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' ABSTRACT

Contemporary underground transit systems -oftem. require

cross sections which are not adaptable to shield tunnelling

o

Due to the frequently large diéensions of these cross
sections, which are- normally sithated at shallow depths and
in soft ground, full faqe advance is not feasible because of
ground control and construction requirements. In these large.
1”%cross section tunﬁels, shotcrete is»frequently used for

initial support

Mﬁ : The thesis is aimed at rev1ewing the curnent practice of

construction and design of these large tunnels and at
formulating preliminary design concepts EXCavatlon schemes
which have been frequently used in practice are rev1ewed and

ClaSSlfled and selection crlteria for ch0051ng an . appropriate

scheme are outlined A number of case hlstorles are'
investigated and catalogued The data collected from these

field cases - are- presented in the form of. empirical design‘

1

recommendations, which have been developed for’ four distinct -

soft.ground classes. |

‘y | Aspects of tunnel stability are dealt w1th USing a

framework based on the Theory of Plastic1ty Solutions based
‘*on the Upper and Lower Bound theorems are applied to the

r

problem of selecting the construction procedure for a 1arge'

cross section tunnel The theoretical ‘results are' compared

Wlth results from model tests taken to collapse -and from case

un

histories of tunnel failures.' It. is -verified 'that the

\
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theoretical solutions provide re!sonable estimates’ . £ the

parameters at collapse in the model experiments. COmparison-

~ with actual field‘fases indicates that these solutions cgh
MY

be used - in engineering practice provided appropriate qactors

, B
of safety are employed - L

L ;

A detailed review of a case history of a large cross
section tunnel in coarse grained glacial soil |is _alsg
included Efforts are placed on relating tunnel behaviour to
'geological and geotechnical aspects. The field measurements
obtained also serve as basis for checking the adequacy of the
empirlcal re!bmmendations derivgd
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1." INTRODUCTION -

Lo -
+

1 1 Large Cross SectiOn Tunnels

1)
‘ e
v

oy -

‘cross sections which ére not - adaptable to shield tunnellrng;“

Due to the frequently large dimenSions of these;‘

.f_sections, which are normally situated at shallow depths andﬂ

»

-,in soft ground full face advance 1s not feaSible because of

”:aground control and construction reasons. Ground defbrmation“

s

’fand face stability are controlled by "staged excavation"u
't‘which consists of sequentially.driVing smaller, speCiallyp

vfl_arranged,. individual headings hence aVOiding full face

.

‘ excavation

‘ Figure 1 1 illustrates the relative size of large cross_

section tunnels Wlth respect to conventional shield tunnels.

\,defined as those whose continuous (i e., WithouE)intermediate”"

“pillar support) cross sectional excavated -area exceeds 60m2

[

h This definition includes most. double track highway, railway'

"ﬁfand subway tpnnels, subway stations»and someﬁiingle‘tran,,

railway tunnels.. Most large cross section tunnels currently_

s

”khave total excavated areas up to 150m2‘(Hochmut et al.,
v1987) Plate 1. l illustrates the sequence of excavation and
g‘lining placement in a large cross section tunnel

The deSign of such underground structures is 'a7

AR

. employed as initial or final support Although a’ number of“

b ST o -

Contemporary underground trans1t systems often reqUire_'

'rogs¢

S

'Within the" scope of this theSis, 'large'lcross sections are.ﬁo'f

‘arelatively new SUbJeCt particularly when‘shotcrete is'

T



'“ypapers has been published on this eopic dhring the‘past

-fifteenr years, the vast majority isi concerned with .

“Wﬁ

;deal w1th desigh issues of general technical interest

L

Furthermore, many of these reports are found in the Germani‘

'_literature and are not geadily access1ble to the practicing_

¥, “

engineer in North America.

-
’1 2 Objectives and Scope of this Thesxs

‘experiences g%ﬁged in spec1f1c cases and just‘a ‘Few . actually;_

e

The present work is almed at rev1ew1ng current practice‘

g

. Of“ construct on and,de51gn of large cross section tunnels 1n',

'Aisoft ground and at formuégting p:ﬁi&wtnary de51gn concepts
iThls is carried out in three essen ily distinct studies,

which are presented in Chapters 2, 3 and 4

Attentlon 'is 1n1t1ally given tok collecting ;and

i

’.organ1z1ng 1nformation from actuai case histories which could'

reflect current tunnelling practice. Theoretical studies

”based on 31mple models were. also carried out in order to

1nvestigate the 51gn1ficance of the variation of parameters

. such as the tunnel geometry and the s01l 'mechanical

properties in the de51gn process. An attempt was made to’

summarize both empirlcal and analytical flndlngs in forms

ea31ly useable by practitioners

The data collected from actual field cases is organized

‘and evaluated in Chapter' 2 Schemes which have been.f

frequently used in practice are rev1ewed and classified ~ahd

‘selection criteria . for ch0031ng an appropriate scheme are

» —4'



‘loutlined' A. brief reView iof concepts as$oc1ated With b

tClassification systems for tunnel désign is also included and o

rLWMempirical recommendations aimed at the deSign of large cross‘
”‘section tunnels in soft ground are proposed A number of caseg
histories are revised and catalogued
7\ _— Chapter 3 is devoted to the investigation of Simplev"
7solutions for estimating some of the parameters of interestn»
'in ‘the - deSign and construction of large cross sectionf

‘g;tUnnels. Aspects of tunnel stability are dealt with uSing a

framework based on the Theory of PlastiCity SOlutions based

m—

' ~

on the Upper ‘and Lower Bound theorems ar applied to the’
problem of selecting the construction procedure for a larget
,cross section tunnel. Results from model tests and from a few'
actual tunnels are set against the theoretical results.
Chapter 4 presents a, detailed reView of: a case history
of a large cross~section tunnel in. soft ground which was
,instrumented. by the author during the course of this
research Efforts were placed on relating tunnel behaViour to
geological and geotechnical aspects The field measurements
f,obtained also served as baSis for checking the adequacy of
the solutions derived in other chapters.
Chapter 5 summarizes the findings of this research
vproject, emphaSis being placed on pract:cal implicat ons on

i current deSign procedures. Recommendations -for- further,

research are also outlined.



1.3 The New Austrian Tunnelling Method (NATMV
g&cavation and support of a large cross section tunnel -
in soft ground, as- defined above, is often referred to as an .
applicatlon of the ‘New. Kustrian Tunnelling Method (NATM) The
‘,term NATM was 1ntroduced by Rabcewicz (1963) and is related‘
to the. eXistence of anCient tunnelling methods to which
iseveral national names were applied (e.g. Austrian method,
Belgianﬂmethod,'etc;). ) .
" The'NAIM‘is a procedure¢for excavating-tunnels which is
adapta§de'to groudd\conditions varying from hard rock to soft
ground Support 1s\prov1ded by suitable combinations of
shotcrete,'steel ribs and anchors. Excavation by the NATM in
soft ground frequently makes use- of a heading and bench‘
procedure, 1llustrated in Figure 1. 2 Within ‘an individual'
heading 1nlsoft ground the support is erected immediately
'after excavation ‘and closed to a full ring as close as
v p0331ble to the excavation face ThlS is aimed at maintaining
the face stability and minimlzing the soil displacements
| " The NATM is frequently presented as a philosophy'
“instead of‘a ‘tunnelling method which 1ncludes design,
“construction and performance monitoring in an integrated
manner An 1n—d§§th assessment of this ph;losophy is not
attempted.in thlS ‘thesis, where the term NATM (or SEM -
:Seguential Excavation Method, proposed by Eisenstein and
Sorensen,' l986,. 1987)' is used ‘to” define any tunnel
'constrUCted with 'nonfshield' techniques wand shotcrete’
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1.4 Ground-Support Interaction Concapts

A concept which is frequently associated with the NATM g

but is by no<means an exclu51ve.feature,of this method, lS¥

Jthat of mobilization of the'strength¥of the surrounding '

grpunﬁ and consequent reduction of the short qum loads in
@the lining This concept is perhaps best understood from an

analysis of ground—support 1nteraction diagrams, a tool whlch

was frequently used by Rabcew1cz (1963) and his co—workers in -

- order to ekplain the NATM concepts. Figure 1.3 is an attempt

ktovillustrate this concept, which has been the subject of
.
continual investigation at- the Univer31ty of Alberta in

-

receng*syears (Elsenstein et al,i 1981a, Kalser, 1981;

: Eisenstein et al l984; Eisenstein abk Branco, 1985b; Wong,

1986; Negro, 1988) .

Voo For simplic1ty, it 1s assumed in Flgure 1.3 that a deep

.

circular tunnel is being excavated,in a ground'mass subjected

to a hydrostatic stress fleld ThlS problem is aX1symmetr1c

thus the stresses and displacements in’ the ground around the

tunnel and 1n the support elements w1ll ‘not vary along the

tunnel perimeter. As the tunnel excavation progresses, the

'original ex1st1ng radial support pressure (Po in Flgure 1.3b)

~is gradually reduced, stresses belng redistributed part to

6’7
the ground and part to the*support. As thlS support pressure

Qis reduced, radialfdeformations-(u)_will océhr at the tunnel'

linings. A thorough discussion of the NATM is presented by o
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perimeter and the pressire—displacehsnt behaviour will follow
the ground characteristic curve Kﬁuso knownbas 'ground
| ;Ssponsejcurve or ground reaction*curve )y shown in Figure
1. 3b Th\s concept is of importance for interpretation of the
.load displacement behaviour around tunfiels and will be
_discussed subsequently in this thesis.

Figure“lQBb also shows alsupport characteristic curve

(also support reaction line or support reaction curve) As

‘the ground supporting pressure is. reduced ~this support

element/w1liudeform and attract load. In deep rock tunnels,

L

it is desirable to mobilize the strength of“the rock to a

[

certain extent, mlnimizlng the loads which will be carried by

the support In this case, lt would be appropriate to delay

the support installation and a“ displacement ud will occur, as

shown in Figure 1.3b. In shallow soft ground tunnels, thed

concept of allow1ng a pressure relief is generally ‘hot

applicable because this_ w1ll necessarily increase vthe

displaceéments :around the tunnel and at the surface.'In order:

% to minimize settflem@nty it isﬁimportant that the support be

finStalled as' close as ‘possible to the tunnel face, where an

‘unavoidable displacemeﬁt‘ u, has alreadv taken place, as
‘jshown in Figure 1.3b. e

| If suff1c1ent dlsplacement is allowed, a condition of
“looseningJ has been said.to‘occur. Wlthln the conceptual
framework presented above, this would mean that the ground
‘reaction curve passes through a point of minimum support

-ipressure nd starts to show an ascen 1ng branch. Based: on an

/
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oy
‘fﬁ?’r'“»g .

3.2.3) suggestsuthat euch a éondition

extensiue reView‘oftthb literatureL.Negro (1988:Sectionh

4

i ,
uld  occuronly in

non-cohesive granular soils at large defo mations (typically

1 to 2% of the tunnel diameter) Negro further argues that

'euch displacements would generally be in excess of those’
which normally develop in properly constructed urban %unnels,j

_ defining therefore_a condition of 'good grOund control'.

This terminology will be used subsequently in this thesis

(Chapter 3).

A

o
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SIDE GALLERIES .

FULL CROSS SECTION

«

Plate .1 Excavatlon of a large cross section tunnel with
side galleries (from 'U-Bahn Linie 8.1; reproduced with
perm1s51on of the U-Bahn Referat - Minchen) )

10
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2. OVERVIEW OF CURRENT PRACTICE

2.1 Introduction

When an engineering practitloner faces a problem that is
relatively new to the profession and for which well

established procedures do not yet ex1st, one of his natural

nconcerns is to learn from experiences that others have had

with a similar problem. The design of large cross ééltion

tunnels in soft ground[is'a”problem that falls into this

'category. Despite the paucity of specific design methods, a

fair amount,of useful information regarding particular case
histories is ‘available in the international technical
literaturel In this Chapter; attentlon ‘is focussed on
collecting and organizing data from these case histories

. From the literature review, the most frequently used

excavation schemes are reviewed and classified and criteria

for selection of the most efficient-scheme are oytlined. A

relatively simple numerical model is then used for/comparison

and evaluation of'grou@d displacements induced by different

“excavation schemes and for an analysis of a recent case
‘history. Finally, an attempt is made to synthesize

1nformation collected from various case hlstories in the form .

of empirical de51gn recommendations for large cross section
tunnels in soft ground. Such guidelines are intended to allow
prelihminary estimates of the construction parameters and

support quantities by relating them to a description of

11
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ground conditions without the use of an explicit analytical

model. o :

[

RN ‘ N
b

2.2 Cl_assifiéation of Excavai;ion Schemes
. As pointed ‘ut by Széchy (1973:669), "it is a long

establishéd procedure to excavate the tunnel's cross seétion

not in full face at once, but in smaller parts by the driving ..

of smaller, éggcially arranged‘individuai headings". In fact,
eariykattempts to classify th%se multiple.étage tunnelling
methods were presented as early as the 19th.centﬁry (Rziha,
;1874 Dfinker; 1878), by attaching national names.to them
(g g. ,'Belgiaﬁ Method, GermandMethod, etc.).

More recénﬁly, such cléssifications have been‘reiated
mainly % tunnel? which use shotcrete as 1n1t1al support,
frqu;ntly generallzed as appllcations of the NATM or SEM,
introduced in Chapter 1. This method, reviewed by Heinz
(1984) with respecf to épplications in urban afeas, is a

highly flexible and édapfable tunnelling approéchﬁand,'as

such, it allgws .a great variety of staged excavation
. .

techniques, which will be ciassified in the foilowing
sections,-Thg claﬁsification prigented i; derived from
schémes that have‘begnﬂﬁsed in practice.

An initial distinction should be made with respect to
the-disﬁance between the'féce’of»the éxcavatiop and the point
‘where the final invert is closed. In urban areas, coﬁ;ern

. -with excessive ground movements and possible damage\to.pearby

. structures requires that this distance should be minimized.

12

-~
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On the other hand, in non-urban Eunnels, excavated iquood

ground conditions, this requireplent is fréquently relaxed.f
In the latter case, schéﬂfz such as that shown in Figure
v 2. la are normally the first choice, since the use of. on/br
more headings will allow the contr;gtor to reach pigher rates
of advance_./ I tunnels of sho;'t length, it might be
- advantageous to the contractor to first fully excavate the
top‘heading gortion ki.e.;‘untii the 'brgak—thrdﬁdh‘ iﬁ
reached) and léter proceed with the lower bench or 5enéhesL
This précedure has beeﬁ“adopted, for instance, in the Mount
Shéugbnessy ?unnel, described in Chapter 4, as“J;ll as ;n;
'ktunnels of the Hannover-Wiirzburg expre®s line of the Germani
Federal Railways, currently;under éonstr@ction (Leichnitz and
" Kirschke, 1986).
As ground conditions deteriorate or a§ the tunne
approaches'sensitive areas where exces;ive moveménts mighi
. endanger qeafby structures, a temporary invert on the top
heading @iéht become-neceSsar§ (Figure 2.1b)f'In this case,
some ﬁaterial will be ¥gst but it® has been argued that
producti;;ty will not be significantly affected.(Leichnitz
and KlrSChk?,\1986) This scheme has been used for the recent
German eréway tunnels referred to above, as well as for
urban. tunnels in heav1ly populated areas (Cruz et al. , 1985;
Matsu81ta and Shlmlzu, 1986).
In urban areas or evén non-urban are§5fwhere.poor ground

conditions may compromise the stability of the opening, it is

necessary to close the invert as soon as possible and as

-
4
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close as p0551ble towthe excavatlon face (Flgures 2 lc and>

o

2 ld) The excavation and suppOﬁE system is, therefore, muchi

Stiffer C - R ' ”"h ]yﬁu'f ‘ e
‘ T ’ ﬂ - N =

’Thejadverse effect-of 1norea51ng the flnal .invert

‘closure'distance (Lf) is 1llustrated in Flgure 2. 2 :where
surface settlements from several urban tunnels excavated by

‘the" NATM are plotted agalnst Lf Fleld meaiyrements from case

hlstorles repOrted later in thls chapter have been added to.

B

cto1a

data by Helnz (1984) All settLements were normallzed as perp

procedure descrlbed by Oteo and Sagaseta (1982), 1n-order tov

. IS
-

mlnimlze ﬁlscrepanc1es due to dlfferent tunnel geometrles and‘lf

& . : « . ﬁ) 4"‘:

v i -

sorl propertles Flgure 2 2 shows awtendency of ghe surface

-settlement to 1ncrease as. Lf 1ncreases: However,»the trend¢

»

shown for 51ngle track urban tunnels is more marked and the

?) . o s‘~ Y .

‘large tunnels present reasonably good performances w1th much

larger flnal 1nvert closure dlstances ThlS 1s llkely due to"

-
L c, _,4,-‘ K *, . \

cIosed w1th1n a stage,’whlch allows a better ground control

Excavatlon schemes whlch have been more frequently used

-

for contlnuous cross_sectlons (1 e. 'W1thout lntermedlate N

plllars) in urban areas1 are presented in Flgure 2. 3 The "

Yoy e

clas31f1catlon shown 1n thls«flgure 1s an extenilon of” that'

presented prev1ously (Heln;, 1984) The modlflcatlons were

s
s

m—

1Scheme Tla is-a varlatlon whlch dlffers £r

due to the longer 1nvett closure dlstance) Itvls‘more ‘frequent in.non.

: urban tunnels e I S T

‘the fact that the excavatlon of these.large sections is‘”

' performed 1n stages, frequently w1th. a temporary 1nvert*<"

Rom,scheme le and Tlc solely.y"



_ deemed neéessary due to the large amount of new technical
mformatlon on large cross- section soft ‘g‘round tunnels th
;recently became avallable (e. 9. ITAa, 1986)
The symbols used for cla351fying the excavation schemes
are formed by the letter T. (for "type") followed by a
:number, Wthh represents the. number of,excavation stages
._fully embraced by a shotcrete ring, termed '"cells"‘ by
'Lessmann (1986) The numbers Lnsxde the cross sections in
Flgure 2.3 correspond to the sequence of'cavation "an_d are
presented along w1th the ranges of total eXCavated cross

sectlonal.area (At) observed in the cases surveyed and the‘

approx1mate percentages of the 1ndiv1dual excavation steps\,'

vw1th respect to At Some basic 1nformatlon on example case
' hlstorles is also included. o H} |

| The‘yreqiew of tunnelS‘lpresented-yis by"no ymeansby
exhaustive‘and more_details.will‘be“presented laterfin this.
chapter.'However,'a:few trends may:be derlved from thé"
1nformatlon presented For example, it is observed that one
1srngle step ?f face advance sJﬁdom exceeds 40% of the total‘
crOSS'sectlonal‘area A trend towards a larger n*mber of
' 'stages‘_as:tthe cross sectronal_‘area» ;ncreases ‘isf3a150‘

pe

<stab111ty and surface settlements, sinde all tunnels\listed

;apparenf. his probably reflects‘yconCErn. withrftunnel ‘

~were constructed in urban areas“ Also,fthe literaturepreview
SR o
~suggestsvthat schemes T2b and, T3. (with one. or two side

galleries) are given preference in urban areas with

Aunfavourable groundwaterhconditibns (see Section 2.3).
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It should also be pointed out that although the cases,

® reviewed previously by Heinz (1984) indicated that these
~. 4

large tunnels were predominantly driven in stiff coheSive

soils, recent Japanese cases demonstrate that this concluSion

\is-no longerfvalid. Tunnels ‘such as those described for,‘

- instance by Horiuchi et al.1(1986), represent applications in
'=51gnificantly less favourable ground conditions, such as

. cohesionless sands below the groundwater table SOme of the

AN

features of these relatively new developments are outlined in

Section 2. 5

2 3 Selection Criteria of Excavation Scheme

Selection of an excavation scheme involves a number of_

.anSiderations, some of which are subjective in nature and
i . N r q ‘

. thus difficult to assess. The ‘topic has already been:

'addressed by various authors (e g., Krischke and Weber, 1981;
"Heinz, 1984, Negro et al., 1984; Laabmayr and Swoboda,.1986°
Lessmann, lPBG), and a brief attempt is made herein to extend

i

and syntheSize relevant Criteria. It is recognized that the

N //;ative importance of- each factor involved may\vary from '

case to case and ‘no- rigid rules for selection of an,

: ih

appropriate excavation scheme can be//éstablished The -

follow1ng items present agreView of what are believed to be

J;\ : \

‘the main gove ing faptors and are intended to prOVlde a
Q

brief inSight into the topic.

! » ‘lwx A
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2.3.1 Ground Conditions

The geotechnical properties of the ground mass have a

major influence upon tunnel face” stability and on . the

magnitude of induced settlement In general an increasing
¥

number of excavation stages (and a. consequent decrease of

excavated cross sectuonal area for a 51ngle step) will

jnorgﬁlly lead to va‘ safer face advance and smaller

settlements. From the works by Horluchi et al ‘ (1986) and

"Hochmut et al. (1987), it ‘may be inferred that preference'

will be'given‘to‘T3 schemes (with two 31de galleries) for
tunnels with cross sectional areas above 90m2. Empirical and
analytical criteria for selecting the maximum excavation size

- will be discussed subsequently 1n this theﬁls

When evaluatlng stability, it is also important to

remember that in. Stiff fissured sorls stfgngth may decrease
FERER :

w1th 1ncrea51ng sample siz'ability during construction of
%)

"an undergrouna bpsning in this type of soil would become even

5

‘more crltical as_ 1ts 51ze increases. As 1suggested by

OEisenstein and Thdhson (1978), geoteChniQal studies in these

sqils must conSider a 5011 mass rather than extrapglation of

i fre&ults from. small samples It is believed that.inSitu‘tests

“and field- mapping may be necessary toolsv’in such

.investigations,_Further insights into the stabilityfproblem‘

/k'.

'are given in Chapter 3;2 : ‘ T

R - . ’ B 3 . N . ) » /~ y
Also, 'a few case histories inveétigated were excavated

¢

through sandy, oravelly' and -even boufdery soils, where

conventional sampling and testing techniques are not-usually



S

™

-'applicable. In these cases, the use'of‘large diameter.auger

holes (e. g.; g 900mm) is belleved to be an app;oprlate tool
to inspect the’ condition of the gxound insitu (Heuer, 1985,
Smirnoff and Lundin, 1985). The degree of cement?tion of the

grains, which is of fundament3l importance for an evaluation

of the "standwupftime" of the._ground, could. then be.
: ) SN

-4

‘eualuatedl ““Thegstand—up;time is known, from pract;cal

experlence, to be directly related to the unsupported length

or width of the openlng (e.g., Deere et al., 1969). It may be,

18-

Y

assumed, 'therefore, that it will dlrectly 1nfluence the ‘

ch01ce of the number of stages to be used in ‘a glven large.

tunnel. | ' ‘
: h?

In some cases ground water lowerlng from t‘e surface is
feasible. In other‘cases, h0wever, 1t is preferable to draln

the. soil from inside the tunnel. This normally requlrfs the

n(.

v use of smaller excavatlon sectlons since the presence of

ground water mayzreduce considerably the standfup:timerbf the

'igrohnd}»In some sections}of'éhe:Munich underground transit

sYstem' perxched Wateia tables /ahd _some highly permeable~5

a
£

horizons showing artesian water pressures were found
(Krischke ~and Weber, 1981; Hochmut et 'al, .1987). ‘Theéese

aspects lead to the selection of types T2b and T3 excavation

G

schemes, with the side galieries exoayated in ‘advance to

~ drain the so\l mass before the main'section.was‘excavated.

1 The stand-up- tlme was defined by Terzagh1 (1950), as "the time that
- elapses between the exposure of an area at the roof of the tunnel and

the beginning of noticeable movements of the ground above ‘this area".

[~ -



///used to optimize subsequent construction stages, thus

"underground,transit systems (e g 7

_ Gebeshuber, 1987), have shg

“large p

-

Also,'/by excavating a side - drift in advance, a better

r;examinatlon of/the ground conditions is possible and may be -

\ ’/

fulfilL{ng some of the requirements for application

observational approach (e 9., Eisenstein and- Bran 1989a)

Other.rrecent applications in the nich and vVienna

‘ that compressed air ‘is often
used in ' order to o ntrol groundwater inflow This is
et /

generally the: se where piezometric heads are high and the

grd/ndwater by means of deep wells. Several other additional

ground control. measures were frequently mentioned in-

o

connection with the case histories examined They are briefly\

.summarized in Figure 2.4 and while none of them appear to be

specifically connected with any of therschemes in Figure 2‘3

it appears that a combination of them is frequently chosen as

_Jan alternative to an 1ncrease in the number of excavation

stages or a reduction in the invert closure distance.

-
-

2 3.2 Excavation Equipment

The practitioner normally faces dec151ons concerning the

need for~ certain equipment,‘its availability and related

[

costs. Eponomically fea31ble NATM excavation in soft rocks,
for example, appears ‘to require the ’use of "road headers"
alsolknown as "part face tunnelling machines"..0On the other

hand, excavation in soffer material can be carried out with

»webér),1987- Deix and

ing volumes involved make it difficult to lower the‘

19
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. the aid‘bf,gonventional hydraulicaekcavators‘K"backhoes").

The road headers are-equipped'with powerful rotating cutting‘

heads, sometimes with an indiV1dual conveyor belt, allow1ng

|
high rates of advance. The cutting head is rotated and forced

fagainst the excavation face 1n order to cut the soil in

/~

pieces for easier removal Several manufacturers claim that

very~small»cross sections (down to'5m2).may be handled'by
‘ .

these machines,‘which seem appropriate, for example, for

schemes of the T3 type, when small Slde galleries may be

.

required.

Krischke‘and Weber (1981) suggest that the choice of an

excavation scheme may also be conditioned by the ‘available.

20

»machinery. For a T3 type tunnel with 90m2 cross-section, each o

side gallery, as well as the top heading (stage 3 in Figure

2.3) would “have about 20m2 which would likely'require the
~ use of-roadheaders On the other hand if the tunnel has. 150m2
of cross section the sdide gaileries will ‘have about 30m2
~which is approximately the size of a regular,.51ngle track
subway . tunnel.. In thlS case,vhydraulic excavators may be

' . - -

used.
- a conventioﬂ%l hydraulic excavdtor in a large cross section
tunnel in Munich, with about-,lOOm2 of'excavated area (Hammer,
,1978) Reviews of available excavation equipment and their

tselection may. be found in several publications (Hammer, 1978;

1

. j. ‘
Lessmann, 1980; Maidl,; 1984). A complete review falls beyond

r~ V . ‘ ! B - '
Figure 2.5 illystrates the .use of both a roadheader and



'qunctlon of-

_, Y S 3
. i X ' =z ° - Ll i \ )
‘the scope of the present work. Figure 2.6 presents a brief "

St ) y ’ ' ! N ¢
“vcomparison between ro&dheaders and hydraulic excavators.

o

N

'248.3 Cost. Considerations

The overall cost. of tunnelling appears to be, first, a

e rate of advan@e and, only second, related to

£

~the costs of g ound support Focussing only on ‘the staged
excavation problem, one may assume that preferences will be
glven to schemes leadlng ‘to hlgh rates of advance with a

\
p0351ble allowance for some support sav1ngs. The total costs

are also known to be highly dependent on the length .0of the
contract section (Klawa and Schreyer, 1979). L L )
The’only avallable comparisons of advanceirates in‘
31mllar ground condltlons were for ‘the tunnels in Munich,
namely between the T2b and T3 types The T2 §cheme has been
descrlbed as"’ ‘a development of the T3 type whlch allowed
hlgher advance rates (Laabmayr and Swoboda, 1986; Lessmann,
_ 1986) ThlS is conflrmed by data reported by Krlschke and-
Weber (1981) Wthh 1s summarlzed in Figure 2.7. Krlschke ‘and
Weber (op.wc1t ) were also able to evaluate the average time
spent ow dlfferent stages of excavating and placing the,
1n1t1almshotcrete support for a runnlng meter of a T3 type
tunnellwlt; .about 90m2 of excavated cross sectlon Their
.resulté are summarlzed in Flgure 2.8 and show that the

excaV@tlon aqd support of the top headlng of the T3 scheme

(stage 3 in Flgure 2. 8) takes a considerable portion of the .

)
o



total time, especially when this stage represents only about
20% of the tota; excavated volume. This possibly reflects the
great care exercised during_excavatlon of this;stage. It has
been observed'by the writer that sliding beams are used at
the crown, .possibly reflecting a concern ulth the

longitudinal support in the early stages of constructi@n,
when the shotcrete is not fully hardened and the ring is not
closed. As will be shown subsequently in this chapter, the
" -excavation of this stage is respon31ble for a considerable

portion of the surface settlement. ' \\

No comparison between advance rates achieved by the

schemes T2a and T2b has been found. Cruz et al. (1985) report -

an average agvance rate of 1lm per day for a tunnel with 77m2

cross section driven in a Tertiary stiff fissured clay with

minor groundwater inflow. Krischke and Weber (1981) report "an

average of 1.7m/day for a T2b tunnel with. 88m2, driven under

22

slightly less favourable conditions inpterms of groundwaterff

inflow. Since in the case reported b§’'Cruz et al. (1985) the
,,constructlon crew’\was probably less 'experienced,‘(they
reported the first large cross- section’ NATM tunnel

constructed in Brazil), it appears that the two procedures

(1,e., T2a and T2b) ‘could yield comparablé rates of advancea/,v

if executed 1n 51m11ar ground condltlons by experlencedr

personnel ’ ’ v

Also, if one assumesy/that in large t

nels (about 80-

90m2 of area or larger e contract would give preference

to schemes allowing relat; ly widely spaced excavation
. o | _ .
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frongs to proceed simultaneously (Leichnitz and Krischke,

1986), one might speculate that the T2 schemes (Figure 2. 3)‘
mjght be preferred to schemes Tlb or Tlc inMerms of ﬂdvance

ate in urban areas.

Regarding the total costs of large cross section
tunnels, very little published information has been found
Laue (1981) evaluatéd the distribution of total costs for

subway tunnels in the city of Bochum, F.R.G. (Figure 2.9).
While his findings are strictly valid only for those®

7 ,
ﬁparticular conditions (very shallow tunnels in heterogeneous

- o

ground generElly soft to stiff marls), they do provide an
inSight 1nto -the percentages of the total cost that are
ascribed to each construction stage In this instance, for
~ double track tunnels, excavating, supporting and placing the
| final concrete liner share more or less the samelproportion
In statxons, however, the final concrete liner is responslble
: for a greater component of the total cost.
' SO , : .
2.3.4 LOcalyﬂTraditions
| A recognized factor which might influence the selection
of a staged excavation scheme is the "tradition" factor.

’ Methods which have been successfully used in. the past
normally tend to gain an acceptance that assures their
continuity. These traditions may also be_carried over to.

~other locations by c?nSultants or contractors.

In the ,Sd0 Paulo tunnel reported by Cruz et al. (1985 * ,

for 1nstance, the T3 scheme was initially proposed, possibly

4
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due -to previous successful applications in Southern Germany.
The'TZa scheme was finally adopted and was successful since
'the excavation was completed ahead of schedule. The use of

traditional methods may appear practical but may also have

24

the effect of not allowing innovative techpiques to be

attempted.-:

2.3.5 Extent of Ground Movements

In urban areas, limltlng sefttements which may cause

structural damage to surface and subsurface utillties is a.

major concern. In general, not only the»magnltude of the

P
surface settlement but  also the. slope of the surFace

settlement depression caused by tunnelling are the prime
‘factors to be considered. It is apparent that for the same
" tunnel cross section, increasing the number of excavation

‘Stages, with immediate application of shotcrete forming a

load bearing ring, 'will reduce the amount of sgrface

ty

settlement Thls is supported by- data reported by Krischke

and Weber (1981), who also verlfled that . 1ncrea51ng tpe

settlement depression (i;e;, a wider trougn).
important to pdint out that the longitudinal distortions
(i.e., along the excavation axis) verified for these T2b and
T3 tunnels of the Munlch supway were very smalrl, of the axrder
of 1: 1500 to 1:6000,

Laabmayr'and 3woboda (1986) published a comparison

between'the Tlb and T2b schemes by means of Flnite Element




analyses which thé? claim 1s substantiated by field

Measurements. Their results indicate that the loss of ground

\u

v
ahead of the face is larger for the T1 scheme and that the

application of the T2b scheme allows a pronounced reduction

of surface settlement. The stiffer scheme is also better in
terms of/ipcf/asing face stability.

v

2, Q‘%e History: S3o Paulo Subway

The relative amount of settlement provoked by different

-

schemes could not be assessed through the review of case

25

histories since, in general, only oné scheme is used within a

single project. If the scheme is changed during construction
(e.g., Krischke and Weber, 1981), this is generally due to a
significant Change in ground. conditions and, hence a
'comparison.is no longer valid. d

This absence of actual performance .data can be

compensated for by the use of numerical models. In order not

to lose touch with reality, however, it is important that =

results derived -from these models are compared with actual
field data, In the following, simple finite element numerical
analyses are used to compare the amount of surface settlemerit
‘generated'by differeht‘exdavation schemes. The results are
checked with field.measurements taken in a large “cross
section tunnel and reported by Celestino et al. (198g) and
Cruz et al. (1985). The results introduced herein complement

those previously published by gisenstein'et al. (19§6).
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''2.4.1. Brief Dehcription ot the S#o Paulo Tunnel

"This double track subway tunnel has an excavated area of

(J about 77m2 over a length of 194m. Constructioh took place

between January and August of 1984, using a conventional

26

hydraulic excavator and ' jackhammers. The local soils were

sediments of the Sédo Paulo Tertiary formation, namely a stiff
fissured silty clay (E=50 ‘to 100MPa, SPT=20 to 50),
underl§iﬁg a fine ciayey sand deposit. The area is densely
populated and the tunnel passes"under several 2-3 storey
buildings. ' | ' “

Figure 2.10 illustrates the geological profire including
two perched water tables. Dewatering prior to tunael

construction was undertaken just .at the extremes of the
tunnel. Except in the portions where ‘the overhurden was

’

extremely low, whlch correspond to 25% of the total length

" no ground treatment was applied. Thus, ground control for

this tunnel depended mainly on a multiple stage ‘excavatién.

technique.

ks

v The T3 scheme (with side galleries) was originally

proposed in design. .Several reasons which areﬁiugorteq by
Cruz et al. (1985) led'ﬂ construction using'scheme T2a As
addltlonal precautlonary measures, a central Support core and

a temporary invert closure on the top*headlng portlon were

_adopted (Figure 2. 11a) The distance between the excavatlonA

'of heading and bench was 1n1t1ally spec;faed as 12m maximum.

This dlstance was eventually 1ncreased up - “to 40m in the

central portlon due to operatlonal reaSOns, anvexpedlegt
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supported by evaluation of field instrumentation. The average

.#7

excavatlon progress was 3m/day for. the heading and ém/day for;

the bench, yielding an overall average of about 1m/day (Cruz;
. . i

et al., op. cit.). . : |
, ) - ;
Lining placement was’ car\i?d out in two stages. Thﬁ
first stage took place immedia ely after’ each excavatiod
round and included spraying of a 3cm stabilizing layer of

shotcrete, lacement of a first (layer of welded wire mesh

(QZSB:Q 10x10cm grid; 4.48kg/m2), followed by

installa f polygonal steel .sets (I8" spaced 0.6 to
, 1 Om) . -The total shotcrete thickness in this stage was.25cm.
In the second stage, shotcrete andAa second wire mesh with

the same speC1f1cat10ns as the first were applied (20cm close

| to the portals and 15cm in the central portion). This layer

2
constituted the definitive innen,lining and was sprayed after

deformations were considered gtable. This case’ is quoted as
being the first subway tunnel in soil using shotcrete as the

\

final support.

The tunnel was ‘instrumented and monitored.'A'typical

. layout of the instrumented sections is presentéd in Figure

]
2.11bs A total of 16 instrumented sections were’ installed,

) consisfing primariiy of surface levelling and deep settlement

’

the roof were also carrled out.

‘ .
A

‘ ng.z. Numerical Analyses

polnts Internai convergence measurements and ‘levelling of
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The prlmary objectlve of thlS section 1s to analyze,
using the“Finite Element Method (FEM), the relative amount of "’
l(( surface settlement provoked by three dlfferent staged‘g

excavation schemes p It is recognlzed that the excavatlon of

’ S "

a large cross sectlon tunnel is-a truly three dlmen51onal :
process However, three dlmenSronal analyses are very complex‘

and would demand a’ con31derable effort, as shown by Helnz )

‘(1984)‘ A 51mple two dlmen51onal analy51s, regardless of 1tsl N )

, llmltatlons, allows an estlmate of the relatrye performance;,a'
of deferent constructlon uschemes in terms of ground«

movements : f; @

' The analyses are . almed at comparlng settlements due to

-

excavatlon of a tunnel 12m wide and 9m hlgh with about 80m2

of cross sectlonal area. The soll,cover above the tunnel .
) : . ¢
crown is taken as. 10m These dlmen51on> are falrly close to‘ :

4

' those found in the Sao Paulo tunnel reported aboven' A

.comparlson _is, 1ntended for ‘three constructiOns sChemes,;

1

namely~¢¥pes le,.TZa and T3 as deflned 1n Flgure 2

jgimpi

) assumed geotechnlcal proflle 1s deplcted 1n Flgure 2: 12 @%enﬁii;
¥ R R ‘i I

propertles adopted areralso shown and correspond roughly tofli»'

% B .,

;,”Flnlte Element Slmulatlon‘~g;f%' ,j..~ 7-_1"'57;

'Ee;‘l978 ADINA Englneerlng, 1984)..The mesh _bgdflsxlbl

oy shown on Flgure -2 13

¢ “, N . . ¥ gr

was represented by ADINA's\p'

N
S

ﬁ%ses model w1th 1sotrop1cb$*

: Y. Lo

. . ;.1 " B . B Lok -
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hardeningL The Value of the yleld stress was chosen as. the
@

29

“f Value of the unlaxial compressive strength of the SOilT

(qu—2cu) and the hardening modulus was arbitrarily taken as

: E/lO where E is the . ‘modulus of the elastic portion of the“

: those available dn ADINA at  the tlme the analyses were

stress straln curOtm(Figure 2 14) This model was chosen from

"Aconducted, 31nce it was con51dered capable of reproducing{‘

easpects of actual 5011 behav1our Successful use of this

model’in geotechnlcal analyses has been reported by Dysli and

1 Fontana (1982) .The shotcrete linlng was represented by beam

oy

&

ki

45\(.

s

elements and‘assumed to behave linearly elastically with

E 1OGPa and V—O 25. The thlckness of the 1nner wall of Lhev;

3

31de gallerles (scheme T3),‘as well as of the temporary

'invef? 1n the T2b scheme ‘was assumed to be 150m, while the

S

vthlcbhess of" the external wall was taken as 25cm The tunnelV

constructlon 51mulatlon sequence is 1llustrated in Figuiﬁ’

2 15 Modelllng crlterla follow recommendatlons by Helnz

(1984)

o

Results of" Comparatlve Analyses.‘

F;gure 2 16 shows the settlement proflles obtained for

the three excavatlon schemes. The settlenents occurrlng‘

durlng the top headlng excavatlon (step 2 for schemes le and

T2a and’ step 4 for scheme T3) are also shown. It is seen “that . - =
these represent a 51gn1ficant portlon of the. total settlement‘

and in the case of the T3 scheme they practica;ly coincide-"

Sl . \*

w1th the flnal values ‘It may also be observed<£hat the T3

R

S MR
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'settlement and of maximum distortio:, ’whlle the T2b
| performance falls within that of the other two, but closer t0'

" the T1 maximgm o . o ‘7,

30

. scheme has a. better performance 1n terms of max1mum surface;h

Figure 2 17 shows ‘the result of the numerical analy51s' .

for scheme T2a, this time plotted against the field readlngs

o A good agreement isV observed despite the several‘

simplifications adopted, what ,suggests. that a first'

.ffapproximation of such complex excavation schemes may be‘."

