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ABSTRACT
The beha&iou} of soft ground urban - tunnels excavated
. using . the New bAustrian Tunnelling Method LXNATM) is the
subject of‘this research, Essential features of the method
are outlinea. Attention is also given to applications. of the
NATM‘to underground excavétions}with .large cross—§ections,
. used for double track subway tunneis énd §ubway stafions.

‘Field meaSuréh%nts of ground - deformations . caused by
NATM tunnels are analysed according to indices commonly used
in tunnel engineering practice. 4 Conclusioés regarding
possible limitations of the method are derived. Reguirements
for 1limiting the extent of ground movements around , NATM
tunnels are outlined.

Two- and thrée—diménsional numerical analyses using the
Finite Element Method have been used to model an NATM case
history and to study the stfess-disblacement behaviour close
to the face of shallow tunnels. The résults indicate that
despite the markedly_three—dimehsionél behaviqﬁ; close‘ to
the tunnel face, the final equilibriﬁm.condition in terms of

stresses and displacements can be more economically obtained

using simplified two—dimensional techniques.
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1. INTRODUCTION

1.1 General

The last two decades. have witnessed several major

. 8

accomplishments 1in the art of tunnelling in soft ground.
Modern tunnel boring machines and  the New Austrian
Tunnelling Method (NATM) ', associated with technologies such
as shotcrete, make itvpossible to excavate any type of soft
ground tunnel‘in heavily populated urban areas in a safe and
economical manner. | N “ .

Moreover, the development of computational techhidues
such as the Finite Element Method (FEM) has allowed a better
understandlng of the processes involved durlng tunnel
-xcavatlon. Theoretlcal analyses whlch use tools such as the
FEM, 1in combination with fleld observatlons of deformatlons
and leads, allow recognition and interpretation of the
complex tunnel eXce;ation - mechanisms and conséguent-

a

establiishment of appropriate design criteria.

1.2 Objectives and Scope of this Thesis

Althonghksome general considerations about the NATM are
presented in 'theﬂ following sections, the present work is
malnly aimed at analysing the NATM from a oeotechnicel L
perspective. Attention “is concen.rated on identifyino the

construction factors that affect the ground movements afouﬁaj

a tunnel and on the 'development of radial stresses and

¢

'The NATM is sometimeﬁefered to as the 'shotcrete method’.
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displacements close to the tunnel face. Y

Chapter .2 attempts to unify field results of
deformations around NATM excavated funnelsv‘accordiqg to
indices commonly wused in tunnel engineering practicé.
Conclusions_regafding design considerations of practical
importance are aerivea.

Chapter 3 is concerned with special applications of the
methbd‘ to urban excavations with large cross—sections, used
for double—track ‘subway tunnels and éubway stations. A
claésification of lar el‘cross—section excavation schemes
commonly found in practice is presented. Selection «criteria
for the excavati?2/3é£eme are outlined.

Chapters 4 and 5 are aimed"at understanding some of the
mechanisms generating \displacements and pressures during
excavation of shallow Eunnels by the NATM. To address these
problems, it  has 'been necessary to employ two and
three—dimehsional analyses using the Finite Element Methed
(FEM) . Back -analyses cof a case history by two and
three-dimensional FEM allows verification of tﬁ; adequacy 5f
these techniques in analyses of NATM tunnels.

Chapter 6 summarizes the findings of this research
project, emphasis being placed on practical implications on
current design’ procedures. Recommendations for future
research are outlined.

Detailed descriptions of several case histories, mostly
derived.from German literature, are presented in(ﬁppendixlé,

with the intent of providing illustration for several parts
. \ .



of this thesis. Design concepts of practical significance
age outlined in Appendix C.
, _ | .

1.3 Need for "Non—Shield" Tunnelling Methods

Nowadays, tunnelling in soft ground in North American
practice is mostly carried out wieh the aid of tunnel boring
machines whiph ‘are frequently termed 'shields' or 'moles'.
The neéessity for other procedures has beee’ recognized by

* -

Peck et al.A(1972:260):

}Today, a%most all circular and s%?e horseshoe
tunnels are ‘excavated within the proteetionv of
shields{.g This aspect of the state of softfground
tunneling 1is unfortunate because complex modern
underground systems involve many geometrical forms
not adaptable ﬁo shield tunneling; These include
junctions of rapid transit lines, stations formed by
excavating bet&een shield driven tubes, escalator
and-stairway passageways and theif junction’ with
driveri tunnels, -‘and a host of auxiliary structures
for various purposes.'

These aethors further point tﬁat due to mechanizz ::cn
of excavation today's tunnellers have lost much of their
skill in hand mining:

'The lore of hand mining in unfavourable ground is

almost forgotten; men with a variety of experience

in directing hand mining. are a vanishing breed;

skilled,  'soft—ground hand miners . are  rare.

)

;P



Unsatisfactory and inept methods, diécarded and

replaced by better ohq; many years ago, are being

revived througﬁ: ignorance of the lessons of the

past. It is a matter of concern to all interested in

soft—ground tunneling that our emphasis on progress

and mechanization is causing us to lose an important
and usefql heritage;' |
These words - enhance the necessity for ‘tunnelling:
procedﬁres\ such as the New Austrian Tunnelling Method,
outlined in the following sections. In this method, ‘the
workman is put in direct contact with the gréund and
frequently forced to make decisions based on experience. It
~may also be inferred that there is an implicit reguirement
that éxperienced tuﬁnellers be iﬁvolved in non-shield
tunnelling.

1;4_The New Austrian Tunnelling Method (NATM)

The term 'New Austrian Tunnelling Method' has

y : :
apparently been introduced by Rabcewicz (1963). The origin
of this terminology 1is related to the existence of

tunnelling methods used in olden times to which several
national names were applfedz. The NATM is a procedure for
excavation and support of tunnels which is adaptable to

ground conditigns varyihg from hard rock to soft ground.

Support is provided by suitable combinations of shotcrete,

steel ribs, welded wire mesh and anchors.

: Most of these old methods are described in detail by
Drinker (1878).



Excavation of a tunnel in soft—ground by the NATM
frequently makes use of a 'heading and bench' procedure, as
shown in Figure 1.1. The support 1is erected immediately
after gxcavation and closed to a Eull ring as close as
possible to the tunnel face. Plate 1.1 shows a detail of

installation of the steel ribs close to the face.

It 1is imporﬁant to point out that the NATM has been

used for 'regular cross-section’ tunnels (i.e., maximum of
30 to 40m? of cross-sectional area) and for "large
cross—-section' tunnels (i.e., more than ~ 60m? of

A

cross-sectional area). Coﬁposite sections héve "also been
used in the construction of underground subway stations and
junctions of subway lines, aé described by Laue et al.
(1978) or Petruschke (1980). In the double-track tunnels and
stations, mﬁltiple staged excavation techniques are used
(see Chapter 3), but the heading and bench technique 1is
normally kept as a way "to minimize displacements and
maintain face stability within each stage. Also, NATM
tunnels with small dimensions are freguently hand mined.

The NATM is freqdently presented as a 'philosophy’
instead of a tunnelling method, which includes design,
construction and performance monitoring in an integrated
manner (e.g. Muller and Fecker, 1978). In this thesis, the
term NATM is used to define any tunnel constructed with
'non-shield' technigues and shotcrete linings, an in-depth
assessment of this 'phjlosophy' not being attempted.

However, it 1s important to highlight some essential
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plate 1.1 Installation of steel sets clcse to the tunnel
face (from 'U-Bahn Linie 8.1, reproduced with permission of

the U-Bahn Referat — Munchen)



features, specially those that differentiate the NATM in
soft ground from that in hard rock. This is ~done 1in the

following sections.

1.4.1 Rock vs. Soft Ground NATM

Most of the early applications of the NATM were to
tunnels constructed in rocks subjected . to high in-situ
stresses (Brown, 1981:15). In these cases, surface movements
were generally of little concern and -deformations were
frequently allowed 1in order to achieve a 'pressure relief’
nénd therefore decréése gﬂé amount of necessary support.

In shallow urban tunnels -the in-situ stresses are
normally much smaller and the requirement for keeping the
ground movements minimal overrides thé problém of minimizing
support guantities. The need to properly understand the
differences between both cases has been recognized by
authors such as Rabcewilcz and Pacher (1975:320) and Brown
(1981:16).

This distinction is best understood from an.analysis of
ground—support interaction diagrams, a tool which was
frequently uséd by Rabcewicz and his co-workers in order to
explain the NATM coﬁcepts. In these diagrams, ﬁhe ground and-
support behaviour are représented by 1its ‘'characteristic
cur&es'. Figure 1:2 is an attempt to illuétrate this :
concept, which is used in the Convergence Confinement Method
(e.g. Brown et al.,- 1583). For simplicity, it is assumed

that a deep circular tunnel is being excavated in a ground



mass subjected to a hydrostatic stress field. This problem
is totally axisymmetric thus the stresses and displacements
in the grophd around the tunnel and in the support elements
will not varv along the tunnel perimeter.

As tunnel excavation progresses, the originally
existing radial support pressure (P, 'in Figure 1.2b) is
gradually removed, stresses being redistributed part to the
ground and part to the support. As this sﬁpport pressure is
~reduced, radial deformations (u).will occur along the tunnel
perimeter and the pressure—displacement behaviour will
follow the 'ground cbarapteristic curve' or 'ground response
curve'gdepicted in Figure 1.2b,.

Figure 1.2c shows a ground characteristic curve and two
'support characteristic curves' or 'support reaction lines'
for two suppo}t systems ﬁaving the same load—deformation
propefties but installed at different distances from the
~ tunnel face. These support elements will deform and attract
load as the ground supporting pressﬁre ié requced by
excavation of the tunnel. '

In deep rock tunnels it is desirable to mobilize the
strength of the‘rock to a certain extent, minimizing the
loads which will be carried by Ehe support. In this case,
the support represented by line (2) 1is appropriate. Some
delay in erecting this suppért is allowed and radial
displacements uy will occur. |

In shallow soft ground tunnels the idéa of allowing a

'pressure relief' is generally not applicable because this
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will necessarily 1increase the disblacements around the
tunnel and at the surface. However, by the time the support
is erected, some radial displacement u, has alreédy been
experienced, with a correspondent reduction in pressure. 1In
order to minimize settlements, it is important that this
displacement u, be as close as poséible to the unavbidable

diéplacements that occur ahead of the tunnel face (ug).

The shotcrete 1lining 1is an essential feature of the
NATM in soft ground. Besides the possibility of  providing
suppprt immediately at thé tunnel face, the shotcrete_iining
filis the voids at the ground-lining interface 1in a very
effective manner. These characteristics conﬁribute to hinder
ground deformations, a vital issue when tunnelling in‘ urban
areas. In soft-ground, a typical support system utilized 1in
a single-track subway tunnel is comprised of:
1. Welded wire mesh (full circle).
2. Shotcrete applied in layers up to -25cm.
3. Light weight ste€l ribs épéced 0.8 to 1.2m (permanent,
full ciréle).
4, Ancﬁors’.‘
Shotcrete has been  traditionally used as a
temporary support. In recent years; however, a trend to

3 The effectiveness of anchors as a support aid in soft
ground is freguently questioned (e.g. Schulz and Edeling,
1972; Laabmayr and Weber, 1978). It appears that in soft
ground the use of short anchors is related to the problem of
holding the steel sets in place during construction
operations (Steiner et al. 1980:321).
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use - shotcrete as permanenL support in soft ground
tunnels 1is noticeable (e.g. Eckschmidt and éelestino,
1982). In these cases, the support is normally augmented
0 .
in two or more stages at ihcreasing distances from the
advancing face and the - usual distinction ‘between
'tempofary' and 'permanent' support is not applicable.
.A‘comprehensive review.of tﬁe role of Jshotcrete,
its properties. and %trﬁctural behaviour of the shogcrete
lining will not’ be presented in this thesis. Details of
specific applications in soft ground tunnels can be
found in most of the papers referenced in Appendix B.
Other extensive publicatigons of interest are the
proceeéings of the'ASCE—ACI Conferences on Shotcrete for
Underground Support (ASCE, 1974; ASCE, 1977) and some
reports of the U.S. ‘National Technical Information
Service - NTIS.(e.g. Mahar et al., 1975; Brekke et al.,
41976).‘Innovative approaches like the wuse of fiber
reinforced shotcrete or applications under compressed

air conditions are reported by Henager (1981) and

Distelmeier (1981) respectively.

1.4.3 Field Instrumentation

Use of monitoring devices during tunnel excavation is a
feature of the NATM which has been emphasised since 1its
earliest applications reported for example by Rabcewicz
(1964/1965). In soft ground, instrumentation is used

routinely to check on the performance and safety of the
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tunnel. Potential exists for application of an
\'obﬁervational method of design', where monitoring would
serve to indicate possible design changes as.excavation
progresses. Measurements in the temporary support may also
be used .in the dimensioning of the definitive one (Brown,
1981:17).
‘ Regérding' details of instruments and instrumentation
layouts, it 1is wverified that no substantial difference
g exists between NATM arrangements and those which have beeﬁ
used in shield projects. A feature found in many of the NATM
cases examined ;nd not commonly found in shield projects is
the use of hydraulic pressure cells of the Glotzl type.
These cells are frequently used for the measurement of
stresses in the shotcrete lining and between the lining and
the ground. Although no sbécific review will be carried out
herein) it is important to-point out that reliability of.
these instruments 1is highly depenéén;\on the installation
procedure. Important observations in this regard were
published By Brekke et al. (1976),’Sauer and Sharma (1977)

and Gesta et al. (1980).

1.4.4 Contracts and Costs
Application 6f the NATM as envisaged by Rabcewicz ard
his co-workers requires .a high level  of ' understanding
between owner, designers and 'contractgfs. Brown (1%81:17)
!

observed: '

"All parties involved in the design and execution of
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pfoject ; design and supervisory engineers .and the
contraptor's engineers and foremen — must understand
and accept the NATM approach and adopt a
co—operative attitude to decision making and the

resolution of problems.'

European and specially Austrian contractual practice

have developed some charactgristics that facilitate the
execution - of  tunnels by the NATM. Some of these
characteristics ére,discussed by Muir Wood and Sauer (1981)
and Steiner eﬁ al. (1980). The latter publication is quite
extensive and was aimed at examining the reasons why
éuropean construction practice is often less expensive and
involves less litigation than that in North America. |

Andther major 1issue in urban tunnelling are the costs
involved.‘lt is often pointed out that sincelthe cost is ‘a
direct function of the rate of advance the NATM, which
generally yields slower excavat@on rates, will  necessarily
be a more expensive technique than the traditional shield.
Although the NATM is normally a slower method than the
shield, the observation above is misleading and it has been
observed that the NATM can result in considerable savings on
the total costs (e.g. Clough, 1981:157; Smith, 1984:21).
- Other compgriSOns between costs of NATM and shield tunnels
are présenéed by Klawa and Schreyer (1979).

' Subway construction in the city of Municﬁ'is an example

of how the NATM became competitive with the shield method 'in

terms of global costs. Th's is illustrated in Figure 143,

<
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which also shows that a periodvof approximately two years
from the initial application was required until the new
method could effectively be established as a cost—saving

4
5

procedure*.

[

- . . “}

‘Other advantages of the NATM over the shleld are, reported
by Steiner et al. (1980:118).



Koste

sowj -

COST PER METER OF LINE

16

'g 40000 -
| |
30000 R it
..-QP L e, s ! O\\ ~
20000~ }» -.0... 1 [, l....P Cttrig . .
l....“‘.-'] . offen Qf"’u*‘f'}f " , ‘ ‘
10000+ -~ 4 o= i N -
l
IL_____ | N ! ! ‘_>_’____;_-‘_;7_7 Ve 2ot
1566 o7 €68 €9 70 71 g 72 773 9L 7% 76 17

Figure 1.3 Variation

in the city of Munich

TIME OF AWARD OF CONTRACT
(CALENDAR YEAR) °

Shotcrete Support (NATM)
Shield Tunnel
Open-cut Construction

Spritzbetonbauweise:
Schildvortrieb:
Offene Bauweise!

of tunnel construction costs with time

(after Hochmut, 1978:modified)



2. OVERVIEW OF NATM GROUND CONTROL
, . -

2.1 Introduction

Most soft ground tunnels in North America are currently
excavated by the shield method. In order to introdﬁce a new
procedure 1like the 'NATM  in regions where sound shield
tunnelling record§ exist, one has to consider contractual,
economical, operational aﬁd technical factors. Only the
technical aspect ;geotechnical performance’' will bé analysed
herein, with basis on the review of several case‘histories.
To assess aspects other than ﬁhe geotechnical performance, a
review of the publicétion by Steiner et al. (1980) is

recommended.

In order to, evaluate the geotechnical performance of

- the NATM cases reviewed, it is cénvenient:to classify these
cases agﬁording to performance indicators commonly used in
engineering practice. Section 2.2 offeré a brief review of
some of these indices.- An attempt to classify the NATM cases
according to them foilows (Section 2.3).

The material presented in Section 2.4 is intended to

provide a brief insight into the mode of ground deformation

around tunnels excavated by the NATM. This is done based on

~empirical evidence from case histories. Special emphasis is :

placed on identifying the main sources of soil
_ ~ v

displacements. Section 2.5 is included as an effort to shed
some light on the problem of how to assess limitations of

the NATM when applied in soft ground tunnels.

17
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2.2 Geotechnical Performance Indicators

The following sections offer a brief review of some
indices traditionally wused in tunnel enginneriné practice.
Some of the concepts presented assume an oversimplified
ground behaviour during tunnel excavation, such as for
example an ideal undrained soil response. However, the ‘lack
of objective theories whiﬁh could take into account the
numerous variables in an .actual tunnelling problem still
favours the use of simplified procedures, generally of
undoubted vaiue to the engineer engaged in day-to-day

design.

2.2.1 Loss of Ground

| Excavation of a tunnel in soft ground generally causes
the soil to displace inwards across the tunnel perimeter.
This volume .of soil (V,) 1is termed 'lost ground' and is
expressed as a .volume per unit length of tunnel. The
'pefcentage of lost ground, V, (%) is the volume Qf lost
ground expressed as a percentage of the total tﬁnnel volume.
These definitions were offered by Cording and Hansmire
(1975:575).

Traditional view@oiﬂts of tunnelers have always linked
settlements to the loss of ground. Procedures | for
calculating the loss of ground have been studied by Hansmiré
(1975), but most of them reguire extensive fileld measurement
results. A simplified empirical procedure which has been

presented and checked against field measurements by Cording

{
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and Hansmire (op.cit.) will be used in this thesis. These
authors wverified that the volume loss into tunnels could be
estimated from deep vertical displacement measurements by an

expression of the form:
V, = 26(a+y) ' (2.1)

where V, is the volume lost into the tunnei (m3/m), & is the
deep vertical Qisplacemenfﬂmeasured at a distance y above
the crown. According to Cording and Hansmire (op.cit.), the
distance y has to be small with respect to the tunnel radius
a, otherwise the . equationv will misestimate the loss of

ground,

2.2.2 Overload Factor | .

In a classical paper, Broms and Bennermark (1967)
postulated that the stability of a vertical clay face of a
hole in a retaining wall could be defined by an expression

of the form:

OF = (P-P,)/c " (2.2)

u :
The parameter OF is freqguently termed 'overload factor'
(Clough and Schmidt, 1981). For the cese of a tunnel, P
would be the overburden pressure at the tunnel centerline

(yz) and P, would be the value of an internal pressure (e.g.
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compressed air or mud pressure). The ¢ parameter stands for
u
the wundrained shear strength 1in the zone adjacent to the

exposed tunnel face.

The tests carried out by Broms and Bennerﬁark (op.cit.)
were aimed at iﬁvestigating the intrusion of clay at depth
into vertical openings. They verified that instability,
occured at a load 6 to 8 times the undrained strength of the
soil, i.e.}. for OF=6 to B. The value OF=6 is frequently
taken as the possible onset Of, tunnel face instability.
Schmidt (1969:61) suggests that this limit could be lower
than 6 for the case of shallow tunnels. Ward and Pender
- (1981:23) state that for tunnels with small’ cover to
diameter ratios, the value of 6 is on the unsafe side.

Strictly speaking, the c value (and consequently the bF
value) should only be consideged for classes of problems
involying saturated clays and where little volume change is
expected during the tunnel excavation process. Although it
ls fhe simplest strength parameter obtainable, it is very
dependent on the test procedure, as des;ribea by'.Lambe \3nd
Whitman (1969:Chapter 28). Moreover,.én Qndrained cbndit?gn
is only practically achievable in laboratory tests in which
impervious boundary conditions are physically imposed to thé
.50il1 sample. The ¢ value should thus be r?garded more as an
indicator than a pgoper parameter.

"Appropriate judgement should then be ‘exercised when

involving the OF values in design considerations.

Nevertheless, 1ts use appears to be widespread among
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practitioners and it seems difficult to dismiss it in tunnel
: ) , O

ehgineering at the present ‘time.

2.2.3 The Settlement Trough.

The soft ground tunnel excavation and consequént ground
losses normally provoke the development of a depression of
the surface of the ground located above the tunnel which is
fregquently termed 'settlement trough'. It has been shown
that this ‘trough resembles the,hormal—probability curve or
error function (Schmidt, 1969; Péck, 1969%a) .

Schmidt's approach considered the soil medium in terms
of a stochastic model and did not take its stréss—strain
behaviour 1into account. This fact has beeh criticized (e.g.
de Mello, 1981) bﬁt»the use of Schmidt's theory, mainly as a
method for predicting surface settlements, is still
ffequent.'This is likely due to its simplicity and to the
fact that most subsidence profiles indeed bear likeness to
the error function.

A trough resembling the error function 1is depicfed in
Figure 2.1, which summarizes its properties. The maximum
settlement at surface is termed Sf and.the settlement at any
location is defined by S. The inflection point (i) is termed

'"trough width parameter'.
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2.3 NATM Performance

In this section, data coilected from case histories are
used to 'position the NATM works with respect to tunnels
constructed by other méthods. In order to permit .a direét
understanéing of the concepts reviewed, use is made of

diagrams which utilize some of the indices reviewed above.

2.3.1 Overload Factor vs. Ground Loss

Based oh theoretical anaiysis for closure into a deep
opening in4 homogeneous clay, Schmidt (1969) has obtained
relationships between the overload factor and ground' loss.
Schmidt has- placed his curves on 'a diagram where points
representing specific case histories were added;

The theoretical curves may be interpreted as an upper
limiglabove which plastic deformations %ill take place and
excessive ground losses may occur. The two curves bound a
narrow range of soil undrained strength/undrained

deformation modulus (c /E ), as shown by Clough and Schmidt
u u

(1981:618).

Clough and Schmidt (op.cit.) have reviewed Schmidt's
diagram and proposed newer thebretical curves for the
'unrestricted' range of ground loss, adding other case
histories as well. The reviewed diégram is reproduced in
Figure 2.2. Also shown iﬁ this figure are the results of
centrifugal model studies in normally consolidated kaolin

presented by Mair et al. (1981). These tests were carried
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out with‘ tunnels geometrically similar but at different
depths and show that the cover/diameter ratio (C/D) is a key
factor 1in the evalugtion of ground loss. While the 'deep'
tunnel (C/D=3.11) values fall within thebtheoretical range,
the 'shallow' tunnel (C/D=1.67) shows a larger ground loss
for the same OF vaiue. This suggests that the . indicator OF
is not proper because it does not account for the C/D rétio.
It is interesting ,tb evaluate the potential ground
losses with respect to OF ranges. The following ranges caﬁ
be recognized®: 4 . |
5. OF<2: The theoretical potential ground loss is less thén.
ébout 1%. These ground losées cah be considered small.
and usually producelinconseQUenfial settlements.

&

6. 2<OF<4:' Potential ground loss might reach magnitudes of

10%. Ground movements through the face are - .. v,
small. Adjacent structures might be affecteu by
settlements.

7. 4<OF<6: Potential ground loss is above 10%. Radial and

face displacements become significant. For OF values

near 6, the face diéplacements are of such magnitude

that face support (e.g. compr-ssed air) might be

required.

Clough and Schmidt (op.cit.) have further observed that
the actual grdund loss may be greater than. the theoretical
value given by Schmidt's theory because of loosening along
fissures in ovéréonsolidated_clays. This will also be the

s This classification has been adapted to the present study
from the work of Clough and Schmidt (1981).
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case of tunnels where some volume change takes place. AIso,
the proximity of the surface boundary may have the effect of
increasing the loss of ground for a given OF, as shown by
the experimental studies published by Mair et al. (op.cit.).

NATM case histories ior‘,which sufficient data were
available have been added to the inventory published by
Clough and Schmidt (op.cit.). The values for the overload
factor OF and for thé loss of ground V.(%), as well as the
list of cases corgesponding to the numbers in the figure can
be found in Appendix B.

No specific trend can be recognized for the NATM cases
reviewed and the ground losses appear to be comparable to
those . induced by the shield tunnels reported by other
authgrs. fhe.Frankfurt cases (C/D varying from 1.04 to 1.94)
fall very close to the theoretical bounds, possibly due to
the proximity of thé surface boundary.

An important observation is the fact that the majority
of the NATM cases fall in the région where OF<3. On the
other hand, it should be pointed out that some variability
of the OF values has to be expected. Points renresenting the
Frankfurt cases for example were calculated with basis on an
‘average C of 150kPa. A study by Katzenbach (1981:68)
reports loser limits of 50kPa for the Frankfurt clay, which
would yield OF values of about 5 for the cases studied.
Nevertheless, this is an indication that the method might be

inadequate 1in cases where potential ground losses through

the face are significant, which is in agreement with Atrott

-
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~and Sauer (1983:17). These authors state  that the
application of the NATM 1is dependent upon- the 'ground
stability', necessity for ground improvement measures
existing otherwise. At least one NATM case was examined
'where OF before any-ground‘improvement was above 6 (Cruz et
al.,  1982; Celestino et al., '1982). Some very large
deformations.were observed in an area where the ground

control measures were inefficient.

2.3.2 Trough Width vs. Depth/Width Ratio
By combining resuylts from both theoretical stochastic
and elastic éﬁalysis, Schmidt (1969) derived a relationship

for the trough width parameter 1i:
i/a = k(z/2a)" " (2.3)

wﬁere a 1is the tunnel radius, z is the depth té the tunnel
'axis,l'the coefficient k near wunity and the power n
~approximately 0.8. In the derivation of this equatgon,
SEhmidt assumed that the volume changes in the subsiding .
mass could be neglec%ed.

Schmidt (op.cit.) and Clough and Schmidt (1981) have

presented empirical evidence which shows that equation 2.3

holds true for clays mainly. Attewell (1978:883) has sought -

other relationships and found k=1 and n=1. This would'Yield
i=z/2, which can be used as a 'rule-of-thumb'. The validityA

of equation 2.3 was also analysed by Mair el al. (1981),
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based on pentrifugal model tests. Their results suggest thaﬁ
.equation 2.3 (with k=1 and n=0.8) would overestimate the
trough width pafameter for the case of stiff clays and
underestimate this parameter for theNCése of soft clays.
Figure 2.3 (adapted. from Clough and Schmidt, op.cit.)
shows trough widths (i/a).és a function of the depth-width
;atio (z/2a) for a number of tunnels in clay. Also shown are
fhe sir-lified Qersions of equation 2.3 proposed by Attéwell
and by Clough and Schmidt. On the same figure the measured
distortions in some of the  NATM cases have been
superiﬁposed. Because settlements and trough. sizes are
controlled often by complex ground conditions, predictions
can Aevér‘be precise._Nevertheiess, ip is appafent'that the
qhantity i for 'regular cross section'ntunnels ¢ tunnels in
clay can Be‘estimated by any of the simplified forms of
equation 2.3. This indicates that the-method produces trough

widths comparable to those caused by other tggpelling

procedurés.

| Cases .2a, 28b and 28c correspond to tunnels with large
cross sections of the Munich underground system. As will be
shown in Chapter‘3,.a'feature sought 1in some‘of these works
is a flat surface. settlement ﬁrough. This achievement 1s

confirmed by the location of these points in Figure 2.3. It

is apparent that the trough width vs. depth correlations
‘'Regular cross-section' tunnels are defined herein as those
which do not exceed the dimensions of conventional’
single~track subway tunnels (normally 30 to 40m? of
cross-sectional area). 'Large cross-section' tunnels are
those whose cross-sectional excavated area exceeds 60m?,
reviewed in Chapter 3. ’ ’
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traditionally appl%ed to regular cross-sectlion tunnels may
not be applicable to the'large cross—section‘ones.

Case 32 is also a large cross section tunnel, driven in
tortiary marls. The . trough was _highly assymetric and

exceptionally steep on on one éide..Egger (197y) attributes

this feature to geological partigularities of the site.

2.3.3 Quality of Construction

The influence of the quality of construction on the

displacements caused by tunnel excavation has Dbeen
recognized for some time (e.g; Peck et al., 1972). Based on
suggestions by Peck et al. (op.cit.),’Negro (1979) has tried
Eoﬂﬁncdrporate the parameter 'quality of construction' 1into

the procedures for'assessment of tunnelling performance.

Negro's wbrk is used’herein.as a way of classifying
cpnstruction guality.of NATM when compared to other methods.
Tigure-2.4, modified‘ from Negro (op.cit.) shows curves
representing ﬁoﬁf~ levels of construction quality.-In this
Figure, V, is the volume of the settlement trough (m’/m) at
the surface, which can be determined from field measurements
or approximated by the error function properties outlined in
Section 2.2. V,, 1is the volume per meﬁer of the excavated
tunnel. Some Edmonton case histories (shiela ‘tunnels) have
been added to Figure 2.4 for illustration purposeé.

Negro (op.cit.) proposed four levels of‘ construction
QUality, ¢xpressed by the curves shownlon<Figuré 2.4: |

1. V,=0.50%V,,: High construction _quality

-
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2. V,=1,00%V,,: Normal construction quality
3:: V,=3.00%V,,: Poor construction quality
4, V,=40.0%V,,: Failure

Although these 1levels might appear rather arbitrary,
they can be related to the maximum surface distortions by
applying a prOceduré outlined by Clough and Schmidt
(1981:628). Figure 2.4 enables a gualitative appreciation of
the éonstruction quality involved in each work. Some of the
NATM cases have been placed on the diagram. Also shown are
the tunnels surveyYed by Negro (op.cit.).

The number of case histories examined 1is liﬁited and
any conclusion that can be derived must be considered
tentative. Nevertheless, it is noticeable that all the NATM
cases examined fall bpelow the 1limit specified for poor
coﬁstruction quality. Possible bias exist due to the fact
that cases where excessive displacements occurred are seldom
publiéhed in decall, byt this might be the case not only for
the NATM projects but also for the shield driven tunnels.

Another interesting feature is the 'line of evolution'’
for the tunnels in Frankfurt indicated in Figure 2.4. Point =«
121 represents the first instrumented secfion of the first
NATM:- project in that city (Baulos 25 - works started in
Septerber/1969 according to Edeling and Schulz, 1972:358),
points 12I1 and 12I11 renresenting subsequent instrUmeﬁtéd
sections of the same tunnels. Points 13IV and 13V represent
a posterior contfact section (Baulos 17), initiated about a

year .later (Blindow et al., 1979:217). Point 14 corresponds
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to the Baulos 18a lower tunnel (see description in Appendix
A), which was initiated in 1973 (Blindow et al., 1979:218).
All tunnels were excavated in a similar soft-ground medium.
The analysis above shows that the quality of
construction in the Frankfurt tuenels improved considerably
in a period of 3-4 years. This is like%y due to acquaintance
gained with the method and with the gre;nd, associated with
the flexibility to change construction features in the NATM.
It is thus apparent that the NATM 1is a procedure which
allows for an improvement in constrection quality,

reflecting perhaps the reqguirement of some startup time

until an optimum geotechnical performance can be achieved.

2.4 Ground Displacements around NATM Tunnels
In urban areas, one of the major issues associated with
tunnelling construction is the influence that the process of

excavation and lining plecement will have in the shape and

magnitude of the surface and subsurface settlements..

Excessive differential settlements may cause damage to
existing buildings and utilities. It is consequently of

paramount importance that designers and cc:: .« "Ors be aware

of factors that may induce settlements so that adequate'

standards can be established.

The information collected from NATM case histories
provided means to recognize some of the main factors
affecting the development of the ground movements w1th face

advance. It .was seen that the dlsplacement development was
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closely linked to some construction details which will be
described in the following section. It was thus possible to
identify the main sources of loss of ground around tunnels

excavated by the NATM,

2.4.1 Construction Factors affecting Displacements

As reported in Section 2.2; ground displacements are
normally associated with the traditional concept of '"loss of
ground'. Attempts have been made to identify thé sources of
loss of ground around tunnels (e.g. Hansmire, 1975; Cording
and Hansmire, 1975). Emphasis however was placed on shield
projects.

