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Notation

Geometry

R radius of circular tunnel section
d unsupported tunnel length from working face
X distance from working face to any given tunnel cross section

Time

t time after working face has passed any given tunnel
cross section

T,  characteristic time of rate of advance of working face

Tw  time characterising the rate of time-dependent deformation of
the ground

Ts  time characterising creep behaviour of support

Displacement, Convergence

u, U, radial displacement of a point on tunnel wall

U, value of uat working face

uds  value of u at distance d from working face

U, Vvalue of u atvery long distance from working face

Uys Value of u for unsupported tunnel

C(x) convergence at section at distance x from working face

Speed
V, rate of advance of working face

Stresses

radial stress on tunnel wall massif
natural stress tensor, natural stress value with hydrostatic
tensor

0,0%

Gy

Ground properties

E Young's modulus of ground

n Poisson's ratio of ground

G shear modulus of ground

0.  uniaxial compressive strength

Support properties

Es  Young's modulus of support
vg  Poisson's ratio of support
Ks  stiffness of support

Ksy  normal stiffness of support
Kg  bending stiffness of support
ps  support pressure

Decompression

A confinement loss

A,  confinement loss at working face

Aq  confinement loss at distance d from working face
A.  confinement loss at boundary of elastic zone
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1 - INTRODUCTION

Designing tunnel support was for many years
considered too complex for strict enginee-
ring analysis and remained an empirical art
repeating techniques that had proven satis-
factory under similar geological conditions in
the past. This similarity approach was based
on qualitative factors that were neither well-
defined nor interpreted in any consistent
way.

The analytical methods which are a basic tool
for construction engineers were found to be
unsuitable for tunnel support design. This
left the way open for dogmatic claims about
the universal suitability of certain methods
and techniques, claims failing to stand up to
quantitative analysis.

The difficulty of designing tunnel support
arises mainly from

 inadequate knowledge of ground beha-
viour under conditions associated with tun-
nel driving,

« insufficient data on the natural state of
stress in the ground, and

« the fact that it is a three-dimensional pro-
blem.

The last point is due to the fact that the engi-
neer needs to analyse the interaction bet-
ween the ground and the support near the
working face.
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Additionally, time-dependent response dic-
tated by the rheological properties of the
ground may also have to be considered.

The convergence-confinement method is a
simplified method of analysing this interaction
between the ground and the support. In its
basic form using extreme axisymmetry
assumptions, it becomes a two- or one-dimen-
sional problem, providing a simple understan-
ding of the ground/support interaction pro-
cesses occurring near the working face.

These Recommendations describe the gene-
ral principles of the convergence-confine-
ment method, including the rules for selec-
ting the confinement loss value, which is the
keystone of the method. They also describe
the field of application of the method and its
relationship to other existing methods.

Contrary to what is mistakenly assumed in
the usual design methods, the ground/sup-
port interaction is not generally amenable to
dealing separately with actions applied to
the structure and the structure's stresses and
defcrmations. Addressing these two factors
sepe rately is the main reason for the inade-
quacy of the methods previously proposed.

In fect, tunnel support design methods can
be ciassified into four types:

e Purely empirical methods indicating the
most appropriate type of support for a situa-
tion defined from various geotechnical classi-
fication systems.

« Methods for determining the loads acting
on the support, regardless of support type
and deformation.

« Support design methods which consider
loads exerted by the ground as input data
but allow for support stiffness and deforma-
tion and the reactions of the surrounding
ground.

« More recent methods taking full account
of the ground/support interaction.

These methods, which are the subject of ear-
lier AFTES Recommendations [1], are briefly
reviewed in the following.

1.1 - Empirical methods based on
geotechnical classification systems

Various rock classification systems have been
proposed. The most widely used are
Bieniawski's RMR [7] and N Barton's Q sys-
tem [3]. They attribute a lumped score to the
rock based on several quantified parameters.
The overall score determines support type.

This approach must not be confused with a
different use of the RMR and Q index for
determining the geomechanical properties
of rock (Hoek & Brown) [14].