1f‘obtained from simple two dlmenSional technlques It should be

1

viewed as fortuitous.

analyses is also highly dependent on factors such as the

density of .the mesh p051tlon of the bottom rigld boundary,

"etc. (Heinz, 1984) The close match could therefore bev

» 4

f2 5 Emp;r;cal Reoommendat;ons

»'2 5 1 General

. 3 oo
In hard rock tunnelﬁing,k"clas51fication systems" have

‘past experlence. ‘A cla351f1cat10n system may be essentially

9

» pointed out, however,‘that the accuracy of finlte elementl_jj

:_become a popular solutlon for establlshlng a de51gn based on._,7

described as” an empirical de51gn approach derived from a.\

2.

collection of Qaptotype observatlons Support requirements'

ggﬁ;ﬁd/orfoonstructlon procedures are related to certaln classes

w‘eof rock @ass conditlons for which observations are: avallable -

i These procedures appear to be appllcabfe when there is

_.."\( - &,

insu?ficient data to establish an explicit analytical model



. . o

R R ‘ ' :
‘}for examplefbefore construction, ‘when there is limited

geological information. It has -also been argued (Brady and
* &

'3‘Brown, 1985 77) that classification systems may be used when

'the behaviour of the rock surrounding the excavation is so

'complex that it” is not amenable to engineering analysis using‘

‘

eXisting techniques.

,detailed reView of several empirical methods for rock

’«{s presented by Steiner and Einstein (1980)

.")’ .

-»ExaminatYoﬁ of this fairly extensive publicatioh shows that

many rock claSSifications include some sort of "soil class".

)

\ . »

This pOSSibly reflects the fact that 'in certain areas the

-

distinction betwéen soft ground and ‘rock is arbitrary CIn

" Continental Europe, for instance, soft ground f§ frequentlyvld

'-conSidered just another rock, which is softer amnvolves a

:distinct class oft problems (Deere et al., 1969 I-3).

The eXisting rock claSSifiCations which include a soil '

class are, however. of limited use 1f one "is concerned'

1

excluSively Wlth soft ground tunnelling, since they were

igmainly developed for speCific ground conditions and from a
: T .

limited number of obServations, They lack, therefore, thei//

necessary detail fdr differentiating between sevefal soft-fw

e

‘~ground classes.’This may lead to the Same deSign parameters

‘fﬁfor classes of SOil which are Widely distinct D - *"lf

NS
The behaViour of large Cross section tunnels in soft

-

nground is likely complex and therefore not amenable to simple;

: solutions At the,same time,.there seems to be enpugh 9353?

'Jhistories-information published‘so that.a“classification

“ - , o k f . . -

o
!



' probably be welcome.-Combining information concerning a sor
and tunnel geometry-with such a system, the practitioner

T

_ could establish a:préliminary design. e e
| 2.5.2 Existing Soil Classi¢1cation Systems L“
Desplte the ex1stence of a fa1r number of cla351f1catlon
systems for s01ls, most of them were developed for roads and o
Hrunway projects and are not dlrectly applicable ‘to tunnelo
odesign An example is the Unlfled Soil Classiflcatlon (UCS),z
' 5wh1ch is widely used in’North Amerlca and'iS‘recommended for
1dentifm§ation‘and class1f?catlon of 30113 in the Canadlan'_k
”Bullding Codg‘(CGS,‘1985) The UCS is rev1ewed in\many 5011
vmechanlcsdtextbooks and its. framework is generally attrlbuted
to Casadfande.(1948), who also reviewed several other
vclassifiqatlon systems The ba31c problem w1th all these;
classificatlons is that tﬁé}ldo not descrl%? the soil in- 1ts ’

L 3 » ¢ -
natural sﬁate,‘ whlcﬁ‘ is an essentlal requirement for~

e
_

' ., ) . - . . - rd
~tunnelling purposes. In sands, for instanoe, a;/slgght
’ fcementation between'the particles, usually’not/detectable

through conventional sampllng, ‘will /9ften dlctate the )
e

,'dlfficulty of tunnelllng T P - h "f“ B i
R Other class;ficatlon//s§g;;ms owhioh' do inclnde_.'
Linformation .about the"501l 1n31tu ,aré‘;tﬁe German
Li"ClassificatiOn of/Loose Rocks for Excavatlon Purposes"
:(DGEG, 1979) nd the Brltlsh "Gulde to. Slte?rdentiflcatlonb
 ‘and ?/scrlptlon of Coarse, Fine and Organlc 801ls" (Bel;“



e

//

'suggests tha
stand-t

;feat res, mainly as interpreted by Peck (1969).

.

7

1983) . However, they are clearly not directed toward tunnel .

o} .
des1gn, although some of the included features may be useful

\,r"'

when’ evaluating the poss1ble behaviour of the - ground during

e .
ot i

tunnelling. - ‘ » S ‘ L

-

To the author!s“knowledge, a single soft ground tunnel '

.classification system, proposed by Terzaghi (1950), is

- -behaviouristic, in the seﬁsesthat'it attempts to describe the

referred to in’ the literature.' This , classification is

soil as it behayeéfduring tunneliing. While it might be

\

appropriate' to characterize conditions effeCtively.

\( .

encountered during excavation, it is not directly related ‘tor -

i/trinSic ground properties and may not be applicable in the

class1f1cation as the "Tunnelman s Ground Cla551fication" and

—time as criterion Table 2.1 summarizes its main

#

A "subdivision of soil types which is perhaps more

._hlS state—of—the-art report_on tunnels and excavationssin

£

ik

rde51gn stage (OMTC, 1976) Terzaghi (op cit. ) refers to this_"

veral classes may be differentiated using the

‘appropriate for the. present study was’ used by Peck (1969) inli

soft ground. Peck (op. cit.) reviewed a number of case °

histories, from widely different geographic cultural areas
Peck placed these tunnels in four broad glasses, apcording to
the soil characteristics of interest to tunnelling, namely

“cohesionless granular‘soils" "cohe51ve granular soils",

"non swelling stiff to hard clays" and "soft . to. stiff

- saturated clays"' Both typical 3011 types. and possible_.
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R o T e
behaviour during tunnelling- were outlined,'y and are
summarized in Table 2.2, . ) |

- This classification may be criticized on grounds that -
the classes are only broadly related to intrin51c SOll
) .r\ /

properties Also, Peck's description of tunnelling methods,

not included in Table 2.2, is perhaps a little out of date

”1'Nevertheless, it has the merit that it is usually a 31mple

matter to classify a new case history into any of these four

ground classes. As such, it was taken as background for the
1

classification 1ntroduced in the following 1tems

2. 5 3 Proposed Soft Ground Clas‘zfiCation

A number of case histories of large cross section
tunnels in which shotcrete was used as initial support, were_
analyzed based on 1nformation contained in technical papers
and reports The tunnels evaluated were constructed in fairly
different geographical, cultural and socio- economic areas
and, as such, construction practices may have been 1nfluenced
by factors other “than the ground characteristics, for

"instance’ those outlined in Section 2.3. Moreover, “the

majority of the rqports reV1ewed lacked a con31stent soil

mechanics approach for the description of the ground.
For ‘these reasons, and also because it was ve

.that the excavation procedures and support quanti‘ies were

affected by an environmental factor, namely the existence orl

lack of nearby structures, a definltion of lasses based. on

quantitative parameters dld not prove P actical Instead, a,

.
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'simpler subdiviSion‘of‘ground types, which‘according‘to
Steiner and Einsteint(op,‘cit.) would’fall inté "Type'Bi/////

"OQualitative Direct Methods" for tunnels in rock ~was

’

preferred,-In the eXisting rock - t;nnel empirigal methods

g

.which belong to this category, the Ground ditions and/or i

“the ground behaviour 'are described 'tatively and are
rock load") related

requirements, as -

Mo§t of the cases reviewed would fall into the "cohesive e
nular” and "non swelling stiff to hard claysv’oroups
advanced by Peck (1969) and summarized in Tablex? 2. A few,
however, peloqged to Peck's "cohesionless granular soils"
group,-ﬂo;reports were found of large cross section tunnels
.excavated in soft ciays, although at times these may have
been present in a‘non?dominant fashion. .
The influence of features such’as fissures or joints in

he ground mass in the construction procedure and '’ support
guantities could not be assessed It is believed however,
.that the" good linlng 5011 .contact wusually provided by the
vrapid application of the- shotcrete Wlll be suff1c1en£_to
1 increase safety and'to preveniathe development of loosening'

zones around’ the opening (see’ Negro, 1988'114 for a more
extensive discussion) Also, in all cases where a combination

i

of piezometric pressures and ground permeabllity could cause -



e

proolems during excevation (e.g., flowing ground - Table
2.1), the, groundwater leVél‘nas either lowered well in
advance or was drained through ‘the tunnel during
construction. In exceptional cases (e.g., large reservoifs:of
available water and highly sensitive etructures nearby),
dewatering was not feasible and alternative technxques such
as the use of‘compressed air or free21ng were- used (e.g.,
Deix and Gebeshuber. 1987; Krischke and Weber, 1987). In
summary, most of the cases reviewed are believed to have been
: -

excavated in fairly firm ground!.

In the following, soil displaying any so ~of "bond"

. between particles is termed "coherent", a term/which seems

appropriate to_encompass'both'fine grained Afid coarse®grained

' soils and apparently coined by Deere et al. (1969). Also, it

was felt convenient to adopt the term "heterogeneities" in
connection, for instance, with mixed-face conditions.

Heterogeneities frequently referred to in fhe case histories

‘examined,'which‘seem to have dnfluenced the construction

“‘procedute and/or the support' quantities were: e

aé pnesence of weaker layers at the excavationufece; for
vexampie softer clayey beds within cohesive'granular'
soils (e.g., Bauernfeind et al., 1978); .

“b) presence of lenses of cohesionless eands or gravels

at the excavation face which could be running or floﬁing

1 Babendererde (1985) suggests that for the shotcrete method to be.

- applied, the ground must be able to remain unsupported for at least 1.5

hours after.a 1lm advance. Non cohesive soils would have to be somehow
improved. to meet these requirements. . :



depending on the groundwater conditions (e.g., Krischke "

and Weber, 1981); v

, c) ground where stiff and soft1 layers would be present'

alternately (e.g., Jagsch et al 1974, Deix and
‘Gebeshuber, 1987). ‘ -

Four .classes,6 of soil were found appropriate for a.

claSSification of the cases studied:

Class I: Stiff cbherent homogeneous ground

This group» includes "cohesive granular" and "non
swelling stiff;to'hard clays" of Table 2.2, in which the
geotechnical properties of the geological units in the
erCﬁa'ty of the tunnel were con51stently favoSrable In other
words, “qb heterogeneities, as defined _above,v were

encountered In terms of the Tunnelman's Classification,

these SOllS could be generally classified as firm.

Class II:'Stiff coherent heterogeneous ground

This would be essentially "stiff coherent ground" as

descfibed above, but with geological anomalies present in

' Varying degrees The presence of tthk softer beds could for

example, be responsible for a marked non uniform loading of

-

1 Moduli cons/ystently reported in the cases. reviewe,d suggest that a
quantitative ‘boundary differentiating the ‘stiff from the soft soils
would be about E=30MPa. Since, however, the .E value is known to be
deperfent on the test ‘procedure, which could not be assessed in most
case care should be exercised, when applying the present
classificatien, in judging what is actually a soft soil.

37
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the liner,‘as demonstrated_by Wittke (1984). Also, the

presence of lenses of sand which could run or flow into the
' L .

tunnel would probably require a more careful excavation

sequence,

Class III: Coarse gralned coherent ground

Some case histories were found of tunnels iqigrdQnd
which contained a conslderable amount of coarse grained
particles.wAlthough it is believedAthat at least a portion of

these soils presented some degree of cémentation, which

: _ < S . . .
would allow unsuppoXed face advance followed by immediate

38

~ application of Shotcrete, measures such as the use o%/l

forepollng in-the crown area were con51stently reported ln
these tunnels. This probably reflects a concern with the

possibility of 'soil runs in these locations, with direct

implication in the loss of ground and'in”the crew's }afety.'

Althougn'a rigid guideline for establishing which gravelly‘or

bouldery soils would falb into this’ category could not be

-establlshed it was verlfled that, for the cases examlned
the dominant 3011 had at least 30% in weight of particles
w1th average_diameter_larger than 60mm, i.e.,- of cobbles and

boulders accoxding to CGS (1985). Also, it is“believed that
s .
- the maximum silt-clay content of these soils was below 15%.

Class IV: Sandy cohe31onless ground

+ ‘

Some recent Japanese tunnels were excavated in sands

" described as cohe31onless except for some cohesion due to



s

capillarity. These sands were fairly dense and dener i} had’

93'*"7,% W

39

an N(SPT) wvalue of around '30. However,- due to its running

characteristics, extra precautions had toﬁgy ta

order
for the excavation to proceed For example, i
forepoling in the .form. of steel plates was used above the

'springline. Also, in_extreme cases*where the sands would

- rapidly run after exposed by excavatiq&, aﬂchemical resin

!

jcoating which,solidified\in about 5'minutes was applied

before the shotcrete, in order to prevent the material from

. running into the tunnel (HoriuchJ et al., 1986).

2.5.4. Base Cases and Parameters Surveyed

-

Twenty five_ case histories were reviewe

" literature reports and complementary unpublished material

L4

»obtained from correspondence with the authors In order to

' make the information collected readily accessible, tunnel and

0 A
o

5011 parameters conSidered of relevance for design were

collected.and organized into’ a'microcomputer based Database

Management System (DBMS) .. In Simple terms, a DBMS allows a--

large quantity of 1nformation to be stored " accessed and

retrieved efficiently A detailed summary " of each case

._history rev1ewed as contained in the DBMS, is includedﬁin

Y

Appendix A ahd should be viewed as\a complement to the,

1nformation pi?sented below It is considered prudent that
anyone interested in u51ng the following information ‘for

deSign purposes, should study the base cases: (Appendix A)

'm

_'iﬂdaxidually This is suggested by Steiner and Einstein

;f "».

& T ~ o -
d. . “ .
: -

ased on .
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(1980) with.respect to use ofkuﬂl rock classifidcation

systems. b : : C i

JParameters Surveyed & S
In addition to the soft ground class to which the tunnel

-belonged, a further factor, which was verified.as exerting a

strong influence in the support type and in the onstruction

sequence adopted was the presence or not of nearby

structures. Essentially two situations were encoun ered,

t

namely tunnels in non- urban areas and tunnels in urban areas,

Also, it was verified that some urban tunnels, more

/ .
'specifically those situated under orv close to highly

i

-.sensitive structures (e. g., dld historical buildings,

: "-“4' : , E. il' J
important railways), deserved spec1al atteﬁtion These areag@ ?
K3 'gx{ o X i

are, accordingly, designated as "sensative ;

‘data that follows‘

" are described It should be pointe

. )» 4‘\ . - “ .
parameters presented in Figure 2. l§B9¢e;er mainly\to the most;»<i

..‘\A
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b) Scheme T2a: L and Dy correspond to the top heading

!
~€) Scheme T2b: L and Dm correspond to the first | cell
[

(i.e., steps 1 and 2 in Figure 2.3). ' ]

‘d)tScheme T3: L and Dm correspond to the central poftion

(steps 3, 4 and 5 in Figure 2.3).

A> geometric parameter- surveyed which is not

' illustrated in Figure 2.19 but is listed in Table 2.4 is the

ratio between.the area of the top heading in the largest cell

(Ay)"and the total excavated area (At) . It was obtained

directly from Values reported or measured on available

; | \ _ - =
be indicative of the size limits for safe excavation of e*.

¢

heading. ’ ,
Table 2 6 preaﬁbts, for'lhe cases in Which sufficient
data was available, performance indices which compare the
volume of surface settlement caused by excavation of the full
tunnel (Vg) with the volume (per lineal meter) of the tunnel
(Ven) - The Vg values were calculated assuming that the

surface settlement trough could be approximated by an error

-functiow”(such as that shown on Figure 2.21) as outlined in

the S Vmidt—Peckw,heory (e.g., Clough and Schmidt, 1981).
. ¢t te-9 .

Other asSumptionsvare listed in Table 2.6. In the present

context, the index Vs/th is included as tentative to provide
1

ba51c guldelines on the . settlement behaviour that could be

expected for each soft ground class. It should be'pointed out

that the pro?edunes'usualry used for. estimating the trough

width parameter i, uséd to calculate the Vs valpe} may not be
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‘fully applicable to large tunnels, as. shown in Figure 2 22. o

ffThis is not regarded asa serious shortcoming in the present“f"b

(among large cross section tunnels~ .,%‘ B

v Also given in Table 2 6 are values of a dimen lesslﬂ

N - E S
o S =

o-'-
—~
3%
[
S

02 o
»vd‘."‘

I : _' L Lt ' : Coesl

-2

- . . . - . R L o

_-where E is the soil modulus of elasticity, Ss is the maXimumi* E

1,__«)

oy

Nsurface settlement, 7 is the soil ‘unit weigth and D-is the“l

| average diameter This parameter is thought to prov1de ax‘

*better basis for estimates of settlements than the VS/thgg'

uratios, at least in stiff SOllS, but it is realized thatfy* Y

;accurate soia parameters are. not always available Hencef'

.

wpreference m}ght be, in certain cases, given to the use ofﬂs;

P

' Va/vtn ’ 5 . ‘r *

The data collected, which is conSidered relevant for the ,'(

>

definition of parameters of each soft ground class,m,re]f‘

lsummarized in Tables 2. 3 to 2 6 It is recognized that the

sy .'-

'number of cases examined is statistmcally limited and may bey'i

*

biased due to the,jact that ﬂnon succesSful' ventures are:'

seldom reported in- suffiCient detail NotWithstanQing all‘~

]these conSiderationsxfsome important observations can be“

made It is believed that their validity may be reinﬁorced in

Chy

‘the future by means of a large number of field observations;fﬁj?'
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:in* the soft ground classes‘ drd hngtb prese

fdifferences

A

in a/variety of ground conditions The points realized from‘

e

It is appar at the parameter L/Dm, which is the

A ®

. ratio between the invert closure disfance and the equivalent

r"

Lportion of the tunnel as described above) is more a function

conclUSion can be derived for the parameter Lh/(Ah/At)D,,

43

'diameter of the opening (these may correspond only to a

of the enVironment in which the tunnel was built than of the '

"fsoft ground class (Figures 2. 23a and 2 23b) The samev

v‘which indicates the dimenSionless depth With which the topen

heading is. excavated (Figure 2 24) These observations are an>;

R

- initial igﬁication that, for tunnelling purposes,lthe soils

Regarding Figure 2. 23a, it should//

£

‘ although it would appear that all tunnels in Class 111 SOllS

o (i.e., coarse grained.coherent)vwere built uSing-fairly large

A

-invert closure distances, this is not actually verified

)

b_threevcases of Class III for “which . L/Dm was available (cases

‘5respect to- Figure 2 23a, it is observed that tunnels in Class

7.

IV (l e . sandy coheSionless soils) do have surprisingly highf

"L/Dm rat}os All four Cases examined in- *his class (cases 19,

‘..‘ e - ?'_ - ' P

t marked

be pOinted out thatn

Inspection of Table 2 4 will show that, in’ fact Two™ of the '

';lﬁ/and 25),were non~urban tunnels, which is responsible fortf~’

| the longer invert closure distances .However, still withV,
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.20:‘21,-and 22)xwere*gppanese tunnels excavated ‘in fairly

Qdense sands and although cases 20, 21 and 22 are located 1n‘ /
R L

‘urban areas, it is possigle that‘the structures ex1st1ng 1n ;
B L L
: their V1cin1ty were not 51gn1f1cantly sensitlve Also, it has .
to be pointed out that Japanese practice,'as shown in the

cases analyzed, apgears to favour longer 1nvert‘closure

"dlstances, assoc1ated: ith other ground control technlques,'

msuch as exten51ve forepollng by steel plates in the upper
portlon of the tunnel and ground anchors Although extensrveji'
;use of anchors was made 1n early NATM tunnels in soft ground,,'

thelr effectlveness as a support ald has been questloned
o

{Schulz and Edellng, 1972 Laabmayr and Weber, 1978)
recent soft ground tunnels bUllt in West- Germany anchors: have
"fbeen totally dlsmlssed (Hochmut et al’, 1987) and thelr”"

’:apparent effectlveness in the Japanese tunnels certalnLyq
”,deserves furthér attentlon . . '
g - S

bv.; Inspectlon of Tables 2.3 and 2 4 also shows that the rlbv-‘_'//;/

'Spac1ng (‘)gand length of one\excavatlon round (i ) do not ;xfr

" P

-'.vary much and, in fact, could be estlmated as varylng f;om
;vO %%;to 1. 2m in’ most cases, regardleSs of the type of s01l

Observatlons carrled out ln smaller dlameter NK/M tunnels

//

{Helnz, 1984° Kuwajlma, 1988) showcxhat the rlb spac1ng 1s*

e

: /
normally shortened when the tunnel extavatlon passes near
/

L

a‘sen31t1ve structures Thls 1s seen/as a. way to mlnlmlze some‘
"of“the displacement aroundNEhe tunnel by stlffenlng the

/
'support, w1thout however 1ncrea51ng the llnlng thlckness,"
' s Ey d

whlch could genergte cracklng problems (Muller, 1978) The~'gj,§‘>

/ . A A
. » s . . . S R ; . J
v . . f . . N ’ -
vy . EEE R ! o K
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1

"urban tunnels, what can be probably related to the more

’iRegardingbthe‘Settlement~Performahce

A o
.

e Qo
parameter Ls is believed to have been in most eases,/equal RO e
one rib spac1ng, regardless of the type of soiI’ location of

the tunnel, or geometry - :Uf‘ : /;/f< g A T

. ',':,V- o _/,,/‘

P e | o .
From 1nSpection of Table 2.6, it is realized that the

: vast majority of‘ cases of large cross- section tunnels

examined fali below the ‘limit ¢ Vs-l S%th' which may ‘be

//

con51dered,gbod performance : Possible bias exists due to the T

fact that cases Mhere excessive displacements occurred are

/

seldom reported in detail but, it lS apparent that values of -

Vs/Ven of 1.5% or less ggy be achieved »under ‘normal
v C e , ‘
circumstances (iwe firm 30115, experienced workmanship)

rAlso, 1t 1s noticeable thatqnon urban tunnels (cases 10 18,

19 and 25) present Vs/th values consistently higher thany?

‘»_relaxed canstruction procedure‘:with which these tunnels are

viilustrated in Flgure 2 20 It did not prové

,variety, of geographld%l cultural areas;J‘

executed

Regarding Initial Suppgrt Quantities | - |

.'.,' ',

The 1n1tial support types which were.more frequentlyt,g""
e 15

used in the cases rev1ewed (Table 2. 5)gare schematically ‘

practical t03
present the speciff@a%&ons for the various components of the

shotcrete supponﬁg(e g - steel ribs, welded wire mesh) inh“m,.
&ﬂ g . 4 < . SRR
thlS figure. ThlS is. because the tunnels, coming from a. o

1presented _an

4 W
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JQCCordin%ly varied range of these components. ﬁetailed':“.“

, i
information may be found in some of the individual tunnel

files, presented in Appendix A. Some general information,

fgiven in recent review papers by Duddeck et al (1984);’

"LeichnitZ‘ d Kirschke (1986) and Hochmut et al. (1987), may
. also be coni}dered to’ complement that given in Figure 2. 20

.”~and Table 2 5. The follow1ng observations are believed to be

&

'applicable to - large cross section tunnels with total
d_excavated areas upto - 150m2

oa) "Steel Sets»i
) e o

éEE%f' The main function of the steel sets is to prOVide f

v 'support and assure the safety of" the excavation crew
before the shotcrete i"fully hardened It also serves

' as:an aid in controlling the excav&tion profile during
e 0

construction .(Maidl 1984-113) Light GI and, TH

J . \ N

profiles1 are normally preferred but lattioe girders‘

“have also had increaSing use. Hochmut etmal (1987)

- %

N weight, smaller spray shadows (and therefore an improved

bond with the shotcrete) and also - a.reduction of the‘

lining permeability, which is. particularly Significant

when oompressed air is used. 'Leichnitz and Kirschke

3

¢(198@r,,however,-refer' to these members as highLy

sensitive to transport_and report pccaSional breakage at

<

L ” . .o e - RFN
s . . ” . . i - -
. S

1I-Details of steel sets commonly used are included in Appendix A. -

..(.).

“gwfavour the use of - lattice girders due té'their lower~

'ﬁ.’
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“' o m oo :0 .. Soae .
welding points, hence they favour the.use of heavier

steel profiles. o ‘ : o e
o oo R ' T
.b) Reinforced Shotcrete’ ‘
The thickness ,0of the shotcrete lining in the* majority of
.cases investigated was 20 to 30cm, which is in agreement
Wlth standards described by Hochmut ‘et al., (1987) 'In

West Germany, concrete quality B25 (nominal 28 day cube

Sy

compressive strength 25N/mm2) is required, plus an early
strength of 5N/mm2 after 6 hours . Regarding the
shotcrete thicknesses (t), the following minimum»

reinforcement, in the form of welded wire mesh, ‘is

quoted%by Duddeck et al. '(1984) for large Ccross section )

. .

tunnels w1th an excavated ‘area. up to 140m2'

t<20cm' 1 external layer of 0188 (1. 88cm2/m -

"3, Olkg/m2 26 . Omm in 150x150mm openings)' |
t>20cm 2 (external and internal) layers of 0188

The steel employed in "the mesh should bé BSt 500/550

(£y=550 N/mm?). The minimum shotcrete .cover is usually

.‘setito:3om on both sides. The mesh should overlap at

least 2 openihgs i~30cm) Circumferentially and 1 opening

(~15cm) longitudinally

\v. .
v
%

2.5. 5 Empirical Recommendations for Eﬁ'hgation : nd.

Support ' In an attempt to summarize the experience

‘kcollected in the case histories reported above, excavationi

paramgters and su

0‘.

i . ‘ ’9 ~ "’, ' I, . L. ) , . S .”‘»”47
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each soft ground class are summarized in Figures 2 25 to

v 2. 28. It is' necessary to reiterate that the - information“

‘%; ovided is intended for preliminary desi@h only, and

P ®

c0nsiderable care shogld be exercised. when extending this

past experience to future applications. Numeric values shown o

represent values or ranges found in the cases surveyed

(Taﬁ?es 2.3 to 2.6). . R

Figures 2. 25 to 2.28 also inc/ude layouts of example1‘

tunnels for each of the ground classes. Details shown are for

the éxcavation scheme and ‘the initial support meaﬁures in

L)

cases considered to be. conservative in each ground class.

~ . . L -

2.6 Comments'and Conclusions
2. 6 1 General .‘- SR

»

The current state-of- the art of soft ground tunnelling.

includes tunnels of large cross sectional area, Tunnels w1th'

up to lSOm2 of excavated cross section .and no 1ntermediate'

(]
pillars for permanent support have been constructed in. a

variety of ground conditionSou31ng variations of" the New

Austrian Tunnelling Method (NA?/)':Initial support,irn all

rthe cases reviewed was prov1ded by suitable combinations of

shotcrete, steel ribs and welded wire steel meshes:

.',:; D

§

L

-



..driving smaller, specially arranged headings. Although an /4’

%,

/

%%Nenlimited number }of staged excavation schemes may be

nVisaged there appears to be a tendency to rely on some‘

[y

/
 typical layouts. These were reviewed J.d classified//
‘M .

Selection criberia for the excavation scheme were
‘examined ba& no rigid rules could be established, since the
)

" choice of scheme appears to._ depend on numerous factors
| which are not always éontrolled by the/geotechnical engineer;

'For tunnels with more. than about ~90m?, constructed under

unfavbﬁrable conditions (e g4 ‘urban .areas and/or the

necessity of draining the gfound from inside the tunnel),

”preference appears to be given to T3 schemes, where initial
4

advance makes use of Side galleries _An alternative scheme,’

with use of one Side gallery only (T2b) is apparently

lpreferred for smaller- crOSs sections under the same

circumstances.

2.6.3 Settlement Behaviouf&v

e

An insightf into the settlement behaviour during

N m

construction of large cross section tunnels was obtained

uSing Simplified numerical techxhques. Two dimensional finite"”

element analyses were carried out to compare the relative

-

performance of three construction,schemes._The results of

»these analyse§ were COmpared with; eld measurements from an

Qagtual case history. It was see . that, despite several

L”51mplrfications introduced in the lysés, aspects of field
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behaviour could be reproduced hence reinforcing the validity

of these studies. '
It was verified, through these numerical studies, that

the T3 staged excavation scheme (with Slde galleries) is

'superior to heading and bench schemes (T1lb and $2a) in terms:

of maximum surface settlement generated This is attributed

to the sequence of excavation and support placement in thc T3

; scheme, where the temporary linings in the side galleries are

.stiff inclusions which contribute to the reduction of
Asettlement The slope of the settlement trough for scheme T3
was also found to be flatter, confirming assertions by
Krischke and Weber (1981) No significant difference in terms
of settlement performance was verified ‘between schemes T2a
and Tlb, but is is ricogniZed that this might be related to
the simplified two- dimenSional behaViour assumed in the

.analyses Information presented by Laabmayr and Swoboda

):

(1986) !'%gests that the use of schemes Wlth two cells (i.e.,

#headings fully enclosed by a shotcrete ring) such. as"* the T2b"

may reduce conSiderably the settlements which occur aﬂead of

the excavation face. -
Excavation of the top heading of all three schemes

- anluated was shown to be responsib&e for a Significant

amount of the total settlement.

'histories shows that eXcavation and

is carried out with special care. U%e of sliding beams in the o

Ay

" Crown. area, as well as of tempoé%ry hydraulic supports was

made in certain instances. Another measure frequenq“y sed



.
-~

was a céntral, support core in the eading portion.

d

Construction times evaluated for a particular case history
\.\\

%also show that excavation and Support of the central heading
portion is responsible for about 50% of the total time spent
'in the construction of one meter of ‘tunnel. This confirms
that excavation of this portion ;is carried out with extreme
'care. |

\ 'l- o , L yoo
' 2.6.4 Empirical Recommendations

5
- Data from a numben of case histories of large Cross

51

section tunnelc was. collected in the literature and through -

i

personal correspondence with authors and companies.‘In order
o

'to make thlS information more useable, all caseé studied were
claSSified into four soft ground classes. It is believed that
a new’ tunnel could be placed in one of these classes using
engineering judgement.

" * The average support quantities determined for. each
fground class were not found to differ significantly However,

[N ¥
a noticeable variation was verified in the construction

parameters, depending on the environment in- which the tunnel‘g

. was built (i e., non urban, urban and sensitive urban)

Summary figures were presented for each ground class and

are expected to enable at least :.a preliminary determination"

of construction procedures and 1nit1al support quantities.

This information, although believed attractive, should only

be used with judgement and possibly in conjunction with more -

refined analytical models, provided sufficient information is



52
available. It is believed that the classification propased

could be expanded as increasing experiéndé with large‘bross

section tunnels in soft ground becomes available.
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Table 2.2

¢ .
L 4

. L

Soil groups defined by Peck

(1969) :

GROUP

g

TYPICAL SOIL TYPES

Cohesionless granular
soils

i‘s- o
£ .‘m.‘ . . - \
oL -

f QR S

Silts, sands or gravels which are
cohesionless except for capillirity

n):runnoilinq through -uch
materials can be carried out
only by complete protection of
V“ tep, sides and face of the
excavnion (e. qi.\ for:po]inq)

b)If the maurhll. are dense
and the construction

_procedures are expertly

carried out so that no runs
occur, loss of ground and
settlements are usually
negligibly small.

]
Cohesive %ranular Soils
J‘. 5., >

sandy clays, cohbsive
‘residual soils possessinq a

Clayey sands:
silts,’

, relatively high,

.

a) Initial tangent modulus
often strain

N C°h35i"° bond, marls. weakening behaviour under *low
oo . confining stresses. -
“:I"! §oo | .
“:“ R . ) . b)wWell exgcuted tunnels in
M : these materials are usually
C ) . M accompanied by very modest or
o : . ¥ i ‘negligible loss of ground.
Non-swelling S:iff ‘to Clayey tills, stiff clays. a) Unless t;.hey Posseama, well-
- Haed Cjt;‘Y& » i ‘ * developed secondgry structure,’
"% _ .’ o _;,'* ' s these soils are' [inlikgly to
W ’ b - ravel or to be &dversely
R * ; influenced by seepage toward
- . i . the opening.
Vo R
- r : \* N

b). Loss of qround usually
negligibly amall.,

¥ Soft to stiff saturated

¢ olays,
Al

1 [

!
| % .
i

Sensitive clay;, “glacial clays.

ke

a) Although ;completely -
undisturbed masses of such
clays may possess gonsiderable
rigidity due to the presence

~of bonds between particles,

disturbances due to tunnellinq
are wsually great enough to
break ’these bonds.

b} Loss, of ground .\uually
siqnificant. .
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. . TYPE OF STAGED & | CROSS EXAMPLE .OF A 1OTAL *
. BXCAVRTION - | SEMON |- appLrcarIoN AREA(2)
X ~ s e : — 3
: .\,:b NURNBERG (Muller/: =~ |, |1 « 5p%
. . Bauernfeind, 1977) . 2.0 -
70~138 ‘At=75m'~ 2 track subway 314. 108
(N-3)- SOFT SANDSTONE. : b
| E=80-160MPa, @'=30-45° (4) \ L&
. . (Case 43 in Tqble 2.3) ‘ .
. 'R, 3 e ".‘ L s,‘.‘%‘. gt - v y WLAL v :‘ \ -
Ly : - N o NURNBERG (Bauemfeind et L. . .
A T . -, S . al., 1978) ¢ - 1 = 35%
‘ o 2O > 2 = 45
3 =20
raek subway - :
SOFT TO STIFF MARLS - 24%
E=10-100MPa, @'=25* | 18%
(Case #1 in Table 2. 3) . n ,
- -— u: <
. sho PAULO (Cryz et al., R '
] 1985) 4 . 12 = 40%
JoAL=TTmt -7 2 track subway
STIFF SILTY CLAY .
| E=50- ]_.OOMPa, SPT 20-50
l * : i “Uio<al - : (Casé #~12 in Table ,2.3 '
U Pt e ; v — - — A .
7 . T2b L MUNICH (Hochmut et al A 711 = 208 * .
o . 1987) : S 2 = 308
S o =64m - 2 track subwa Y. 43= 20% ‘ :
i "{STIEF SANDY CLAYEY MARLS . |4’ = 30% -
R = ’--aw . (+water-bea¢1ng sands) . 4 : K T
B N E=90- -200MPa, 8'=25° ' B
o uibes|, & " L A -
: S b x_,u'%‘ TOKYO " (Horduchi et al., e ] o
S , ‘ Lo 111986) N B ALAPEL ¢
P Nt 88-132 | pgm9om - Subway station 2= 118 f
Lo SN\ Sps LY (N=4) | FINE SANDS (Uncemented): 2'=111% \\\. :
Ry _ o = ) : Water bearing, @'=25° 3= 178 : , 4 -
\ %f - .~ (Case #21 in table 2.3). 4=208 . ‘
S ot ke - u“K‘ R 5 =19% :
2 Notes: © . . A B o ‘
(1)Schemes T2¢,T2b and T3 have temporary shotcrete walls ' .
. . X (Z)Appwximate values derived from the cases examined
AR A 3)L,' corresponds to final "ipvert ‘closure in the-fyll section ) b
. R "@A ‘D, 74s. the "equivalept.diamegher”, calqulated from cross - s
@ S section area . fo Y N .
. g T (i)dominant soil pxbpert.iés mated at; t\mnel axis le\gelv"' R Y -
. “ (5)¥ = number of chses exam'ined Taple 2. 3) R I oo ’
] v '—* T— g ' o — ot - ;
0 : . . ’l‘.‘ R -
- . Wy o
Figure 2.3 Typical- excavation schemes . for large cross. section tunnels
‘ ,‘ . : o .
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3 Drainago through face

4 Groutmq tl%lgh face -
' § - Temporary shoicrete invert (used w'
necessafuy..Tza scheme) ' L

‘Elephant foot* *
7- Anchors (oummt use m Japanase tun

\'

a @allé? heading, not

o

I
$in deng sands)

. .
v

hnltz and Klrschka,

B
'
R

v

, 8- Arch wnh impmved ground pfopemes (0.g.. grouting, fr‘bezmg)
. N
Flgure 2. 4 Ground contr#l measures which have-been usgd in
. . 3 b M e )

addition to excavatlon schemes in Ri
1986)

2
K

tering and comp i not

l) Pre- sction ok

shown - °°
bjwmmm;mvmrdmﬂ.m

2.3 (modeled after

1

Flgure 2 5 USe of road heade; S%d hydraullc excavator 1n Mu—

inlch F.R. G

L
'
[}
)

‘
.
[
‘
f.
‘

. . . -
. . .
L M-
.
.
®

(modxfxed after Hammer, 1978}m




APPLICABILITY
: ) _ soft to st:.ff so:.lsy % A ‘.;soiil’a, o£t" roiks
. ’ i —_— R R S o
" L3 w N P : T :D'v ; ,’. il N .
- ADVANTAGES' . s TS % RDVANTAGES!
g : - convenr.ional pment, - h'ig):\dr rates of advance - 1
- (avallablllty oxquipmen(; + - pract.xcally independent of
opkrators) , a . . . tunnel size and’ shape
—} used in’ works other than = cross- gections of 4~ 5m.2 may
> ]| glnnels _ ) be ‘excavated
o FHF.relatively low cost o + = mbck removal facilitated when N A
£ ° equipped wzth conveyor belt
DISADVANTAGES:: o DISADVANTAGES: _
- unfeasible: in very small cross - hoigh‘i;xitial c.osta. ..‘, i ) -
.sections ‘ ‘ - low-availability E
‘ = requires J.nterruption of S S, A .
. || excavation and additjonal = v , N, ~
T eun.pment: for muck Temoval- | ' ‘
, e — R v o .
X F:Lgure 2 6 Gomparlson of, excavat:l.on equlpment L
frequently used . in 'large cross section progects
t
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Figure 2.8 Tine ‘spent on «exca_l;ltét‘iAon stages of a13.tunnel -
At=88m2 (data from Krischke and Weber, 1981) .
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Figure 2.9 Distribution of costs of large cress. section tun-
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: L - [N A . ) .- TR . : ' /‘4 A ¢ - B
 Class L: Stiff coherdnt homogeneousyground o P
N = 4 ’ - ) * )
Pnrnrrlt/t Non Urban Areas_ Urin Area Urban Sensitive Area
' 5 . . N B , N .
-—-"'H'r/1\t--—4h€— - } e S R SO1, B W - """""0'-',3""“‘"“'"—"'""""k"";"
L/Dm - 1.0 - 2.0 0.3
la = & (m) - 1.0 0.8
Ih/ (\At.D) - 0.7 = 4.0 ' o.e
Vs/Vtn (%) -
'3 T 6.5 -0.7 ¥

Notes: 1) Numerié values deriyed from cases examined
2) For maeaning of parameters see list of symbols

MARTINSTRASSE STATION (Essen, F.R.G.) ~ Case 11

Floor
Sides+Crown

. o .o
Intern. Wall

Shotcrete
15em . 1x Q188 -
25 cm 2 X Q188
15 em 2 x Q188
Steal

154 m

Steel Ribs

TH21/29

TH16

Sandy silt: -
'Y = 20 kN/m?
) E = 30 Mpar

Sandy marl -
Y= 21 k/m?
E = 50 MPa
0"-{30
Soft rock .