In an earlier work, Schmidt (1969) was able to evaluate
sburces of ground movements aréhnd tunnels in a more general
manner. His evaluation -was based on theoretical
considerations and on analysis of case histories which
included shield and non-shield tunnels and seems - very
appropriate to the present study. Schmidt (1969:73)
coﬁcludes that the loss of ground is a function of:

1. the distance from the face at which the grdpnd is
' \

\

supported; \

2. the quality of the cohtact between the lining-ané\the

\

soil; ‘ : \

3. the capability of the lining to resist crown settlements
and wall movements,

4, any efforts to restrict face movements. -
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Schmidt (op.cit.) further points that minimization of

the loss of ground is generally achieved in construction

procedures that limit the Aground movements at an early
stage.

The quality of the contact at the soil-shotcrete
interface is normally considered very good (Simondi et al.,
1982). When working within the framework proposed above one
is then inclined to associate displacement development in
NATM tunnels with factors 1, .3 and 4 listed above. Their
relative influences on the total amount of settlements will
be examined in the following items.

Papers that deal specifically with the factors
affecting the displacements around NATM excavated tunnels
have been published in Europe by many authors (e.g. Muller,

1978b, 1979 or Laabmayr and Pacher, 1978). These works show

the importance of limiting movements around shallow tunnels

at an early stage, stressing the importance of factors like

the 'invert closure distance' and the 'invert closure

interval'. This terminology 1is defined in the following

paragraphs.

2.4.1.1 Invert Closure Distance — Invert Closure

Interval
In shallow soft ground tunnels it is important to
close the invert quickly to form a load bearing ring and

to leave no section of the tunnel unsupported (Brown,

e
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1981:16). The invert closure distance (L) is defined as
the length between the face‘of the heading and the point
at which the ‘shotcfete ring 1is fully completed. The
corresponding time interval between completion of one
excavation round and this invert closure has been termed
'ring.closure interval' or 'invert “closure intefvél'
(T). |

Thé importanc:: of these two facfors, valthough
already stressed in the literature, is analysed mdre,
closeiy in the present work, by using data -collected
from the review of case histories. For most of the
tunnels examined, records of short term surface
settlements ’were the only available information
regarding the lost ground. Although it 1is recognized
that volume changes between the crown and.the surface
occur frequenély, it may be assumed that there is a
direct relationship between the ground lost into the
tunnel and the surface movements.

In Figures 2.5 and 2.6, correlations between the
values of L ‘and T and the surface settlements are
attempted. The settlements have_been normalized as pef
procedure described by Oteo and Sagaseta (1982), in
order to minimize discrepancies due to different
geometries and soil properties. Since the wvalues of
these normalized settlements dépend highly on the Qalue
of the E moaulus, a range‘is presented for each case.

Limitations due to representing-the soil behaviour by
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the E value solely are obvious but in most cases it was
theronly parameter available. The procédurés to dbtain
the E value may vary from case to case as well,

Figures 2.5 and 2.6 show a tendency of the maximum
surface settlement.to increase as L and T are increased.
Despite the shortcominés réported above, it is believed
that the trends observed in these figures mirror the
actual behaviour in the field. It is obvious that these
two factors are related because a ;apid- invert
shotcreting will likelf be achieved 1if the e*cavation
rounds (and ;onéequentiy the invert closure distancé)
are short. | |

An impldcit factor which is related to the value of
T is° the degree of time dependent behaviour of the
ground. Causes of time dependent behaviour around
tunnels are freguently connected to the presence of
g;ound water._The trend apparent from Figuré 2.6 (thch
includes tunnels excavated abdve and below the water
‘table”) indicates .that in settlement analysis.of NATM
excavated tunnels an assessment of the degree of time
dependency of the ground is desirable. That'is, in time
dependentﬂ ground the .rate of construction ahd
consequently the invert closure interval would plaj,an

important role in the amount of displacements caused by

tunnel excavation.

'With érouqd water lowering prior to construction.
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2.4.1.2 Depth of Heading Excavation

Stroh and Chambosse (1973) have presented data £rom
" eight measurement sections in Frankfurt subway tunnels.
Their data is most valuable because all tunnels were
built under similar conditions, in the same soft-ground
environment. Figures and tables presented by these
authors allow us to identify the following components of
‘ the total crown settlement . (St), measured by
extensometers:

1. Sf:“crown“ settlemént ahead of the face, ;.e the
crown vertical displacement when the féce of the
heading reaches thevtest section.

2. Sm: crown seftlement occurring after thg face
reaches the test section but before thé invert 1is
closed. |

3. Sn:l crown settlement occﬁrring,after’the invert is
closed.

In addition to these values, Stroh and Chambosse
(op.citf present data regarding the- depth of heading
excavation (La) and the average rate of excavation (v).
These valués are summarized in Figurle 2.7. Also shown iﬂ
this figure.are tentative correlations between La and Sf
as well as La and (St-Sf). It ] 'appareﬁtx that the
longer the heading excavation La 1is, the larger the
settiements Sf tend to_be. The value of La does not
appear to correlate with the remaining crown settlement

St-Sf. Although there is a possible bias due to the time
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dependent properties of the ground, this could indicate
that the loss of ground through the face" can be

minimized‘by excavating small heading depths.

2.4.1.3 Lining Deformability

Information® regarding -the overall stiffness of the
shotcrete 1lining 1is very seldom .reported , in the
literature. Analysis of several case histonies shows
fhat the schotcrete . thickness in linings of regular
'cross—section subwa;( tunnels (i.e. 30 to. 40 m* of
croqé-sectional area) normally falls 1in the  range
15—-25cm. The rib spacing however is f;equently‘shérténed
when underpassing buildings or other major structures
(e.qg. Jagsch et al., 1974). o .

| ﬁumerical studies by Lombardi and Amberg (1979)

indicaﬁe that the displacementsA after the invert is
closed can be minimized by increaéing the lining
‘stiffness. This increésé. iﬁ stiffness shouid not be
achieved by increésing the lining thickness but rather
by decreasing thé rib spacing, to avoid cracking effgcts
due to generétion of bending moments in a thick walled
lining (see Muller, 1978b:29). |

Another source of concern appeérs to Se‘ the
stiffness of the lining at the tunnel heading. Uée has
beén Q;de of hini—beams pla;ed longitudinally between.
ribs (e;g, case of Essen Los 24a in Appendix A). It may
be .specﬁlateg that these beams will increase the

longitudinal stiffnessk of the lining and thus minimize
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the crown displacements occurring after bench removal
but before the invert is closed. Howe&ef, no ‘specific
study ~ about this problem has been found in the
literature. .

Information about deformations due to changes ih
the lining diameter associated with thermally induced
shrinkagé or creep strains was not avdilable in the cése
histories examined. Indication that the shrinkage
problem ~1s present exists (e.g. Heilbrunner, 1986:216),

- but the,concérn appears to be more related to fissuring

of the shotcrete than to gfound losses.

2.4.2 Quick Estimates of Ground Losses

The eﬂgineer is frequently faced with situations where
decisions which do hbt allow any d%lay’have to be made. Tﬁe
present section is included for the benefit of those who
‘have a jéb to do but who do not have time. for elaborated
calculations.

1t is recbgnizeaothat' the followiné conclusions are
based . Qﬁ a statisticéily limited and probably biased
populatibn . (cases with' large ground ;losses are seldom
reportéd). | Nevertheless, the following figures vhéy be
constantiy improved“ by adding ﬁhe results  of new .
experiences. It is believed that they may represent
éstimates of NATM ground losses under normal conditions

infiltration; good, experienced
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Examlnlng the fleld data presented 1n Appendix B,' one
can 1deallze a prototype NATM single tunnel w1th'regular
cross section and nith the following chataeteristics:

a.  diameter D; i “

/

nb._ invert closure distance L<0.5D;

c. shortest possible invert closure interval:
d. heading excavation length La<0.5D with shoterete

lining protecting exposed roof; ' .‘
e.. shotcrete thickness 15-25cm, rik spacing ‘0.8-1.2m.

If such a tunnel is driven under a condition- where
little face mbvements take place (say OF<3, see section
2*3 1), it is believed that the follow1ng ground losses
can.’, be safely estimated:

R
a,: face loss: VE(%)<0.3

'ffbfﬁ unsupported heading: Vm(%)<0.3

.

c. lining deformation: Vn(%)<0.3
" The sum of these ground losses will 'yield a ‘total

J wh1 h is less than 1% of the tunnel volume, a value

w

‘*commonly‘ adopted  for shield | pfoﬁects' (Attewell,
1978:881/882).

0
e~

2.413 Distribution'of Ground Movements RS

»

There have .been’ several‘ atteﬁpts .to establish a
iy
relatlonshlp between the amount of ground that is lost close

around the tunnel (V ) and the amgunt of ground_that is lost
at the surface (v,) dpringgﬁ'thnnelb' excavation. . This
relationship 1is of interest to the practicioner because of

RS
LI Y
¥,

# : . 8

Rl
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its importance in procedures for estimating settlements.
'Aiso, comparisgns of the differences between the volumes V,
and@ V, have been provem illustrative of the strain field
which develops in the soilfmass around the tunnel (Hansmire,

1975; Cording and Hansmire, 1975) .

7
c AT

2.4.3.1 Volume_Chahées . .

f Hansmire\ (op.oit.) ‘has presented data from shield

tunnels in a ;ery simple diagram -eproduced ‘in Figure
ZLE, whlch shows 'NATM cases where suff1c1ent data wa-

: lavailable. The solid diagonal line represents the AN=O

condition, the volume lost abonux the tunnel being'eqnal

to the volume ofvsurface se:tlemeh:. fhis line separates

areas representing ‘conditionst where .tun@elling' is

accompanied by increases in soil wvolume (av>0) or hy

decreases in soil volume (AV<O0)}. R oy A
” B : ‘ g
Traditional: views, have associated these three

i

»conditions with the natural” state of the 501l mass
vHansmireﬁ(1975:192) states that the AV>0 domaln ‘is
characterlstlc of medium to dense granular sodls ~while

)

V<0 may be expected for the case of very loose granular

50115. He further points that AV= O may bevexpected for a

;}tunnel in soft saturated clay.

4 It' can be noted .that most of.the NATM p01nts fall
_ffbelow the. diagonal line. Th;s could be =duev toi arn
‘inadequacy of the emp1r1cal correlatlon by Cordlng and

HansmireQéEquatlon 2;1) o7 to imprecise measurements,

.



ST excavated.

but may also indicate angaverage 'compressive' behaviour

above these tunnels. Cases published by Cording and

Hansmire (1975) have been added to the diagram. These
shield driven single tunnels generally plot in the AV>0
domain.

Cases 12 (I IT1 and III) and 13V corre<oond to twin

tunnels drmven 1n a tertiary clayey marl., It is apparent

/i N : SR =

that h‘forj these twin  NATM tunnels the behaviour

r.‘J.

poatulauéd by Cording and Hansmire (op.cit.) for twin
shreld itunnels holds true. According to these authors,

D distgttance:of the soil around the firsf' tunnel would
s;h;?@ése 'soil compr6551bility, contributing to volume
tdeéfeases. For sands, 1n ‘addition to this effect volume

| dec:eases nouldvdevelop in- the previously expanded zone
over the first tunnel,(Cotding and Hansmire, 1975:6%§).

This could also be the:case'for‘the 'simultaneously'

excavated tunn-ls, possibly because there is always a

»certain distance - allowed between the excavation. faces,

o4

one of the tunnels being therefore the 'second' to be

v

The tendency of'NATM'cases to fall in the AV<0

‘domain mighrt indicate that tunnels excavated by the NATM

create displacement fields which are different from

those ocaUSed by shield driven tqgnels, -Since the
assumption V,=V; is often taken as, 'safe' for settlement
prediction purposes, care should be exerciced in NATM

projects, whiah-might actuall§ show a slight tendency to

e G'.'Q i BISCIEN
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fall in the AV<0 domain. The assumption AV=0 would then
lead to underestimation of surface settlements in

methods which make use of this concepts.
E : +

2.4.3.2 Surface vs. Deep Settlements

The relationship between V; and V, may also be
determined by simple equations derived by Atkinson and
Potts (1977), which were based on results from model

K 4

tests. Since the ground displaéements above the tunne?
crown are normally largely vertical, .these‘ autﬁorg
sought a ‘refation betweeﬁ the vertical displace@enﬁA
above the crown S, and the maximum surﬁace Aggfﬁigmént
FS,, which normally occurs over the tunnel ax}éa;fhétw
relatiqnship derived suggests a liné;r co?rel&ﬁgég3a{~
between- the ratio sp/s; and the cover/diameter (C/D)

ratio: v

. ) ‘ - xv";!a : . ,
S./S.=1-a(C/D) (2.4)

In this expression, o is a measure of the dilation

of the ground: Some valdes'of~a'presented by Atkinson

-

and Potts (op.tit.fﬂare: -
) Ay

. . . By . R ‘g} ",.’

a. a=0.57: dense sand at low stresses K ;g

b. «=0.40: loose sand and dense sand -at large
stresses
c. a=0.13: overconsolidated kaolin

Assuming that the invert remains stafionary,n that

the magnitude of the crown settlement is small compared
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to the tunnel diameter and that the surface settlement
trough obeys Schmidt's theo}y (Section 2.2.3), Atkinson

and Potts (ep.cit.) derived ar eguation of the form:
V,/V.=1.60(i/D)(S./S,) | : (2.5)

Equations 2.4 and 2.5 could be employéd to estimate
relatidnships between the volumes losf at the tunnel and
"at surface. Howeveﬁ%@wf?ﬁﬂd‘data presented by Ward and
Pender (1981) shows that the relationship expressed b}
equation 2.4 is only approximate at best.

Figure 2.9 shows data from the NATM case histories
plotted on a diagram similar to those presented by
Atkinson and Potts (op.cit.). It appears that the
correlations presented by these authors are not
a@plicablé to the case histories examined. However, two

features can be observed:

Lo,

1.‘ The «=0.57 and «=0.40 lines bound a lower limit and

some of the sands and, gravel sites lie close to this

A

limit. An approximate "~ lower bound considering the
cases examined would be given by a«=0.5.

2. The <cases which have the 'twin tunnel effect’
. - . Fd
desc;iﬁed in the preceeding section lie abo:e the
,a=0;4311ihé} This suégests tﬁat in this cases there
is UOST§.}a‘ vgfy' small or zero 'average' dilation,

g '°
e

most likely some contraction.

L
~ 8
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Figure 2.9 NATM field data vs. relatibnéhips derived from

model tests by Atkinsép.ahd Potts, 1977 (numbers refer to

SN

cases listed in Appendix B)
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2.4.,3.3 Surface Settlement ahead of the Face

An indication of the geoted#nical performance“ of
soft-ground tunnels. is the slope of the surface
settleménﬁ profile perpendicular to and ahead o¢f the
tunnel. These measurements are.seldomly reported in the
literatﬁre, possibly because the transverse settlement
trough is generally of greater concern.

H Some indication - exists that the ~distance‘\ of
influence ahead _of(thé face (herein termed Ld) in NAfM
excavated tunnels is larger than that found in shield
and other projects. 1In Frankfurt, Chambosse (1972:18)
reports Ld’valueé of about 2.2 tunnel diameters for the

et R
i

'f;jﬁATM and Ld=1.3;d;ameterﬁwf¢r>the shield case, driven in

R 403
o 8,

the same environment. Negfé apd Eisenstein (T981:Figuré
e W .

12) report values of Ld=2.6 diameters for the NATM and

Ld=1 to 1.6 diameters for two other non 'NATM tunnels

excavated under similar conditions:

2.5 Assessment of NATM Limitations

The adopted method of excavation and construction of.a
tunnel must be app;opriate;té the ground condifions’so that
it 'is possible ﬁo advance the tunnel safgly, maintain its
integrity at least temporgrilf and avoid d;mége to nearby
structures  (Peck, 1969a:226). An  assessment of the
'feasibility‘qf tﬁnnelling by means of simple parameters léke
the OF vaiue presented in section 2.2.2 is atractive, 5ut

- may not be appropriate in every case. -In stiff fissured

adie SUu
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claysvfor example, a tunﬁel could. have a low OF value
derived . from laboratory test results in small Samples. The
overall ground4behaviour‘however could be controlled by the
presence of fissures orrlocalized geological features like
saturatea sand pockets. This tunﬁel could present stability
eFoblemS such as those described by Matheson (1970).

. Reports of .accidents would be most interesting to
.assess the deg}ee of confidence tﬁat‘cén be placed in a
methpd. Regretably, unfortunate experiencés are Seldom
pub%ished yith vtbe' clearness necessary fo;\elaborating an
apérbpriate.analysis. A few cases reported\“aséociate the
failures with unpfedictéd or wrongly interpreted geoiégical.
and gedtechnicql'éonditions, frequently connected with some
construcﬁion deficiency (e.g; Blindow and Wagner, 1978;
Miller, 1978b; Hereth, 1979; Golser and Hackl, 1981).
Inadequate ground control could also play a_rolé in causi~~
damages (e.g. Celestino et al., 1982; Cruz et al., 198%)L
someﬁimes in  combination with. non—appréé?ﬁate site

investigations (Nixdorf, 1980:145).

A first impression from the description of failures

rebortedfinffﬁé referehces quotgd above is that eventual
Adémages could be. avoided’ by follqwing certain basic
principles. The foilowing list has beén édaptéa from Gblser
and Hackl (1981:213) seeming appropfiate for the case of.
NATM shallow urban tunnels: | |

~1. Execution of avthorough.éite investigaﬁionv dufing ’tii

planning phase.
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é. Inclusion of, geological and ”geotechnical ground
characteristics as a vital element in design. |

3. Establishment of a flexible contract which can allow
modifications during construction without litigation
ppoblems. »

4. Establishment of a monitoring pregram which will permit
the epplication of an 'observational nethod of design’
following the concepts proposed by Peck (1969b). .

~ The Author is also of the ebinion that the chanoes of

an adcident could be minimized by carefully preﬁering a

complete geological longitudinal profile along the proposed

tunnel . route following the site invesgigation. phase.

Critical points to be encountered during excavation of the

tunnel would be identif?ed in such profile as eeecribed by

Krischke and Weber (1981:125).

2.6 Summary and Conclusions

In this chapter, data collected from case histories was
used tc¢ classify the NATM tunnels according to;&pdices
commonl}.found in engineering practice. Construction factors
affecting the ground movements wereﬂalso outlined.

-

It is .recognized that published studies, although

.‘providing information on the character of the ground

movements, offer only limited insight into the actual

mechanisms generating these deformations.  Also, the
population examined was statisticaily dlimited and probably

biased due to the fact that 'non-successful' ventures are
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seldom reported 1in sufficient detail. Notwithstanding all
’thesefbonsiderations, some important observations can be
made. It 1is believed that their'validity may be reiniorced
in the future by means ‘6f a large number of field
observations in a variety of ground.cohditions and pefhaps

by means of numerical studies. : ey

)

> 4 - —/
- The most important observations derived from the

analyses presented in this chapter are: ‘ : .
1. The NATM might not be an appropriate ' method of

construction for situations where expected face:
‘/- ‘\ '

@iéplacements are significant wunless effective ground

N

improvement measures are used. \ o

2. The NATM regular cross-section soft ground cases

examined presented a geotechnical performance comparable
‘ _ ;

to shield tunnels. Howe&er; indigation exists.(seqtfons
2.4.3.1 and 2.4.3;3)_that the NATM excavated tunnels
create displacement; fields ‘which ™ are different from
those caused by shield tunnels.. The study of
dispiacement fieids around NATM‘gdnnels'is undoubtedly

an area of research that could{ be pursued in . future
y 13 i : - N »
works, This wou require however an extensive

instrumentation of one or more case histories.

3. The NATM is a method which alloWs'for an improvement in
. the geotechnical pegﬁormahce,'due to flexibility in
changing c@nstruction features®. Some startup time may

be required in order to achieve an optimum‘ gebteéhnical

*This wil"agf course, require a correspondent flexibility
in the con¥actual aspects. ' '

,/ ‘ . > ) '
e Pod ’ . !
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performance in a new environment, as shown by the
ekamplés of the tunnels. in Frankfurt.

Grouhd losses: can ‘be minimized by reducing the invert
closure distance, the invert closure interval and the
depth of heading excavation.

Large cross—-section tunnels (described in the next
chapter), which are normally excavated 1in stéges, appear
to tause displacement fields which apparently differ
from those related to regular cross-section tunnels.
More field instrumentation results and perhaps numerical

analyses are needed for better wunderstanding of Lhe

ground behaviour ‘around such structures.




3. LARGE CROSS-SECTIONS

3.1 Introducfion

Modern wunderground systems in urban areas involve-
gross—sectian forms which are not always adaptable to shield
gﬁhnelling. Typical examples are undefground stations,
junctions of lines and double track tunpels. It is probably
in these applications that the NATM proves most useful. This .
is due to the poSsibility. of excavating a varieﬁy ofxn
cross—sectional shapes and to the fléxibility ¢ changing
eéxcavation layouts according to necessi.y. |

In this chapteriattention is focur A on construction
of double track subway tunnels and subway stations; Within
the scope of this thesis 'large7 Cross sections are define@
as those whose continuqus (i:e.) without intermediate[pillar
support) cross sectional excavated area exceeds 60m?*,
'Composite" cross sections are those which a%body more than
one 'large'. cross section along, normally used for sﬁbway
stations and junctions.

Figure 3.1 (adapted 'from‘*Laue et al., 1978) .shows
several crass section. dispssitions used in ‘the Bochum
subway. Figure 3. 2 illustrates schematically the excavation
: of a stalr passageway under the main rail¥way 'station of this .
- same city (adapted from Schulze, 1982). An examination of
'the STUVA. * . statistics,d pdblished annually (é.g.' Haack,{
f982), 'has shown that - the” number of large cross section

"'German Association for Study of Underground Traffic
Works ' %

& 55
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ZOOm2 were observed but-cross sectlons ranglng from 80 to.

“cohesive soils. =~ o L

T

‘,‘]h\‘vt

L

yim

. . ' h s i . ) , 1"J . . 77,. -
examples of application. In most instances, the value of the

v

. \:‘ ., . v -- ’ 4‘ PN | | 58 .

works which have been carrled out in the last decade’ usfng&’“’

the. NATM is apprec1able Comp051te sectlons of the order of

i

%

130m? - are more frequent. ,wlth “respect to the ground

conditions there .is apparently .a’ predominance of stlffﬂ

llx

A - . . tlo

, e .
3.2 Multiple Stage Excavation Schemes

. CIassical tunnelling methods tfreQUently made use of

staged excavatlon technlques (see for example Szééhy, 1973z
u*’

Chapter 6). Old tunnellers have eatl§ yerified<ttat the

smaller the cross sectlonal ‘dimensions . an underground
LT : X R

“ v
. ‘ . "

cav1ty, the more feasibe 1ts'eXCavati ‘dye . to either>

- . . $

onstructlon or safety reasons. Do b
& The. flex1b111ty and adaptablllty.ofkthei,

unlimited varlety of, sgaged:'excavatlgn technlques.

more frequently usedvtor contlnuous cross— ec&mons (i.e., no

2intermediate pillars}» aﬁe“ presented in Flgure 323;'.The

- . : Y 4 . . . . v . "~'
classification ,showg rn thlswflguﬁe (1.e,,%T1, T2, T3 and

T4) is-Seing_pfoposed for the first time,-nd ~is arbitrary.

.

sequence of excavation.

Alsg shown are the approximated percent compositions of.

the "arious excavation: steps with fespect to the total

cross—sectidnal area (A,) ‘and some‘information regarding
S ohal  are . ! 11
A . .

modulus . of elasticity. (B) -was the only soil parameter

- ) - . C e

The hUmbers inside “the croserections,%correSpqnd to the .

-~




N . 3

o o A e

aballable.7 : &
The review of case histories presented in, Flgure 3.3 is

o . by no means 'engﬁustlve, the cases qucted be1ng simply

% : - . C Y
é¥amples foupg inlthe literature. It 1s 1mportant t6 observe

L. . U
that ‘one <»,r?

le step ®f face advance seldom exceeds 40% of

. -  the total' .iP—sectlonal area. A ‘trend towards a larger

g

~

1s aisgh; 1dent Thls possxbly reflects ‘a concern with

tunnel- stablllty and with control of surface settlements.

¥ K

~ An 1mportant parameter whlchwss related to: “the groundu'

: k/‘4l

., '

oprlate excavatlon
5o

o COﬂdlthQf ahd -to the selectlon of' 1ﬁappr

- A N -, - » o - Ql.« . PN : .
T pladement'of ‘the full shotcrete~ lrnlng ‘“A;” zen, inﬁ the

v

'j°‘; precedlng chapter, adequate, gnound contro& requ1res that

ghxs t ime should be reduced,

& . A|;“,’
PRI excavatron 'would be asspcfaﬁe;;wlth dlfferences in ground

LA - . PO h -
:.-g’c..A Fo L L :l. "‘ i . .-7 . m\“{‘ 33

) s P > -"J.~

"!kﬁﬁfurép eflettlng perhaps awhek er adaptablllty of g or
; . - .
a spec1f1c terrain. A Jg’?

&W another scheme to e

Y

i : . A a4 '

dide leries) -is_ the most’ commonly used. %t is apparent -
/ N . , . ' . - @ 2 N
-t preference is. " given to . thlS ﬁ’schemer* -wherever

+

/7K§eotechn1cally proSlematlc formatlons.’are, present te.qg.

N 14

) | presence of low strength horlzons or dlfélcult groundwaterii.

/// control)ﬂ Plate; 3.1 1llustrates the use of thlS excavatlon
o )

scheme in a tunnel with_avcontlnuous,cgoss segtlonal area of
¢ =Y EERE :

about{'130m2 (Essen - Baulos 185, The. side galleries are

‘number of stages as the total Cross— sectlonalwarea 1ncreases‘

s€heme is the, tlme durlng whlch the oheadlrg is left

unsuppOrtedt ]ust ”after ad%dﬁtlng the face' and .befOre:

LVPafferent types 'Qf~'stagedg

. : zﬂ‘ .
! A llterature rev1ew has shbwn that the . scheme T4, (w1thh
i - .

)
o
7
-



Figure 3.3 Commonly used multiple stage excavation schemes
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‘consdderations, some of them of subjectlve nature and

'.presented hereln o \5

S
vee

normally driven well in advance with respect to the face of

- the 'main' excavation.

- Type Ti (heading — bench — floor) has been applied
mostly to stiff 0sbils and soft rocks with better
)‘Z .

adeoteéhnical properties. Schemes T2 and T3 are variations of

T4 and T1 respectively and have been used in soft ground

urban tunnels (seeJFrgure'3.3).
" . <

3??.Selection Criteria of Excavation Scheme

. , we o . o . .
Selection of an excavation scheme'lnvolves a varilety of

difficult to assess. The topic has, however, been tackled by

. ) o .24:;:~ - , . L
some authors (e.g._ p¥Cher and* Sauer, 1979; Baudendlstel
. d- o . .
1979 Krlschke di‘Weaéé,ug§81);'a brief introduction beﬁgéﬁg

4

B > ’ o ST
It 1s recognlzed that: the relatlve 1mportance

factor 1nvolved may vary ~from Case ‘to. case and no &1gld

rules for selectlon of an approprlate excavatlon scheme Fan
be establlshed. The folfow1ng sectlons present a rev1ew of

the main governlng factbrs and are only intented. to prov1§9

-® , .
-a brief 1n51ght 1nto the toplc. i '
b D . '
3.3.1 G;pund Conditions ~ - "h ’ A

. The geotechn;cal properties ' of the ‘ground’ have a

de§;n1t1ve 1nfluence upon tunnel face stablllty and on rhe

W3 3 cmealy Yoo

(‘,’

umagnrtude- 'of 1ndused settlements parameters of = vital

importance when tunnelling,uin urban areas. For a; given



“F

] | | 63 "

tunnel, an increasing number of excavation  stages (and’

ooy

. yconsequent, decrease of excavated cross—sectional area for a

single step) will normally lead to a safer face advance and
smaller settlements. L K o

It is also 1mpqp¢ant to remember that in stiff f1ssured ";Q
soils strength decreases with increasing sample sizer te g.

Marsland, 1972). Stability of a large underground opening in RS-

this type of soil would become even morelgratlcal as.its = w

'l‘size increases.. As -suggested by; *Elsensteln and.  Thomson: o= "

. L . r {{é\
(1978:344), geotechnlcal studles in these sodls = must -

- ¢ {?’ ’ - N , S
Qécon51der a s@&l mass rather than exttagolation ‘'of results:

b3 P
"‘ff/- - nru

" from small samples.r In 51tu‘$tests 'may “be the most"‘

approprlate tools 1n such 1nvestlgatlons.
o Q R S

»

. , . : . : e
N ,3:3.1.1 PreSegﬁégof Ground Water..~ o “
There . arebCases where m;und Water ‘fable’ 1lowering
from Jsurface is feasible. In other caSesyhowever, it is
oreferable*to drain the soil from ineide the tunnel
. :
This requires the wuse of smaller excavation sectlons
sincg the presence ‘of ground water ‘may reduce
considerably th# stagd—ugﬂtim e of the ground. .. | v

R
in some'sections of ‘the Munich underground transit
Y

'system perched water tables and some highly permeahle

horizons show1ng artesian 'water presgures were found

a

> .(Krischke and Weher’_L981).‘These,aspects lead to - the

. __tQ.G}:..-._‘--‘__'_..__:{./_ : 'f;‘& - -

.'° The -terim st nd—up time in cates the time that elapses
between the exposure of an area at the tunnel roof and
beginhing of .noticeable movements in the ground above this
area (Terzaghi,- 1950 193). - A v

o,

K .f
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v . o , .
selection of" type: T4 excavation schemes, the’ side

galleries being ;nsed to drain the soil mass before the
1main7section ;as<excavate§;
By exoaVatino 'thesemsside drifts rn advancel a
Wbettervexamlnatlon of the \gronnd‘ conditions is. also

‘v

poss1ble, “Informatlon .collected normally allows an

optlmlzatlon of Sdbsequent gonstructlon stages.

4

323.2 Excavatlon Equ1pment >
ﬂti The practltloner nornally &aées dec151ons concernlng

2 “ o

¥ the need. for'ga' certaln: eQu;gQi;i ‘1ts avallablllty ﬂﬁd'

7

\bélated costs. Ecpnomlcally feasibl NATM excavat1on 1n soft

rocks_wfqr exaﬁple frequen*ly nequ1res' the»use of road

PRNVRE > . gr&

headers' (also known as part face tunnelllng machvnes )

the othér hand f'excavatlon inF softer -vmaterlals . can

normally be carrled out- solely w1th the a1d of . conventional

hydraullc excavators.'

TNy - Q- S : -.‘
b “‘n.-» x I N

The. problem of selectlon of @n approprlate %x;avation

‘-w Erpetay
[

BN

eqnipmentn has been tackled by several authors (e.g. Hammer,
1978; LeSsmann, 198Q; Clg%gh; 1981). Good;.broad reviews of
available machinery rare oresented in the book 'Thnnelling_
‘Technology', published by ~ the Ontario ' Ministry. of

Transportation and Communications (OMTC, 1976) and in-t

paper by .Theiner (1983). A complete review of ,these wiérks

however, falls beyond the scope of this thesis.
However, since the choice of excavation scheme for an

NATM excavated tunnel with large cross—section appears to be

[:%
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O . M ",

' - . N »‘ . - . .
“closely related to the equiphent alternatives, a very . brief

summary has bee% prepared and is presented 1in ‘Flgureuh3.4.
Excavators of @Rehe tYpe 1.were the most frequently used in
the case histories surveyed. Type 2 has been wused (e.q.
) Muller, 1978a — Chapter 16:552) but in recent years appears
to have been abandoned in favour ofilype 3. ‘

‘"These road headers are equipped with powerful rotatlng

cutting heads and an 1nd1v16ual conveyor belt allow1ng hlgh )

rates of advance The cuttlng head is rotated and forced

t.;-; i

againstythe excaVatidn.face in. order to «cut the soil = in-

pieces for easier removal.. Several manufacturers claim that

very small cross sections (of the .order of sz)) may be,

handled" by thesemym&chlnes Which seem approprlate\ EQ( :

example to excava; gﬁs@hemes of the T4 ‘type, when .small
s tf}%& ) ) S

size side gallerles are requ1ped
3.3.3 Cost Considerations
The - overall dgst of tunnelling appears to be first a

function of the rate of advance and is secondly related to

g

the costs of the sugpogt.;ﬁ%%%és}ng the staged excavation,

p}oblem only, one may ;gsﬁme;tn%fgpfefegence will be given
to scggpes leading to: high a;ates of advance _and‘thaz'
p0551bly allow tor some support sav1ngs. ‘%
Genérally 'consgructlen schemes‘of tﬁe”eype T4 are the

slowest. Part of the shotcrete used for ,support of the  side -

galleries 'is also lost. The’eame‘OCCgrs_for type T2 schemes’

-

while for T1 and T3 schemes no shotcrete is 'wasted'. No
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- .in the literature. The frequen*_

67

specific study about these cost cdmparisons has been found

use of scheme T4 suggests

\

’ f"wzc ;
that © wasting’ shbtcrete and rélatlvely slow excavation

progress are minor concerns in urban areas, where an economy
in the support may yield other more important costs

resulting from damagegcaused by .surface settlements.

3.3.4 Local Traditions . o i} |

A .recognized factor which has ‘an influence on the
selectéd‘étaged excavation system is the 'tradition' factor.

