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Abstract: This lecture deds with tunnelling under squeezing rock conditions.
Following an outline of the main factors influencing squeezing, the definition of
this type of behaviour, as proposed by ISRM (International Society for Rock
Mechanics) in 1995, is given. An overview of the methods used for identifica-
tion and quantification of squeezing is presented, aong with the empirical and
semi-empirical approaches presently available in order to anticipate the poten-
tial of sgqueezing tunnel problems. A brief historical retrospective is reported on
the excavation and support methods used in Italy in order to cope with squeez-
ing conditions at the end of 1800, when the first railway tunnels were exca-
vated. Based on the experiences made and lessons learned in recent years
through important tunnelling works in Europe, an attempt is made to trace the
state of the art in modern construction methods, when dealing with squeezing
conditions by either conventional or mechanised excavation. The closed-form
solutions available for the analysis of the rock mass response during tunnel ex-
cavation are described in terms of the ground characteristic line and with refer-
ence to some easto-plastic or elasto-visco-plastic stress-strain models for the
rock mass. Also described are the equations for the support characteristic lines.
Then, the use of numerica methods for the smulation of different models of
behaviour and for design analysis of complex excavation and support systems is
considered, also including three-dimensional conditions near the advancing tun-
nel face. Finaly, a brief discussion on monitoring methods is given, in conjunc-
tion with a short description of a case study.
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1. Introduction

Squeezing stands for large time-dependent convergence during tunnel excava-
tion. It takes place when a particular combination of induced stresses and mate-
rial properties pushes some zones around the tunnel beyond the limiting shear
stress at which creep starts. Deformation may terminate during construction or
continue over along period of time (Barla, 1995) ().

The magnitude of tunnel convergence, the rate of deformation and the extent of
the yielding zone around the tunnel depend on the geological and geotechnical
conditions, the in-situ state of stress relative to rock mass strength, the ground-
water flow and pore pressure, and the rock mass properties. Squeezing is there-
fore synonymous with yielding and time-dependence; it is closely related to the
excavation and support techniques which are adopted. If the support installation
is delayed, the rock mass moves into the tunnel and a stress redistribution takes
place around it. On the contrary, if deformation is restrained, squeezing will
lead to long-term load build-up of rock support.

The squeezing behaviour during tunnel excavation has intrigued experts for
years, resulting in great difficulties for completing underground works, with
major delays in construction schedules and cost overruns. There are numerous
cases of particular interest in Europe where squeezing phenomena have @-
curred, providing some insights into the ground response during excavation.
These include: the Cristina tunnel in Italy, the Gotthard tunnel in Switzerland,
the Simplon tunnel crossing the Italian-Swiss border, just to mention some rail-
way tunnels excavated between 1860 and 1910.

The technical reports and papers available describing such case-histories are
likely to emphasize the phenomenologica aspects and behaviour with reference
to ground response during excavation, mostly in relation to the excavation
methods and support sequence adopted. Even today, with significant steps for-
ward in Geotechnical Engineering, the fundamental mechanisms of squeezing
are not fully understood, as pointed out in a recent paper by Kovari (1998), also
see Barla G. (2000). However, the close study of a number of more recent cases
where detailed data are available (e.g. the Frejus Tunnel, Panet 1996; a number
of tunnels in Japan, Aydan et a., 1993; the San Donato tunnel, Barla et al.,
1986; etc.), let one derive the following remarks:

The squeezing behaviour is associated with poor rock mass deformability

and strength properties; based upon previous experience, there are a number

(Y Definitions of squeezing as published by the International Society for Rock Mechanics
(ISRM) Commission on Squeezing Rock in Tunnels are reported in Appendix 1, where also
given is a summary of information regarding similar definitions available in the Rock Me-
chanics literature.
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of rock complexes where squeezing will occur, if the loading conditions
needed for the onset of squeezing are present: gneiss, micaschists and
calcschigts (typical of contact and tectonized zones and faults), claystones,
clay-shales, marly-clays, etc.

The squeezing behaviour implies that yielding will occur around the tunnel;
the onset of a yielding zone in the tunnel surround determines a significant
increase in tunnel convergences and face displacements (extrusion); these
are generally large, increase in time and form the most significant aspects of
the sgueezing behaviour.

The orientation of discontinuities, such as bedding planes and schistosi-
ties, plays a very important role in the onset and development of large &
formations around tunnels, and therefore also on the squeezing behaviour. In
generd, if the main discontinuities strike paralel to the tunndl axis, the de-
formation will be enhanced significantly, as observed in terms of conver-
gences during face advance.

The pore pressure distribution and the piezometric head are shown to influ-
ence the rock mass stress-strain behaviour. Drainage measures causing a re-
duction in piezometric head and control both in the tunnel surround and
ahead of the tunnel face help inhibiting development of ground deforma-
tions.

The construction techniques for excavation and support (i.e. the excavation
sequences and the number of excavation stages which are adopted, including
the stabilization measures which are undertaken) may influence the overall
stability conditions of the excavation. In genera, the ability to provide an
early confinement on the tunnel periphery and in near vicinity to the face, is
accepted to be the most important factor in controlling ground deformations.

The large deformations associated with squeezing may aso occur in rocks sus-
ceptible to swelling. Although the causes resulting in either a behaviour or the
other one are different, it is often difficult to distinguish between squeezing and
swelling, as the two phenomena may occur at the same time and induce similar
effects. For example, in overconsolidated clays, the rapid stress-relief due to the
tunnel excavation causes an increase in deviatoric stresses with simultaneous
onset of negative pore pressure. In undrained conditions, the ground stresses
may be such as not to cause squeezing. However, due to the negative pore pres-
sure, swelling may occur with a more sudden onset of deformations under con-
stant loading. Therefore, if swelling is restrained by means of early invert in-
stallation, a stress increase may take place with probable onset of squeezing.
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2. ldentification and quantification of squeezing conditions

In the landmark paper on tunnelling by Karl Terzaghi (1946), “Rock defects and
loads on tunnel supports’, the following definition of squeezing rock is given:
“Squeezing rock is merely rock which contains a considerable amount of clay.
The clay may have been present originally, as in some shales, or it may be an
alteration product. The rock may be mechanically intact, jointed, or crushed.
The clay fraction of the rock may be dominated by the inoffensive members of
the Kaolinite group or it may have the vicious properties of the Montmorillo-
nites. Therefore the properties of squeezing rock may vary within as wide a
range as those of clay’. When proceeding a little further, with the purpose to
“inform the tunnel builder on the steps required to get a conception of the pres-
sure and working conditions which have to be anticipated in the construction of
a proposed tunnel at a given site”, Terzaghi gives a behavioural description of
squeezing rock as follows: “Sgueezing rock sowly advances into the tunnel
without perceptible volume increase. Prerequisite of squeeze is a high percent-
age of microscopic and sub-microscopic particles of micaceous minerals or of
clay mineralswith a low swelling capacity”.

Based on the above description, which is meant to “identify” a rock condition
with squeezing behaviour at the design stage and during excavation, a range of
values for the “rock load” (not applicable for tunnels wider than 9 m) is given
by Terzaghi for rock mass classes 7 and 8 which relate to squeezing:

“Rock Condition” “Rock Load H, in m of rock on roof
of support for m of tunnel length”

Class 7: sgueezing rock, moderate depth  (1.10 to 2.10) (B+H,)

Class8: sgueezing rock, great depth (2.10to 4.50) (B+H,)

when B (m) and H, (m) are the width and height of the tunnel at depth more
than 1.5 (B+H,).

The above is perhaps the first attempt in rock mechanics and tunnelling to
“quantify” the squeezing potential of rocks in terms of loading of the initial
support. Following Terzaghi, a number of approaches have been proposed by
various authors, based on practical experience and documented case histories, to
identify squeezing rock conditions and potential tunnel squeezing problems. In
cases, as discussed below, the attempt has also been made to give an indication
of the types of solutions that can be considered in overcoming these problems.
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2.1 Empirical approaches

The empirical approaches are essentialy based on classification schemes. Two
of these approaches are mentioned below, in order to illustrate the uncertainty
that sill exists on the subject, notwithstanding its importance in tunnelling
practice.

Singh et al. (1992) approach

Based on 39 case histories, by collecting data on rock mass quality Q (Barton et
al. 1974) and overburden H, Singh et a. (1992) plotted a clear cut demarcation
line to differentiate squeezing cases from non-squeezing cases as shown in Fig-
ure 1. The equation of thislineis

H =350 Q™ [m] D

with the rock mass uniaxial compressive strength s, estimated as

— /3
Sem=0.7 gQ"* [MPe] )
with:
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Figure 1: Singh et al. (1992) approach for predicting sgueezing conditions
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The data points lying above the line represent squeezing conditions, whereas
those below this line represent non squeezing conditions. This can be summa-
rized asfollows:

for squeezing conditions

H >> 350 Q" [m] ©)
for non sgueezing conditions

H << 350 Q"*[m] (4)

God et al. (1995) approach

A simple empirical approach developed by God et a. (1995) is based on the
rock mass number N, defined as stress-free Q as follows:

N = (Q)srr =1 )

which is used to avoid the problems and uncertainties in obtaining the correct
rating of parameter SRF in Barton et al. (1974) Q.

Considering the tunnel depth H, the tunnel span or diameter B, and the rock
mass number N from 99 tunnd sections, Goel et a. (1995) have plotted the
available data on alog-log diagram (Figure 2) between N and H xB*!. As shown
in the same Figure 2, a line demarcates the squeezing and non sgueezing cases.
The equation of thislineis

H =275 N **) B™ [m] (6)
The data points lying above the line represent squeezing conditions, whereas
those below this line represent non-squeezing conditions. This can be summa-
rized as follows:
for squeezing conditions
H>> (275 N **®) B [m] (7

for non sgueezing conditions

H << (275 N>*®) B! [m] 8
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Figure 2: Goel et al. (1995), (2000) approach for predicting squeezing conditions

Degr ee of squeezing

It may be added that for both the empirical approaches above, the degree of
sgueezing can be represented by tunnel convergence as follows (Singh and
Godl, 1999):

() Mild squeezing convergence 1-3% tunnel diameter
(i) Moderate squeezing convergence 3-5% tunnel diameter
(iif) High squeezing convergence >5% tunnel diameter.

2.2 Semi-empirical approaches

The empirical relationships above are intended to identify potential squeezing
problems in tunnels, essentidly in terms of the tunnel depth and rock mass
quality (the Q or (Q)ser = 1 index is used as shown). The semi-empirica -
proaches illustrated in the following are again giving indicators for predicting
sgueezing. However, they aso provide some tools for estimating the expected
deformation around the tunnel and/or the support pressure required, by using
closed form anaytical solutions for a circular tunnél in a hydrogtatic stress field
(see Chapter 4). The common starting point of all these methods for quantifying
the squeezing potentia of rock is the use of the “competency factor”, which is
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defined asthe ratio of uniaxial compressive strength s /s, of rock/rock mass to
overburden stress gH. Three of such methods are briefly discussed in the fol-
lowing.

Jethwa et al. (1984) approach

As mentioned above the degree of squeezing is defined by Jethwa et a. (1984)
on the basis of the following (see Table 1 below):

N == = Sen ©)
Po aH
where
Scn = rock massuniaxia compressive strength;
Po = ingtu stress;
g = rock massunit weight;
H = tunne depth below surface.