Y= 25 KkN/m®
E = 300 MPa
' =30

(Soil Cover 4m)

Figure 2.25 Recommendations and example application for

. Class I - Stiff coherent homogeneous ‘ground

¢'= 20 kPa, @' =27
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784

Class' II;' Stiff coherent toc,roqe}.ooua ground )
) - f ‘
Parameter Non'U;thWn Urban Area 'Urban Sensitive Atea
. U/ LY S . ) .
Ah/At = SAt 9.25 0.18 - 0.25 0.15.~ 0.24
‘ )
L/Dm 2.3 0.9 . .3-0.8
-/ .F -
7 - .
La = /s (m) 1.0 0.8 ‘ 0.6 .
Lh/(%At.D) 3.7 1.6 0.4 -1.4°
Vs/Ven (%) 1.4 1.3 - 1.5 0.6
5 ) . -
- ‘
Notes: 1) Numeric values derived from cases examined
- 2) For meaning of parameters see list of symbols
+ BAULOS A2 TUNNEL (Bochum, F.R.G.) - Case 2 .
"} Shotcrete Mesh Steel Ribs
Floor _ 25 cm (2 x 0188) TH 29/58
Sides+Crown 25 em (2 x 0188) TH 29/58
4
. . Stiff marl
: j Y = 22,6 kN/m3
7 E « 100 MPa

83m

-~

f‘igure 2.
Class 1II. -

-

26 Recommendations and

Stiff coherent ' heterogeneous

éxample
ground

Soft rock _

application for

¢'=32kPa, @' =25

Weak sandy marl
Y= 19 kN/m3

E = 10 MPa

c' = 10kPa, © =25

(Soil Cover 12.5m).




‘2) For meaning of parameters see list ‘of symbols

BUTTERBERG TUNNEL (Osterode, F.R.G.) - Case 9

Shotcrete t = 30 cm

S&pel ribs GI 130 spaced s = 100cm atvcrown and walls
2" layers of welded wire mesh: min fe = fe' = 4.5 cm2/m (> at bendiné moment concentrations)

Spi]ing at crown

10.1tm

Figure 2,27 Recommendations ‘.and' example application for

“Class III - Coarse grained coherent ground

-

s /e ) e .
* ] Y 7 |
: e / .
- // v 2
! ’ i )
B Ve . N . y
Cl”\P 111: Coarse q’Qninod coherent ground \ / '
[ o .
Pan\mtor Non Urban Area , WPen Area // Urban Sensitive Area
. /, x - - 4 - L
nym.\ - AAL 0.3 -~ 0.4 0.25/ 0.25
L/bm \ - 3.5 - 5.5 0.9, . -
! “ x YA
7 .
La = 8 (m) 1.2 1,0 0.8 -‘
LH/ (MAL.D) 5.0-6.5 1.4 ey 007
v ) 1[" l’
Va/Vtn (%) 1.5 - 4.0 0.3 -
el .
. o 4 ] . T 4
\"v ) § A «‘ ! - » 1.0 z -
\ * - - ' . -
Nqﬁga: 1) r:lumazic values derived from cases examined .

Well graded sandy-silty
bouldery gravel .

Y =22kNm ®

E =215 MPa (@ tunnel axis)

¢ =20 kPa, @ =33°

Ko=0.5

{Soit Cover 13 m)

k4



Class IV: Sandy cohe

Y

“

t}fnloua ground

80

Paramt‘r - Non ‘Uxban (Atu " Urba{\ Area Urban Sensitive Areal.
Ah/At = WAt 0.25 0.6 - .
L/Dm ' . "2 1.6 - ’

'1..‘ -8 (m 1.0 0.8 -

Lh/(’tAt.‘D) ) 7.9 - - ,

Va/NEn (V) 1.5 1.2 - )
s 1.0 - T

K

Notes: 1) Numeric values derived from cases examined

2) For meaning' of parameters see list ofysymbols

KOKUBU TUNNEL (Matsudo, Japan) - Case 19

éhotcret_e t = 20 cm-

Steel ribs H - 125 spaced s = 90cm at crown and walls

2 layers of welded wire mesh:

1st ©3.2 - 50x50, 2nd €6.0 - 50x50

" Forepoling by steel plates 1600 mm long at trown area
Anchors as per figure below . ;

82m

/'L———-—‘— 86m
T

Ax

q

-

Forepoling by
sioelplates
(L « 1600 mm)

Fhonnq

Ya18wm®
E = 45 M2

® =37

" N{SPT}=30-4

(Soil Cover 20 m)’

Figyre 2.28 Recommendations and example’. application -for
Class IV - Sandy cohesionless ground
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3. SIMPLE SOLUTIONS FOR TUNNEL STABILITY v
4

'3:1 Introduction

The last  two decades. have witnessed major
accomplishments in geotechnical modelling through riumerical
techniques such as the Finite Element Method (FEM). It is
important to realize, however, that the‘FEM is not a general
solution, as pointed out by Wroth and Houlsby (1985:37) in
theit general report to tﬁe‘3985 ICSMFE: j :\.

..there has been recently a trend towards
the almost universal use of the finite element
method, often . in .wholly inappropriate .
circumstances. In combination with complex
constitutive models the method becomes expensive
and inefficient, and can .lead to results on which
no reliance, should be placed. In addition, there
is the drawback that physical 1n51ght into the
problem may be lost". i

,;ﬁ engineering practice, the ability' of the FEM to
an;lyze complex problems such as tne tunnel excavation is
freouently_limited due to severa%kgagtors. To‘eite a few:

' 1) The cost of computer time reqnired.for an:appropriate
analyeis is frequently-pronibitive. This is especially
critical in the analysis of tunneltbehavionr close to
the face, wnien_requires-three—dimensional modelling
(e.qg., Heini, 1984).

2) The relevant soil properties must frequently'be
obtained from a relatively small number of simple

;‘1éBoratory .or insitu‘ tests, which are nnlikely ‘to

pravide sufficien®~input .for a highly cohplex model.

This is due to factors such as the scatter of the data

- 81
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whiqh may existrdue to geeological variations of the

-~ [} . . ' . . -
samples, "sample disturbance, etc. (Wroth and Houlsby,

op.cit.). SR - ¢

31 At preseﬁﬂ, use of the FEM to model geotechnical
problems ‘where failure f§ approached " is not a
straightfogward task For exampﬁe, the collspse of a
geotechniCal structure is frequently associated'with the
formation of narrow shear bands, wgich seem to form in
an unpredictable manner (e.g., Wroth and - Houlsby,

1985:42; Mihlhaus, 1985:37). Modelling such. soil
. behaviour poses considerable difficulties which are

cﬁrrentfy the subject of research at the University of
. Aiberta,%Wan et al., 1988). .

Fo? thes; reasons, -simpler holutions,‘based.on sounlT
theoretical principles but“ containing cshvenient
31mp11f1cat;sns,\ are often. favbured“”in. practice. 1In
Geotechnical Engigserlng, several of these simple solutions

H
have been traditionally associated with limit analysis (e. g.[

slope stability and bearing capacity problems{. This type of

analysis is solely concerned with the equilibrium of sogil

masses and does not take déformations into ‘account. Thd soil

L)

properties required are essentia;ly the strength parameters,
‘which may be total. (c,) or effective (c',¢'), depending on
whether a total or effective stress shalysis willlbe
conducted. 5 ‘

In this chapter, solﬁtipnsv associa;ed with limit

~analysis will be examined, aimed at facilita;ing/éstimates of
. . T { . .

4

*



f3'7pfa¢ti¢al 'ignificance to the design Ofwﬂarge CIOSS SeCtlon
. L B ' .‘ -

‘tunnels. More specifically, solutions based on ‘the bound

"1theorems of plasticity will be applied to the problem ofh_

9.

'choosing an excavation procedure fd? these tunnels, based'”'

-

f'essentially on the geometry of the problem and on the s01l
: TRy, .

properties.

-f3“2 Statement of the 3rob1.m 'fj

G1ven a large cross section tunnel to be excavated
- questions arise regarding Whlch excavatlon sequence should be ;

°used for the given soal conditions. Two‘particular questions‘ i

';"that mlght require con31deration, as illustrated in,figure
.30, are°e”” ‘ » |

>f}'4v1) Given a- required cross sectlonal area, what is’ the'

ce®

' L “maximum headlng 31ze«that may be safely‘egcavateda

’f2) What is the max1mum length of tunnel that can be.'

V1excavated w1thout support°

’While a deoision may be controlled by non geotechnlcal g"”

"";factors such as those outlined 1n Section 2. 3, 1t is also

‘possible that access to some s1mple prov

enable the englneer to carry out. sen51t"1ty analyses and-

e R

dures»whiCh would_.'

l evaluate several possibllities Such procedures would»f :

3

"f;complement the empirical de519n recommendatlons °f the

”previous chapter.-,ﬂ;”f'y e ‘uyf*7_3_=f.'1=7d'h""y"‘_i AR

: The choice oﬁ a suitable excavatlon sequence for a'
ffcase may be v1ewed from*a stabillty perspect1Ve. Adoptlon of_p

ythis approach means that the risk of fafﬂure of the tunnel'l:

' .
13



' gshows sketches from actual mod

JQ'headingkduring constructioh has tx: be assessed and the 'f;%
“'.construction sequence chosen so that a reasonable margin of //
safety is available. However, the problem of estimating/
"deformations is ignored which will yield simpler solutioni,‘

: ,LdeSirable from an engineering perspective.

It is proposed that this prdblem be treated usi_” the
QSimplified model depicted in Fighre 3 2 where‘c

\
1

eventual temporary tunnel support pressure (e g '

is an
fplied by
compressed air or by the shotcrete supgortyat thezieading), h

is the cover above crown, D is. the tunnel diameter and L is

the distance from the excavation face to the ﬁoint where the-_"n

structural support is’ activated NI _/‘

‘ It has been verified by model éests (e g Casarin and:

N

‘ Mair, 1981) that the stability of t“e/heading is governed'v

mainly by its geometry, which may be 'xpressed in terms of -

: dimenSionless ratios H/D and L/D defvned in Figure 3. 2)

Depending mainly.on these,two araméters,.conditions at

cOllapse could be Similar to tho)e shown on Figure 3.3, which
tests by Mair (\979)

TOIt should be pOinted ofit that "in further discussions

{

}gpreSented in this chapter,,:reférefce will be made to.
undrained and drained tunnel stability The distinction_.'

~,between these two states is rigorously associated‘with the

\
\

rate of. tunnel advance. and the. rate‘ of pore 'pressure)‘
.d1$Sipation under given boundary conditions (e g.; Negro,v

vo1988 246) In order to render the problem tractable, it will

_ybe assumed hereafter that for clayey soils, tunnel excavationu

a “
e
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__wilflbe considered to take place under undralned conditions,w-

fhence stability should be carried out . in terms of total

stresses using the 5011 undrained Strength (cy). By the same“

»

token, tunnelling in coarse gnained soils can be consi red
drained and its. stability should be evaluated in terms of

effective stresses Wlth effective strength parameters (c',

R st
e -

-¢ ). Care must be takén however, in the case of clayey soils

s

‘containing layers of - coarse grained material, WhICh'may“*

-

faccelerate the. rate of consolidation so. that conditions will

not be fully undralned. o o

3.3 Fundamental Congcepts’
3.1 s‘}t‘abilit‘ ;aéfib"i
. Broms and Bennerma k‘ pfﬂ“?,fpostulated that the

stability‘ of a tunnei
expression of the form:
13.1)

.8 ) ' e :
. 78

where Gy 'is the tétal vertiCalbstrgrg in the ground at the

tunnel axis leve1~and O an'eventual uniform tunnel pressure,

7cu represents the undrained shear strength 1n‘the zone

,‘adjacent to the exposed tunnel face .and N is termed the

"udue, fon example, to the use of compressed air. The parameter.

"stability‘number"jWalso,ﬂstability ratio" or‘“overload

factor"l.‘Ekpression 3.1 is frequently remritten as: "

e
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o yof_ + Zu (Hl‘“ o/2)] 13.2]

4

. >
\

where Os represents an eventual uniform pressaﬁﬁ appliedxat
the ground surface, Y isrthe soil unit weight and H' and D are
geometric parad/ters defined in Figure 3.2.

Through analyses of a numben\of stable and unstable‘
' tunnel case histories,r Broms and Bennermark (op cit.) .
verified that instability occurred at values of. N 2 6.tThis,

1 .t

value'is often regarded a@ the pOSSlble onset of face

3 ‘instability, but the validity of this assertion for tunnels7,J

Wlth small cover to \iameter ratiqs‘has been questioned-

(e.g.,w Schmidt, 1969 TWard .and -Een.der',' 1981). Broms and -
» Bennermark studies weJe chiefly aimed at investigating the

: intruSion of clay at depth into vertical openings and are
rigorously comparable only - to cases where the. soil
‘cover/diameter ratio is large and the L/D ratio is’ -equal to
zero.»Further research by workers at the UniverSity ofy

Cambrid e (e 9., Casarin, 19774 Mair, 1979 Kimura and Mair,

' Jhas dealt with cases where L/D # 0. |
; Several results of tunnel model tests reported by- Mair
(1979 116) have shown that small ghanges of L/D notably in
‘the range 0 < L/D < 1, have a marked effect on. headingk
stability This is illustrated in Figure 3. 4 which_also
. shows the line representing the criteriod-by Broms and

' Bennermark (op cit.). It is seen that this.criterion ({.e.,

onset of instability for N 2 6) is conseryative foriL/D
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ratios of less that about 0.5 in the~cases reported. It
should also be noticed that the stability numbers depicted in
Figure 3.4 represent c;llapse conditions effectively obtained/

and are therefore rep;gsented by the symbol Neg. The samé

R
model test/results are shown in'an alternative form in Fig:gE
s

3. 5,,in order to 1llustrate ‘the dependence of N on the sdi
‘cover to diameter ratio (H/D) These'results indicate that
for shallow tunnels with H/D varying between 1 and 3, the.
stability numbers at collapse can vary from about 3 to 8;
depending on L/Q " o I - S .
It should be stressem tﬁat the curves depicted in
;Figures 3.4 and 3 5 were conghructecl exclusively from
experiment results. Results of the Cambridge research

L4

'summarized by Wavis et al. (19

Dy Gunn | (1984) and Mair et
al. (1985) also show that attem ts have been made to solve

this: problem theoretically, but complete: success has only

been achieved for the particular ceses of L/D= é‘or L/D-oo In

the case of L/D—«n the problem lS reduced to at of a two-

‘ 'dimensional cavity supported by an uniform internal pressure

. dt (Figure 3. 6) These solutions are approached in motre

detail in the follow1ng paragraghs

3.3. 2‘Load Factor and Factor of Safety - e
In most tunnel model ‘tests which Wlll be rev1ewed the

'tunnel pressure (ct) was inltially set approx1mately equal t0"

4

“the overburden stress in the.soil-at the level of the tunnel

axis, i e,
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where 63 may be zero, as for example in most centrifuge tests

’reported by Mair

’graduallyn and displacements monitored through ﬂx—ray

AT

' techniques until t tunnel collapsed - .

In order to relate soil displacements to the loading
 'COndlthnS ‘at various‘test stages; Atkinson and Potts. (1977)
1nttoduced’the concept ' of "load factor“‘(LF)p which(is

important'fof eStimating a safety margin and/may be written:

v o R

, . GV - Gtc ‘ - .
L o | G | /

fwhere Gv is the oVerburden stress at the tunnel axis, ot is

It should be noticed that when O is equal to cv (i e.,

" befgre- excavatlon), LF is zero {F g=00) and when Ot 1s reduced

to /Otc, LF is equal to’ one (Es=l.0). For the“case of

 unfrained Ioading, another useful form of. the load factor is

979) . Duringwthe tests, Oy was reduced
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“obtained by inttroducing the-stability‘nUmberaﬁEquation 3.1) .

In this case: | | ‘
A o, X -

.O_V__:._g_t.. el
LF = —Su . = N [3.6]
Oy = Otc N
. Cu

' Nc is the stability number at coll@pse.

| | | z | |
_where: N is the current stability number during the test and

Mair et al: (1981) suggested that, for a‘givén'eoil'“

factor .‘and settlement. Thigg relationship “is of gfeat

;. there appears to be a promising relationshxp between lOad 7

practical significance and becomes apparent from an- .

inspection of Figures 3.7 and 3.8. Figure 3.7 shows the

distrlbution of vertlcal .settlement along the centerline and_v'

along the soil surface above & model tunnel in dense sand ’

(VOld ratio e= 0 52, H/D=1. 5, L/D—«ﬂ, at two diffierent load
M 47,
factors! Figure 3. 8 shows normallzed crown settlement versus

'(1“"

the lQad tactor for a variety of centrifuge tests 6n tunnels

‘at different cover to depth ratios. Both figures illustrate‘~

the relationship between the load factor and the settlements
and in fact, Figure 3. 8 may be 1nterpreted as a form of the
ground reaction curve 1ntroduced in Chapter 1.‘ A

NegrO«(1988) summarized considerable data from the

~ Cambridge experiments which confirms the relationship between

load facqor .and ground displacements. _Negro further

-introduced a‘dimensiqnless displacement:

.



s on the type of analysis to be conducted . ' I

3.9), Negro suggested that U values greater that 1.8 will ~

R o U= b‘iffo- [3.7)

e
"

where u is the radial displacement at a point on the tunnel

,perlmeter (e g., at the crown), 39 is an initial -tangent soil

' modulus of elasticity, oro is the initial radial stress at

“this p01nt (e g ‘ thé\vertical fnsitu stress at’ the crown)

‘and D is the tunnel diameter. The Eo and Oro values are

v

introduced either Ln a drained or undrained form, depending

Based: on the informatlon provided by several Cambriége»

\
researchers, Negro (1988 74) was able to plot the

“‘!dlmen51onlesg,dlsplacement at the crown versus the factos of

)
safety given by equatlon 3.5 at various stages of the tests.

e

kS

ThlS data showed remarkably little scatter and a definite

trend, xndependent of the tunnel. depch, the type of test
3,(1 e., dralned or undrained) and the type of soil, although

‘- the final collapse  was attained‘ sooner - in. terms of

o

. displacements for,sfiffer soils (Negro, 1988:73). 7

Based on analysgs of_this,data'(reproduced in Figure.

generally represent a near collapse condition, whereas "good A

ground control®” is attained for U values typically l.d‘or

less. Negro associated this latter value to & loss of ground

'

x
‘t?- .

of about 1.0% of the tunnel volume, a value frequently

adopted for prediction of settlements ®caused by shield

tunnels (e.g., Attewell, 1978:881), The U~1,0 value would be



¢
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associated with faotors of safety ranging from about 1.2

‘(stiff soils) to 2.0 (soft soils), a, range which also seems
to’ encompass the factor of safety in actual tunnels (Negro,
1988 1297), Co ' | ‘
. Despite the fact that the preceding conclusions Were
derived from model tests, .where,a relatively good'control
over the soil'properties and the boundaryfconditions is
normall¥' the rule; these .concepts are thought to have

important practical implications. Fdr‘instance the equation
- : /.

for the load factor (equation 3.4) nay he'reyritten as

' R - ,
) Cer . IF = — Oy [3.8)
- ] - Gt _

: " .
1f the possibility of éstablishing relationships between
the load factor LF (or the factor of gafety Fs) and the

. displacemept U, as in Figure 3.9 is accepted then a rough

t

eStimate of the 1loads acting on the tunnel based only on
readings of settlements and on plasticrty solutions, could be

made. This. concept is discussed subsequently in this thesis.
. -

3.3.3 Bound Theorems of Plasticityi

R

91

Sofutions for tunnel stability problems .may be obtained

-using the upper arid lower bound theorems of_the theory of

: ) L
plasticity, which are ‘described in several textbooks (e.g.,

-

' Chen;”1975)._According'to the theory of plasticity, the
B . .. ’ !



92

-
%, Ck v
- .

collapse loads of a particular\configpration of loading ona*“

perfectly plastic body is uniqye._This collapse load, which

e,

may not be exactly determinablé, may be bracketed byluSe;o:

these theorems, which may be\ftated as follows' (Atkinson,

1981):

Lower Bound Theorem i
"If there is a set of u
- equilibrium with a state of stﬁ
failure criterion for the 1
the external loads apfia
‘loads".. !

ernal loads which are in
«; which nowhere exceeds the

Upper Bound Theorem

. "If there is a set of external loads and a mechanism of
plastic collapse such that the increment of work. done by the
external 'loads in an increment of displacement equals the
work done by the intérnal stresses, collapse must occur and
the external loads are an' upper.bound to the true collapse

loads". .

- These theorems are used to ease calculations by ignoring
some-of.the conditions\of equilibrium and compatibility,
required for the theoretically possible determination of the
collapsevloads of a structure. By ignoring the equilibrium
-conditioh?’one may calculate an upper bounngo the collapse
load such that if the structure is loaded_po this value, it
" must coldapss. Similarly, by ignoring the compatibility
conditions, one may'calculate a lower oound to the collapse-
load so that 1f the structure is loaded to this value, it
cannot qpllapse.

It should be cautioned that application of these
° theorems to geoﬁechnical problems implies that tha stresg-

strain behaﬁiour of the soil is assumed to_be either rigid or

elastic, until’ it reaches yield stress level, where it
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contiﬁ%es’to'shear‘eith noé change iimwwﬁume. Rehl‘soils
frequently show departures from this dealizehrbehaviOur;
particularly dense sands and stiff clhys ;at "low stress
leVels. The latter may éhow ‘some straln %oftening It has

\
been argued, however,i that the assumpﬂion of perfect

plasticity is acceptable for soils if the yield stress level
3 is chosen to represent the average stress in an appropriate
-¥ange of strain (e. g., Chen, l975 16) Another point is that
these theorems, particularly the 1ower bound one, cannot be .
proved theore;ically for the case of drained 1oading, where
ultimate soil‘behaviour.is known to -yield an angle of
"dilation (y) different from the_friction angle (¢). This;
aspect is!discussed7by Dauis (l968), htkinson (1981:116) and
Negro (199@@1089) and it Sﬁbéars'to be‘a general consensus
that although some \of the theoretical plasticity assumptions
may be uiolated, the_résults of upper and- lower - bound
calculations are’acceptable approrimations, even for the case
' of drained‘}oading of a soil. ‘
It has also been suggested (Calladine, 1969:94) that
although these theorems are very powerful for éblution of
plasticity problems, their power is not fully evident until
examples of their use are examined. Several applications!to
geotechnical problems are presented by’ Chen (1975) and
Atkinson (1981). Since examples of application to'tunnels
appear to be few ani‘are mostly‘restricted to unpublished
works, it is felt appropriate thatxsome simple cases be\
v I | B \

\

\
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presented at this point. This is intended to clarify aspects
of bound solutions approached later in this chapter.

Gt is proposedtto find the collapse tunnel p:essure for

the problem depicted in. Figure 3.6. Fbr simplicity, the soil
is assumed weightless (7-0) and the loading is provided by a,

unifqrm surface pressure Og. It is further assumed that

| loading takes place under drained conditions.

¢ ’ . ‘3‘
Lower Bound Calculation .

It is'assumed‘that there is a condition of radial -
Symmetry of the stress field aroundfthe tUnnel, so0 that the
problem can be.approximatedzto that of a thick cylinder .
subject to‘uniform external and internal pressures (Figure
'3.10). Under these assumptions the equilibrium condition for
the’ stresses on &n element at a radius r from the tun?el axis
becomes (Timoshenko and Goodier, 1970):

dr . r

=0 ’ (3.9]

A Iower bound solytion also requires that the failure

criterion is noét violated so that at the onset of failure (O,

" -is the minor principal stress):

: <z;:i>\l + sin ¢ o, + 2C cos‘¢ ‘ (3.10] ,
\»(///)1 - sin ¢ 1 - sin ¢

o
X
s

94"



'By combining eqpatibns 3.9 and 3.10 one'bbtainstthe foilowing

differential equation: .

— 3.11 ’
2 " (sin ¢ O, + c cos ¢) r -]

and solving it with the boundary coﬁditions:
. > - ;

Y o, ‘ : . ' .-

o; = Oy - at r=,122 [3.12]

Y Or = G, at r =g tH ,A [3.13)

4 A 4 ' ..
i * ‘ )

one.obtains:

»
-

. Oy + C cot ¢ _
\, ' Op + Cc cot ¢

2 sin ¢ . f .

(2ﬂ+ nitsee 7 13,14

]
i
{

For the partlcular case where Os is maintained constant

while o is reduced until the tunnel collapses (e.g., case of

Cambridge static tests), equatlon 3 14 may be rewrltten as:

H

) r ’ - . -2 sin ¢ °
g 3 * Ga.~ O¢ = (G5 + ¢ cot §)|1 (2 H-+ 1) Lo 13.15]
<

-+ This equation reduces to equation 5 by Atkinson .and .
- Cairncross (1973) 1if one. substitutés the somewhat
unconventional notation employed by those authors. Although

the equation has been derived assuming an isotropic stress

’field-(ch=ov=os) outside the axisymmetric region, it has bgen
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suggested that, the Same approach can be.used to find

solutidns for any value of K, (Seneviratne, 1979:77).

-

‘Upper Bound Calculation.. ° _— . \

A simple gollapse mechdnism chosen for illﬁst}étio?-of

an upper bound calculation is showp in Figure/3.11. It is

assumed that 1T¢ is constant .along the verthdlixaiiure

i

surfates so that comparing the work done by/the_internal
stresses with the work done by the extgrnaL‘loads during
sliding of the block ABA'B' results in:

2T,y W= (G, ~0)2dw | (3,16]

*

Using geometrical relationships in Figure 3.11 this eluation

can be converted into: - '
. T v
0, - G~ __H 1 - cosq (3.17]
Te R sin @ sin « .

,

. \ig\giger to find the minimum value of (0s-Oy), equation
. %

'3.17 is differentiated with respect-to a, resulting in:

N
s

-~ (0. - 6.) =2 Evﬁ (1 + &) [(3.18)
‘ , D D

!

Y

. : : ) : :
The average shear stress along the faildre surfaces is taken

96

as the average of shearAstrenths at the tunnel perimeter and

at the surface, determined from the Mohr circle at these

o

ipcatfons (Figure 3.12):

.



‘o‘ [ — f.l- Sin ¢ o . ra. .,
‘ o Te = ——e (O o. +, 2 c cot ) - [3.19
LI R I '_.21*sin¢( e ; U]‘
e R et
; : ,s*.. : ‘ . B O

)

If c-O, Lhis equation becomes identlcal to- equatlon 5.3 by

':Seneviratne (1979),"whot solved thlS' probl.m for“a‘,;
_cohesionleSs maBérlal By comblnlng equatlons 3. 19 and 3 18

‘,”one obtains the upper bound solutlon T R »-ﬁ,,_'
‘3

'Cbmparlson w1th results of model tests v

.

In order to portralt the ablllty ‘of these solutlons to 7
%racket collapse loads, the theoretlcal values are comparid
in Flgure 3 13 to results of model tests presented by
Atklnson and Cairncross (1973) The propertles 1nvolved in
the dalculatlons are shown 1n Flgure 3 13 and a descrlptlon

'jof these dralned tests is found in the orlglnal paper.,The
experlmental results tend to lle between Ehe upper and lower
bound calculatlons, -as. expected Also, 1t is apparent that

-

,these test results tend to be closer tq%the*lower bound

dcurve. ThlS ;ndlcates that, for thlS case, the lower bound
represents a better approxlmatlon of the exact solutlon than

the upper bound S 5 '._", : SR "'TW‘;

w; 15 . -
It should be noted that upper bound solutlons have been _

‘fshown,fln general to yleld poorer results than the lower
-bound This is attrlbuted to the fact that satlsfactory upper : :
~fbound mechanlsms need to be carefully refined and as such ‘
-ﬂ‘the solutlons also become more complex and 1mpract1cal (Dav1s'

W - . . -

.
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‘et al @980 Melix; 1987) This is especially critical in-

the case of three- dime;sional mechanismsL presented for
'dexample b ﬁ%asarln (1977) For thas reason, and also because
Cit is the lo%er bound which w1ll yleld a theoretically "safe"‘~h\
predlctlon of*the collapse load only lower bounds will beh

~ &
,=explored further in thls wbdrk.

@
3.4 Lowen Bound fox the 3 -D Tunnel Headzng
‘;: In thlS sectlon,'a lower bound for the three dlmens1onal
tunnel headlng (Flgure 3. 2) is introduced. Undrained'

_solutlons for the pigticularygjﬁe where L/D 0 (tunnel lined |

lup to the face) ‘have been knﬁwns~ wex1st for some tlme (Davis
et al 1980) Recently\Muhlho 5 (1985) developed a SOlUthﬂ:f
-fvalld for any L/D and for both dralned and undralned 1oad1ng

- This solutlon w1ll ‘be presented 1n some detall for the
ftollow1ng-reasons. |

| ’15 The.original paper'contained typographic-mistakes in.
several.fsectlons, whlch were’ rectlfled through
correspondence w1th the author (Muhlhaus, 1986 personal'
communlcatlon) ' o
2) The notatlon employed by Muhlhaus (1985) 1s somewhat
obscule, thus renderlng the solutlon,‘whlch is actually‘
'qulte 51mple, unattractive to a practltioner

Ly

- 3) In 1ts~or;g1nal form, the solution does not .allow the
;‘Uinclusion of an internal pressure (ot in Flgure 3 2)
Wthh is requlred for a rlgorous comparlson between

Muhlhaus s solutlon and the model tests results whlch

v



will be analyzed in the following sections. Also, Ot. may"

be viewed as an approximation of the average stresses

acting on an actual support An attempt to‘extend
Muhlhaus solution for o#0 has alsd‘been'preSented“by
N * \s ’ . .

Mélix (1987:6), but appears to be in'error.

" ,3.4.1 Extension of Mﬁhlhaus"' (1985) SOIution

‘The "éxtended Mihlhaus solution" (i e, including the

[}

internal tunnel pressure Gg), assumes that the unsupporteda'

| tunnel heading of length L may be replaced by a sphere of

diameter D', as- shown in Figure 3 14 Within this sphere

there is an alltround stress C¢ . ExtErnal loads are prOVided

¢
L}

by uniform surface pressure Os and Y is assumed to be zero.

Drained Solution - - .

T

§§milar to the case treated in Figure 3. 10 this problem

can now be approx1mated as a hollow sphere subject to uniform

external and internal pressures (Figure 3 15) The condition .

of spherical symmetry yields the follow1ng equation of

equilibrium (Timoshenko -and Goodier, 1970 395)

4

ggl +' 2 (G, ~ O) =

i I [3.20]

‘©

<

. N L
Again, a - lower bound solution requires that the failure

criterion is not Violated 'so that equation 3.10 should be

¢

introdpced in equation - 3.20. Also, the follow1ng

o7



00

e . . . o ‘ o : v S
’“S%Psultutions are made at this point, in order to be

‘éonsistent with‘the original paper‘(Mﬁhlhaus) op.cit.);,

A ; 1+ sih ¢ .

3.21)
ST T sin ¢ (3.21)
' og 2 c ¢?3f¢ [3.22)
: l -~ sin ¢ v
: : . ¢ , ‘
/mhiﬁ‘results in the following differential equation:
A ‘ |
& L do. = dr | - 13.23)

S . 2 o, (1 - 7\1:)",‘, o, r

which soived with the boundary condiifons.(see Figure 3.13):

1}

. o6;=0y at r-=%’7 ' [3.24)]
( .
6, =0, at r. =Rl 4 g 13.25)

yields:

e (1 =20, - ch ' H S 20p-1) -
> = (2 + 1 : : 3.26
%(1-3@)0‘.— cu_ﬂ(‘ D' o [ ]

The following geometé&cal relationships are now
introduced, in order to replacé'the“fictitiOUSJparéheters H'

" and D' bv-H, D, and L (see Figure 3,14):

B
Vi



pr? = 12 +'D2 . .13.2711
D' y g =Dy g . " [3.28]
2 2 : - C :

- , i
' Using equations 3.27 and” 3.28 ‘one may rewrite equati&n;

3.26 as: -

_ ’ ' H_ 2,-1
- e > iy .
. (1 - Ao -0 2, C ;
: : R PN R |
2 ‘
D
or: ‘
f_\\‘ 2 ‘
S : ‘ 1 ‘ : Hy ‘ »
" (Ap = 1)0, + O,|Bp =1 _ }1 * 2'52_ ' [3.30]
‘ e .+ u - 2 . L ’ i
. (Apo- 1) O ,_ Cf | LZ+1
‘ w Y
which may be re-arranged as:
2
1+ 2 & _ Lo
‘IDA': D ... -1... [3.31] °

e oa o a1
',[(7&,, = 1)0, + Ou| & -1
A - 1)0. + 0o
For the ﬂarticular case where Gt=0;’this'equati6n
reduces to egﬁjtibn 4.5 by‘Mﬁthaus (1985:50) . Also, ‘if the
substitutiongigiven by equations 3.21 and 3.22 are employed,

' equat;on 3.31 becomes: - - o .-‘

) a
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il o . 2. .
1+ 24 n
( D) 3

;." B 1--’1".
Os + C cot Q) 2¥ne

O. + c cot ¢

'Undrained Solution

'The solutlon for undralned loading is simllar -and

essentially, the Mohr- Coulomb failure criterion equatlon has.

to be rewrltten as

Oe = Or + 2 Cu - ~ [3.33]
. where ¢y is the undrained shear strength. The differential

equation which is equivalent to equation 3.23 now beoomes:
. < . .

do; _ 4 cy ' : » ©[3.34)
dr r :

.énd 1ntegrat1ng w1th the same "boundary condltions Kile.,

,.\

.equatlons 3. 24 and 3.25) one obtalns

.

6. - 6. = 4c,1n(2 g{-+‘15 o 13.35]

-

and again, using the geometrlcal relationships given by
: !

equatlons 3 27 and 3 28, ylelds.

102 |
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- | (1 + 24 o
- O = jp|—0u D |, . [3.36]
4¢c, : 2 ‘
4 L__ + 1 -
Dz

. Re-arranging this -equation, the following expression is

obtained:

- 2
. 1+24H |
LA/ | ——Df -1 [3.37]
D e(4w ’

which reduces to equation 4.6 by Miihlhaus (1985:50), if Ge=0.

AlthGUgh the solutlons glven by equatlons 3. 32 and 3.37 were

derived for the case wheré gravxty was ignored, 1nformatlon

presented by Muhlhaus (1985:50) suggests that replac1ng Os by

GS+Y(H+D/2) would still result in a valid approx1matlon In

o

order to evaluate the consequences of thls assumptlon and of
the solutlons, results glven by’ these theoretlcal
approx1matlons will now be compared w1th ex1st1ng fully lined
(L/D 0) soelutions, to results of model tests and to actual ‘
tuhnel failures. This has not_been'done by Mihlhaus (op.cit.fv
and it seems .to be an apptoximate manner to assess these

lower bound solutions.

3.4.2 Comparison wuth Undrazned Model Test Results
It is 1nterest1ng to note that for the case where L/D=0,
equatlon 3.36 becomes mathematlcally 1dent1cal to the lower

'boundbsolutlon given by equation 9 of Davls‘et al. (1980),
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who assuned that at thewfugly 1ined'uunnel heéding éhere'is a

hemispherical cap with an-internal isotropic’ stress field Ci .
| a

Davis et al. (op cit.) ;resent another solution for the case’
~of L/D=0, essuming an‘axisymmetgic stress field similar to
that adopted fof,the plane strain circular tunnel, shown on
Figure 3.10. o N

| In Figure 3. 16, the results given by these equations are
compared to those of model tesUs by Gasarin (1977 Table 4.1)
and Mair (1979 Table 6.1), which are summarlzed in Table 3. 1
In order to include all tnese resuits, which were conducted
in 30115 with different undrained §trengths, on the same

plot equation 3.36 is expressed as a function of the

stability number, defined by equation 3.1:

(1 + 2 H : |
N= 41p |——D_ 13.38]

It shou1d'be noted that the value of the stability
number givep~by this equation is in realit{ a lower bound for
the stability number at collapse (Nc). Figure 3.16 shows
that; for the q%se of L/D=0, using equati  ?.38 would yjield
predictions of Nc which are close to the : . ntalovaiues,

stimating

but‘generally on the safe side. In‘oegw
thé‘collapsevtunnel pressure‘througz 38 would
yield values.ebove those actually encomg in actual

fdilures. This is a conservative result from a design
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persbective. Also presented in Figuré 3.16 arelfhe ?thick. u
cylindégﬁ lower bouﬁd given by Davis et al. (1980), which is
safer than the extended‘Mﬁhlh;us solution ‘for H/D>0.86, but
appea}s to be'farther from an exact solution. An upper bound
" solution derived by Mair (1979) is clearly remote from the
: collapse values (Figure 3.162. | "

In‘Figur% 3.17, results given by equation.3.38_are
plptted for L/D#0 and compéred again with results of model
‘tests reported by Casarin (db.éit.) and by Mair (op.cit.). It
is obser&éd that the extended Mihlhaus solution still
provides appropriate estimates of the stability number at
collapse gof all the vaiues of L/D investigated. It appears,
however, ;haf és L/D inéreases this §dlﬁtion! becomes
‘excessiyely'consequtive, especially for low H/DArétios. This N
is explained by inspécﬁion of Figure 3.14,-which-sh3ws that
for large L/D values, the sphere approximation for the tunnel
.heading becomes inagcurate. |

" Also, 1if one accepts the trend appafenti'from the ;
experimental results of vaif-(op.éit;) as‘represéhtative of
an e}act'collapsé;solﬁtion, it may be specdiated that
equation 3.38 could bfovide unsafe results for H/D values
larger ﬁhan thoseiinvestiga;ed\in'the model tests. It.ist
possible, therefore,vthat for undrgined Loading, the'expended
Mﬁhlhaus so;utionvcould 6nly be appropriate fof,;asés with
‘H/D vélues up to about 3. Fortunately, it is ir this rangé
- that most practical_cases of interegt to the present study

are encountered.



wPerhaps e more appropriate manner of visualizing the
potential of the solution .derived to evaluate collapse'loads
woufd be through the concepts of load factor and lactoxg of
safety, introduced in Section 3.2.2. One may. compute, for a
specific case, the ratio Nc/N, which is equal to the factor
of safety defined by equations 3.5 and 3.6. The factor of

7

safety may be written as:

, . - :
F. = %T [3.39)

In the above\expressione,‘it is suggesteo tﬁat the lower
bound stabiliey num;ef {NLB) may_be'viewed as an "aye;lable"~
N (i.e., Nava), which divided by the "required” stability
number (Nreq) will yield a factor of safety similar eo those
normally ueeo in limip equilibrium analyses. In other words:

Fo = ~ T [3.40]
» req )

e

<

If one admlts that a 'safe estlmate of the collapse load is
given by the lower bgnnd solution (e.g., equation 3.38),
values of Fg given by equatlon 3.40 would\}epresent safe
estimates for the cases where the tunnel actually collapsedi'
If collapse did not occur, this is not necessarily valid. For
example, if a test did not collapse when Nreq was increased
to 4.0, with the loﬁer bound solution yielding Naya=4.5, it

could still have failed with, say, Nreq=4.2 and the estimate

¢
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wofild have been unsafe. This enhances the valué of the
collapsed laboratory model experiments reviewed herein for
the understanding of tqhnel stability problems. .

Table 3.1 summarizes data from a nuimber of the Cambridge
experiments, inciuding those reviewed to this point. It also
‘inCIudes the values of Naya calculated by equation 3.38.
Figures 3.18 and 3.19 relate the value of the factor of

“safetydko the H/D and L/D' parameters respectlvely.'It 15‘
‘obse&vedx;hatr for these undrained tests, the estimates
'through;fhéiéxtehded Mihlhaus lower bound are.generallx safe.
In other woerds, if one's task.was to specify. an allowable
’unsupported‘length of the tunnel (L) in order to avoio .
jcollapse, it would be safe to do this through either equation
3.38 px,equation 3.37. A trend for this,solution to be safer
as L/D increases and H/D decreases,:as apparent from Figures
3.16 ano 3.17, is no longer apparent in'these‘flots, but the
" number of test resuIts'is fairly limited and more research
would be needed in order to evaluate possible trends.

| "Also, some of the model test results fall very close to
the line where Fg=1.0 and a few of the estimates are_ unsafe.
These .discrepancies could be ascribed, for instance, to the
'soil properties effectively encountereo in the model tests.
EQen under.these~re1ati9e;§ controlled conditions, factors
such as anisotropf,-rate of ioading, stress pathsnto failure
aqd experimentai errors coold have influenced these

predictions (for example, see discussions by Mair, 1979:38).