Methods which have been successfully used in the past

-

.normally tend to gain .an acceppancé which assuréﬁg their
_ - : o € 2
continuity. These traditions .can' also be carried over to

. ,wt
" other place*s by consg&utants or&traetors.

Y \nd(.( 7;?

. It |is 1mportanté?€é recogn;ze the.?ole played by thlS
factor. Injud1c1ous use of- tradltlonal mathods, @&W_ appear
practlcal but may also have. the effect df\Stultifyingt
pfbgress in £he deQelopment' of more positive ways. of

tackling tunnelling problems. . ' - ,.g

3.3.5 Extent, of Ground Move@ents ‘ - - ’g

- In urban areas, llmltlng‘aettlements whlch may ¢ uJe
structural damage to suEface and subsurface utllitles i§ ‘a
<major.:@mnce.%; In ge;eral, not onTly the‘magnltude of ﬁﬁél
mement ~but  also thé~ slopeA of the sﬁziacelj

surface set

-

vsettlement dépression caused by tunnelling are the prime

factors to be considered. ' .
Ty “ ot
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A
tah

It is apparent that for the same tunnel cross—section,

1mmed1ate appllcatlon of, shotcrete formlng a ioed bearihg
ring) will reduce the amount of surface settlements. In the
Munich tunheis, a "flat' (i.e., .with 1little distortion)
surface settlement depression wes.sodght by means of staged
exoaQations ﬁostly of - }he T4 type‘ (KriSchke and Weber,
1981). ’ I .

The relative amount of settlements provoked by

e

/

1ncrea51ng the total number) of excavation stages Twith

different schemes ’could not be asse§sed through Lhe review

of case hlstorles due to absence of ettlement performance‘

“~ . o

data for comparlson_ studles;;mggnlte“zelement analyses

, %ight on this

. W . - b r:'g. 3
subject w1th respeof to ground\condst

. L) . . ‘ . ‘.'M'

“of Edmonton. o o L _,;~3'. : B
S e o ‘ : . v
- 3.4 'Selected Case Histories 20 T |
“?he number of . case histogiest,ﬁof' YNATM' gl?fge_.
cross—sectional tunnels is _lérgél as shown for‘example-by
the‘statiSticsisgfefred to in Section 3.j. Literature is

. o ™ ; .
also available on a ﬁumber of these cases,'hut very few have

.-

an adequaté documentation which could be presented herein..

A

.Two case hﬁstorieé~ha¢e been selected and are hriefly

15, foggd in the‘oitfh

p:esented 1n the follow1ng sectionss They contain partlcular

features .that were con51dered of interest to the present

d . . . . ;v {0

study. . v . . w
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A

3'4Ti BOCHUM — Baulos A2
The execution of this double trach subway tunnel‘has
been described by Jagsch et al. (1974) and by Hofmann
(1976). It represents one of the first NATMvcases with large
cross—sectional area excavated in urban environment.

The cross-sectivnal area was about 70m*, the soil cover ..

varying between 5.5 and 13m over a length'of 300m. Typical R

ground conditions were represented by marls‘and locally'by
'sandstones, with water level below the tunnel.inuertﬁ » .
The major part_ of the. contract‘section was excavated
"using the type T1 staged excavation scheme, 51nCe in‘vthese
areas ground geotechnlcal properuﬁes were falrly good (E =50“

to 100MPa, —64 %o 320kPa,‘¢ =25°) . A road header was used

B ] UEQ;‘- Lohs e

for exgavation,. comblned with 'some 10callzed blasting of

very hardﬁhorizons The 1nvert was closed 9 §0' 13m behlnd

the#face (see Figure 3 5a) » . : ‘\ ' &

‘In a shert segment underlylng an 1mportant rallway; the .

ground presented _poorer geotechnlcai propertles (horlzons
S ¢

with E=10MPa,-c'=10kPa,d¢'=25 ). ‘A change to the staged

-

excavation . systém T3, aimed at 'm1n1m121ng Surfaceo‘
. _ . -

Settlements; was  then carriedwout Also, 1t was dec1ded uto_
. - ) \‘a

reduce to 2;5m” the dlstance behlnd the face at whldh the

1nvert was closed ThlS was achleved by alterlng the layout;

> 3

and spac1ng f lthe steel sets.  They were placed in a

inclined manner towards the face (Figure 3 5b).

: l , PR :
The ;max1mum surface settlements along this.critical
segmert.were kept below . 20mm? much smaller than"those'

»
4
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NORMAL EXCAVATION SCHEME .- -

RV INEREENINE
Lt iy ¢ EXCAVATION ‘SCHEME- BELOW RAILWAY Co
: ' . : ‘ . SRS " Ja :{.‘-’_ . s
. it = T T

\ Figure 3.5 _Excavation schemes .-used in Bochum —:Baulos K2
: i : ; . | LN ' - . EN
(after Jagsch et al., 1974:modifieéd). ‘ :

.

I o S



o

o A

AN

wd
- A Y

observed in sections where the scheme T1 was vused (Muller

and Spaun, 1977). ; . o o ;

B

'@excavagors (backhoes) and pneumatlc hammers

(VRN

3.4.2 MUNICH — Line 8.1

‘It is perhaps in Munich that the most remarkable

.examples of large cross—section tunnels - excavated by the

NATM can be found. The case historytdescribed herein was

reported by Krlschke and. Weber (1981) repreSenting‘a»double;
track tunnel (a, 88m ) drlven trough tert1ary depoS1ts t |
Thg ﬁﬂground water condlt}ons . were partlcularly

? : W
unfavourggl 27 due tb the existence of some pervious sand
- S [ - Lo B S . ©. . -

’ . e N « % : . ) .
“layerS'uﬁ er arte51an pressure and . several perched water

tablés. These problems :led to the use of a ‘vacuum system of
BGRY
water table lower1ng. Addltlonal dralnage \was prov1ded

thrqggh the side gallerles (scheme T4) .wh1ch were excavatedi

L/

well in advance. The equ1pment dsed cons1sted of ,hydraullc ji

v)'

¢

In a length of- 290m, three dlfferent ques'»of st-a'g-ea.\:?v

eXcavat1on~ were applled accordlng to the ground
¢t : :

geotechnlcal COnditfonsi— ba51cally dependlng» onp,“the

) '

thlckness ,of less permeable materlal ex1st1ng above crown };T

/ B

The rate ”o:' adbance "was . hlghly : controlled by ‘the’

.l
'

geotechn1cal factors,,as shown 1n Flgure 3 6. I,«f‘”

/

The 1ncrease in‘the rate of - advance in Sectlon ’2 wheﬁ

v

compared to Sectlon 1 resulted 1n1t1ally from an 1mprovement .

. ! / .
- , - C , /
__________________ / . .

"1pypical propertles of the MUﬂlCh soils. are pres ented in
Appendix A, in connection w1th"the deScrlptlon of ‘the ,Los
8.1-16 case hlstoly , R 1

— . - . ’ : S
! ) p . . : Eo

s
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Figure 3.6 Schemes of excavation used in a tunnel in Munich.

.— A,=88m? (after Krischke and Weber, 1981:modified)
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the hydrogeclogi;al conditions. Recognition cof existemcg
of a fairly thick vaer cf 1impervious ma:l  in Section‘q&

llowed thefdchange ‘of construction-scheme from.type T4.
T2. An increase of the rate of aavance was immediately
achieved. |
: N ‘

Difficulties associated with drainage of a «.nd .nver
in Section &4 created the requirement oﬁ an ele .r°°  ~f -he
invert cf the siae galiery. A 'téﬁporary"shotcr~*ed “irvert
was created. Excavafion of this noQ smaller side drift
provided means for solving the drainage problem.

A éomparison bethen the four séctions in terms of
surface settleménts is not possible-becabse data» were not
avaliable. Diagrams providec by’ Krischke and Weber

1981:121) suggest that the maximum surface settlements .due
only to tunne. excavaticn were of the crder of 20 to S50mm.

1
|

ate =-unnel excavations 1Iin

1

usc

w
b
[

Plates 3.2 anc .3

.4 shows &

(93]

T2 schemes. Plate

S
oF

Munich wusing the T an

sransition from constructicn scheme Té to T2':

3.5 Comments and Conclusions
RY] ‘

The current state of-the—art of Qoft ground tunnelling
i~ urban areas includes turnels of large-cross—sectional
areas. The NATM appears to be the most appropriate tool for
excavation of such works. Tunnels with 80 tc 130m? of

cross—sectional area and no intermediate pillars for support

~

"It 1s p0551b‘e that these photographs do not correspond
exactly to the case repor ted by Krischke and Weber
(op.cit.).
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Plate 3.3 Tunnel ex;aVation using. scheme T3 (both photos

- reproduced from 'U-Bahn Linie 8.1', with permission of the’

U-Bahn Referat — Munchen) i
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have ‘been éonstructed inﬂa ‘variefy of grouﬁd conditions.
Composite\ sections of .up to 200m* of cross—sectional area
have also been- excavated (e.g. ﬁébéndererde,,1980b).

The most efficient way toAcontrbl ground deformatiohs
and maintain face stability in such wérks is ' the procedure
termed "stéged!excavation'. Although én unlimited number of
staged éxcayation schémes By thé NATM may be envisaged,
there appéars to be a - tendency to rely on some typical
" layouts which were reviewed and classified in Section 3.2.
Selection criteria were examined but no rigid rules cén_be
.‘establiéhed. Qhe most appropriate scheme‘may then vary from
case to case. A frequent ,schéme used in’geotechﬁicéllj‘l
unfavourable grounds is the type.T4,‘whefe initial\ advance
makes use of side galleries.

The fleﬁibility of the NATM allows fairly easy " changes
‘in the construction scheme within a single tunnel as shown
iﬁ Sections 3.4.1 and 3.4.2. A waf to take advantage of this
attfibuteuwould perhaps be achieved by starting.thé job with
a 'safer' constrgction scheme (say type T4), changing this
scheme to a less complex or rigid.oné as excavation proceeds
and confidence is gained. Adeguate site investigations and
field instrumen;atioh would clearly play‘an imporﬁant role
in this 'observational approach' to tunnelling.

Examination’ of some case histb;iés suggests that the
single most_important.construction factor. is the need to.
close the shotcrete ring in the invert as close as possib1e

to the tunnel face and as soon as possible after excavation
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of‘one round.lin some instanceS'temporary ring closure may
be required before executing the final shotcrete’invert.v

De51gn ,precedures for large ‘crpss—section tunnels;
which 1include 1ining desjgn and“predictﬁon' of .sdrface
settlements, appear to be all ‘closely associated with
numerical techniques like the Finite Element Method — FEM
(e.g. Swoboda and Laabmayr,} 1978 Brem, 1982): JAlthough
design diagrams for certain large cross—section shapes
a.ready exist '(Pierau, 1981, »1982), the simplifyed
hypotheses impede. its generalized use in design.

An insight into ground behaviour’ durlng constructlon of"
large cross—section tunnels is prov1ded in Chapter 4, lwhere'
schemes of staged excavatign T1 and T4 ‘are - analysed by the

two—dimensional FEM.



4. TWO-DIMENSIONAL FINITE ELEMENT ANALYSES
4.1 Introduction

" 4.1.1 General

This chapter is conce;ned with applications'éf the
Finite Element Method ((FEM) to the analysis of shallow soft
ground tunnels. Although the study is mainiy~devoted to
evalgating’the capability %f the FEM for evaiuating NATM
performance, some of the concepts invol&ed are more generAi
and may be applicable.’ to simulation of other tunnelling
methods. .

The theoretical background 6f the FEM has been
bbdeScribed by several authors (e.g.ABathe; 1982) and will not
be reviewed herein. Inéteqd; the contents of . this chaptef
vwiil be aiméd_ at describing’ ﬁsgs of the method to the
analysis of.shallow tunnels from a practical point of view.

- Particular attention is given to speéific features of the

program ADINA (Bathe, 1978).

‘.
I8
23

4.1.2 ﬁeed for‘Finite Element Analyses

The FEM isi specially useful for ‘analyéing problems
which are th amenable'to simple é}osed form solutions. Due
to the presence of the surfacé‘b0undary,.the shallow tunnel
,éfoblem cannof be rigorously solved by simple elastic
sélUtions such as. the traditional ' Kirsch's equations

presented in textbooks (e.g. Hoek and Brown,,1980:103) nor

78
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by the' elasto—plastic solutions derived for example by Deere
et al. (1969). These solutions, as well as procedﬁres such
as the 'Convergence—Confinement.Method‘ (Brown et ai., 1983)
make the implicit assumption that the vertical_stresﬁ,is
constant throughout the .6penihg's regipn of 'influehée,
_whereas in a shallow tunnel}fhe'increése,of,ih—situ stresses
with depth has a éignificant ~influence on its behaviour
(Schmidt, 1970; Mohraz et al., 1975). S

An elastic-solution which considers’thé_presgnce of the
surface boundary, was developed by Mindlin (1939). However,
Mindlinfs 501utién doés not enable direct calculation of
displacements uénd thus cannot be used “for estimating
settlements above Shaliow tunnels. Numerical tools like :the
‘FEM are ' therefore the only suitable prbcedur§ to calculate
“-displacements around shal%ow openings, éven in thé elastic
case. Apart from allowing inclusion of geometricalffactcrs
like the presence of the surface /boundary, featurgs like
geologic discohtinuities, non-linear material behaviour ‘and

variations of material properties in space and time may.also

be considered.

4,1.3 Finite Element Program

All analyses presented herein employed the general
purpose program ADINA - (Automatic Dynamic Increméntal
Nonlinear Analysis). Although ﬁhe program was clearly
developed from fheiperspective of a structural or mechanical

engineer, it has many attractive features for geotechnical



80 -

engineering applicatioqs, which»haJé been reviewed by Evgin.
and Morgenstern‘(f983).’0ther advantagers of this program
when 'compared to more conQenti&nal cbdes are pointed out by
several authors (e.g. Dysli and antana, 1982; Simmons,
198 1:Chapter 4). )

Most of the.work described herein waé carried out using
the 1978 version of the program in its oridﬁnal form. Some
of the two—dimensibnal analYSQs, however, made use: of' a
modified version «currently. undér development (Evgin and
Morgenstern, op.cit.). All thé program features were
evaluated using the descriptioné in the program user's
manual (Bathe, 1978) and two other publications (Bathe,
1977; -féathe, 1982). Pre— ~and‘ post—processing were
accomplished by smallléerbice programs developed either .by:
the'Author or by felléw graduate students.

The applications‘reported-hersin represent the 1inigial
attempts to use ADINA for analjsis of shé;low tunnels at the
‘ UniQersity of Alberta. Tﬁerefo:e, information régarding”
'aspeéts df tunnel excavation simulation which are ‘essential
forvinterpreting the present results are included in the .
followihg sections. Sbmé additional information about the
prdgram_iévpresented in Appenaix D; | |
4;2‘Moaelling Criteria

There are some basic reguireménts that must  be
fulfilled before finite element ahalyses Can‘be'expected_to

predict the actual behaviour of a structure. Following the
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classic paper by Kulhawy (1974), little has been published
on the factors which influencé these analyses.
_ The material presented in the gfollowing sections is

aimed at analysing some of these factors, which have been
. . ""/ 4’_/-’

termed 'modelling criteria' by Kulhawy (op. cit.). %pergghd}
./ ) J M

is directed towards the specific cases ?haleedfTQm§Q§f{bﬂS
Ll T J\

1.4 and 4.5. ) o

4.2.1 Initial Stresses | g

As stéted in Section 4.1.2, g%e'aséshption of iniLial
stresses  constant with ‘depth is incompatible witﬁ
near-surface tunnels. Kulhawy (1975) -has carried out a
series of linear elastic analyseé of tunnels  1in rcck,
ruhning equivaleﬁt problems with initiél ’stresses ~constant
and -varying with depth. The results were made dimensionless
with‘respect to Young;s modulus, tunnel radius and ihitial .
maximum‘principai stress.

'Kulhéwy‘s study'shows that the stresses <close to. the
opening are little affected by‘variations in the initial
gravity étress conditions.‘However, at more than about one
:radius, the stréss distribution is substantially affected by
nfhe‘-assumption made.\ Based on these results, Kulhawy
suggests that gfavitf stress variation should be included 1in
the'énalysis of openings éhallower:Ehan 500ft (150m).

Urban tunnels are.nOEaélly io¢$ted at depths shallower

—

than 150%; Furthermore, prediction " of 'surface settlements

reqUirés that the surface be a free boundary. Hence,
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analysis of these tunnels will always reqdire the inclusion
of initial stresses varying with depth. Ajliterature survey
(e.q. Kulhawy, ’1977; Medeiros, 1979) has shown that for
analysis of excavations these stresses can be input in two
ways: |

_ A
1. Gravity loading:

When this procedure is used, the initial - stresses
are obtained by running_thé program prior to excavaﬁiqn.
Displ;cemengs due“.to this initial step are then obtained

~and have to be subtracted from.those resulting from
excavation in order to obtain the actual mo§ements. In
the analyses presented herein the initial' lateral

stresses generated by this procedure. are automatically

taken as:

o, = v/(1-v)

Q

2 (4.1)
where o, 1is the lateral (horizontal)‘stress, o, is the
vertical stress' and v is thé Poisson's ratio'?®. In the
threeedimensional'analysis, presented in:Chapter 5, the
o, 1initial stress is obtained'by the same manner. The
majop drawback in this type .of -précedure is  the
impossibility of producing Ko values independent of
Poisson's ratio. |
2. Initial stress input:

137his notation corresponds to that used in the program
ADINA :
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In this procedure, the initial -stresses are
§becified directly at each element or group of elements.
Implicit advantageé are the fact that the initial
displacements do not have to ‘be (zgroed and that Ko
values higher than unity may be used. Usuallf, only the
values of the buikpdensity (y) and of the lateral earth

pressure coefficient (either K or Ki) need to 'be input.

They 'are introduced either 'in a total or effective

- Y

‘stress capacity, depending upon’ whether a total or
. 9 ’

effective stress analysis is to be conducted.

e

This second approach is more appropriate for
probigps in geotechnical engineering, which will
eventually involve high® horizontal stresses. In its
original wversion, ADINADdoeS not have this.capability.
Implementation of a routine which éllows input of
,ihitiél stresses is curfeﬁtly pnder de?eldpment (Evgin,

1983) and was used in some applications in the present

&

study. K
4.2.2 EXCavatioﬁ}Simulation

Simulation of tunnel construction in ADINA is
accomplished 'p‘y' ‘the 'birth-death’ option.  Since the
:birﬁh—deafh' optioﬁ 'ié nb£ explained inideﬁail in 5ﬁy of
the referencesiassessed, several test runs wefe”égnduéted to
assesé this cép@bility. Three important conéiderations for
uﬁderstanding of the present work which emerged ffom these

“test runs are:
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Unless gravity stresses are used, the death of excavated

_elements ensures a stress free excavation boundary

of

‘When grav1ty loads are used as opposed to externaly

applled loads, a layer of -elements with minimal

thié€kness should be used at the boundary within the area
to be excavated otherw1se 51gn1f1cant errors m1ght be

‘introduced. The reasons for thi& are explained in the’

following section.

The nodes eliminated during excavation are treated as

restrained. This means that they 'freeze' position in

19

reactivated. This aspect 1is of importance in the

v -

procedure adopted to simulate lining‘ erection, as

explained in the following paragraphs.

4;2,2.1.Death of Elements

N

‘p0551ble by using the 'birth- death’ optlon. All elements

e

in the; region to be excavated are initially actlve and

at a designated time step, when excavation 1is to take

place, these elements are de-activated, which means that
they are'noi assembled in the stiffness matrix for the

remainder of the analysis.

-To verify the existence  of eventual® errors

< N
introduced at the tunnel boundary by the birth- death
optlon a circular hole-in-a- plate elastlc .problem was
simulated. In an initial run, the plate is perforated

‘before appllcatlon o6f external loads. In‘the second run,

’

subsequent simulation steps until they are eventually

‘Tunnel construction simulation//;s\\easily made
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the plate is already stressed when the hole is exc$vated
by using' the 'death' optio¥. Since the ma£erial is
linearly elastic, the stresses generated are independent
of the 1oadiné ihiétory and the sgreéses in both cases
should be the same. Numerical differences genérated by
the 'death' bf the internal elements were not found. A
similar problem is depicted in Figure 4.1. In this‘case,
the tunnel is shallow and._the in-situ st;eSses are
created/éy gravity‘loadigg. It this analysis the gravity
load will be lumped at each elements' nodes. ﬁhen the
element is 'killed', the nodes at the  excavation
boundary (whi;h remain 'alive}) will still be carrying
"residual' loads from the dead eiements and . therefore
the excavated surface will . not be stress-free. This
problem is minimized by reducing the thickness of the
elements at the bounaary to a minimum.

In the present study, the elements at the boundary
are 'lining' elements (initially .specified as.soil)
which initially hav & -hickness of 14cm. The results of
the test rﬁns sh-wn in Figqgure 4.1 show that negllglsle
differences are i. -oduced in the sgresses at the
béundary elements, which may theréfore.be considered
str;ss free (6nly the invert stresses are shown, since

in the other elements the effect is even less

noticeable}.
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STRESSES FOR EXTERNAL LOADING CASE

ELEMENT  OUTPUT

NUMBER LOCATION o STRESSYY STRESSZ2 STRESSYZ §TRESSXX
) .
1 -239.2097 ~170.6860 -40.8487 -175.8452
2 -122.1143 -74.6705 -29.9229 -84.4207
3 -225.0178 -137.6655 -25.0884 -155.5811
4 -95.9565 . =37.7919 -17.0654 ‘ -57.378!
b lr | ~ g le
STRESSES FOR EXCAVATION UNLDADING CASE

ELEMENT OUTPUT

NUMBER LOCATION STRESSYY STRESSZZ STRESSYZ STRESSXX
‘6 . v . ‘ ) .
1 -240.4134 -172.7168 -40.9307 . -177.2329
2 -122.71189 -76.1867 -29.8396 - -85.3275
3 -226.0563 -139.4077 -25.0963 -156.7841
4

~96.3525 -39.0298 ° =17.0197 -58.0790
\ ‘

Figure 4.1 Illustration of érrors introduced by the use of a

thin layer at the excavated boundary
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4.2.2.2 Birth of Elements '\\

The 1lining elements, /énitially active as a s0il
material, are de-actd and later re-activated as
'shotcrete, excepti in the‘aéalyses presented in Séction.

4.5, where beam elements were used to represent - the

lining. Due to the fact that the nodes of 'dead’

elements 'freeze' 1in subsequent steps, the actual
thickness E of the lining when the elements are
re-activated will be smaller than that specified

’ »

'initially. This 1is due to the fact that nodes at the
boundary keep _moving ‘inwards during the process of
excavation_ whi&e the nodes in the excavated region are
stationary.

In most of the appiications reported in ‘fhis
thesis, the.aétual lining thickness was typically 10 .to
13cm. An initial thiékness.df 14cm‘was then specified,
as a 'safety margin' thch would avoid the generation of
.a lining | excessively bt%in. Maximum deformations
effectively obtained from the analyses were of the ofder
of 10mm and therefore it was assﬁmed that the problem

'reported above would have negligible affect on the

fesults,

4.2.3 Mesh Discretization

+

Discretization is wusually a matter of experience and
‘ s T , : ' .
intuition and “herefore it is sel@om approached in finite
\ ) : ’ )
element books and \texts. G;ﬂe{ﬁﬁly, elements sholld be
I v \ I < » ' "

~
~

Vs
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~smaller where the ‘'action' is concentrated, i.e., where
rapid changes in streéses and strains are expected. However,

a very refined mesh will resul{‘in hiéher costs thus .the

best diScretization\should be that which yields the requiredv
accuracy for the minimum amount of eﬁfort (i.e., reduces

timeﬂfor data preparation ané‘output interpretation).

| Very few specific studies about the infiuence of mesh

‘discretization related to shallow tunnels are reported iﬁ
the literature. Oteo and Sagaseta (1982:653) verified that

the density of the finite element mesh has a relatively

small influence\ on the surface settlements (about 10%

diffefence between grids of 68»and 164 elements), but point

out that the di%placements around the tunnel could be more

affected'*.

4.2.4 Boundary Location and'Boundary Conditions
Finite element meshes represent a physical

approximation ~of the actual problem and therefore the

location of the boundaries with respect to the aréa of

interest (e.g. the tunnel and its surroundings) is expected

to influence the results of the analysis. Although Eairly

extensive studies are reported for deep tunnels (875\5
Kulhawy, 1974), to thé author's xnowledge little hasvﬂéen'
~publiéhed about the shallow tunnel problem. Some atteﬁtion

— e — - ——— — —

14+ In other fields of engineering, the optimum mesh shape 1is
frequently obtained with the aid of interactive computer
graphics. Shepard et al. (1979) have used this technique and
were able to select near optimum meshes for several

practical applications which are worthy of review if
optimizing discretization is a concern. '
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was ‘therefore given to ‘specification of boundary locations
-with the aim of optimizing . the two-dimensional studies

presented in Sections 4.4 and 4.5.

4;2.4.1 Notation

The notation used for the geometric paraméters is
outlined in Figure 4.2. Severai‘runs were execufed and
in order to minimize the time required to intefpret the
results, 1t was decided to restrict the study to
verification of variations of surface and- subsurface

settlements. Earlier studies published by Pereira and

A

Soares de Almeida . (1978) demonstrated  that the
displacémehts are very senSitive-tQ'the lateral boundary
loca£ion, while stresses are not.

Table 4.1 lists all executed runs, with the
material propertiés assumed presented in Figufe 4ﬂ3' The
mesh wused 1s shown in‘Figure 4.4 and 1is basically the
same ohe  used by Negro and Eisenstein (1981). It is
important to observe that the boundaries were altered
but not the mesh densify. All the ruﬁs‘ used ADINA's
liﬁear elastic 1isotropic model and were performed as
follows: | | |
1. Apply éraviFy‘loads to unperforated éropnd.

2. De—activate\\core\ and lining elements (specified

‘initially as 'soil).



Table 4.1 List of runs for test of boundary conditions

RUN L/0 Hd/D EXT.BOUND . RIG. BASE MAT .MOD. (*)
1 4 3.2 R(**) R 2
2 8 3.2 R’ R 2
3 8 3.2 R ¢ 2
4 12 3.2 R R iy 2

V4 f‘{,
5 8 2.2 R R 1
6 8 a2 R R 1
7 8 5.2 R R 1
8 8 7.0 R R 1
9 8 3.2 R R 3

10 8 5.2 R L 3

AL 8 3.2 R R 4

12 8 5.2 R R 4

(*) MATERIAL MODEL DEFINED IN FIGURE 4.3

(**) F=PIXED / R=ROLLER

90
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Figure 4.3 Assumed variations of stiffness with depth
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4.2.4.2 Influenée of the Distance to the Lateral
Boundary | |

The horizontal ‘distance L (defined in Figure 4.2)
has to be chosen so that its- length :haé' a minimal
influence on . the displacemenf field around the tunnel.
This is normally accomplished by pladiné the lateral
Boundary‘ at a finite distance L and specifying rollers
at the boundary so that the "effecf on - vertical
displacements is minimal. ‘

Féur different distances of the lateral boundary -
were investigatéd, as shown. in Figure 4.5. 1I¢ was
verified that the displacements were slightly
overestimated for‘L/ﬁ$4 only. For distances of L/D>8 the
settleﬁent trough was virtually unaffecﬁedfs. Another
point investigated was‘the influence that the choice of
the boundary conditions at the rigid bése wohid have on
the .settlement, Figure 4.5 shows that neither the
maximum settlements nor the shape of the settlement

through are affected by changing these  boundary .

conditions.

4.2.4.3 Influence of the Distance to the Rigid Base
An initial insight into the importance of the depth
to the rigid base is obtained by a simple approach based

on concepts of structural mechanics, as described by Ho

's Oteo and Sagaseta (1982:653) have obseryed that the
influence of the lateral boundary can be neglected if the
ratio L/D is greater than 9 and that for L/D between 5 and 9
the maximum influence in the settlement is less than 10%.
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o

(1980) and illustrated 1in Figure 4.6. The 'settlement
cqmponents‘ above and below the tunnel are due to the
release of étresses around the opening during excavation
simulation (Figure 4t6b). HO‘(op.cit.)-makes an ;Balogy
to the problem of an elastic célumn Subjected-to an
applied load which is then removed. Tﬁe displacements at
the top of the column may be calculated by iﬁtegratihg
the strain along its length. |

In. the case of the tunnel, accofding_to the.signn.
convention adopted,\do&nwardﬁdisplacements which océur
: . o
above crown will be positive, while the heave below the
invert will be assigned a negative value. It. is cleat
from. Figure 4.6 that the larger the lenéﬁh Hy 1s with
respect to H, the largér the 'negative componeﬁﬁ' of the
.vértical displacement will be and .a point might be
reached where heave will occur. | -

Several runs were executed td assess the importance
of this problem in the analyses presented in Section
4.4, Results of this parametric study are in agreemént
with the simplified model reported above. This results
are'ldepicted in. Figure 4.7 and clearly show that in
linear elastic‘anélygés with a cénstant stiffness with
depth, the sﬁrface settlements predictéd willl be
dépendent on the depth of the bottém rigid boundary.
This is also the baée for the subsurface settlements,

: : . s :
which are shown -in Figure "4.8. The maximum surface

settlement found for ~a ratio Hd/D=3.2 is about 10%

L} ’ \
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higher than that for Hd/D=7.2“:

It should be noted that‘the paraméter that acﬁually
controls the amount of settlements is the ratio H/H4.
This becomes clear if one goes back to Ho's simplified
model‘(Figure 4.6). For H7Hg=1‘the 'thebretiéalf surface:
settlements would be =zero, turning into heave 'for
H/H ,<1. In actuai‘analyées.however, the parameter H w1ll
normally be imposed'by'the problem geome;fy. The value
of 'Hy mighf also be dete -ined by the existence of, for
example, " hard rPck. below the tunnel. Appfopriate’
judgementﬂ would -be thus requifed if analyses with
‘sfiffness‘ constant with deptﬁ have to be used. This is
however unlikely in fhe cagg.of soils and soft rocks, as

commented in the/following.section.

4.,2.4.4 vVariation of Stiffness wiﬁh Depth

The analysis in the preceeding section shows that
finite element 'analysés which assume a constant
stifféess'.with depth cannot provide unique predictions
of settlements. These Qbservatioﬁs are épplicable\ to
adélyses which make °~ use of linear elastic jand
elastic-plastic models which contain an initial liﬁear
portion of the stress—strain cur\e.ﬂThe hyperboliczhodel

used in Section 4.4 takes the /variation of stiffness

————— i - —-——— e A e - ——

r¢similar comparison u51ng the results. presented by Oteo and
Sagaseta (1982:654) would result in values about 70% higher.
This suggests that other factors, for example ‘the mesh
discretization, could play an important role. A comparison

. was not p0551ble because these authors d1d not’ publlsh their
meshes.- :

|

|
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Sign
Convention:
+
i Y
"l')
+
z

b ' 4
A NoN a0

Line of zero strain

.§s = vertical displacement at surface

B C
=] e,dz + | e,dz
A B

STRESS RELEASE . COLUMN ANALOGUE

s

Figure \d\siﬂumn 'analog,ﬁe.‘ to -settlementoproblem in elastic

“material (after Ho, 18#@:modified).
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Figure 4.8 Subsurface
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with depth inté account, provided the value of n 1in
equation 2 (Figure 4.12) is not zero. The stiffness of
soiis and soft rocks however, usually varies with depth
(Morgenstern, 1975:9) ;nd tﬁerpfore analyses taking this
more realistic assumption into account would be expected
to be more accurate. Some assumptions for the variation
of stiffness with depth approximately compatible with
the field conditions of the ABV: tunnel analfsed in
Séétibn 4.4 were investigated'’. The results, depicted
in Figures 4.9 and 4;10 show that in these cases the

magnitude and distribution of the surface and subsurface
settlements are practically insensitive to variations of
the parameter.Hd‘°.

Anéther feature that can be noted 1is the
considerable influence that the assumed variation_ of
s;iffness with depth (i.e., material 2, 3 or 4) has on
the surface settlements. it‘is clear that a realistic
evaluation of the stiffness with depth will be a matter

of primary importance in analyses of shallow tunnels

aimed at predicting settlements.

4.2.5 Material Model
Appropriate representation of the soil behaviolur around

an excavated shallow tunnel is known to be an important

issue  when accurate predictions are required (e.g.

' "These assumptions were shown in Figure 4.3. '
120teo and Sagaseta (1982:654) point out that the operating
modulus below the invert should be higher than that above.
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Eisenstein, 1982). The progfam ADINA offers several choices
of material models. All these models éré described in the
book by Bathe (1982) and will not ﬁe reviewed‘herein. |
The two material models available in the original
version of tﬁe program. and used :in thié thesis are the
:'Linear'Elastic Isotfopic' and the 'Elastic-Plastic with von
Mises Yield Criterion and Isotropic.Hafdening', The other
material model used was the hyperbolic model for soils,

introduced at the University of Alberta (Evgin, 1983).