AFTES has proposed a method entitled
"Tunnel Support Type Selection™ described
in interim Recommendations in the
September 1976 special issue of Tunnels et
Ouvrages Souterrains. The parameters used



for support selection are rock strength as
measured on laboratory specimens, frag-
mentation (RQD index) and weathering,
hydrogeology, tunnel cover and cross sec-
tion, and tunnel environment. Another
important feature is that the rock strength
classification is to some degree dependent
on tunnel driving method (presplitting or
mechanical excavation). A matrix identifies,
for a given situation, unsuitable support
methods, feasible methods and appropriate
methods. Unlike the RMR and Q classifica-
tions, there is no information on unsuppor-
ted length, steel rib inertia and spacing, rock
bolt density and bolt length, or shotcrete
thickness.

These methods had the merit of introducing
the need for a quantitative description of the
ground. But since they are based on case his-
tories whose relevance has not been addres-
sed, they tend to repeat past mistakes. They
are in standard use, mainly abroad, and can
be useful aids at the project planning stage.

1.2 - Methods giving loads exerted
by the ground on the support

These methods determine the extent of the
failure zone. Purely static considerations then
determine the reaction that needs to be
exerted by the support to keep the failure
zone stable.

These methods implicitly assume that severe
convergence has occurred for failure mecha-
nisms to occur; the corresponding displace-
ments are not necessarily acceptable for the
support structure.

Methods differ in the way they define the fai-
lure zone.

In the methods recommended by Terzaghi
(fig. 1) and Protodiakonof, the shape of the
failure zone is given. Its extent depends on
the mechanical strength of the ground and
tunnel cover.
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Caquot [8] defines the failure zone by analy-
sing the extent of the plastic zone around a
circular tunnel.

These methods are justified when the failure
mechanism considered is independent of the
support method.

This may be the case with a shallow tunnel
where there is a possibility of a sinkhole
appearing at ground level.

It also concerns the case of rock tunnels
where the stresses around the opening are
well below the uniaxial compressive strength
of the rock and the deformations caused by
the tunnelling are very slight. The only signifi-
cant displacements that can occur are due to
pre-existing discontinuities opening or cau-
sing blocks to slide. Three-dimensional struc-
tural analysis will reveal joint sets of constant
direction, and allows the engineer to deter-
mine the maximum dimensions of blocks
liable to be unstable for the actual size and
direction of the tunnel excavation. Here, the
support merely serves to prevent potentially
unstable blocks from falling or sliding.
Methods based on structural analysis are
appropriate in such situations (fig. 2).

Figure 1 - Definition of failure zone above tunnel
crown according to K Terzaghi

Figure 2 - Unstable rock blocks intersected by the tunnel

1.3 - Methods of analysing sup-
port exposed to predetermined
loads

These methods deriving from conventional
structural design based on strength of mate-
rials theory are the normal complement to
the methods described above, and the same
remarks apply.

However, what is known as the "hyperstatic
reactions" method deserves special mention.
The support is modelled as bars and the
ground reaction, as springs (fig. 3). It is an
attempt to address the interaction between
the ground and support. The load on the
support comes from the actions needed to
maintain the failure zone in equilibrium and
the reaction of the ground to yielding of the
support.
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Figure 3 - Principle of hyperstatic reactions method

This method has frequently been used, des-
pite the structural engineer’s perplexity as to
the distinction between the zone exposed to
ground actions and the zones exposed to
ground reactions to support displacements.
Setting spring stiffness is critical. Results may
even become very surprising when heading
and benching. The method is still frequently
used and may be useful, especially for shal-
low tunnels, because the model is simple to
use.

1.4 - Methods addressing
ground/support interactions

Strict engineering analysis of the
ground/support interaction is feasible by
three-dimensional computer modelling by
various methods, lumped together under the
name "“composite solid methods.” They use
a finite element or finite difference approach,
or separate elements. This type of modelling
may include for

e support structure and geometry with
constitutive equations for this structure,

« the geometry of the various geomechanical
units identified around the tunnel with their
constitutive equations, and

« unnel excavation phases and support ins-
tallation.

The advantages of this type of three-dimen-
sional modelling are incontrovertible and
they will probably become commonplace in
future with the inexorable progress in com-
puter methods with in which young engi-
neers are increasingly familiar. At present,
their use and interpretation is still considered
slow and complex and involves difficulties in
running sensitivity analyses on parameters
whose determination involves much uncer-
tainty, especially geotechnical parameters.