It is perhaps for this reason that authors such asbAtkinsoh

-«
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and Mair (1981) and Gudehus and Mélix (1986) have advocated
the‘adoption of partial factors of safety for the soil
strength parameters used in this type of analysis. The use of
partial factors of safety instead of 'global factors of safety
is favoured due to differerices in the accuracy with which
'different strength parameters are determined: For example,
the parameter c', defined'as the cohesion intercept in terms

L

of effectjive stresses, is-usually much _more variable than the

. i ‘ .
effective*friction angle ¢' and plays a dominant role in

tunnel stability problems This will be discussed'

subsequently in this thesis.

3.4.3 éomparisoh with Undrained‘CaSe Histories

| It would seem approprlate to check the lower bound
solution derived prev1ously against actual tunnel failures |
Regretfully, unfortunate~experiehces are seldom,published
with the clearness neceisary for elaborating an appropriate
analysis. In the foliowing, a few field cases,awhich uere
judged reasonably documented, w1ll be discussed.

It should be pointed out that ‘in actual cases, the
tunnel collapse pressure is not known and, in general, the
only valueiof Nréqlthat can be established'prerisely is that
in effect before the{tuhhel is excavated. gialuating the
_factor.of,safeEy (equation 3.40) using this.initial‘stability
number and Nava given by the lower bound _is probably

conservative. This is because the tunnel excavation process

's\



leads to a St ess release, associated with the ground
reaction curve concept, introduced in Chapter i.

;o .

N

Mexico City Tunnels

A nmeq; of tunnels excavated in Mexico City's satprated
clays are. déscrifed by Moreno and Schmitter (1981). A sunmary
of ceometry and location, material . properties and‘ a
description of instabilities effectively observed is
presented for several shafts and tunnels K nl tunnels will
be analyzed herein) From this da%a, it is p0551ble to obﬁaffp
all the necessary input for application of equatlon 3. 38,
with the excepﬁion of the L/D ratio.

The -shields used in these Mex1co City tunnels had a-
ratio of length to dlameter (L/D) of about onen The actual
L/D ratio &P be used depends o the length of the shield in

contact w1th tde soil, whlch is not -readily determlnable.

Mair (1979:140) argues that. the L/D' in these cases will

-

generally exceed zero, on account of the shield belng shoved
forward only after a ¢certain ., advance of the headlng

excavatlon For these tunnels- in soft clay, it seems

reasonable to asssame, that the L/D ratio will fall somewhere

between' 0 and 1.0 and evaluatlon of stablllty was carried out

| .

for both. L/D values.

The -data provided by Moreno and Schmitter (1981), as -

well as the lower bound valﬁes of the stability number (Naya)
are summarized in Iable 3.2. The data collected is from cases

where failures were observed, as well as from cases with no
{'{; a 1Y
. o a

H
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problems. For these ‘latter cases, an FQQL does not
necessarily represent a safe estimate, since there is “an

""" unknown marginxfor collapse tq occur. Of greater intergst are
the cases where actual fallures were observed.

. The ten cases presented in Table 3 2 are plotted in
Figure,3 20, together with the lower bound solutions for
L/D=0 and L/g/ determlned from equation 3.38.° 1f one.

‘,assumes the region below the H/D vs. N curve for L/D=1.0
.(worst possibility) as beihg safe, it\is observed that'qn at
least two cases (2 and 5), thls assumption would have bee
urisafe (although in case 2 the failure may have been caused
by the rupture of a plpe above the .tunnel). whild this could
be viewed as a def1c1ency of the p&oposed solution, it 1°
also p0351ble that the actual field conditlons may show
departures from the idealized boundary conditions (e. g., Cy
varylng w1th depth Ko¢1, local non- homogeneitles in the
deposxts,'etc.). It should also be considered that ln~tWLse
field cases, deflnlng what represents a collapse conditlon is
more dlfflcult than in the case of model tests Thls enhances
the fact that considerable judgement sh&uld be exercised when
applyingﬁthe theory to natural situations. .

| Addlfferent approach would be to seek safer estlmates by
establlshingfan allowable Stablllty number (Na11) s determined
after factoring the undrained -shear strength (eul. If one
multlplies the cy value by a factor f (f<1) and recalculatesf:

O¢ through equation 3 36, a new value Op' is found which is

higher than the O, obtained .for the full c, It can be



. demonstrated that the value Gt w1ll be equal to O
‘multiplled by the rec1procal of the factor f (i. e., 1/f) *In‘
‘practical terms, thls means that the” Nall u51ng the factored

LY.

"cu will be equal to Nava multlplaed by f. For 1llustrat10n,'

Figure 3 21 presents the same p01nts as FlgUre 3 20 but w1th"

L] N

”values of Nall instead of Nava3 These new curves were obtalned
by leldlng the cu v;lue by a factor of two1 suggestedlas,a 
lﬁ,mlnlmum by Gudehus and Méllx (1986) ‘It‘lS obserVEdfthatiin
'dthls case safe estlmates would be obtalned for nearly all

‘jtunnels. W,?' R N

-

3.4, 47Comparison with Drained ModelsTests

The data from dralned model tests ig- relatlvely meager

.compared to that from undralned cases Results whlch w1ll be“

S B

examlned are from Stath model tests reported by Casarln

(1977),'carr1ed out rn ﬁVerconsolldated kaolln, and fromd

qudehus and Méllx (1986) who used a dry unlform sand mlxed

1.-

L 1w1th a small amount of ka%lln Casarln s tests were carrled';fj

"out at the Un1vers1ty of Cambrldge (U K. )/‘and Gudehus and;
-MéllX conducted thelr work at the UnlverSLty oi Karlsruhe

f,(F R.G. ). As 1n the undralned tests reported prev1ously, the'

e

collapse was. achleved by decrea51ng the a1r pressure (ot)f,

.1n51de ‘a flex1ble rubber bag Wthh llned the unsupported

"headlng (L in Flgure 3. 2) ';f *”Ty‘

1 Gudehus and Méllx (1986) Justify the adoption of -a partial factor of
. _-safety of two for the cohesion due to the Mncertainties. in“its ’
“determination and due to the: catastrophlc consequences. of @ tunnel
headlng failure. THey' sgeem to suggest, however, that further research.

-~ is needed for establlshment of this. factor.. - .. : :

e

-
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In Casarin”'s tests,,the 1nit1al tunnel pressure was set :

¥

equal to an externally applied surface lQad (cs), whereas in/.

Gudehus/Mélix tests%this initial pressure was set to Os plus '

) b,

-the -self weight of the soil above the tunnel. ~Casarin

(1977: 41) rqgorts that a drained condition was" achieved by

~

ialloW1ng ‘sufficient time,between decrements of ‘O for the
'generatedhwater pressures to dissipate; in Gudehus:and Melix
(1986); the soil‘was virtually dry, ’ﬁhat a drained.
assumption_ is reasonable. -Otherp details i‘be found in ‘the
‘,'oricinal references. | o _ B
. JAll parameters‘relevant to the application'Of thej
drained lower bound solution (ile., equation 3 '32) are‘.
summarized in Tables 373 (Casarin's data)‘and'3.4 (Gudehus’
v*wand Mélix' E data) .Inspection of these tables reveals that
the values of L/D calculated by the lower bound solution for
'Casarin s results were mostly safe In other words,‘if one
were to spec1fy a max1mum unsupported length fof_the heading
b;usingvtheflower bound equation, for'the conditions of these
tests, the calculatlons would be c%pservative, except in one""
~case. AnalySis oé Table 3.4 shows that this does not hold,
true for the results from Gudehus and Méllx (op c1t ), where
~adoptio of th;flower bound solution would lead to unsafe

-

| .est{mates of” L/D

Alternatively, one could calculate the value of o¢ which-

'.would ensure a "no collapse" sjﬁuation for the L/D ratio atp

- *\

,failure in.these~tests These values, obtained by insertingu

L/D" at collapse into equation 3 32 are also given in Tables
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3.3 and 3;4, as is‘thelfactor'of safety((Es), calculated~fr0m |
equationsl3.4 and“3:5. These resultS<are summarized in Figured"
3;22, which suggests that the dralned lower bound solutlbn‘
ylelds results whlch are ‘close to an ewact solutién (W1th1n
30% of Fs-l), but that could lle elther on the safe or on ‘the

unsafe side Simllar mlxed results are mentloned by Negro

(1988 1096), who suggested that the lower bound approach may

not prov1de ~safe -estlmates. of the collapse load forkmfv

: frictional materlals Alternatlvely Negro (1988 1101)

suggested that the deformatlon in the sorl prior to collapse

',

may have an effect on the collapse pressure Invany case,

.

- these discrepanc1es, whlch are not' unreasonable ,in

“1geotechnical terms, enhance the necess1ty of common sense

3

when applylng these plést1c1ty solutions.

In Figure 3. 23, the results of Gudehus and Mélix

\(op cit L are shown again, this time w1th the adoptlon of the

*re31dual strength parameters for the sand- clay mlxture

mc'—O l4kPa and ¢'=299, obtalned from ‘Mélik, 1987:23). The

) .
1\

: ﬁactors of safety are-now much closer to one,'which'shows

s

V‘that the value of the cohesion has marked influence on the

" results obtalned from ‘these lower bound solutions. It,must

also be remembered Ehat the value of the c vlntercept

effect caused by a curve flttlng procedure (e g , Bdolton, .

1979:73) .

Atk§nson and Malr (1981) recommend the use of c'—O 1n

these plast1c1ty calculatlons but 1t must not be forgotten,

.
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.however,~that in'certain soils (e.g., cemented sands) thete
may be an actual cohesion which. must be counted upon if an
'unsupported heading is to be excavated~ In any case.the
drained lower bound solution,' given by equation 3.32,

illustrates the effect that .even a small amOunt of éohesion

/Pés on the excavation of an unsupported heading. For instance
for C¢= 0 (fully unsupported heading), a value of g;&fﬁill'

render the solution (Equation 3.32) indeterminate, which may
be interpreted phy31cally as the 1mpossibility of tunnelling
under these conditions without additlonal ground control -

measures.,

 3.4.5 Comparison with Drainedicase%ifstories
No.records of “tunnel failures that could be used to
substantiate the validity of the lower boj?d solution were -
found in the literature'ever, a number—of reasonahly well

documented%cases of NATM excavated tunnels, where a good

) W

-

record of settlement is avallable, may be used to illustrate ‘
aspects cf the present research, more spec1f1cally of the
validlty of ‘the . concepts dlscussed in Sectlon.3 3:2 (Load_
Factpr versus displacements) The cases described were
publlshed by Stroh and Chambosse (1973) and reviewed by Heinz
(1984:39) . J

All ‘tunnels were\excavated in Frankfurt clay, whose
properties have -been extensively investigated and qere
summarized by Katzenbach 11981)..The.fact that dewatering_was

initiated months before tunnel excavation and.the constant
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presence of pervious'calcareous layerstand sand layers in the
natural ground favours the choice q; drained behaviour.

A peculiar feature of these tunnels is that they

vvvvv

-

represent the first applications of the NATM in urban areas.
. F

As such, attempts were made to calibrate construction
parameters w1th varying degrees of succe&s Based on comments
made by Stroh and Chambosse (1973),"it 1s bebieved_that, in
at least some.bf these tunnels, a‘failure COndition~w5s
approached.-All'measurements presented herein were obtained
in adjacent contract sections and at least‘as a first
approximation, the 5011 conditions can be con51dered Similar
This approach wai’also adopted_in Katzenbach s (1981) finite
J_element analyses of~these tunnels. @K | |
The data collected by Stroh and Chambosse (1973) is
summarized in Table 3.5. Also listed are the soil propertles
- uBed inlthe:present calculations, derived from Katzenbach s
i(19§l:68) summary. It should be p01nted out that all cases
which are examined here were excavated using a heading and
" bénch procedure: However, in specifying the length of the h
"unsupported heading to be used in the¥present study, the
influence upon sgability of the shotcrete 1n the top heading
.,‘and of the bench were neglected This is con51dered for
practical purposes, to be on the safe 81de +sAlso,. the values
of the ‘ratio 'L/D calculated by the drained lower bound
solution (equathon 3 32) ‘were determined using the worst

strength parameters in the range presented by Katzenbachv

(c'—lOkEa,and ¢'=18° 1nstead of the average parameters
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c'=20kPa and ¢'=20°). This is perhaps slightly conservative,
.but reasonable from a design perspective, if one bears in
mind that the soil properties were determined from
conventiunal triaxial tests on small samples and are intended'

e

to

present avfield situation.
Inspection of Table 3.5 shows that the calculated L/D
'ratios: approach, ' for. séme cases, . the actual ;L/Dfs,<
A Furthermore, it is :noted that for these cases,  the
.dimensionleSS' crown displacement U,' calculated from
» expreSSion 3 7, is always greater than unity For the cases
' where the actual L/D is much less than that calculated (e.qg. ;ff
cases II and III), U is lessnthan unity. This agrees with
Negro's (1988) suggestiontthatf in this case, goodfground
control conditions no longer ex1st and. failure 1is being.
approached (see Section 3 3. 2)
The values of the loss of_'ground, expressed as.a
percentage of the tunnel vOlume and Calculatedhthrough'
”éording and Hansmire's (l975)iwidely used'correlation, are
alSO'givenfin lableAB 5. Similarly to the case of U reported
above, it is seen that for the cases where the 1ower boundv
“values of L/D are close to those actually used, the loss of
ground V) -is always greater than l%kof the tunnel volume,
This_is aivalue commonly used.inipractice'for‘prediction of
» settlement -undex good‘icontrol conditions and it seems
reasonable to assume that for V1>1% a situatton which is‘

close to failure w1ll be encountered It must also be

remembered that these con31derations assume that the lower
N ‘ e 2 ' -
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‘bound solution,yields results which are‘closejto the exact
- collapse solution. This seemsnreasonable from analysis of
rec0rds of model tests'reported earlier in'this‘chapter.
Another tentative conclusion that ‘might be_reached from
an‘analysis of Table 3.5 reiers to the L/D ratios to be used
in practicei It would appear that‘in order to limit the loss
'Of ground, the results- from the lower bound solution should
 be reducedbby a factor of at least two. This would yleld L/D
“ratios which are more in line w1th those surveyed in Chapter

>

2. However,vthe number_of cases ‘analyzed is llmlted.and data
trom‘other prototypes would be necessary in order to verify
‘these'conclusions.’

A final observation regards ‘the analy31s of the data'
from Stroh and Chambosse (1973) within the fnamework'
dlSCUSSGd in Section 3. 3. 2. Taking only the.. sections
. corresponding to Case I in Table 3. 51 one may»attempt'tO‘
determine the. load factors LF from the dimensionless
dlsplacements U, through‘use of Flgure 2.8 by Negro (1988)‘
_.Whlch is reproduced as Figure 3 9.

. _ U31ng the U values given in Table 3.5; 'valuesuof the
load factor corresp ndlng to Negro_s bounds'are thained;
These load facta”' are then inserted into equatlon 3.8, with
Ctc estlmated\by ‘the extended lower bound solutlons for the

respective L/D' s. The ranges of ot/cv whlch are shown on

/
!

1 This is a case history '(Romerberg Tunnel) which has been extensively
reviewed in the literature (e.g., Chambosse, 1972; Beinz, 1984; Negro,»
©1988) and for which reasonable records, of support loads exist.:
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Table 3.5 are obtained. These ©0¢/0, ratios may~be‘viewed{as\qu .

, X : ‘ . L e
rough;abproximat#on of the radial stress acting on the tunnel
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support for the measured displacements, and could then be

comparef Yo field measurements. (5/

Ip Figure 3.24'the range of radial stresses obtained

through the above procedure .is compared to actual

N P

measurements. These readings were obtaineq'with contact

—

pressure cells\of the Glotzl t&pe, installed between the soil

and fhe shotcrefe in twin tunnels driven 31multaneously and

-about two dlameters apart (center to center). The radial

: stresses may have, therefore, been affected, particubarly at

the sprlngllne level between the tubes (+90°in Figure 3.24).

Also shown 1n'Figure 3.24 are,estlmates.of the radlal stress

obtained by Negro (1988), which are based on a more re{}nbd
. » ! . B (=

method derived from finite element parahetric studies.

It is seeh that the range of radlal stresses obtained

-

. through the approx1mate procedure fit reasonably well within
the large scatter shown by the field measurements. Also; the

average‘radlal stress calculated is sllghtly lower than the
~ b |
values obtalned by Negro (1988), but this 1s not considered

unreaSonable. These results suggest that ‘a rough estlmate of

i & ~

..the loads actlng on the liner could be obtained through the

u?exteﬂded Muhlhaus lowér bound solution; using the assumptions
] woah :

prev1ously descrlbed Aﬁso, it appears that U values greater
\ -
than 1.0 will be assoc1ated with relatively 10w45tresses on
Y S \ i « ‘
the lining,’which is consistent with the ideas put forward by
B T UL v : - ' oo

. N
[ER N
& .
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Negro (op. cit.) and illustrated through the concept of
ground reaction cdrxe introduced in Chapter 1.

3.5 Applications to Large Tunnel Problems
3.5.1 Estimates of Unsupported L;ngth

Design diagrams could be easily produced for estimating
the.P/D ratio knowing H/D and the soil properties. However,
given the slmplicityﬁof equations 3.32 and 3.38, such charts
would probably‘be of limited use, since the expressions can
toeeeaSily programmed for a pocket‘calculator.'in summary,_in
addition to-the assumptions inherent in the tneory,\@t seens
appropriate' to stress a few points concegning 'the

applicabilityiof the solutions derived.

3.5.1.1 Undrained Lower Bound
. The undrai Ted lower bound solutlon, when comparedvto'

results of 1n7éel tests, provfded estlmates Whlch were
generally on/ﬁhe safe side. This }s in agreement with the
theory presemted in Sectlon 3. 3 3 and suggests that, at least
for the ranges of parameterS' 1nvestlgated (e.qg.
O,5<H/D<3 O) this solution: could be used to determlne the
_makimu unsupported length w1th1n an 1nd1v1dual headlng

owever, when 90393??d"E9«3wf§W case histories, the
solytion yielded mixed results, which\may be attributed to
poSsible field departureS'from the assumptions in the theory.
This enhances the fact tnat oonsiderable judgement_shouhd be

used when applyirig the theory‘to natural situations. It'is
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thought that the inclusion of partial factors of safety, to

‘,)be applied to the undrained strength Cy, would be a
reasonable expedient, as has already been suggested by
‘several authors (e.g., Atkinson and Mair, 1981; Gﬁdehus and
Mélix, 1986) . Gudehus and Mélix (op.cit.) propose that the
value of the cohesive stréngth should be divided by a factor
;of at least two and applying this factor to some actual cades
(Section 3.1, 3) appe;rs to ° provide reasonahle results.
However, the field data evaluated is sketchy and any
conclusions regayding the appropriateness of this factor of

two will requirejeonsiderably more research. l” .
Another point that may be noted is that equation 3.37

‘may yield impractical results if ‘the value of cy is |
inqreased toghigh values such as those associatedlnith'very

stiff soils. For instance for H/D=2.0, Y=20kN/m3, D;G.Om and

cu=60kPa, -an L/D of about 1 0 is found Increasing c, to
i '

240kPa - and keeping the other parameters constant, L/D becomes
*3 5, which is well-above values used in practice Therefore,'

2

+ for these stiffer and possibly fissured soils, it would
*appear of great importance to consider, be31des.the factor of
safety, an operational strength of the soil mass, %hich could
be estlmated through methods .such as those described by Lo
‘(1970)
'3.5;1.2 Drained‘Louer Bound
j%Comparison with)results of a limited number of model

tests furnished results which were not necessarily safe, but
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were close to the exact values. This could be due to the fact
lthat the theory is riot strictly valid for drained situations,
>but'it should also be noted that the ;alue of the .cohesion
necessary for a mathematical solution of equation 3.32 is
'critical For instance, for o©y=0 and c=0 this solution
becomes indeterminate This result reflects the impossibility
of tunnelling with zero support in fully cohesionless ground

In.the analysis of the results by Gudehus and Mélix-

:(1985), choosing a residual cohesion, which was about 25% of
the peak value, provided a gﬁgkibre~improvement of the
.estimates. This suggests that fhe: value of the drained
cohesion’to be used in these solutions should_be_picked with
extreme care and; again, the;adoption oprartial factors of
safety may be required. Adopting c'=0: as suggested by
Atkinson:and Mair (1981), seems undul§ conservative and, in
fact,'would mean the impossibility of’excavating any heading
with no support. _. “

Another point that may be noted is that, in @quation
3.32, as H/D becomes large, L/D increases in an unr;:sonable'
fashion and no longer conforms to ‘the model depicted 1n
Figure 3.14. Also, this perhaps means that “for ?

Y

' _tunnels, deformation may control rather than stabillty \Kj:f

3.5. 2 Estimates of Critical Diameter
As suggested in Section 3.2, another problem that might
.arise in:preliminary design stages concerns thenmaxrmum

h?ading'size that may be safely excavated. Reducing the
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pfdblem to that of an equivalent, circular opébing, one may

refer to 'the "cri;ﬁbal diameter" (Dmax), -in analogy with the
_cOncepp of critical depth of an excavation (e.g., Bjerrum and

L d

this critical diameter (Dmax) would be at the. onset of

col;apse,,depénding'on the values of H/D ahd L/D.
- a - .
3.5.2.1 Upndrained Case *

Qbavisvet al.  (1980) provided solutions for a plane
strain opening (i.e., L/D=ee) subject to an internal pressure
Ot, in a 'gravitational stress fielﬁ fy#O). Their undrainea‘

s¢lutions are expressed as

N = f( LY ﬂ-) e [3.41]

where YD/c, and H/D are dimensionless factors and N is th

'

stability number‘defined preViéusly;‘Davis et al. (1980), by
analysis of their Figure 8, suggest that onset of instability

will occur at‘YD/cu22; Ré—analyzing the same figure by Davis

et al. (op.cit.), Ward 'and Pender (1981) suggest that the -

<

fimiting factor would be YD/cy,=1, which corresponds to a zero

s ) ~ ’ :
support pressure in Davis et al. - -diagram. In this manner,
instability would be imminent- in animhdiameter tunnel in very

soft clay (cy=20kPa) and in a 7.5m tunnel in stiff clay

(cy=150kPa) . .
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The preceding values may be taken as rules of thumb for

delineating the scheme of excavation tq‘be used in a large

cross section tunnel in soil. For instance, in thelsao,Paulo

case histg;y analyzed ‘in the previous chapter, the equivalent

dliameter of the top heading was about 7.5m. With the soil

.properties given in Figure 2.12, one obtains YD/cy=1.43,

which lies in the range delimited by the recommendations by

Davis et al. (1980) and Ward and Pender (1981) ' .

‘The extended Miihlhaus lower bound solutions. presented in

this chapter allow“verification of these simple rules under
conditions where L/blmay vary,'as opposed to the relatively

conservative L/D=e which is built into the solution by Davis

‘et al. (1980). Rearranging equation 3.36, it may be easily

shown that, for o0¢=0: &
s 2 B
4 1n |

YD _

Cu

o
+
N

Nf

illustrate the limiting ratioyD/cy is depen e® on both L/D
N . .'J . ' . ’ )
and H/D. The area unde!hn curve in Figure 3.25 corresponds. to

a safe domain. The suggested values by Davis et al.'and Ward

'and Pender are also depicted and seem to correspond roughly

to Equation 3 42 for values of L/D 1 and L/D=2 respectively

and for usual ‘values of H/D. The curve for L/D=0.5, not shown

'Y

[3.42],7

Results-of this equation are plotted in Figure 3.25 and:



-

~on Figure 3.25, ma

¢
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'Yield-non-conservative results, and it

seems that, for practical purposes, the rule;of—thumb‘by Ward

and Pender (op.cit.), expressed as Dpax=cy,/Y, would provide
the most consérvative results, except for H/D less than about
one, where equation 3.42 (with L/D=2) would 'be more

apbrop:iate. Perhaps as a more appropriate alternative,

equation 3.42 could be used|{with the actual L/D wvalues, but

in this case considerable juaqsment shquld be exercised in

the choice of c,, with an appreéiqtion of its variability and

perhép ith consideration of "partial factors of safety, as
discu! ;evioﬁsly in this chapter.
3.5.2.2 Drained - Case

It may be argﬁed that'the collapse of a tunnel heading

will usually be a sudden event and_hence it would. be

.appropriate to characterize the strength of the grouﬁd by its
. . o ® # .

undrained shear strength ¢y, as discussed by Davis et al.

?

¥

(op.cit.). There might be circumstances, however, when use of .

idrained approach may be more appropriate. For_instance in the

case of cemented, predominantly coarse grained soils, it-

seems likely'that both the cohesion and the.friction will
contribute tﬂrstability.fRe-arranging'e?uafion 3.30, with
GS=Y(H+D/2) and oy=0, one may find the equivaléht of equation

3.42 for the drained case:



’ acohe51on for anafy51s of. tunnel stablllty problems.

[ A

. oo A= e D . . [3.43)
_:f.'V'f ‘,h B ._c""(ng %Jtan ¢ f’lf\, R "

.

- L
- e

-

Flgure 3. 26 shows, for the case of ¢ 20° the varlatlon,
"of YD/c as H/D increases, for two- values of L/D As expected

*

Lthis flgure shows.that'the-cr1t1cal~d1ameter, for a glven Y/c-

f”ﬁratio,'w1ll be larger, the ciosér the llning is 1nstalled to -

To;the face One may also estlmate the "r_qukxed cohe51on§'(a.
1term used by Gudehus and Méllx, 1986) for a certain tunnel.to'
_be excavated For 1nstance with ytZOkN/m3 ¢=20°, D=6m andv
fH=12m, the cohesmon requlred to preVent 1nstab111ty would be f.{ﬁf
‘habout 40kPa for L/D 2 and about 20kPa for L/D= 1. Thlsfh

e enhances the nece551ty of an-. accurate detelmlnatlon of the;;

. The\angle of friction to be‘used in equatlon 3 43 als{

- has a s1gniflofnt effect, as shown in. Flgure 3. 27 but %he,;ffggg

f
v

ohe51on 1s probably more 1mportant. For 1nstance, for the“ff;

'same example referred to above, a decrease 1n theﬁfrlctlon"

"'angle from 30° to 20°' whlch can be con31dered 31gn1f1cant .

‘Jwill 1ncrease the value\hf the requlred cohes1on from
} to 100kPa, whlch 1s comparatlvely not a& S1gn1f1cant

jcase, ;t should be pointed out once more that valu'

zw_cohe51on whlch represent more than a 51mple effect :;}Q?

‘fflttlng w1ll be requlred for;g’eseybtablllty analysas,, fﬁ.jf,gfh’
Bt . - L o . -
. ) R 4 \‘\ | R . ) o ¥,

- PR
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»

N P o . ; R L
In this chapter, lower bound plasticity solutions were
‘F«

‘,derived which were’ aimed at evaluating the three dimensional

Mlparameters, It appears, therefore, that these lower boundsr

gstability of a. tunhﬁl heading Although these solutions were

o
expected to provide safe estimates of the varfbus parameters

-

imaquestion (L/D, Ng; etc ), the theoretical results,‘when

”compared'to 'findingS‘from.model experiments, were found to,»J

be reasonably close to the collapse values ,of these

e

yield results which are close to the exact solutions, whichﬂ'

-

lepOSSlble, according to the theoretical considerations

outlined in’ Section 3 3

‘J

%ays were shown in which these lower bound solutions,

could*be applied to the problem of evaluating the critical o

1'.2 6 “

fhbvalues of the unsupported length (L) close to the tunnqﬁ?'

ifface, as well as “of the critical diameter (Dmaxlr beyond

;*,which instabilities could occur.;For clarity the expressions,

'_conSiderable judgement is used in the selection of the’
‘ .already been suggested by several authors (e g., Atkinson aqdujﬁ

’hdeal Wlth. the uncertainties

~which relate these parameters to the geometry and to the soil

,properties, are summarized in Figure 3. °8

k]

)

;observations made in actual tunnels indicate that use of

Lo

'these solutions for practical cases is only warranted ife"

'ﬂstrength parameters. Use of partial factors of safety has

o~

‘Mair, 1981 Gudehus and Mélix, 1986) and may be"the way tdhj

Comparison between the theoretical values'and




strength parameters. ﬁased on theistudies reported in this

“less critical and div1d1ng the tan¢ by 1.5, as suggested.by‘

t

y

’

chapter, it is recommended that the cohes1ve strength to be f

used 1n these lower bound’ equations should be div1ded by a

o

‘factor of 2 to 4. Factoring the frlction angle appears to be‘

_ Gudehus and Mélix (Op‘ c1t.),.could be taken as an -initial

" the prev1ous chapter nay prevail. Also, these solutlons are

e

'suggestion. It is felt, however/ that%more research is needed

'1n this area. and papers such’ ‘as those by Bolton (1981) and'

Ovesen (1981)/tould be used as a starting p01nt for future

.

work. Alternatively, global factors_of‘safetyh,as used in

fConyentional Slope Stability analyses,.may also be used.

Based on the data evaluated in this chapter (e.qg., Flgure

~3.9) it appears that a global Fg of 1. 5 to 2.0 would ensure a

\'where constraints sucg as thlse discussed 1n Sectlon 2. 3 1n'

'condition of,good ground'control (see drscus31on 1n Negro,

)

On the other hand, it- may be argued that the solutlonsv

'derived are. of . limited application in practical engmeering,_"_~

,1,_

&

‘not~as versatlle as the-FEM,,in the sense that features such»,

e

-~ -% as heterogeneities ‘in the natural ground could be ‘more ea51ly

”unw1se to design exclusively w1th the Finite Element Method,

*rn their 51mp11c1ty and 1t 18 pelleved that they could be‘

himplemented in” the latter. Des1gn should not be - carried out“-

--fsol;ly bﬁsédﬁ%n these solutions, just as 1t would probably be:

(FEM) /lhe greatest merit of these lower bound equatlons lles

W
- PR
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‘used to complement the emplrical recommendations presented in !‘{

&
S WO

Chapter 2, in prellmlnary design stages.

@
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Figﬁre 3.1 Possible problems to bé faced when planning a //

large cross section tunnel
/
oo s :

Surface

, I-—‘L——>|- .

Figure 3.2 Simplified model for analysis of tunnel headihd
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t Collapse
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; 1 ] 1 :

. L/D o E | o .

E’lgure 3.4 Influence of heading geometry on stablllty ratios
at collapse (modified after Malr, 1979) o ‘
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Figure 3.5 Influence of depthid
at collapse (modified after
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Surface
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U Figure 3.6 Two dimensional representation of tunhel heaiﬁ‘-~

r
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"%igure 3.7 Illustration of correspondencé between -
Load Factor and settlements (modified after Atkinson’
and Potts, 1977) ' ’

H



LbAo FACTOR (L F. =1 IFs)
02 0 b 0 6

139”

S

T AN

ment /' Diameter .

¥y

| v:..‘:‘ Lo \ .QJ ‘.-.
AR .’.o.

',: '\
O X \.
.u\?. ,.":_POX\‘ .u;‘
ey - IEARRNN
: »

- o ‘\. -
k N G
‘ S ) 0.08~ T test ‘ e T
. RN TN : o § x.
g B208H .o o-3000 |\
- ‘62081 300 0 N\
[ . ) i
o 010— - 0.208) 2B LT e
. A 0 208K, "o TNET b
<4 2DV« coan. oo ow
o xEe e
) : f“‘ o ° ‘\

1985 -

"

PR - “ : ' . - . "" \’ )
Flgure-3 8 Observed varlatlon of crown settlemert w1th load

factor for- six model tunn?ls (modlfled aﬁ
. . . \

ter Malr et al.,

ey L

Flgure 3. g Observed varlatlon of dlmen31onless crown
ment versus factor of safety (delfled after'Negro,

:eﬁtle—:~z‘
1988)



140

*

b

et

L

_Angle A'OB' = 20

<

—1
&S

1=0

v\« . | |




;o141

T . . -
Surface:_ ‘ /' : -
' - Lo 'S‘
Surface: Os andv'tf
L Tunnel Perlmeter'.‘ ,

Tg =

O and Tf

5 v
e + T

c cot +Os + T
s sin'¢ o e e T
T = — —— - (gs + -C cot ¢) -
1 -sin¢ Q?‘ ~ | ¢ e

P
v

Flgure 3.12 Illustratlon of Mohr circle at- fallure in upper'
bound solutlon (modlfled after Senev1ratne, 1979)
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- , ) e Upper Bound (Eqn. 3.18)
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Lower Bound (Eqn. 3.15), - BRI 4
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F:Lgure 3 13 Bound SOlUthl’lS compared to results of model ex—-
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;Flgure 3.14 Muhlhaus sphere appro mation for the tunnel
’ heading (orlglnal does not 1nclude 1nternal tunnel pressure)

_2‘F1gure 3. 15 Hollow sahere subject to unifOrm external and
internal stresses (modjfied after Tlmoﬁh@ﬁko'and Goodler,
$ 1970: 394) R
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' 4. cnsm axs'romz ~ MOUNT snmctmx:ssy 'mmm.
4. ﬁ';ntroduction

4.1.1 General | | ‘ .

This chapter focuses on the geotechnical behaviour of
the Mount Shaugnessy Tunnel (Rogers Pass ShQrt Tunnel).»This
rallway tunnel has geometrlcal characteristics which " depart
somewhat from the cases reviewe% in Chﬁpter 2. The section.

which is analyzed does, however, contain features which

1l

enable this case to be classified as a large cross section

S
£m

\

soft ground tunpgel. The tunnel, whidhﬂhas an excavated cross
sectlonal area of about 64m2 was excavated by a-heading and
‘hench procedure whlch could be characterlzed as type Tla
(Flgurexz 3, Chapter 2) . Also, the section in question was

excavated in soft ground and under a major hlghway thus

u,

concerns w1th%settlement and stability were comparable, to

¢~ .

’ thoge faced 1n urban env1ronments Analysis of this case

3 2 “‘, . ) : ’
- historx is con51dered capable of prov1d1ng data for

. verLflcaqun of some of the flndings from the pxevious

41 "\Y
achapters, as well as yleldlng conclu51ons whlch could be of

!

: general 1nterest in the design and analy51s of large cross

»

sectlbn tunnels.
[} 1 P
e . ‘ . ‘ E:

' 4.1.2 Scope of this Chapter | ’ o “ d.
. The initial sections of this_chapter characterize the
Mount Shaughnessy.Tunnel Project, with emphasis plaged'on a

‘relatively detailed geological and geo*chnical’

\ . . 152



characterization <3f the tunnel ”sitea‘vThé;‘¥easons.vfor'*2

g ) o S ’ °
‘emphasizing this point are twofold' : f,‘;‘ ;

-t
3 ® e
+

1 Proper‘knowTedge pf the geotechnical characterlstlcs_,‘ﬂ'

® of the site was deemed mecessary in order to flt thlS

LN I

case hi@torycinbj;fhe frameworks outllned rﬁ prev1ous

: chapters Due to difficulties in’ sampling and testinfbfk"

the 5011 at the smte, the geological characterlzatlon

J
e

§¥0v1déd Naluable ass1stance.:y"%1f_:-‘5°°V

-

2) The geologlcal ang geotechnical characterization of

“
»- }

the site prov1de 1nsights which may become of value 1n»

ov‘

future projects to be carried out in1s1mrlar mountalnpus

environments Benson et al._ (1985) for 1nstance,, :
X, : R : ’ : ‘?-3“ . ‘a °

descrlbe a study off" tentlal 51tes for expanSLOn of the

;wzy British Columbla ay system Wthh could beneflt fromt

results of the pres_,q study.’i“’ﬂ ‘;"jpj;_f-,awvg

. S
o

“*Further sectlons of thlS chapter are concerned w1thi*
field 1nstrumentation,.wh ch was 1nstalled and monltoredf"
durinéjthe GOUrse of this study iAnalySis of th;s monltoring‘:;'
data was undertaken and s1mpl;fied analytlcal techniqueshzﬂ

derlved from numerical §tud1es, were developed in order tofxft

g -.. ,0'3

\assess the ground deformation paﬁameters and their 1nfluence'f:

~

g on tunnel performanCe Flnally, the empirlcal recﬁd endatlonsff»
) : Y S
1ntroduced in Chapter 2 are applied to thlS cas
:‘. Lme A ‘f' '
Although these recommendations were not actually used 1n the o iak'

‘ n

history

proj%ct, a brief comparlson is made between thlS emplrical

de31gn and that whlch was actually used ,'”f7'_” yvd, 3 ' C e

~
[
-
.
LR
B




"4 2 1 Rogers Pass Pr039ct

;-4\2 Description of the Field Caé&

e 0
i ‘ - ;;
o

3

-

The formidable chain of mountains that constitutes theF

152

u‘Q‘

Selkirk Range, Bri}ishJﬁolumbia (% .C, ), has always been a',;

natural barrier to transportation réutes Deep winter snows1

Lo

: and avalanches were a threat to railway travellers through"

”,completed in 1916 Although this tannel.’pzdti&l in service,f‘

f,program

Rogers Pass until construqtion of the Bkm Connaught“Tunnel,”f

{‘ ‘ 4

N

'mdern re@irements Led the owners ‘w?'th! LUngET . ca,Rali,. ta "
. o |

undertake an extenSive grade reduction and line duplication“

;";7 The Rogers Pass Progectn chrrently under construction,

‘ Wlll create a double track line over 34km, including two

*

gtunnels totalling abqut 17km. The longer of these is thex

'_Mount MacDonald Tunnel 14 7km &ong,-w;?ch will be .the

oflongest rail tpnnel in North Ameiidﬁ East of this tunnel '
! 3 nq% L 'y :

lgﬁhe mﬁ w3

*
&hich is 't

) £

A

tunnelling e\

’(1985) The location of thgdrrdject is shown in Figure 4.1,

4 2 2 MountﬁShaughnessy Tunnel :{f*?

R

.

,. N - "
kB

’;?éﬁaughnessy Tﬂﬁnel (Rogers Pass Short Tunnel),i
ubject of this iesearch A general review of h”

?#ities at Rogers Pass was published by CP Rail

L3 _“, N ‘

.

» NdThis is a Single track 1 8km'long tunnel which at itsu7

- \

)‘ «'-‘.:-.

road link throughnthe mountarns his area 1s termed the:

’ e " : DL

southerly end passes undef the Trans Canada Highway, a v1t35;,1‘f



'West‘Portal' to concur w1th the overall direction of the'

4

155 -

'”"ﬂrailway. Althdmgh most of the tunnel is located 1n rock thef

..

N

L
gﬁ
i

ik
VAR

A
e

T

4, ) ) »

\,

3

in subsequent sections.z7
o T S

X v . N A

4. 2 3 Regional Geology and Glac1a1 sttory

sections close to‘-t portals were. excavated in

‘unconsolldated, bouldery dep051ts, whose nature 1s descrlbed

The Selklrk Range is one of the 1nterlor mountaln rangeS'

P

“of“B C and comprlses folded and’ faulted meta sedlmentary

. rocks. In the study area, the characterlstlc cks. are malnly

L3

phyllites and quart21tes of Proter0201c and lower Pale0201c

ﬂ

age A detailed account of the bedrock geology of the area 1s

given by. Wheeler (1963) ’zﬂé

Brltlsh Columbia was intensely glac1ated durlng the

1 Plelstocene and ev1dence exlsts for at fZast four: Quaternary

)

-Cordmllera‘

glaclatlonsf Durlng the last major ica advance, generally

referred.to as the Fraser Glac1atlon, 1t is belleved that,f

*

with the exception of scattered small nunataks, ;the'

as totally\lce covered (Fulton, 3984) During

each of t ese glac1at10ns the Cordlileran Ice Sheet 1s.