"4.2.5.1 von Mises Model

This model 1is illustrated in Figure 4.11 which
-summarizes its main properties. Thei derivﬁfioh ‘of " the
equations .used to describe the yield function and the
calculation of the plastic displacements is fully
presented by Bathe (1982:388) and will not be reviewed
herein;

. The model . makes use of thé classicavaon Mises
yield criterion used for interprétation of tests on the
plastic behaviour of metals. The value of the yield
stress (o,) is normally taken as the yield stress in
simple axial tension tests on steel. If it is assumed
that the yield limit in tension is the same as in
compreséion, o, mayvbe taken as q which is the uniaxial
compressive strength of the soilU in undrained tests.

Successful wuse of this approach has been reported by

Dysli et al. (1979) who used the program ADINA. —
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(Isotropic Hardening)

Figure 4.11 Illustration of von Misés Model (after Bathe,

1982:modified)
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4.2.5.2 Hyperbolic Model

This is a soil model whiéh was introduced in
non—linear incremental stress analysis by Duncan and
Chang (1970). The model is based on the assumption thét
the stress—strain‘bﬁrves of triaxial compression tests
for certain soils could be represenﬁed by a hyperbola.

The hyperbolic model is illustrated in Figure 4.12,
which summarizes the main equaﬁions. In non-linear
incremental analysis of stresseé and deformations, each
-increment assumes the soil vas being ﬁiecewise linear

elastic, the tangent modulus E, varying according to

[

variations .in the principal stresses. Vériation of the
stress—strain behaviour with confining pressure.is takén
into account by equations (2) or (3) in Figure 4.12,
depending on. whether .the soil is being loaded for the
first time ,or 1is éxpefiencing an unload or réload
behaviour.

The hyperbolic model has beeh~used exfensively for
the énalysis of deformations of large structures in é
variety of soils. Recent appiications on the anaiysis of
soft ground tunnels ﬁave shown that use of this model .
can provide gobd estimates ‘of surface settlements above
such gtructures (Kawamoto and Okﬁzono, 1977; Katzenbach
and Breth, 1981). Critigues on the original hyperbolié
model haQe beeh made and were mainly 5ire¢ted towards

its inability to take into account volume changes due to

changes in shear stress.
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Also, experience shows that the model is not
suitable for the analysis of stresses and movements
close to fa{lure. Chfistian (1982:194) suggests tHat the
hyperbolic model gives reasonably good results for
stress levels less than - about 75% of failure.
Nevertheless, the model can be used to represent .the
sfress—strain behaviour of a wide range of soil types
'and has.ghe advantage of using parameters which can be
readily intefpreted: in terms of its physical

significance.

4,2.5.3 Verification of Hyperbolic Médel

The work which is presented herein‘was carried out
with an experimental'versign‘of the model, which did not
Bave the feature of -equilibrium iterations
implementeﬁz’. This created the necessity‘of vérifying
the effect that the number of steps would have had on
tHev results. This was ‘done by simulating a simple
triaxial test with different numbers of steps used to
apply the incremental axial loads. The results were
compafed to results of 'anofher program (NLCP, from
Simmons, 1981) and to hand calculated values?°.

Figure 4.13 summarizes the test configuration and

material properties assumed. It should be noted that

'* This is 'a technique used in finite element non-linear
analyses which allows for an update of the stiffness
withouth the need of applying loads in_small increments.

2° The hand calculations and the results\f;om the NLCP run

were provided by Mr. D. Chan,



! 109

LR b dde

* 13 1t 1 20 4]

R
\J AXISYVMMETRIC

..z;q Y
7oA : I I ] 1) 1 it 19
| 008w |

MAT. PROPS. (Loose Sand)
T =00

K =295

K = 1090

n =0.65 ~ . L
¢ =0.0 '

g =304

y =0.30

Figure 4.13 Scheme for tests of hyperbolic model



110

00 77T T T T T T T

280 |

[
n
o

60 .

40

20

OVLJI.IAi‘

(bz hand}
NLCP (23 steps) - ‘
ADINA  ( B.-steps) ) .
4+ ADINA (14 steps)

- ADINA (23 steps)

-

2
X X

A

b o1 . . 1 .t o 2 a4 .1 . 1 . 1 .

o 1 2 38

‘s 8 7 8 9 10 11 12 13-4 15

Axial Strain (X)

ADINA—HYPERBOLIC TESTS

Figure 4.14 Results of tests of the hyperbolic model

~



111

represented in the axisymmetric mesh. .The confininé
pressﬁre‘is introduced by spécifying the Stress state of
'éach'element'and only the deviatoric load is added- to
the sample. Figure 4.14 depiéts the results which show
that the modellproduces results comparable to the exact
solution, ‘provided a large  number of steps is used.
However, the results up to‘75% of the failure stress afe
pracﬁically insénsi£i¢e to the nﬁmger of steps used to
‘applf ﬁhe load. It was concluded that the number of
steps wouid not be a decisive factor in the problem
analysea, which in the numerical' analyses did not
involve mobilizatién of shear stresses above the 75%

level?®'. .

4.3 Simulation of NATM Excavation

The advance of an NATM tunnel with £hé heading and
bench prbdedu;e. is very difficult to v;imulgte in two
dimensions.  However, the  fact .that: three—dimensional
analyses are .complex and time consuming, motivated the
develobment - of ~ several approximate two—dimensional
procedures. Eisenstein.(198£5 has re&jewed sbmé  of these
techniques. Basically, three general procedures can be
distingui§hed. They are iliustratad in'Figureé'4.15 and 4.16
and briefiy described in the féllowing.sections.

21as will be seen in the following sections, the stresses
and displacements close to the tunnel boundary could not be
properly evaluated due to numerical -innacuracies. It is
possible that in these areas the 75% level was exceeded.

PRI
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4.3.1 Core Modulus Reduction Procedure

It is known that some movement btakgs place' in the
grouﬁd,mass before the support is placed. Thfsﬁmovemenﬁ will
reduce the loads carried by the support according to  the
concebt of .grOUnd; response ~curve discussed in Chapter 1.
This 'pre—support' béhaviour is included in a plane strain
analjsis using the method advocated by Swoboda (1979)2’;

In: this broqedufé, the ground cmasé is inifially
unperforated. ﬁefore the tunnel is excavated @gé the supbort
is placed, the elastic modulus within the 'core' is re&uced.
piecewise ‘to zero (séebFigure-4.1Sa) and the ground moves
radially 1inwards by a certain amount. The- supportliisy
activated -in two stéps. Swoboda (op.cit-.) soughf mainly a
more‘réélistic assumption for the lining loads by using this
'stepwise reduction of- the core modulus. Schikora (1982,
1983) has applied similar'procgdures to the prediction of
surf§¢e movements -in Munich tuhnéls, with encouraging
results. L | - | ‘ i

This type of sfmulation cannot be carried out,witg'the
program ADINA in its current state.-Attempts. were Amade ﬁo
use the _'restart' option in the program td.stop procéssing
and change material properties, bﬁt it was -verified that
this could not_be'accompl%ghed.‘This‘is due to the fact'thét
using the re;Egrt option, the oﬁiginal, materiélb'properties’

are sto:ed for all subsequent'calculations. De—activating

22pccording to Steiner et al. (1980:98) this procedure was
primarily developed for design of tunnels constructed by the

"ramp method' (see Appendix A). i

Y
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the core (with initial modulus E) and immediately replacing
if with a reduced modulus is possible by specifying two
different element grodbs for the core (the grdup with
reduced modulus initiqlfy inactive). However, one element
group caﬁnot be activated and de—activated in the same run
and therefore the procedure cannot be cémpleted.

4.3.2 "Prdgressive Core Removal" Procedure

fhis technique waé introduced by Wanninger. and Breth

(1975) being aimed atnsimulating the sequential construction
as in the core modulus reduction procedure. The core is
discretized in great detail and gradually removed during
various excavation steps. Figure 4.15b .illustrates this
feature including the sequence of 1lining erection.
Katzenbach (1981:46) observed that the technique yields
realistic displacement predictions but thét the lining.loaas

are meaningless. This is due to_ the fact that when the

shotcretes ring is fully completed, 100% of the stress. -

relg%se has a{;gady‘taken place.

Altbough fﬁis, procedure could be easily modelled with
ADINA, i%uwas'not implemented due to&uﬁhe reasons reported
above. it was decided'that instead the téchnique presented

in the following section would be attempted.

4.3.3 Gradual Boundary Stress Reversal
This procedure is frequently used 'in two—dimensional

finite element simulation of shield tunnels. It consists
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basically \of excavating the ‘'core' elements and then
applying a gradual release of boundary stresses to simulate
tunnel advance. |

The fechnique is illustrated in Figure 4.16a. The
original in-—situ stress at a point at the tunnel boundary is
gradually reduced by an amount corresponding to this.
percentage. At the same time, this point will displace
towards .the tunnel center by'virtue of the loadé applied.

Application of this technique to ADINA raises a
problem. This is due to the fact that when the core elements
are de—activated, the 'birth—death"automatically applies
100% of sfress release to the boUndary The way deviSed- to
overcome this problem was to implement an internal support
pressure to the.tunnel at the'timevof the "death" of - the
core -element, as shown in Figure 4.16b. This pressure;
initially egual but opposite to the in-situ 'stresses, is
'gradually released by using ADINA's ‘tiﬁé functions' thus
simulating the\tunﬁel advance. .

Also illustraﬁed in Figure 4.16b is the percentage of
boundary stréss release, hereafter termed ‘percentége of
stress release' or simply %SR. It will be seen in the
following section that the value of %SR to be used in the 2D
analysis = is particulariy critical 1in predictions of .

settlements.
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4.4 Back Analysis of Sao Paulo ABV Tunnel
This case history is described in Appendix A. It was

chosen for the present analysis because of the availability

of considerable field data and also due to the fact that a

similar study had been performed before (Negro and

Eisenstein,‘1981) so a check of the ADINA procedures could

be made. . &

4.4.1 Assumptions

In their back analyses, Negfo and Eisenétein (op.cit.)
used thelproperties and boundary conditions outlined ih
Figure 4:.17a. The analysis was carried out in one step‘only
(i.e., 100% of stress release in one step) and no lining was
placéd. These authors considered the matching of surface
se;tlements as the most important criterion and 'pseudo
moduli' were derived for the soils. The use of_this.approach
did not allow matching of the subsurface settlements.

The initial run reported herein was carried out using
the same moduli derived in the previous study.'fsubsequent
runs méde busé of hyperbolic baramefers for the variegated
soil. These parameters, which are listed in Figure 4.17b,
represent undrained values and were derived from earlier
studieé By Sousa Pinto and Massad . (1972), following
procedures desc¢ribed by Duncan eﬁ al. (1980). |

The porous clay is a lateritic soil which is known to
preseht a somewhat erratic behaviour with extreme variations

in stiffness properties within the same deposit. Generally,

O .
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hyperbolic parameters cannot be fitted to test results of
this soil. For these reasons, it was decided to keep the
modulus proposed by Negro and Eisenstein (op.cit.) as a
constant value. The thickness of this poroué clay deposit
was slightly changed in order ﬁoibbetter represent the
cqnditibns ‘encountered at. the instrumented section C. (see
Appendix A for details). |
The shotcrete lining was simulated as a linear elastic
-material. Thé addpted'yalues shown in Figure 4¢.17 correspond
to 1owef bound values presented by Hoek and Brown
(1980:268). These values are. in good agreement with the
field test results on cylindric samples taken from the ABV
tunnel wall presenteé by Simondi et al. (1982). .
‘The analysis was carfied~§ut with the.samevmesh used
for the boundary condition tests, presented in Figure 4.4.
Except for sbﬁev miﬁor» différences in the aiscretization
vclose to the obening, it is the same mesh used by‘NegrQ and
Eisenstein (op.cit.). This similarity was sought as a way to
evaluate the ADiNA procedures. |

4

4.4.2 Results of Two-Dimensional Analyses

- 4.,4.,2.1 Displacements

Due to the cénsiderable scatter presented by the
surface settlement measurements in the field, they were
discarded as a criﬁerion‘for a good fit., Instead, only

subsurface settlements are analysed.



120

The initial linear elastic analysis_ was executed
for a check of ADINA' s birth—death procedures. Gravity
was applied in the first step, the cofg elements being
'killed' in the second and last step. The results.in

Figure 4.18 show a good agreement with those reported by

Negro and Eisenstein (op.cit.). This demonstrates that

the ADINA procedure produces results simflar to

Q

conventional 'boundary stress reversal' techniques where.

the modulus of excavated elements 1is reduced to a
minimum'value.
Two runs were carried out with the ‘hypérbolic

model. In these runs, the stress release was carried out

in 10%'increments and lining was 1installed at %SR=30%

and 40% réspectively. After lining installation, the
'internal forces' were released and the ground was
allowed to close on the Iining, «

The 'best—fit' results correspond fo the 40% stress
release and are shown 1in Figure 4.19. The results
correspond closely to the field.meaSuremehts,_suggesting
that the set of soil parameters and boundary conditions

assumed were appropriate. However, it should be . pointed

out that the computed deformation occurring after the

lining was erecteéd was very small (=0..8mm) and does not -

correspdnd to what was observed in the field (3mm at

crown after shotcreting'the invert). This could be an

~indication that the stiffness adopted for the lining was

slightly high.
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4,4.2.2 Comments:

The procedure adopted in the 2D linear elastic
analysis~ (i.e., 100% stress release) is straightforward
and easily accomplished with ADINA. It is however a very
crude approximation of the process of excavation of the
tunnel which is better'approximated by a gradual stress
release. Nevertheless, this procedure may yield good
predictions of surface settlements provided convenient
soil moduli lare adopted and the actual stress—strain
behaviour in the field does not depart much from the
elastic assumptions. T |
| Regarding the analysis with the hyperbblic modél, a

good fit of displacements with the field measurements

was verified. It should be observed +however, that. the

good 'prediction’ was dependent on the assumed
percentage - of stress release before <« the lining
installation (%SR). A real predictioh, carried out

before the tunnel is excavated, would require a proper
assumption for this parameter.

The %SR used in the analysis 1is a particularly
criﬁical parameter. Increasing its value increases the
displacements at the tunnel boundary and hence the
surface settlements. In the present work, determination
of %SR was carrigd out by trial " and error, turning
therefore the two-dimensional finite element analysis
'into a semi-empirical procedure. Determination of %SR

prior to tunnel construction could be achieved through
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correlations between‘ this pafameter and the expected
percentage of lost ground V. (%), since the more stress
release is allowed, the larger the croﬁn displaéement
and consequently V,, as definedvin. Chapter 2. Another
possibility would be to create a classification system.
where factors such as soil parameters and excavation
meﬁhod would be related to %SR. 1In either case; an
extensive investigation of éeveral'case histories By 2D
F.E.M. would be required. This was not attempted in the
present work. | |

It was also found thét the procedure of adopting an
'interhal support  pressure' caused a _certain
'disturSance” in the'elementé shfrounding the opening.
This is because theA appliea nodal loads,. which were
calculated manually, do not correspond exactly to the
loads created by the ‘birth—death optien. Hence _théw
eq;ilibrium at the tunnel boundary coula not‘be'fﬁlly
satisfied. For this reasons, the displacements at the
tunnel boundary were discardéd; |

Two ways to avoid the problems reported aboye are
to: |
. Reéine the finite element discretization around the .

tunnel. This would decrease the stress differences

at the element boundaries.
2. Establish an 'in-core' pre—processor in ADINA which

would calcdlatei the exact nodal 1loads from the

condition of equilibrium of the elements and



125

gradually’release these loads 1in smail steps.

Neither of these techniques was éttempted because
the agreement between Caiculagéd‘and obsefvéd valueé wasi
considered satisfactofy. Furthermore, modificatiqn: of
the ADINA code was not considerea feasible due to the
restricted time frame.of this study.,Such expedients may
however be necessary for future research involving the
teéhnique reported above if more'precise‘values of the

stresses .and displacemenfs at the boundary are required.

4.5 Analysis of Large Cross—Section Tunnels '’

The objectivé ‘of this section is to analyse, by using
/‘ .
the FEM, the relative amount of surface settlements provoked

;by two different staged excavation schemes presented in’
Chapter 3. It ié recognized that the excavation of a large
cross—section tunnel is a truly three—diménsional process.
However, three—dimehsibnal .analyses_ Qf.'suph tunnels . are
extremely complex and would -rgquire a considerable time

()
effort. %

A simple o—dimensional analysis, regardless its clear
limitations, allowes an estimate of the relative performance‘
of different construction schemes in terms of ground

movements. However, .it does not permit a proper assessment

A}

of problems like face stability or development of lining

pressures.
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4.5.1 Statement of tye Problem
The analyses are aimed at comparing settlements_due to
excavation of a hypothetic tunnel 12m wide and 9m high with
about 80m? of_eross—sectional area. The sqil cover above the
tunnel crown is taken as 10m.
| A Eompafisoﬂ.is intended for two construction schemes:
type T1 ('heading aﬁd bench') and type T4 ('side gai}eries')
as feviewed in Chapter 3. The assumed geological profile is
.depicted in Figure 4.20. The adopted geotechnical properties
are also shown and correspond roughly to extreme values‘
.reported for the Edmonton tlll by Eisenstein (1981). Tﬁo
‘sets of analyses are carrled out for these different types
of soil which are arbltrarlly termed 'hard' and soft' t1ll.

The upper horizon properties correspond to-average values

for Lake Edmonton clay reported by Eisenstein (op{cit.),
S S i

4.5.2 Finite Element Simulation
The stress—Straih behaviour of the soil was.represented
by the von Mlses model descrlbed in the preceedlng Sectlons
‘The value of the yield stress oy was chosen as the value of
thel-un1ax1a1 compressive strength of the s01ls (0y=q =2c )
and the hardening modulus was arbitrarilf‘ taken as,gE/10,
where E is the modulus in the elastic poftion ot the
:stress—straiﬁ<curve. Successful use of this approach4‘has

been reported by Dysli et al. (1979) and Dysli and Fontaha

(1982).
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The shotcrete lining was represented by beam elements

assumed to behave linearly elastic with E=10GPa and

25, The thickness of the ,inner‘ wall of the side
galleries was assumed to be 15cm, while the thickness of the
external wall was taken as 25cm. Ther finite element mesh
used 1is shown 1in Fiqure 4.21 (dimensions were selected

according to the parametric study- reported in Section
4.2,4). Due to the comparative nature of‘the study, it was
decided that a coérse mesh would suffice. Tunnel
construction simulation is shown in,Figures 4,22a aqd;4;22b.
It should be noted that due to impossibili£y of activating
and de—activating an eleTent in the same run, the inner

walls of the side galleries in scheme T4 cannot be removed.

Step 8 in Figure 4.22b is therefore a fictitious step, whose ..

effect was estimated as follows:
1. Run problem with linear elastic soil propertiés and

ful%y excavate opening with internal walls.
% :

e

2. Run same‘problem without internal walls.

3. The difference 1in displacements in both cases is added

to the real problem.

4.5.3 Results of Comparative Analyses

Far each;cbnstrdgtion step; the cprrespondihg- nodal
‘Fsgldliﬂeﬂts were thained.’Figures 4,23 and 4.24 show the
maxix ssttleme*“orofiles for the soft and hard tills
respecitively .. shown are the ‘setﬁlements occurring

during heading e: ation (step 1 in the T1 scheme and step

/.,
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3 in the T4 scheme).

It should = be . pointed out that by wvirtue .of the
simplified two-dimensional representation, the ground mass
above the tunnel .experiences some heave during- invert
excavation and immediate lining ereation.vTherefofe, the
maximum settlements occurred at a stage prior to tne final
step, what is unlikely to happen in - a proper
three—dimensional anaaysis. This is illustrated in Figure

“4.25 ‘which shows a schematic evolution of vertical
displacements of a point at tne tunnel crown for both
construction schemes. The distances between construction
steps havebbeen arbitrarily selected and aren shown in the
lower part of Figure 4.25. The displacements ahead of the
‘face have been aséumed eQual to 6ne third -of the elastic
displacement given by 'hole—in;a-plate' solutions. The onset

of displacements has. been assumed to occur at 1.0 diameter

ahead of the face.
& '
| | \
The striking ~conclusion that can be derived from

4.5.4 Interpretation

inspection of Figutes 4.23 and 4.24 is that regardless of
soil properties, the scheme T4 has a better performance in
ftermsvof maximum surface settlements or maximum distortion.
" In ;terms of absolnte values however, thé differences in the
case of the stiffer soil afa less significant. This suggests
that in "this case the criteria for selection of either one

of these schemes could be linked to factors other than'bthe
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per formance iq terms of surface displacements, such as those
reported in Section 3.3, Chapter 3.

Another feature of interest is the amount of settlement
caused by exca&ation of the heading portion (step 1 in the
T1 ECheme and step 3 in the T4 scheme). In both cases and
specially 1in the case of the softer soil, the percentage of
the max imum seetlement generated by this excavation step is
very sighificaht; In practical ferms,‘ this shows that
excavatien of the headlng in tbe field should be carried out.
with special ~care, pefhaps with the adoétion of a central

core, as illustrated in Figure 4.267°.

4.6 Conclusions

For the sake of clarity, it is appropriate to separate
the conclusions of this chapter into different sections.
Although the-main objective of the study'wae to evaluate tae
appllcatioa of two—dimensional ﬁlnite element techniques to
' .the NATM, :considerable' attention was paid to modelling

criteria and to features of the program ADINA.

4.6.1 Modelling Criteria .

A revﬁew ‘of recent literature on ‘finite element
analySiS of shallow tunnele has shown that details on the
techniqhes used to simulate eXCavation are often obscured by
a . formal presentatlon. Due to the: - lack of published
'modelling criteria for shallow tunnels, several ruhs were

*3This is an expedient frequently used in NATM works (e.qg.
Nixdorf, 1980:43). :
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executed in order to assess the influence of mesh size and

boundary | conditions in the analyses presented herein.

Important points which’®emerged from these parametric studieé

are: | | |

1. The distance to the lateral boundary of the mesh did not
influence the settlement profile provided it was placed
at more than 8 diameters ' from the tunnel centerline

(rollers were used to simulate the bounda?y conditions

2. The chai boundary condition (i.e., rollers or
f1}é§ 5T the Bottom rigid boundary did not
affect thé .pPedicted setilements. |

3:A Anlalyses thcﬁﬁgésumg.the E modulué constant with depth
cannot providé uniqgue predictions‘of settlements due to
tﬁnnel ' excaygpion. Thesel' displacements will ‘be
controlled bf‘the depth of the bottom rigid boundary.

4. The position of the bottom rigid boundary becomes much
léSS’ critical when an 1increase in the E modulus with
depth is assumed. This enhances the necessity of
realistic\ assumptjons as to how the stiffness actually‘

’varieéiwith depth in analysis of shallow tunnels.

4.6.2 ADINA

Spécial attention was given to some features of ADINA.
Since two-dimensional modelling of the ad?ance of a shallow
tunnel 1s not straightforward} some specific techniques

_(which used the available ADINA features) were developed at
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expense of considerable time and effort. It is hoped

that these initial steps can provide easier ways for future

users. Some important points are:

1.

The 'birth-death' option alone does not allow
éppropriate modelling of an advancing tunnel in twd
dimensiéns due to the fact that the stress release at
the tunnel excavatién boundary cannot be made gradually.
Using ADINA's time functions, an alternate procedure was
developed to simulate . tunnel advance (Section.4.3.3).A‘

& ‘ . . '
This procedure yielded satisfactory results fog} the

present study, where matching the settlement profile was

achieved after a 40% stress release. However, at higher

percentages of stress release it was difficult to

.

maintain the equilibrium at the tunnel wall.

Alternatives for future improvements were suggested in

Section 4.4.2.2.

4.6.3 Analysis of ABV tunnel

A considerable improvement with respect to the preVious

study by Negro and Eisenstein (1981) was obtained with the

application of the lining after a certain amount of boundary

stress réiease, as defined in Section 4.3.3). The use of - a

- hyperbolic soil model which accdunted for the wvariation of

stiffness with depth is also believed to have contributed to

this improvement.

An important remark refers to the 'percentage of stress

release’ (represented by %SR in Figures '4.16 and 4.19)

-



EDEN

138

allowed before lining installation. The  predicted
settlements' were dependent on this parameter thch was not
known befbréhénd and was determined. by-“trial‘~and error.
Appropriate ‘'calibration’ will Dbe ciearly required before
two-dimensional finite élementlanalyses using this techﬁique
can provide uniqpeb ptedictions._lt'was suggésﬁed that the
calibration féctop can be achieved through .correlatioﬁs
between the %éR and the percéntage of ldét ground V, as
defined in Cﬁaptef 2. Another possibility suggested was the
creation of a‘ classificapion system in thch-%SR would be
one of the-parameters.‘lh either of fﬁese cases, the 2D
finite element analysis'of advancing tunnels would become a

semi-empirical procedure of predicting settlements.

4.6.4 Largé Cross—Section Tunﬁéls
QTWOfdimensiohél'finite element analyses were carried
oﬁt to compare\felatiVe performance o¥ two staged excavation
construcfioﬁ schemes. Two extreme soil condiéidns belieQed
to . represent the? Edmonton till were anélysed. Three
important-conCluéidns resulted from thesé analyses:

1. The’stagéd'ekcévation‘scheme with side gaileries (T4) is
shperiorvvtévnthe heading ahd‘bgnch scheme (T15 in terms
of mQﬁimum'surféce settléments generated. The slope of

; the Settlemént trough for scheme T4 was alsd found to be

flatter, confirming field experiments reported by

Krischke and Weber (1981).

2. In the“stiffér soil, termed 'hard till', the differenceé
> - : Ui
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in settlements between the two schemes were less

significant. This suggests that selection criteria other

"~ than the  geotechnic¢al performance in- terms of

settlements could control when excavating large
cross-section tunnels in sudb%§qils.

Excavation of the heédingéﬁg}tion'is rgsponsible for a
significant amount of.the total settlemeﬁ;. When surface
settlements cannot be tolerate, it might be advisable #9

adopt a central core, as shown in Figure 4,26, 'staging'

the excavation at the heading in.both T1 and T4 schemes.

]
S o

>
G



5. THREE—DIMENSIONAL FINITE ELEMENT ANALYSES

» p
5.1 Introduction -
This chapter deals with applications of the

three—dimensional finite element method to analysis of
' ‘ P‘-\\ ’ ’ : .
shallow tunnels excavated using the NATM. Initially the

Sar

method is wused to model a case history, thh the numerical-:

results being compared to actual fleld measurements.

A further contrlbutlon deals w1th tra three—dimensional

stress—displacement behaviour near the face of an advancing
. . ‘ . . ."M"
shallow tunnel. Two three—~dimensional runs are executed yith

. ‘the lining installed at different dista: .es from the facea
... The results are Studied within the framework' of the

5
X

convergence conflnement approach “wheres soil andg lining

-

behav1our ‘are represented by characterlstlc curves def1ned

"in Chepter 1. All analyses were carried out with the progra%_;”g

" ADINA.

5.1.1 General;;?
Most finite  element analyses of shallow=“tunnels

. jpublished H'ﬁ the literature to the present_ date '1are

Lo

ﬂxw%two—dlmen51onal representations. While in several problems

1n geotechn1cal englneerlng (e.g. 'lgng' dams’ 'and_

‘:.excavatlons): thlS' approxlmatlon is fa1rly reasonable, such ”
R : cEs .

'1s not the ‘case of tunnels excavated: by the NATM, where most

“’I

of_‘,the 'action' ‘takes place ‘near the face. This is

~illqstrated in Figure 5.1,‘ which depicts twoﬁgwandb.'

[ ] . .
Vo iy e L R
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three—dimensional representations of the same tunnel.

5.1.2 Modelling Criteria

This section cc _lements the 1ideas approached 1in
caction 4.2, Chapter ' with respect to the 3D analysisgﬁﬁqiﬁ‘
Y

Y

el
vt *
' XML
WIS

¥

5.1.2.1 General

There 1is g;eét demand for computer storage cabacity
and on time for. . inpug\ preparation and output
interpretation . associaﬁed with | three—dimensional.
ahalyées. Therefore, studies to evaluate the factors
influencing the analyses, such asuthose preéented—for Ehe

*

two—dimensional case (Section 4.2, Chapter 4) couldthot

4=,

I
oS

be carriedwout. Selection of mesh size and appropriate
. , L . view® D
simulation techniques were based on literature review /

" and are briefly-outlined in the following sections.

S.i.Z.é Mesh Discretization | :
Due to the limited number ;%%J properly doéumented
-threé}dimensiqnal finite element"sgudies*QVPilable at
‘the onset of the preSent‘stGdy, it,w§§&decided'to adopt
dimensions close to those specified in the 'German
Recommendations for Unqﬁrg;oﬁnd Constructions Jin“ﬁode
(DGEG, 1979:198).» The mesh subdivision was chosen as a
-combro@isé _between  relatively coarse meshes - (e.g.
Dé#coeﬁdres, ©1974) ~and more refined stuaies (e.g.

Gaftung et al., 1979).

k3
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The three-dimensional continuum 1is discretized

'according'to the following principles: |

1.‘yThe grid is subdivided inteia number of 'slices' and

is kept as simple as possible for easier .visual

interpretation. This is extremely impprtant when no

pre— or post-processors are available, as in the
present study. | ”

2. A ‘test section' close to mhe'central part of the
mesh is selected for analysis, similar. tolt_an.
instrumented ,section in the field. Stresses and,

'dlsplacements are analysed for this sectlon only andff
the normally lengthy 3D. computer output ‘
eliminated?*. ' ' e g

3. For the initial excavation steps which take place
far from the 'test section' a coarse mesh
subdivisioh is used. Fot steps close@ to the test
section the number of sllces is 1ncrease§§§to better
simulate the sequence of excavation - and support
erection of the actual tunnelling process.

Figure. - 5.2 Dillustrates the three—-dimensional
discretizatioh‘ in a[&Schematic ‘mahner; .Eight  node
elements were used to represent eﬁé gfoupd and the
lining in all analyses presented in this cheptet. They
are the simplest form of three—dimensional eiements'
available in»AﬁINA énd were chosen tor reduce costs and
simplify .the,'nodal numbering sequence; allowihg easie:

__________________ v

7+ This test sectlon was 1mplemented only in the analysis of
the case history preSented in Sectlon 5.2,
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manipulation of input and output information.

5.1.2.3 Construction Simulation

Excavation and lining erection were carried'outvby
the 'birth—death' procedure Ioutlined in. Chapter 4.
Although this ADINAF‘option- would allow a closer
simulation of the actual NATM excavation'_sequence, the
number of necessary time steps,would be high, resulting
in higher costs. Therefore, the ‘simplified. excavation

_ﬁ g
seguences 1llustrated k&n Figure 5.3 were adopted. It

should be noted that each three-dimensional excavation
step represents five actual steps and that the l1n1ng is
erected simultaneously with excavation.’

"The observations about the necessity of a 'thin.
layer' of elements at the excavation boundary and to the
reactivation of lining ‘elemente explained in Section
4.5?2, Chapter 4, apply here as .well. No tests were
carrled out to check the 1nfluence of the th1n dayer

boundary on the results but the conclu51ons derlved from

the two4dimensional verifications . can be fclearly

extended to the three—dimensional case.

<A

-

5.1.2.4 Material Model
« - All three—d1men51onal analyses were carried “out
assumlng( l;nearly elastlc 1sotrop1c behav1our for soil

and 11n1ng /%he use of an elastlc model is a recognized
{) LTS : R
over51mp11f1caflon _of 5011 behav1our. However in the

rnvestagatlonS)pr%pented in this thesis more attention

5
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"TEST SECTION’ ;

vy

Figure 5.2 Schematies subdivision of three—dimensional

continuum
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4 3 2 1 —<— SEQUSNCE IN 3D ANALYSES -
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T - RUNS 1and 2-
iz |97 ]e!2 | B
AN ! | L |
S SO N Y S 'heading and bench'
15 10 5 | o
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1.30m

'4 IR IT-— SEQUENCE' TN 3D AMALYS:S -
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Figurea5.3 Actual NATM construction 'sequenée vs. finite

‘element simulation

i
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i
B

was paid to particular aspects of the 3D behaviour
during tunnel excavation tban to the constitutive law.
The high costs. involved in non-linear analyses alse
contributed to justify this assumption?®®. Moreover, in
the ABV tunnel analysed 1in Section 5.2, the ground
losses were very small, notably those ahead of the face.
JTherefore, a great departure from the elastic behaviour
‘was not >EXpe¢ted. Indeed, as will<\te seen in the
following sections, the displacements ahead of .the face
of this particular tunnel were matched e&én\yjth the

‘dssumption of linear elasticity. _ /”j

5.2 Anainis of Sao.Paulo~ABVvTunne1
This is a case history ‘described in Appendix A and

analysed in two—dimensions in Chapter 4. The two—dimensional °

Y
ey

analyses yieldea'satisfactbry predictions of cross—sedtibnef'
- displacements, - the three—dimensional analysis being used tc

study . the lbngitudinal deVelopmeqt - of strekses and
- ‘ S ‘

displacements with face advance.
Two three—dimensional runs were -‘carried out. The

~

initial run (termed Run 1) was a 'pilot run' and evaluated
‘the degree of " d1ff1culty involved in the analysis.  The

"analysis also examined "the. sdeqqacy' of the selected

s

simulation technigue. The parameters for Run 2 were then
seiect’ed,~ based on the results of the initial run.. The -

238imple three—dimensional tests 1nd1cated that the cost of.
analyses with non—linear models could be more than ten times.
higher than the linearly elastic analyses
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results of this second run were the best achieved in this

study.