Somewhat paradoxically, these models are
mainly used for very complex underground
openings where it is difficult to assess the
true influence of the simplifications needed
to make them more like more routine design




problems. The LCH1 cavern currently being
built for CERN is a good example of three-
dimensional modelling of a highly complex
underground ensemble of large, intersecting
chambers and shafts (fig. 4).

The convergence-confinement method does
away with the need for a complex three-
dimensional model. It is based on the two-
dimensional analysis of the interaction bet-
ween the support and the ground. It is
therefore much simpler. This type of analysis
has been proposed by several authors, the
first probably being Fenner [11] in 1938. The
same approach was adopted by Pacher [20]
in 1964. Their main shortcoming was that
they failed to consider ground deformations
that occur before the support is installed.
With his characteristic "core" line, Lombardi
introduced the concept of convergence at
the working face [17]. Panet & Guellec [21,
1974] advocated including for deformations
occurring prior to support installation via the
confinement loss factor. This is the origin of
the convergence-confinement method which
was given its name at a1978 AFTES meeting
in Paris.

The principal advantage of the method is
that it allies ease of use with an objective
approach to the more important processes
involved in the ground/support interaction. It
allows easy analysis of the sensitivity of para-
meters which can only be quantified approxi-
mately.

The first AFTES Recommendations on the
convergence-confinement method were
issued in 1984 [1]. Abundant research fin-
dings since that time, along with much
observational data, have made it necessary
to re-write the older Recommendations.
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2 - TUNNEL CONVERGENCE

The loss of confinement caused by tunnel
driving causes stress redistribution around
the excavation and deformations. Conver-
gence of the tunnel along line a is the relative
displacement of a diametrically-opposed
pair of points on the tunnel wall on this line
as the working face advances.

Convergence depends on the distance x bet-
ween the instrumented section and the wor-
king face, on elapsed time t after the working
face has passed the instrumented section, on
the unsupported distance d behind the wor-
king face, and on the stiffness of the support;
this can be written in general terms:

C=C[x(1)t,d,Ks]

Convergence measurements are usually plot-
ted versus distance to working face and time
(fig. 5).

Detailed analysis of the curves yields very ins-
tructive information about the influence dis-
tance of the working face, and therefore,
about the extent of the decompressed zone
and whether or not time-dependent defor-
mations will occur. It also enables a judge-
ment to be made as to the validity of the ana-
Iytical models.

Standard tunnel instrumen-
tation methods give the
convergence behind the
working face but no data on
the convergence which
occurs ahead of it (now cal- *s=*
led 'preconvergence’). New
design and construction
approaches for tunnels in s
difficult ground provide a =«
more refined analysis of the
behaviour of the ground

ahead of the working face (cf. ADECO-RS
method developed by P Lunardi [18, 19]).
Since it is not possible to measure preconver-
gence directly, he proposes measuring extru-
sion of the ground ahead of the face, i.e. the
displacement of points on the tunnel centre-
line ahead of the face as the working face
advances. Much can be learned from the
amplitude of, and changes in extrusion with
reference to the working face, especially for
installing temporary support or preconfine-
ment.

Schematically, there are three situations:

» The working face may be stable with little
extrusion at the face.

« The working face may be stable but exhi-
bits significant extrusion, due to deforma-
tions ahead of the face.

< The working face may be unstable and col-
lapses.

The first two situations are those for which
the convergence-confinement method is
ideally suited.

Its extension to the third case requires prior
analysis of the methods of shoring up the
working face and of the deformations ahead
of the stabilised face. Such analysis is beyond
the scope of these Recommendations.

Figure 4 - Model of CERN LCH1 cavern

Figure 5 - Tunnel convergence vs time and distance to working face
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Figure 6 - Extrusion and instability of working face
(aftes P. Lunardi)

3 - MECHANICAL
BEHAVIOUR OF SUPPORT

Support systems oppose convergence of the
tunnel walls by exerting a pressure, com-
monly called the support pressure. Support
pressure Pg increases with support system
stiffness and is limited by the strength of the
support material.

With a circular tunnel of radius R, we define
the normal stiffness modulus of the support
Kgnas:

Uy

Dy =KSNE

Only the linear portion of the support strain
curve is considered.