Table 1: Classification of squeezing behaviour according to Jethwaet al. (1984)

Sem type of behaviour
Po
<04 highly squeezing
0.4-0.8 moderately squeezing
0.8-2.0 mildly squeezing
>2.0 non sgueezing

By using an analytica closed form solution for a circular tunnel under a hydro-
static stress field and data from in situ monitoring, an expression for the ulti-
mate rock pressure p, on the tunnel lining is given as follows:

Pu bt i- sinf ) G- Sem? (10)
Po & 2P0 g
where:
IR - (R/IR.)?
o - (RIRF - (RIR) a

1- (a/R,)?

M = [R/R, P (12)
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s _2cpcofy _ 2dnf,
‘M~ 1-snfy, 7 1- &nf,

(13)

R = tunnd radius, R. = radius of compacting zone in contact with the
lining; R, = radius of plastic zone; c,, ¢ and f ,, f; = rock mass cohesion
and friction values (peak and residual values respectively).

for:

As shown in Figure 3, aplot of the p, / p ratio is given versus f ,, for different
values of s¢m/ 2p, and aset of residual friction angles f , ways for a residual
cohesion ¢, equal to zero (%).
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Figure 3: Jethwaet al. (1984) approach for predicting squeezing conditions

(®) As described in the following, the assumption introduced is that the rock mass behaves a-
cording to an elastic-plastic ideally brittle model with a Mohr-Coulomb strength criterion

Q" cifpt ).
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Aydan et al. (1993) approach

Aydan et d. (1993), based on the experience with tunnels in Japan, proposed to
relate the strength of the intact rock s to the overburden pressure gH by the
same relation as (9), by implying that the uniaxial compressive strength of the
intact rock s and of the rock mass s, are the same. As shown in Figure 4,
which gives a plot of data of surveyed tunnels in squeezing rocks in Japan,
squeezing conditions will occur if theratio s. / gH islessthan 2.0.

The fundamental concept of the method is based on the analogy between the
stress-strain response of rock in laboratory testing and tangential stress-strain
response around tunnels. As illustrated in Figure 5, five distinct states of the
specimen during loading are experienced, at low confining stress s; (i.e.
s3;£ 0.1s.). The following relations are defined which give the normalized
drainlevels h,, h, and hy :

0]

e
hp: _p:ZSci_O']-?!hs:3:3Sci_0.25!hf :_f:5sci'0'32 (14)
ee ee ee

where g, &s and e are the strain values shown in Figure 5, as €. is the dadtic
grain limit.
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Figure4: Aydan et al. (1993) approach for predicting squeezing conditions
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Figure5: Idealised stress-strain curve and associated states for squeezing rocks (Aydan et al.,
1993)

Based on a closed form analytical solution, which has been developed for com-
puting the strain level e around a circular tunnel in a hydrostatic stress field,
the five different degree of squeezing are defined as shown in Table 2, where
aso given are some comments on the expected tunnel behaviour.
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Table 2: Classification of squeezing behaviour according to Aydan et al. (1993)

class squeezing symbol theoretical comments on
no. degree expression tunnel behaviour
1 | non-squeezing | NS egleg £1 the rock behaves elasti-
caly and the tunndl will
be stable as the face d-
fect ceases

2 | light-squeezing LS 1<ejle] £h, the rock exhibits a
strain-hardening be-
haviour. As aresult, the
tunnd will be sable
and the displacement
will converge as the
face effect ceases

3 | fair-sgueezing FS h,<ejle; £h, |the rock exhibits a
strain-softening be-
haviour and the dis-
placement  will be
larger. However, it will
converge as the face d-

fect ceases
4 | heavy-squeez- | HS | h,<e2/et £h, |the rock exhibits a
ing strain-softening at

much higher rate. Sub-
sequently, displacement
will be larger and it will
not tend to converge as

the face effect ceases
5 very heavy- VHS hi<eile; the rock flows, which
squeezing will result in the cd-

lapse of the medium
and the displacement
will be very large and it
will be necessary to re-
excavate the opening

and install heavy sup-
ports

(o

Note: for h,, hs and h; see equation (14); is the tangentia strain around a
circular tunnd in a hydrostatic stress field (Aydan et al., 1993), whereas & is
the elastic strain limit for the rock mass.
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Hoek and Marinos (2000) approach

As the previous authors, Hoek (1998) used the ratio of the rock mass uniaxial
compressive strength s, to the in Situ stress py as an indicator of potentia tun-
nel squeezing problems. In particular, Hoek and Marinos (2000) showed that a
plot of tunnel strain e, (defined as the percentage ratio of radia tunnel wall dis-
placement to tunnel radius, i.e. the same strain as e; given by Aydan ¢ d.,
1993) against the ratio s, / P can be used effectively to assess tunnelling
problems under squeezing conditions.

Hoek (2000), in his recent 2000 Terzaghi lecture on “Big tunnels in bad rock”,
by means of axi-symmetric finite element analyses and a range of different rock
masses, in Situ stresses and support pressures p gave the following approximate
relationship for the tunnel strain e,

- (3pi 1 po+1)/(38p; / po+054)

S
e (%)=0.15(1- p; / p,) pc”‘ (15

Similarly, by recognizing the importance of controlling the behaviour of the ad-
vancing tunnel face in squeezing rock conditions, Hoek (2000) gave the fd-
lowing approximate relationship for the strain of the face e (defined as the per-
centage ratio of axial face displacement to tunnel radius)

-(Bpi / po*+1)/(3.8p, / po+0.54)
ere) = 0.10- p; / po) > (16)

In order to get a good understanding of the trend of deformational behaviour
around the tunnel as suggested by the equations (15) and (16), Figure 6 plots e,
and e; for arange of s, / p vaues and internal support pressurep;.



Tunnelling under squeezing rock conditions - 14

40
35 \ — pi/p=000 |
o \ — pl/p=005 |
o \ pip=010 ||
S \ p/p=015
v® . I
15 ‘\ L
— p/p=025
10 \ H
0 |§
0 0.1 0.2 0.3 04 05 0.6
SendPo )
@
40 |
35 e Pif00=0.00 i
0 e Di00=0.05 i
pi/po:O.lo
25 -
. pifpo=0.15
S\/ 20 pifo=0.20 ]
(o)
5 \ e PifP0=0.25 I
TN
5 \\
O 4
0 0.1 0.2 0.3 0.4 0.5 0.6
S em/Po (-)
(b)

Figure 6: (a) tunnel straing; (b) face straing for arange of s, / po Values and internal support

pressurep;



Tunnelling under squeezing rock conditions - 15

On the basis of the above and consideration of case histories for a number
of tunnels in Venezuela, Taiwan and India (%), Hoek (2000) gave the curve of
Figure 7 to be used as afirg estimate of tunnel squeezing problems. In order to
compare with the previously reported classes of squeezing conditions as given
by Aydan et d. (1993), Table 3 below gives the range of tunnel strains expected
in the two cases.

Table3: Classification of squeezing behaviour according to Hoek (2000) compared with Ay-
dan et al. (1993) classification
Aydan et d. (1993) (% Hoek (2000)
classno. | sgueezing level | tunnel strain (%) | squeezing |tunnel strain (%)
level
1 no-squeezing e, £1 few support efl
problems
2 light-squeezing 1<e] £20 minor 1<eg£25
sgueezing
3 fair-squeezing 20<e; £30 severe 25<e £5.0
sgueezing
4 heavy-squeezing | 30< e; £5.0 | very severe | 50<e £10.0
sgueezing
5 very heavy- ey £50 extreme e >10.0
Squeezing sgueezing

(® Thetunnel cases considered include 16 tunnelsin graphitic phyllites, sandstone, shale, slates,
fractured quartzite, sheared metabasic rocks and fault zones. The tunnel span ranged from
4.2 m to 16 m, with two cases equal to 2.5 and 3 m respectively. The overburden is from
110 m to 480 m, with two cases up to 600 m and 800 m respectively.

(4) Theintact rock strength s isassumed to be 1 MPa.
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Figure 7: Classification of squeezing behaviour (Hoek, 2000)

Uncertaintieson rock mass strength

The identification and quantification of squeezing behaviour based on semi-
empirical approaches make it essential to know the rock mass uniaxial compres-
sve strength s ... For example, if theratio s, / pp is known, according to Hoek
(2000) one can estimate, for a wide range of conditions, the strain of the tunnel
e, and of the face e; by using equations (15) and (16).

It is clear that the approach, athough useful for estimating potential tunnelling
problems due to squeezing conditions, is not a subgtitute for more sophisticated
methods of analysis. However, even with this in mind, the difficulty remains
that the selection of reliable rock mass properties is a difficult task. A possible
way to estimate s, which has been recently proposed by Hoek and Marinos
(2000), is to use the following equation:

s ., =(0.003amP?) s [Lo20+0.0258( 0am) | (17)

where:

S = uniaxia compressive strength of the intact rock;

m = Hoek-Brown constant, defined by the frictional characteristics of the
component materials in the rock, is determined by triaxia testing on
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core samples or estimated from a qualitative description of the rock
materia as described by Hoek and Brown (1997);

GS = Geological Strength Index, that relates the properties of the intact rock
to the overall rock mass, was introduced by Hoek et a. (1995), Hoek
and Brown (1997), and extended by Hoek et a. (1998).

In most cases, when dealing with rock masses which exhibit a squeezing ke-
haviour, the evaluation of s and m may become a hard task as it is extremely
difficult, to obtain samples of intact rock for testing in the laboratory. The
evaluation of the GSl index is based on visual examination of the rock mass ex-
posed in tunnel faces, surface excavation and in borehole cores. However, this
is difficult and highly subjective, when referred to the rock conditions typical of
tunnels which undergo severe squeezing problems.

3. Excavation and support methods

The excavation and support methods used when tunnelling under squeezing
rock conditions have evolved dowly through experience gained in different
rock masses, a series of successes and failures, in different parts of the world,
although most of dl in Europe and Japan. Even when accounting for the many
lessons learned and reported in the rock mechanics and tunnelling literature, it is
difficult to draw conclusions on the most reliable methods to be used when
dealing with such conditions. Our attempt is to report here some of the general
trends in excavation and support methods in squeezing rock conditions, fol-
lowing a brief historica retrospective in the early days of “modern” tunnelling.

3.1 Brief historical retrospective

Excavation and support methods in the early days of “modern” tunnelling con-
sisted in using pilot drift driving in either the crown or the invert of the future
tunnel cross section. This drift was supported primarily by timber and enlarged
to the full cross section of the tunnel in multiple stages, dways using a support
with timber. When the tunnel was excavated to the full size, the final masonry
lining (cut stones or lime-sand-cement bricks) was installed and the timber sup-
port removed.

To put in writing a curious record of this period of tunnelling, it is of interest to
reproduce in Figures 8 and 9 two wooden models of these methods of tunnel
driving taken from the Politecnico di Torino Museum. Here, a fascinating cd-
lection of models is kept, as used between 1860 and 1880 in the form of a
teaching aid in the course of Strength of Materias, in the former School of En-
gineering Applications in Torino. Figure 8 shows a model of the “Belgian exca-
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vation sequence or method”, where the tunnel support is ingtaled in the upper
cross section, before benching down. Figure 9 illustrates instead the so-called
“Italian method”, which was applied following a proposa by Luigi Protche in
the Cristina tunnel (along the “Traversata dell’ Appennino nella Linea Foggia-
Napoli”, Apennines Railway Crossing, between Foggia and Naples), under ex-
tremely severe squeezing and swelling conditions (Lanino, 1875).