* A

thought to have origlnated 1n fhe hlgh areas whlch presently.

support glac1ers. At the end of each glac&al perlod the'

Cordllleran Ice Sheet decayed by downwastlng and complex,

froneal retreat‘;CBague, 1981) The actual pattern off

deglac1ation 1n a speC1f1c area depended on. complexj;

»:

interrelationshlps of phys1og¥aph1c factor55 hence

genj7allzatlon is not possfble., . 47 e »1,°w<‘_;5’
: L N L T : s LR

e



The Quaternary geology Of Rogers Pass has not been
studled in detail1 Howeven,"investigations on the late

’ "‘Quaternary geology of a w1der\physiographid.area, termed B.C.

(1968), Fulton and and Smith (1978), Clague (1981) ‘and Fulton

,(1984) Based on, stratigraphic : tudies supported by

: .
'radiocarbon analyses, these authors attempted to identify

ma]or subd1v1Sions of late Quaternary events and associated

o -~

add that a radiocarbon date. reported from near the downstream

€

f}end of the Beaver River, (GSC 1457), au“about 30km from the

'?tuAhel j’fgf~indicate§ deglaCiation before 10, ood years B P.

; , 1987 written personal communlcation)
P ; :

Southern Interior (Ho%land, 1964) were presgpted by Fulton

”"cf‘lSS'.

?\V
‘ ?dep051ts, a summary being presented in Table 4.1. One; should

&!2 4 Background vfor_‘ Interpretation’ of Surficial B

Geology - ":‘ :f‘ﬁt R “,ﬁg
. . > ) : o et : Q -
. Geological assessment of 81tes located in mountainous

areas such as that of this study may be a difficult task

ndfOrms and assoc"f“’h 011 deposits,' reé\lting 'from

. T _ . -, . b B

1 The authgr™\qas tched a‘number”of 'ubll ations‘%nd teéhnical : 7

reports, cgnsulged wrth a number of knpwn abhthorities and has come to-.

\the. conclusion that no substantial surficia ‘geology oﬂ'geotechnical

. studies yere carried out -in the -area of ‘in rest, ‘prior. to- commencement

of actiyg

thegfact that the area has been a Nation Park for about a. century,

r'ﬂ!irce development being therefore very limited. "Among those consulted’
Drs. J.J, Cldgue and R.J. Fulton (Geolo 1ca1 Survey of Canada), Dr. N
Rutter (University of Alberta), ‘Dr. J.M/ Ryder (Vancouvér)‘and Mr. B.
Thomson (Geomorphologist, Ministry .of v1ronment and Parks, Victotia)
should be mentioned. Some general infoz tlon,,of limited interﬁst to
‘this study, was published by Camisell (1 14) and Paly Y(1915): A more.

E .® récent work by Achuff et al.. (1984) emphasizes vegetation and wildlife

characteristics, but includes a very conplete: land classification map,

derived from airphoto and field:studies {

)

S

t

ties linked to the- Rogers Pass Pybject. This is attributed¥to -’

",

¥



omplex sequences of glacial erosion and deposition, are
[

frequently modified by postglacial processes and their

remnants are hidden beneath more recent deposits and a dense-

forest cover. Criteria for idenﬁifying vestiges of these

glacial forms have been discussed by ﬁhinn (1979)

On the oth@r hand, observations made on coptemporary

.o \

glacial env1ronments have enabled geologists to recognize a o

Q7 4
'number\of typical sedimentary models.which may be used to’
Sy

a2
interpret ancient glac‘ env1ronments (e g. Boulton and

Pauk, 1976 Boulton and DeynOux, 1981, Derbyshire énd'Love,

\

ﬁi986) Each of‘ these models displays an assemblage of
3bminanirxandforms where major types of sed‘?entsﬁ Wh1Ch may

~

be recogniéghqpy tﬁeir fac1es° are known to»océﬁr. The use of
{

'_similargyodels 1n‘00nne ion w1th the 1nterpretation afr"

geotechnical COmplexfkies has aliﬁidy~been\discussed by\\\
\ & o g
Morgenstern and Cruden (1979) and 1s attempted 1n the pr-sen ;§,

gt o " Sl \

[y . . K . LA

The model which : conSidered useful
by : » @

1nterpretation’©f glac1al sequences in upland valleySris

4 2':4 1 'M del for Glaciated Upland Valleys * Y %
the,

‘.1llustfated in Figure 4 2* in Val£\§§'wh1ch hai”

ice for some time, the princ1pal featur s w1llA be:l'y

qs,ulat this point, it should be noted tha at the time this study was'" “ﬁsh
‘initiatpd the report by Thurber,ConsuItants Ltd. (1983a)/ “which' contains -*

st
W

C

4

been free of: °

r

- a detai geomorphological investigation, was not known to the ~author.

‘The use of. available $edimentary models was seen as an. appro;ch to AR

,complement the evaluation of ‘the local geomorphic features ﬂ“ﬂj .;y;j*émﬁ

L ’. . ‘ . ) "é_»_»_‘ i ﬁ. : ) -_,} . \‘/t’; P ,0: ) | 'a-,‘ A " i
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'fléar, glacial features are often destroyed <ﬂb buried by

“meltwater streams and recent geomorphico activity. The

b A

| dominant geomorphic processes and associated landfoﬁms which

A

appear to }e linked w1th this model are (Boulton and Eyles,

1939,aBoul on and Deynoux, 1981- Derbyshire and nove, 1986)

‘fwithih th-‘“v 1SS 5\-~" 1 (i e.,'on the

e

g distanceSxand lack of particle contact, this material

’tends to escape the rounding and comminution processes

that normally op te upon: basal or englacial debris

:(Boulton and Eyl '51979) It ‘will, therefore, create a

,3' N

ivery coarse grained ,'supraglacial 4morainic tili'

R

wvalléy Sides and may form very large lateral morain\s1

T 2) Blockiﬁg'of the natural drainage and interrupgion of
,mass wasting processes by the valley glacief will
;produce‘genetically complex 1ce contact accumulations

R
,which a&e sometimes c aSSified as kamé terraces (Figure

pointed outi, tHat under certain

i
a

o . - 158
“concentrated along the valley margins. Along the valley"

9

‘(Boulton gﬁd Paul, 1976)/ which accumulates ‘at - ?he

téria‘l_-‘ in lateral-moraines may -~



- gla~ciofl’u‘v\i'a"“l‘u’»““_ ‘and . .

gladiolacustrine sediments and ‘ma Erial derived from the' |

P LY e V/F
local lePe. These deposits are often multilayered and

Ay

may contain beds of l@ er strength glaciolacustrine—

'.u

silts and clays which may be of engineerinﬁ concern.,Due”"“
i .

% to the ungtak f _‘ supwged ;topq

T high water discharges, these sediments may intermix Wlth’f

] "w',d

the“gpraglaCial mqrainic bdll and differentiation is.,
B T

ﬁpult (Boulton ‘and Eyles, 1979) The

v

grain Size di' fibution, wforv instance, is not

51gnificantly differentﬁfrom supraglacaal morainio till

4

" 3). Immediatery after deglaciation, the 50145 1n lateral

v

?moraines and kame terraces

,ﬁ made available for
. ‘ ' " ;.‘.
,'eros10n by streams and s&ﬂpe_a ming processes. While.3
large amounts* of thlS; material were transported

downslope andhformed colluvlal_jans (Eyles, 1983)k

‘ con31derable portion was also roduoed 1nto streaml.[

s

‘ vf
systems at very high rates. As a result, the fluv1al

: 7\ .
sediment transporting system became heav11y’loaded and

@\; Yy

poorly integrated,\resulting in the occurrence qf manr X

alluv.ial fans and cones (Church and Ryder, 1972) Q ‘4‘

v

4 2" 2 Gbotechnical Characteristics S

‘ . L3

Due to the variety and complex1ty of the sedimentationv

processes occurring 1n1upla8d glg%iq‘ed valleys, 1t 1s not .

-

always possible to interpret“the depos&ts w1th respect to
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Sy ‘
'their genesis. Some . authors,«especially those working in .

¢

modern glaCiai environments, do not consider re- sedimented

deposits as tills, as pointl

MR

'm
ireaSOn, preterence is frequently‘ﬁiven by geologists to the

#

f‘i‘ﬁi‘c‘ by Levéon (1986). For this

descripﬁive term 'diamicton%lﬂrather than the ‘term 'till"
: S
- when referr!hg to

,s'such as those foundain upland

-ﬁﬂ«glaCiated valleys. B EEET siﬂ = '3l) .

£ L o

CInt the present study, soils created 'by - the.

'coarse grainedwsupraglacial diamictqps’(afhaerzle&w 1983)v ﬁ, mﬁ
Saspr g

This term f% probably broad enough to- encompass most of the
# .4
SOlls found a. ong the lower slopes of. glaciated~@pland

oY
SR

jevs. A fundamental difference between these materials and

ﬁﬁsubglaCia!ly derived debris 1is in* terms of grain size The -
latter normally suffer traction at the glaCier—bed interface,

which produces comminution and geherates a relatively high

- . l,

proportion of fines. Coarse grained supraglacial diamictons,
N,

on ,the other hand; present agﬁminor Sllt‘Cla¥ content,'"m

¢ ' A

generally below 15% whichf is one of- theér:vmostu

distinguishing geotechnical characbéfisticsi(éoulton ‘and”

. Byles, 1979, Eyles, -1983) e | S C

A reView of the literature has shown‘ a' limited
’availability of field data on these supraglaCial diamictons,”
RN

-
_____________ __,w;__;_- . A
S rat : = S ﬁ«».‘

1 The term diamicton is: defined as 'any non-sorted or poorly sorted
) ,sediment that coﬂtains a widemrange of: particle Sizes' “(Levson, e .
15986:10) . '
2 Till is defined ag a sediment that, ‘has been transported and deposited
by or from glacial ice, with little %F no sorting by water' (Levson,' '
F op cit. ). ] ‘ . - )
K M o ) .‘ = ] - . . ) = ,‘ o .. |

\ -
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which may be related to difficulties in sampling and iesting

Characteristics which are beliewed to be of geotechnical

et

importance were collected“from a few.published studies and

‘are summarized in Table 4.2." Table 4.3 presents anothers’F

summary of properties, collected Yfrom published papers ‘on. .

’gpe“major dam ‘sites in Briﬁish Columbia. Although e

. -

.iﬁfuq;icient information on the geology of these sites was

on as

‘{*igbtained whidhO would ‘warrant their clas!lficaxp

-

"sugéag%acial diamictons, -the properties shown were’ obtained

. o S R . G .*‘

mountainous sites ‘and are not substant ally different fromw 1
»

s

seupresented in Table 4,2. Moreover, tnj§ﬁfﬂ”‘perties were

tained on engineering purposes and it may [ argued th&t u;;

f

”ﬁhey are more reliable than those in Table 4.2, which {je

e‘;.

'l.

aﬁdj‘ 3 it is apparent ‘that ‘the bulk densaty of'the soils
examined by.Boulton and co workers (column 1 in T3ble 4. 2) .o

4”‘35@@ ﬁyles (column 2 le 4 2), which Was likely derived

from observations in recent glac1al settinga%,is lower'than

’

‘.. 1

that reported in the remaining cases. The%e same s01ls are

®

reported_as normaiiy consolidated by those‘authors, It may be

-specuiated that the higher‘densities in theﬁmore anCient'

, deposits are due to phenomena Wthh might have occurred after i
= depositf%n.-For instan i the reworking by water lS knowp to o

provoke a denSifying effect in such coarse—grained materials

i
: 9 <K
'*:'.‘.‘ 52: -y

.(see, for instance, Sherard et al., 1963 on the compaction of

frockfills). Also, eg:re appears to be a variety of -processes
. B S . N .'ﬁﬁ S . .

-
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“.gfprocesses which may have acted during and’ afte% the(

. . 162
in upland glaciated valleys which pay De responsible for some

! i

L

s, such as successive

advances of the glacier and removal of overburden by slope
mové?ents. o X B \ SRR
N A L4 . . . ‘ \
. . ‘ .
| - ' / Lo ;
4.2.4.3. &mm “ts . ‘ R A ,\

- )
it may be apprdciated that there are a variety of

"

. \ .
'geomorphic development of upla nd glac1ated valleys, Althougﬁ\\éx

.
<R

" “a genetic distinction between various types of\peposits is, -

at‘ least in principle, possible (facies cniteria are «
¢ . - . » ’ . L i '
discussed.)by Boulton and Deynoux, 1981), this was noggﬁi

: . ;' \ M
cons1dered.feas1ble in the present'sbudyi whichxwas aimed

-

- malnly at 1nvestigating the englneering behaviour of "a lgf

tunnel ; , . &
e Also, the study’area is eavilii:orés d, which makes

i ‘ . s

i

interpretation of airphotos and grou ‘access difficult'and

A ;w
sampllng and testing are hindered by the bouldery nature of
.tpe s01ls. Mo‘éover, the lack of good .expcsures and probable
(complexity of tﬂ\\depos1ts renders stratigraphlc correlations '

dlfficult to establish For t@ese reasons,.it ns believed

that_setting the study 51te w1th1n the preceding framework,

é,however 1deallzed thlS ‘may "be, . will prov1der a, fi;eG‘
'_approx1mation of the poss;Lble range of, 3011 properties' “\\v ’ \..‘;M.Ir
g ) .‘ . | . L \{\.
-4.2.5 Tunnel Setting , a Fo ,;\ | <}



A e e e
' Th; tunnel site ;g@éh the western side of the Purcell
Trench,’a topographic feature which separates the Selkirks
from the Purcell Mountains. At this location, the trench is ,
occupied by the. Beaver River, in.a classical glaciated U—
shaped valley &Elate 4 1) Another sngnificant feature in the'
g;ea is Connaught *Creek! which flows through a steep sided
.valley trending about” 'N75°W and which is at the East
eqtrance to Rogers Pass (Figurg: 4 3) Connaught Creek Valley
lies aboflt lSOﬁ\higher than Beaver River, which led Daly
(1915:4) to 1denﬂify‘it as a hanging valleyﬁ Snof and sludge
avalanches are f;%quent in this area and mudflows‘of grent
‘-proportions‘ have béen repo_rte's valley as recently as
171983 (Achuff ‘et ain 1984).;l, O ‘the Mount Shaughnessy
West Portal, Connaﬂght Creek is carving a cany;; i® the

ny;

Wy

bedrock, the site of i\series of waterfalls (Bear‘FET?sD.; ““'ﬁ“l\

The instrumented \sections are located in the vicinity of
| M ; . } o
. the West Portal (figure 4. 3) The ~aligmment of the tunnel

trends N51°W at thlS portal changing to NlO°E along most of'

+ igs length The overall'surface slope.perpendlcular to the

tun lignment ranges from 16 to 25°. How‘yer, at the West
: .

ortal, the natural slope was - steeper (about 40°) The

( .
‘vegetation in the area consisted ma:nly of coniferdus trees)

- .

up to 30m in he ght,-covering most of the slopes. : .," .-
The pro) éct ared appears to conform to the~upland valleye”
13
sediment.system described in the preceding section For.
-----r‘~4--f—:~—f*---f ‘ |
J ' - -" K\ :
‘ \1 Formerly identif iy ad as Bé\ar c ek, in early maps and reports such as
thoae by Camsell (1914) or Raly 15). | , . .
\A - . - .

H . N '4-' Y N . .
I . N .



instance, the majority of the deposits on the valley walls
along'the tunnel route.(Plate 4, 1) appear to be remnants of

lateral moraines and kame terrace complexes. This conagusion

is based on analysis of airphotos obtained’ from the National

Airphoto»Library (Scale 1 12000, flown in l973) and”is

.

partially supported by Thurber Consultants (1983).

Figure 4.3_presénts the maﬁor geomorphic units‘in the
area of interest It is seen that the West Portal area s
Located in what is believed to be a distinct geomorphic unit
(de51gnated as Unit 2), a conclusion hased mainly.:ﬂn

e
topographical évidence and on the fact that the soils in this

ey 13 ' . .
unit appear.to be more bouldery and with a lesser silt-clay’

R at '_ . . " . ) N . ! ' . : ,\ﬁ‘ ’
content than those of Unit 1. .. The location of this unit

allows for the‘possibility*that part of the material in'this

164

unit Came from the adjacent Connaught Valley, and_ was.

depOSlted in the form of a large fan, at _the break in slope

where ConMgught Creek enters the‘PeaverfR1Ver Valley._Also,

it should be ointed”out that.the upper pontiod.of the slope

~ .4

above the Westl ortal appears to be the site of an- ancient

la;jéiide'of very |
an® Janes (1984:68).

. : , e
of the soils at the West

e proportions, as 1dent1fied by Mollard

, f"'=° | i
is 7¢f§‘§§;

,~Consultants Ltd (l983a) w1th respect to, Ur t 2 1

ks v

this slide.h LA

A slightLy"different view

4;3t'They contemplate Ehat a minor readvanbe of am tce lobe,

down Gupola Creek, a tributary of theDBeaver River 15km,



. instrumented site and the material iQJﬁnit12 ﬁ

R )

& #

[

&

ﬁdeterminations) Two Sm deep test pits were later excavated

'sbedrock oere$¥43h£3é bpulders ;A f;ﬂ _1‘ 34§ft',ﬁ_ e

i TR o
e e B
€ o f‘ 5 b :&\,: o R

downstream-of the tunnel site, occurred ardund 7,‘ R years

moved down the Beaver River Valley, almost ai
.1 , ; { '

‘?elease of material from this ice lobe 1nto the existing

lake. This is a possible\elternative which may be of. interest

t.o future more detailed studies in the area. But at least as

v

a first approximation, it 1is. believed that the soil

prgperties would not be substantially different for any of

the hypotheses’
9,
4. 2'!6 Site Investigation, at West Portal

b
Geological and geotechnical 1nvestigatlon was 1n1t1ally

reported by Thurber Consultants;Ltd.(l981). ThlS study

included geological: mapping,® diamond drill holes and field

rock testing (Schmidt ﬁamner, Point 'Load Tests and RQD

e .~

3

in the: proximlty of the West Portal in an attempt to better

characterize the'ground The test pits Mere 1nconclu51ve, as
t

_"the material encountered could be either blocky weathered

'o,
T4
. ,3‘ . ‘ SN

/

n; : Further ;nveﬁtigation by Plteau and AsSoc1ates 61982),

which included field inspection, extra boreholes, seismic

lr

. refractlon surveys and piezometer falling head tests, Yed to

.

o the characterization of thé material as unconsolldated:f'



._ "_""__I ‘

mboulders “up to about 60cm” in diameter, in a silty sand and

' ¥
.gravel~matrix. Groundwarér was not found above the°tunne1*

invert level. This information led to classifying the 'portal

section as soft ground requiring heavy support.
.

This inteipretation\ef the, characteristics of . the soil

deposits was, in principle, supported by inspection of the
e : ‘ .

tunnel face carried out at various ﬁstages of tunnel

constructioen. At the instrumented sectiog, the dominant ufdt |
'con31sted of a weakly Stratified diamicton, where boulders

‘¢¢>20cm) constituted 40 to 80% of the deposit %Plate 4.2) .

+

The matrix material was predominantly sand The boulders were

+

sub angular to rounded (scale is that of‘Dackombe and,

Gardiner, 1983), up to 100cm in diameter and werencomposed of

quartzite, garnet schist and quartzitic phillite“(Piteau'and

" Associates, 1982). This Composition reflects  the local;

bedrock. 1

A secondary unit consisted of well sorted, well roundéd’

gravels and cobbles,,These relatively thinner layers appeared

to dip gently downslope, were Cementéd'by carbonate, and.
s : ’

occurred in beds within the bouldery SOlls. It‘should be

added that the boulders 1n the main unit were,‘as a rule,

*tightly packed This,’in association Wlth the cemented

gravels and,cobbles; required the use of some mild blasting

during construction. .

The information collected during these investigations is

'summarizedien‘Eigure 4.4. Due.to the limited exposures

» i

ﬂ o DIV R 166

'alluvial and colluviafodeposits, with numerous cobbles and

,

~
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4

*5,\prov1ded during tunnel excavation,wany conclusion regarding

&

E? ,.

.xhe origin of the Unit 2 in Flgure 4 ;j

haSed solely on these

nnSpedtions, 1s speculative.'It appears pGSSible, however,”

o ‘/

o

Af‘that these SOllS were depoSited during alternate periods of

e

: .predominantly fluv1al ‘or glaciofluv1al activity, responsible

N

-for the well sorted and rounded gravels and cobbles referred ,V

Iy
N \n

. ko above Thls SOncept would be in agreement w1th

t

“‘ijassociation of geomprphic processes 1 and 2 referred to in

4

X"Q:Section 4 2 4, l “;- va) 2 e R R )

‘ N « . " b . d - . e

‘}i" On the other hand there is topographic ev1dence which

-«

”fsuggdsts that‘at least a portipn of thlS material may havefﬁ
'.come from the Connaught Creek Valley, pbssibly through N

processes such as those described 1n ltem 3, Section 4 25 4 1.

y»The fact that the area is stilfﬁaffected by avalanches and -

mudflows favours this hypothe51s, since these act1v1ties were

\

7>probably more 1ntense in 1mmed1ate postglacial times. ThiS'
could account for the large amount of sediment depos1ted at

'the p0331ble fan. ‘,h o e R

Another pos51bility is that the soils in Unit 2 were

depOSited by any of the processes discussed above and were,'

later reworked by water, thls would account for the low silt—i 'j

1clay content Wthh appears to distinguish Unit 2 ﬂrom Unit 1.
<ThlS pos31b111ty appears to be favgured by Piteau andr

" Associates (1982) | = iv.‘ N

b

mass:’ wastrng of the valley *siopes and periods of
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Due to the nature of the bouldery soil at the tunnEl"“

1
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' ‘\ . . . ' . @ o~ * N PR "o o -
. . B [} - . N - N + » ' .
. g . ' . K y . .t b i
: . B .8 . ' . . . r . N Y . ’ A
: o ‘ . . . - L A S
. . e . . . . . :
\ . R . e . . . . N ! ' .
% Lo e . w e .
o L

L

’site, very little testing which could yleld deformation and
/ ¥
strength parameters of interest to the present study, was

ro bl
T

/ . N~

',carried out.vHowever,‘9xtensive/bharacterlzation testing of lﬁd,

‘the materials_incthe area is- reported by Thurber Consultants .
) :

(1983b) and will ‘be- spmmarized herein The majority GE"
" / .
‘these properties were - obtained at nearby\51tes along ¢he;'W

r/‘}

railway construction route/rather than at the Westfiﬂ,"‘

-

‘Hence, conditions may de%art from those at the 1nstrument d

’lseotiol Nevertheless, it i@{ﬂ
when 1ntefpreted. w1thﬂn the_ryaolog;cal framework, ,allow :;Vk

estlmates of the parameters of 1nterest to be made W&th some 5-5
confldence . ‘I S : _*, L © T ~_1Qr§335,;

In t))le folLowJ.ng, reference w1ll l\.e made to 'kamé--"»'~
;imoraine’ and 'delta'ﬁunits, which are terms adopted by ﬁyiiy;
‘{Thurber Consultahts Ltd. (1983a) and correspond broadly to

Unats 1 and 2 dn Figure 473, The sampllng program,*reported
,Aby Thurber Oonsultants Ltd (1983b); consisted mainly'off:u
-extracting, disturbed samples from 7urface expOSures,q

subsurface/drilling and test*pit excavatzon .from an access

road located at_ the proposed new track./In addltlon,‘lnSltU': v
:'den51ty1tests using a. nuclear densomeger were conducted on tﬂ”*f‘

shallpw plts in the bouldery soil.

} The majority of the data reported herein is from the area west of
/Stoney Creek (Flgure 4.3), which 1s thought to be geotechnically ‘similar

 / to the study: site.
"/



4 2 7.1 Characterizatioh Propertios

oy , - o L8 : .

.,4 . .

Natural Mbisture cOntents

’. 3 ’ I ""\'}‘~‘ .
| ‘ A summary of natural mOisture contents il'shownfin

quyto 29. 4% w1th a mean value of 10.1%. The higher (>15%) val

ﬁFigure 4. 5 The deposits range in moisture conte

“were, however, obtained in soils w1th a silt clay content

t from 4.2

"‘typically'above‘30% and are not considered representative of

"the West Portal 51te. Values close to the mean ®r slightly

L BN

f_lower would be more characteristh: of the West Portal

"aﬁcdeposits, which clearly lack a Significant fines content .

L

¢

-

N

The trend in Figure 4,6 igdicates the dependency of the

g

C m01sture content on the silt clay content for the local

.?uSOllS.‘The predominantly lower 51lt clay contents available

”fjat the tunnel site allows one. to speculate that natural water

<

with a 51ngle moisture content (agerage .of three"

determinations), obtained by the writer at the tunnel face,
in one of the 1nstrumented sections (m. c.-7 3%)
e Atﬁé@berg Limits

Atterberg Limits were determined for\the minus. #40 sieve

fraction (—0 4mm) for selected samples containing a large
l
\

' ¥
‘Afercentage of fines. Although the sorls at the West PQrtal

are more- sahdy and therefore less plastic,,it is « .vved

~ e

'that, when placed on. the plasticity chart (Figure 4 7), the

e

N

.soils tested fall among the pOints attributed to coarse-~

A

!

/(\’\_

P

grained supraglac1al diamlctons by Sladen and Wrigley (1983)

Results for other tlllS such as those found in Edmonton

o -
AN . v

SN i - , : o

.

f“WCOntent is probably low "at this area,'which is consistent_(

\

.

\

b
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normally fall close to the T 1ine, introduced i; Boulton and
V Paul (1976) . Casagrandeus A-Liqe is alsé pown and 1t is'

interesting to observe that, according ‘His original

< _
classification dhart (e.g., Terzaghi and Pecﬂ 1948: 35), the

coarse-grained supraglacial diamictons could be classified _as

cohesionless,‘ of low - plasticity .and poésibly of low

COmpressibility These are- featwres which may characterlze'

-

these deposits,_which enhances the usefullness of Atterberg

limits‘for pre}iminary-estimates'of properties of these

soils. | . | . |
.Grain SizedDistributlon S o o - : ;

- Grain size characteristics may be evaluated by means of

a textural chart presented 1n Figure 4 8a. Most of the

samples are characteristic of. the ‘coarse- grained diamictons
that dominate the kame—morainevdepos1tsn(Unlt.l 1n Figure

4.3) but some finer soils, possibly of flacio-lacustrine

* . ¥ . i . .
origingtare also depicted Points representing ‘delta’

Ideposi are believed to better reppesent the soils in the
west Por al it 2 in Figure 4.3) ?haterial deSignated as

.'landslide' in- Figure 4 @a includes colluv1um, debris flowh

' and slumped material and can hardly be differentiated from

the kame mo:aine unit in terms of grain size. ThlS suggests .

that thesé are, in fact, kame moraine soils which were re- .

- sedimented by post—glaCial mass wasting processes.

]

Figure 4.8b shows‘textural—characteristics Of'SOilS"

;ty ical of glac1al valleys (Derbyshire and Love, 1986) and it

1s apparent that the soils diSplayed in Figure 4.8a show
\ .

\
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similar characteristics. By com
»

ringetne’tWO figures, one

“cou;dgsentativelyvestablish that' a least ‘some’ of the 'kame-

.

moraine" soils - (though not at the est Portal) could be of
subglac1al origin. This would supp rt the occurrence of "a
'basal till', mentioned by Thurber Con ultants Ltd. (1983a)1
However} it was not possible to establi‘ 'the specif(c origin
of the .samples from any of these ﬁigure
publishedudata; Further studies,'spe'ifically.aiméd at

establishing geotechnical facies;"couidlcl rify this tendency

" and makevtextural.diagrams such as those in| Figure 4.8 useful

) .
for geotechnical classification ‘purposes.

Densities , '1*'“
.Dry densities were determined in foorteen shallow test
oits close to the futurezrailway track'b}_me n§’of nuclear
densometers. The 5VErage JF 108\determination

be Yq=20.1kN/m3, with adstandard'deviation\s=1w22kN/m3.

was found to

i

17 l“\'\

-

due to insufficient

Standard JProctor maximum densities obtained for samples in

the same, test pits yielded values which were 'slightly higher
(Yg= 2o 9kN/m3 s= 4 47), as. sho\ﬂn in Table 4. 4. \

.-~U31ng the average water.content reported atove (10.1%}

.

data)'an%'applying fundament%l.weighk/volome relationships,.

. \ ’J/i € L >

1 Fulton (1987, personal written. communication) points out that mo:aine—

‘like landforms somet1mes~conta1n till-like diamictons, which sight have

originated aé colluv1um ahd were later overriden, but- not completely
.reworked by ﬁhe glaczers Thrs would” be another Jpossibility ﬁor
explaining the origin of this material.

and‘a specific gravity vaiue_géz,j{(conSistenJ with TCL's

| .”
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* average values for the’ bulk density and void ratio are found

o]

to pe Y=32.1kN/m3 and e=0.32 respectively
Permeabiiﬂty

» o

' Falling head piezometer tests were éerformeﬁ by Piteau

and Associates (1982) at . the West Portal.. The values obtained
8
range from k=10-6 m/s to k=10- -3 m/s. Due to the coarse grained

B nature of the dep051t at. the instrumented sections, it is
believed that the actuai permeabilities are close to the
upper portion of this range, :

Overaonsolidation Ratio
Although this type of depOS1t is thought to be normally
-consolidatéd at the time of deposition (see Table 4. 2),
variety of processes acting during and. after glaciation may

have caused the depos1ts to be overconsolidated In the West

o Portal area,’ for instance, lan islide activ1t1es could have
removed part of the 0verburden, leaving the tunnel section
'overconsolidated Also, post—depositional chemical

’ alterations due to cementing \agents may also provoke
overconsoIidation (e 9., Holtz gnd KovaCS, 1981 &94) No.

o attempt has been made to quantify the OCR, value, but eVidence.
from back analysis of field instrumentatlon, presented in the

‘following,'suggests.KQ values slightly higher than normally
consolidated values. 7 o
) 4. 2 7.2 Shear Sttength - \

Shear Strength from TélaXIal Tests



' .‘ - ' ) i ., .
‘ ‘Whe strength properties wef det®e ined from five multi-

stage consolidated uhdrained triaxial te@ts with pore

»

pressureémeasurement on 4 inch Fiame;er compacted samples,

Results presented by, Kenney an%JWatson (1961) suggest that

these yield test strengths'compjnable to tests carried out in

distinct samples at different onfinihg stresses. Moreover,

Since a range of confining pressures is applied to the same
sample, mini%dzation of proglems due to.singularities in
diffefﬁnt samples is attain d The triaxial test specimens

were prepared to\initial dry ensities of 21.1 to 21.7 kN/m3,

which are comparable ‘to the vaiues obtained from the nuclear

densomete; tests (Table él ; ' o

//Results from all five tests ;:ported by Thurbér
| .

Consultants Ltd. (1983b; were collected and reploted in

\

,Figure 4,9, Since these tests were conducted on thé minus

3/4" fr¥{ction and a tendency-for a reduction in the friction
angle w1th increa51ng parti¢le size ig known to exist in
. @ l

similar soils, a reduction off 2° may be applied (Marachi et
al.; 1972:Figure 10).. The v lue of ¢'=40° appears to be a
.reasonaple approximation for the triax1a1 friction angle of

the material insitu.. The coheéion value, however, is p;obably

. |
[ . i

underestimated, since’theheventual cementation which cquld be"

present would have been eliminated du:ing sampling and’

recompaction. Based on studies on natural cemented sands with
. -« \ ..
- comparable friction angles.carried out by Clough ‘et al.

N

(1981), lone‘“could ’estimate‘ the‘.insitu' cchesion ,due to

T ———
. —

1’1“_') 3 |
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ce entati n“V§£y hi\from 12kPa (weakly cemented) to: 175kPa 3
! .
)

\ ‘ i - - CURLLL L ‘ ' . ' o ¥ - V T N N
deratel“¥#emen kv'x . e \ ; . .
» [ - N o : .

. Shear ';from Sehi-Empiricél MEtho ol

trengt .
' |

| Since the nu

[T
er of trigrial tests was éair%y small and
mples, the

teL on relatively _small g
i ]

ﬁ%ese were 'cond

;l.l .
ntativeness of the results ‘ Figure 4 9

l J

iqf indirect procedures w

’question of repre

' mawwise. A nué

“which could pro,

re surveyed

f
de an ‘insight

'summarized in Taﬂ)% 4 $ It is appa
| f ‘ ' -
e, nn the sense tPat when comp red ta‘

j’rohlem and are ‘

th 0" =448

reasonable estim

values, it is n'?he& too conservative nor too‘optimistic.

! b &
the estimates on Table 4, 5 are based

v

However, many /

‘A‘n

prlmarily ‘on estimated relative density and should

therefore, be vi weéd with caution. ’ 'g »_ ! ‘
A more 'eld,orate procedure, which Eincludes ‘some ."
empirical input but is based on a behavioural model is that
by Barton amd Kjaernsli (1981) It i% perhaps. more
’appropriate s1nce it allows incluSion of several influencing
parameters, including the geomorphic origin. Based on an

N

anarogy with the shear strength of rock joints Barton and
£
Kjaernsli suggest that the following equation may be used for . %

'estimating ¢ in rockfill materials:.

$=R . ;Og(?;s'n_)f"”‘ | o ‘, ’[4.'111

where:

[
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1) S is an equivalent, size dependenhfstrength of the

rockfill particles, function of the uniaxial compressive

strength of the rock barticles and of the dsg particle

size, determinable from Fidure 4.10 (obtained py Barton
’ and‘Kjaernsli by trial and error fitting of numeroUe’
tests with equation 4.1). é (‘ 1 \
2) R 1is am equivalent roughness of the ro&kfi , which
allows the effect of particle roundedness aAo smoothness
‘of particles tombe ‘included. It may be oﬂtained from
Figure 4.11, which was constructed in a simi;ar fashion
as Figure 4,10 (Barton and Kijadrnsli, op.ci&.); It is
‘observed in this figure that the R velue ma& also be
f; e eted to the genetic origin of the materials;\\
\\§$EG'n is the effective normal stress.aéting\on the
' sheared surface. . - ' \

4),¢b is the basic friction angle of smooth, pianar,
unweatheged rock surfaces, which according to Barton and

\
. Kj ernsli varles between 25 and 35°, with an %verége
27.5° derived from Norwegian experience For unweathered
rocks, ¢p equals the residual frlction angle ¢r,1which,

as a first approximation, may be related to”the daturgi

’ | i \
~slope angle (Chandler, 1973; Dusseault, 1917). For the!

S study area, ¢p=27:5° is probably a close approxﬁmetion

of the natural slope angle of the soil material along ‘\
the tuénei alignment. - ' \
Usihg an S/0. value of 0.3, corresponding to a dsg value
out 30, (compatible with fhurber's data),va Oc of 80Mpa _~-

o
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x\(approximate average for the quartzitic phyllites at the
\site, determined by Piteau and Associates, 1982), tp=27 .50 Qnd

.

R\lalues fot different void ratios, Figu;és é 12 and 4.13 are.
obté}ped for "glacioflyvial” wund "moraine® materials.

\¢hese figures‘illustrqte the dependeney of the friction
angle;on the confining stresses, and it is seen that . for
b'n=2sokga which is believed to approximate the insitu mean

confihing Stress .at the tunnel crown level, values of ¢L \
§ /

ranging ffpm about 38° to 48° are found for 0.2<e<0.4,
/

¥ange beiieked to enqompass the\actualwnatural void ratio.} I(
Theijerage between these two values is ¢'=43°, which would(} o
'correspond texan e of aboute0.3, botb theee values being
fairly closeeto those reported by Thurber Consultangs.Ltd.
(1983b) for their triaxial samples.. This void ratio is alsq‘

believed to be glose &o the ex1st1ng value.

y
y

4.2.7,3; Defermatioﬁ\ Properties
Deformation Pfopergies_froh Triaxial Tests
- The following modull were determined from the same
mnltistage trlaxial tests of the preceding item. Table 4.6
summarizes this data. Becépse the moduli are known to d7kend
on fhe.qonfining stress, it is convenient to express them

;according to the following eXpression, which is attribulea to

Janbu (1963):

) |
= Kg pa (%3) | (4.2



1M

in which E is the modulus (e.g., the initial téngent modulus °
Ej), Kg is the Young's 'modutus number','rpa is the atqespheric(
pressure, OG3 is the COnfining stress, and n is‘the modulus
exoonent. The moduli were obtained from the second and third
cycles Yﬁ’ the strdss-strain curves reported by Thurber
Consultants Ltd. (1983b), normalized by the atmospheric]

'p;%ssure»(p,) and plotted against the normalized confining

“npressure (03/pa) in a log log plot. These procedures are well‘

xnown in geotechnical engineering (e.g., Duncan ~and Chang,

1970- Duncan et ‘al. ,f1980) and are . illustrated in Figure

4.14, where Kg is the intercept at 03/pa=1 and n is the slope
of the line. The parameters obtained (Kg=500 and n= 0.5) are
reasonable When compared with the values recommended by

Duncan et al. (op,cit.) for compacted granuiar materials such

‘as that being dealt with (260<KE<600 and n=0.4).. ‘
It should be noted that using the parameters obtained
from Equation 4.2 with:
' A ‘
/ , .
Gy =K 0y = (1 - sin ¢') o, ©[4.3]

¥

‘\

with ¢'=40° and o' —409kPa (= 01 at tunnel ax1s) will yield an

Ez61MPa. This is thought to be ‘an underestlmate of the insitu

modulus, as w1ll be dlscuseed elsewhere ln“this/ﬁhapter.

Y
There are several reasons for this: ¢

1) Although the samples were compacted to densities

comparable to the field conditions, the hatural metrixv
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could hardly be reproduced. The cementatioq of the,
grains, for instance, has been found, to have a very
" significant effect on the stiffnes§ of these soils,
aithough the friction angle is n?t significantly

affected (Clough &t al,, 1981; $kempton,,1Q86). For
s :
naturally cemented sands, Clough et al. (op.cit.) found

modulus numbers varying from Kg=700 (unceménted
. , N ) ]
specimens) to Kg=2700 (strongly cemented specimens),

representing a fourfold variation in the modulus.

/ ¢

Zy'The natural soil is thought to be overconsolidated

(see ‘section on back-analysis of instrumentation).

Analysis of tests on many soils by Mayne and Kulhawy

(1982) suggests that the following.formulae may‘be used

as a first approximation:

a

Konc = 1 = singY, oL [4.4])

e

e

- Kooc = Koge OCR™™ % - (4.5

where Ko-nc represents Ky of normally consolidateds soils

and- OCR is the overcbnsolidatiﬁn\ratio. It.is clear éhat

the use of results from-Equétion 4.5 instead of from
Equation 4.4 in Equation 4.3 would result in a higher Ko
Shd consequently a higher moduius.' ’

3) Relatively recent studies which have been carried out

at the Imperial College of’Science ané'Technqlbgy (U.K.)*

. have shown -that moduli from conventiomal triaxial

‘stréss-strain curves such as,those'reported by Thurber

oo

‘N
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l%nsplta%?s Led. §1983b) tend to be underestimates. This

- is‘diﬁéh sed in ‘more detail'inﬁ?he !oilowingfacclioﬁ
whfch deals with the dynamic E'values. * ‘
T

Deformatien'Properties from Empiriéal.Corrggation,h

In view of the numerous difficulties in gstimating the
deformability of natural deposits, sevefal authors have
aﬁﬁempted to obtain moduli é?om empirical corrgla€kons. One

of the first attempts was given by Jangu (1963), who plotted.