With an axisymmetric tunnel, this modulus
alone determines support stiffness, but
under non-axisymmetric conditions, we also
need the stiffness modulus in bending Kg.

Typical stiffness moduli for different types of
support are given below for an axisymmetric
model.
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3.1 - Circular ring of constant
thickness e (e<<R)
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KSN= > 5
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3.2 - Circular ring of n segments of
thickness e
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Figure 7 - Model of segmental lining ring

The above expressions are used, with

E-—%  F
T oall-g)+p

2 3
I=1 + 4 e
T in) 12
in which (fig. 7)

ae is the equivalent thickness at joints

@is the angle subtended at centre by a lining
segment

6 is the angle subtended at centre by a joint
j is the inertia of the section at a joint
3.3
ae
I, =
12

3.3 - Circular steel ribs at spacing
s in intimate contact with ground

E A
SR

Bl
sR®

KSN = KSF

in which
A is the area of the rib cross section
E, is the Young's modulus of steel

I is the moment of inertia of the rolled steel
section.

These expressions assume the ribs are in
near-continuous contact with the ground.

3.4 - Rock bolts

The following brief discussion of rock bolt
support concerns only the stiffness of this
type of support. The subject is dealt with
much more fully in the AFTES
Recommendations on rock bolting.

« Mechanically anchored rock bolts, longitu-
dinal spacing s, transverse spacing s;

l — Slsl |— 42[‘ + Q-|
Ko R |n0°E, °|
K, =0
in which

L is bolt length
®is bolt diameter
E, is the Young's modulus of the bar material

Q is a factor for deformation at the bolt head
and anchorage, determined from pull-out
tests.

* Rock bolts anchored over their whole
length

Rock bolts anchored over their whole length
and Swellex or Split Set type dowels are
considered as rock reinforcing members and
their effect is modelled by assuming impro-
ved geomechanical properties of the bolted
zone.

In this way, thick shell theory can be applied
to the bolted zone, although shell thickness
must be taken as less than bolt length.
"Homogenisation theory' [11] can be used to
determine the mechanical properties of this
ring. It is considered as an equivalent isotro-
pic material with enhanced cohesion.

Two dimensionless parameters characterise
the role of rock bolts. One describes bolt
contribution to the stiffness of the homoge-
nised zone:



D,S,E,
E

s

The other parameter describes bolt contribu-
tion to the improved strength of the homo-
genised zone:

DbSbGyb

GC
in which Dy, Sy, Ey, sy, are respectively bolt
pattern density, bolt cross section, and
Young's modulus and yield point of the bolt
material.

It is usually found that rock bolts contribute
little support if only linear strain is conside-
red. But in fact, bolting plays a particularly
important role under high convergence
conditions. This can only be understood if
rock mass dilatancy is considered, especially
in terms of brittle or strain softening beha-
viour beyond peak strength. Analytical
methods which do not consider such beha-
viour underestimate the effect of rock bol-
ting.

3.5 - Shotcrete

Shotcrete is widely used for tunnel support.
The stiffness to be introduced in analysing
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ground/support interaction must be based
on (i) shotcrete age and (ii) whether or not
the shotcrete forms a continuous shell. The
developing stiffness of green shotcrete
allows it to adapt to convergence (cf. AFTES
Recommendations on shotcrete).

3.6 - Stiffness of some standard
support types

The following table presents typical order-of-
magnitude stiffness and strain moduli for a
few types of support routinely used, in a tun-
nel of 5m radius.

3.7 - Combinations of several
types of support

In most cases, a combination of support sys-
tems is used. If all the types are installed at
the same time at the same distance behind
the working face, they are assumed to be
exposed to the same displacement field, and
stiffness moduli are the sum of the stiffness
moduli of the constituent systems.

If they are not all installed at the same time,
support stiffness varies with the distance to
the face and this must be allowed for in the
convergence-confinement analysis (fig. 8).

4 - PRINCIPLE OF CONVER-
GENCE-CONFINEMENT
METHOD

Instead of the three-dimensional problem,
the convergence-confinement method [23]
addresses a two-dimensional plane strain
problem of the ground/support interaction.

It consists of applying to the walls of the ope-
ning a stress

o= (1 - A)ao 1)

0, is the natural stress in the ground; A is a
parameter simulating the excavation as it
increases from 0 to 1. It is called the confine-
ment loss (fig. 9).