Figure8: Photograph of a wooden model representing the Belgian excavation sequence in tun-
nelling (Courtesy of the Politecnico di Torino M useum)

Figure9: Photograph of a wooden model representing the Italian excavation sequence in tun-
nelling (Courtesy of the Politecnico di Torino M useum)

The latter method is of great interest with reference to excavation in squeezing
rocks, so that some attention will be paid to it in order to better understand the
steps made in the last 140 years by reaching the present methods of excavating
and supporting a tunnel in such conditions, which will be discussed in the fd-
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lowing. As shown in the illustration of Figure 10, a small size drift is advanced
at the base of the tunnel as a brick masonry invert is installed immediately be-
hind by closing up the lower cross section, before starting the excavation of the
top heading.

Figure 10: A sketch of the Italian method of excavating and supporting a tunnel in squeezing
rock conditions applied in the Cristina tunnel (Lanino, 1875)

It is of interest to report here the motivations given by the miners of the time to
explain why the excavation method by starting the tunnel in the lower cross
section was successful (under extremely severe squeezing conditions associated
with swelling, as experienced in the scaly clay complex of the Cristina tunndl),
where the top heading and benching down method was not (Lanino, 1875, see
Figure 10):

- “the excavation takes place in very short steps, as the full cross section of the
tunnel is closed completely before moving to the next ring”: a 3 m length,
equivalent to a ring, was excavated and completed with the final brick na-
sonry lining in 16 days;

- “thetunnd invert isinstalled as the first structural component in the section”
and, “with the lower cross section filled up, the lining at the sidewalls is kept
from converging significantly, and a strong action is set in place to keep the
tunnel face stable’.

A number of important factors appeared to be well known and considered to be
essential, more than 140 years ago, for controlling the stability of the face and
of the tunnd in squeezing conditions (Lanino, 1875):

- with the top heading and benching down method the upper cross section of
the tunnel cannot be maintained stable for a long time as progressive failure
will occur at the sidewalls, the vault will sink and will be pushed horizon-
taly into the cavity;
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- with the excavation of the lower cross section, when this takes place at a Sig-
nificant distance from the working face zone, the stability conditions of the
upper cross section become problematic and the completion of the final lin-
ing nearly impossible.

By completing the lower cross section first, a foundation for the subsequent
placement of the vault in the heading was made available and, at the same time,
a dgnificant resistance was being provided at the sidewalls and invert. By
keeping the distance between the two working faces (the lower and upper one)
to a minimum and closing “quickly” the full cross section with the masonry
lining, “not too far from the same working faces’, the tunnel could be exca-
vated, at a very limited rate of advance even for the time under consideration,
more than 140 years ago (6 m of completed tunnel in a montht).

3.2 Conventional methods

If attention is paid to current trends for construction of tunnels with spans
greater than 10 m (100 ¥ size or more) under squeezing rock conditions, de-
pending on the measures taken to prevent or bring under control the large de-
formations that would take place during excavation, the following conventional
construction methods are being applied (Figure 11):

side drift method

top heading and benching down excavation

full face excavation.

\20—50m
/
50-150 m
/
S 7 O
| 5-100 m 2

Figure 11: Construction methodsin squeezing rock conditions (Kovari, 1998):
a) sidedrift method
b) top heading and benching down excavation
c) full face excavation
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The side drift method of construction with advanced concrete sides has
been widely applied in poor ground conditions as a mean to reduce the cross
section open in one stage, thus reducing the potential of instability of the work-
ing face. This method is applied particularly if tunnels are at shalow depth.
However, the reduced working conditions in the side drifts, associated with the
many excavation/construction stages required in practice, result in very low rate
of face advance.

Figures 12 and 13 show one possible side drift method for driving a tunnel
through sgueezing ground (typicaly, weathered clay-shales) as adopted in the
Himmelberg North tunnel in Germany wnder a low cover of the order of 50-
60 m. The tunnel has an excavated span of 15 m approximately. A 35-40 cm
thick steel mesh reinforced shotcrete lining is being installed in line with 4-6 m
long dowels. Drainage holes are driven ahead from the side drifts, and occa-
sionally fiberglass dowels are installed for face support.

\\;\ Roof 47 -

I I
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Figure 12: Typical side drift method as adopted during the excavation of the Himmelberg North
Tunnel (photograph provided by Balbi, 1999)
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Figure 13: Photographs showing the Himmelberg North Tunnel during excavation: (a) view of
the full cross section with side drifts; (b) left side drift (photographs provided by
Balbi, 1999)

The top heading and benching down excavation method is usualy a-
plied today with a heading height of 5.0 m or more, so as to permit a high de-
gree of mechanization for implementation of stabilization measures, if required,
and support placement. The benching down is carried out at a later stage than
the top heading at a distance from the face which is dependent upon the ground
response during excavation. It is not unusual, in very poor ground conditions, to
install a shotcrete invert as a footing of the top heading, in order to prevent ex-
cessive deformations from developing and to control floor heave.

By paying attention to the top heading and benching down excavation method
in practical cases, the need arises, in poor to very poor quality rock masses, to
excavate the top heading under the protection of an umbrella of forepoles con-
sisting of perforated pipes (either smply grouted along the pipe length or n-
jected, Barla, 1989). A typica application for the S. Ambrogio tunnel aong the
Messina-Palermo Highway in Italy is shown in Figures 14 and 15.

A twin road tunnel with two lanes each has been excavated through a weak
flysch with quartzitic-sandstone layers aternating with marl RMR @ 30-40).
Heavy stedl sets and mesh reinforced shotcrete formed the primary support
system used. Bench excavation took place at a short distance from the top
heading working face (Figure 14), with the placement of the invert arch and ring
closure as soon as possible (20, 25 m approximately), considering the need to
install the forepole umbrella prior to any top heading advance.
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Figure 14: Top heading and benching down excavation method, with placement of heavily steel
reinforced invert arch at a short distance from the top heading working face.
S. Ambrogio tunnel along the Palermo-Messina Highway in Italy

An additiona provision which has been implemented, particularly in the case of
excavation of tunnels at shallow depth and in very poor ground conditions, is to
underpin the top heading by means of nearly vertica micropiles and to install
nearly horizontal anchors on both sides (Figure 15). This avoids the top heading
to be left without support when the bench is excavated and provides a very use-
ful restraint against horizontal deformations that are likely to occur at the same
time. Additionally, if needed, fiberglass dowels may be applied for face stabili-
zation of the top heading.
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Figure 15: Top heading and benching down excavation method. 1-2: top heading excavation
takes place under the protection of an umbrella of forepoles; 3-4: benching down is
effected at short distance from the top heading working face; 5: final lining isinstalled

for long term stability. S. Ambrogio tunnel along the Palermo-MessinaHighway in It-
aly

The full face excavation method in squeezing rock conditions is quite g-
pealing and has been applied with success in many cases (Lunardi and Bindi,
2001). However, the method makes it mandatory to use a systematic reinforce-
ment of the working face and of the ground ahead. It need be recognized, at the
present stage, that although ground treatment techniques can be highly effective
in contralling stability and ground movements, the methods for prediction and
quantification of these beneficia effects at the design stage and during con-
struction (even if performance monitoring of ground response ahead of the
working face is implemented) are not yet well established and need further in-
vedtigation.

The use of the full face excavation method is definitely being favoured at pres-
ent by designers from Italy with respect to the top heading and benching down
excavation method as described in Figure 15, which was the typica method
adopted from 1985 to 1990 (Barla, 1989). The full face excavation method was
introduced by Lunardi (1995) who was the first to suggest that “understanding
and controlling the behaviour of the core ahead of the advancing tunnel face is
the secret of successful tunnelling in squeezing rock conditions’ (Hoek, 2000).

Figure 16 (a) and (b) shows a typica case of the full face excavation method
adopted for the Morgex tunnel aong the Aosta— Mont Blanc Highway, in Italy.
The tunnel has an excavated span of 12.6 m and an 11.0 m span measured in-
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sde the find concrete lining. The excavation took place through very poor
ground conditions (a “melange” of rock blocks in a clay, sand and gravel na-
trix) before reaching a fair to good calcschist rock mass, where the excavation
was carried out by drill and blast.

A remarkable and successful application of the full face excavation method to
the congtruction of a large size tunnd with 19 m maximum excavated span, in
sgueezing rock conditions associated with swelling behaviour, has been de-
scribed by Lunardi et a. (2000) for the Tartaiguille tunnel, in France. The rock
isamarly claystone with high montmorillonites content.

@ (b)

Figure 16: Full face excavation method, with face stabilization by fully grouted fiberglass dow-
s, under the protection of forepole umbrella, Morgex tunnel along the Aosta-Mont
Blanc Highway, in Italy: (a) photograph of the face supported by fully grouted fiber-
glass tubes; (b) schematic drawing of the full face excavation method with fiberglass
tubes grouted in face

Asillustrated in Figure 17, atotal of 90 grouted fiberglass dowels (Ilength 24 m)
were used for face stabilization and reinforcement of the rock core ahead of the
advancing face. Also to be noted in the procedure adopted for the Tartaiguille
tunnel is that a reinforced concrete invert (Figure 17 (b)) used to be set in place
at a short distance from the tunnel face (4 to 6 m), in order to keep the diametral
convergence up to 5+7 cm maximum. The primary lining consisted of a 30 cm
thick fiber reinforced shotcrete and heavy steel sets spaced 1.33+1.50 m.

It is quite obvious from the discussion above that with the full face excavation
method a significant advantage is found in the large working space now avail-
able at the advancing face, so that a large equipment can be used effectively for
installing support/stabilization measures at the tunnel perimeter and ahead of the
face (as shown in Figure 18 below, which illustrates a large cross section tunnel
— maximum excavated span 15 m (in the enlargement section) — being exca-
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vated in Italy, near La Spezia. Here again the rock mass is very poor with argil-
lite and sandstone alternating in a sequence of very thin layers exhibiting a
sgueezing behaviour (RMR < 30).

(@ (b)

Figure 17: Full face excavation method, Tartaiguille tunnel, in France: (a) photograph of the
face; (b) photograph of reinforced concreteinvert (Lunardi et al., 2000)

Figure 18: Full face excavation method, Marinasco tunnel near La Spezia, in ltaly. Large equip-
ment being used at the face

There is an additiona point to raise in connection with the importance of the
shape of the tunnel cross section when the excavation is undertaken in squeez-
ing rock conditions. It is to be recognized that the horseshoe profile with
straight side walls, as shown in Figures 14 and 15 is highly unfavourable with
respect to the curved sidewalls used, for example, in the case of Figures 16 to
18.
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The construction method by one of the options shown in Figure 11 is closaly
dependent on the measures that are taken to stabilize the opening and the type of
rock support which is used (sted sets, fully grouted bolts, mesh or fiber rein-
forced shotcrete, etc.). It is common for tunnelling in squeezing rock conditions
to adopt either an active or a passive approach.

With the active approach, the so-caled “heavy method” or “resistance princi-
ple’, the objective is to prevent rock deformation to take place by means of a
sufficiently strong support/stabilization/lining system. This course of action
may however result in heavy loading of the support. One dternative way, d-
ways in terms of the “resistance principle’, is the use of systematic pre-
reinforcement and pre-treatment in advance of tunnelling, so as to inhibit the
large deformations that would otherwise develop behind the working face.

