the face.. . e

The ‘time dependent_behav1or of the rock.mass was not

<}

considered in the presert-study.

.

8.4.1 Mu1t1po1nt Extensometer Records

o i
~

The measurements at the tunnel crown taken by means of'

radlal mult1p01nt extensometers, where used 1n order to'
e

back analyze the strength and the elastlc modulus of the

rock mass in the relatlvely weak mixed sedimentsg. The

strength back-analysis gave very reasonable results, - ¢

K

indicating, in agreement with field observations, a veryf
good qual1ty rock mass. It was also shown that a relatlvely

soft coal seam in the prox1m1ty of the tunnel wall may hawe

’

generated stress concentrations that resultedrln early

o ‘,l.

<
€



4

'analysiskalso showed that,bconsistently with the laboratory

R g ‘ ) . -
data, the siltstone has higher strength than the interbedded

“siltstone-mudstOne.

i i o . |

The“ratio between the uniaxial compressive strength of
the rock measured in the laboratory, ‘o . ‘(mean value), and
the un1ax1ai compre551ve strength of the rock mass

back-calculated from the field measurements, o. ., was found

cm/’

“to be, approx1mately 2 2. This value is reasonable for-theh

l

: very good quallty rock mass’ encountered at the Donkin-Morien

pr03ecb

s " The results of the finite element analyses, conducted

by assumlngathe«rock to be linear elastic, were‘furthermore

: used tofbaék-calcu1ate the elastic modulus of thefrock mass,

i

;

3

by comparison with measurements taken in the elastic zone,

o

as close as possible to the plastic zone boundary. Higher

déformabilitfes than p%edicted'by the laboratory tests

h resulted and the 51ltstone, as exoected wasdfound to be

stiffer than the 1nterbedded siltstone mudstone. The ratio.

ke

between the elastlc modulus values measured in the
7

'laboratory-(mean value) and back—calculated from the

. monltorlng data was approx1mately 2.0 for the 511tstone and -

5;5 for the‘1nterbedded 511tstone~mudstone. Thls values are
in agreement with Heuze(1980)
. The elastic modulus of the Portal sandstone was -also

rnvestigated at Chainage 800 m, where a radial.multipoint
. A\ . .

extensometer was installed at the springline, far ahead of

A

N \



relative displacemeht.profiles and of the shape of the
radial-displacement'curves resulted in.consistent'E values.:
The ratio between thelelastic.modulus values measured in the
laboratory (mean value) ahd.back*calculated from the |
monltorlng data was approg&mately 5 6 The elastlc modulus
dmeasured in the field “(average) was found to be ‘
approx1mately three tlmes larger th§% the back- calculated
%&éue. This values are in agreement with Heuze(1980)‘
, ThlS 12d1cates that the elastlc modulus of the rock
mass can be back;analyzed, on the basis of measurements
~ takén at the'back:erft%e face,-if‘the ehape'of the radial
displaeementfcurve ls:avarlable, The amount of non-elastic
defOrmatith‘detected in these conditions, however,'may be
grossly overestlmated 1f the dlsplacements at the tunnel
face are not pred1cted accurately (or.measured). |
Early detect1on of non-linearity in the rocklmass as
well as predlctlon of final radial dlsplacements was proven

to be possiblé by simple curve fitting of the‘anltlal part

(0 to 3R from.: ;the. tunnel face) .of the rad1al d1splacement

0'1’ r?‘

proflles. The parameter m of h@E’Ramberg Osgood function was:
found usefu? for def1n1ng the shape of the curves and for
_detecting non-linéar rock mass behavior.
8.4,2»Recommeﬁdatibns,for &onitoring Programs

_The interpretation,of the monitoring program.atfthe

Donkin-Morien eroject was affected by some limitations
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 extracted by ‘the back-analysis process: Ef; . 3.v.%;§$.
1) The 1n1t1al stress f1eld was not known w1th
suff1c1ent accuracy Stress measurements should prov1de the

, complete stressrtensork -elat1vely far from the wall of the

v(:,

tunnel and should p0551bly be taken at varlous locatlons
' A Q; 6’.}

along the tunnel axis. The magnitude of the 1nrt1al axial -
e

’_stress'P should-be carefuLly defined*if the displaéements
: ahead of the tunnel face are unknown.

: 2) Only one extensometer was placed at - eaqh

. . \ .
~ insttumented section where at least’two‘(crown and

)

springline) possibly‘four~(crovn; invert andbsprlnglinesf
' should have been 1nsta11ed ThlS would have allowed an:
assessment of the 1n1t1al stress fleld and a better

understanding of the effects of local 1nhomogeue1t;es;*
3) Where the flexible probe extensometers provided'a
sufficient anchor density near the wall of the tunnel, ..

poorer results were obtainedfwith-rigid’probe extensometers,
eqhipped with only three anchors.,lhislproblem should be
avoided in the_future for a more efficient,backfanalvses;
process. AV )

ot

4) The shape of the curves . for the instruments

t

1nstalled at the crown %as not avallable w1th1n one: d1ameter
from the tunnel face. This l1m1ts the amount of 1nformat10n
that can be eXtractedvfrom the measurements and should also»n
‘be avoided. The useﬁ@f dev1ces allow1ng remote readlng of

,V

~ the 1nstruments should be considered in order to overcome



In;summary, it.was:found'that the'monitoring program at
~ Donkin- Morlen was not well laid out for optlmal data
‘,1nterpretat10n. Hence, conclus1ons -that can be drawﬁ%ﬁrom
_this case hlstory will always be llmlted It must “bowevev

|

be p01nted out that a much more exten51ve monltorlng program

‘-wouﬁd have been needed for more’ succesful data~

1nterpretatlon._The'requlred funds, unfortunately, may not -

have been avalaible at that time.

we -

6.5 Recommendations for Further Research
Further research should be devoted to the 1nvestlgatlon‘

" of more complex constitutive relat1onsh1ps for both rock and

support in partlcular,//{e post peak weakenlng behav1or of y
'_the rock mass should be accounted for as 1t affecéﬁ@?he
propagatlon of y1eld1ng around the tunnels. Thevlnterface
.rockfsupport should be modelled by,means of»proper_lnterface
nelements as the full:bonding assumption‘may_nOt be realistic
for many practical CaSes._The effects of rock
‘ inhomogeneities on'field'measurements_and support. loads

should‘also'be object of investigation.
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