As this parameter decreases in value, the
ground loses its confinement, and this loss of
confinement causes a displacement u of the
walls of the opening such that

7., (a,u)= 0 @

This is the convergence equation for the
ground.

The equation for support behaviour relates
the stresses exerted at the wall to the corres-
ponding displacement:

Py
max P
e
+rn1:|:¢:p-: I.": B
Al
. \
f i
m.;]y.p: — - ——n'_|;‘I II',
]
. i
| i
L
1
plsiq
f I i g
§
max IJ: f r" - —
=t m
df} ]_}._H' ':|
KL ,
U B Ld

Figure 8 - Confinement curve for combination support system

Figure 9 - Change in confinement loss on tunnel centreline
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flou)=0 @

This is the convergence equation for the sup-
port.

The support is usually installed some dis-
tance d behind the working face, called the
unsupported distance. Displacements uy will
have occurred ahead of the face and in the
unsupported zone behind it.

Displacement uy has a corresponding confi-
nementloss Ay .

Therefore the preceding equation can be
written

fo,w-u,)l=0 @

The equilibrium which eventually results from
the interaction between the ground and the
support is found by solving the system of
equations (2) and (4).

The confinement loss concept is the key to
the method and determining its value A4 at
the time the support is installed is the main
challenge.

It should be mentioned that other methods
have been proposed to take account of the
proximity of the working face limiting
convergence at the time of support installa-
tion. Svoboda suggests simulating this effect
by progressive softening of the ground wai-
ting to be excavated. But these methods
have been found to be less practical than the
confinement loss method. He did not offer
any clear rules for finding the amount of sof-
tening from unsupported distance and
ground behaviour. Setting it at 90% for deep
tunnels and 30% for shallow tunnels appears
completely arbitrary.

In the simplest case where there is complete
axisymmetry about the centreline and there
is no time-dependent deformation of
the ground, the convergence-confi-

nement method is amenable to very
y ! simple graphic plotting (fig. 10).

L
F.

Figure 10 - CAxisymmetric case. Graphic representation
of convergence-confinement method
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4.1 - Axisymmetric case: linear
elastic ground and support

In the simplest case, displacements and
stresses are radial, equations (2) and (4) are
linear and are written

R
O, + - _g, =
R 0
1+v R
U, —u
o, -Kgy 2—2=0
R

Ksy is the stiffness modulus of the support.

Solving this system determines the support
pressure ps and radial displacement at equili-
brium ug:

KSN
=—% (1-4,)o,
Ps 2G+KSN( d) 0

Ug _ 26+ 2Ky 0y
R 2G+ K, 2G

in which

2 2G = L

o 1+v

Figure 11 - Axisymmetric case.
Graphic representation of
convergence-confinement
method for elastic ground

.

o [

4.2 - Axisymmetric case: elastic-
plastic ground

When confinement loss approaches unity,
the boundary of the elastic response zone
is reached at the tunnel wall with a confine-
ment loss value A,.

If the plasticity criterion is given by an intrin-
sic curve whose equation is

F(Gl,()g ) =0

then the value of A, is given by

Fl0+2)00,(-2 ) 5,]=0

With A>A, , , there appears a plastic zone of
radius R, and the convergence curve of the
ground ceases to be a straight line because
of the plastic strains.

A
o i

Figure 12 - Axisymmetric case. Convergence curve of
ground and change in plastic radius for elastic-plastic
ground

The equations for the convergence curves
under axisymmetric conditions have been
established by various authors for various
types of elastic-plastic behaviour laws [23].

5 - DETERMINATION OF
CONFINEMENT LOSS

Selecting the confinement loss A4 correspon-
ding to the convergence occurring before
the support starts interacting with the
ground is the most critical point in the
convergence-confinement method.

Ay is determined from the convergence
equation:

f[(l_}”d)goa”d]=0



The value of A4 is therefore chosen by deter-
mining the radial displacement uy at the
unsupported distance d behind the working
face.

High uy displacement values correspond to
higher confinement loss values as Ay
approaches unity. This parameter is gover-
ned mainly by the length of the unsupported
distance behind the face d but it is also
dependent on the constitutive equation for
the ground and to a lesser extent, on the
stiffness of the support.