Rg"hiu;sf against the soil porosit{ for a wide range of.
geotechniéal materials (Qanbp, 1963: Figure 4). Coxrelatio
between theé porosity (or the void ratio) and the stiffness
have also, been traditionally used in the field of soil
dynamics (e.g., Hardinm, 1;58)

An attempt has bed&inmde, in the present work, to

g
-

- establish a correlatidh between the void ratio of natural

soils and the modulus number Kg. Data were selected from

published case studies where the soil. presented

characteristics similar to those of the _supraglacial

diamictons described earlier in this chapter. A summary of

* '

this data .is given in Table 4.7.

Figure 4.15 shows the data from Table 4.7 and values, -

xdoﬁtained by Duncan et al. (1980:53) for rockfills‘thought to

‘Keg, whi

be geotechnicallj similar to the materials in -the present

"'"""_-:-‘W——-_‘.— ————————— . /’/‘
D) d

1 Ky are gmodulus numbers determined from oedometer tests, as opposed to.
are determxned from cdnventional ttiaxial tests.

4

.

T



bounf proposed
: obtained using the folloWlng relationship, with an-’ assumed’

bPoisson 's rario (V) of 0. 25

-
-

~ L i (1 -Vv)

f R (1+v)(1-—2v) o - [ (‘]‘

‘f‘ o ¢ ) E s . s ‘D“.
. ~These bounds have been shown to encompass a w1de range of

'Qsoils by Janbu (1963 and 1985) and lt rs observed that thls
-:tdholds true for’a great number of the natural 501ls surveyedn
?It is clear,ﬁhowever, that the rockflll cases reported by
ADuncan et al (op cit ) WIII\Yleld a cons1derably lower KE

t , 7
for a gdven v01d ratlo e, whlch ‘can probably beJascrlbed-to’

nl . °

”the same factors discussed above, in association with the

: \results of triax1al tests . PR

A

'7fnatural 801ls in Figure 4 15 are replotted Furthermore,d’

lp01nts lylng outside Janbu s bounds are rejected 'as~a_

s

‘criterion to elimlnate p0331ble 1ncon51stenc1es. An*

';exponential curve fitting procedure through the remaining'

.vﬂp01nts results 1n the equation shown in Figure :AS,FFor‘a‘

-range of VOld ratlos 0. 2<e<0 6 Wthh encompasse all-cases,t'

'Kg s varying from 572 to- 2598 are found Estlmatlng 63 from 8

Q
‘Equation 4 3 thlS Wlll result in a- range of E= 70 316MPa for

. P BRI . . : DR [P e
. . . . g " N

N ' " L . g IR . . " o - ' N . iy ! -

i : i . : o ! :
. o X . R v
I . . h

. I
Lo . .
- . v . , <« L. v
N . LI v .
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e study (onl' W%-*‘ang GP, predo‘m-:t'nant'r%:andy r0ck'fif-l-1‘s)» 'I‘he R

Janbu (op cit ) are also shiown and were}v

Y

In Figure 4.16, only the p01nts correspondr\g to the

~the deformablllty at | the tunnel axls level The upper Value WM‘JS

~approx1mates the moduli obtalned by back analys1s of the

N
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. ratio of the depOSits.

Lo

{ . —
L

Coda

tunnel instrumentation, presented elsewhere in this chapter.
But if‘ Ohe conSiders a higher Ko value such as 0 7,
corresponding to a lightly overconsolidated soil the.range-

of moduli e timated is E=97 to~441MPa. This 1llustrates the'

importance of the correct evaluation of the overconsolidation

Moduli ‘from dynamic tests o .

Traditionally, mechanical properties of soils for uselin

l
deformation analyses have been measured by conventyénal
insrtu or laboratory tests In recent years, due ﬁo the

. ;’
usually high costs’ assOCiated with such tests, attention has

been given to the poss1bility of uSing the results of seismic '

L ]
methods forksuch purposes. ‘For instance Morris ‘and Abbiss'

(1979) and Abbiss'(1981) reported results‘from’extensive

/.

testing carried out ‘at the Building Resean;hfStationl(U.K.),

which show that moduli obtained in seismi wave‘propagation

tests are ‘comparable to those- obt_

conventional techniques such as the se ;—boring pressuremeter

vtestf prpvided a strain correction iS~applied.-This straini"

'*correction is required due to the typical non- linear

»

behaViour of SOllS' dynamic measurements are carried out at

very low ‘strain levels (generally €<10- 4%) and tend to

approximate the actual initial tangent modulus of a stress-

3

"_strain curve, whereas?in _conventional static tests the\»,
' modulus is measured at much higher strains (typically €>0.1%)

and4i§ntheré%oregmuch lower.‘**” .

ned through more -
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ntly Jardine et al. (1935) reported laboratory !'

'-Mor"
-investigations oﬁnthe behav1our of London clay at very small'
‘strains, u31ng a newly develdped technlque (Costa,Fllho,
'1980, Jardlne et al., 1984). They noted w1th bohsiderable
interest that."the dynamlc values of the shear modulus
’obtained bY'AbblSS (1981) using geophys1cal methods give
values of Ey- (=3G) Wthh are approxlmately 30% ﬁfeater than

the’ values of Eu(001) [i.e., the'éndralned modulus at OCOI%
' __strain]‘found in-uu tests". It hasubeep recently shown that
this low strain“modulus is of ‘great4 imoOrtancé in

_geotechnical numerlcal analyses of excavatfons (Fsurie_et

al., 1986). N ‘ e .

Also, for the case of, deeply bu"
SOllS \Where ‘no tradltlonal - SampJ;’
_‘appllcable, geophysical methods may be tw / ,lvpf :

of estlmatlng these mechanlcal prop‘,ths (e g a Az1m1 et,e;”\u

"' i

al?, 1983; Dusseault, 1986) 1'7
Seismic technlques avallable for measurlhg dynamlc soxl“

properties are described in detall by Woods (1978)

essence, most. techniques 1nvolve the measurement of " sonic

’(f: . . 1.

"Qaveb Propagation"veloc1t1es_vthrough gene,ition and

,registration of seismi'c"p'ulses;: Two types of waves are ‘ .

usually measured in englneerlng studles

1) Compress1onal or longxtudlnal waves (V) are those in
'which the partlcle motlons are in the dlrectlom'of
.tpropagatlon. The determ1nat10n~ of the modulus .of'
‘:elast1c1ty°from the compre551onal wave is as follow3°’

- } Sy
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o o Eg,:‘VHP, (1 - V) | o R
2 (1= 2v), | \
. = V e - . ‘
o G =VeP Ty _“[4’81
, .

where E is the Young's modulus, G is the shear modulus

(G = E/(2+2v)), p 'is the mass density and Vv is the

Polsson s/ ratlo These equations are 'valid for- an.

.'U‘

elastlc, 1sotrop1c material and are. derived in- Jaegero;

1

and Cook (1979) )

. b)
{‘A

~2) Transverse or shea waves {Vg) - are those in which the

.particle motions are perpendicular to the direction of

propagation. Modulikcalculation,is as follows:

E =‘2‘v§ p‘(i + V) o . [4.91f

G = Vsp W T (4.10]
One- should 3’40 note that the Poiseon's‘ratio_of the

3

af'ld Vg i . _.' . e

vl W

.material can be calculated if one knows'the values-of Vy; .
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Compressional waves are the first to arrive at detecting'" o

-

nstruments and are the most easily measured Shear waves are

S ower than the, compressional waves and their velocities are

/

‘usually more” difficult to meaéure with conventional

R

equipment, since the first shear wave arrivals from small

W .
explosive charges are’ indistinguishable from later arriv1ng'

compressive waves which have taken longer paths. In practice,,
,the problem is- usually reated by using shear wave rich
energy sources and the so called “direct methods" where ;
.there is 'a oirect propagation between the source and theb
detector (e.g., Woods, 1978, Fialho Rodrigues, 1979). Also, it
is easily verified through Equation 4. 7qabove that the'

modulus determined from the compreSSional waﬁg veloc1ty (VL)

alone is partiCularly ensitive to the chqice of © the

Poi}son s ratio and, the ,é, a method which yields both VL"
" ) ,

and Vg is ideally desired. " ., . -

The moduli presented in.Table 4.8 were estimated from
. seismic refraction tests the West Portal arda. In addition
. to di-fficulties associated ‘with application of this’ speci*_cv

method (e. g.,'Fialho Rodrigues, 1§79), only the longitudinal
L
waves wege. determined and a POisson s ratio of 0.12 was -

assumedl- On the other hand it should be con51dered that the B
tests were conducted by an experienced geophy51cal team

(Piteau and Associates, 1982) and that any other.tests would4/
- —— —— - - s e o . * o -

. '. -“ ". .
Y The value of the Poisson's ratio is known to depend on the strain _
level (e.g., Krizek, 1977). The dynamic (i.e., low strain) value of V is o

usually chosen between 0 and 0.2 and a value of 0.12 is suggested by
Hardin (1978) :
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~.also present limitatians, fdr instance related to ‘the v«

occurrence of extreme values.

-~

“Q v -

.In order to..convert the.dynamic“modulus,to the. static
[ ] ( ' - . .
modulus, ‘a correction must be applied. Choosing a correction

factor is not an easy task since 'the value E,tatic/EdyM)nic

will be highly dependent on the strain level, void ratic and

confining stress. The correc ion factor range estimated for

~the’ local SOllS is 0. 05< Esta C/Edynmﬂs<0 15, which is based

on a semi emp1rica1 procedure o) tlined by Seed and Idriss
(1970) for . sands .and adapted for. coarser soils based on;'
empirical _eqUations published;by Kokusho and Esashi %1981).
The calcu%ations,are‘presented in detailmby Seed and Iddriss
Kop. cit.) and are briefly summarized in Figure 4.17. |

: Flgure 4.17 also shows values actually measured by
Ortigosa et al. (1981) for a gravelly soil cqmparable to the

=

. that of* the present study. The prediction is ndf;perfect,

L : o Y -
which could be attributed to the fact th the equations by
Kokusho and Esashi (op. cit')twere derive from large scale

tr1ax1al tests on remoulded samples, while the experimental

points are for f1eld tests on natural soils. On the cther;.

hanq‘ in/ the %aboratory tests a Dbetter control of test'
condittons wasbprobably achieved. It is also noteworthydthat
the correction estimated’ 1s in close agreement with ex1sting
emplrl_al recommendatlons (e.g., Hansbo,.1977; Massarch,
1981). | - | i
- It w1ll be seen further 1n thls chapter, that the range.

esti ated for Estatlc is reasonable when compared‘with values
;ﬂt L 7 | . :
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' obtained.thrOUgh back analysis of the field instrUmentation.
It may be suggested, therefore, that the use of. geophysical

m,

methods is a possible way of assessing the deformability of

. » deposits in which representative sampling and’ testing poses a

’ problem. However, due to ‘the well known imprecisions

associated with seismic refraction techniques, it is believed

186

that future attempts should employ,dirpct methods such as the .

_cross-hole and doWn-hole»techniquqs,,described by Woods
(1978),’which eliminate most of the problems associated with

the seismic refraction approach!.

4.2.7.4 Comments. - ‘ &~
Due to the complex1ty of ‘the dep051ts, the properties
| discussed above should only be viewed as guidelines and may

not account for local variations. For instance~the manner of

bedding, 'Which in the deposits is neither “uniform nor

continuous, and’. the possible COmplex 1oad1ng history, are
“known to have a. x’arked influence on the deformability
(Lambrecht and. Leonards, 1978) Also, it is possible that
-‘stiffness anisotropy may occur in places.‘ ‘

Nevertheless, it should also be remembered that the 3011
in question does not allow conventional sampling aqd testing
so it seems reasonable that, for a practfcal application, the

properties should be cross- checked by all available methods.

- Table 4 9 summarizes the 1nformation reported above. The

—— e o P e

o g . e o
1 The cross-hole method is quoted by Wroth in his Rankine Lecture as
being a reliable way to estimate the modulus of soils (Wroth, 1984).
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.properties derived from the studies by Piteay and Associates
A )

4 e .
* (1982) |and by Thurber Consu tantg Ltd. (1983 ) are also shown

the raﬁges estimated throuéh_the correlati'
5 » ﬁ ,

deposits.

[

4. 2 8 c°nstruction Details

.

'‘Excavation was carried outsusing a heid ng and bench
procedure, the tqp heading being.about 4;5m igh to the full
width of the tunnel. The heading was driven ~rom the West
'iPortal and stopped when hard rock was encountéred at about
2?0m fram thevportal. Benching”started about th_months after |

P

excavation of the heading. Excavation was carri d 6ut with a
vCAT931 backhoe and two Wagner LHD ST muckers\ ere used‘to
remove the sp011 Despite the 'soft ground' dias 1fication, a
certain amount of mild blasting was required> for ;;e -
‘eacavation _of aeach round. Excavatlon rougds in the
instrumented section averaged 0. 9m fOr the heading and 2.4m
for the bench (Flgure 4. 18) In the instrumented area,
overbreaks of 30 50cm were measured on each side and ‘were
estimated at 40- 70cm at the crown e
A typical Cross section of the tunnel is shown in Figure —
~4.19. The initial support was prov1ded by steel sets (W8x48
‘at 90cm 1ntervals), with the aid at -steel spiles at the crown
(shown on Figure 4.18). These spiles consisted of QFi" rebars

placed into pre-drilled holes: about 3m long and spaced about
. : ' . . _ fe] .

30cm (total of 16-18 $piles). These ungrouted spiles wezes



[}

against boulder falls than as a proper support. OCCasionaliy;

.during construction, one of the spiles would get loose and

fall from the roof of the tunnel
M Dry mix shotcrete was: spraygd immediately* after
excavation of each round and after the steel members were
plaCed and blocked against the ground The total shotcrete
'thickness was on average about five centimeters. In the area
{beneath the highway longitudinal concrete wall beams were
placed at the base of the ribs, along the top heading. These
were about 120cm. high and confined between the excavated
walls and corrugated steel sheets (not shown in Figure 4 ﬂ9)

>‘7 To avoid excessiVe deformation of the highway the whole

!

. area below it was subject to a giouting program. Cement grout
was injected from the surface,,aimedgat formlng a protective
‘arch around the upper portion of the tunnel. It was Jnot
possible to make a proper‘eualuation of-the extent and

efficiency of this treatment. However during excavation, some

evidence was fouhd that the grout was unable to penetrate the

dense soil and remained within the'borehOle limits.
° i & , - ‘\
4.3 Monitoring Program
The main”purpose of the instrumentation ,reported herein

was to assess the effects of portal and tunnel excavation on

. o :
the overlying highway, located about 14.0m above the tunnel

-crown. Within'the context of this thesis, results of this

-~

monitoring program are used for evaluation of the ground

. 188
restricted to the crown area Pnd worked more as a precaution

-



properties, thus compvementlng the studies reported in
preceding iteﬁs./ Alsd, it -is "considered that interpretetion
of the instruméntation results provides'insights into the

behaviour of this 1arge cross section soﬁ' gtound .tunnel

ats;

\

indicate excessive movement An extensive amount of data was
collected and:interpreted, but only selected portions,
characteristic of the tunnel’behaviour, are presented'herein.
The-complete set of field data is- summarized in Eisenstein
and Heinz (1986). The schedule of reé%ings is shown-on Table
4.10. |
The instruments were- arranged accordfng _to the plan
prov1ded in Figure 4. 20‘ The layout of the settlement points'
locatlon was intended“to cower the largest possible area and,
at the ‘same time, av01d interference with construction
. equipment ang traffic,'active on the location at the time
when the p01nts were glaced. The location of some of the
instruments were tied to a more generel survey program,
carried out by Nortech'Surveys, enabling an exact calculetion
of the distance pf their location at the surface to the face

bof the tunnel. ! A typical 1nstrumented section is shown on

Figure 4.21. ' - ~
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4.3.1 Types of Instruments

The number of instruments installed was as foll

, . \
- 24 settlement points ' . . \

5 slope "indicators B I : > A

5 multipoint extensometers (total of 32 magnets) L

-~

- 2 bench marks

/
7 A

12 vibrating wire strain gages (attached to the steel’ ribs

inside the tunnel). L \
Similar instrumentation programs‘mefemused extensively
in other projects carried out ‘in the past at the University
of Alberta (e.g., Eisenstein et al., 1981a, 1981b) . The types
of instruments which were used infthe present study = are
described in these papers and . on the comprehensive work by
El Nahhas (1980) Measuring procedures~generally followed
.recommendations by Cordind et al. (1975). Due to these
considerations,\itvisqthought that a brief descriptidn of the

instruments will suffice.

Settlement PO

These instruments are used to measure the vertical‘}

displ;cement of soil near the ground surface. The‘settlement
is measured by.surveying the level change of the top of a
steel rod inserted in a 4" diameter borehole to a shallow
_denth_(abbUt 1.6m), toeavoid'disturbance due to frost action
or other surface effects. A PVC pipe is placed around the

upper paft of the rod, J4; ordexl/to eliminate the friction

L
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between'the rod and the subsequently placed backfill

material. \ .
Obtical’leveliing was carried Qut‘us}hg a &eofec AL-23
instrument. A special surveying’rod which is'pfovided with a
_ vertical level'bubblé and which ‘can be read to the nearest
0.5mm was used. The sight distance' was lihiéed to 10m -or
leés, following‘recommehdations by Cording‘et al. (op.cit.).
Surveying closing errors were gegérally kept within %0.5mm.

f

Multipoint Extensometer , : Q

t o

{

. - N
, . > .
These 'instruments are used to measure vertical
. ) )

displacementslat points in depth below the surface. Magnetic
multipoing ex£en$ometers have two baéic components, i.e.,
magheté anchored permanently'on_the ground and an accfss
tube. Axialix magpetized”éiréular magnets are placed inside a.
PVC housing. 'These magnet assemblies ‘are inserted and
attached to the.borehole wal?s énﬁ hénqe move tbgethgr_with '
the soil,-Meésurgmentf are carried out by ;owerinq a probe
down the access tube which is installed at the center of the
borehole and serves~as>a guide fgr the-movement of the magnet
éssembliés. As'the probe’ reaches the magnetic field,:it
activates a buzzer at the‘surfagq. J
| Distances from the top of the access tube to thg’magnets
are measured with a tape which 1is lowered with thé probe.
After’_optifal ~surveying of the. access tube, the total

movements are calculated from the relative displaceménts

measured. Reproducibility of 1rm is normally achieved with



this instrument .at depths such as those encountered in this
"project, except in the case of extensometers which are not

placed ve:tically, ‘whefe' performanqe is poorer due to

incrgase.in friction between the probe and the access tube.

The calculation procedure for the displacements measured with
» .

these inclined. extensometers is. somewhat uncon‘entional and

is therefore illustrated in Figure 4.22

Slope Indicators ,
These instruménts are used to measure the p i1e® of

‘horizontal displacement aiong a borehole. A slope indXI¢ator

*  comprises three compon&nts: casing, probe and regdqut

The casing consist of 3m sections of plastic tubing,
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provided with four longitudinal grooves equally spaced around-

~

the inside circhmferencé: It is placed and grouted in a

_predrilled borehole\(®=41/z") and is flexible enough to move

with the soil when it deforms laterally. The deformation of

1 -

the casing (and-hence of the surrounding édil) is measured by
determinéhg the inclination of the ¢asing at- various depths
-with the probe.

The probe is 1lowered into the casing and read at

<

specific intervals in order to determine the inclination of
: \ .

the casing. Lateral displacements of th%‘casing'at‘successive
times -are determined from the changes in inclination
occurring since the initial measurements. The total lateral

\

profile of :thé fixed casihg is\ found ™ by summing the



‘individual lateral displacements from the bottom of the

casing to the top.

N ' “

The lateral profile_éf the casing is usually determined
in two mutually perpend¥cular verg}cal'planes (directions A
and B). In the present case, direction A in all }nstruments
was éhosen to give the direct#on of movements:%pbzdximately
ﬁerpendicular to ﬁhe Trans-Canada Highway, whereas direction

B gives the movements towards the tunnel axis.

t

A

Vibrat.iné- Wire Strain Gauges

Strain -gauges are usually ins;alled.inside‘the tunnel in
the 1lining, to measure strdins in the support members.
Although several types are available, it appears that in
tunnel instrumentatioh programs, preference is norma}ly giQen
to the vibrating wire type due to its resisﬁahce‘tb.dusty,
humid enyironments and to the added advantage of independence
of the length of the leads ana‘lon%fge;M” eliability (E1-
Nahhas, 1989). In the presgnt‘sgudy[‘tﬁé styain gauges were
installed in the st él ribsfbas iilust;ated n Figure 4.23.

It should be noted that all gauges were installed in the
hloﬁer portion.l£~gggrtunnel (i.e., during the éXéayafion of
the bench). Idealiy, the crown area shouldj have been
instrumented, bﬁt this was not possible . due to an
unavoidable deiay in the‘orderihg of the Qnits. The gauges
used were ménufaqtured by lrad Gage (Model SM-SW) ‘and &

portable readout unit (Irad Gage.MB—GLU) was used, which



j?idisplays strains directly 'Readings’ of temperature in the

ireadlng“ o ) L va[ S i ST .

3o

i94.

memper were also obtained through an ancillary readout.

_‘l‘ -
In order to protect the gauges from the shotcretew:m

impact, the assemblage prowided by the'manufacturer was

embedded in silicone and further covered by a steel plate.“_

The leads were protected by an alumlnium flex1ble tube, w1thff

each end housed 1n a steel box whlch was covered after each-

'

et

) , .
° ~ ¥

: 4 3 2 Results and Interpretatlon of Instrumentatlon v

»,hFor' a proper analy31s - of the results of tunnelj
‘ . . N y -
1nstrumentatlon, it is’ often approprlate to subd1v1de the“

ylength of. the tunnel 1nto zones w1fh s1mllar constructlon_

‘;and/or geotechnlcal characterlstlcs. For thls 1nstru¥ented

.‘portlon of the’ Mount Shaughnessy tunnel it was . felt

"4.appropr1ate to take three dlfferent zones,-as depicted in

_Figure 4124,

/

\1y‘1h ane‘I, the prox1m1ty to. the portal,‘where the
;slope was cut prlor to tunnel excavatlon aﬁd the

occurrence of a looser surf1c1al mater1al are belleved.
'to have affected the dlsplacement behavxour, whlch show
imagnitudes about 50% hlgher than in the other sectlons

2) Most of the 1nstruments are concentrated 1n Zone II

In addltion to. belng away from the slope and- in a,ﬁ/‘
b*dlfferent, denser material, thls zone was grouted and”

PR ,

vfthls cou&d be clalmed to jUStlfy the betten behav1our

_ Howeyer, ev1dence was found, durlng‘constructlon, that

v




'the grout‘(injeoted fxom fhe surface)

penetrate the dense soil Ic ems therefore possible
g _
.that the . smalle§wsettlements were mainly due tb" the

\[—‘ ‘better ground proﬁerties found in this area and to the
greater distance frgmﬁthehslope. V R

»3) Zone lII COmpriﬁes{the‘§n5trumentssplaoedfacross_the

-highWay“{i.e.}‘farthest.from‘the'portal) ‘Although the

‘geotechnlcal character%;tlcs are probably 1dentical to

‘those of Zone IT, it is believed that.the behaviouryof

: thesinstruments in this zone wis effected hy‘the trafflc

on the'surfaoe /*here was an ad]acent parking area, as

: l 3. /
well as the entrance of an ag%ess‘ro*;?
. . -9 :

4~3-241 Surface *Settlementg' '\t ' '

Flgure 4.25 shows the final surface settlemeénts
occurrlng. in planes perpendlcular‘ to the tunnel axis,
’representatlve of zones I, II and ITI. It is seen that on
.average thewsettlements<for‘the four points in Zone 1 are
COnsiderably higher than inizones Il‘and IIT. The maximum
‘ settlement recorded was at SPl (z 11. Smm); Wthh is located.
close to the portal and in, sloplng ground (see Flgure 4. 20)
“Thls settlement is not representatlve of Zone II, close to
the hlghway, where the maximum settlement-was sllghtly less
-ﬁthan 3mm. The settlements in Zone III are also very small, on
average below 2mm The asymmetry in the settlement trough in‘
‘this zone 1is bel;eved to have been caused by surface traffic,

‘since SP21 (with settlement > 2mm) was located close to the
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: éntrance of the acdgss road. The surface distortions (the’

-

11 readings taken at the surface‘settlement‘pointsi
(SPis) were plotted against time and ‘ar'e presented 1n“
:~:Appendiqu.,It-is.apparent that the movemenbs which took
place in all point§ werellargeiy due'to tunnll excavation.

Some of the settlement points,\notably-SPl and SP3; located,

~in Zzone I, show a pronounced increase in displacement in the

"long term” reading (April,_19§§)» Due to the prox1m1ty of
ithe'slope, it may be speculated that this 1nbrease is
associated with'snall.slope movements rather than With,the

“tunnel activities.

4.3.2.2. Subsurface Settlements |

The'evolution'of*subsurface settlement, given by the

'readingstof multipoint extensometers (ME's) are "plotted

versus the distance to the excavation face and the full data)'

k.

are presented 1n"Appendix C. The pattern of displacement

‘evolution seems to be typical of mined shallow tunnels

(Heinz, 1984:254), w1th about 30,.to 40% of vertical

\displacements occurring ahead “of the tunnel face. A
‘stabilizing trend 1s observed as soon as the face is: about‘

12m from the 1nstrument, i.e. about two excavated diameters

196
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?Zfor the heading portion. Figures 4, 26a and 4 26b represent '

.the txpicai behav1our,near the crown and_the results for all

,other points are presented inAAppendix C. It is noticed that
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- the majority of the. displacements were. caused by excavation
of the top heading : C g ; : e
' Figures 4.27 to 4;29‘depiot’the subsurface settlement
behaviour with‘depth for'eaoh'of .the vertical extenSOmeters;
Thls type of plot is useful for examining the amount of

defdrmation of the ground above the tunnel and to. evaluate

the loss of ground caused by excavation. The pattern shown in
the curves for ME - 2 and ME-3 - seems to be typical of tunnels
'constructed in urban areas under good ground control
conditionsk(see) for instance,.the.qases analyzed by Negro,
1988) . Howeverhthe abrupt increase of displaoement in ME-1,
vclose to the tunnel*prown, may‘be interpreted as a zone‘of
“localized failure oi hloosening" above the crownq It should.
-be noted that this instrument is located in Zone I and the
-readlngs‘were likely subject to effects such as stress, relief
)
| due to the proximity of the excavated slope and. the ex1stence
-of‘a looser soil. . '

‘Finally, it is obserQed that the the sub~§urface
idisplacements measured in Zones_II~and ITI are-fairly small
ff6£ the size of the“tunnel and'the,oonstruotion technique
‘used.¢This is also‘eonfirmed by theﬂreadings.in ME-4 and ME-5

(inEIined 'extensometers under * the ﬁhighwav), whlch‘ are
1ncluded in. Appendix . é&)&rhis fact 1S discussed in. the

-analysis of loss of ground, presented in the following

- paragraphs.

4.3.2.3. Borizontal Displaeements '
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A

;ndidafors which were installed primarily with the intent of
méhitoring the movements due'tq the.cutting of"the slope for
"pértal construcﬁion; The oniyAinstrument”that yielded useful
information for the pfesentvstudi‘was SI-3 KFigure-A.Zé),
which waé located at aboﬁt-3.0m from the ‘tunnel walll

Unfortunately, grouting around the casing of this instfument,

L4

especially in the pbrtiﬁn above,the'tUnnel, was not fuily

“SUCCessful. This fact was noted during the :éadings, wﬁ}éﬁ

_ g . : . _
took a long time to stabilize and were not always consistent.

‘Also, it appeared that this samg’problem occurred at the.

bottom_of the casing.
The solution adopted was to disregard the results in
" the upper portion (approximately abeve the tunnel crown)'and

to adopt a new zero at about 3.0m above the bottom of the

’

borehole. The results obt@inedrére plotted in Figgre 4.30 and:

élthough the trends appear to be consistent witl observations
in other projects (e.g., El-Nahhas, 1980), these results
"should be' viewed with caution. They will be discussed, in

-

conjunction with the numerical analysis.

4.3.2.4. Loads on the - Support

JIdeally, th%(strains measuréd in the support members

could be used to ‘evaluate the loads which are acting on the -

support system. In ﬁhéﬁ"preSent .case, interpreting the
readings proved to be a difficult task, due mainly to the

irregular nature of the wood blocking between the ribs and
. T : ’ . . - ‘

-

S )

a

. | 198"
Horizontal displacements 'weré‘fheasﬁred" by slope
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the soil and the consequent erratic load tga fer from the '
ground t§ the support. |
| The strains measured in the 12 gauges are ‘plotted
agalnst the dlstance to the ‘bench’ in Figure 4.31, for the two
1nstrumented sectlons (I and*II, shown in Flgure,4.24);'The‘
strain history shewn,begins after the-ribs were erected and'
blockéd and it is worth noticingi the wide variations
displayed by the'readings'in theJDCttom strut. This“variation
is attributed‘to traffic inside the tunnel. Rib temperatures
were measured together'mith.all readings and were found to '
vary llttle during the perlod represented in Figure 4 31
(oscillations were within #0.3°C for all 1nstruments)
Thérefore;‘errors introduced‘by temperature variations 3uch
‘as those discussed by Brierley (1975) arekbelieved.to be
minimallr .

The average strains talculatedlfor the mid—sectidn of
the 4steel members assuming Hooke's law and a linear
' dlstrabutlon of straln were mostly tensile strains. For the
last readlng, taken when thejexcavatlon of the bench had
passed}the test sectionscby about 100m, average thrusts were
'+9.98kN " (Section A) and +11.69kN (Section B). The magnitude
of these tensile forces is fairIy"smaLl when cdmpared to the:

overburden load at the measurement level (T=Y.z.radius

——— . e —————— ————— ———{a - ——

1 Although the gauges are theoretically compensated for changes
temperature when connected to a steel member, practice shows that small
differences in the coefficients of thermal.expansion of the two steels
may yield changes in reading which _.are unrelated to changes in the rib
stress. Also, temperature has beeh '‘found to affect’ the rate of .internal
" gauge creep (zero drlft), as reported by Brierley (1975). o

h



fﬁ‘{‘:

-

. . & . .
. . . .
e it : o . C . . . o

.\1_3.‘:': Lo . . .
" v w1431kN). ‘These*tensile forces may‘indicate that the loads

A

actg&g on the ribs were small, but any ‘conclusion will be
speculative, due to. the uncertain boundary conditions
" discussed previously. It should be noted that the protect\ve'
(5cm) layer of shotcrete ‘did not exhibit any signs of A
distress at the instrumented sections during the period of
readings. This could he interpreted as an indication of small
Y, loads. |

4.4 Analysis of Field Results

In ;:e following sections,'results "mainly from ZOne'Il
‘will'be analyzed iThis data was conSidered to. represent
average conditions for:this case history, which can therefore

be compared to/ot/e;\tases

4. 4 1 Loss of Ground

oExcavation of a tunnel generally causes the soil to
idisplace inwards around the: tunnel_perlmeter. The volume of
soll so displaced is termed the-Ioss-of‘ground (Vj)‘and,is
:expréssed as a volume-per unit length of the tunnel. The Joss
ground may also be expressed as a percentage of the total_
- tunnel volume, Vl(%)—Vl/Vt. A simplified. emplrlcal procedure‘
Wthh was presented and checked agalnst field measurements by‘
Cording and Hansmlre (1975) may be used for estimatlng the
loss of ground. These authors verified that the volume lost
into tunnels could be estimated from deep vertical'

displecement measurements by an expre531on of the form:
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V=238 (a YY) ' [4.13)
! A i : ' '

where Vi is the volume‘lostlinto the tunnel (m3/m) and d1is
the deep vertical displécement measured at a distance y above
the crown. According to‘Cordlng and Hansmire (1975)," the
distance'y has to be small with,respect to the tunnel radius
a, otherwise the equation will not,estimate thebloss of
ground correctly ' _ . ; |
ﬁ An analy31s of the 'results of a typical - vertical
.dlsplacement close to the tunnel‘cnqwn given by\extensometer
ME-2 (Figure 4.28), allows an estination of“Qbe,loss‘of
ground at'several,construction stages. (Figure 4.32). It is.
observed that excavation of the t&m heading was responsible
for the largest portion of the loss of ground (about 75% of
the total Vi), whereas.bench excavation accognted‘for.the
remaining displacement This same apportionind of the loss of
ground is a feature .already observed in other ‘large cross;
. sectlon progects {e.qg., Easensteln et al., 1986) of interest'
is also the loss of ground at the heading faca, 'which

represents aboufﬁ‘V% of the total. This amount compares well

lues calculated for tunnels excavated using ‘the New

Afstrian Tunnelling Method (NATM), as shown in Tabx * 11.

Algo,- it may be noted that the total loss of

ex'ressed as'a‘percentage of the tunnel volume,

ss than that of the NATM tunnels. One

characteristics of'the NATM is 'good ground control,
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accomplished by immediate application of the shotcf@teqk
suppbdrt as a full circle and as close as possible to the
tunnel face. This was not the case at the Mount Shaughnessy
Tunnel, where the shotcrete support action was limited due to
’an\irregular excavation profile and'invert closure was
accomplished only at some distance: behind the face.
Considering this felatively relaxed‘tonstruction sequence,'

. the remarkably low loss of ground cduld be attributed toﬁthe
good quali;y of, the soil mdss. |
4.4.2 Back Qnalysis of Displacements
4.4.2.1 Proposed ﬁethod

As discussed previously,'the propetties ¢f bouldery
deposits such as those encountered on this prOJect are
difficult to assess " One alternative for evaluation of soml
properties is the back analysis of field 1nstrumentatlon=
through numerical techniques such as the Boundary:hlement
. Method (BEM). For the purpose of evaluating the deformability
parameters of the grcund,nsbme simple,.- two-dimensional
analyses by the BEM.were carried out. A version of the
‘nprogram, piblished by Hoek and Brown (1980) and implemented
at the University of Alberta by the writer, was uSed. The
ground was modelled b§ a lineafly elastic, homoéeneoﬁs,
isotropic model. The outpnt stresses and»’displacements -
represented a one-step unloading of the unlined. tunnel

boundary, from the original "insitu stress state. Provision

was made for gra;ity loading  and for implementation of insitu
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stress ratios ("Ko") values independent of Poisson's ratio.

These'simplifying'hypotheses are considered reasonable in the
presént case, since the soil is fairly stiff and loads on the
support are presumably small. .' - i

‘ Based on these hypotheses anbeXtension of the metnod
proposed by’Negro and Kuwajima (1985) for a quick estimate of
the ground deformability and of the insitu stress ratio is

proposed This new method uses the dimens&Gnless displacement

introduced by those authors:-

.
AN

A = 5—!1;-.13-; ‘ (4.14]
q

‘where uj is the radial dlsplaaement of a point near the
tunnel (not necessarlly-on the perlmeter), E is the ground
modulus, p-°is the radial stress at ths point where the
displacenent.is—measured and.Req is the radius eof a circ}o.

with the same area as the tunnel cross section (At)i

1y

¢ -
R = Y& - [4.15]
" ' n : .
. >‘
Oné should note that, as opposed to the method by.NegroA
‘and Kuwajima (op.cit.), the gravity effect is included. In
other words, the analyses represent more appropriatély‘the
. ‘case of a shallow tunnel, where the increase ¢gf the ver®ical

stress with depth, in thg region about the tunnel, |is

NG



Bignificant. The method proposed‘is illustrated in Figure
4, 33 and the:sequence of calculations is as follows:.

a) Estimate a possible range of: variation for E and Ko

ction 4;2),

rogram for combinations of E and Kqo. The

trémelvalues should be included.

a5
.

c) These analyses will Yield the radial displacements

above the crown (Uerown! and near the tunnel wall (uwali)

204

for pre—détehmined points, which are a function of the
) .

field pos@tién of the instruments. The behaviour

observed is illustrated in Figure 4.33b.

- d) For each of these points (i.e., crown and wall), and

using the‘dimenéioﬁiéss displacements giveh by equation
4.14, one may obtain equationsf4.16 and 4.17 below. dﬁ%
"‘should note that the variation with the dlsplacemeats
with Ko‘is Légentially linear aﬁduhence it sufflces to
run the program for one value of E and two valges of Ko.

.

Acrown = a + b Ko _ ) [4.16]

. Aun = ¢ + d Ko S 14.17)

14

‘e) Substitute the field readings in equations 4.16 and

- 4.17, with the A; values expressed by equation 4.14.

St

f) Rearrange_equations 4.16 and 4.17, so that a system

of two equations and two unknowns (E and Kg) is

.
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obtained. This system is, in general, linearly

indepehdent:

o
[

e + f K 14.18]

]
[

g +h Ko .- [4.19)

(Note: a, Db, c,-d, e; f, g and h are constants, wh;chv

are a function of the charactéristics of the problem).

g) Solve the system of equations 4.18° and 4.19}‘as

illustrated graphically in Figure 4.33e.

4.4.2.2 Appfic#tion of the Propésed Meggod

The above procedure was apbiied té'the cése:of thé Mount“
Shaughnessy Tunnel. Ranges of Ko, and E were éstimqted to be
Ko=0.3 to 0.8 and E=100MPa (minimum from correlations with

similar deposits: Table 4.9) to E=750MPa (average from

geismic tests: Table 4.9). The. sequence of calculation and

‘the résults are illustrated 4n Figure 4.34,. for the case of

the full cross section. The values obtained (Ko=Q%697 and

b I i
- E=386kPa) are fairly close to those estimated by Heinz et al.

7(1987)'usiﬁg the same numericél technique but withva«trial'

- and error appréach (Figure 4.35) 5 -

The same method wé§' app1iéd< to the case of the

L

~ . . v
excavation of the heading only, yielding  Ky,=0.714 and

E=680MPa. This: higher E modulus could’ be attribupeg>po

205
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imprecisions in the measurements but may also represent a

certain amount of "softening” (i.e., mobilization of strength

206

implying in a decrease of the soil modulus). It is observed[J

however, that both values of E are reasonable when compared
to those.estimated previously (Table 4.9).
It should also be noted (Figure 4.35) that the agreement

with the slope indicator readings is only approximate, which

can be attributed to the si‘plicity of the model used and td.

the fact that the excavation in stades‘was not taken into
account. Nevertheless, the method proposed, which requires

the use of the widely known boundary element program by Hoek

~

and Brown (1980), is very simple and several alternatives may

be readily investigated. .It 1s suggested that ‘moduli

-

determined in this manner may be used for initial estimates

in more refined analyses through methods such as the Finite

. b
Element Method.

4.1:3‘Estimate’of LOadsffromvnisplaCements

Having estimated the E modtlus of the soil masé.qeing
the precedimg procedures, the Eimensionless displacement U,
for the full cross section, given bf equation 3.7 (Chapter‘Bx
y be calculated. In order to obtain the dlsplacement at the

tu’nel perimeter, those given by extensometers ME 2 and ME - 3

,'-»(Figures 4, 28 and 4.29) were extrapolated to the crown level

'u51ng results of parametric non llnear finite element
'L apalyses (Eisenstein and Negro,. 19850. An average' of

Ucrown=2.7mm for the two sections is obtained.
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Using’equation 3.7 with an‘E modulus of 530MPa (averaga

-

-

from back analysis) one obtains an "average" U value of 1. 8,
for an equivalent diameter of 5,55m (correction for overbrea\\~
‘included) " With this value, the load factors, estimated
through the use of MNegro's (1988) Eigurewgi? (also Figure
3.9, Chapter 3), are found in the range 0“54—0 34.

One may now attempt to estimate the average load‘on the,
support, through uge of Equation 3.8 (Chapter 3). The value
of Oicy however, .cannot be q;tihated using the'Bolutlons given
ithhapter‘3,,since these do not apply when L/D teqqs to
lnfinity such as in the present case. Alternatively, the

solution by D'Escatha and Mandel (1974), for\L/D=°e given by.