With the passive approach, aso called “light method” or “yielding principle’, a
number of constructions procedures are applied. They am at accommodating
the large deformations which develop in squeezing rock conditions. The support
is allowed to yield in a controlled manner so that its capacity is only mobilized
when a significant displacement has taken place. The following procedures are
the most commonly used:

- Over-excavation: in order to obtain the required clearance profile following
convergence, the tunnel is excavated to a magnitude which alows for sup-
port ingtdlation, including the permanent lining. In general, the decision on
the amount of over-excavation is based on performance monitoring of tunnel
behaviour in a previoudy excavated length, and engineering judgment.

- Compression longitudinal dotsin the shotcrete lining: the shotcrete lining
is divided into segments as shown in Figure 19, with the purpose to prevent
load build up in the same lining leading to uncontrolled failure. This g-
proach, first introduced in 1971 in the Tauern tunnel, has been successfully
applied in the Arlberg and Karawanken tunnels, and more recently in the
Inntal tunnel and in the Galgenberg tunnel, always with the objective to ac-
commodate heavy squeezing rock conditions, Schubert (1996).

Rock bolt of the
yielding type

L Compression
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Figure 19: Cross section of atunnel with compression slots applied in squeezing rock conditions
(redrawn from Schubert W. and Schubert P., 1993)
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The use of longitudinal dots in the shotcrete lining has been associated with
the ingtdlation of TH (Toussaint — Heintzmann, also known as “Top Hat”) pro-
file sted sets nested and clamped to form a frictiona diding joint (Figure 20),
and in cases with rock bolts which exhibit a yielding behaviour (Figure 21). A
typical working sequence congists in installing these steel sets immediately be-
hind the tunndl face, followed by placement of shotcrete and rock bolts, how-
ever leaving a dot for each diding joint. This method became the conventional
support method from 1975 to 1995 for controlling squeezing conditions in the
Alps.

(0)

Figure 20: (a) assembly of asliding joint inaTH section steel set; (b) cross section detail
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Figure 21: Typica yielding bolt as developed in connection with the excavation of the
Karawanken Tunnel in squeezing rock conditions (redrawn from Schubert W. and
Schubert P., 1993)

max 18 cm

As reported by Schubert (1996), some concern on the practice to leave the dots
open was raised, as this does not alow any thrust transmission between the sin-
gle shotcrete segments unless these dots close before any deformation has
stopped. If a rock mass shows a tendency for loosening, a certain thrust trans-
mission between the segments is required, especidly at an early stage, when the
rock bolts are yet not fully active.

This led to the development of low cost “absorbing elements’ in the form of
stedl pipes for ingtdlation in the dots between the shotcrete segments, while
maintaining a sufficient ductility to the shotcrete lining in order to prevent
shearing. This system, which was used in the Galgenberg tunnel (Figure 22) in
combination with regroutable rock bolts, permitted a considerable reduction of
tunnel convergence and an increase in safety, without requiring any reshaping
of the tunnel cross-section.

One of the disadvantages of the steel pipes was found in the extreme oscillation
of the load-displacement curve, which is caused by the strong decrease in load
bearing capacity after the resistance against buckling is exceeded. Another
problem reported is the possibility of asymmetric buckling and non symmetric
folding of the single pipes.
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Figure 22: “Galgenberg Tunnel” (Austria), yielding-steel-elementsinstalled in deformation slots
of the shotcrete lining (Moritz, 1999)

The most recent developments regarding the use of compression dots are de-
scribed in a Ph.D. thesis by Dr. Moritz of the University of Graz (Austria), who
modified the “absorbing elements’ by introducing an advanced system, called
Lining Stress Controller (LSC), which consists of multiple steel pipesin a con-
centric assembly (Moritz, 1999). Figure 23 shows the LSC as an integra part of
the support, ingtaled in the dots of a shotcrete lining and between stell ribs with
frictiona diding joints. To demonstrate the effectiveness of the new system in
comparison with a conventional support in practice, a 100 m long profile e+
largement in squeezing rock was excavated in the Austrian Semmering raillway
tunnel (Figures 24 and 25).

1090 mm Rock Mz_isfs
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Figure 23: LSC unitsinstalled between lining segments (Moritz, 1999)
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Figure 24: Improved support system with 150 mm deformed LSCs between the lining
“segments” (Moritz, 1999)

i

Figure 25: LSC A/l type unit installed in deformation slots before deformation (left) and after de-
formation (right) (Moritz, 1999)

3.3 Mechanised excavation

The use of Tunnel Boring Machines (TBM’s) in squeezing rock conditions is

characterized by a certain degree of difficulty. It is generally agreed at the pres-

ent stage that experience and technology have not progressed far enough to rec-

ommend without some reservations machine excavation in such conditions. The

major difficulties can be listed as follows:

- instability of the face;

- reative inflexibility in the excavation diameter;

- problems with the thrust due to reduced gripper action, for gripper type ma-
chines;

- difficulty to control the direction of the machine, in soft or heterogeneous
ground.
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Generaly, ingtability of the face is felt not to be a problem because, when the
machine is not moving ahead, the presence of the cutting head is sufficient to
provide some form of face support. If the machine is advancing, any tendency
to instability at the face is likely to be overcome as any squeezing is excavated
as part of the cutting process. However, this is not necessarily true in severe
sgueezing conditions when face extrusion may become important and it is diffi-
cult if not impossible to control it. At the same time there are conditions that
could become critical such as when the machine is heading perpendicularly to
the stratification or in case of bed separation and buckling.

The problems associated with excessive deformations of the tunnel during ex-
cavation in squeezing conditions (Figures 26 and 27) are of great concern for
both designers and contractors. As well known and will be discussed in the fol-
lowing, the type and magnitude of tunnel convergence are difficult to be antici-
pated precisely. At the same time, the choice of the excavation support meas-
ures to be adopted in order to stabilize the ground is not an easy task. Further-
more, the rate of advance, the quantity and type of support as well as the occur-
ring deformations are interrelated and influence each other.

Figure 27: Sheared lining in the Inntal tunnel (Schubert, 2000)
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As discussed by Schubert (2000), the relationship between rate of advance and
tunnel convergence can be quantified as shown in Figure 28, where the rate of
advance was varied from 1 m/day to 30 m/day. The ultimate radia displacement
computed for atypica case of squeezing behaviour is 300 mm. It is found that
the radia displacement between the face and 10 m behind the face varies le-
tween 37 mm for an advance rate of 30 m/d and 83 m for an advance rate of
1 m/d. Therefore, the danger of TBM blockage in a squeezing zone (i.e. a fault
zone) decreases with increasing advance rate. On the other hand nobody can
guarantee that high advance rates can be maintained throughout a fault zone. In-
flow of water, advancing face, overbreak, or machine breakdowns can bring the
TBM to a stop. The till ongoing displacements then may squeeze the machine,
making arestart difficult if not impossible.
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Figure 28: Relationship between advance rate and tunnel closure ten metres behind the face for
different advance rates (Schubert, 2000)

A question open to debate when mechanised excavation is to be used and
sgueezing rock conditions are expected to be encountered along the tunnel
length is the type of machine to be adopted, i.e. shielded or not shielded
TBM’s? Shielded TBM's are notoriously sensitive to rapid convergences and to
the risk of blockage by converging rock, if specia precautions are not taken.
For the open TBM’s, whenever large convergences occur in a short time and if
these are associated with instabilities, as observed in situ in a number of cases,
problems of support installation and gripping may occur, hampering the prog-
ress of excavetion.

In order to cope with these problems, for most TBM’s one foresees the possi-
bility of increasing the diameter of the cutter head (overcutting), with the aim to
be able to adjust the gap between the shield and the excavation contour from the
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usua vaue of 6-8 cm to 15-25 cm (Figure 29). Radia overcut can be easly
handled by open TBM's; for shielded TBM'’s lifting of the centreline of the
cutter head with respect to the centreline of the shield is necessary in order to
compensate convergences (Voerckel, 2001).

Figure 29: Solution for radial overcut by increasing the excavation diameter (V oerckel, 2001)

A TBM which has been developed to cope with squeezing conditions which are
expected to be not too severe is shown in Figure 30. The technica provision
adopted comprises an outershield (Walking Blade Shield) with paralel blades
that are supported on hydraulic rams and can move independently in both axial
and radial directions. This makes it possible to accommodate some radia -
formation of the tunnel perimeter as the machine advances.

Figure 30: Walking Blade Shield (Robbins, 1997)
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4. Analysisof rock massresponse

Methods for analysis of tunnels in squeezing rock conditions need to consider:
the onset of yielding within the rock mass, as determined by the shear
strength parameters relative to the induced stress
the time dependent behaviour.

An additional requirement is the estimate of the support pressure which is able
to control the extent of the yielding zone around the tunnel and the resulting de-
formations. This poses considerable difficulties when the rock mass strength s,
relative to thein situ stresspg is low and complex support/excavation sequences
are envisaged in order to stabilize the tunnel during construction.

It is the purpose of this Chapter to address the methods (closed form solutions
and numerical analyses) that are used at the design and analysis stage, with con-
sSideration given to the behavioral models which are generaly introduced in a-
der to represent the response of the rock mass surrounding the advancing tunnel.
In all cases, aword of caution is needed when applying these methods to practi-
cal tunnel design in sgueezing rock conditions. The difficulty is associated with
the assessment of the rock mass properties, as the input data are often not avail-
able, inadequate or unreliable.

4.1 Closed form solutions

The usual gpproach is to assume the tunnel to be circular and to consider the
rock mass subjected to a hydrostatic in Situ state of stress, in which the hori-
zontal and vertical stresses are equal. If the attention is payed to the rock mass
response to excavation, which is described by the “ground reaction curve’ or
“rock characterigtic ling”, one can plot the relationship between the support
pressure p; and the displacement u, of the tunnel perimeter as shown in Figure
3L

4.1.1 Elasto-plastic solutions

If the rock mass is assumed to behave as an e asto-plastic-isotropic medium, the
following models can be used (Figure 32):

elagtic perfectly plastic (1)

elasto-plastic, with brittle behaviour (2)

elasto-plagtic, with strain softening behaviour (3).

A summary of the available closed form solutions for a circular tunnel in an
elasto-plastic medium is given by Brown et al. (1983), who aso present a solu-
tion where the rock mass follows the Hoek-Brown yield criterion and is consid-
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ered to dilate during failure. A comprehensive set of solutions of the elasto-
plastic type has been given by Panet (1995), in his book on the “Convergence —
confinement method’. More recently, a mechanically rigorous elasto-plastic o
lution for the problem of unloading a cylindrical cavity in a rock mass that
obeys the Hoek-Brown yield criterion has been given by Carranza-Torres and
Fairhurst (1999).

If consideration is given to models derived specificaly with the squeezing ke-
haviour in mind, the solution due to Aydan et al. (1993) is to be mentioned. As
shown in Figure 5, this solution introduces a four branch stress-strain curve with
() alinear dastic behaviour up to peak strength, (ii) a perfectly plastic behav-
iour at peak strength, (iii) a gradual decrease of stress to residua strength with
increasing strain, (iv) a perfectly plastic behaviour beyond residua strength.