Accuracy in calculating the support pressure
is closely linked to the accuracy of determi-
ning A4 . It is dependent on the slope of the
convergence curve near its intersection with
the confinement curve. The impact of uncer-
tainty as to the precise value of Ay on the
value of the support pressure should be
assessed in all cases.

The radial displacement uy can generally be
written

Ug = U+ ay (Uep—Ug)
in which
aq IS given approximately by

2

mR
a;=l-|———
{mR+§d}

m and & are coefficients dependent on the
constitutive equation for the ground.

Therefore ug, u,, M and & have to be deter-
mined.

Common errors are to assign ug and U,
values for an unsupported tunnel; but then,
Uy, i not the equilibrium radial displacement
for a supported tunnel and uj is overestima-
ted.

What are called implicit methods using
values for a supported tunnel have been
developed more recently.

5.1 - Methods based on conver-
gence in an unsupported tunnel

5.1.1 - Elastic ground behaviour

o,R
u, =
2G
Ug = OgUg
0,=025 ; m=0,75 ; &=1
Therefore
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2

[ 0,75R |

A, =1-0,75
10,75R +d |

It will be seen that this equation yields a
confinement loss at the face (d = 0) of 0.25,
but in fact, the true value depends on the
Poisson's ratio. With 0.2<v<0.5, it ranges
more or less linearly from 0.20 to 0.3. But
with d/R > 0.25, confinement loss is almost
entirely independent of the Poisson's ratio.

-1
—

Figure 13 - Axisymmetric case. Radial displacement
vs x for different Poisson's ratios.

5.1.2 - Elastic-plastic ground behaviour

The value of uy is determined by assuming
similarity with elastic ground conditions, as
proposed by Bernaud, Corbetta & Nguyen
Minh [5]. This approach consists of obtaining
the U, = f(x) curve for elastic-plastic condi-
tions as a homothetic transform of the cor-
responding elasticity curve of centre o and
ratio 1/¢ (fig. 14).

The final radial displacement of the unsup-
ported tunnel is written as

" =100R
*"E 26

Then
[ 075R 1

Y= o5k vEd |
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]

Figure 14 - Application of similarity principle (after
Bernaud, Corbetta & Nguyen Minh)

From this:

2
wy=u1-075 QTR |
[ 0,75R + &d J

5.2 - Methods based on conver-
gence of supported tunnel

These methods allow for the fact that the
stiffness of the support limits convergence
ahead of and behind the face, so that coeffi-
cient A4 has a lower value than in the
methods described above. The effect is
obviously more marked when the support is
stiff and installed close behind the face.

What are called "implicit' methods have been
developed by Bernaud & Rousset [6] and by
Nguyen Minh & Guo [14]. These methods
give similar results.

Nguyen Minh & Guo define two parameters:

u
A=1-—=
unsw
and
Boi1-ta
u



in which u,, and u,q are respectively values
of u,, and u,g4 for an unsupported tunnel.

They thus arrive at the general equation

B = 40,45 +0,424°

This formula and the equations for the
convergence and confinement curves make
it possible to determine u,, and ug.

The following table shows correction factors
to be applied to the A4 value for an unsup-
ported tunnel in elastic ground for different
values of d/R and normal stiffness modulus of
the support, referred to the shear modulus of
an elastic ground:

K

ko = D
2G

key\dR [0,25 | 050 | 075 |1 |2
025 (0,97 | 097 | 098|099 0,99
050 (0,93 | 096 | 0,96 | 098 |0,99
1 |088 | 092 |095]|097 |098
2 |083 |089 |093|096 097
5 (076 | 085|089 094|097
10 |071 | 082 | 086 |0,93 [096
© (069 | 081 |085092 0,96

In non-linear ground, iterative methods must
be used too determine Ay. The starting point
is the value obtained for an unsupported tun-
nel, then proceeding to iterate for A and B
until the problem converges with little
change between successive steps.

5.3 - Using convergence-confine-
ment method with two-dimensio-
nal computer models

The most common way of using the conver-
gence-confinement method is to investigate
a two-dimensional cross section of the tunnel
in a finite element model reproducing the
exact tunnel geometry and construction
phases, with one or more confinement loss
values, as discussed above.