5.2f1.Materia1‘Properties and Geometry
'Material properties and géometry are illustrated in
Figure 5.4. In Run 1, ‘the 'pseudo—modulus' = for the
variegated soil determined by Negro kand'bEisenétein (1981)
‘was adopted for the whole mesh, with no variatiohﬁassuméd
 with depﬁh. Poisson's ratio waéléssumed'po'be_O.S[ 'Yielding
a K°' yalue of 0.43. In Run 2, the moduli adopted were the
initial tangent moduli (E;) for theAVariégated soil gi&en by
Equation 2 in Figufe'4.12,.Chaptef 4.vThe value of 03 wés
taken'aé the centre of each layer.'Hyperboliq parameters for
this. soil are outlinéd‘in Appendix A. The Ko, value 'n Run 2
was increased, based on a comparison of the results of Run 1
with fieid ﬁeasurementg, aé explained in the‘following

sections.

5.2.2 Mesﬁ Discrgtizafion and Excavation Simulation
The mesh used isvillustrated'in Figure 5.5, a typical

'élice" of the mesh being shown in Figure 5.6. It should be
noted thét in Rﬁq 2 the mesh was slightly modified in~ order
‘£6 accomodate hoqiiontal layers. The excavatiéh sequence is
as foilows: | |

Step 1: Establishment of initial ‘ conditions (i.e,
applicétion.qf.gravity)

Step‘?f Full face excavation of slice 1

):



' 5 D , : 3.5 D
'S - 4+
1('
a B
S Mat.1 -
- Lo
. o
™\ Mat .2 ~L
— -
. a o
C"‘ V. J Mat.3 ~
Mat -
E
i <
Mat.4 A
L
RUN 1 . K ‘ RUN 2
Material| E (MPa)- v Material| E (MPa) v
1 1 12
2 : 2 31.5 ‘
61, 0.3 0.43
3 3 " 34.5 )
4 el 4 37.2
5 . 14000. . 0.25 b 14000. 0.25
Ko=0.43 fo=0. 75
5o

' Figure 5.4 Geometry and material

analysés ofu%iy\c'ase history
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/
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. used in back

i
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Step 3: Full face excavatiom of slice 2; shotcrete at slice

1
Step 4:- Heading -excavation of slices 3, 4 andISj sﬁotcrete
at slice 2
Stép 5: Heading excavation of stices ‘6 and 7; bench
excavation of slices 3, 4 and S; shotcrete at sliceé 3,
4 and 5 (heading) and slice 3 (bench) ”
Step 6: Heading excavation of slices 8 and 9;- bench
excavation of slices 6 and 7; shotcrete at slices 6 and
7 (heading) and slices 4 and 5 (bench) — FACE AT TEST
SECTION ° | | |
‘ﬁﬁep'7: Heading excavation - of ‘slices 10\.and. 11; gench
N excavation»of slices 8 and 9: chotcrete at.slices 8 and

9 (hg;ading) and slices 6 and .pench) ‘ VA

. Step 8: EHeading excavation of slices 12 'éhd}ﬁj; pench-g

excavation of slices 10,_11 éndl12;.éhottrete af Qiices
10 and 11 (heading) and 8 and 9 (bench),
- Step é: Full face‘excé&ation of slice 14% behch' excavation
of slice 13)1 spotcréte at slices 12 and 13 (heading)
'and“sliées 10,.11 and_12 (bench) o
IStep 10: Full féée. excavagion of slice 15; Shoﬁcrete at
| slice i4 and slice 13 (bench) o -

L

A,

5.2.3 Comparison with Field_Measurements
“As explained in "Appendix A, ‘the measurements of

displacements around the ABV tunnel were restricted to
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surface - settlements,  roof levelling, convergence:

measurements and ' subsurface movements measured by

extensometers. Comparison between the field measurements and'
- ki
results of the finite element analyses allows.an evaluation

of the adequacy of the parameters selected.
, -

It should be pointed out however that the compar: as
presented in the féllowing sectiions were made :for points

located at about 1.0m (crown and invert) to ~ 1.5m
(springline) away from the-mesh opening. This was necessary

N

 because the displaceménts and stresses at tunnel boundary

were affected by numerical innacuracies, as'commeﬁted at the
‘end of this chapter. | )

5.2.3.1>Ho£izdntal Displadements
' The evolﬁtion of horizontal displacements with 'the ﬁ‘ -

face aavance’ is shown in Figure v5.7.‘FIﬁ an a%fuali

situation,_this_would corresédnd to readiﬁgs”éf a slope S

indicatof. irstalled close to the. spring}éne levél,

Results of Run 1 show thaty there is praé%ically no

horizontal moveméﬁtl before the face pééggé“the test o _ 'g

"4

, section. After thé'féce 'passes by, n1ere are slight )

i@ﬁtward horizontal movements. Thééererg'éﬁtributed”to
- “the Ko value chosen for Run 1'and do mot’ correspond to R

what was .observed ' in ‘Ehél;fieidg":AfEﬁbuéh - no slope
v 4 - o, \‘ - :

indicator was used, results of convergence measurements

Ceen
PR

published by Negro and Eisenstein (1981) showed that.
S rshe and. Bisens [ Shoved that

this tunnel displayed an inward mov#ment at the

springline. T _ < ‘ "
4‘ . -, ) . . . B A m,_ oo nh
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For Run 2, the Ko, value was increased to 0.75,

: ’ \

based on considerations regarding the- ABV field case
presented in ~Appendix A . It was observed that by the

time the face reachedqthe test section, a radial inward

_ dlsplacement had already occurred?*. This displacement
is sllghtly hlndered by the placement of the 11n1ng at
thé top"headlng and tends to stab111ae after the invert
i;;closed. ‘ ) _— “,.m
. 5.2. 3 2 Vertical Dlsplacements
Surface and subsurface vertlcal dlsplacements were
measured in the field using ordlnary level surveys and . &

multipoint extensometﬁrs,» The results . of these
B 1} - o

measurements are'pqrtrally presented in Appendix A and »

sbow’ébettlemeﬁ%‘ fo§%§01nﬁs at the surface and heave

lf\,_.v

oy
a
.

" the invert level.
' ‘The plots of vertlcal d1§placements are presentéd.

in Figures.5.8,°5.9 and 5. 10 It shculd be noted that ',(.i

~x

the displacements ahqad -of the face can be reasonably

4

matched by the. linear elastlc model However, aftef . the

face passeeR the dlsplacements ‘measured ;arbund' the ‘)
. .. ; h e

. tunnel are much \%arger than those calculated. This

>
1nd1ca§es that the behav1our ahead of the face does not
. 2 . » .
depart much from ‘the llnear elastic aSSumpt;on As the .. X3

4

face passes by# an increase in the mobilization of

e L SN N S

2¢ This. observatlon is con51stent with three—dlmen51onal
studies publlshed by Ward (1978). His results were made
dimensionless with respect to the fleld stress, tunnel

radius and E modulus.
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~ is that for Run 27 the measured crown settLements ahead-

A I Innaccurate Sbll propert1‘

160-

ground sheatr  'strength will ' result in  larger

displacements, which cannot ’be matched because the

“ B

elastic moduli are not - updated for these excavation

T,steps. Matching the field measurements; "in. this case,

.would probablyj% require = a ‘non—linear elastic or

ARt !

elastic-plastic model _accounting"for a . reductiom, in
stiffness with = the mobilization of ground shear

strength. ‘ o ‘ WuZ‘ “’,

pna A
-

Another feature that may be observed 1n Figure 5.9
) Ve - .A.

of the - ggace are- sllghtf@7smalleg than those predlcted.;

L

Afthough this mﬁy bé explarhed Byi appeallng '4to;'

innacuracies in*”the f1eld measurements, 'two other

explanatlons" ﬁwt be given:’

- ‘-‘-"?N:- - s

NS

As éxplalned 1n"Seotioni'@.4;1j Chapter 4,

.
o o-

properties of the varlegated soiis used: indfthe

analysis were derived from earlier studies by Sousa
Pinto and Massad_(1972). These authors report theﬁa

dccurrence of disturbance in the‘Samples, which were .

&2y )

obtalned us1ng Shelbfﬂtubes ($ 12cm) "Sirce - the 'Ey e

modulus is_ sensltlve to sample~ disturbance (i.e

generally the more dlsturbed the sample 1is,  the

SN smaller the E modulus) one éouldvspeculate that the

o T rd

“initial tangent modu11 used in7 the analysis were

g B

o ehlsmallep”/than the %g?%ual ones, It was not poss1ble

however to evaluate the degree of'sample-dlsturbanoe

- . . ) ¢ I

) 4



161

'-and itsdeftect on‘the moduli.
- It is also_posslble that the E modulus assigned
torfthe'potous;Clay,3which was derived from back
lanalyses : presenteo - by ‘ﬁegro .and Eisenstein
S ‘,(op clt ) is sllghtly low The point belng analysed

“is s1tuated close to the assumed tran51tlon between

il
g Y . A\

the pdrous clayvand the varlegated 5011
. : W v;: ,.:f, . {;:‘ .
W5 " 2. Stress Paths. 3

[RV R

, , It may also be argued that the explanatlon lies.
i ., ." ‘ oAy T
>gr,ln the stress paths actually followed “in the¢

it
Lo

_field”’f The stress paths fon several po1nts arounéb'

Taa. Beer 0 ; "”'.(_,r d

the tunnel’obtalned from the 3D analyses (Run 2)‘are-
o s P NS Cul - .
prgsented 1n &Ppendlx F ’ '

J",‘Q' .- '_ N 0 . . T Ty
- .Iﬁr“onef‘ negkects ’“the ?*1nfluence of*‘»tﬁe
LT, o o Cisu ) < .

‘ﬂ' .
G b N v

Qintermediate:‘princ1pal 'stress '02, 1t 1s seen thaw

,the stress path followed by a p01nt about 0 5m above\
the crown would be closer to that followed in ani
extension’ trrax1al test, where th@““major »351nc1pal

S I stress o, is kept constant while the minor principal .
. . y .

Stress o5 is decr%ased. Medeiros (1979) wverified
. - LN ;. > . ‘ ' ’ . ‘
‘that these ‘tests tend to yield higher moduli than

conventional triaxial compression tests, which were

used in the analysis. A 'softer' behaviour than that"

. A . ~ o
occurring in the field would be then predicted.

~*7 The 1mportance of u51ng results of tests which follow the
stress paths in the field has been stressed by Eisenstein
and Medelros (1983), wlth respect to deep excavatlons.
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: e

The differencdjpetween,predicted and measured

values 1is, however, minimal and since no informaﬁ@pn
L
Xd
~regard1ng ﬁhe behaviour of the ABV s1te soils was
aVawlable, -there can' he no def1n1t1ve conclus1on

Moreover, factors such as the 1nfluence of 02 ‘or the

effect of the rotation of prﬁnclpal stresses on the

A deformatlon propertles of the ABV 50115 could not be

assessed. . A A

ﬂ'

5.2. 3 3 Transverse Settlement Proflle

Further '1llustratlon of the relatlve accuracy of

the;~three—dimensionalv-finite element analyses ~is;,

RS

presented 1in Figure 5;11; Transverse proflles of ‘the

subsurface settlﬁments predlcted and measured show

that° the 0ver} fﬁb#hav1our before the tunnel

reaches the test sectlon 'isv closely predlcted »byf.a.

lfnear elast1c model The final’ proflle, however,'ls not
satlsfactory, suggest1ng that the behav1our in the fleld
"assumed a nonallnear mode after the face passed.

. It 1is ¢ interesting to recall that the simpler

two—d1mens1ona1 analysis 'this tunnel presentedrin

Chapter 4 ylelded results which were much closer to the

actuﬁﬁ’ measurements.. Those analyses, although using a.

‘non llnear model for the varlegated so1l were also much
A, .
: iy
simpler in  terms o( data preparatlon and output

s

interpretation. S v

ey

b

a -
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5.2.3.4 VerticaliStresses v
e A N .-

7"elements surroundlng the openlng It is possible to draw

stresses above the crown, as shown in F1gure 5.12a. It

is observable that the vertical stresses ahead of the

Stresses were obtaineds at the ‘center of the 3D,

a qualltatlve’ plcture of the development of the radlal-

face 1ncrease at about one d1ameter ahead of the face.

Te

. As the .face_ passes the test section however, the
stresses fall to a.minimum'and subsequently rise -,again

with the installation'of the lining.

-

This wavy pattern of stress hdevelopment can be .

. explained in _terms _of three- dlmen51onal load transfer

p

.. mechanisms around - the tunnel':fage; as commented in

Seetion 5.3. For comparlson, veruzcal press“{e readlngs
S : P ) s ra,
reported’ for a tunnel - nt. Fg

‘3-{‘3. ‘1,1\7 !

Sty PR SR B X

' [ . L
+ Jonuscheit, 1976) are also shown,ﬁﬁg;is clear that the

_~ 3D  analyses ‘present -results ‘_similar to  those-

RSP .
meGsurements. < , B

]

' 5.2.4 Displacement Pattern with Faceikdvancev .

. . S . ' . . ' " ' A-’ 3 W -

The following) sections contain information derived from

. IR, : - | . -
the finite element analysis» (Run 2), which cannot be

h

field measureménts for the ABV tunnel. Nevertheless,s "this

[

;1nformatlon “may. bei used to characterize the ‘general

st

dlsplacement pattern around thlS spec1f1c tunnel A oeﬁtain

-

degree of confidence in nhe results .exists because tbe

QSauer - and-

,criticaily e&al ed due to the absence of a complete set of.

i

2

% P



trends. observed in .the _field were consistent with—}

results in the preceeding section.
, B

‘515,4.1'Lateral Moyements due to Face Prooress

The predicted lateral movements at the testrsection
during tunnel advance are shown in Figure 5.13. In the
field, 51m11ar types of movements would be heasured by

an incllnometer 1nstalled at 1. 50m from the tunnel The

lateral movements are shown for situations where = the
face of . the tunnel is 7.80m (2 diameters)'and 2.60m
before the reference sectlon 0at the test ‘sectionfv and

past it by 3. 25m and-5.60m respectlvely

v

+ As the tunnel approaches the, eference line, the
,v‘er . .‘ a

iateral movements are’ towards the tunnel -From F1gure~,
_5.13-.it can. be _seen thatgk the wéonset'@ of these
-*dlsplacements ‘occurs when the face 1s atQapprox1mately'
" 5— 2 O dlameters from the reference“sectloh.,Xfter' thehvv > e
face passes, the movemehts 1ncrease even more mntll the ‘
lining is lnstalled ‘It is 1nterest1ng to note that a.

R q,\ y
point at the surface, thCh is free to, move, does,not .,

’

a4

dlsplace 51gn1f1cantly 1n the horlzontal dlrectlon. ThlS

s
-

is an 1nd1cat10n that ovements at the surface are

a2 ‘d

largely vert1ca1 A 51m11ar' pattern of\,, behav1our has L

prev1ously been observed for shleld 8r1ven tunnelSu(eﬁ
- Branco,'1981); o ‘:., | '25” |

Wt 1
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_—
i5.2.4.2 Longitudinal Axial Movements
Longitudinal axial movements could be measured in
the fleld 1f an 1nc11nometer ca51ng was installed along
the centerllne -pf the tunnel and measurements taken as

A

the face approached. The calculated movements are shown

in Figure 5.14. It~ is. observed that when the face 1s at’

7:80m (2 diameters) the movements are barely notlceable.'-

JAs-the*face approaches, the movements are always’towards

the face with the amount 1ncrea51ng as the tunnel comes.

closer to the 'ret:ence sectlon. A tendency of the so1l -

ot M L,.:‘—_';,

S o Wmove towardS'f"he' -excavated head1ng ‘-is. also

}7 dnly #

B w .anotlceable.ﬁ.Askiln the case of the lateral movements, a

p01nt 'at tHefésurface “‘remalnsvf almost , statlonafy,
, o , 4
suggestlng that the movements at the surface are largely

4

ilfvertlcal whlle near the tunnel the dlsplacement vectors

®

"flow' . towards th- face. ThlS is 1ndeed Verlfled by

v
.

e A |
Sl _pectlon of the displacement pattern in Flgu e 5.16.
\).im i ‘-..A
5. 2 4. 3 Longltudlnal Movements at Slde of Tunnel‘ o

»

' Flgure 5 15 deplcts long;tudrnai\movements at the

re i
< R

 ; ' ‘51de of the tunnel which would be measured in ‘the f1eld

\J

by an 1ncl1n0meter 1nstalled at. the 51de of. the tunnel.

@ -
At - the l?catlon analysed (1 50m from tunﬁel sprlngllne)

K

the movements are less 51gn1f1cant than those ata-the

i{!ﬂm axxs’*ﬁlt should be noted that the horlzontal scale 15'

we "

“
R

dlfferen; than that used in Flgure 5.14:).

};The lomgltud1na1 horlzontal movements ‘are still
g - A-\ -oa . . 3 .

rpredomlnantly in the face' dlrectlon vandlsrncre%se in

vy

(W
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magnitude as the tunnel advances. After the face passes

oo ”

the movements show a slight trend for the soil to move
back to Vjts original position. This effect has been
observed in previous finite element analyses (Ranken and

/. ‘ ! :
Ghaboussi, 1975) and also in the field, for the case of

shieldf driven tunnels (Branco, ‘1981:112), but no

¢ :
satisfpctory ' explanation has been offered-so far. It is

apparent thad these r'baekyard’ movements around the
tunnel are jdue to the ;elastic rebound’ Of‘thé tunnel
face gainsg the directionlef,excavationf That is,'since
point witﬁin the tu.anel perimeter are displacdng into
the t nnel; the points in the . vicinity of the tunnel
wil} ovév backwards in order: to compensate for the
voﬂameilo%t tbrough the faee.

T;e; tact that'there is some longitudinal_movement-

17 ar easﬁ close to the :contact lining—soil‘*dn' NATM

tJnnels has .not been reported in any of the references

/

'}
a%sessed This suggests that analytlcal or - numerlcal
/ C P
studles. based on the assumption of plane strain cannot

[

;ru;iy " reflect reality. Field measurements of

:

{ longitudinal movements close.to the lining—soil -contact
I . .

are urgently needed to clarify these points.
5.2.4}4 Movements at Symmetry Plane

In order to examine more'Elosely the effect of the
lining erection on the displacement pattern, it is
interesting to investigate the displacements generated

by one step of tunnel excavation. These displacements
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afe depicted in Figure 5.16, which shows that the
displacements ahead of the <unrel are largely towards
the face, assuming a more vertical pattern zbove and
below the unsupported cavity. After lining installation
however, there is a"tendency of theApoints around the
tunnel to:mové back towards the direc;ion‘of excavation,
>és explained in the preceding section. Agéin, this
.enhances possiblé.limitations of blane strain models 1in
tanalyses of soil-lining interéction close to the»funnel\

. .face.

-
L

5.3 Stresses and Displacements near the Face

5,3.T'Outiinerf the Problem

- Excavation_-of a tunnel prpvokes,sighificant changes in
the in—éitu stress field. If the  tunnel is viewed
longitudinaly,” three distingt regions can Dbe identifieq6

(Ranken and Ghaboussi, 1975:1—15:

1. Far ahead ofbthe_face: This zone ﬁas not been disturbed
by excavation and the in-situ stresses govern. If one
principal stress is vertical and the ‘ﬁwo horizontal
principal stresses' are of equal magnitude, the in-situ
stréss field may be represented by a ;wo~dimensional
model.

2. Around the  face: In tﬁis éone, the load transfer
mechanisms genefétea by tunnél excavétion create a

three—dimensional patterh of stresses and displacemeatsl
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which cannot be represented by a two—dimensionéi model.
3. Well behind the face: The stress displacement pattern

will normally return to a two-dimensional condition:

‘In elastic ground, fhe extent of the threc—dimensional -
zdne around the face is known to be one to. two diameters
ahead of and behind the facé (Ranken and Ghaboussi,
1975:5—1). When plastic yielding occurs, the extent éf the‘
3D zone‘ingfeases, mainly behind the face, It is normally in
thi; zone that ﬁhe support of an NATM soff groﬁgd tuhnél
.will be placea", "due to the reduirement of miniﬁizing
gfouﬁd ;.@ovements. In time independeht matérials, the -
deyeiépmenﬁ of_liﬁing loads will take place entirely within

this 3D zone, as ‘explained in the following section.

0 5.3.2 Load Tf;hsfer ﬁ;chanisms around the Face

The ‘évolufiqn‘ of lining 'pressureé occurring during
tunnel advaﬁée»can_be"explained by the thfee—dimensiénal
arching mechanisms’ pOstUlated by Eisenstein et al.,(1984)A
and illustratéd in Eiguref5;172’. As excavation progresses,
_the removal of'éroUnd’ﬁp‘to'.the‘<new' facer causes 'a load
-redistributiOn around the tunnel. Some of the redistributed
load will be transfered to ﬁhe support and some t§ the
unexcavated ground ahead of the face. At some point back
from the face, the ground stregses stabiiize in equilibrium
with the lining. |

£3

2°;’I‘his is probably the case wikh most shield tunnels as

well. 4
*? Only the longitudinal arching is studied herein.
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.

Eisenstein et al. (op.cit.) present a conceptual
attempt to relate the radial stresses and displacements for
a point at the tunnel crown. Figure 5.18 shows the vertical
—

stress and displacement distribution along a longitudinal

e

line at the tunnel crown, as wéll as the displacements which
occur along the same line. It is argued that there should be
a stress concentration ahead of the face (point B), followed
by a rapid decrease of vertical 'stress to zero at the tunnel
face (point C). The stress is zero along the uﬁsppported
cavity (points C-D), provided thaﬁ no/internal pressure 1is
applied. With the lining installed, there is a new increase
in vertical stress ~.;-:i’nc:'i stable ' equilibrium is evéntually
}eached at point F. The stress cbncentration near the lining
leading edge (point E) has been shown to depend on the
relative stiffnesses of the lining and of the ground
(Schwartz and Einstein, 1980:72). If the support is very
stiff with respect to the?ground, this stress concentration
wiil be present, |

Combining the stress and displacement distribution as
shown 'in Figure 5.18a it is bossible to draw a gr&und
response curve.similér to that postulated in Chapter 1, but
ihcluding features ﬁhat more realisticallyr reflect the
actual stress and displacement patterns. This cﬁrve is shown
in Figure 5.18b and , although conceptual, it has the merit
of reqognizing'the actual load transfer mechanisms existing

at the tunnel face.
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5.3.3 Field Evidence y .

Field evidence of this stress redistribution pattern
around the face has been presented in the case history at
the Frankfurt "S—Bahn — Los 6" tunnels described in Appendix
A. The vertical pressure méésured.withinithe ground mass at
the crown of one of the tunnels has been reprodﬁced in
Figure 5.12. Regarding the stress. concentration near the

lining 1leading edge,™ no published field evidence has been

found by the Author, at least in the case of NATM tunnels. .~

5.3.4 Numerical Analyses

Most previousuhumerical studies of the behaviour neaf
th? face madé use’of‘axiéymmetric models (e.g. Ranken and
 Ghaboussi, 19755. The result§ of these analyses are strictly

valid for the case of a deep tunnel where the in-situ stress

-

field 1is wuniform (i.e., K=1). The stress—displacement
behaviour is thus the same for crown, springline and inverf.
In order to investigate the development of stresses and
displacements around a shallow tunnel and with K#1, truly
three—dimensional studies are necessary. |

The following results are derived from 3D analyées
termed Run 3 and Run 4. The mesh used is. shdwn in ngure
5.19. It should be noted that this mesh is a modification of
the mesh presented in Figuré‘S.S. In order.réduce thé éosts,
two slices were eliminated by 'reducing the iongitudinal
dimensions (seelFigure 5.19). Selection of the material

properties was arbitrary. The ‘sequence of excavation is as
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Figure 5.17'Three—dimensional»archihg around .an advancing

tunnel (after Eisenstein et al. 1984:modified)
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follows:

Step 1: Establiéhment of initiai conditions (i.e,
application of dravity) o

Step 2: Fuil face exca;ation of slice 1

Step 3: Full face excavation of slice 2

Step 4: Full face excavation oE‘Slices 3, 4 and 5
Step 5: Full face excavation of slices 6 and 7
Step 6: Full faceAéxcavation of slices 8 and;9’
Step 7: Full face excavation .of sliceé 10 and 11
_Step 8: Full face excavation of slices 12 and 13
Step 9: Full face excavation of slices 14

It is important to- observe .that in the following

@

sections, the stresses refer to points ‘located approximately-

‘20cm from the‘opening, while the displacements are ébtainéd
fo; nodes at the %xcavation\liné. Ideally::thegsame point
should be ’}efe:red to. Tﬁis was not done 'because‘ the
streéses at  the nodes are kﬁown to be innaccurate (Bathe,
1982:177). ) | .
Figures ’5.20 and 5.21 show the cbmputed results for

radial stress and displacement distributions at the crown,

for two ~distances of. liningfihétallation behind the face

(L=(1/2)D and L=(2/3)D). Due to numerical innacuracies, as

diécussed at the end of this chaptef, thefe is a
considerable scatter of stresses and displacements behind
‘the advancing face.‘ For this reason, the curves have been
smoothea out after superimposing output stresses and

displacements from three consecutive steps of face advané&\

~

~
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(this was done by making the face positipn. in these three
stepe coincide) .,
It can be observed that ﬁhe V avefagé' stress

, _ :
distributions did not show any significant stress

>~

concentration ahead or behind the unsupgprté&x cavity.

However, 1t 1s «¢vident that the radial'stresses,decrease

sharply from their original values for points immediat¢i§

ahead of the tace. They did not drop to zef@_as
. ' ST .
in Figure 5.18, because thqyxwere not taken at a point at

postulated -

. o . oo
the excavated boundary, as commented above. It should also

v

be noted that this point starts to partly recover stress St

some distance ahead of the lining leading edge. = ;;

A

5.3.5 Ground Response Curves

By . combining radial stresses -and displacements at-

o

ncorresponding points in Figures 5.20 and 5.21, one may. draw

3

ground response curves. These curves, presented in Figure

5.22, are defined as a relationship 'betweéh ':adial'"stress

and displacement for a point at the tunnei'perimeter.ylt
should be noted that in Efgure '5.22 the stresSés_ and
d&splacements have been nofmalizedﬁto the :in-situ véréical
" stress and:to the tunnel radius respectively.

Both grdund resbonse.curves show similar trends. It is
noticeable that at an eaclier stage; displacements begin to
5;cur without a major vertical stress change. As the f?ce

approaches the reference secticn, a faster- drop 1in the

stresses occurs. Ideally, the stresses at the pgfimeter of

%
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the unsupported tunnel 'shgkld be zerv as the face passes

\

through the reference section.\They do not drop to zeto
because they refer\to a point not at the excavation line but
at some small distance above.it. |

Even if the stresses are not zero, it 1s noticeable
that at this stage they remain'fairly‘,constanth while the
displacements increase further. As the leading edge of the
lining moves . forward, the stresses increase until an
equilibrium situation is finally achievea.

These results clearly s@ow that loaéﬁng on the support
is dependent on how close the support.is installed to the
face."The support'closest to the face carfies more load. As
expected then, the final>displacements qalculated for the

\

‘éase where the lining is instélled close t? ‘the face are
smaller ghan for the further <case. These observations
support the concepﬁ of_ gréund and support characteristic
curves presented in Chapter 1. - A |
Anogher important observation is the® fact that the
three—éiééﬁsional nature of"the- p{oblem accéunts for a

non—linear ground response curve, even in a linearly elastic

material.

5.3.6 Behaviour at Springline and Invert

The 3D arching mechanisms shown in Figure 5.23 allow
the postulate of'simflar stress pattérns as those previouslx
’described, for the invert’and for the springline. Again, the

same remarks regarding the existence  of stress
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concentrations ahead or behind the unsuppgrted cavity made
in Section\5.3.2 are applicable.

\ Figures 5.23 to 5.26 show the results of the analyses
for radial stress and displacement distribﬁtion ~along the
invert and the springline, for the two disﬁances Qf lining
installation behind the face._The‘curves have beén obtained
- by the same j&ocedure described iﬁ Section 5.3.4.

It should be noted that the displacement deveibpment at
the invert (Figures 5.26 and 5.27) is not consfstent with
the pattern observed fgr the crown, presented 1in Figures

+9.20 and 5.21. These invert displacements are consistently
-inwards ahead of the tunnel and around the unsupported
cav}ty; After the lining installation however, the points at
the invert tend to move outwards in the direction of their
original position., This is also verified for.thé springline,
but only in the case where the lining is installed close to
the face (L=(1/2)D). No evidence of such behaviour was foungd
in the caée'ﬁistories investigated. However, in most of the

cases analysed the displacements near the tunnel were

~.
~.

measured at points located at a certain distance. from the
tunnel boundary. It is possible that this behaviour could

indeed occur for points at the lining—soil contact.

5.3;7 Evaluation of Final Loads and DisplacémentS'
\ . The determination of the final equilibrium.stresses éna
Ydisplacéments . behind the face and after the lining

&nstallation using three—dimensional finite element analyses
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is still an expensive and time consuming pfocedure to Dbe
used on a case by case basis. For this reason,
two—dimensional simplified procedures which represent ' the
behaviour well behind the . tunnel face. accounting for a
réduction in pressure$  aécording to  the concept of
characteristic curves intgoduced in Chapter - 1 have been
déveloped.i'“ , |

The simplified~précedures analysed herein are baéed on
the concept of representiné the ground and support behaviour
through these characteristic curves, which is sometimes

termed the 'Convergence Confinement Method' (this concept

was introduced in Section 1.4.1, Chapter 1).

0 5.3.7.1 Determination~of the Ground Response Curve (GRC)
. Several analytical p:bcedures are available to
determine the ground,response cury?é for a vafiety of
maéerial behaviours, as reviewed by Brown et al. (1983).
Most“ of these  solutions | however, vassume total
1axisymmetry and a hydrostatic in-situ stress field. They
are rigorously épplicable only for deep <tunnels where
the ratio between horizontal and vertical stresses (K)
"is equal to'one.' _ |
In ground behaving linearly elastic, the\ground
response curve given by these analyfical_procedures has
been shown to be a straight line (Raiser, 1982). For the
particulgr case of fully elasi}c behaviouf, it 1s also'
‘ possible to draw the vground response curves for

non—axisymmetric situations, where each point at  the
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tunnel boundary will behave differently. This is done by
using plane strain elastic solutions for a tunnel
excavated in a prestressed medium (e.g. Pepaer, 1980).

Ground response curves representing the cbndition»>
of K<1 are analysed in the following sections and
illustfated in Figure 5.27a. It shdﬁld be noted that thé
curves for crown and springline define a range of GRCs
for theApoints around the tunnel. The‘derivation of the
equation éhown in Figure 5.27a is bresented ~in
Appendix E.

Aﬁother way of determining the ground response
curve is by using two-dimensional finite eiement
analjses. The use of the FEM enables: a -more rigorous

_ana;ysis of situations which~are'not axisymmetric, as in

the case of a shallow tunnel.

5.3.7.2 Determination of the Support Reaction Line (SRL)
| The SRL for shotcrete is normally de£ermined on thé
assumption of instantaneous hardening of the shotcrete
Pnd elastic behaviour. For K#1 4éituations, formulae
presented by Einstein and Schwartz (1979) may be used.
The‘derivation for the present study is presented in

Appendix E.

5.3.7.3 Displacements before Support Installation
A fundamental parameter for aéplication of the
method is the displacement'occurrihdwbefore‘tﬁe support

is installed (u,/a in Figure 5{275%. Numérical studies
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W =4G6/P, [(1+K)-(3-49)(1-K) cos 26)

/-

(u/a) Y =1-Pg/ R, Ground: E,V G=E/2(1+V)
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SRL's determined trom eq 19a
by Einstein and Schwartr 1979

{Appendix £}
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Y
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Figure 5.27 Characteristic curves in elastic materials



= of whether the -tunnel is lined or unlined.
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carfied out using axisymmetric models (e.g. Ranken and
Ghaboussi, 1975) allow the determination of u, for K=1
conditions. Results from three—dimensional' numerical
" studies of uniined tunnels presented by Ward (1978)
include the K#1 condition. The results by Ranken and
Ghabeussi (op.cit.) indicate that for linihgs installed
at more than one tunnel radiue behind the face, the

displacement occurring ahead of the face is independent

1

A,

Hutchinson (1982:86) points out the difficulties
related to determination of u, in lined tunnels. In 'the
case of the NATM, whefe Fpe support.is normally placed'
in stages due to the' heading and bench procedure,
"determinationfof u; is.especially difficult. |

For this reason, the values of u, wused in the
present study are taken as the displacements occurring
ahead of the face. (uo). This is: a simple and

conservative assumption, but reascnable because in NATM
i . .