Solutions for models (1) and (2)

For models (1) and (2) the closed form solutions are briefly reported by giving
the fundamental equations for caculation of the extent of the plastic zone
around the tunnel (the radius R;) and the resulting tunnel deformation (radial
displacement u,).

elastic

Critical
pressure . L. .
Ground reaction curve/ Rock characteristic line

Support pressurepi

elasto - plastic

Radial displacement ur

Figure 31: Axisymmetric tunnel problem: development of plastic zone around the tunnel and
ground reaction curve/rock characteristic line
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Figure 32: Elasto-plastic stress-strain models generally used to derive the ground reaction curve:
(a) stressstrain laws; (b) ground reaction curves

(@) Let the rock mass have a Mohr-Coulomb yield criterion in which (al) peak
and residua strength coincide (the model is elastic perfectly plastic), or (a2)
peak and residua strength are different (the model is elasto-plastic with brittle
behaviour), Figure 32. The rock mass strength and deformation characteristics
are defined in terms of :

Cp, & = Cohesion (p and r stand for peak and residua values respectively)

fo, fr = Friction angle (p and r stand for peak and residual values respec-
tively)

E = Young's modulus

n = Poisson’sratio

y = Dilation angle

One of the available solutions (Ribacchi and Riccioni, 1977) gives.
- for the radius of the plastic zone

1
Ry = inlfl (po + ¢, xcotgf, )- (po + ¢, >cotdf p)>sinf p ngr t (18)
t pi +C >COtg‘r b
with:
N©) 1+sinf
1- ginf,

- for the critical pressure p,, defined by the initiation of plastic failure of the
rock surrounding the tunnel

P = Po X1- sinf ;) - ¢, xcosf (19
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- for theradia displacement u, in the elastic zone (r 3 Ry)

R 2
Uy :“?n%po' pcr)xLI (20)
r

- for the radia displacement u; in the plastic zone (R<r <Ry)

K &1
Roi
pKe

P + ¢, >cotgf p)><sinfp +(po + ¢, xcotgf , )q1- 2>n)x

€ERK¢+1 6 [1+ NG K ¢ .'>(K¢+1)><(Nf(’) +1)]>(pi +c, >cotgf, )
-r - - x
8 K E, (Nf(r) N K(I)XRNf(r)'l

gth(rhm (r)g u
ot (21)

K¢
¢ r

+y
§ ob

with:

K ¢= 1+sny .

1- siny

For the radia pressure p greater than p, (i.e. when the support pressure is
greater than the critical vaue), the rock mass is in elastic conditions and equa-
tion (20) alows one to compute (for r = R= R,) the éastic portion of the char-
acteristic line (Figure 31). For the radia pressure p smaler than p,,, the char-
acteristic line is given by (21) for r = R and is concave upwards as shown in
Figure 31.

(b) Let the rock mass have a Hoek-Brown yield criterion in which (al) peak
and residua strength coincide (the mode is elagtic perfectly plagtic), or (a2)
peak and residua strength are different (the model is elasto-plastic with brittle
behaviour), Figure 32. The rock mass strength and deformation characteristics
are defined in terms of :

Sq = uniaxial compressive strength of the intact rock;

m, M, S, S = Hoek-Brown constants,

according to Brown et d. (1993), the computations can be performed by the
following equations:
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- for the radius of the plastic zone

u

¢ 2 7 U
Ry = RxexpéN - er XS Xp; +S %S¢ U (22)
@ m, >Sci H
aan 62 my Xp m
M :lx g—p: +—p 0 +Sp - L (23)
2 4 g Sg 8
— 2 2 2
N = >(\/mr S ¢ XPo +Sr S - M Sy xM (24)
mr >Sci

- for the critical pressure p., defined by the initiation of plastic failure of the
rock surrounding the tunnel

Per = Po - MSC (25)
- for theradia displacement u, in the elastic zone (r 3 Ry)

R2
ur = 1+_n(po = Per )_pl (26)
E r

- for the radia displacement u, in the plastic zone (REr £R,))

é ..f+ll‘J
ur:“"’su@*@*”)xg(f'lhgqp'% (e @)
; u
E{f+) & 2 rg 4
wheref is:
f=1+ 2
m
5 ppcr+sp (28)
S
Example

An example of a typica plot of a characteristic line under the assumption of
elastic perfectly plastic behaviour is given in Figure 33, in conjunction with the
thickness of the plastic zone (R, — R). The tunnd is 11.5 m in diameter and is
subjected to a hydrostatic stress p, = 5 MPa. The rock mass follows the Mohr-
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Coulomb yield criterion with f = 15°, ¢ = 400 kPa, y = 15°. The rock mass
modulusis 1.5 GPa.
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Figure 33: Example of “rock characteristic line” plot for a11.50 m diameter tunnel. The in situ
state of stressisisotropic, po =5 MPa. The rock mass failure is defined by the Mohr-
Coulomb criterion (cohesionc = 0.4 MPa, friction anglef = 15°) with a dilatation an-
gley = 15°. The in situ deformation modulus E = 1.5 GPa. Also shown is the
“support characteristic line”, represented by a 25 cm thick shotcrete lining with steel
ribs.

4.1.2 Time dependent response

The influence of the time-dependent mechanical properties of the rock mass on
the response of a tunnel to excavation has been modeled by many authors using
visco-elastic and visco-plastic congtitutive equations. Ladanyi (1993) and Crist-
escu (1993) give a comprehensive presentation of the available solutions for
simple tunnelling cases and models of behaviour:

linear visco-elastic

linear elastic - linear viscous

linear elastic - non linear viscous

elastic - visco-plastic.

(@) A typica smple example of analysis for a linear visco-elastic model con-
dsts in using the so called Maxwell mode given in Figure 34, where an elagtic
spring and a viscous dashpot are put in series. In such a case, the radia dis-
placement u, at the tunnel contour (as for the closed form solutions previoudy
discussed for the elasto-plastic case, the tunnel is circular and the rock mass is
subjected to a hydrostatic state of stress) is given by:
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(29)

where:
t = time

T = E, relaxation time.
G

" =

Figure 34: Maxwell linear visco-elastic model

If alinearly eastic lining (aring) with stiffness K is ingtalled at time t;, the dis-
placement u, is.

:_poRa?H l9+_pCR

u, o 30
2G To K, (30)
with the pressure p. on the same lining being given by:
é 3] &
é % U
é ¢ t-t. T
Pc=Po &- expt- = (31)
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(b) Similarly, with reference to the linear Kelvin-Voigt visco-elastic modd of
Figure 35 one would obtain for u,, when no lining is installed yet

-p )RE &G 0 & t oo
ur:Mg“g_o-l;xg-em?—i‘? (32)
where:
T=%
G,
Gf: i+i,
Gy G

with the lining installed at time ts, the following equations are obtained for u
and p.
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Figure 35: Kelvin-Voigt visco-elastic model

(c) If condderation is given to squeezing behaviour, the visco-elastic models
above, where the assumption is that the time effect can be separated from the
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stress effect in the general creep formulation, are not appropriate. Therefore,
models of the elastic-visco-plastic type should be used.

A smple modd of interest, due to Sulem et a. (1987), dlows the anaysis of
time-dependent stress and strain fields around a circular tunnel in a creeping
rock mass with plastic yielding. Although valid for a monotonic stress path, this
model is well suited for the problem considered and alows a closed form solu-
tion for the computation of the time-dependent convergence.

As discussed by Sulem (1994), the total strain e is obtained by adding together
the time-independent elagtic strain e ® and the time-dependent inelastic strain e ™

e=e‘+e™
where:
e™ = e+ e foref =plagtic strain and €° = creep strain.

The creep strain is written as an explicit function of stress s;; and of time t as an
explicit parameter

€ = g(sij)f(t) (35)

wheref isan increasing function of timewith f(0) =0 andlim  f(t) = 1.
t® ¥

If g (sj) istaken as alinear law (the most appropriate form for rock is a power
law) and the creep strain is assumed to depend only on the deviatoric stress and
to occur at constant volume, the radial strain e and the tangential strain €]
can be written as (Sulem, 1994)

e =- —‘*—34('; £t) (36)
¢ ==e 1) (37)

where G; is a creep modulus.

Let the rock mass follow a Mohr-Coloumb yield criterion in which peak and re-
sidua strength coincide (¢, = ¢, =c; f, =f, =), and the deformations subse-
guent to yielding occur at constant volume (y = 0). As demonstrated by Sulem
et a. (1987), under these conditions the linearity of the creep law with stress
leads for the stress field around the tunnel to the same results as for the smple
elagtic perfectly plastic model. The plastic radius R, and the critical pressure
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P, defined by the initiation of plastic failure of the rock around the tunnel, are
given by the same expressions as (18) and (19).

The radia displacement at the tunnel wall is:

for Pi > Pa
® 0
, :pLRgl+if(t)ix (38)
2G g Gy 2
for Pi < Pa
23 0
o =PRF O, G ¢y (39)
2 R Q)g Gy 2
where:
|e= S|nj +ﬂ (40)
Po

5. Rock-support interaction analysis

5.1 Rock massresponse

The closed form solutions described above alow one to obtain the rock
“characteristic line” for acircular tunnel and different rock mass response mod-
els, under the assumption of isotropy for both the rock mass and the initial state
of stress. These solutions can be very useful in order to gain insights into tunnel
behaviour when the excavation takes place in rock masses which exhibit
sgueezing conditions.

As recently shown by Hoek (1998, 19994a), dimensionless plots can be derived
from the results of parametric studies where the influence of the variation in the
input parameters has been studied by a Monte Carlo analysis, under the &-
sumption of elastic perfectly plastic behaviour of the rock mass, with zero vol-
ume change. Two of such plots are given in Figures 36 and 37, which were un-
loaded directly from Dr. Evert Hoek’'s course notes available on the website:
www.rocscience.com (Hoek, 1999a).

Figure 36 gives a plot of the ratio of the plastic zone radius to tunnel radius and
Figure 37 shows the corresponding ratio of tunnel deformation to tunnel radius
versus the ratio of rock mass strength to in situ stress, for the condition of zero
support pressure (p; = 0). As aready noted in Chapter 2, once the rock mass
strength falls below 20% of the in situ stress level (5. £ 0.2 po), the plagtic
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zone size increases very rapidly with a corresponding substantia increase in de-
formation. It is clear that if this stage is reached, unless the deformations are
controlled, collapse of the tunnd is likely to occur.

Tunnal deloimaten { hennal radius

a0 a1 [ F} 03 [E] o4 L} 6r ba ba 12

Rock mage alrenglh §in shu siress

Figure 36: Tunnel deformation versus ratio of rock mass strength to in situ stress for weak rock
masses (Hoek, 1999a)
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Figure 37: Relationship between size of plastic zone and ratio of rock mass strength to in situ
stress for weak rock masses (Hoek, 1999a)
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5.2 Support response

In order to complete the rock-support interaction analysis, the support behaviour
is to be considered in detaill by determining the “support characteristic ling’
which relates the confining pressure acting on the support to its deformation.
Knowing the radia displacement u,, that has occurred before the support is in-
stalled at a known distance from the face, the equilibrium solution for the rock
support interaction analysis is given by the intersection of the “rock characteris-
tic lineg’ and the “ support characteritic ling’. This is the essence of the so called
“ convergence-confinement method” (Figure 38).

Po o A
\\

a, \
@ \
=
] B N
z, - Rock characteristic line
= N
19) \
= N
=
=
&

Support C

characteristic line .