Negro (1988) may be ased. Applying H/D=1.56 into Negro's
Figure 6.126, ohe cbtains Otc=0.164YD (for c=0) and Opc=0 (for® |
c=28kPa), which are the extremes'shown by Negronghe latter‘~
value 4 _adopted herein, since | the . soil in ‘questicn is
"oonsidered at least moderately cemented. The range oﬁ Ot /Oy
which is ebtained'is 0.06 (for LF=0.94) to 0.46 - (for
LE=O.54;. These relatively low stresses seem to be consistent
with the pessibility of .no significant stresses being

transferred to the support, discussed in Section 4.3.2.4

above. T

4 5 Design Consxderat;ons
As notedxprev1eusly, the Mount ‘Shaughnessy Tunnel has
characteristics which depart somewhat from these of the -

tunnels, reviewed in Chapter 2. Nevertheless, jit does have
-0% '



tl_‘

' features which enable 1ts cla551ficatlon as Type Tla (Flgure

/ »

‘,'32 3, Chapter 2) and an attempt to apply sowe of the empir;cal

recommendatlons developed in» Chapter@ 2‘ is cons1dered/.

worthwhile. = .., o o ’,i"

. O;' "‘.' ‘ . v ) " N . R’ .‘"
. 4.5, 1.‘Pred1ct10n. of Surface Settlements N
leen the ground propertles revaewed in thlSQchapter,

thlS case hlstory fltS the soft ground class de31gnated aS‘”

*

' pClass III (Coarse Grarned~Coherent), descrlbed in Chapter 2.

: 'For the present 31te condltlons, which 1nvolved—excavatlon
W

'”under an Imporuant hlghway, 1t seems reasonable to- adopt the“

'tparameters suggested 1n Chapter 2. for "urbanﬁ.condlt;gns,

o

i.e., vs/vtn-o 3 and 5=1.0.

Assumlng 1n1t1ally that the ground deformablllty was

40

unknown and u51ng an excavated area of "64m2 (i. e_, assumlng

L'that the amount of overbreak was not known at the tlme of the

' predlctlon),bone obtalns a - volume of the settlement trough _

4

’Vs"o 192m3/m Wlth thls'value,'adoptlng an equlvalent tunnel.?‘

ot

‘radlus«of as 4 5m and u51ng the propertles of the trough
"outllned in Flgunes 2 21 and 2 ‘2 (Chapter 2), a settlement
Ss~9 Gmm 1s predlcted at the tunnel axls Assumlng the‘
surface settlement trough to follow(the error functlonii'
f(Flgure 2 ZF), Curve I in Flgure 4 36 is obtalned.’It 1sA'
pobserved that :ln thlS case, the adoptlon of the emplrlcall'

o % ‘
recommendatlon Vs/th—O 3% led to an overpredlctlon of the”

[ I

’surface settlements,and‘Of-therslopefdf,the tgough.

RN
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fusing the,parameter s which is, as discussed in Chapter 2,

5diﬁeﬁsionless settlement: o _ : o 18

vl
[}
1
o

. [2.1]

-2
o

s

*-Applylng the expre531on to the case of the Mount Shaughnessy

Alternatively,"the*maXimum'settlement may be calculateds

”Tunnel ‘with an E= 530MPa (average from back analyses in,h

;,S’éctlon 4.4.2.1) ohe’ obtalns a max1mum settlement'=3.4mmq

and Curve II in Flgure 4 36. When compared to the. field

rreadlngs, this second curve represents a dramatic 1mprovement
fln the estlmate However, it is ea51ly verifiable. that this
second method will produce good results only tf the 1n51tu E

o
moduluS'ls'known accurately For 1nstance, for an E ranglng

fromd100+750M§A,,estlmated before the back analyses were

'carried'out~(Sectlon 4.4.2.1 above) , max1mum settlements.

[

'range from 2. 4»to 17 9nm, ‘which is a rather large interval.

f'Nevertheless, thlS flndlng relnforc b'S the nece351ty of

~

_ ; . .
prec1se determlnatlons of the ground deformabllity for

attalnlng accurate;predlctlons.
o

4.5.2 QConstructign Procedure-

'The'construction procedure adopted for'the case'of'the

-

Mount Shaughnessy tunnel departs from those normally employed

I

" in Class 11T 1n urban areas (cases 9, 23 a&d 24, Appendlx A)

Thevmost.sallent dlfference is that.thevtop headlngewas‘_

&



,\

: bench excavation started ‘This procedure is, however, usual

_in the case of. non urban tinnels, as discussed in Chapter 2

L3

Jn order to compare the constructlon parameters in the
instrumented area with values used in practlce, Table 4.12 1is

presenfed Since the Mount Shaughnessy Tunnel 1s non urban,

but the sectlon in questlon underlles a ‘sensitive highway,

»

210

e%cavated fully, without a temporary invert closure, before

values for both the urban and non-urban case are 1ncluded It-

’1s observed that -the values actually used in the Mount‘v

“Shaughnessy Tunnel are close to those used in hnhon-= urban

tunnels However, the larger surface settlements in non—urban

areas, whlch normally result from theSe more ‘relaxed

procedures, were not verified. It is believed that this was

‘due to the'ground in the Mount ShaughneSsy Tunnel case having

more favourable- propertles than”’ those of the base cases-

surveyed Nevertheless,ylt is observed that follow1ng the,..

-~

empirlcal recommendatlons for Class III - Non Urban- (Flgure

2. 5% Chapter 2) would result 1n-constructlon parameters

\
.

'recommendatlons are reasonable

4.5.3 Initial Support

B

The 1n1t1al support - adoptedgln the Mount Shaughnessy
Tunnel was dlfferentah?om that usually used in’ the large

cross sectlon tunnels reported in Chapfer 2 The thin layer

and not»aastructuralﬁfunction.

.comparable to those actually used .whlch suggests that’ thee

of shotcrete employed (=5cm) dld have a stablllzlng purpose .
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_In'order to evaluate the adequacy of the empirical-
recommendations, designb\QuantitieS"for. a hypothetical
shotcrete lining were obtained through a two-dimensional,
‘plane strain analysis of .the Mount Shaughnessy Tunnel case
?history Thev ground 'waS' discretized using 8 node
isopagametric elements and the lining was represented.’xday’
'noﬁe,isoparametric beamvelements Both materials were assumed

- The program ADINA (Automatic Dynamic Incremental
Nonlinear AnalySis) was used, which is descrihed in detail by
- Bathe (1982) and ADINA Engineering (1984). The procedures for
‘simulating the excavation and support of shallow tunnels
using this program were described extenSively by Heinz .
(1984). The lining elements | (thicknebs t= §0cm) were
installed'immediately upon excavation and nodééress relief

o

‘was allowed, an approach considered nservative and which is
’comparahle to currently avai\lab‘:

losed form_solutions-
< v : ' S
(e.g., Ranken, 1978 Hagtmann, '1985) . Regarding the linear’

'elastic behaViour,pit has been shown that reasonable results
may be obtained prOVided convenijent . moduli are adopted for
the SOllgénd for the lining (e g. ; Negro, 1988) : . ,‘

- The finite element mesh and all relevant properties are
summarized in Figuret4.37i It should be noted that the soil
modulu5"shown %E=300MPa) was for the tunnel axis and was/
‘varied With the depth according to Equation 4. with'an
exponent n=0.5. This 300Mpa value represents about 50% of the

‘ M
maximum initial,tangent.modulus given.by the back analyses in
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Section 4. 4'2"which seems to.be a conservative approach in .
the present case. "The 50% value is also suggested as a rule.
of thumb for use in elastlc analyses by Negro (1988). The
Lgshotcrete modulus adopted (E ISGPa) has been proposed by
Duddeck ‘and his co- workers as an abceptable de31gn value,
whlch would include the effects of gradual hardenrng,'creep
and shrinkage. The Ko value‘chosen (0.8) 1is b;lieved to
'arepresent an upper limit ﬁor the 5011 dep031t and is more. -
crltical for thls type of tunnel ‘cross sectlon than lower
values of Ko (Dlnlz,,l978) ‘

Flgure 4 38 summarizes the results of this analy31s A
151mple analysis of . the stresses at five selected sectlons
showedvthat only the mlnlmum.re;nforcement is requlred. ThlS
ﬁninimum reinforcementuconld,be taken as two Q188 (1.88cﬂf/m)

] welded wire meshes, as‘discussed in Section 2.5.4, or 0.15%
on each side,.as-in the Butterberg case, %igure 2.27. This
'w1ll“11kely depend on factors such as existence of local'
codes, ‘etc. Adoptlng the latter value for a prellnlnary

: estimate (e, g., for cost estlmates) of.the relnforCement.may

<be an acceptable option.

4.6‘Sumnary

'In this ohapter,"several aspects- related‘ to the
- geotechnioal»behavlour of the Mount. Shaughnessy Tunneldwere
' examined.'The points conside;ed'most relevant are,disoussed

in the following sections.



4.6.1 Geological and_ Geotechnical Characterizatlon

| The‘tunnel'was excavated in a -bouldery soil which
allowed very limited sampling and testing bypéonventional
means. Interpreting tHe site with the aid of - existing -
geological models allowed the establishment of correlations

with_similarfdepositS~and therefore - an estimate‘of the

properties. AnCillary empirical methods were also exanined

and adapted to the. present case. A-Summary of the 'soil

’ 1

”propertles estimated is glven in Table 4. 9 This geologlcal/
'geotechnlcal study is belleved to be of value for. future

prOJects in s1m11ar mountalnous environments.

4.6.2 Instrumentation

Results of the field instrumentation program at“the_West
Portal were evaluated 1in terms .of' thedkgeotechnicalv
performance of the tunnel The loss of ground associated With_
dlfferent stages of the tunnel constructlon was very small
and cogparable to that of tunnels where technologles such as
}the NATM were used-. Although several precautionary measures
were taken in order to reduce ground movements . due to tunnel
excavatlon, it 1s'be11eved that the good performance is
largely attrlbdtable to the favourable propertles of the
.‘ground S , ' - |

A simple .procedure using elastic analyses by the:
Boundary Element Method'and-displacenent measurements was
used to verify the estimates made of the_soif‘properties. Tlpe
results“of this"analysis confirm the hypothesis made

4
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regarding the favourable.4conditions“encountered during

.. @excavation.
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.

" 4.6.3 Design Consxderat;ons

Some of the emplrlcal recommendatlons developed in

Chapter 2 were applied to the case of the Mount Shaughnessy

Tunnel. The actual excaVation 'procedore does. not show
significant deé;rtures from those which have been employed in
‘,simllar non -urban large cross sectlon tunnels. The surface
settlements were, ‘however, smaller than those expected;for
. similar tunnels ln urban areas which, glven’thelSOmewhat
relaxed excavation-progedures_employed, must.be attributed
toloood ground quality.

‘Results of simple. finite.‘element, elastic analyses

suggestlthat an initial shotcrete support such as that which

has been.used in similar large cross section tunnels could be -

employed in 'the present case. However, the dec151on
concernlng thlS alternatlve will probably depend on other

factors of non.geotechnlcal nature.
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Table 4.4,Fie

(1983b)

Test Pit # No. Tests Av.

252
253
254
- 255
256
257
258
259
260
261
262
263
264

265

Notes:

(1) Correction for grain size applied

\

NUCLEAR DENSOMETER

O ~J 100 m-J M-I o

. Average:

Stand. Dev

Dens.

20.
19.
19.

21

21.
19.

19

21.
21.
19.
19.
21.
20.

17

2p.

Bulk

(kN/m3)

34
29
61
.52
52
65
.24
02
33
86
15
37
82
.25

14

1.22

—

~

Q

i

STANDARD PROCTOR

Av. Bulk

Dens. (kN/m3)

22.15
21.68
22.78
22.15
21.99
22.31

21.84
21.68
21.68
20.11

ky dénsities from Thurber Consultants Ltd.

(1)
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'Table 4.8 Summary of data from selsmlc veloc1ty llnes at -West
Portal (data from Piteau and associates, 1982 Fa.gures 7, 8

-and 9) .. T EL L Ty et g R

~ . . "

. - . ' o \'.» .‘ y S - VL(m/s) . . | SR : ~‘

Line Top Layerl' Intezm Layer N Bettqmdnayer3 ' Remarks
7 716 3., 16916 . 381000 -
R o 2276.9 . . 4946.9 Lo e

11 . 784.9  1200.9: - 3011.4 Distegarded?
12, 3048 16032 43282 0 - |
A3 23807 oo T9500T - ;4077.3 .
‘Notes: h
(1) Top Layer =5 m -
‘! (2) Material through whlch tunnel was excavated .
(3) . ‘Bedrock . ‘ x
(4) Considered 1nnacurate due/to v1bratlons of wate*fall
. (Plteau & Ass.,.1982 12) K NG
B i . . - ‘ b

Vi =;Average~for’inte}mfilayer (except Line 11) = 1880;6'm/s

,;_.v\‘ . * . ' s . -

L B =vip (1 + V) (1 L 2v) -
ey 8- v <

o/

—~i \ B o B ‘a) L . n et
S .
T . o .

p= 2?42 6 kg/m3, T

Eqn -7672-MPa (for Vo= o 123uggested by Hardln, 1978)' W §sQ},'f‘;

¥ ﬁ | B ‘:.‘{'
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fTable 4.9 Comparlson between estlmated and measureq soil

properties (values

shown. are average for Units 1 and 2 in

¢

Figure 4.3) ) . .
From Corrclnt.l,ons with 'Fron Fleld and
" Similar Deposits Laboratory Tests (1)
Soil Property Range . Remarks Vilues ‘.. Remarks
[Unifted Sofl T w o ,
‘Classification GM~GP-GW W, CM-GW
. , . ’ il
Grain Size: o . g . b
T2 m ' 20-80 Mainly analyses on 40 Average from surface
. X sand ' 20-50 minus 3" samplées 45" | exposuresa; tests on
% 811 + clay <15 o 15 |mirmue 3" semples..
' - ! ' . Silt-clay content
. at West Portal 1s
Lo lower. N
: Atﬁgrbe‘tg' Limits: k‘ R N ) RS
. LL. (%) 10-23 19.9 |Average froa surface
S SO . | exposuyes. '
P (1) -8 3.5
Naturasl Holstu.'re' . C : A L
Content (X) 15" 10.1  jAverage from surface
’ : v \ ., |exposures/test pits.|
Bulk nengicf': , - . : -
(kR/m”) -17.5-23.5 22.1  |Derived from ruclear
' densometer tests in
X s . . | shallow test pits.
|vo1d Ratto 10.20-0.60 " 0.32 | o
g 7
| peformabtigey ¥ - o
E (MPa) ff 97-441 | Estimated at tunnel 61 !lclnted fron
T ’ - | axis depth {eriaxtal tests (2)
380~1150 Eatlutqd from
S ' seismic tests (3).
Drained Strength AT .
¢! . . 0=40 \ 0 Aveuge from :
: ‘ k . triaxial tentl (2, 6)
¢'(*) 36-(>40) . 40°
Note‘e‘:v. 1) ‘Thurber Conaultunts (1983) and Piteau and Associates (1982) ,
L (2) Hulti-stage CU ‘tests with pore pressure  measurements; 8~ long/4” ,
o h diameter samples. of - (3/4” msterial compacted to lpproxlutely
~ol Y 1001 -of Standard Proctor maximus density.
VI () Correction applied for strain level. .
“"(4)_.Correction. spplied for max. grain séize.
N2
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. ! : )
Table 4.10 $chedul¢ of readings for gdround in'strumen\t_s o R
- *
. "? )
Date ' Pace station Inst’ruuen.ts' ‘ Remarks
29 Apr 85 G . SI. " Before excavation o‘!' slope ’ . .
07 May 85 .. S SI Excavation at -elevation 3190 .
28. May 85 - st . Excavation at elevation 3157 . ¢
. 04 Jun 85 ' - st Excavation at elevation 3147
. 05 Ju} 8s’ . 752+62 SI,SP;!E ) Excavq.tlon of tunngf started 14 Jun
. 09 Jul 85 752447, - SI,SP,ME ‘ L ’ i
.20 Jul 8BS . 752438 . SP,ME
2 ogul 8s . 752429 | SI,SPME
12 Jul 85 752418’ - SI,SP,ME ot
13 Jul 85 752411 SP,ME
4hJul 85 - 751496 . SI,SP,ME :
15 Jul 85 751484 SP,ME ‘ .
16 Jul 85° 751475 = sp,ME o
M7.0ul 85 ¢ 151467 | SI,SP,ME
18 Jul 85 = 751458 SI,SP,ME.
19 Jul 85 751449 SP,ME
20 Jul 85 751434 . s1,sPE R
.21 Jul 85 751422 SI,SP,ME )
. Q0 22501 85 751410 dt,spME N '
v 23 Jul 85 . 7SO0 SISPME ., . - : ’
7 24 Jul 85 750492 | SP,ME ?leadirig crossing complete
. 29 Aug 85 748+11 . SP,ME ' ' '
03 oct 85 752447.5 - sEME
07 Oct 85 752426.5 ©  SP,ME § & , S )
08 Oct 85 . 75245.5 | SP,ME ‘ R L ‘ o
y 09 Oct 85 . 751487:5 SB,ME ;
o 10 oct ‘ssff",,'- . 751+70.5 sP,us"; ' o P SR
S 1oce 85 3p1es2.5 SeME 4 | L
2% oct 85 - 7424{@3 ’ SI.S;,HE " PBench crossding complete o
- lj-‘i?f_' SI:,'S‘P,&!-S After winter season

. J(}.";w b“ , | ,- ‘. | . | .‘ “ . >
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Table- 4 11 Loss of ground expressed as a percenbage ofotunnel
volume. - comparlson with NATM case histories.
. Helnz, ‘ ,

1984)

R

| ‘ 2‘y @ Zv
Tunnel Soil. face (tota{'
T short
term) g

‘Mt. Shaughnessy:. sandy :
: S - gravel 0.03 0.11
Frankfurt L.25/II1 ‘marl 0,28 0.74
Frankfurt L.17/v marl  0.09 0.48
marl * 0.09 b.23
gravel - 0.17
clayey ‘ .
ity (N .+ sand  0.06- 0.16
- “Butterberg . gravel s

SR sandy- -

. 0.36

. ¢
-./ ,
.

Table 4. 12’Compari30n‘between the construction parametersl
from: empirical- recommendatlons with those actually used a‘f

the Mount Shaughnessy tunnel

silty

)
Parameterspe‘~ Non ﬁ;ban( "A Urbaq
gmvfm?i 19 - 26 - 16
Lo(myie2 © 10.5-16.5 lé;j
“'La‘=‘s:(ﬁ)- ,_‘ ~i.§ i.o,

v _ | 3 R
' Notes:

'Mopnt Shaughnessy.

= 28

>>16.5

0.9

1) Invert closure dlstance in the top heading

2) Dm 3m

1

(data from

Ny
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) BRITISH 2 1_ ,
coLumBia ./ \ N
-/ 4 ‘
; 3
-
' ALBERTA i

\ \ Mt‘St)aughnEs.s‘y
A\ Tunnel

. L A
~ A '

Figure 4.1 Location of Fogers Pass Project
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(@) Glacier ; S R '

- o (L) Lateral ice-Cored Mora!_ne.
. (LT) Laterai Ice-Coﬁtacf Terrace (Kame Terrace)
(F) Aluvial Fan - '
E) Esker
S L (K) Kame
: (T) Turbidity Flow
(FL) Fluvioglacial Surface

»

. 'Figure 4.2 M‘od‘el for interpretation of upland valleys which
hdave been subject to glaciation (modified after Boulton and
Déynoux, 1981) ' . ‘ ’
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50 -
gl,o.« s X 1s n=57 ’
'-E ‘ %=101% .
> 30- s=4.5% ! '
a ' ‘ .
.8 - .
o 204
(¥ S,
© 104
o
> )

0 T I

0 '5 0 15 20 . 25 30 35 4
~ Natural Monsfure Con’ren'r (%)

[

Figure 4.5 istogram for natural‘moisture contents at the

- study are#
ST T T T T T T T T T T T
mc. = 52764+ 025280 (s-c)  [r= 0.88] | /]
i
8/
20 /4 4
: . )/
o "\

- Natural Moisture Content (%)

0
0 10 20 30 40 50 60 70 <80"

SiltvCl‘ay Cont.ent (%) |

Figure 4.6 Dependency of m01sture content on silt-clay con-
tent for soils at the study area
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/ ‘ »
100% gravel
A
¢ Oons .
o Keme-Moreine or Latersl Moraine
#  Kame Terreoe
s Lendsiide
100% sand - 100% silt
\ ’ . ‘ . -0% gravel snd clay
\ .
. %0 Glaciofiuvial 100 B

® ice cowact glaciofiuvial

. + Lacustrine

A #bglachl tills -

s Supraglacial and
moltgut tilis

RS

100
<4—— % sand - : T el

100

Figure 4.8 Textural diagrams shov'ving differentiation between N
" .—-various types of glacial sediments (a:study area; b:imodified
after Derbyshire and Love, 01986)
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\ Legend : ;
\ 1000 - O Kame~Moraine
\ '|@ Delta . ‘.
\ T
=t &
< | 800 fo) Ty
K
L]
-~ o AT
n  §00- 5.4
-] \
| A
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400
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200 , a=33.6 =417
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(0'+04')/2 (kPa)

Figure 4.9 Shear strength from recompacted samples of soils
at the study area (tests by Thurber Consultants Ltd.,

.
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1983b)

»

. /Figure 4.10 Chart for estimating Equivalent Strength of rock-
fills (.S)‘based on uniaxial compressive strendgth and particle
size (modified after*Barton and Kjaernsli, 1981) :

°
\, ¥

/ ;
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q .
»~ L] L] ‘\ :
%
\ﬂf
‘ b2 - &
i
EQUIVALENT ROUHNESS (R) 1
% W N n " 0 ‘
| 4 “%
.:"oo
. oL A
T R % % © 3
POROSITY (n%) (after compaction) .
. | EXAMPLES SHOWING DEGREE OF ROUNDEDNESS .
QUARRIED | Tatus | moRaINE Icucurluvw FLwviaL |
ROCK . |
'y 14
) i ﬂ'lﬂ‘;
L 1-72 3
ove
>

Flgure 4,11 Chart for estimating Equiva l ROughnessﬂ;(R) f‘of
rockfills based on porosity, origm of th ,ater;;.als and. de—,
gree of roundedned#s and 'smoothness of Spa;nf:les =(mod1,f1ed : 1
after Barton and Kjaernsli, 1981) S SR : '

-
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70 i T
GLACOFLUVL [ | ' l l H
™y 1 B oe-0?2
’ 60 M t e=04 ’
; g_: < ) f e=06 '
7/ EP \\\\; -
/ P’ \‘~
Q 50 b
< ;
. = . 0\'\ \‘~‘
-0 40 B -
30 L RABER! - jj;ﬂ
. N i 1 - ‘ 10
. . N ' ;
¢ . : ~ on/pa
N

Figure 4.12 Chart for gstimating. friction angle of materials
of glaciofluvial origin (compr. strength of rock = 80MPa)

_70 [ -
" Monlme
\ . ! \ ] . o oe-02]1
¢ e~04 -
60 ~
. 8 . ! - 6
\\1'\ | lhe 0 iﬂ

Friction Angle (degrees)

e

§ ) N\\N \.‘N‘

¢ s T '

40 W -

\.*g.__‘ \N\\"ﬂ'
’\b. ‘ v
| %*'-.-

. 30

! 1 , 10

o'n/Pa

‘ N . ..
Figure 4.13 Chart for estimating friction angle of materials
of morainic origin (compr. strength of rock = 80MRa).
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- | I Delta
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1000 4
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o Flgure 4, 14 Varlatlon of normallzed modulus w1th normalized
,confinlng pressure (data from tr1ax1al tests by Thurber Con—~

'sultants Ltd., 1983b) N



Modulus Number (KE)

~ Modulus Number KE

Inltial VoId Ratio (e)

02 03 04 - os ‘”‘0.6' 07 08
5000 NPt NS TP W U NP W
a ral Soll |
‘ o Compacted Soils (Duncan etal 1980)
4000 - T “ - '
30004
20004 \.
L 1000 -

4000

/

pros

4

fln‘ltial \‘égid Ratio (§)

= B 'Nalural Soils
] (points outside:
Janbu's bounds- excluded)
30004 \. KE= 5534, 6"72 10*( 1 6425'9) r=0.78
. ““ K N ’\ 3
20004 -
"1o00 4
0. T T Y T o T
’ 0.3 0.4 05 0:6 0.7 0.8

L*Flgure 4 15 V01d ratlo versus modulus number for natural and
compacted coarse gralned s01ls (data from Table 4, 7)
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Flgure 4. 16 Correlatlon between void ratio and modulus number

for natural coarse gralned sdlls (data from ;able 4.7).
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s 0 - LN SO B Beed & kdriss (1070:Fig.7)
e ® 0 N ':':/’ . Ecuation 4.12 (eumtlormundgravol
.'Lv ‘. \" L ) * -nderuohodrodtmlnythoumo)
. . ' ’ ~ - n Ortigosa et al. (1981)
081 RN Mo ‘
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% siatic tests (0.10 - 0.35 %) .
\ ;\\ |
.
."~~.
. s S
c 0 109
T ,,‘. . s e : . o
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_ 'r_ci - 1 . [4.127 ¢
.G 14 _7.. R
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Y =X ana: , : :
: Go ; ¢ .
. L : o r
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- » . A . ) [ 0.5 i
e e ‘ Lo e g 2 f
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) o ’ o
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; a, b, c and d.are empirical constants (Kokusho/Esas i, 1981)
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. . - ’ i “"' . \ ‘3!.'-“ - . R
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© Figure:4:18 Typical excavation seqhénée‘
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R . ) ) _“.r' ‘ ‘O“‘ ’
. v Sples (L=30m0=254cm) .
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' Measures are in meters -

(Notto scale) .

— o

N

v

. L. . -.é
) oo : :
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'Figure 4.19 Tunnel cross section with lining detail .
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SURFACE SETTLEMENTS -/'zouell(sra?p? effect) ~ 17.APR.86

£ .l »
0
. -1 ()
£ |
= -84 ‘ .
L~ N
o . .
".' =81 : : Legend
8 _io: ' o ZONE!:
- =104 ®
r SP's 8,43 &1
1?) ® . LA
-12 — — , :
-12 -8 . -4 0 4 ] .12
’ Distance fo Tunnel Axis (m)  : ’ —

' SURFACE SETTLEMENTS — ZONE Il (Main) — 7.APR86

T T e T
I , e
: o :
(] [+] o o R o (o] //
E -2 ' 3/
= | B o Ld,/o"/ Legend

.2 ' ; _ O ZONE II: SP's 2.6.7,8.9,\0
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g o
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. & : ,

SURFACE SETTLEMENTS — ZONE W (Across TCH) — 25.0CT.85

£ 1 ’ . .

E ’ .
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- #F 3 - , ' Legend
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Flgure 4.25 Final surface settlements i% Zones I, II and I1T
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Figufg‘4.27 Subsurface settiement.prdfile: ME1
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From the B‘odndary‘Element analyses:
“Berown = 1.013-0.384 Ko [4.16]
i Bwall =40.275'+ 939.583 Ko [4.17]

~ Measurements: |
crown: 5.5mm (@ 3m from tunnel)
wall: 30 mm (@ 3m froﬁituh'nél) R
Subsfituting' ir'no [4.16] and [4.17] above:
E= 522 076 - 197. 929Ko [4 18] |
E= 259 416+939 583Ko [4.19]

'va.

"% Solution: - . R

' Ko=0.687 and Bi= 386 MPa

v Crown

b e — — — — — — — —

————— " | — —
03 ¥ st o

and Ko tco the case of the Mount Shaughg%sy tunnel

v A

o

Fy

' /;?\F:.gure 4\ 34 Appllcatlon of proposed method for estlm‘atxmg E
A :

9.
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| | s SUMMARY AND coictustons - °
5.1 Introduction R S

Tn the last tWo decades, the’ increa51ngly high costs
ass‘ociated with open excavations inT urban areas has

“+

1nstlgated several major developments in the art of

.tunnelling 1n soft ground Large Ccross- sgctlon tunnels have’

F) f“

B

i%g

¥

P \f‘reA 'F! tb de51gn and behav1our of large Ccross sectlon
'& c'»“"%ﬁ

il "tuni{‘fs in soft ground. Wlthln the scope of thls work
AT T "’y. LT .

k™

Xy

e fou,p.{i, tzp eacompass most Wrack hlghway, railway and

2w
s

-

“' *‘”“lﬁ"rﬁe Eross sem have been def:,ned as* those whose
:‘ . [ I) .

» >
P

co{u:muoys;(l e., w1t%ut mtermedlate plllar support) cross
L}

sectional’ excawated area exceeds 60m2. This definition “was

" ¥, N .
subway *tu,nneIs-,,subway statmms and some smgle tnack ralii//y

ﬂy""

e unnels uslnq Sh°fcrete as, iﬁitlal sugport f%f,

.

\’ N ’rhe ‘pur‘pose &t this thes;s has been to’ review “current

px:act;ece of constructxon and des;Lgn of large cross sect:,on .

P,

v

tunnels in soﬁt ground and
w

concepts This framewqu was chosen due to the fact that the"

design of such underground structuresk is a relat:.vely new

. t . . 5 B
. - : .
- w0 M . - . N S . -
o P . - . A

: formulate prehm:.narj design'

:bﬁe t:o conventional shleld tu,ﬁqaglling,. such as. -

junct%onhs'. of napid tran81t lines Or subway statlon$ It :\m

S b tun'nels .F‘ui:thermore,' the research has concentr ted on

®
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"?analytlcal findlngs

- 1s at Appendlx A Based on this review, suppLemented by 3 few:

'5.2 Overview 'of Current Practice \ S

| - v 259

} Yy

subjeét,‘which has evqued mainly -in areas outside North

America.

- - -

The work consisted mainly of three essentially

v

independent studies} namely an overview of current practice,

the Pevelopment of s1mple solutions for Verification ofe.

tqnnel StaBiJity and the documentation of an actual case‘

P 1

-

hrstory An. attem* was. made to present got’h emplrlcal and

engaged/1n day to day design.

'
N

As'a‘result of collecting and summarizﬁngbdatavfrom case

L4

historiesvdesdtioed in'the literature, augmented by personal

correspondence ‘ith authors and companies, a catalogue of 25

large Cross’ sec'lon tunnels was esgabllshed Thls catalogue

Pl

t

explanatory addltlonal key papers,;some £Mp0rt t points

emer ed and are listed helow

1. Large -@ro' s section tunnels' with up ‘to 150m2 of

excavated c oss‘Fectlon and no 1ntermed1ate plllars for

. -

'°‘ways considered usesple by che ..

* .
permanent suppOrg\?ave been constructed inxvarlous

\

T ground.c nditxons No cases,were found of such tunnels
/ . . LI R we )

in soft clags,_whlch conflrms_ an earller assessment by

heini’(l984), that" the NATM may not be an approprxate

. S
tunnelling method in these 501151 o '

3

LP It was suggested JHe; z, 1984) thht this method is noL appropriate in

situations where significant face displacements are antkc;pated, unless
ground xmprovement techniques are used.. Cs

oL T BN
p : :

(e

o

M



A

P

are belleved worthy of. future

‘Aattentlon

» " : ‘ ’ ‘ ) ' . ’
o —qq In order gt control ground deformatlon aﬁé;malntaln
*

*

2. Examination of some of'these case histories suggests
o

that completing the inverg as close as plbsible to the
T »

tunnel face is a major: concern ‘'In several. cases, a

,‘temporary invert closure within an 1nd1v1dual heading

was used. In nan-urban areas a more relaxed excavation
3

sequenca, with larger invert closure distances, appears‘

"to be a frequent ch01ce, but probably:results in larger
. " : )

’

surface settlement "'/ A - o R

-

3. Some fairly recent/Japanese cases (urban ‘and non.
- ‘.v‘ &

;'urban) were'excavated in sands descrlbed as essentially

i

:cohe31onless. Extr precautions taken . during ttre
v £e .

o e R i - : .

* excavation of these¢ tunnels (e.g., the spraying of .a

. resin cqgating on the exposed'soil before shotcreting)

gation' Also, it
A

‘ [

should be moted that gﬁpanese praotlce,»as shown by ﬁhe

cases rev1ewed, appears to make use of ground anchorsv a .

. R | 260

{

U-%Q‘v . ﬁ"\l»‘?&' £ Ay p

technlque Wthh has been dlsmlssed in recent German soft

around applicatlons of the- NATM ‘No detalls were found
/

‘of these »anehors and the assessment . of their

¢

effectiveness is a' subject which deserves further

. R 3 .
i . &

“‘; a\ ‘face stablllty in- large Ccross sectxon soft ground

_thnnels, use :;s{ made of 'staged excavatlon -This

consist\s in avyi ng full face gdvance by sequentlaﬂy

'derLngm smaller, Spec1ally arranged 1nd1v1dual

3head1ngs fAlthough an unlinmited number of excavaclon

i -

d <o

B

-
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stages may be envisaged, there appears to be a tendency

7 to rely on some typical layouts which were reviewe md
classified (Figure 2 3). C . L

. . \ . .. B .

S 5. Selection oriteria for the excavation scheme were

examined but no rigid rules ‘could be established since'

\\\\\\‘-__523—2201ce of a scheme ° appears to depend on several
s .

factors, not exolu51vely of geotechnical nature. For~gxi |

tunnels with more ‘than about 90m2, constructed in
‘geotechnic lly unfavourable ground, preference appears.
o to“be‘givdn to'the scheme termed T3, where initial
:advance @ak s”use of side oalleries (Figure 5.1). hn
alternative scheme,‘termed T25, is - apparently pneberredA ’
for smaller cross sections under the same, c1rcumstances
1‘(F:Lgure 5.2). , . .
6. Two—dimensional finite element analyses;were'carried
.out * to comparet the rel&tlve performance " of three
excavation'schemeS‘leb, T2a and T3). Through these

‘numericalSgtudies it was ‘shown that the T3 scheme (with

»

+ side gallerie is superior to headghg'and benc¢h schemes
. S : . \

/ A(T1lb andfTZa)'. Aterns oﬁ~maxim0m¢settlemen€lgegerateb
and a" flatter slo the surface settle@ent trough; |
v7.‘ Fesults ofdthe merical'analysesvwe;e compa;ed -
[ . . . i
‘with‘fleld measurements/"om an.actual»case history~ it 5
. . . ) [N v
; was 'seen that, ‘despit seueral slmpllflcatronsv‘niw
L R : F N G s R g :
. . .1ntroduced 1n the slmulatlon, asgects of ﬁlekQ*§ ik ca
~ . could be }eprodﬁced hence relnfor01ng the vaﬁﬁd"'
. ~ these studreswusi?” o : e

.o . - ' el



ﬂ

8. It was also verified in these humerical studies that L

k‘:; 'mlr

Indicat‘

excavation of the top heading is responsible for

"' significant amount of the total settlement{
hfrom some case histories exists that excavation of,

portion requires speCial attention and appea;

l-’ »

*.consume more time than other operations“
9. Construction parameters believed signifip;v

deSign were selected and recorded f@; all™ ases‘ s
¢

'iexamined 1In order to make |, .this information readily
' acceSSibleu all cases studied were ClaSSlfled‘lntO four,
ground classes and empirical recommendations, based on

the values surveyed were proposed for each ground class
L 4
aﬂFigUres 2., 25 to 2. 28) These summary figures are

expected to enable at least a preliminary establishment

of gonstruction procedures and support quantities It ' v

s U
ho id be poinfed out, hoW%ver, that the infor tion
h Ko

_ g&g"collected was limited mostly to published‘material and

"as such, care should,be exerCised‘in the application of
.the'recommendations putlined..lt is believeddthat as .
" more inférmation becomes avaklable, 'bthe‘ figures
"presented:could be improved.' . . .

10. The;average’support guantities were‘n;t found to

vary Significantly between the proposed ground classes

“lHowever,:a noniqeable 'variation was ;ound in the

A
o ~=§A,“,»

PR ,'-‘A'- \ . L,
ot o constructkoﬁ par%métets, depemding'on the eWVironment in >

HEON L

which the tunnél was built {i.e., urban, ‘non urban or

sensitive urban)"
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5.3. Tunnel Stability ﬂ e ~

Simple solutions, baseJ‘on the bound theorems of the
»

theory ol plasticity, ‘were applied to the problem of

VR
-assessing the three dimensional Stability of* the tunneL

L' d

heading. The work presented con51sted\of a summary of the

’

rtheoretical framework,,extension of an existing lower bounq;

I

: soluq&bn (Mﬁhlhaus, 1985) and its validauion usiﬂg results of

tunnel model tests and actual case histdries.. .

9

. It was shown hdw these lower bound solutions could be

applied to the problems.of evaluating critical values, of the-

unsupported * length clese to the tunnel face and of the

»

critical diameter of an Opening, beyond which instability.

could occur. Despite the theoretical nature of these Studies,

1t is believed that their 51mplic1ty may alliow practitioners

to carry out sens1tiv1ty studies, perhaps in.association with

3

emplrical data such - as that presented in Chapter 2 A féw[d

additlonal findings which emerged from this study are:
1. Although the‘lower bound solutions were expected to
provide safe'estimates of the various parameters 'in

question, the theoretical resultd, when compared to

findings from model{ experiments, were found to  be

- . ‘
reasonably close to the collapse values of these

parameters It appears, therefore, that the lower bounds

ﬁjé?;[ LEbr¥ 1ned could ‘be close to the exact theoretjical

s:’ution, for the ranqe o‘ parare*ers investigated.

ks
3

v

€



/ / '.: . . : . : i o ‘q ’
_2 The»results obtained from the theory were comparable

to those from model experiments, but application to a,

J

few aétual tunnels indicates that use of these soluLionsw-'
“"‘

in practice w1ll require con51derable judgement in the\\
.selection of strength parameters Use of partial factors
e of safety to be,applied ) these]parameters may be a

5 solutron, as has already been suggested by several_-»“

o Tauthors (e. g , Gudehus and Mélix,.1986) 'ﬁfg'

0

3. The solutions derived were shoWn to be very sensitive_;

to the*chOice of strengtH’parameters. The drained lawer‘:_-'“

bound 1s»particularly sensftive to the value of thefiJ
cohes1on of the SOll mass,vwhich is rarely known withg,
accuracy < It appears therefore that future sitefl
1nvest1gatfbn and testing programs should pay close

o attention to the determination of this strength
parameter and 1ts natural variatlon.;.ih‘ ' |
.:j 4. The concept of load factor (Section 3 3. 2) was.
bexamined w1th respect to ltS ‘relationship w1thu
settlement.1It appears that there is, as suggested byf”
- Mair et al (1981), ‘a promising relatlonshdp between_“
load factor and settlement Applicatlon of relationships |
between the loaé factor and dimen51on1ess displacementsy
proposed by Negro (1988), 1n association w1tH’thel
derived lower bound solutlon, seem to proVide a quick@;

‘“ method for evaluating loads from measured dispﬂacements.:

5 An assessment of tunnel stabllity u31ng these simple‘

- solutions lS attractive, but may not be appropriate in fff""



N

every case. In many instances, s ability problems 1n the *

‘ field have been shown 13: be associated with minor

;‘geological details (e g., Matheson, l@?O) Given the
&

.

‘«) likely catastrophic ponsequences asszclated with’ tunnel '

heading failures, 1t is believed that a thorough srte

S

/.
investigation will always be requiréd for progects Such

%
as those approached in the present,Work

~ -! \\‘ X . : . R 7
3 . ~ .

& C ’ ' " ‘/“
5 4 Mount Sha\ghnessy Tungel » A

~.The geometry and construction cha;@cterlstics of this

"rev1ewed in the the31s It is believed, %owever; that lessons

tunnels in general, particularly to those constructed 1n‘

®

from this fleld case may be appAlcable to lgrge cross section

's1m}lar ground (Class III Coarse gralned cohe)ent, as

R
'-defined an Chapter 2). = g o dfv

a ..