J :
urban tunnels the support will probably . be placed as

close as'possible to the tunnel face to minimize ground’
displacements. The u, values used to draw the support
‘ eharacteristic' curves 1in the following sections are
those determined fromrthe 3Dxanalyses,v

AA comparison with-the displacements determined Ey
using . results from Ward (op.cit.) and Ranken and
Ghaboussi (op.cit.) is made in Table 5.1. An analysis of

the vélues shoﬁn in this table shows that:
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1. Previous numerical solﬁtions tend to overestimate
the face displaqement.

2. A close agreement was obtained for the springline
using the results by Ward (op.cit.).

3. The K=1 solutions for the springline yield values of
Uo which are highly on the unsafe side. v

4. The simplified assumption that uo, is one third of

the final elastic wall displacement of the excavated

plate problem (u=P,a/2G) is also on the unsafe side. .

[

5.3.7;4 Application to the Present Study

' Several studies have been published in which
‘simplified procedures for- calculating tﬁg loads and
deformations of tunnel 1linings are checked against
results of case histories (e.g. Schwartz and Einstein,
1980). The performaﬁce of such ,caiculations requires
- evaluation of ©properties of the soil mass not readily
determinable and the ﬁargin .of uncertainty 1in these
studies tends to be -large.

The results of the present '3D finite eiement
analyses, despite numerical innaccuracies, provide a
betﬁer bportunié& to cheék the wvalidity of  simplified
procedures. Uncertainties regarding qround and‘support
properties are totally eliminated, sinée théy. are 'part
of the prograﬁ input. (\\ .

The final equilibrium stresses and displatements

for _crowﬁ, springline and invert determined in the 3D

. 9
. analyses and shown in Figures 5.20, 5.21 and 5.23 to

-y

J



Table 5.1 Displacements ahead of the face

Uo/a .
- Uo/a(cr) Uo/a(sp) Uo/a(in) REMARKS
Me thod :
3D - L=1/2D 3.8 2.4 2.9 Lin.E1. K=.75
3D - L=2/3D 4.2 2.5 2.9 "
. Lin.E). K=0/K=1
ward (1978) 5.1 2.7 5.1 interp. for
K=_.75

Ranken/ Lin.ET. K=1
Ghabouss | 5.3 5.3 5.3 unlined.
(1975)
1/6 Po/G 5.7 5.7 5.7 G=E/2(1+V)

R

Note: Uo = radial displacement ahead of the face ("Ooﬂ
1.95m,

a =«

Po=165kPa,

E=13.7MPa; V=0.43
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5.26 are shown in Figures 5.28, 5.29 and 5;30. Because
on the numerical uncertainties, a range of calculated
values 1is presented, as shown in the previous figures.

In ‘the same figures are the results of calculations
using the closed form solutions derived previously, as
well as results from a two—dimensional fin;te element
analysis. The mesh and material properties used in this
analysis correspond to a plane strain secE}on of the 3D
mesh (Figure 5.19). The excavation'waé carried‘out in.
one step only and no lining was installed. As in the 3D
analysis, the Stresses refer "to points located
approximately 20cm from the opening, while the
displacements are taken ét the excav: 'on line.-

An initial important observation that can be made
from Figures %.28 to 5.30 is, that the equilibriﬁm points
at the springline fall very clése tovthe GRC generated
by the 2D finite element analysis. This is not verified
at the crown of the tunnel. The explanation for this is
believed to be the problem of the location of the bottom
rigid boundary studied in Chapter 4. The E modulus was
kept constant throughout the opening region for easier
comparison with the'closed form solution, as shown in
Figure 5.19. 1In 2D analyses the displacements are very
sensitive to this assumption, ~hich tends - to

underestimate the heave at the invert and overestimate

the crown displacement. The springline is not | éffected

much. In the 3D case, the problem of a constant modulus
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3 .
above and below the crown 1s minimized due to the

stiffness.‘in the longitudinal direction_ahd to the fact
that the excavation was carried out in steps with vthe
SUpport placed immediately after excavation, whicﬂ
minimized fhe elastic febound. -
Since the springline behaviour is less affected,
the following conclusions are mainly based on analysis
of Figure 5.29: |
1. The previously derived closed form solution provides
upper bounds for the problem studied, independent of
-whether the K used is 0.75 or 1.0. ThevaSSUmption ef
K=1, which 1is normelly ‘'used 1in the Convergence
Confinement Method, would overestimate the measured
leads, but only by a small margin (=10%) in the>case'
of L=(1/2)D (i.e. where the lining is installed
closer to the face). The aisplacements are also
overestimated by using K=1 while with the use of
K=0.75 there is a close agreement; Its is importaht
to stress that it was aesumed that the supporte were
installed immediately at the face. | | |

2. There is a significant difference between the GRC;s\
determined by the closed form solution and the 2D
finite element analysis. This is attributed to the“
fact that the finite element analysis represents the
case of a near surface tunnel, ,where gravity

variation was taken into account. Such is not the

case of the closed form. solution, which . is
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rigorously applicable to the deep tunnel cégé ohly.

3, Support reaction lines determined by the procedure
outlined in  Appendix E with the initial
displacements (u;) assumed to be equal to the
displacement ahead of the face (u,), intersectéd the
curves determined by the closed form solﬁtion

4 :
-(K=0.75) above the 3D equilibrium points. Hence, in
this case this assumption is on.the safe side.

4. The eqﬁilibriumypoints given by the intérsection - of
the SRL'E with the GRC generated by the 2D finite
element énalysis‘do hot provide an upper boundv for
the case where Ehe éupport was. installed'taf é
distance'Lf(1/2)D. This is attributed to the  fact.
that the support :eaction lihes were derived from a
plane strain solution which does not take inté
account. the ih—situ stress vafiation within the
opening's regioﬁ of influence; It would appear then

that support reaction lines should be generated by
using results of finite element ahalyses as well,

but this was considered beyond the scope of the

present study.

5.4-Condluﬁing Remarks

The mate;ial presented in this chagter is  essentially
composed of t@b différent'studies:‘i.e., the analysis of a
case lhistory and “a stﬁdyf_of theA streSs—displacemenf

behaviour near the advancing face. The conclusions are
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therefore presented separately in the following paragraphs.
Observations about the numcrical techniques which are

important for future -studies are reported below.

\

’5.4.1 3D Numerica%/ﬁnalxsif
5.4.1.1 General \

_The only three—dimenéional finite . element study
using ADINA which was known to the Author at the time
this reéea;ch was being initiated was the analysis of
thé Peachtree Center Station 1in Atlanta, reported by
Azzouz, Sghwartz and Einstein (1980). These same authors
(Schwartz et al., 1982) presented some of the facts
regérding the . time required and actual . costs“ of
conduéting that analysis. Particularly impressive were
thé spendings'—'US$Y8000 for computer time at university
‘research rates, plgs.four'man—months of effort by highly
qualified individuals. In a more recent aiscussion‘
(Schwartz et al.,.{983) the;e authors admitted that the‘
’ﬁimé—consuming | drudgery = of ' conventional data

preparation ‘and output plotting is indéedwabwaste of
valuable engineering télent" and ‘favour_’the‘ use of
'appropriéte graphics softwaref fofvthis task.

The Author believes that these »wordé reflect his
own 9 experience wiﬁh the three—dimensional analysis
reborted in this cﬂapter. It is Believed Athat the
highest priority:for,future studies,shduld bg placed on

the development of efficient ‘pre- and post-processing
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procedures, possibly making use of 3D . graphic devices
such as those presented by Han et al. (1983). Computer

costs are analeed separately in Appendix D.

5.4.1.2 Numerical Technique

In all three—dimensional anélyses carried out in
this‘ thesis, fairly continuous stress and displacehent
~curves were found for points ahéad of the face (e.g.
Figures 5.20 and 5.21). However, for points behihd.the
face, a considerable scatter is evident. This scatter is
known to have existed 1in axisymmetric,ahalyses (e.qg.

Hutghinson, 1982) 'and is aﬁtributed, in ‘the present

study,‘to the following factors:

1. The  size‘ of elements chosen 1is too“large. Areas
where the stress and displacement gradients are high
require véry small elements which’in turn_incfeases
the cost of the analysis considerably. |

2. The length of one rquna of excavation is noét equal
to thé lehgth of one element in fhe direction of fhe
tunnel axis. Hutchinson (1982:190) has shown that a
smooth displacement distribution curve is obtained
if just one slice is excavated per step. He points
out however that é smoéth curve does not necessarily
indicate that the analysis is correct.

In sumﬁary, the present analysis resulted in
inaccurate values for she displacements and stressesA éﬁ‘

'.the tunnel lboundary. A technique in which stresses and

displacements for three. consecutive. steps are
1 .
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superimposed was developed and allowed the determination
of ranges. of eduilibfium stresses and displacements
around the opening. The. analyses of the ABV tunnel
presehted in Section 5.2 considered displacewents of
nodes located away from the opening, which were not
affected significantly by the innacuracies commented

above.

5.4.2 Analysis'of‘ABV Tunnel -

The developmént of displacementé‘ahead of the face waé
reasonably predicted by the linearly élastic analysis which
used Young's moduli values eqguivalent to the initiaiAtangent
; moduli in the’stfeSs—strain curves?®®, Behind the face, the
‘actual displacements were underestimated, most iikely dd;,to
the fact that  there was acfually an .increase in the
mobilization of ground shéa} strength which could not be
matched because the elastic moduli were not updated' during
the énalyéié.

-Aﬁ-aﬁalysié of the development of displacements at
‘various lécations- during face advance Qas carried out in
- Section 5.2.4. Although merely conceptual due to the absence
of a complete set of field measdrements, these results might
help = future interpretation  of readings of field
iﬁstrumentation around NATM tunnels. It was verified that
the displacements ahead of the face at .the tunnel axis level
were largely horizontal,.’flowingﬂ towards the face,_whéreas

*°® These moduli were determined by using equation 2 in
Figure 4.12, Chapter 4.
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“the displacements “above and below the tunnel tend to be

predominantly vertical.

~5.4.3 Behaviour near the Face

With the intent of characterizing the development of
stresses and displacements néar‘the tunnel face, numerical
analyses by 3D finite.element method were cérrigd out. An
analysis of the development of lining loads has shown that
tHeée ioads occurred du;ihg the advance of the faée and that
‘smaller loads déyeloped in the support which was placed at' a
larger distance from the tunnel face.

It was verified that the 3D behaviour resulted in a
gfognd responée curve different than that offered by
procedures such  as the Convergence Confinement Method. The
ground respdnse curves shown are of a non-linear néture,
even for a .maﬁerial which behaves 1linearly elastic and
time—independent. |

Comparison between the 3D resuits and simplified
pfoéedures based on the Convergence-Confinement concepts
¢haVe shown that these simplified procedures account for the
‘3D effeéts; A necessary improvement in these procedures
éppears to be the inclusion of solutions for situations
where the ratio between horizontal and vertical stresses is
different than one. |

A simplified but apparently more realistic ground
response curve was determined by using 2D finite element

analysis. Use.of numerical techniques might be the wav to
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extend the Convérgenge Confinement concept to the case of a

shallow tunnél.



6. SUMMARY AND concwsws
_ : \;/.
6.1 Introduction

This thesis has examined several aspects related to the
geotechnical ‘performance of u;ban tunnéls exéaggted by thé
New Austrian Tunnelling Method (NATM). It consisted mainly
of fouf independent studies, namely an overview of the NATM
geotechnical performance wusing data from | actual case
histories, an analysis of applications of the method to
tunnels with lérge cross-sections, finite element .anélyses
of - a case history and a study of the stress—displacement
behaQiour in areas close to the tunnel face.

In theée different éections, attempts_'wére made to
relate the developmentlof éround movements to parameters of .
praétical significance. Another contribution to the present‘
work i1s an assessment of ‘the-’adequacy of -‘finite elément
techniques to model shallow tunnels excavafed‘by the NATM.
6.2 Fiﬁdings from Analysis'of Case Histories

Considerable time was spent 1in collecting data from
‘case histories‘reported,in the literaturéf Very few 'of these,
field cases were documented~in'éufficieht detail, but some,
improvement in the collection was obtained.throﬁgh personal
corréspondence with:European authors and companies.’Most ofl

the data was summarized according to indices commonly found

in engineering practice.

N
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_GThe results of this study are listed below:

The NATM might not be an appropriate method of soft
ground: tunnel construction in situations where
significant face displacements are anticipated, unless
effectiye ground cpnt;ol measures are implemented. This
conclusion has been inferred from the fact that in most
published cases Ehe overload factor (OF) was estimated

to be below 3, a situation where face displacements are

¥

usually not significant. At least one case was reported
where the_OF.ﬁglue was high (i.e, well above 6) and in
this case vefy large surface displacements were
reported. This conclusion is also ‘ supporteqﬂ by
observations made by Atrott and Sauér (1983) and Duddeck
and Erdmann (1982).

The NATM reguiar cross—section tunnels exhibit, in
princip{é, geotechnical performance comparable t§ shield
tunnels. The development bf surface. settlemenmts cén
‘therefore be evéluéted’by procedures currently used for
shield tunnels. It should be pointed out however that
some indications, Upresented in Sections 2:4,3.1 and.
2;4.3.3, Chapter 2 suggest that NATM tunnels create
displacement fields which are different from those
caused by shield‘tunnels. This is a recomménded,érea for
further research.” |

The NATM is a method which allows for an improvement in

“the geotechnical performanée over a certain period of

time. This is attributed. “to the high degree of
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flexibilit, of the method, which easily allows changes
im construction features as, for example, the way in
which the staged excavatic at the face is performed. It
is suggested that some ‘startup time may be requéred
unfil an optimum geotechnical performahce can be
achieved in a new soil environment using the NATM.

4. Evidence exists, showing that the grouhd losses.in” NATM
tunnels can be minimiz;d by reducing the invert closure '
distance, the depth of heading excavation and the invert
closure interval. 1In order to validate these tentative
conclusions, insgrumentation which allows identification
of the displacement mechanisms close to the tunnel is
necessary. Further research aimed at gathefing'such data

should be encouraged.

6.3 Large Cross-Section Tunnels

Attention was given to éonstruction of large
cross—section soft ground tunnels used in double~track
subway tunnels and subway stations. The most efficient way.
to control ground aeformations and maintain face stability
in such works is the procedure Qefmed 'staged égcavation'. .

Typical layouts whiéh have been wused 1in European
prac}ice in recent years were reviewed and introduced in a
;’clggsification system. In geotechnically unfavourable ground
there 1is a tendency to rely in a scheme termed T4, where

tunnel’ advance makes use of side galleries. Selection

criteria for the staged excavation scheme were examined but
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no rigid rules .could be established. However, a trend
towards a larger number of stades as the cross-sectional
area increases is evident from analysi; of published cases.
Examination of a few case histories shows thét
completing the shotcrete invert as close as possible to the
tunne” “ace and as soon as possible after excavatioq:of one
roﬁnd is a'major concern, also in these large cross—section
applications of the NATM. In some instances, a temporary
invert closure within one excavation stage is necessary.
Two—dimensional finite element -anaiyses were carried
out to compare relative performance of two staged excavation
construction schemes termed T1 and T4. Two extreme
conditions believed to represent the Edmonton till were
analysed. It was verified that the scheme with side
galleries (T4) 1is superfor.to’the heading and bench scheme
(T1) iﬁ terms of maximum surface settlements>generated. The
transverse slope of the settlement trough for scheme T4 is
flatter than that for scheme T1. In the stiffer soil, termed
'"hard tili’, the differences in settlement.befween the two
~ .
schéﬁes were less significant. It was also verified- that .
excavation of thé heading is- responsible for a significant

amount of the total settlement and alternative schemes with

a central support core were proposed. . .
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6.4 Finé%e Element Studies

6.4.1 Analysis of ABV Case History
.Two ‘and three—dimensional analyses were used to back

analyse the deformation behaviour around this NATM tunnel.

The results suggest that despite the markedly
three—dimensional behaviour during the process of
excavation, the final transverse displacements can be more

economically obtained from. twb—dimensional plane strain
analysesf' It was verified however that the calculated
seftlements were dependent on a parameter termed 'percentage
of stress release'’ (%SR).‘ This parameter represents the
amount of stress release with ~fespect to the 1in-situ
conditioﬁ allowed at the tunnel boundafy before lining
installation and, ir lhe‘ studies carried out -herein, it
could not be estimated beforehand. Suggestions for its
assessment in future<studies'weré made;

Regarding the three—démenéioﬁal énalyses, it was
verified that even with a coarse mesh, using a ’linearly
elastic isotropic model, aspects of field behaviour could be
reproduced. The development ahead of the facé was reasonably
predicted with "the use of moduli equivalent to the initial
tangent mpduli from conventional triaxial tesfs. Behind the
face however, the actual displacements were underestimated.
This is attributed to the_increase"inlground éhear strength
mobilizatién behind the - face, thich could not be matched

because the elastic moduli were not updated during the
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. analysis. It is suggested that future analyses of this same
tunnel should be carried out with a non—linear model for the

soil.

6.4.2 Behaviour near the Face

In the NATM, the linfng ls normally placed very near
the tunnel face. Three—dimensional analyses to study the
deVelopment of radial stresses and'disp;acements where the
ground and support._ were aésumed to behave linearly
elastically and time*independently were carried out. The
mdsﬁ important conclusions are as follows:

t. The 3D behaviour resulted 1in a ground response curve
aifferent than thaf offered by the Convergence
ConfinementjMethod: The '3D ground response curve' is of
a non-linear nature, even for linear elastic
time-independent materials-

2. A comparison ,between the 3D results and simplified
procedures based on the Convergence Confinement concepts
has shown that these simplified procedures account for
the 3D effects, but overestimate the final stresses and
‘dispiacehents. " An improvement was achiéved by
introdﬁcing a Ko#1 cohdition,' compatible with the- 3D
analyses.. |

3. A grdund response curve generéted by a two—diménsional
finite element analyéis was found to fepresent ‘thé 3D

results very closely. It 1is believed that numerical

techniques should be used to extend the Convergence
.o oo
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Confinement Method to the case of near surface tunnels. .
6.5 Suggestions for Further Studies

6.5.1 General

Handling ﬁhe input and output data ip the
three—dimenéional finite element analyses was found to be
extremely time-consuming. It isg believed that all efforts
should be directed to the development of efficient pre- and
‘post-processors, which make use of interactive computer

graphics such as those reported by Han et al. (1983).

6.5.2 Analysis of Case Histories

.Published case records, although providing quantitat}ye
information on the ground movements caused by the NATM,
offer only 1limited insight intokfthe actual mechanisms
-generating these movements. It 1is believed that future
studies should follow the consﬁruction of NATM tunnels,
documenting all developments from the site investigation to
the instrumentation results. To generate an adequate body of
.data for identificétion of‘ the sourcesg. ,of ground loss,
intrumentation layouts could be designed following

suggestions 'by Hansmire (1975:237).

. 6.5.3 Large Cross-Sections
The possibility of excavating large cross—section

tunnels appeérs'to be one of the ogtstanding advantages of
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the NATM over conventional shield tunnelling. Fﬁture
.research should be directed towards instrumentation of
‘actuai field cases and to the development of simplified.
procedures for the prediction of settléments. Parametric
studies using 3D numerical techniques - could be used to

achieve these objectives.

6.5.4 3D Analyses
Suggeétions fof future studies involving 3D numerical

techniques are; | | . |

1. . Parametric studies for development of appropriate
modelling criteria in 3D analyses (e.g..influencerof
mesh discretization). | |

2. A study of the development of support ‘léads and
deformations at greater distancesifrom the tunnel face
than those analysed 1in this thesis and involving
non—-linear soil models. |

3. Generation of data against which simplified procedures
for |use ih iengineering practice can be checked,
following the ideas presented in Section 5.3.7,
Chapter 5. Uncerfaint}es regarding ground and support
properties would be totally'eliminated in such studies,
in which the 3D analyses would play the role of a case

hlstory or of a laboratory model
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APPENDIX A - CASE HISTORIES

Al Intfoducfion

This appendix provides detailed iﬁformation about sevén
NATM applications in urban areas. It is.hopéd that the -
descripﬁion-of these NATM cases will provide an useful basis
from which further 'invéstigations can be developed; An
effort is made to present typical details of construction
“and monitoring. It should be pointed out however, that the
information collected.is infended to. be informative only,
énd iébnsider'able"care"must‘be exercised in extending pést
experiencg t§ pré;ent application. This 'is‘ especially
imertaﬁt because a novel procedure 1like the NATM is

involved.

A.2 Excavation Layouts -'Regular Cross-Séctions

]

The focus of thii&:ifendix is on tunnels of 'regular’
' cross-sections are arbitrarily

‘cross—sections. Regu
- defined as those which do ﬁot>exceed the dimenéions of a
conventional éingle-track subway tunnel (normally 30’t9 40m?
of cross sectional area). This—definition is necessar§$§HUe‘
ﬁo the existence of large cross-sections, reviewed in
Chapter 3. \ | s : f ' | ///1
" some common excavation léyouts ,fér‘ NATM excavated
tunnels are depicted in Figure A.1. In the initial

.applications  of the NATM in wurban areas a circular

cross-section was normally adopted. As shown in Figure A.2,

233
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L

Figure A.1 Typical excavation layouts -for NATM -— regular
cross-section

(X 4

, _ J_{ "’ . .,‘\.
6.322 | _ 6.700—

Munchen ' Frankfurt

6.308 6172~
Bochum Essen Nirnberg

Figure A.2 Typical cross-section shapes that have been
in West German cities (after Braun, 1982:modified) -

1%
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Y
some tunnels present departures from this circular shape,
" the most common being t@e‘ 'ovaloidal-shaped' type ?f
cross-sectidﬁ. '

Although it is apparent that the shape of the
cross—-section ' is more dependent on éonstructional,‘
operagional and even architectural details, reference has
also been made to its relationship with the ‘in-situ stress
field. According to Babendererde (ﬁ980a:56) the tunneis in
Frankfurt were of circular design beqéuse field measurements
revealed .thét in this West German city horizontal stresses
qid not differ much from the‘ vertical stresses. 'In other
.cities like Bochum or Essen, indication existed which showed
smaller (horizontal strésses; favéuring a vertical
elliptical-shaped cross section. This is in agreement with
.théoretical considerations presented in - standard textbooks
(e.g. Hoek and Brown, 1980:112). Figure A.2 (adapted from

- Braun, 1982) shows some typical cross—sections of NATM

excavated tunnels used in West Germany.

A.3 Case Histories

The NATM was first applied in an urban environment in
the_city of Frankfurt, the construction ~of a twin tunnei
experimental section beginning" in the late sixfies. After
fhat, several other tunnels have been completed, mainly in

the continental Europe but in other parts of the world as

weil.
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g"Some of these case histories are 'thoroughly described
ih the literatufe, emphasis normaliy( being ﬁlacedi on
construction aspeets and field instrumentatioh results.
Unfortunately however, some peblications resemble much more
advertisement of eeﬁpanies or consultarnts than ‘proper
technical papers. Another problem 1is the disagreement
between.different authors:which ish not uneommon 'Qhen the
number.of papers published'on.a,specifiC'tunnel is abundant.
VPreference in these ,céses was‘ given to publications of
sholafly and research,neture.
The number of cases examined was large and a Adetailed'
'descripfion  of each of them would extend this text
' . ) A : :
-excessivelyf Text is proVided_oniy for some selected cases,
where: information considered ef~Significance iélrepOrted.‘
'Availability of cbné%ructién.details and/or consistent field
instrumentation resﬁlté that could serve as idput for futyre
~studies were the prime c;iteria for seleqting these .cases.

Also, -some of them exhibit unigque construction

characteristics'that are worthy of notice.

<

2

A.3.1 FRANKFURT éaulos 25 - Experimental Section

Being the first application of the NATM ;n subway
tunnels, the. Baulos 25°' twin tunnels have been the object
iof several papers and are probably the best described in the

literature. Special attention is therefore devoted to them

-#% The german. term "Baulos" or "Los" is sometimes translated
as 'contract section'. The original terminology will be kept
in this thesis. . : '
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in this thesis.

The experimental section of 5bm was excavated and
monitored in order to verify. the applicability of the NATM
to thefErankfurt?egnditions (Hofmanh,.1970). The excavation
of the tunnels then went on, the Baulos 25 section hence
comprises more - than tﬁe experimental'section alone.

Up to that tiﬁe, tunneling using shotcrete as primary °
lining had been exercised only 1in areas where ‘surface
. settlements were ef littie concern. In Frankfurt, -the
existence of vsome historical buildiﬁgs prodpced the
requirement = of minimal settlements. The authbrities'l
approval for further exca&étion using the new Aethod
depended strongly on the field instrumentation results, of
the experimentalisection Movements on two empty buildfﬂgs
founded right above the two tubes were monltored Results of
" these measurements have been presented by “Breth and
Champosse (1975). ‘ ‘ R

 ~ Another interesting feature of this case' history is
that in' an adjacent contract section (Baulos 23) two other
tunnels were excavated by the shield method. As will be seen_
ih the next items, elsewhere on the shield " section-
geological condltlons were less favourable and care should
be exerc1sed when maklng comparléons. Also, the NATM tunnels
“were excavated 51multaneously, as opposed to the shield
section. | | '

The main sourgzs for the field instrumentation resulte
presented in foliowindplsectioqs _ate the- pubiicatiohvby

< . L
-
R
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Chambosse (1972) and the paper by Stroh and Chambosse

(1973).

“A.3.1.1 Ground Conditions

The tunnels were excavated in Frankfurt Clay, which
according!?to Breth and Chambosse (1975) is a tertiary
clayey mari, occuring beneath a layer of quaternary
gravels ‘and. sands. The clay if irregularly interbedded
with bands 65 limestone, silts and water Bearing sands,
‘being overconsoiidated and fissured (Chambosse, 1972:2).
~Chambosse (op.eit.) further describes the'Frankfurt Clay
Jé .dark gray to olive gray, with a maximum lime content
of 40%.;Some geotechnical properties of this “clay have
‘been coliectéd ~in the literaturc and'g}eipreSehted=in
Tahle A.Wt | ) | ﬁ

s

Some horizons or harder material, sometimes refered
to as llmestone bands represent another feature efffthe
Frankfurt soils. . These stronger laYers-ﬁbare of

51gn1f1cance because they occasionally had to be blasted

oP. - 5 Kl
0' .u

(espec1ally in the shield section) and also ‘bBecause they
were’ water bearlng In the NATM sectlon pre dralnage of
these layers was provided so that a "dry" excavatlon was

‘possible (Chambosse, 1972:6).

bl




Table A.1 Typical properties of Frankfurt Clay

min, { aver | max.
BULK Moburys (kNfwd) | ¥ | s ws | 208
POROSIYTY 022 048] 0.59
| NAT. WATER ConTeNT | w | 016 | 0.32 | 0.u5
b LURUED Litey 3w, | 0.50] 030 | Lo
» 1 ' . oo .
PLASTLICITY INDEX Tp | 032({ 045 ]| 08
"% DEQREE OF SAT. S | 0.80] 0.9% | 100
ACTIVATY (MDEY Ta {030 ] V00| \.3¢8
UNIAXIAL (onPRESEINE | ‘ "‘0‘ wl o ot
# ETRENGTH (VL) IN MPq % o30 °
g ’ T . . - -
3 FR\\-LHPAN;:ANQ\.L“' . <¢! 8 | o 25°
AR R COR
i T COMESLION (i M Pa P o.0L ! o.62|6.008
=) MODuLLS NUHBE R K e | zzs | 2wo
© z . . . '
‘é i * EXPOMENT M o050 | oo | 0.3
< . )
_ F v 3 | Fauke RATlO Rt | 030 | 04d0] oan
K § M
5 o« . _i ’ [ MODULUS MU RRBER Kon — 65| —
o E ﬂ:‘ . ! .
e>14e 4
A 32 v ERveMeNt [ g | [ seel —
1>° | ' 1

o4

SOURCE: KATRZEMBACH (\sm\
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A.3.1.2 Construction Aspects
A plan view of the NATM experimental section 1is
displayed in Figure A.3, which shows the location of the

two instrumented sections (MQ I and MQ II). A schematic

cross-section showing the geology is displayed in Figure

A.4.

.ae ~over (distance from crown to surfsce) averages
11.5% F- 1 tubes being embedded 1in Fran§ﬁwrt clay.  The
distanc. between tunnel axes is appﬁwkg@ately 12.6m and
the excavated diameter 6.4m.

The shotcrete layer was applied in one step %@0cm

thick), belng relnforced with welded wire fabric. Q?Stﬂj%

dd\}

'eb

ribs were placed at 1.2m intervals, These ribs. wé&g
fixed to the soil mass by means of 3—4m long anchors (¢

20mm), which were tamped into the ground ‘(Chambosse,

1972:4). Schulz and Edeling (1973: 251) have ﬂeported.‘

difficulties associated with t?isa.gnchoﬂs, ?hich did
n

not appear to work effectively . Tension tests carried

out in the anchors demonstraued that most of them barely

contrlbuted to support the tunnels

As opposed tg the shleld‘section (Baulos 23), the
NATM tunnels ‘were driven gimuitaneously (a maximum

' ‘ . Sein K .
distance of 6m was allowed between faces (Edeling and

s

excavation procedure was to tr¥ to minimize settlement

distortions at the surface ' (Edeling and Schulz,

Schulz, 1972:359). The reason foff‘this synchronous

1972:355).  The work was ‘carried out by hydraulic
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PAULSPLATZ

Figure A.3 Plan view of Frankfurt Baulos 25 experimental

section

SOUTH TUBE . NORTH TURE TlL

l+ Extensometer locatinn

c >
.

b

(‘)‘m,. ok

Figure A.4 Schematic cross-section of Frankfurt Baulos 25

i
38

expgfimental section(both figures modified from ChamboSse;

1972) RS R
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excavators (backhoes), the excavated material being
;emoved by wheel loaders.
'The majority of limestone bahds,were removed by the
excavator .éhovel and'.only occasionally had to be
. blasted. Edeliﬁg and Schulz (1972) report excavation
rounds of .75 to 1.20m. The heading precedes the section
where ’éhe invert is closed by 2.4-5.0m (Chambosse,
op.cit.). After each work shift the face was sealed with
shotcrete, specifications recommending Scm for pauses éf
1-2 days and 10cm (with eventual mesh reinforcement) for

N

poorer qéﬁﬁﬁi%ﬁons_pf longer pauses (Edeling and Schulz,

1972:355),
The average rate of excavation for this
experimental section was = 1.2m/day, inc;easing to

2.0m/day elsewhere. According to Edeling and Schulz
(1972:355), a maximum invert closure interQal of 4 days
was specified initially??,

The groundwater was lowered"by means of deep wells,
installed at 3-5m from the tunnels gnd which were able

"to pump an average of 34{/s éaéhg-_ In Ehe NATM

experimental section, all phe water bearing layers wefe';
driéd up prior to construétion. Other facts about the

dewatering measures can be found in the publication by

" Chambosse (op.cit.).

1€'S

BN Jé.;It will be seen_in subsequent 'sections that rather
shorter invert closupe intervals were achieved ‘in other NATM

works in Frankfurt

..\3_‘
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A.3.1:3 Field InSérumentation Program

The monitoring program was established in order to
verify the applicability of the NATM to ﬁhe ‘Frankfur£>
" conditions (Hofmann, ‘i970; Edelihg and Schulz, 1972).‘
Alﬁhough a small test‘gallgfy had already been excavated
and instrdmented in 1968' thé results were considered
insufficient by the city'é consﬁltant and- a full-scale
prototype had to be driven <(Schulz and Edeling,
1973:250). A monitoring brogram which’ could Vyiéld
‘informations about the deformation behaviour of the clay
during tuhnelling was then,désigned.

The possibility of ‘obtaininé fﬁrther informatio&
from the shield drivén section was of great interest as
well, because on th; potential‘for:comparison due .to the
similar ground conditions. Five 1instrumented sections,’
two for the NATM experimental section andAthree for the
shield section yeré théd implemented. The details of the

instrumentatio £¥and its results are best described by

Chambosse (1972¥. a plan view of- the instrumented
sections. (MQ I and MQ II)~hasfalready;been'depicted on

{
Figure A.3.

Edeling and Schulz (1972:355) have described the
<monitofing program, which consisted of (see élso Figure
A.SX:.

1. " Pressure "measu;ements - at both insé?%mented

sections and in both tubes, using the system Glotzl.

-a.. Contact pressures (r): 5 contact pressure cells



a.

An
results

extensi

(op.cit.

to the

A.3.1.4
Wh

reading

™,

N,
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placed in each instrumented section; area 'of
cell 150x250mm, capable of taking ub to 50atm.

Concrete - stresses (t): 5 pressure cells placed
inéide the shotcrete r@gg; area of cell

100x200hm, capable of taking up to 50atm.

‘2. Deformation measurements

Convergence measurements of the ring diameter
(k): in 3 cross-sections of ﬁpe north tube,
beginning after invert closure.
Sﬁbsurface Seftlements: measured- by means of
Eriple—poin£ extensometers (e).
Fine levelling (n): to monito; surface

settlements.

Deformatiqn indicators (d): placed on both sides

‘ﬁdf the ,southern%%tube in both. ‘instrumented

v

sectlons»ﬂto measure horizontal deformatlons’J.
exhaustlve analysis of all 1nstrumentatlon
falls beyond the scope of this thesis. An
ve collection of data can be found .in Chambosse
{}.The measurement results which ‘are pertinent

present work are summarized in the next sections.