Uy

Radial displacement u-

Figure 38: Axisymmetric tunnel problem: rock characteristic line and support characteristic line

The deformation that has occurred before the support is installed is not easy to
be determined as complex three-dimensional stress analyses are required in a-
der to account for the influence of the face, the method and sequence of exca-
vation, the possible installation of pre-supports ahead of the face, etc. In smple
cases, guidelines have been given by Panet and Guenot (1982), Bernaud (1991)
and Panet (1995). In more complex conditions, it is advisable to use monitoring
results of instrumentation installed before excavation and back anaysis, as dis-
cussed in Chapter 6.
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The “support characteristic lineg’ can be computed by a set of equations (Hoek
and Brown, 1980; Brady and Brown, 1985) which alow one to determine the
stiffnessk; and the maximum support pressure p max for typical support systems.
For sake of completeness some of these equations are written below.

Concreteor shotcretelining

- Support stiffness

k. = Eq(riz ) (ri ) tc)z) X
fi (1+nc)((1_ 2n, )riz +(ri - tc)z)

(41)

- Maximum support pressure

é - _t )2u
S S 9 (42)
2 8

=
>
Q
®

Y oung’s modulus of concrete or shortcrete;

Poisson’ s ratio of concrete or shotcrete;

lining thickness;

internal tunnel section;

uniaxial compressive strength of concrete or shortcrete.

& m
non

= st
nmn

0w =
o
3}

Stedl setsembedded in shotcrete

- Support stiffness
(k)= —r— (43)

- Maximum support pressure

S
Pscmax = A:); X (44)

where:

Es = Young' s modulus of sted!;

cross sectional area of steel set;

= dsed set spacing along tunnel axis;

d = mean overbreak filled with shotcrete;
= yield strength of stedl.

P
I
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Ungrouted mechanically or chemically anchored rock bolts

- Support stiffness
P .
(o) = 258 2 1qq (45)
o grdpEp H
- Maximum support pressure
T
Poemax = ﬁ X (46)

where:
S. = circumferential bolt spacing;

S = longitudina bolt spacing;
| = freebolt length;

E, = Young's modulus of bolt;
d, = bolt diameter;

= |oad-deformation constant for anchor and head (as obtained on the bolt
load-extension curve of a pull-out test);
Tws = bolt ultimate failure load.

It is aso to be mentioned that estimates of support capacities for a variety of
different systems (stedl sets, lattice girders, rock bolts and dowels, concrete and
shotcrete linings) for a range of tunnel sizes have been recently published by
Hoek (1999). A word of caution is appropriate by saying that, in al cases, the
support is aways assumed to act over the full perimeter of the tunnel, including
the invert (i.e. aclosed ring condition is therefore assumed to hold true).

5.3 Numerical analyses

The use of numerical analyses is advisable in cases where the s,/ p rédio is
below 0.3, and it is highly recommended if this ratio falls below about 0.15,
when the stability of the tunnel may become a critical issue. Significant advan-
tages are envisaged by using numerical analyses at the design stage, when very
complex support/excavation sequences, including pre-support/stabilisation
measures are to be adopted, in order to stabilize the tunnd during construction
(see Chapter 3).

Very powerful computer codes have been developed and are now available for
the stress and deformation analysis of tunnels. It is therefore possible to develop
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reliable predictions of tunnel behaviour, provided a proper understanding of the
real phenomena as observed in practice is available. With respect to closed-form
solutions, anisotropic in situ stress fields can how be considered, together with
multiple excavation stages, the influence of face advance, and the important
three-dimensional conditions which occur in the immediate vicinity of the face,
the consequence of liner placement delay, etc..

5.3.1 Continuum approach

If we remain with the equivalent continuum approach, where the rock mass is
treated as a continuum with equal in al directions input data for the strength and
deformability properties, which define a given congtitutive equation for the rock
mass. eadic, eado-plagtic, visco-elagtic, dastic-visco-plagtic the domain
methods, which include the finite element (FEM) and the finite difference
(FDM) methods, can be used. An example of a typical stress-deformation
analysis of acircular tunnel, for the same properties for the rock mass as shown
in Figure 33, is given in Figure 39, where the confining pressure p is set equal
to 0.8 MPa, which is the equilibrium solution for the rock-support interaction
analysis. The results obtained by the FLAC code (version 3.4), Itasca (1998),
compare reasonably well with the closed-form solution as shown in Table 4.

'30.0

Max. disp=0.12m

[20.0

'10.0

0.00

T T T T T T T T T T T T T
00 100 200 300 400 500 600

Figure 39: Stress deformation analysis of a circular tunnel by the FLAC code. The example
shown isdescribed in Figure 33
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Table4:  comparison of results for characteristic line calculation and FDM solution for the ex-
ample shown in Figure 38

characteristic line FDM solution
radia displacement u, (cm) 14.00 12.12
plastic radius R, (m) 11.75 12.40

One of the obvious advantages of numerical methods in the analysis and design
of tunnels in squeezing rock conditions is the use of more complex stress-strain
models for the rock mass such as the strain softening behaviour and time -
pendent behaviour, which can be implemented with both FEM and FDM. Some
examples will be discussed in the following for purpose of illustration. Al-
though this is obviously not a requirement as for the closed form solutions pre-
vioudly discussed, the tunnel is considered to be circular and subjected to a hy-
drostatic stress field.

Elasto-plastic models

For example, consder a 8 m diameter tunnel to be excavated in a weak rock
mass at depth of up to 800 m below surface (p, = 20 MP4). The uniaxia com-
pressive strength of the intact rock s is equal to 55 MPa and the m parameter
for the Hoek-Brown criterion has been determined to be 12 (°).

The strength and deformation characteristics of the rock mass are estimated by
means of the procedure described by Hoek and Brown (1997). For a mean value
of the GSl index taken equa to 40, by fitting by linear regression eight equaly
spaced values pertaining to the Hoek-Brown rock mass criterion, in the range
0<s3<025 sy thecand f pesk parameters for the rock mass can be d>-
tained. Accordingly, the post-peak characteristics are estimated by reducing the
GSl value to alower value which characterizes the broken rock (GS = 30).

The assumed rock mass parameters are as follows:

uniaxial compressive strength Sen = 7.7 MPa
deformation modulus E = 6.0GPa
Poisson’sratio n =03
peak cohesion C, = 2.0MPa
pesk friction angle fp = 30°
residual cohesion ¢ = 10MPa
residual friction angle f, = 15°

(®) Theintact rock mass parameters used in this example pertain to the so called “Brianconnaise
coal measure zone” along the Moncenise tunnel, Lyon-Torino high-speed railway line. It is
noted that for the rock mass under consideration (Sem=7.7MPa) a 800 m depth
(po =20 MPa), theratio s¢m / po is equal to 0.35 approximately, which makes one anticipate
“minor sgueezing problems” in this section of the tunnel, at least based on the data presently
available.
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Two dimensiona anayses were carried out by the FLAC code. For the purpose
of this example, the following stress-strain laws were considered:
elastic perfectly plastic ((1) in Figure 32; forc,=c,,f,=f,,y =0°)
elasto-plastic with brittle behaviour ((2) in Figure 32; with the rock mass pa-
rameters listed above and y =0°)
Aydan mode (Figure 5, es=0.008, e=0.0158).
The support pressure p was always assumed to be 0 MPa.

A plot of the yielding zones around the tunnel and the corresponding displace-
ments for models (1) and (2) is shown in Figure 40 (a) and (b). The calculated
displacements at the tunnel contour and the plagtic radius are given in Table 5,
where also reported are the results for the Aydan moddl. It is noted that, for the
overburden condition under consideration, the elasto-plastic stress-strain law
with brittle behaviour shows a tendency to overestimate both the displacements
and the extent of the plastic zone.

Table5: Resultsof 2D analyses

analysis 2D
F\)pl Urnax
(m) (cm)
perfectly plastic 7.0 3.8
brittle 18.7 41.0
Aydan 7.7 4.7
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Figure 40: Resultsof 2D analysesfor different models of behaviour for the rock mass ((a) elastic
perfectly plastic; (b) elasto-plastic with brittle behaviour; showing the extent of the
plastic zone and the displacements around the tunnel (see text for input data)

An additiona point of interest for the calculations carried out is the stress distri-
bution around the tunnel, as dependent on the stress-strain laws assumed to
simulate squeezing. Figure 41 shows the maximum &) and minimum (ss)
principal stresses at an increasing distance from the tunnel contour for the elas-
tic perfectly plastic (dashed line) and Aydan stress-strain law (continuous line).
The Aydan stress-strain law shows a wider zone where the rock massis at yield,
with an increase in the plastic radius of 1 m approximately.
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Figure 41: Stresses at different distances from the tunnel contour for elastic perfectly plastic and
Aydan stress-strain law

Time dependent response

For example, take a 6 m diameter tunnel located in a weak rock mass a depth of
300 m below surface (po = 7.5 MPa). Based on the estimated GS index equa to
30, the assumed Mohr-Coulomb rock mass parameters are as follows:

Deformationmodulus  E = 4.5GPa
Poisson’sratio n = 025
Cohesion ¢ = 0.15MPa
Friction angle f = 28°.

Two-dimensiona analyses were carried out by the FLAC code. For the purpose
of this example, the following time dependent models of behaviour are consid-
ered:

linear visco-elastic

elastic visco-plastic.

Also considered in the example is the presence of a 45 cm thick concrete circu-
lar lining which is given a linear eastic behaviour with the following parame-
ters:.

Elastic modulus E = 31.0GPa

Poisson’s ratio n = 025

In the numerical analyses the lining is smulated by using Beam type elements
as available with the FLAC code.
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(& In order to compare with the closed form solutions previously given for the
linear visco-elagtic case, the first series of numerical analyses assume the Max-
well and Kelvin-Voigt models with the following parameters:

Maxwell model

Shear modulus G = 20GPa

Viscous coefficient h = 6.0 MPa xyear.
Kelvin-Voigt model

Shear modulus Go= 2.0GPa

Shear modulus G;= 2.0 MPa xyear.

Viscous coefficient h; = 6.0 GPa xyear.

The results obtained are illustrated in Figures 42 and 43 for the Maxwell and
Kelvin-Voigt mode respectively. In each case the closed-form solutions (equa-
tions (29), (30) and (31), for the Maxwell model; equations (32), (33) and (34),
for the Kelvin-Voigt model) are compared with the numerical results. In genera
this comparison is quite satisfactory for both the computed radia displacement
and the lining pressure. In one case, for the Kelvin-Voigt model, the numerical
solution appears to overestimate dightly the pressure value acting on the lining,
at least for the first 6 years of loading.
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Figure 42: Comparison of closed-form solutions and Finite Difference Methods (FDM) results
for the Maxwell visco-elastic models: (a) radial displacement; (b) lining pressure.
Note: thelining isinstalled instantaneously att = 0.
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Figure 43: Comparison of closed-form solutions and Finite Difference Methods (FDM) results
for the Kelvin-Voigt visco-elastic models: (a) radial displacement; (b) lining pressure.
Note: thelining isinstalled instantaneously att =0
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(b) For the dastic-visco-plastic case the calculations were performed with the
Finite Difference Method only and the FLAC code. Considering that this model
of behaviour is of great interest when dealing with sgueezing rock conditions
(Gioda and Cividini, 1996), the visco-elastic component is chosen to correspond
to a Burger model (Kelvin model in series with a Maxwell model as shown in
Figure 44), which gives a more representative time-dependent response for a
rock mass than either the Maxwell or Kelvin-Voigt modd. The plagtic stress-
strain law corresponds to a Mohr-Coulomb mode.