'/

’,

!

5, 4 1 Geological and Geotechnical Characterlzation

-/

A Cons1derable attentlon was paid to the geological and

\

fgeotechnical characterizat on of the 51te,\where the ex1st1ng

\ . .}

tunnel~depart somewhat froT other iarge'cross sectlon tunnels

?bouldery 3011 allowed very limlted 3011 testlng Interpretlng )

IR

;the Slte w1th tHe ald ﬁf geological'ﬁbﬁels prov1ded a;

_fstarting p01nt ﬁor estlmates of the 3011 properties through

: correlations wféh 51milar dep051ts for which propertleS'were

’ /
lknown. Several anCillary procedures for estlmating the s01l

. /

7propert1eslﬁere 1nvestigated It lS belleved that a close

examinatloé of the topics presented in Chapter 4 w1ll be of N

/ : :

/ B SRR . e
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»

¥
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environments.',

-

» “ S

a For ‘most SOll properties, it is. believed that reasonab
estimates Were derived A major uncertainty, however, rega

the insitu coheSion due to cementation Although large sbale

tests could be enVisaged a more practical alternative would

« - »

be perhaps to attempt to classify natural deposits as weakly

cemented,,moderately cemented and strongly cemented basedhon ’
Simple field -tests'wamd.tSimultaneous. laboratory
investigations. This terminology has already been used by -

Clough et al (1981) for description %f the. cementation in

- sands and that work couLd be used as a starting point for-a

] N s

such research . The use of large diameter auger holes may be

-
PUR PR

.an appropriate tool for inspection of the cementation

condition of the ground lnSltu. - y
Use of dynamic measurements appears to be a. promiSing

way to estimate the inSitu ground modulus in bouldery

depos1ts such as that An question fThe moduli obtained in the

present study shogﬁm be Viewed only as rough estimates due toA

the numerous assumptions involved in- the calculations It is

W -

believed that further studies should employ direct shear wave

measuring methods, which havé been reported as a reliable way

to’ estimate the soil modulus Also, it seems worth noting

that static moduli derived from dynamic measurements have
N

been shown to. approximate the Tlow- strain' soil»modulus,

which appears to be an important pafameter for. geotechnical .
. 1 .

'analyses (e g., Fourie et al., 1986)
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($:4.2 Mohitoring Program ',
. Results of - the field instrumentation program atr !West.
..Portal of the Mount Shaughness’ Tunnel were evaluated in’

. terms of the geotechnical performance of the tunnel The lossg
of ground assoc1ated w1th different stages of the E%nnel
construction was very small and comparable to that observed»
in tunnels where kechnologies such as ‘the NATM were used

.fAlthough Several precautionary measures were taken in order .

“Lto reduce ground movements due to tunnel excavation,,it is

believed that the .good performance was mostly attributable to
the,favourable properties of the ground.
A simple back analySis pgocedure was developed for,
k’jestimating E and Ky from ‘measurements of displacement It is
,believed that this procedure can be applied in tunnels in -

gdfairly stiff soils where no Significant departure from

elastic conditions is expected away from 'the .‘tunnel
Lk T : .

" perimeter. '\\\MJ//Q\\ . ‘ ~
) '/.‘ ' . -

5.4.3 Design .

.~i¢mr“

According to the claSSification outlined in Chapter 2,

-the SQll Ain question“would be characterized as Class III

(Coarse grained cohérent) The excavation procedure employed f

did not. show Significant departures from that which has been:.

Vemployed in 'imilar large cross section tunnels in non- urban

areas{"The_ easured surface settlements were, however;
B smaller than those expectgd for Similar tunnels in. urban :
A .

»
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~areas which given the somewhat relaxed excavation procedures!
‘ \

\‘

. employed, must he~attributed to, the good ground quality }
Results of a simplified numerical analysis suggests that
.an initial shotcrete support such / as that used in similar

';situations could be employéd in the present case. ‘It is

AN
\,

L recognized, however, that the decision concerning this
alternative wull probably depend on gactors of non-
igeotechnical nature (e. g , contractual aspects) fl
X ©o ¥ ; - ' Lo ‘ - °
{ .5 Suggestions for Further Studies |
| The investigations reported in this thesis provide only
. a brief’ 1nSight 1nto what appears to be a prom1s1ng area for
soft ground - tunnelling research. ‘Improving the . _empirical
recommendations by adding data from new case histories would
.be of practical interest. It»should be stressed, however,
that published studies offer only limited inSight into\the
actual tunnel behaViour It 1is believed ‘therefore, that
'future research on large cross section tunnels in soft ground
should concentrate on detailed instrumentation of actual case
‘histories and perhaps on numerical modelling Given, the.
‘ complex sequences of excavation used JJI these tunnels,'

meaningful numerical modelling will likely reqUire a three

‘dimenSional approach and the work ‘by-. Heinz (1984) may be

useful as a starting point. for further research It is

suggested that in these studies, attention should also be

¥

given to deSign assumptions for the final lining
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" Figure 5.1 Illustratlon of Tab scheme of staged excavatlon
(modlfied after Hochmut et al., 1987)

|g_-4m| Al0m |g-4ml 20m 12-461.

Flgure 5.2 Illustration of T3 scheme of. staged excavatlon
(modlfled after Hochmut et al., 1987)

- ’/_
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. .Appendix A - Data from Case Histories o

This Appendix contains information wthh is almed at :

| compiementing the data on large cross seotlon soft ground

-ttunnels given in Chapter 2 Tahﬂes A 1 to A. 25 contaln a

R mmmary for eaqh case and compﬂement Tables 2. 3 to 2 6 in -
D ‘ . |

Chapter 2. Tables A 26 and A 27 present ’complementary‘ 4

;information on initial llning Gomponents used in some of the:,

= cases rev1ewed



| ,TabielA.l,Date from case‘hiStory No. 1 - : .
”“f1Cé$é”#1£fBochumfﬁéuiO$ A2 (Section #1) v . "9ﬁ

References.‘_ - ‘ ‘ o
‘ Jagsch et al (1974), Hoffman (1976), Mpller and Spaun ﬁ977ﬁf
P{elnz (1984) Maidl (198*4‘?’ Negro (1988)
-2

[
P

1 soil Cover (m) : 5 5 =13

Location: Bochum, F.R.G. .'# | fear of Completion: 1973
Env1ronment Urban = R : ’ '
'Purpose 2 track subway

“Excavation scheme le

_ e L
Excavated Area (m2).: 64~ wWidth 4m) :10.2. Heigth(m):8.5- |

~sGrOUnd Description: clayey\and/sandﬂggarls, e

Ground Type: Stlff coherent homogeneoue~

~tones - no .

s1gn1f1cant groundwater

Grpund Propertles
c'=32.to 320 kPa, @'=25°, E~.50-10QMPA

Tunnelman's Soft Ground Classification: F%rm '

Construction Procedure: o : Ll

" Heading, bench and invert (closed 9 to 13m"behind_face)

| Inltlal Support°

. 25¢cm of shotcrete w1th 2(?) welded wire meshes o
TH 29/58 steel rlbs spaced 0.8 - 1a 2m ‘

Remarks:
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o ' A o o '
- Table A.2 Data from case history No. 2
—— s ———
| case #ZE‘Bothm Baulos A2 (Section #2) T
4 ‘ S ,
| references: g R L R
Jagsch et af .(1974), Hoffman (1976), Miller and Spaun (1977)]

Heinz (1984 Maidl (1984), Negro. (1988)

“Env1ronment Urban sen31t1ve .
Purpose: 2 track subway .
Excavation scheme: Tlc

!

Soml Cover (m)' 12, 5

Location: Bochum, F.R.G. . _d‘ ‘Year of,Completion:'i973

Excavated Area (m2): 64 - Width (m):10.2 Heigth(m):8.5

,GrOund Type Stlff coherent heterogeneous
vGround Descr1pt10n~ clayey and\sandy marls underlain by
| of- sandy marl at tunnel axis level

Ground Properties: S
c'=32 to 320 kPa,,Q'—25° "E= 50-100MPa
¢'= 10 kpa, E=10MPa for weak ‘sandy marl

_Tunnelman S Soft Ground Cla531f1cat10n‘ Flrm

T
Lk

sandstones - no significant grou water - very weak layer

N

Constructjon Procedure:

Heading,vbench and invert (closed 4m behind face)

Initial Support.j _ _ R
25cm of shotcrete with 2 welded w1re meshes
TH 29/58 steel rlbs spaced 0..5 - O 8m

'Remarks-_
~This. sectlon was 51tuated under 1mportant sensitive
rallway ' ‘
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Case #3: Hasenbuck Tunnel
: .

| ‘ %
References*

Steiner and Einsteln (1980), . Bauernfeind (1984),
Bauernfeind et al. (1986)

'

-
»

L

Hoffman (1976), Miller and Bauernfeind (1977) = - ;

‘ _Nirnberg, F. R. G
| Environment: Urban

| Purpose: 2 track subwéy'
Excavation scheme: Tla
’ Excavated Area (m2): 75
] Soil Cover (m): H/D<2.5

Year of Completidh: 1973

Width (m):11.0 Heigth(m):7.5
|

 Ground' Type: Stiff,Qﬁh@fent homogeneous
Ground Description: soft roe§~(sandstone)
. : : )i

Ground Properties: S
c'=100-500 kPa,'@'é30=45?, E= 80-160MPa

s ‘ *

}funnelmén's Soft Ground Classification: Firm

Constructlon Procedure: . ' ' L

Heading and bench - round length 1.5m for headlng and
4. Om for bench

—

Inltlal Support°

15- 20cm of shotcrete with 1 external wire mesh (0221)
llght steel ribs (21kg/m) spaceaﬁg .0-1. 5m

N
Remarks:

Some locallzed blastlng used to loosen rock
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Case:#4: Lorenzkirche (Section #1)

References:
Miiller and Bauernfeind (1977) .
‘Bauernfeind et al. (1978) ‘ ’ .

. )
Location. Nurnberg, F.R.G.  Year of Completion: 1976
Environment: Urban sensitive ‘
_Purpose: subway station (1 track + platform)
Excavation scheme. Tlb
Excavated Area (®2): 65 ' _Width (m) :9.6 Hedigth(m):8.4
Soil Cover (m) 9.0 L

Ground Type: Stiff coherent homogeneous

water . -

_Ground Properties. )
c'=100-500 kPa, @'-37 5- 40° E= 80-120MPa
Ko<0.5 Bulk density .= 22-23kN/m3

Tunnelman's Soft Ground Classification: Firm:*

Ground Descriptlon. soft sandstone, no 31gn1f1cant ground- -

Construction Procedure:
~Heading, bench and invert (Lmax 2 6m) - round length max.
1. 6m for heading r

Initial Suoport" ,
© 20cm of shotcrete Wlth 1 external wire mesh (Q257)
light steel- ribs spaced 0.8m except at 1nvert E

Remarks'

 Synchronous excavation of twin large tunnels,
refers to a 51ngle unit. Presence of historidal
sensitive buildings nearby.

4
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Case #5: LorenzkirChe.(ébction #2),.

References: : 44"
Miller and Bauernfeind (1977)
Bauernfeind et al. (1978)

Location: Nirnberg, F.R.G.  Year of Completion: 1976
Environment: Urban. sensitive

Purpose: subway station (1 track + platform)

Excavation scheme: T - - -
Excavated Area (m2) 65 : ~ Width (m):9.6 Heigth(m):8.4
Soil Cover (m): 9.0

Ground Type: Stiff coherent heterogeneous
Ground Description: soft sandstone, weaker clayey layers
locally very.soft due to groundwater. 1nf11tration

Ground Propertles
c'=100-500 kPa, @'=37.5- 40°, E= 80 -120MPa
Ko<0.5 Bulk density = 22-23kN/m3

Tunnelman's Soft Ground Classification: ?

‘Construction Procedure:

Heading, bench and 1nvert (Lmax 2.6m) - round length max
1 6m for headlng

Initdal pport:

.25cm of shotcrete with 2 wire meshes (Q257)
light steel ribs ‘'spaced 0.8m full circle

Remarks:. ] i ;
' o o ' . . . .

Synchronous excavation of twin large tunnels, data

. refers to a 'single unit. Presence of historical

‘sensitive bu1ld1ngs nearby. . f{,

S -
. )
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Case #6: Rotvenbu'gerstrasse'

References. i
Bauernfeind (198 ) 3
Bauernfeind et al. (1986)

E.Gartung (personal communication)

1 Lo ion: Niirnberg, F.R.G, . Year of Completion:/&979
EnW{ghpment: Urban - I T

Purpose: 2 track subway
Excavation scheme: Tlb

o p

Soil Cover (m): 7.5 = -

Excavated Area (m2): 85 Width (m):13.2 Heigth(m):7.5

Ground Type: Stiff coherent homogeneous

water but- presence of weaker clayey "layers

Ground PropertleSJ
c'=100-500 kPa, @'=37.5- 40° E= 80-120MPa
 Ko%0.5 .Bulk density = 22-23kN/m3’

Tunnelman's Soft Grodqd Classification: Slow ravelling"

Ground Description: soft sandstone, no 31gn1ficant ‘ground-

‘ConstructiOn,Erocedure; |
‘Heading, bench and invert \(Lmax=12m) - round length max.
3.0m for heading and 6.0m Yor bench :

g

¢
£

Initial Support

20cm of shotcrete w1th 1l external wire mesh (Q257)
TH 29/58 steel ribs spaced 0.8m full circle

[y

Remarks:
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Case |#7: Grigny,Tunne;‘(Section #})‘

Refe ences: o’ .
Egger (1975), Steiner and Einstein (1980)

I

R

Locatjon: near Paris, France Year of Completion: 1974
Envirgnment: Urban : ' s
Purpose: 2 track railway ~ ' ' Poon
Excavdtion scheme: Tlb ' ‘

Excavated Area (m2): 80 - Width (m):lo.é Heigth(m):@.B

. Soil Cpver (m): 8-16

Ground| Type: Stiff coherent homogeneous : A

- Ground |Description: Tertiary marls

Ground \Properties: _
qu=2.5kg/cm2, c'=0.9-15kg/cm2 @'=8-23° ‘
Tunnelmén{s’%oft Ground Classification: Slow Ravelling
| / .

Construction Procedure:

Heading, bench and invert with support core

_ : - 2 layers of welded wire mesh (4kg/m2)
steel ribs spaced 0.8 - 1.2m

Remarks: ,
4m To grguted bolts spaced 2m circumferentially

L
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Case #8: Grigny Tunnel (Section #2)

References: _
“Egger (1975), Steiner and Einstein (1980)

& ‘ :
i

Soil Cover (m): 8~16

Location: near Paris, France Year of Completion: 1974°
Environment: Urbap ) )

Purpose: 2 track railway 4

Excavation scheme: T2a , '

Excavated Area (m2): 80 Widtk (m):10.4 Heigth(m):9.3

Ground Type: Stiff cchereni heterogeneous ‘ -
' Ground Description: Tertiary marls, locally weak

Ground Properties:
qu=2.5kg/cm2, c'=0.9-15kg/cm2 @'=8-23°

Tunnelman's Soft Ground Classification: Fast Ravelling

ConstrUction Procedure: »
ading with temporary invert and support core + 4
%ench and invert

I

]

Initial Support:

A

30cm of shotcrete - 2 layers of welded wire mesh <4kg/m2)
steel ribs spaced 0.8 - 0.9m

"Remarks:

4m long grouted bolts spaced 1.0-1.5m circumferentially|
and 0.5m longitudinally

-




‘ . 300
Table A.9 Data from case history No. 9

' Case #9: Butterberg Tunnel

References:
Meister and Wallner (1977)

Duddeck et al. (1979)
Duddeck et al. (1981)

‘Location: Ostefdde, F.R.G. Year of Completion: 1978
Environment: Urban ' '

‘Purpose: Highway

Excavation scheme: T1b

Excavated Area (m2): 90 Width (m):11.7 Heigth(m):lo.l'
Soil Cover (m): 13

Ground Type: Coarse grained coherent v

Groumd Description: Sandy silty bouldery gravel, no
significant groundwater

Ground Properties: .
‘c'=20kPa, @'=33°, E=~215MPa, Bulk density=22kN/m3
e ‘)
Tunnelman's Soft Ground Classification: Running .

LA ' - "

-

Construction Procedure:
Heading, bench and invert w1th centrel support core
+ forepollng at crown

Initial Support:

30cm of. shotcrete with 2 welded wire meshes
GI 100 Steel ribs spaced 1.0m except at invert

+

’.Remarks; y
' R

TR G
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Case #10: Sinnberg Tunnel - South fortal

, N >
References: B

Harpf and Gais (1983)
%

Location: near Wilrzburg, FT%EG. Year of Completion: 1981
Environment: Non urban ,

Purpose: 2 track railway S /A\fj’
Excavation scheme: Tla e

Excavated Area (m2): 138 Width (m):15.5 Heigth(m):11.0
Soil Cover (m): H/D < 1.5 e R

.

Ground [Type: Coatse grained coherent
Ground Desctiption: Quaternary silty sandy gravels, 1ocally
cohesionless, no signiflcant groundwater

",@)
Ground Properties: . ‘ Sy
 N.A. '

Tunnelman's Soft Ground Classification: Runping

Y

Construction Procedure:
Hedding precedes bench by 20-50m. Central support core
forepoling at crown

Initial Support:

30cm of shotcrete with 2 welded wire meshes (Q 188)
GI 100 steel ribs spaced 0.75m '

Remarks:

Grouted anchors 4.0m long, 6 per steel rib at springline
level Elephant feet used at 'heading.
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Cash ¥11: Martinstrasse Tunnel

References:
Stadt -‘Essen (1981)

Author's personal fi;ee J

.Location: Essen, F.R.G. Year of Completion: 1983
Environment: Urban i ’

Purpose: Subway Station

Excavation scheme: T3

Excavated Area /(m2): 132 Width (m):15.9 - Heigth(m) :10.1
Soil Cover (m)‘ =~ 4.0m " :

Ground Type: Sgiff coherent homogeneous
Ground Description. Sandy marl underlain by coal, no sig-
nificant groundwater : ‘

Ground Properties:
@'=30°, E=50MPa, Bulk density=21kN/m3, m. c.—17%
Cu=50~-125kPa

Tunnelman's Soft Ground Classification: Firm

Constuction Procedure: :
In mid section: heading with 2 benches + invert. Round
length at top heading 1.0m. Invert closed at about 20m
from face ‘

Initial Support:

25cm of shotcrete with 2 welded wire meshes (Q188)
TH 21/29 steel ribs spaced 1.0m except at invert

Remarks:

Top heading in mid section excavated with sliding beam.
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Table A.12 Data from case history No. 12

Case #12: S#o Paulo Worth Extension

References: 3
Celestino. et al. '(1985), Cruz et al. (1985)

Kochen'et al. (1985), Eisenst®ein et al. (1986),
"Negro (1988) \ :

tn

Location: Sdo Paulo, Brazil Year of Completjion: 1984

Environment: Urban '

Purpose: 2 track subway

Excavation scheme: T2a |
Excavated Area (m2):577 Width (m):11.5 Heigth(m):sts
Soil Cover (m): = 4.0m ‘

&

Ground Type: -Stiff coherent homogeneous
Ground Description: Stiff fissured tertiary clay underlying
a fine clayey sand deposit

A

Ground Properties: . ' v
Bulk density=21kN/m3, Cu=110kPa} E=70MPa .

Tunnelman's Soft Ground Classification: Slow Ravelling/Firm

Construction Procedure:
Heading w. temporary shotcrete invert precedes bench by -
12-40m. Round length averages 1;Og‘for'heading and 2.5-
3.0m for bench. Temp. invert closed at =8m from face.

Initial Support:

25cm of shotcrete with 2 welded wire meshes (Q283)
I8" steel ribs spaced 0.6-1.0m in upper half only

Remarks:

. Central support core in'upper heading. Dewatering +
.grouting near portals.Quoted as being the first soil sub-
way tunnel where shotcrete used as final support.

303
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Table A.13 Data from case history No. 13

Casé #13: Munich - Baulos 9/18.2

References:
Laabmayr and Weber (1978)

.
) *
2

- | Excavated Area (m2): 106 Width (m):11.4 Heigth(m):8.2

Location: Munich, F.R.G. Year of Completion: 1976
Environment: Urban | )

Purpose: 2 track subway
Excavation scheme: T3

Soil Cover (m): H/D = 0.7-1.7

Ground Type: Stiff coherent homogeneous

Ground Description: Tertiary clayey marl overlain by qua-
ternary sands and gravels. Groundwater significant but
dewatering undertaken far in advance.

Ground Properties:
Bulk density=21kN/m3, E=100-200MPa
c'=40~-80kPa, @'=20-25°
Ko=0.5-0.8
[
Tuna'lman's Soft Ground Classification: Firm

.

Construction Procedure: N
In mid section: heading with bench + invert. Round

length at top heading 1.0m. Invert closed at about 10m
from face

)

4

Initial Support: , £

30cm of shotcrete with 2 welded wire meshes
ligth steel ribs spaced 1.0m at crown and sides

°

Remarks:




"‘C

s

onstruction Proceduré'

In: centra; portlon headlng precedes bench by 2-4m. Round'

length 0.8<1.0m for. headlng 1.'6~2.0m for bench 51de
' gallerles precede central portlon by at least IOm

A ¥ e L ° .

N = L" ‘m: ) K ’Y\
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i CaSe'#14:'Munich:4;Unidentifled T3 Tunnel. . fd'\

Reference5°° : S R 5
. Krischke and Weber (1981) ' e o &,

" Heinz' (1984) T N '@
Hochmut et al (1987) - ‘ - IR
Laabmayr ‘and Swoboda (1986) ) y

'9yLocation' MUnich F. ﬁDG - Year of'Completion: 1979 .
.Environment Urban = ' RS |
o Purpose 2 track subway e e , : o
Excavatlon scheme T3 o o Se T
Excavated Area (m2). 88: Width (m):13.1 Heigth(m):8.3
Soil Cover (m) 'H/D <2, 5 T B e
Ground Type.”Stiff coherent homogeneous ! 4
'Ground‘bescription' Tertlary clayeynmarl overlaln by qua- -
-,Lterndry sands and gravels. g
‘Ground’PrOperties: , Co . ;

. Bulk denSity=2lkN/m3;’ E=100~200MPa’
c'=40-80kFa, @'=20-25° S o
Ko= O 5- 0 8,f~_’ w

.Tunnelman s Soft Ground Cla551flcatlon' Flrm , :
— —~

‘fInltlal Support. .‘r°qw" el : ..-- N

20 30cm of- shotcrete (12cm for . temporary walls) e
Generally double wire mesh full circle."Steel rlbs f@
GI100 spaced 0.8-1. Om in upper half of.. tunnel

RS

Remarks~‘ ' [. u ' ;3_ e
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“h = Unidentified T2k Tunnel

Referénces: =~ o _ -

i rlschke and’ Webey: (1981) | o
?ﬁ'érnz (1984) - '
Hochmut Qﬁ al (1987)

'Locatlon Munlchf F R.G.

_'Env1ronment Urban ‘

|'Purpose: 2 track subway
Excavdtion scheme:. T2b L -

| Bxcavated Area ¢m2): 88  Width (m):13.1 Heigth(m):8.3

Soil Cover (m) ¥ H/D <2 5 R : -

B .
Year of Completion: 1979

.Ground Type: Stlff'coherent heterogeneous LT
‘Ground Desgrlptlon Tertiary clayey’ m4rl | overlain by qua-

ternary sands and gravels.‘Numerous water bearing sand
lenses at sectlon in questlon

N
Wv

"Ground PrOpertleS°~

Bulk density= 21kN/m3 - E=100- ZOQMPa _
=40-80kPa,. o'—zo 25° ‘ . S

Ko 0.5-0.8 ° . e

LI

Tunnelmaﬂls SofthGroundrcfaSSificationﬁeFirm/Running-

Constructlon Procedure.-

headlng and 2. Om for bench. First cell precedes Second
one by at -least 10m. '

Heading, bench and 1nvert Average round length 1 Om for'

Inltlal uppOrt-. R S '
20cm of shotcrete (15cm for temporary wall).

Slngle wire mesh full circle. Steel ribs GI 110 spaced’

| \ _Ogg—l Om in upper half of- tunrel.
RemdTks: . i R G

. e IR
;Forepolrng used wheén sand at c¢rown made it unstable.. ..
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Case #16: Munich - Generic T2b'Tunnel‘.““

References: , .~ -
Hochmut eF al. (1987)

v # o
— ——— — ——
Location: Munich, F.R.G. ' = Year of Completion: 1986
Environment: Urban . SR R
‘Purpose: 2 track subway = " h

“Excavation scheme: T2b

Excavated Area (m2): 64  Width (m):9.0 Heigth(m):8.5
Soil Cover (m): H/D <2.5 : ' , '

Ground TYPe' Stiff coherent het%rogeneous A

'ternary sands and gravels. Occasional water bearlng sand
| lenses. o : :

" Ground Properties; o ) S B
Bulk derisity=21kN/m3, E=lOO-200MPa
=40-80kPa, @'=20-25° e
Ko 0.5-0.8 ' 7
o s ' . . ’ <
"fﬁnneiman's;Soft Ground Classification: Firm/Running -

1@

Ground Description"Tertlary clayey marl overlaln by qua-

Constructlon g%ocedure'-7

““'Headlng, bench and 1nvert Average round length 1.0m for

headlng and 2.0m for bench Flrst cell precedes second
.one by at ‘least 10m.

Initial Support: . ' I
20cm of shotcrete (15cm’ for temporary wall) .

0.8-1.0m in upper half of tunnel. %

Single wire mesh full circle. Steel rlbs GI 110 spaced

_ 4 ‘ v
Remarks' V_ SRR ,%
Forépoling used when sand at“crown;made it unstaﬁie;
‘also grouting and free21ng of this area dlscussed in
paper. :

<y
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JCaSeb#17:_Vivenotgasse.Tunnei

References:, , '
Pelz and Deix (1985)
Deix and Gebeshuber (1987) ‘ , -
Welzig (1986) o S : : v
 Ddllerl et al: (1976) '

‘Environment: Urban Sensitive : S
Purpose: 2 track subwaye '

Excavation scheme: T2b S
Excavated Area’(mZ). 64 Wldth (m) : :9.5 Helgth(m)
Soil Cover.(m):. 7.0

Location: Vienna, Austria. | Year of Completion: 1987

'Ground Type: Stiff coherent heterogeneous ~
Ground: Descrlptlon Clayey silts, sands and gravels, very

heterogeneous. Pervious materlal is generally water
bearlng

Ground Properties: ﬁ B L
" E = 20 SOMPa, m.c. 22%, Cu varlable (up to 250kPa)

-\

| - Tunnelman's Seft ’G@nd Classification: Runn_i',

Ay

, s
| Construation Procedure: S
| Heading precedes bench: by 3 -4m. Average round length

1.0m for headlng)and 2.0m for bench. First cell precedes
second by”about 20m. Very short invert closure.

Inltlal Support°i ‘
_25- -28cm shotcrete. 2 layers of wire mesh (AQGO) full
c1rcle nght steel ribs spaced 1.0m in average

Remarks:

Compressed ‘air used.
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Case #18: Hiraiashi No.l Tdnnel

References:
Golser' (1981) : , SR
~ Mussger (1981) . ‘ o o
*  Tobishima Co. (1982)

-

ation 230km N‘of Tokyo, Japan Year of Completlon ;978
vironment: Non Urban . o ‘ A

?éurpose 2 track railway

'Excavation scheme: Tib . ) g
Excavated Area (m2): 90 Width (m):11.4 Heigth(m):10.0
Soil Cover (m): 1.5-7.0m | R |

érdunleype: Stiff coherent hetenogeneous
Ground Description: Weathered granite with weaker clayey
- layers.,Nolaignificant groundwater.

. p!
Ground Propertles' '

Bulk density = 13-17kN/m3; c'=20- -40kPa; @'=30-34° .
. E=9- 13MPa, m.c.=16-23% a

Tunnelman's"Sogt'GpQund Classification: Ravelling
Construction. ProCedure
Heading, bench and 1nvert . Round length 0.8-1.2m for top

"heading and 2:0-2.5m for bench. Invert closed at about
2.5D behind’face. ‘ '

Initial Support: - ‘ ;
25cm shotcrete. Single layer of Q188 mesh ngth steel
rlbs (H25: A—30cm2 W=23. 8kg/m), spaced 0.8-1.2m.

'

. . 4]
~Remarks:

Additional ‘ground control: forepoling at crown,
central support core at top heading, anchors.




Table A.19 Data from case history No.19.

. ' ' . 4
Case #19: Kokubu Tunnel -

References: N '
Fujimori et al. (1985) . S

L

Location: Matsudo, Japan Year of Completiori: 1984
Environment: Non Urban ' ' -

Purpose: dralnage .

Excavation scheme: T1b = - : . : ’
Excavated Area (m2): 60., Width (m):8.6 Heigth(m):8.3
“S0il Cover (m): 5.0-20.0m . ' : '

v

Ground. Type Sandy cohesionless - .

- Ground Description: Fine quaternary unlform sand GW level '
=@ tunnel crown level. Impervious clay layer 2m below'
1nvert confines a second GW level.

Ground Properties: A

Bulk density =18kN/m3; @'=37°"
E=45MPa, N (SPT)=30-40, %clay+siit = 6%

Tunnelman's Soft Ground C1a331f1catlon When m.c.<11%:
running; when m.c.>20%: >stab111ty due to capllrarlty
(as descrlbeqxby authors)

Constructlon Procédure'? :
Headlng precedes bench by 18m

»

-Inltlal Support' N ' -
20cm shotcrete.. 2 layers of welded wire mesh (1lst 23. 2-
50x50mm, 2nd @6.0-150x150mm (=Q188). steel ribs H-125

spaced 90cm at crown and walls. '

4

Remarks: s §

Addltlonal ground control: forepoling at crown,_
central support core at top headlng, anchors,
dewater*ng prlor to excavation.
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. Case #20: Kurigama--'Yagiri No. 1 Tunnel

References-" : . - 3 ‘
: Horiuchi et al.,(19&6) cL I Y

. N « |
“ -

_ Location Tokyo, Japan Year of Completion: 1984
. Eﬂﬁironment. ' Urban L ‘ ‘

'qurpose 2 track railway
‘Excavation scheme: T2a . .
Excavated Area :(m2): 73 Width (m):10.2 Heigth(m):8.7
nyoil Cover (m) : 10 Om- : Coo

/

.

Groqnd Type. Sandy cohesionless :
) Ground Description. Uncemented horizontal layers of fine
«|  ~ uniform sand. nghly permeable and deformable.

%Ground Properties:
© @'=31°, e=0.84-1.05, m. c.-15 35%

Tunnelman's Soft Ground Classification: ?

Constrﬁétioanrocedure: :
Heading and bench. Length of top heading = 15m

Initlal Support: . '
20cm shotcrete, 2 layers of wire mesh (9), H—shaped steel
‘ribs (150mm) except at 1nvert

Remarks: : * |

B Main heading further subd1v1ded in 11 stages, each one
~,advanced 1.0m with immediate application of chemical
.coating before shotcreting. . .
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 Table A.21 Data from case history No.21

Case #21: K&riyama - Yagiri No. 2 Tunnel
- . =)

References:

e v

‘Horiuchi et al. (1986)

‘Location: TOkYO:,JaPan Year of Compleﬁign; 1984
Environment: Urban - N ‘

Purpose: Station - - o
Excavation scheme: T3 | '
Excavated Area (m2): Width "(m):12.4 Heigth(m):8.9

Soil Cover (m): 8.5- 10.5m

Ground Type‘ Sandy cohesionless : o
Ground Description: Uncemented horizontal layers of fine

uniform sand. nghly permeable and deformable.

Ground Properties:
2'=31°, e=0.84-1.05, m.c.=15-35%

\

Tunnelman's Soft Ground Classification: ?

Constructlon Procedure:
Headlng W1th more than. one bench in each cell.

InltreL\Support° o foo o :
~ 20cm shotcrete (15¢m in 31de drlfts), 2 layers of w1re

mesh (7), 150mm H-shaped steel rlbs spaced 1.0m
© R : . (/' .

Remarks: - - o ,';

Top heading of central portlon further subd1v1ded into 5
smaller steps with- Ammed{ate appllcation of chemical
coatlng before shotcreting

Pt

- " - ‘ ) 4
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Table A.22 Data from case history No.22
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Case #22: Narita airport Tunnel (Section 9)

References: )
Horiuchi et al (1986)

Location: Tokyo, Japan ° Year of Completion: 1984
Environment: Urban

Purpose:. 2 track railway’

Excavation scheme: T2a »

Excavated Area (m2): 130. - Width (m):13.4 Heigth(m):11.2
Soil Cover (m): = 9.0m - :

-

Ground Type: Sandy cohesioriless .
Ground Description: Uncemented - uniform sandy soils

Ground Propertiés: \
"N (SPT) = 10-40 -
$silt+clay<10%

Tunnelman's Soft ‘Ground Classification: ?

COﬂSt ruction Procedure :

Upper half (69 5m2) further subd1v1ded into heading and
bench. Temporary invert closed at about 12 5m_ from
face.

SR

U . LI
Initial Support: . _
20¢m shotcrete on roof and walls (15cm? in temporary
walls) '

Remarks: ‘-

Top heading of central portion further subdivided into 5
smaller steps with immediate application of chemical
coating before shotcreting. ’
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Table A.23 Data from case history No.23

*

I ’

Case #23: Hokushin Tunnel (#1)

References:
Matsusita and Shimizu (1986)

3

Locatlon Kobb, Japan Year of Completion: 1985
Env1ronment' " Urban Sensitive

Purpose: 2 track railway

Excavatlbn 'scheme: .T1lb

‘Excavated ‘Area (m2): 70 Width (m):10.4 Heigthkm):8.5
Soil Cavar (m): = 12.0m

T T - -
Ground Type: Coarse grained coherent-

Ground Description: Quaternary gravel fan deposits and
dense sands (SPT>50)

Gréﬁnd Properties:
“N.A. ‘

»

fil &4 ) . L . '
( Tunnelmaf s SoftAGround:Cla351f1cat;on: 70

Constructlon Procedure::

Heading, bench and 1nvert Round length for heading=0. 8m.

Initial Support

20cm shotcrete, 1 layer of w1re mesh (EB 2x100y100mm in
upper half sectjon only):

Remarks:’ ﬂg

i

Additional gfound controlyﬂcentral support core, anchors

and forepoling. .Pre- constructlon grouting of sensitive
areas.

L}
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Table A.24 Deéa‘from case historykNo.24 . .

315

Case #24: Hokushin Tunnel (#2)

References:
Matsusita and Shimfzu (1986)

‘< -
Location: Kobe, Japan Year of Completion: 1985
Environment: Urban Sensitive

Purpose: 2 track railway

Excavation scheme: T2a

Excavated Area (m2): 70 Width (m):10.4 Heigth(m):8.5
Soil Cover (m): = 12, Om ’ . N

Ground ‘Type: Coarse grained coherent
‘Ground Description: Quaternary gravel fan deposits and
dense sands (SPT>50)

Ground>Properties:
N.2.

*Tunnelman's Soft ‘Ground Classification: ?

Construction Procedure:
Headlng, bench and invert. Round length for heading=0.8m".

Temporary shotcrete invert adopted (Scheme T2a) after
interpretation of field measurements) -

Initial Support:

upper half sectlon only)

20cm shotcrete, 1 layer of wire mesh (23. 2x100x100mm 1n"'

Remarks: , o | ' . ,)

Additional ground control: central support core/ anchors
‘and forepoling.-Pre- constructxoh groutlng of sen31t1ve
areas. One section under river.

*

N




Table A.25 Data from case history No.25

316 .

| Case #25: Ran-Hokke Tunnel

References: - | A ,
Miyazaki (1982) ' /
Gomi and Higo (1984)

Location: Noboribetsu, Japan Year of Completion: 1981
Enviromment: Non Urban .

Purpose: 2 track railway o'

Excavation scheme: Tla .

Excavated Area (m2): 70 Width (m):9.7 Heigth(m):8.5
Soil Cover (m): = 20.0m ’

Ground Type: Coarse graine@ cohesionless '
Ground Description: Volcanic deposits .

Ground Properties:
N(SPT)=30-35
c'=0.5kg/cm2, @'=35-45°
20% gravel, 62% sand
Tunnelman's Soft Ground Classification: ?

S

Construction Procedure: g/ .
Heading and 2 benches. Invert clésed 2 40-60m from face

Initial Support: : _ _
" 25cm shotcrete, 1 layer wire mesh (©@4x150x150mm) “
steel ribs H125 spaced 1.00-1.20m, grouted anchors
(224mm, -1=4.0m) at crown and sides .

Remarks:

Additional ground control: central support core, forepo-
ling. . - i ' '
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Table A.26 Commonly used welded wire steel mesh sizes
- (adaptied from Beton-Kalender, 1981).-
o !
R

s’ \ Y
.

—
. Langarichtung
Matténaufbaey in
Lnge g"" M ften. , Querrichtung Ouer- Gewiehis ,
m gg : tr’\.n Sub- | Stabdurchmesier Anzahi de schnire M\ :
: £ eiehnung fb “1innen | Rang | Langwendstabe lang je Matte jem?
gg WANGE | preich | bereich | tinks rechts | Que
A s : l . -
" B ? mm mm ‘ <mi/m kg
150 - 5,0 1.31 '
. 0.131 150 - 5.0 13 22',‘3 209
R P
150 - 6,0 1.88 - o
) Q 188 150 - 6.0 1,88 32,4 30
500 | G ooy | 150 <65 /60 - a4 7 a | 221 o
275 922 150 -85 | 221 | BT | 34|
150 - 70 / 50~ 4 / 4 257 |
. Q 257} 150 - 7.0 257 | B2 3,55‘-‘
| 9377 150 6007 60 - 4 / 4 317 1 eds | s
[ - 150 - 8,5 Jd 3.78 J ’ '
600 |. 150 - 70d/ 710 - 4 / 4 513 | 1
Tl f B j '
275 0513150 80 | 503 | 0 ‘ 6.97
S, ¢ .
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Table A.27 Commonly used steel sets (modified after Maidl,

1984:354)

Gi-Prote

T

Stahibogen Technische Daten der Gi-Profie

Gi-
potig | h { b | 8

Gewicht
schritt |(7.85 kg/dm?)

Smuch. w-n. tu

v318

S I

w Bisgaachse

F w [
cm’ kg/m - Icm'l Cfu lcn‘_lcd{‘ | e
G100 100 80 9 26.4 207 403 80,7 391 80.5 20,1 1,75
G110 110 B84 10 na 245 570103 428 103 245 182
GI120 120 g2 11 8 295 816 136 4,66 150 312.6 200
G130 130 100 2 4468 35.0 1130 178 505 21v 42 218
G140 ‘140 110 ! 53,0 416 1586227 547 M5 §7.3 244
Siahlbogen. Technische Daten der TH-Prafie. "y
TH-Profits kg/m a3 16 2 25 29 36 “
Typ P 8 S8 58 u 58 58
Hohe H mm . 8s 8 108 118 124 128 7.8
Breite 8 mm 98 98 124 135 151 m 172
Breite b mm 36 36 35 38 “ [} L]
Flache A em? 16 20 27 32 37 6 56
Gewichy G kg/m 13 16 21 25 29 36 “
Jx cmt 137 176 34 484 816 972 1265
Trdgheitsmoment Jyem' 150 196 398 860 75 1264 1564
wx cm’ 32 40 61 80 94 137 174
Widerstandsmoment L 04 31 P 64 8 109 48 182
Abstand der neulr. Faser ¢ mm 4“9 44,35 52.4 575 58,2 66.8 123
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