Contact Pressures

~
Y

en idterpreting the contact pressure cells

s, one should keep in mind the “problem§ related

:*? Chambosse (1972:65) also reports horizontal" readings of

long1tud1nal displacements towards the face.

~
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to Glétzl cells referred to .in Chapter 1. The
measu;éments differ_considerably from section to section
(Chambbsse, 1972:21). The ayéfage values -fqr' three
sections presented by Chambosse are 1.07kg/cm? (point F
in Figure A.5), 1.60kg/cm* (point‘ﬁi), 1,40kg/cm’f§§¢ﬁnt'
Ua), 1.10kg/cm? .(point {_v_)ii)rand'L.OSkg/cn;2 (point Ma).
The minimum value 1is found" at. fhe crdwn. At 'the
springlines - the measurements yielded higher values, the
highest value being found at the middle waii.

Chambosse (1972:16) observed - that after the

\“Ehotbrete_was placed, ‘the pressure at Lhe crown led to

an outward movement_ at the springlines, activating a
pressure 6f v'passive' »nature._ However, long term
measurements were not reporteé a'd‘é statement about the
final stress state is not possibu.e.

An ahalysis of the stresses measured wi-hin the

»shotcfete ring - will not be attempted. Observations

reported by Edeling and Schulz (1972:357{ suggest that

-

these measurements are not reliable."
~4
]

A.3.1.5 Horizontal Diéélacementé

Readings of horizontal displacements in the ground
mass are somewhat rare.to find in the NATM literature.
Hence the measurements at the Frankfurt -‘Baulos 25

tunnels have a special significance for research. They’

N

‘have been summarized by Chambosse (op.cit) and are shown

on Figure A.6, wpich has been adapted from that author's



‘the tot-1.

247

.work.v |
2 )

Figure A.6a (displacements towards the face) shows
that deformations start when the\eXCavated heading is at

approximately 2m from the measur1ng p01nt Two important

_observatlons can be made

1. movements towards the face occurred even'during

excavatlon pauses, being more acentuated the. closer

~the face was to the 1nstrument
2. the closure of the.’lnvert appears to have a
noticeable effect on  the decrease of : these
displacements. . |
V'Flgure A.Eb* shows ' the.. displacements of the
springline. Observation of the measurements taken at
p01nt L1 show that onset of movement occurs as socn as

~
[}

the heading face excavatlon reaches the dlstance of 2m

(0.3 diameters) before the test section. Further

excavation of the heading is responsible for

approximately 45% of the total movement while 50% is due

to excaVation of the bench After invert closure

d1spdacements tend to stab1llze, amount1ng to only 5% of

(. - -
| ' - . : ¢
. .

Y

De.ormations occurring'at the springline after .the

‘shotcrete was placed ‘were also reported (Chambosse,

1972:66). They were measured by means of a telescopic
device. '%he- horizontal diameter increased by an amount

AD=12mm in 'aVerage. - Chambosse (1972:16) reports a

| correspondent amount of outward displacements (i.e.,

re
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Figure A.6 Horizontal displacements — Frankfurt Baulos 25

experimental:seétion (after Chambosse, .1972:modified)
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¥

approximately. 6émm on one side) in the soil. The highest

» gradients AD/time took place in the firs£ ten days. The
displacements begin to stabilize after about twobweéks,‘
reaching equilibrium after six weeks.

\Méasurement of changes in the vertical lining
diaméter were also attemped but problems arose due to
traffic " inside fhe tunnel. A single measurement of 8mm

- decrease of vertical diameter is reported by Chambosse.
%

A.3.1.6 Vertical Displacecments (

/

Initial settlemerts were due to'ﬁowéring the ground
water level. An amount of 35-45mm is réported by
Chambosse (1972:7). Chambosse observes that even after
the movements due to the tunnel excavation had ceased; a
componeﬁt of O.5mm/month due to dewatéring persisted.

Typical | surface’ and subsurfacé trénsvérse
settlements in section MQ iI are shown in Figure..A{7.
The results fo; MO I'are.very similar.

Maximum transverse distortions ét the'surfacé were
of the order .of 1:300. The settlemeﬁt trough shape is
,only'slightly-altergd to a depth pf_ S.SQm, distortion
increasing at' greater .dépths. Above the crown.of the
buhnel;; settléments amounit to about 60mm (influencr B
ground water lowéring already discounted)
settlement tfough-in the longitudinal direction .

at a distaqce of about 12m (=2 diameters) ahead of the

‘face, Stabili%ing at about 13m (2 diameters) after .
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Frankfurt Baulos 25 experimedtal section - MQ II (after

. Chambosse, 1972:modified) 



»inverth'closure. The average . aistogtion in “the
longitudinal direction 1is of the order of 1:600
(Chambosse, 1972:8). ‘

Assuming that both tubes contrit . equally to the
total vertical:imovements, Chambosse (1975:8) eetimates
. the surface settlement contribution ofrone tunhei-to be
of the érder of 35mm.'This value is often,reporteo in
~the literature but should not be regardea as"preoise,
.since the mechanisms 1involved in the simhltageous
excavatioh of twin tunnels have Yet\to be clarifiedr

/
!

A.3.1.7 Comparison between NATM and Shield

As already pointed out ' at th onset of ' this’

3

P

.‘summary, elsewhere in the shleld sectlon (Baulos 23) the

zgeolrolcal conditions .were less favourable. Furthermore,

the.- shield tunnels were drxven orie after the other,

while in the NATM secgion they were excavated

simultaneously. - Neve - eless,” these- Frankfurt case
histories (i.e., Baulo5425 & Baulos 23)“embodyAa unigue

~set of measurements due to- the fact that both sections

were excavated in - §rm11ar "soil environments  and -

) - , , e
%omparrsons are ‘often made. (e.qg. ,Chémbo&Se,' 1972“"

Schmidt, 1974; Cording and. Hansmire, 1975 ). However
generalizations about the amount of settlement produced

by each method or about the development of " this

. - _ ; o,
settlement with face. advance should, be regar: , Wwith -

o) E f ‘ ®

Vg

‘care.

e
B
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.summarlzed and - is presented 'in Table A, 2. sgf

252

¥ s

e T
. . '0,, N e

. In order to proéduce-an hone'st acomparlson between

K

the two methods, data pEpérted' by Chambosse’ forféll

e
¢

ﬁinStrumented sectlons of thlS case study has been W

In_addrtlon, Figure A.8 shows a comparison’ of

surfacevﬂnand ‘crown - settlements for both ‘turinelling

"methods. It is apparent that’ the dlstance‘ of influence

»
K v”

N Vo " " L-u‘kj 2
ahead of . the -_face (Ld) shown by ~theg ' surtace

P .settlements, is larger in  the - case of th% NATM (=2 .

: . : ER IR N
3

‘diameters) than in,‘the. shxeld,caSe (=J;3"diameters).

-With" respedt' to the. percentage fbf‘j‘maximum crown .-

settlemeﬁt occurrlng ahead of the face, it is»seen that

- the NATM produced the largest percentab 60%) However,

data fromm other NATM ‘tunnels in Frankfurt (Stroh andw

Chambosse, 1973) showhfacr dmponents which are ‘smaller

and-closer, tbvthe Shfeld < A8 seen -in Chapter"

i

settlement development 15 rupendent on other

llke the depth of headlng eXCaj ‘lon) whlch was larger

L,

1n the experlIental sectlon than,gw'the other?Ftunnels

’ w

accountlng for the behavlour 1llustrated in Flgure A 8\

Les w; . ol -9
v - « T - ¢ ‘l N g
Y ‘ .
) g : T
. @, ) “"i\_‘ \,x .‘ . Lo B .- « - oL
4A.3.2 Comngfts .0 e , . @.*u . R

o

An-interestimg feature'of some of the NATM twin tunnels

¢

reported>1n the l1terature (e.qg. the Los 25 tunnels) is the.

* .

vs1multaneous extavation of these»tunnels. Thlsﬁls normally

1

'ngt dome in ‘shield driven‘tunnels~due to the high ;costs of

implementing: the shleld Analyses of cost and geotechnlcal

N o . *

N hl - N . . B
P : ‘ o
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performance of twin simultaneously and non-simultaneously

excavated tunnels wOuld certalnly prove useful
' ' &

2 3.3 FRANKFURT - Baulos 17 / Baulos 18a
Althou&&' there are a number of publications avallable
about these tunnels (Stroh and ChambOSSe, 1973 Sauer, 1974;

et al., 1977; Blindow et al., 1979),

" the set ofvdata‘p biched is small when compared with the

eveftheléés . valuable 1nformatlon is
reported and will be summar1zed here1n . As shown in F1gure

A.9 (adapted from Sauer, 1974), the case history consists of,

two neighbouring-oontract sections. Due to route ;constraint .

uconsiderations (dlscussed by Krimmér, op. cit. ) the two

tubes were not drlven s1multanéously‘ The elevatlon gﬁﬁﬁﬁhe
. 1
PR .'.t‘h Y P :
floor -was graduallg changgd until- the tunnels were ¥ituated
g . ) . e ’ hf
. o . . \,, W
one above the other. S T

: - "-,
e P

" The soil #n_ quesgion ~is again the Frankfurtaclayv,
degpribed ~in  preceeding sections. - Two™ particu1ar ”

R . . y AR B
construction details are of importance for the present®work'
_ h : S T

. ) . - ‘fd'ﬁ . AV
and are described in the Eﬁ&lo%ing‘pa}agraphs.

o L -« .
A.3.3.1 Ve;tical)Arrangement\pf Twin Tunnels
' o As pointed out above, this solution was‘sought -due

to route constraint problems and apparently did not have

any relat1onsh1p w1th the optlmum shape of- openlngs with

e

h~ fbspect to the in- 51tu stress fleld It 1s'1mportant to

»

observe however that thls unlque engineering &It

T
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Figure A.9 Plan view and cross-sections — Frankfunt Baulos
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for tunnelling under a narrow street and low overburden,

in a heavily populated area, could hardly’ be”

accomplished by conventional shield tunnelling.
The lower tunnel was excavated first, construction

of. the"upper tube . beglnnlng only after the secondary

(krgﬁmér, 1976:213) . ,THe ground water table, 51tuated*at
. ! ‘ . . .‘,i"-

the lower tnnnel axis elevation, was lowered prlor “to
construction (Sauer, 1974:14). Figure A.10azshows- the

A the
final configuration of the tlnnels. =
: ~ : e

. ’ o a0 s .
et < - : , . T W B
. . e
J B

_:‘\‘3 -

Qhe"second 1nQovat1ve feature of thlS ‘case hlstory

Amize .the headlng depth and the 1nve%£ closure

|
- L3
:1),_these'factors were found in

previous NA™ works to j%e directly "wrelated to the

“magnitude of surface settlements.

val, 1ncreas&ng the rate of excavation. According

A

J«%n,

The face was' excavated in an 1nc11ned manner,.as

depicted in Flgure A, 10. Small. rounds of, the- order of °

one’ meter €buld be excavated followed?}y*(mmedlate
(
placement of steel sets .and .shotcrete. The rlavert

closure interval was lowered to 5 to 8 hours (Sauer,
1974:18) and the surface sebtiements  were kept small
(maximum -+ of 30mm). .In fact, this arrangement was

52n51dered sﬁygﬂccessfull that the constructlon of other

‘waS’hthev 1nc11ned face and steel sets, a way dev1sed to

]

lining (35cm of relnforced concrete) ’waw fco%gleted ﬁ?_

-
SR
pd

L

N
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,, S

sectlons u51ng the same procedure (Baulose 18h1 anJ[F'

M .
. el

- - Krlmmer,_ ’1976; ‘Wagner, 1978) was approved (dﬁ?w

alternative:would be the cut-and-cover method, whlch

would ' have - caused serious inconvenients in such @<

denSely:populated,area.'

. o o . .oa

N .
A.3.4 rRANKFuh'T- -~ S-Bahn Baulos-6

“# . 'In the - preceedlng items, sections. of the "U-Bahn"
Coukow

_SYStem" %n': Frankfurt Q were descr1bed Rail~gulded

short dlstance passengep trafflc in West Germany 1is d1v1ded

a A o

:1nto networks operated by mun1c1pal author1t1es (tramways 1f

A .
. : i, §i A

,ma1nly operated on streets aqd subways or U Baaﬁ) and those

Gow ot

“_operaﬁed by‘the Germa Federal RallwaYS. The latter provide

“" f-“\“l( g B [ o e 3

i“'S~Bahn> , wh;ch stands‘ ffor‘“\ rapld _transit  service'

: - . o

3(Martrnek _ 19??)1 'These Euhﬁéia normally' have - larger

. . EE 3

related to the hlgher speed‘of these tralns.

The] case - hlstory desprlbed -réhls 1tem contalns a

o

unlque set of stress ﬁ%asurements within the ground masgs. .

o

"The main sources of reference are a doctoral dissertation

" (Sduer, *1976) and two papers where the data are. summarized

.

excavated diameter of each tunnel was 7r7m ~and’

(Sauer and Jonuscheit, 1976; Sauer and Sharma, 1977). The

ground

cover above the crown in the instrumented se tion<reported‘

-

herein was 14.65m. Both tubes were excavated simultaneously

and were fully embedded in Frankfurt clay

’,

L Zg'-i

\'suburb tpnnectlons' wlth large c1t1es and are called |

’dlameters due to the w1der track spac1ng wh1ch is in turnkf
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-

Stress measurements dround the tunnels were taken by

means of sevelal,xGlotzl ceﬁl ‘Elhsters. The cells were

)
Va o,

installed  about three months before tultnel constructlon
§
‘caregqully packed in bags which were then placed into
boreholes. The holes were later refilled with excavated

material. Further details on this instrumentation are given
Vg, |
by Sauer and Sharma: (op. cit.).

Although twenty one sets of readings were published - by

Sauer and Jonuscheit (op> cit.), only the ones correspondent

. \S
to p01nts 51tuated above: the crown are reported hereln’ (see

AW

Flgure A;ﬂl)r The whole monltorlng program was a1med malnly

at studylng the stress changes occuring in the wall 'between

the tubes. It is belreved ‘that despite’ representing the

3

stress ”ﬁanges due to,'simultaneous éXcavatien Ofg twin'

. &

-ty

the case OT 2 51ngle tunnel.

EET iS'_also 1mportant to recognlze that desplte the

'efforts,hto-dobtain ‘reliable stress measurements, ' these
readings_)do not represent absolute stress values due to
unagoidable disturbance of the in-situ stress field caused

by drilling the ﬁﬁ%eholes. However, the readings may serve
L - . , ~‘ .

for a qualltaﬁmve apgrec1atlon of relative stress changes

Ot
LR, e

durlng tunnel excavatlon.

N

Lbas

~ -

’ : ’
. < . N
A.3.4.1 Vertical Pressures . B

~

The - vertical pres$ure measurements (Figure A.11a)

show an initial stress*increase above the initial value

i

‘fh@llar trends would be observed at the .crown 1nf}
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-

as the face approaches the test section. As the tunnel

)

.face‘passes below-tﬁe instrument the readings fall “very

‘sharply down to g%mﬁnlmum which is close to zero, After
UL
“invert closure (approx1matelyu2.4m.behlnd the face) and

‘further face progress, the readlngs show a new 1ncrease,
‘up to a value which is smaller than the peak ahead of
the f3ce. Continued observatrons have shown that
readings have further fallen to a value below the

initial value after several months. Y

A.3.4.2 Tangential Pressures

-

The tangentlal pressure readings above crown
RGN - .
(points 15 and 21 accordlng to the orlglnal notation)

are sh'?:éam in ﬁ;res A 11b and A. 1c. The trend is

:L

,51m11ar$ ,%Fat observed for the vert&cal pressure, but .

the measUrements do not. fall to zero»as the face passes.
Also the '1ncrease to a bvalue, above the ' 1n1t1al
cond1tion is more evident this»second 'peak' belng more

accentuated than the tangentlal stress 1ncrease ahead of

;

. - * . . - - a.ﬂ;)
the face. . ‘ .y : N
R v ’ o . =
\ ¥ a ’ . R S ' -
o . . - [ ‘ o © ' LA
o , . ' . AR
A.3.4.3 Comments i ‘ , e e
v . . .
. Stres; measurements within the soil mass around
N " <«
txtunnels are very difficult to obtaln. They. always Lo LR
ER ' > P e

“involve the '1nclu51on of a body of dlfferent stlffness 2
‘into the ground, the stress sensor, and ‘this ,effeCt; TS

L3 -

4
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enhanced by iffstallation problems, may. yield " dubious

. » L4 ) . )
results. The data reported above is exaremely valuable
~and helps to :capture ‘a picture of  the - eomplex

.stressrstrain behaviour ahead of the.face of a shallow

tunnel. It may be re- analysed in connectlon with results

of three- d1mens1onal finite element analyses, in an

attempt to characterize the 'process of load transfer
around the . face of an advancing tunnel, as shown in
Chapter 5.

v
b .
&

3
+
“

A
3

B
ViR
SO

ThlS case. hlstory« nég 'been- described in %etall byrﬁh

-'« 3

Hochtief A.G. (1977)»_and by Steiner et al. (1980).-

iy ..~
.,detalls re reported. Slte

- . : .'. 3‘?\

‘”organiiaﬁion s descri&ed here?a, -with the '1ntent " of

CAR
SO R

,documentlng one’ case of thlS aspect of tunneling excavation-

by the NATM This subway section of this ‘heavily populated

industrial German city compr‘“/'ifthe Unlver51ty statlon

,(bu1lt in an open-cut) %Bd tw{n 51ngle track tunnels of 36m2

cross sectlonal area. The length of ”%he tunnels_ yis

8. | S

approx1matgly 300m ”

. - . ] '
. . . . « ) » .
N ER . - - . . : .
. B A N

Y A,3.5.1 Grbﬁnd and Surface Conditions

bu1ld1ng and also under an embankment of a ma]or rallway

?he 'tunnels passed under an 1mportant unlver51ty_,v'

line. The 3ine Trun parallel to a road whggm wa$ also

very sensitive to settlements. Ground conditions were a

S
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sandy clay (micaceous green sandy marl),_with a modulus’

. /-
of - elasticity of the order of 300-500kg/cm® (Steiner et
bal., l986:319)f‘Thevground,water table was lowered prior
to tunnel constrUCtion by means of gravity wells belowp

-

the invert.

p7

A.3.5.2 Construction Details

N

The pr1mary 11n1ng consisted ‘of steel sets and

-
- v 2

shotcrete relnfdrced by welded w1re fabrlc Support was
‘placed 1mmed1ately after the excavat1on of one round - f‘ .

headlng, bench .and., 1nvert Other aspeots wh1ch are

i o

worthy of not1ce were the ex1stence‘ of a’ m1n1 wall
N : : %

beam' ("Vorpfandseh;enen“) tylng the steel sets together
and the placement of 3m long bolts to t1e the steel sets ; o
to 'the ground Stelnerfet al. 'fop' c1t ) suggest that

the danger of acc1dentaly tearing: off th support w1th‘
\ ‘l |

yfthe excavator is '@ concesn and that these bolts greatly

g ( CRE

reduced thlS rlsk . : o . ¢

! -

The average daily rate,'of advance was 3. 5m, thej

max1mum rate belng 7 5m/day at the beglnnlng &Qe

tunnels.’ The' rate dropped as excavatlon progressed due

[

to the use _of only - one -excavator whlch alternatéd

o~

between the two tubes . (see Figure A. 12). ThUSj the tlme },d
. ) ~ .
uto move from oné tunnel to the other 1noreased with~
ftunnel length. The excavatori(and crew) took 20'mihutes‘ ;d;}
to move fromvohe tunnel to. the othervnctorl a tuhnel .ﬁ;w'
length ofp 200m). - Cost considerations'then forced the’

‘
’

- . - . - ;

B f s
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| :
contractor to construct a temporary cross-cut. =

The " excavated ground was dumped temporarlly on the

_b_.

invert. Mucklng was also alternated between tunnels

being performed'b§i3.8m° front end loaders. , Once the

excavator ‘is“ moved to the other tunnel, the muck@ds

brought to the open cut station. |
The suppoqt characterlstlcs were dlrectly related

tod necessity of m1n1m121ng surface usettlements.f

J
4 *

Y

ey

.
BN

&

Table. A.3a shows that finj areas where no“buildings'"‘

. L .‘, . . .. B - Q
ex1sted‘the round length"was -larger and the support X

';llghter Concern w1th m1n1m1zat1on of the invert clqﬁgke«

T
d1stance is. also ev1dent® «abfe’ilgb/ls a llStlnngf the

-major eq01pment and personnele for this tunnel‘/gﬁggg;
. . 0 ‘,J '
constructlon .and cost detalls can be found in” Steiner et

e

»4 al. (op c1t.). T 2 -
. " S e{&!b - ) : ’
RN . ) f .. . - ; ) \ . ) . » . '
A.3.6. MUNICH - Baulos 8/1—16 ‘ A - - ”%

*

Sect1on 16 of Lane B/T\pf the Munich underground system

» N

‘1s of 1nterest because a varlatlon of the conventlonal"

NATM was. s%cceszully attempted Data@have been publlshed by
@ - .
?telner et al. (1980) and by’ ledorf (1980). o

The allgnment of these tunnels is} SfShapedﬂ‘. The

excavatlon . and 1n1t1al support \followsf the- NATM basic

PR

ipr1nc1ples but ‘a modlfacatlon, which has been termed Ramp' E

Cons*ructlon Method (“Rampenbauwelse") has been 1ntroduced
9

s 2,

' "‘P0351b111ty of excavatlng curves with relatlvely small

ground losses is one alvantage of the NATM over the ShIEld
method. &‘; :
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It is described in detail in the following items.

—

A.3.6.1 Grodﬁd éonditions

The‘Munich soi}s are ﬁsualiy\diviéed into‘two main
horizons, the_quatérhary and the fertiary deposits. The
superficial quatepnary»déposits‘are me nly. composed of
very pervious sands and gravels. The -e...ary soils are
composed oflsands and marls which are +:ich 1in mica.

\
are presented in Table A.4.

%ropergdés of these materials have béen.summarizgd and

Very unfavourable ground water conditions are
fréquent in this city. There is normally a ffee watef
tab;é” in the quaternary sands and gravels and perched
water tables are often_ found in the tertiary layers®®.
Lowering of the water table befdre construction is
normally reguired in the Munich tunnel works. .

\

A.3.6.2 Ramp Construction Method (after Steiner et al.,
1980:modified)

This method has been érdposed as an alternative
solution by a contractor (Steiner et al., 1980:302),
possibly as a comprqmise which allowed good productioﬂ

rates and good ground control. It ‘incorporates the NATM

basic features 1like “shotcrete and steel sets, but the

3% Unusual engineering solutions were created to deal with
these problems (see Gebhardt, 1980; Steiner et al., 1980 and
Krischke and Weber, 1981). .



Table A.4 Typical properties of Munich soils

QUART. 'F-EQT. SILTY-CLAYLRY
QRAVELS SANDYS HMARL
PN 22 | 2y 21
9 (°) |30-40 | 30 | 20-25
¢ (KQ 0-5 0-% 4O-80
Ko O4-65| 6.5-68| 0.95-0.
y 0.35 0.35 0.35
Lood'\\«% .
~ loo-\o | 0-10 100 -206
(M=)
Es
Unload. ‘
. 200-220| Q0-180 | 1S0-250
(M%) .

SDURCE ¢ KRISCHMKE awvd WERER (\‘38\3 ‘

g
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partial excavation system and the shotcrete placémént ét[
the headihg present particﬁlar characgeristicsu

Figure A.13 shows a longitudinal sgétion aﬁd
several cross-sections. The heéding is very long when
compared to the other case histories aiready_ descr}beé,
preceeding the invert closure by approximatély 20 m; It
can also be seen that the heading 1is linkedt_to'~ the
invert by a <central ramp and benches are left on the
side. The bench and.invert are excavaied siﬁultaneohély‘

behind the ramp. Also, the shotcrete sdpport atrtHe"

heading has extra reinforcements at its .base (indicated
in Figure A.13), which are sometimes termed 'elephant
feet'.

The cohstgﬁcgion.sequence in this particular tunnel
is as follows:

1. The heading is excavated by means of a road header
(type Westfa{ia—Dachs). This machine has its own
conveyor belt and thé muc k is difectly loaded onto a
dump truck- which is'waliting on the ramp..

2. The heading 1is supparted by steel sets (spaced 0.9

~to 1.5m), one layer of welded wire fabric and 15cm

6} shotcrete. The éuppdrt of the heading is widened
at the springlines in order to provide footings and
longitudinal support ('elephant feet').

3. The bench and invert are excavated, followed by

invert closure.
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The use of ‘'elephant feet' footings plays an
importaét role in minimiziné settlements (see Schikora,;
1983).‘ It is apparent that the -use of this‘ NATM
variation allows a mﬁch longer invert closure interval
with tolerable settlements (see Heilbrunner, 5978).
"A.3.7 MUNICH - Baulos 5/9-4.2

~ The results ef field measurements in an experimental
;ection,,constructed by the"Ramp Method' described above
were published by( Heilbrunner et al. (1982) and are
summarized herein. This single tunnel had a cross;seetional
area of 38m* and was excavated principally in water Eearing
tertiary sands®‘. The ground Qater tablel in the upper
guaternary gravels'wés lowered prfor to construction. |

Although the tunnel lining consisted of shotcrete and
steel sets, in this 15m long experimental section a special
lining was provided. The upper-half of the tunnel was lined
with steel sets and steel plates, the lower half with the
same steel sete and shotcrete (see Figure A.14a). The reason

for this was the installation of instruments,‘as reported in

the folloding paragraph.

A.3.7.1 Field Instrumentation Results =«
In order to obtain. the stress distributiog across

the steel ribs, strain gauges®’ ..

?¢ Typical propertles of the Munich soils were reported in

the preceeding section.
27 The original text refers—to 'deformation measuring
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were attached to them. These measurements were then used
to determine both normal forces and bending moments in
the lining, pcesumabiy»by a procedure 'simiiar to that
outlined by El-Nahhas (1980:156).' . | | |

Figure A.14b and A.14c show the evolution of the
cadculaﬁed normal forces with time in the two measuning>
rings (MQ I and MQ II). Heilbrunner et al. (op.éit.)

recognize four different phases in the normal forces

("N"—forces) development (Figure. A.14b):

Phase 1:  Within the first 36 hours after placement of
the steel sets, the nogmai forces réise rapidly to about
85KkN. |

Phase 2: The normal force wvalues increase mildly to
valueé-between 110 and 120kN until invert closure.

Phgse 3: Bench and ramp eicavatioh and  invert closure,
~which pook approximately four days, cause an increase of
about 30kN in hormai forces. - |

Phase 4:.Thervalues tend to stabilize right after invert
closure at a value eqguivalent to about 50% of the full

overburden pressure, staying constant for at least 210

days (time duflng which measurements were takén).
_ X .

Figure A.15a shows the results for Phase 1 in more-
detail. It is noticeable that the evolution of normal

forces (and consequently of the load at crown) is highly

*?’(cont'd)devices' which were insﬁélled to web and flanges
of the steel ribs. ‘ '
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r

dependent .on the construction procedure. A face advance
provokes an increase in the loads and excavation

interruptions cause a stabilization. This shows that the

development of llnlng 1oads, in thls.spec1f1c case, is

~r

hlghly dependent on the face advance. No t ime "dependency

is evident. .

Figure A.15b = shows the ‘eévolution of surface
\ .

settlementd with face advance. Results of\" another
' o

measuring- secﬁionv' with same geology but where steel
sets and-shotcrete were placed, are depicted as well, It
can be seen that surface .settlements ahead of the face
are of the order of 35% ef the maximum'value\ It 1s also
apparent that the use of a mixed 1lining system'
(shotcrete in the lower half of the .tunnel and steel
plafes in the upper . half) yielde settlements of

magnitude comparable to those of the 'full shotcrete’

section.

A.3.8 Sao Paulo - ABV Tunnel

This hand-mined tunnel forms par£ of a connection
between two water treatment plants in the southern area of
Sao Paulo, Brazil. Construction started in 1978. Extensive
construction details were published by Lotito and Carneiro
da Cunha (1978), field instrumentation results being given
in the papers by Negro and Elsensteln (1981) and Simondl et
al. (1982). Additional information was obtained from reports ’

on design and field instrumentatian.
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"(after Heilbrunner et al., 1982: modlfled)
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Steel tubes (& 98") were later placed into the tunnels.
In addition to the NATM, - two other tunnelling methods were

- i . .
used, in order to compare  costs and construction

) e . _
performance. Similar geological conditions were found along

the 450m connéction. The soil cover above the NAfM sectiéhs
averages 6.3m. |

Figure A.16 presentsv a plan view bf,the éite. The
idstrﬂyented sections referred.to in é%is thesis are aléo
depi;ted. The th—and—cover, liner ' plates and horseéhoe
steel ribé seétion had been used before in éimilar jobs. The

NATM was a new procedure whose efficiency had. to be

evaluated. ’ ' i ' ..

A.3.8.1 Ground Conditions
Tﬁe‘ﬁrea.in which the tunnels were  excavated is
situated 1in the ’southern éxtremity of the S&o Paulo
sedimentary basin and is characterized by a smooth
topograph&, elevations oscilléting between 760 and 770
(meters). A detailed regional study of these soils has
" been pnesented‘-by Pichler (1948). The bedrock e#istent
below the basin 1is formed mostly by rocks ° of
; Pre—éamb&ién age, which ~are cbvered by tertiary
sediments. ’ | ' _ |
One of this deposits has been termed 'varié?ated<
soil', due téithe?variety of colors that it presengé. It

is a very heterogeneous material, whose composition

varies from sand to clay. Overlying these soils there is

L
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A NATM Section
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Figure A.16 Site of SAo Paulo ABV tunnels (after Simondi et

al., 1982:modified) .
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Figure A.17 Typical geotechnical profile at ABV site (after

Negro and Eisenstein, 1981:modified)
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o

a. layer of tertiary, soft, reddish clay, which présents

a’ porous macrostructure. Due’%o these characterlstlcs,

reference 1is frequently made toO the‘ Sao Paulo ';éd

porous clay'. R

(9]

" Figure A.17 depicts a typical profile at the area

being dealt -with in the present work. ‘The profile is

vrelétively uniform along the entire length of the

tunnel. Also shown is a typical Standard Penetration

)

Test (SPT) profile.~ Various types of laboratory;andw

field (pressuremeter) tests were carried out on the

local soils. The results . for the variegated soil agree
‘ £

with those of Group II in the classification system

outlined by Sousa Pinto and Massad (1972). This

classification system;is of interest to tHelpresent'work
w7
because 1t 1ncludes hyperbol1c parameters (according to

Kondner and Zelasko, 1963}, Qwhlch are used in the finite

element analyses in Chapters‘4 and 5 of this thesis. A
summary of properties of the variegated soil is
presented in Table A.S5. |

R

+ The lateritic porous red clay is a = very

compressible - material whose deformafion properties )

(o

present a strong heterogeneity. Results ~of Standard
Penetration Tests {spT) and Cone Penetration Tests
(CPTY, carried out in an area adjacent to the ABV

project indicate noticeable differences betveen

boreholes spaced only 6m (Massad et al.,1981). A summary

s . /
of properties ~obtained during the construction’ of the
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ABV tunnels is presented in Table A.S5.

The in-situ stress field,' more specifically- the

Ko®*® value, is of vital importance 1in design and 1in

numeérical analysis. A;value of K$=O.5 was adopted in the
é%sign. For the present study, another approach for \Ko
determination was used. It 1is based on the study
published by Mayne a;d Kulhaw (1982). Adopting the
values shown 1in Table A. 1 (OCR;Z.O and ¢'=29° er‘the
variegated soil) and entering the expressions by Mayne
and Kulhawy (op.cit.), one obtains K,=0.72. Work by
Massad (1981) yields a value of 0.78 for the porous
clay, which is in agreement with that determinedcabove.

For the analyses carried out in this thesis, K, values

ranging“from 0.43 to 0.75 were considered.

"A.3.8.2 Construction Aspects

The availability of the 'as+built' reports provided
a number of valuable execution details. For the sake of
brevity, most of them will be summarized in the form 5f
figures. Pa:_icL ar additional informations reldted to
the numeri-al backx—analyses are presenﬁed in Zhapters 4
and 5. -

Ground water was fo&gd below the invert of the

tunnels and no dewatering was necessary. The hand mined
\_—_,_A N

”~

3% The coefficient of earth pressure at rest Ko is defined
in terms of effective stresses. In tunnel engineering this Ay
rigorousness is frequently relaxed and K, sometimes
expresses. simply the ratio between the in-situ horizontal
and vertical stresses. This thesis considers the proper
terminology as long as adequate data are available.

~
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Table A.5 Typical properfies of ABV site soils
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‘excavation was carried out with the aid of jack hammers.
Plate A.1 depicts an aSpect of the heading excavation.
The muck was removed from the excavation fraont and
placed on a conveyor belt?®’. ?or an advance bf‘1m in.tpe
:heading, 1.2 «hours were required. The same advancel/in-
the bench and floor reéuired 1.6 hours (Simondi é&Jg}\J
1982) . L

As excavation progressed, the crew acquaintance
with the general nature and properties of the ground,
associated with /the results of field instrumentation
showed that the design could be altered as construction
went on. The heading advance was increased from 1.0 to
1.2—1.5m. The bench advances (rounds of 1.90-2.20m) were
carried out after two heading excavation rounds. Figﬁre
A.18 shows the constructive scheme in more detail.