Values for A4 are usually found from axisym-
metric models, i.e. for circular tunnels, with
hydrostatic natural stresses and uniform
ground. Any significant departure from these
basic assumptions - tunnel cross section ins-
cribed within a highly eccentric ellipse, highly
anisotropic natural stresses, highly heteroge-
neous ground near the tunnel, shallow
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ground cover - requires that A4 should be
determined with simplified models. This
approach is all the more necessary when sup-
port stiffness is high compared to ground
deformation characteristics and support is
installed close to the working face.

For example, when designing a large under-
ground railway station opening, Agwas selec-
ted on the basis of the convergence data
from a three-dimensional model of the
unsupported excavation and a two-dimen-
sional model simulating the phases of exca-
vation and support installation.

These adaptations of the method require
engineering judgement and cannot be rea-
dily codified in guidelines.

6 - EXTENSION OF
CONVERGENCE-CONFINE-
MENT METHOD TO SUP-
PORT AHEAD OF THE FACE

The growth of tunnelling in soil and similar
difficult ground has produced techniques for
shoring up the working face and controlling
displacement ahead of it.

Slurry and earth pressure balance shields are
being rivalled by forepoling and consolida-
tion by bolting and drainage. These tech-
niques are used alone or in combination.

They control extrusion of the ground and
convergence behind the working face.
Extending the convergence-confinement
method to forepoling situations has been
studied by many researchers. A method for
determining confinement loss behind the
face has been proposed for elastic condi-
tions [13], but there is as yet no method for
elastic-plastic conditions. Nevertheless, in
many cases where displacements caused by
tunnel driving need to be very tightly control-
led, the elasticity approach may be sufficient
if plastic deformation is insignificant. This
may be the case with shallow tunnels.

P Aristaghes & P Autuori [2] have made an in-
depth analysis of convergence behind the
working face of tunnels driven with pressuri-
sed shields and have shown the difficulty of
using the convergence-confinement method
in its strictest form with a single confinement
loss value. They introduce three efficiency
coefficients, for the working face support
pressure, the radial pressure around the
shield tail, and the grouting pressure behind
the segmental concrete lining. The object is
to predict displacements more accurately,
especially surface settlement above shallow
tunnels driven with a closed-face shield
machine.

7 - TIME-DEPENDENT
DEFORMATION

Convergence of a tunnel section is found to
be due to the working face receding but
often also, to deformations which continue
to occur when the distance to the working
face is much greater than the distance of
influence of the face.

The processes causing these time-depen-
dent deformations are

« the rheological behaviour of the ground,
and

« creep in the support system.

When considering the rheological behaviour
of the ground, one must, as far as possible,
distinguish between the rheological beha-
viour of the soil skeleton and the develop-
ment of steady-state pore water flow around
the tunnel. It is frequently difficult to make
this distinction through lack of data on the
hydraulic properties of the ground (permea-
bility coefficient, storage coefficient) and on
how the water table is fed.

Support creep is an important factor, espe-
cially with concrete support systems.

Including for these time-dependent defor-
mations when analysing ground/support
interactions raises many difficulties which
have not yet all been resolved.

In the very great majority of practical cases,
simplifying assumptions have to be made
[22].

The validity of these assumptions must be
checked by assessing the characteristic times
of the various time-dependent processes:

» Characteristic time of excavation rate:

» Relaxation time characterising the time-
dependent deformation rate of the ground
TM

» Relaxation time characterising the creep
behaviour of the support Ts.

Order-of-magnitude values for these charac-
teristic times may be very different and justify
the simplifying assumptions introduced.

The most common practice is to take a
convergence equation with short-term cha-
racteristics for the driving and support instal-
lation stages, and another convergence
equation with long-term characteristics to
determine final equilibrium (T,<<T,,).

When the permanent lining is installed a long
time after the temporary support, interme-
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diate characteristics between the short- and
long-term characteristics may be used.

a8

However, theoretical developments for
viscoplastic axisymmetric conditions [4] show I 4
that this is not always justified. It is only
acceptable with support whose relative stiff-
ness modulus meets the following condition:

1
1-2v

v <

This condition cannot be satisfied in soil J ) . . . .
d Figure 15 - Axisymmetric case. Graphic representation of

T T T . mp——. | ; . )
3 convergence-confinement method for viscoelastic ground
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