G 1 h

hy

G

Figure 44: Burger visco-elastic model

The rock mass parameters according to a Mohr-Coulomb model are those given
at the beginning of this example. The time dependent parameters for the Burger
model are asfollows:

Kelvin mode
Shear modulus G, = 20GPa
Viscosity h, = 6.0MPaxyear.
Maxwell model
Shear modulus G, = 20GPa
Viscosity h, = 0.6 GPaxyear.

The results obtained are illustrated in Figures 45 and 46. It is shown that the
concrete lining, which is installed 2 months approximately following excava-
tion, succeeds in controlling the tunnel deformation (Figure 45a) as it is being
loaded significantly in a relatively short time (Figure 45b). In absence of any
support pressure, the plagtic radius is shown to increase versus time as shown in
Figure 46; it is clear from the same figures that the presence of a tiff lining
contributes to limit the extent of the plastic radius.
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Figure 45; Finite Difference methods (FDM) results for the elastic visco-plastic models: (a) &
dial displacement; (b) lining pressure. Note: the lining is installed instantaneously at
t=0
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Figure 46: Computed plastic radius around the tunnel for the el astic-visco-plastic model

5.3.2 Discontinuum approach

In weak rock masses which exhibit a squeezing behaviour, the use of continuum
representations of the medium subjected to excavation is reasonable. In general,
the results obtained are applicable with success in practical tunnel design, pro-
vided that engineering judgement and precedent experience are used. However,
there are cases where discontinuum modelling could be the most appropriate in
order to analyze a given problem.

The example shown in Figure 47well illusgtrates this point of view. The rock
mass is argillite, intersepted by beddings which strike nearly paralldl to the tun-
nel axis. A nearly vertical discontinuity system is as well present. Both the bed-
ding and the jointing are very closdly spaced and persistent so that the rock
mass is subdivided into very small blocks. The plot shown in Figure 47 (a)
gives a DFN (Discrete Feature Network) model which was created in order to
simulate the rock mass behaviour by using the Distinct Element Method and the
UDEC code, Itasca (1998).

The joints are assumed to be Mohr-Coulomb joints, i.e. elastic perfectly plastic.
The blocks are treated as an elasto-plastic material which follows the Mohr-
Coulomb criterion. The properties of rock blocks and joints are listed in Ta-
ble 2. The in situ state of stressis anisatropic with a vertical stress of 5 MPa and
the stress ratio (horizonta to vertical stress) equal to 1.5.
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The results obtained are plotted in Figure 47 (b) to (d) by giving: Figure 47 (b),
the displacement vectors; Figure 47 (c), the open zones, Figure 47 (d) the
yielded blocks. It is shown that, although the rock mass is very weak and of
poor quality, as expected on the basis of the properties above, the orientation of
discontinuities plays a very important role on the onset and development of
stress and deformations around the tunnel, and therefore also on the squeezing
behaviour.

Table6: Material and joint properties used in the FDN model

material properties joint properties beddings joints
E (GPa) 5 K, (GPa/m) 10 10
n 0.25 Ks(GPa/m) 1 1
c (MPa) 5 c (kPa) 10 50
f (°) 30 f (°) 20 35

Figure 47: Results of a DFN model representing a 11 m diameter tunnel in argillite. (a) DFM
model; (b) Displacement distribution (maximum value 0.159 m); (c) Open Zones; (d)
FailureZone
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5.3.3 Influence of 3D conditions

In al the computations presented so far consideration has been given to 2D
conditions, so that the deformation of the tunnel and the stress distribution
around it (including the extent of the plastic zone, where appropriate) are &
sumed to occur independently of the tunndl face. However, if the attention is
posed on the excavation and support methods currently adopted, it is clear that
by doing so important features of tunnel behaviour are being neglected. As
demonstrated in the following, this appears to be a simplification of the rea
problem, particularly when squeezing rock conditions are to be dealt with.

Stress path at the tunnel perimeter

Therefore, it is of interest to pay attention to the pattern of stress and deforma-
tion in the rock mass surrounding the face of an advancing circular tunnel
(Barla M., 2000). An effective way to do this is to use the stress path represen-
tation, as proposed by Lambe (1967) for a number of applications in Geotechni-
ca Engineering. For the purpose of this presentation it is advisable to consider
the 8 m diameter tunnel of paragraph 4.2, for the same rock mass and overbur-
den conditions previously analysed.

FLAC3D 2.00 Job Title: Analisi 3D col modello ELPLA AYDAN

Setings: Model
13:04:06 Sun Oct 12000
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Dist3594e+002  Mag: 128
Ang: 22500

Block Group
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Figure 48: Fully three-dimensional finite difference model

As shown in Figures 48 and 49, a fully three-dimensional finite difference
model was created by using the FLAC 3D code (Itasca, 1996) with the purpose
to simulate the excavation of a circular tunnel advancing through a weak rock
mass subjected to equa stressesin dl directions. Let the tunnel be unsupported,
i.e. no stabilization measures or linings be installed. As for the two-dimensional
case, the stress-strain models (1) and (2) in Figure 32 are considered in con-
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junction with the Aydan model (Figure 5). For purpose of comparison, the cor-
responding results for alinearly elastic rock mass are obtained.

— T —

Figure 49: Fully three-dimensional finite difference model. Also shown is the plastic zone
around the tunnel. The rock mass behaves according to the Aydan stress-strain law

With reference to either two dimensiona or three dimensional analyses the
stress path is plotted in the (s, t) plane as follows:

s, *s
s= meannormal stress = Zv —h
2
. . S, -S
t = deviatoricstress = —Y N
2

with:
sy = vertical stress;
Sh horizonta stress.

The attention is posed on a representative cross section along the tunnel axis in
both two and three dimensiona conditions; also considered is the stress path at
the tunnel face, with the excavation gradually taking place.

Concurrent with excavation (i.e. by allowing a gradual stress relaxation to take
place at the tunnel perimeter in a 2D modél), the stress path at the crown/invert
(C/) and sidewalls (S), shows the deviatoric stress t to increase, as the normal
stress s remains constant, as shown by the vertical dashed line (Flac) plotted in
Figure 50 for both C, | and S, where the rock mass is assumed to follow aline-
arly eagtic, isotropic stress-strain law.

The stress path is significantly different if a 3D model is considered i.e. the in-
fluence of the advancing face of the tunnel is smulated. In these conditions, as
shown by the continuous line in Figure 50 (Flac3D), the mean normal stresssat
the sidewall initially increases, to decrease as soon as the face overpasses the
section of interest. Anincrease of sagain occurs as the excavation is completed.
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It is obvious to observe that at the crown/invert the same trend
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Figure 50: Stress path at point C (crown), | (invert) and S (sidewall) around the tunnel. The rock

massislinearly elastic

This trend of behavior is emphasized even further if one examines the stress
path at the tunnel face as the excavation takes place. Figure 51 illustrates it once
again in the (s, t) plane with reference to the elastic perfectly plastic stress-strain
law for the rock mass. It is observed that the mean normal stress decreases as

the deviatoric stress increases. With the onset of the plastic
section of interest, a sudden change occurs in the stress path,
approaches and reaches the cross section of interest.
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Figure 51: Stress path at point F (face of the excavation). The rock mass
fectly plastic
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Figure 50 shows that, as long as the rock mass in the cross section of interest
remains in the eagtic state, the stress path computed on the basis of FLAC3D
gives an increase in the mean normal stress, which is accompanied by a change
in the deviatoric stress (positive at the sidewals and negative a the
crown/invert). As the face of the tunnel reaches the same cross section of inter-
et and overpasses it, the mean normal stress decreases, with the deviatoric
stress holding approximately constant up to failure.

If consideration is given to the rock mass squeezing behavior by using either the
elastic perfectly plastic or the Aydan stress-strain law, the stress path around the
tunnel computed by FLAC3D changes significantly as shown in Figure 52, ke-
ing influenced by the advancing tunnel face and the plastic zone which grows
and moves with it (Figure 49). On the contrary, the stress path resulting, in two
dimensiona conditions, from the FLAC code (dashed line in Figure 52), shows
adecrease in the mean normal stress as the deviatoric stress approaches the fail-
ure condition for both the sidewall and the crown/invert.

The stress path for the two models of behaviour (elastic perfectly plastic and
Aydan stress-strain laws) shows in both cases a similar trend of behavior, with
the Aydan stress-strain law allowing for a greater decrease in the normal stress.
Actudly, in no case the final state of stress at the sidewals and at the
crown/invert reaches the residua failure value, so that the level of mobilized
strain is such as to keep the stress state along the elastic perfectly plastic branch
of the Aydan stress-strain law.

10 I-'" T
failure ondition, . Flac3D - Elpla
5 5@ RN arrival \Flac3D - Aydan
e C e R ! ~ A of the — ©
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Figure 52: Stress path at point C (crown), | (invert) and S (sidewall) around the tunnel. The rock
massislinearly elastic perfectly plastic (Elpla) or obeysto the A ydan stress-strain law
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Plastic zone and induced defor mation

Figure 49 shows the plastic zone surrounding the tunnel and the face (for sim-
plicity only the results obtained with the Aydan model are plotted). It is noted
that the plastic zone moves in the direction of the tunnel advance as the excava-
tion takes place. Concurrent with the growth of the plastic zone, radia dis-
placements occur behind and ahead of the tunnel face; at the same time inward
displacements are induced at the face asillustrated in Figure 53.

| T |

Maximum displacement = 6.4 cm
I IIIHHI
[

Figure 53: Displacement distribution around the tunnel. The rock massis behaving according to
the Aydan stress-strain law. Longitudinal cross section

The maximum tunnel displacement is given in Table 7, where aso shown is the
extent of the plastic zone; for the three dimensional case the radial displacement
is that computed about two tunnel diameters behind the face, where it reaches
the final vaue. In addition to the elastic perfectly plastic and Aydan models,
aso reported are the results for the stress-strain law with brittle behaviour.

It is noted that, for the overburden condition under consideration, the first two
models of behaviour give nearly the same results for both the extent of the plas-
tic zone and the radia displacements, with the 3D values being dightly higher
than those obtained in 2D conditions. In all cases the elasto-plastic stress-strain
law with brittle behaviour shows a tendency to overestimate significantly both
the displacements and the extent of the plastic zone.

Table 7: Resultsof 2D and 3D analyses

anayss 3D 2D
RpI Urnax Rpl Unax
(m) (cm) (m) (cm)
perfectly plastic 7.4 5.6 7.0 3.8
brittle 18.4 53.9 18.7 41.0
Aydan 8.2 6.4 7.7 4.7
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If a close attention is devoted to the pattern of tunnel deformation in the rock
mass ahead and behind the tunnd face, the radial displacements appear to be
distributed as shown in Figure 54. It is noted that the deformation in the rock
mass starts about one haf a diameter ahead of the advancing face (i.e. 12 m
ahead) and reaches its maximum value about two diameters behind the face (i.e.
16 m behind). The radial displacement at the face ranges from 0.15 to 0.25 the
fina displacement depending on the stress-strain model considered.
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Figure 54: Radial displacement distribution around the tunnel. The rock mass is behaving ac-
cording to either the elastic perfectly plastic (ELPLA) or the Aydan stress-ratio law.
Longitudinal crosssection

Another point of interest with reference to the deformation of the rock mass is
the horizontal displacement distribution ahead of the face which isillustrated in
Figure 55. This plot is intended to account for the horizontal displacement n-
duced in the rock core as the tunnel advances toward the section of interest. It is
noted that the greatest horizontal displacements occur for the elasto-plastic brit-
tle model as the influence due to excavation moves behind the face to a distance
about one half to two tunnel diameters.
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Figure 55: Horizontal displacement distribution ahead of the tunnel face. The three models of
behaviour are considered for the rock mass. Longitudinal cross section

6. Observation and monitoring during excavation

As described above, an increased ability to carry out design analyses of tunnels
by using closed-form solutions and numerica methods, to a high degree of
complexity if required, is available. However, it is also apparent that in squeez-
ing rock conditions these analyses can gain in value if associated to observation
and monitoring, which should become an integra part of the construction
scheme. With the additional information thus obtained, the design can be alk
justed accordingly.