The shotcrete, »wﬁich ‘Ja; used as a definitive
support, was normally placed aftég the wire mesh had
been attached to the excavatiaﬁ walls, In the heading
area, an initial protective layer was fprovided, in some
iﬁstances even before the mesh h been placed. Thg
shotcrete at the invert and springlines . was placed in.
one ‘step only, .having a final thickness of about 10cm
(see Plates A.2, A.3, and iA.4). Finélly, the- second
layer was sprayed 1in the heading area. The max imum
invert closure distance (i.e., distance between the face

ard ‘completed invert) was approximately 4m, the

to be ingficient for distances greater than 50m.
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correspondént time interval approximatély 4—5 hours.
| Light weight steel sets (I4" spaced O.B—R.Zm) were,
used only in some unfavourable areas, where water
infiltration from old utilities éccurred. This
corresponded to about,ﬂﬂ;of the tunnel length. fhe wire
mesh (openings 10x10cm) did not play a structural role
in the design and 1ts use Qas aimed at improving the
adhesion of the shotcrete to the soil and at minimizing
the occurence of tension cracks. Simondi et ai.<
(op,cit.) rebort a perfect condition of the shotcrete,
in *a site inspection éarried out 40 months after tunnel
completion. '
An. overall construction rate bf 1.5 to 2.9m/day 1is
reported by Simondi et al. (op.cit.). During weekend

pauses the face was sealed with a shotcrete layer.

A.3.8.3 Field Instrﬁméntation Program

« Details have already been presented by Negro and
Eisenstein (1981) and will only be. briéfly reviewed
herein. The location of the three instrumented sections
in the NATM tunnels has already ibeen shown in Figure
A.16. %li sections consisted of three 'rows of five
surface\\settlement monuments. Magnetic multi-point
extensométeré were prévided for sections G and C only.
The extensometer points wére located above the tunnel
crown, 'within' the tunnél (these were cut when face

passed the control sg;tion) and below the invert. The
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Plate A.1 ABV tunnel - heading excavation

Plate A.2 ABV tunnel - side wall immediately after bench

excavation (photos courtesy of Mr. A. Negro Jr.)



Plate A.3 ABV tunnel - area near the excavation face

Plate 2.4 ABV 21 - detail of mesh placement at the

heading (photos coL .e¢sy o dr. Negro Jr.)
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extensometers were 51m11ar to type C magnet holders as
described by Marsland and Quarterman (1974).

Lining convergence measurements were carried out
with the aid of a tépe extensometer (see El-Nahhas,
1980). THese measdrements were accompanied by a level
survey oflsettleme?t pins installed in the shotcrete, at
the crown. Precision of #0.25mm was achieved by using a
Wild W3 level and an INVAR levelling rod.

The majority of instrumentation results are
analysed in Chépters 4 and 5, in connecﬁion ;ith the

numerical analyses. Some of them are also summarized in

"Figures A.19 and A.20.

A.3.8.4 Displacements Ahead of the Face

Although no :inClihometers were installed and thus
no infarmation about horizontal displacements is
available, important information can be derived from the
vertical displacements measured. Figure 5221 shows
4schematically the Qertical displacements as a function
of the face position (Section C). It can be seen that
measurable displacements start to occur at distances of
approximately 4 to 6ém ahead of ’the'.advancing heading.
This corresponds to 1.0 to 1.5 diameters.

It cén also be noticed that the movement at the
- invert (point C7) 1is of an upward nature, reaching a
final value corresponding to approximately 60% of the

settlement above crown. It is also apparent that these

displacements below the invert start after the
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! S

displacements above the crown, but reach their final
values faster. This is due to the removal of the bench

and is of importance in specifications of time spacing

\
of fextensometer measurements,

.
v
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. APPENDIX B - TABLES

This appendix contains tables which summarize field
data from several case histories. These data were analysed

in Chapter 2.

,

290
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Case histories investigated
No CASE GROUND TYPE MAIN REFERENCES REMARKS
, 1 AL TMUHL soft sandstone Wittke at at (1974) FM™
Test Gallery . -
2 BOCHUM marls Jagsch et al1.(1974) CD.DD,FM
Baulos A2 Hofmann{ 1976} large cross-secttion
.
3 BOCHUM marl+sandy silt Lave et al.(1978) CD.FM
Baulos A3-AS sgravel Blindow et &a!._(1879) includes subway station
4 BOCHUM marl+silty sand Golser(1979) CD.FM
Baulos 61 +graveal N includes subway station
5 8OCHUM . marlssilre Hunt(1978) . o FM
Baulos B3 sgravel Wittke/GCet1( 1980} .
6 BOCHUM maris ’ Schutze(1981) CD.FM
- Unterfahrung farge cross section
Hbf . | :
7 BUTTERBERG sandy stilty Meister/walliner(1977) CD.FM
gravels | large cross-section ¢
| .
8 ENGELBRERG mar) Kuhnh.nn/Lorichi"&r CD.FM
Test Sect. 1 (1979) -
9 ESSEN si11ty mar) . Stadt Essen(1981) ce :
Baulos 18 +coal(invert) includes subway station
Vi .
10 ESSEN sandy clay Steiner et al.(1980) CD.DD,FM
Baulos 248 Hochtiet(1977) twin tunnels-simul taneous
- excavation
11 FRANKFURT Frankfurt clay Edeling/Schulz{1972) CD.FM
pDominikaner - (tertiary Schulz/Ece) ing(1973)
gasse gallery clayey mar)
.
12 FRANKFURT Frankfurt clay Chambosse(1972) CD.DD,FM N
Baulos 25 Edeling/Schulz(1972) twin tunnela-stmultanecus
Stroh/Chambosse(1973) excavation
13 FRANKFURT Frankfurt clay Stroh/Chambosse{ 1973) CD.DD.FM
Baulos) 17 Muller et al.(1977) twin tunnels
!
14 FRANKFURT ' Frankfurt clay Sauver (1974) CD.DD,FM
Baulos 1Ba ) Krimmer (1976) twin tunnels
- Bilindow et al.(1979) !
15 ERANKFURT Frankfurt clay Sauer, -cusche1t(1976)] CD.DD, FM
S-Bahn Los 6 Saver /Sharma{ 1977) twin tunnels-simJltaneous
Saver(1976) excavation
16 FRANKFURT Frankfurt clay Rottenfusser( 1874) CD,.FM
S-Bahn Los 5.2 : multiple axcavation
17 FRANKFURT Frankfurt clay Schultz(1976) ' CO.FM
Baulos U-27 i twin tunnels-simultaneous
" _U excavation .
I
i 7
- 18 FRANKFURT Frankfurt clay wagner(1978) / cD
- Baulos 18b1- / twin tunnets
19b1
19 EFRAM(FURT Frankfurt clay Babendererdce( 1980a,b) co, FM
|Baulos U-82 Brem( 1981) subway station
CD - Construction detsils available in the literature
DD - Detailed description included in this thesis
FM - Field measurements available in the Il{tersture
S




Case histories investigated (contd.)

Table B.2
+
No . CASE . GROUND TYPE MAIN REFERENCES REMARKS
20 MUNICH sand+mar | Heilbrunner et al. CD,Dq.FN
Baulos 5/9-4.2 (1982) ‘Ramp Method’
. -
21 MUNICH gravel L Schikora(1982) CD.FM
' B8aulos 6- Schikoras(1983) twin tunnels
vest 2
22 MUNICH mart+sand He { 1brunner (1978) CD.FM vod : "
Baulos 8/1-5.1{ +gravel twin tunnels
23 MUN]ICH mar 1+sand Laabmayr/Weber (1978) CD.FM
B8aulos B/1-9 +gravel Laabmayr/Pacher{( 1978) large cross-section
24 MUNICH mar 1 +sand Laabmayr /wWeber(1978) CD,.FM
Baulos 8/1- +gravel Laabmayr/Pacher(1978)
18.2 ’ ]
_ fav]
25 MUNICH mar 1 +sand Golser et a81.(1977) CD,FM .
Baulos 8/1-8.1| +gravel N1ixdorf{ 1980) twin tunnels-simultaneous
excavation
26 MUNICH mar ) +sand Nixdorf{1980) cb .
Baulos 8/1-14
27 MUNICH mar |+sand §ga!n.r et a1.(1978) cD.DD
Baulos B8/1-16 +pravel Nixdor ¢ (1980) ‘Ramp Method’
28 MUNICH mar V+sand Kr tschke/Weber{ 1981) CD,.DD,FM
(non-tdent.) +gravel large cross-section
29 NURNBERG soft sandstone B1indow/wagner(1976) CD.FM R
Hasenbuck N Hotmann(1976) targe cross-section
30 NURNSBERG soft sandstone Bausrnfeind et al, CD,FM
. Lorenzk irche (1978) twin, targe cross-section
31 NURNBERG soft sandstone Gartung/Bauernfeind CO.FM
Schwe inau (1983) twin, large cross-section
32 PARIS tertiary marls Egger( 1875) CD.FM .
Gr igny - large cross™-~section
33 | REGENSBURG variable-tert. Hereth(1979) co
Pfaffenstein sands/clays+ Bl tndow/wWagner(1978) large cross-section
sandst.+]imest.
34 SCHWAIKHEIM maris+ Rabcewicz/Sattler cD
1imestone (1965) railway tunnel
hor izpns Muller (1978} tirst application of the NATM
a5 SAQ PAULOD tert. clayey Negro/E tsenstein(1981)| CD.DD.FM
Alto da Boa sand : Simond! et al.(1982) Finite Element Analyses
vVista presented in Chaps 4/S
36 SAQ PAULO silty sands Cruz st atl.(1982) Cq. FM -
Metro North clays Celestino et al.(1982)| twin tunnels
Extenston
37 SAQ PAULOD fine claysy Teixeira(1982) <D
Almeida Lima sand
38 SAO PAULD clayey sand Teixeira{1982) CD,FM
Cassandoca )
CD - Construction details available {n the literature
DD - Detsiled description included in this thesis
FM - Field measurements available in the 1iterature Q




Table B.3 Overload Factor vs. Loss of Ground

Case .
No . Pv Cu OF Loss of Ground Vt REMARKS @ ¢
: (kPa)| (kPa) (m3/m-%vtn)

4 141 50 2.8 0.40-0.63 Section I

121 272 150 1.8 0.45-1.40
1211 | 302.5| 150 2.0 0.32-0.92
12111] 284 150 1.9 0.26-0.74
131v | 191.5| 150 1.3 0.22-0.63 .
13v 247 150 1.6 0.17-0.48 \

14 295.0} 150 2.0 0.14-0.39

23 271 250 1.1 0.21-0.28

24 546 250 2.2 0.08-0.23

25 424 250 1.7 '0.11-0.30

3s¢ 136 50 2.7 0.04-0.28

356G 136 50 2.7 0.02-0. 16

364 230 207 | 11.5 1.05-3.70 1st of twin

293
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Table B.5 Trough Width Parameter vs. Tunnel Depth

Case

No. z a 1 1/a z/2a REMARKS

(m) (m) (m)

4 7 3.50 3 0.86 1.00 |Section I1

121 14:i 3.20 4.8 1.50 2.30 |Coraing/Hansmire(1875)
13 14 .19 3.35 | 7.2 2.20 2.10

14 16.0 | 3.35 7.2 2.20 2.50 |Gleis 13-MO A

28 14 .19 5.30 {10-12 1.4-2.3] 1.33 |[Krischke/weber(1981:121)
28 17.0 | 5.00 15.4 2.91 1.70 .

28" 18.2 5.00 | 22.3 4.46 1.82 "

31 7.3 4.05 2.7 0.67 0.91 1st tunnel only

32 17.0 | 5s.00 | 4-10 |0.8-2.0] 1.70

35 8.25] 1.85 2.93 1.50 1.58 {Average Sections C/G
38 4.5 1.90 |1.7-2.5|0.9-1.3] 1.16
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Table B.6 Quality of Construction

Case '

No. D Ss vtn Vs REMARKS

(m) (mm) (m3/m) (m3/m)

2 9 5 63.6 0.32

4 7 B8 38.5 0.42 Section 11
7 11.0 12 895.0 0.22

8 6.4 28 32.2 0.75

121 6.4 48 32:2 0.74

1211 6.7 37 35.3 0.63

12111] 6.7 28 35.3 0.46

131V 6.7 23 35.3 0.27

13v 6.7 19 35.3 0.28

14 6.7 11 35.3 0.18 .

21 6.6 4.1 34.2 0.137

23 [ 9’8 | 20 75.4 0.31

24 6.7 3.5 36'3 0.09

35 3.9 5.5 | 11.9 0.05 Section C
Vs estimated assuming trough properties as in %ig. 2.1
(Chapter 2) .
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Table B.7 Invert Closure Distance / Invert Closure Interval
-

Y

Case ;
No.| Ss(mm)| D(m) | E(MPa) LQ(N/m:!) norm. Ss L(m) |[T(hrs. ) REMARKS
. (x 1000)
2 16 30-50 20 0.3-0.5 | 2.5 -
4 8 5-10 20 0.04-0.09| 1.0 - Section 11
4 70 a-10 20 0.33-0.78| 2.0 - Section IV
7 12 11 60-80 20 0.30-0.40| 8.0 -
10 20 6.6 | 30-50 20 0.69-1.15| 3.2 -
10 40 6.6 30-50 20 1.38-2.30( 6.0 -
13 19 6.7 20-50 18.5 0.46-1.14|, 4 .8
13 23 6.7 20-50 18.5 0.55-1.38]| 5 12
14 11 3.7 20-50 18.5° 10.26-0.66] - 5-8
17 31 6.8 20-50 18.5 0.72-1.81] 3 18 .
18 11 6.7 20-50 18.5 0.26-0.56| - 12-24°
35 5.5 3.9 30-50 18.0 0.60-1.00| 4 7 Section C

<
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APPENDIX C - DESIGN CONCEPTS

C.1 Introduction

This appendix summarizes information related
of 1linings in wurban tunnels. The main sources|are from

German literature and emphasis 1s placed on featu\es that

4
K

are Qgculiar of NATM tunnels.

Results of a recent survey by the Inter ationél
Tunnelling Association - ITA (1982:219) shows that temporary
and permanent NATM supports are often designed by th same
method 'but with different load assumptions. It should also
be pointed out that there is a currently a trend to use the
shotcrete as a permanent support (Eckéchmidt and Celestino,
1982). In these cases, the support is augmented in tyo or
more stages at increasing distances from the face an the

usual distinction between temporary and final supportf tends ’

to disappear.

C.2 Lining Design Directives

in engineering practice, it is sometimes approprjiate to
have guidelines which provide a general design frémework.
The following guidelines have been adapted frdm the?baper by
Duddeck (1980). They presumably reflect in atf'least a
general manner the philosophy of soft ground tuqﬁel design

existent in West Germany, from where most" of{/thg case

298
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histories examined in this thesis come from. Its
preséntation herein is not aimed at establishing 'rules' for
NATM ‘designAbut to provide some ideas that could perhaps be
incorporated elsewhere.

The design directives have been elaborated by a working
group of the German Society for Soil Mechanics and
Foundation Engineering. In a former edition, these
recommendations were restricted to the design of shield
driven tunnels but were‘later expanded in order to include
the design of tunnels excavated according to the NATM. A
complete.review of the recommendations will not be attembted

K1

herein. Of relevance to thé present work are the proposed

calculation models, ashwell as the various load assumptions

(i.e. earth and water pressures, temperature effects, etc. ).

The original notation is maintained herein.

C.2.1 General

It 1is important to highlight some points that describe
the general character of the German recommendatiorns:

1. The working group made a special effort to ‘keep’ the
recommendation; as simple as possible.

2. Text, formulae and figures refer to circular tunnels but
an extension to other types of cross-section should be.
possible.

3. Although it 1is recommended that the 3D effects in the

face area should be investigated 'when the construction

method makes it necessary’', in all reccomended
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structural models a two-dimensional situztion 'far from
the tunnel face' is assumed.

4. The use of linear elastic models for the ground and for
the lining is allowed. ‘
5. Unavoidable uncertadinties associated with tunnelling are
N\

normally larQe and should be reflected in any numerical

statement.
6.--Sensitivity studies which encompass the upper’and lower

values of soil parameters are highly encouraged.

7. _The use of tunnelling instrumentation is also

.

reccomended.

C.2.2 Paramet.rs influencing the Design
The'following points and parameters are known to affect

the calculation results, and are 1listed in order  of

~~

-

importance (Duddeck, 1980:351). The list might be used as a

guide to sénsitivity studies: ’
Parameters of decisive influence: '

1. Earth pfessures - specially the coefficient of lateral
eéfth .pressufe and an eventual c&ﬁsideratipn of a
percentage of stress release.

2. Watér pressure.

3. Choice of static system.

4. Choice of soil parameters. p,

Parameters of considerable influence:

5. Stresses due to lining assemblage, curve driving and



10.

11,

13.

cit.

R
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nearby tunnels.

Late 1influences such as traffic vibrations and
time-dependent properties of the ground.

Temperature variations in the tunnel longitpdinal
direction, specially temperature decrease.

Coﬁpression pressures due to the shield (not"applicable"

to NATM) .

Injection pressures.

Parameters of little influence

Self-weight of the tunnel iining.

Installation ana traffic loads inside the tunnel.

Air pressure.

Temperature differences between inside and outside the

tunnel.

.3 Design Loads

The following list has been adapted from Duddeck (op.
)¢
Earth Preséures

The state of stress existent in the ground before

_ the tunnel is driven is called the 'primary state of

[

stress' and is normally calculated by conventional
assumptions (i.e., vz and Koyz). An assumption of Ko=0.5

is allowed. Water pressures ,

should be added whenever

water 1is present, as well as surcharges due to

.foundations and/or traffic (see points 2 arnd 3 ).
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js

The soil pressures on the permanent Support are
always taken as being these 'primar§ pressures’', based
on the assumpéion that the ground pressures will return
to the injsitu conditions after a long périod of time

.(Duddeck and Erdmann, 1982:83). Allowance for a
percentage of stress ' release is not expiicitly
recommended but appaféntly allowed for the’design of the

'temporary support (Duddeck, 1980:355) *°,

It is also important to commenf that the German
recomméndatiéns poiﬁt the necessity of verifying the
possible state of failure above the crown when such
stress reélease 1is considered. If the groﬁnd shear
strength is fuliy mobilized, ;he ’5ilo pressure' of the
overburden should be adopted as crbwn surcharge for
tunnels with h/d23, where h is thé depth to crown>and d
is the tunﬁel diameter. |

2. Water Pressure

The water pressure may be computed as thé water
column abéve the tunnel times the water density.(i.eﬂ,
752)._In general, the highest water level (WL) results
in the maximum thrust (compression loads) while the
lowest WL yields the maximum bending moment in the
lining (Duddeck, 1980:351),

3. Foundation and tfaffic loads

*® Duddeck and Erdmann (1982:91) suggest that for tunnels
excavated by the NATM a reduction in loads might be ‘
justified. This statement is grounded on the assumption that
the NATM will require a soil with good mechanical properties
and supports one of the conclusions of Chapter 2 of this
thesis. 5
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The self-weight and live loads*' from structures
and .the loads due to the action of vehicles may be taken
into account as distributed 1oad§, applied respectivély
at the foundation's base elevation or at the road's
elevation. The increase in the earth pressufes due to
these loads should be propagated with an angle of 60°
with respect to the horizontal, as shown in Figure C.1.
This assumption épplies to surcharges acting on one side
only, as well as to loads from isolated deep
f&undations. In general, even when surcharges act on one
side only, the lateral pressure can be assumed
éymmetric.~ The introduction of impact allowance factors
in the structural design is generally not required for
covers larger than 3;50m.

4. Other loads

Liner self-weight

The self weight. of the liner can in general, be
neglected, It may eventually be gaken into account by
introducing a crown surcharge*?.

Installation and traffic loads inside the-tunnel

~These 1loads are normally of little significance;
but may be considered as complementary distributed
loads. ‘

Temperature effects

‘'Muir Wood (guoted in ITA (1982:191)) points that live
loads are not usually serious.

‘2 It appears that for a thin shotcrete shell the
self-weight may be neglected without any major conseguence.

v
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Calculation assumptions for uniform and non-uniform
temperature changes hgvé‘ to be determined for eéch
particular case, depending on operational conditions and
on the construction stage. The highest 'air temperature
occurs mostly during lining placement*?.

Air ’pr*essune

When compressed air is used an impervious . lining

should be assumed for calculation purposes.

C.2.4 Shallow and Deep tﬁnnels ‘ | ,

The German recommendations make distinctionsibetweénb
shallow and deep tunnels,. as shown in Figure C.2. The °
adopted . distinction seems rather arbitrary, but might
reflect local experienceé. Duddeck (1980:352) explain the use
of these models in the folléwing manner:

1. Shallow tunnels (h<2d), where, h=soil cover above crown .
and d=tunnel diameter): \ N

In this .case, models should‘ be chosen which
cohsider the ground mass collaboration only'iQ the areas
where - the 1lining §r¥grms ﬁﬁzards the ground:‘t It is

normally sufficient QSJESEEESE

the invert being left with support.

>mbedding at crown 6hly,

2. Tunnels with larger cover (h>3d):

‘3 Muir Wood (in ITA, 1982:191) points &hat "temperature and
humidity changes may need to be controlled during
construction' of shotcrete tunnels. _

*4+It should be noted that depending on ghe Ko value the
crown will move outwards or inwards. This is a recognized
oversimplification in the german recommendations that has
been criticized for example by Katzenbach (1981).
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Figure C.1 Proposed distribution of foundation loads

a)partially | b)fully '
-embedded | embedded

recommended for:

" h<2d
2d<h<3d

h>3d

Figure C.2 Distinctic between shallow‘and_deep tunnelé

3

Y
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¥

A : o
e .

The static calculations may now be performed with a .

model which takes embedding at the crown.into account*®.
3.. Infermediate zone (2d<h<3d): |

This 'transition' is apparently left as a matter of
endiheering " judgement. Either model may be adopted
dependiné on the ground conditions. Duddeck (op.cit.)
suggeSts that the value of the exisfing 'cohesion' may
be the determinihg factor (the smaller the cover h,. the
larger the required g;éund mass cohesion);

-

C.2.5 Calculation Models
Within the assumption that the design  section of the

tunnel 1s situated.far enough from the Qorking face area so

that plane strain may be assumed, the German recommendations

récognize four basic calculation models, depicted in Figure
C.3. _In the 'semi-continuum model' recommended for shallow
tunnels it is important to observe that the full overburden

3

is assumed to be acting at the tunnel crown.

C.3 Design Charts by Ahrens et al. (1982)

Ahrens et al. (1982) have carried out an extensive

investigation of the models presented in Figure C.3. Only-

the models suggested .for shallow tunnels are reviewed

herein, mainly “because “they are presented in the form of

simple_design}chartsAwhich were derived from finite element

-

parametric ‘studies.
—— e e e - —— ——— " —— - - i } ,}
“*5This assumption will normally yield smaller bending

moments. . - / oy

J

)
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A brief outline of the assumptions of the model, as
‘well as. directives to apply the ch;?ts to udesign are
reviewed herein. athematical derivations aré presented 1in
the paper quoted above and 1in the publication~by Ahrens

'

(1976).

C.3.1 Basic Assumptions

The following assumptions represent the minimum
necessary in order Eo‘properly understand the design éhartsﬁ
1. Ground and lining behave linearly elastically.

2. A condition of plane-strain is assumed.

C.3.2 Material Properties : g//

The modulus of the ground to be used in design 1is’

termed E, and is given by:
E,=E, (1+») (1-2»)/(1-v) - v (c.1)

where E, 1is the constrained modulus. The support forces-
calculated will be recognizedly dependent on-the choice ; of
Poisson's ratio ». The adoption of values of v<0.35 will,

however, minimize this problem (Ahrens et al.,xﬁ982:304)f

C.3.3 Ground Support Interaction
The gréuﬁd support interaction is 'répresented' by the

coefficient B8, given by:



p=E,r*/EI _ - (c.2)

where r is the tunnel radius, E is the Young's modulus - of
the lining and I is the moment of inertia of the lining per

unit length.

-6.3;4 Load Coefficients

The coefficients presented herein were derived from the
original in-situ stresses expressed in polar coordinates and
then gxpanded into Fourler series. The subscripts r and t
correspond to the - radial and tangential components
respectively. Figure C.4 illustrates fhe notation followed
by Ahrens et al. (op.cit.) and present the load coefficients
required in the design - charts. Ahrens et al. (1982:263)
derive the coe{fiéient pbieg and point out that it 1s
rigorously applicable only for the fully embedded case,
yielding however acceptable results for ﬁhe partially
embedded case as well. They also observe that the tangential
component (p ) should not be neglected in the determination

t2
of p even if a 'radial bond only' condition is employed.

bieg
Consideration of an eventual extra surcharge (e.g. due to

foundation loads) is taken 1into account by adding the

following factor to the coefficient p :
: r0

v

p=0.5p (1+Ko) | ' (c.3)
A )

where p is the distributed 1load equivalent to the
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surcharge.

C.3.5 Finite Element Analyses

Ahrens et al.'s (op.cit.) design charts are based on
extensive finite element ‘anAlyses which employ linear
elastic isotropic models for the ground and for the lining.
The ground is discretized using constant strain triangles
and the lihing is represeQFed by beam eleménts.,A condition
of external loading is applied. |

Although the énalyses are based on rather simplistic
assumptions an effort was made by the authors to evaluate
influences 1like discretization and lboundary conditions.
Ahrens et al. (1982:265) claim that the boundary conditions
chosen do not have qny-influence on the calculated suppbrt
forces. It is also interesting to observe that the ‘'radial
bond only' condition was simpiated by means of specially
developed 'link .elements' placed perpendicularly between
lining and ground elements. These elements transmit axial
loads only and therefore the tangential component is
neglected (Ahrens et al., 1982:266). |
C.3.6 Design Charts for Shallow Tunnels

The -. design charts reviewed herein allow the
determination of the distribution of bending moments and
normal forces in the tunnel liring, as well as the lining .
deformation at crown. The original.notation is kept herein

as explained at the bottom of Figures C.5 and C.6. The
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l TR A7
Z

p
- h Py ph: KO.K,(hH‘)

fm e

P . . .
¥ ] —=— polar coord. + exp. into Fourier series:
h

n - - - -
p=3p =P + P, 05y ¢ pr2c052~P . pr3c053~P,

n=0...3

P,=ipm= E”sim«P oﬁ'zsinZ‘-P*EnsinB\P

to use charts: o .
P,=05 ¥ (heri(1+Ky)
P, =05 ¥ (her)(i-Ko)

§ P, =05 ¥ thr)1-Ko)

P 2pr2 * p'Z

bi!q=

{for derivation see Ahrenset. al, 1982)

Figure C.4 Load éqefficients by Ahrens et al. (1982)
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sketch was made by the Author according to. a bersonal
communication of Prof. H. Duddeck. ‘
The sequence of calculations is the following:

1. Establish geometry (i.e., tunnel rédius r and overburden
h) and material properties (ground deformation modulus
Ey, Young'é modulus E and moment of inertia I for the
lining).

2. Calculate the coefficient § according to equation C.2.

3. Calculate the 1load coefficients p , p , p , and
: r0 r2 t2

p .

bieg ‘ : - .

4. Enter charts "A" to determine the bending moment
distribution (Figure C.5).

5. Enter <charts "B" to determine thrusts and lining
deflection at crown (Figure C.6).

Steps 4 and 5 are‘easily carried dut, the correspondent
formulas being presented on the charts. The whole process is
straightforward and 1its incorporation in the 'Pocket book
for tunnelling construction — 1983' is <clearly aimed at
providing practitioners with a simple design tool. The
‘charts have been published fairly recently and proper
evaluation.of their usefulness will fequire a certain period
of time. To the Authgr's knowledgeh no extensive sensitivity

studies with the charts have been reported 1in the

literature.
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Figure C.6 Charts 'B':

(1982)
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APPENDIX D - ADINA

Information regarding the use of ADINA were provided in
Chapter 4. This appendix contains additional information
considered useful for the analyses of tunnels and

excavations.

D.1 Excavation Simulation

| The birth-death option as it was applied to éxcavétiqn
siéulation and lining erection is explained 1in Chapter 4.
Additional useful information is provided 1in tﬁe '"ADINA
System verification Manual' (ADINA Engng. Report AE 83-5),
which recently became available at the Department of Civil
Engineering of the University of Alberta.

A remark should be made about the use of beam ' ments,
used to simulate the lining in the analyses of le& 2ross
section tunnels reported in Chapter 4. The use of beam and
shell elements in problems of soil-structure interactions_i§/
frequently ’suggested in geotechnical 1literature. Some
éuthors however, point out that problems of compatibility at
common nodes may existf when these elements are used ;n
connection with other solid elements (e.g. Naylor and Pande,
1981). Although no problems were verified in tHe present
work, it is suggested that this aspeét should be analysed

closely in future studies.

315
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D.2 Costs

ADINA is an expensive program to run, especially in the
case of 3D non-linear analyses. The chief costs in the 3D
analyses reported herein were found to be related to
updating stiffness matrices and load vectors for
non-linearities and the solution of the large set of
equations. In excavation problems, the stiffness has to be
reformed at each excavation step, even wheh linearly elastic
materials are used.

A way to obtain a rough evaluation -of the costs
beforehand is to run a DATACHECK (relatively unexpensive)
and obtain the value of MAM—Mean Half Bahdwidth; which can
be correlated with the total solution time. This is shown in

Figure D.1.

O
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TOTAL SOLUTION TIME PER STEP (sec)
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Figure D.1 ADINA Cost Information
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APPENDIX E - DERIVATIONS

This appendix contains derivations of ground and

support response curves used in Chapter 5.

318



Derivation of Ground Response Curves:

Elastic GRC.equation:
K=1 + Kaiser (1982):

p/u6=l-p,/po_& (u/a)(a/ue)=1-p,/po

" Elastic 'hole-in-a-plate' displacements:
Ke=1 =+ up=pea/2G, where G=E/2(1+p)

Kol » Pender (1980, Egn. 283:

o / u;=a(1+v)Po/2E{ (1+K)~-(3-4»)(1-K)cos26}
or: '
U, =aPo/4G{ (1+K}-(3-4»)(1-K)cos268} Aﬁ

“a/u,=4G/Po{(1+K)-(3-4») (1-K)cos26}

. a general equation for the elastic GRC is:
(U/a)U= 1P, /Porunrinneennnnnn. NS 0
vhere:

¥=46/Po [ (1+K) - (3-4») ( 1-K)cos26]

Check:
»

For K=1 - y=4G/2P, subst. in eqn; D.1 = u/ue=1-p,/po

3 19
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Derivat ion of Support Reaction Lines:

Input:
thickness of support ............. D T wees 0.13m
E modulus of SUPPOLrt....iceenonrncenncnsns Ceiereeana 5000MPa
Poisson's ratio of SUPPOLt vvowes.. eieieeaen. e eeceaaaas 0.25
E modulus of $0il.......... beaena e eeeaasanen veeeaes 13.7MPa
Poisson's ratio of S0il. ...ttt ierencenannn - 0.43
tunnel radius (R)eueeennnniinnnnn S e 1.95m

& A,=0.13m?® and I,=1.41x10"°m* (per lineal metre)

Ehtqring exbressions by Einstein and Schwartz (1979) yields:

‘ .

C = 4.36
x

F =16.57
‘ -

ao, = 0.66

“B= 0.48

*

ajz =-0.27
.

b, =-0.55

u,E/PR(1+p}=0

u, (mm)
crown
springl.

invert

3 -

°

EqQn. 19a from Einstein and Schwartz (op.cit.):

* : * *

.S(1+K)ao +0.5(1+K){4(1-»)b, -2a; lcos26

K=0.75 K=1,00

22.39 . . 22.17

16.40 22.17 T
22.39, C22.17
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APPENDIX F - 3D STRESS PATHS

e,

[l

321



! . 322

CROWN

v S
-
A S
kA
1104 ‘ﬂf

PCT (cc\-\vc»\*;ou( "’r\ayl-\\

1

o= 0. 3% line

i B3
+ 63
(‘ ’ =’ /P°
0.50 - + 3 + 1 b.- N
0.50 0.L0 830 o.%0 630 too -

Figure F.1

o,

Stress paths ahead of the face at the crown



7 323

AS,
P
dpe
J, h‘
L4
W 2e
— KQ: o .3
[ % °
\.Vo .
«——E’; E
SPRINGUINE
o, s
(oo &
ACT
ﬁqC:/h
D3 —t- + + + —>
blo t.}o &80 0.40
As INVERT
.?b
A rex
. KD-_O.}S
- \\«
\
AN
AN -
S YV
110 1 '
‘e J» -—
ACT
chéﬁﬁ
&40 + —
(LT 0.40

Figure F.2 Stress paths ahead of the face at springline

invert

g






-
\\