Observation and monitoring during excavation are intended to fulfill the fd-
lowing main objectives.
- to evaluate the stability of the tunnel and of the face
to extrapolate observed behaviour to sections yet to be excavated
to provide factual documentation of tunnel performance as a function of rock
conditions and construction methods adopted
to provide valuable data for interpretation and back analyss, in order to
clarify design assumptions and improve models of behaviour for rock mass
and rock-structure interaction.
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6.1 Concepts

According to Peck (1972), observation includes instrumentation. Thus, it is
generaly agreed to conceive an observational program for tunnelling by com-
prising: 1) primary observation and 2) instrumented observation (O’ Rourke,
1984).

Primary observations comprise: rock mass characteristics including rock mass
classification; characters of discontinuities, faults and shear zones (it is recom-
mended to adopt qualitative and quantitative descriptions as suggested by
ISRM); water inflow; amount of overbreak; type and quantity of support meas-
ures; etc. In squeezing rock conditions these observations may become ex-
tremely valuable for a first sight rock identification, considering that in the most
difficult cases it may be impossible to obtain samples for testing.

Instrumented observations comprise instrumented tunnel sections for measuring
displacements, deformations, pore pressure, ... around the tunnel and ahead of
the advancing tunnel face, including the structural components used for support.
In all cases this implies accurate installation, monitoring and maintenance so
that the data obtained are made available in atimely fashion.

It is noted that observation and monitoring in both conventional and TBM tun-
nelling are characterized by a different degree of constraint depending on the
excavation/support options adopted and the rock conditions encountered during
face advance. In general, with conventional methods a reasonable time is avail-
able for observation, athough in cases the need for early support installation
may be the cause of difficulty. In TBM excavated tunnels, the face is not acces-
sible and the rock mass just behind the TBM head may be difficult to observe
even with open TBM’s, when the rock conditions are difficult and need early
installation of support.

Observation and monitoring inevitably will interfere with construction activities
on gite. It is therefore important to establish timely and correctly a close rela-
tionship between the contractor and the personnel  who will instal the instru-
mentation and will take care of subsequent readings. The contractor may be
willing to accept the likely constraints due to installation of instrumentation if
he is made part of the information obtained and this is provided in a timely
fashion. It is noted that far too often the results of observation and monitoring
are not being used in away to provide the information at precisaly the timeit is
needed.

It is important to note that not very often the results of instrumentation are such
as to stimulate modifications in design and construction procedures. In cases,
the contractor may be not willing to accept the results of monitoring if this im-
plies a change in the stabilization measures to be adopted, with reduction in ex-
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penses. Likewise, the owner may be in the position not to accept the modifica-
tions in design and construction procedures if this implies a cost increase.
Therefore, it is extremely important to state, right from the beginning of the do-
servational program, that monitoring is going to be used for such a purpose and
that al the contractua options for making this effective have been taken into
account.

6.2 Summary of instrumentation

The instrumentation within the tunnel will include (°):

- convergence measuring points between which accurate measurements are
made with tape extensometers (accuracy of measurements: +0.5 mm), and/or
geodetic measurements from a remote theodolite station (accuracy of meas-
urements: 1.0 mm) without disruption to normal operations (relative
movement is measured with the tape extensometers while absolute move-
ment with geodetic measurements);

- extensometers measurements for determining relative displacements be-
tween points in a borehole in the direction of the borehole axis (accuracy of
measurements. +0.5 mm); these measurements are generally performed by
multiple point borehole extensometers installed in boreholes oriented in a
desired direction around the tunndl;

- diding deformeter measurements for determining relative displacements
between points in a borehole drilled in a direction paralle to the tunnel axis,
starting from the face (accuracy of measurements. £0.02 mm/m); measure-
ments are carried out by means of a portable measuring probe and are possi-
ble concurrently with face advance;

- strain measurements in the support elements (shotcrete and concrete linings,
sted ribs, dowels or anchors, etc.) by means of strain gages attached to stedl
members or imbedded within shotcrete/concrete (accuracy of measurements:
+0.1%); also used are load cells, concrete stress cells, hydraulic flat jacks;

- pore water pressure measurements by means of piezometer cdls instaled in
boreholes, pneumatic, vibrating wire and electrical resistance piezometers
can be used; whichever is adopted, it is important to know the conditions of
installation and the ground in which the piezometers cell has been placed.

For purpose of illustration typical monitoring stations are shown in Figures 56
and 57. Figure 56 gives a tunnel excavated by the heading and benching down
excavation method where both convergence measuring points and multiple

(®) Only instrumentation installed within the tunnel is considered in the following. It is reminded
that when tunnels are driven at a shallow depth, e. g. in urban areas, additional instrumenta-
tion will be needed, whichisinstalled at the surface and in borehol es from the surface.
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point extensometers are installed. With the intention to draw the attention on the
displacement measurement at the tunnel face and in the rock mass ahead during
excavation, Figure 57 illustrates a typical section with measuring points on the
face and within the rock mass ahead by means of a diding micrometer.

4 point extensometer

3 point extensometer

B

Figure 56: Typical monitoring station with convergence measuring points and multiple point ex-
tensometers

A target points for

"convergence" measurements ( &)
A target points for

"extrusion" measurements ( 1)

‘ Cross Section (not to scale

= I 5
Target sliding micrometer
; 0 1 p 3l 5 6
Face ~ v
Al LY I LY I -
0 \ Pretreatment by means of
fiberglass dowels

Longitudinal Section (not to scale)

Figure 57: Typical monitoring station with target points on the face and sliding micrometer
ahead of theface (not to scale)
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6.3 Observation and monitoring of atest tunnel

As suggested for swelling rocks (ISRM, 1994), aso for squeezing rock condi-

tions it is advisable, whenever possible, to use observation and monitoring of a

test tunnel (access tunnel, side adit, pilot tunnel, etc.). The test tunnel is to be

excavated well in advance of the actua tunnels in order to obtain the following
information:

- identification and quantification of the squeezing behaviour, mainly the ratio
of rock mass strength to in situ stress as an indication of the stability condi-
tions of the rock mass surrounding the advancing tunnel;

- in gtu observation and monitoring of tunnel convergences and deformations
around the tunnel, including the tunnel face and support/pre-support meas-
ures:

- comparison of predicted and observed performance in order to improve the
computational approach used and to obtain the rock mass parameters for fi-
nal design;

- andyse the tunnel response during face advance, by comparing different
support measures and excavation sequences, in the attempt to experience
passive, active and intermediate design concepts.

Special care need be devoted, during performance monitoring of the test tunnel,
to the evauation of the time dependent behaviour of the rock mass. This is a
rather difficult task, especidly if one is to determine the rock mass creep -
rameters to be used in the congtitutive laws which will be applied for design
purposes. Successful examples of application of this type have been reported by
Sulem et a. (1987).

6.4 Convergence measurementsinter pretation

A common approach in observation and monitoring is the use of convergence
measurements. As described by Sulem (1994), one need to be careful as con-
vergence of atunnel is dueto:

(a) the effect of the face advance

(b) the time-dependent behaviour of the rock mass.

The time-dependent face advance has to be recognized and separated from the
time-dependent rheological behaviour of the rock mass. This is possible by
plotting the convergence C versus the distance of the instrumented section to the
face of excavation x and versustimet (see Figure 58). While the face is close to
the observation section, the dominant parameter is the distance to the face and,
on the other hand, when the face is far ahead its influence vanishes and the tun-
nel response is controlled by the rheological behaviour of the rock mass.
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As described by Sulem (1994), a law used to differentiate the face advance -
fect from the rock mass time-dependent behaviour is written as follows:

C(x,t) = Cy xf(x)fL+my(t)] X (47
where:
X o
f(x)=1- 2 x (48)
X+ X @
o) =1- 12 x (49)
t+T o
for:
X = distance related to the distance of influence of the face;
T = characteristic time related to the time-dependent behaviour of the
rock mass,
Cy = “instantaneous convergence’ obtained in the case of an infinite

rate of advance (no time dependent effect);

Cy (1+m) = final convergence;

n = exponent greater than zero; in cases of interest (Sulem et a.;
1987a) n = 0.3.

observation
//’ station

L 1™ face

no face
advance

Figure 58: Typical convergence measurement C (X, t) versus timet and progress of excavationx
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It is shown that when x/ X £ 3, i.e. when the face is not far from the observation
sation,and t / T£ 10, i.e. when the time of convergence measurement in the
observation station is relatively short, the convergence C (x, 1) is dependent
upon the influence of the advancing face. Viceversa, as the face moves far way
from the same station & / X > 5), the convergence is dependent upon the
rheological behaviour of the rock mass. It seems reasonable, near to the tunnel
face, to analyse the convergence measurements independent of time; when the
face is sufficiently far, then most of the attention should be paid to the time de-
pendent behaviour of the rock mass.

Another point of interest is that the distance of influence of the face (i.e. the @
rameter X) can be shown to depend upon the extent of the plastic zone around
the tunnel. In the case of an unlined circular tunnel driven through an elasto-
plastic rock mass (the stress-strain model is ideally plastic according to the
Mohr-Coulomb yield criterion) in a hydrogtatic stress field, the convergence
C () is (Panet and Guenot, 1982):

¢ u
clx)=cy[f(x)]=cy g- 3 (61)
é

where:

Ry = radius of the plastic zone for p; = 0.

The convergence law as described above can be used effectively in tunnel prac-

tice in squeezing rock conditions as shown by Panet (1996). Once an excava-

tion/congtruction sequence is being applied in a continuous, systematic fashion

and convergence measurements are carried out as a function of the distance x

and time t (Figure 58), anaytical and numerica calculations by curve fitting

procedures alow one to do the following:

- todetermine parameters X, T, m, nfor a set of cross sections where conver-
gence measurements are available by using equations 58, 59 and 60;

- to evauate parameter Cy for any new excavated section by curve fitting of
the first convergence measurements and eventually to update X, T, m, n;

- to assess the radius of the plastic zone by means of equation 61;

- to anticipate the final tunnel convergence Cy (1 + m).

6.5 Deformation ahead of thetunnel face

It has aready been observed that the understanding of the tunnel deformation e,
(this can be carried out by convergence and extensometer measurements) is as
important as to know the face deformation e (which is obtained by means of
extrusion measurements). In connection with the full face excavation method in
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particular, both the stability of the face and the stiffness of the core ahead can be
assessed during face advance. This aspect of the problem which is very relevant
for tunnelling under squeezing conditionsis discussed in the following.

It is noted that a theoretical framework for interpretation of the deformations
which occur at the face and in the rock mass ahead is not yet available. As dis-
cussed above some preliminary guidelines have been given by Hoek (2000) to
estimate both e and e . Recently, Wong et d. (2000) developed an analytical
solution on the genera behaviour of the tunnel face, reinforced with fiberglass
dowels, by using the homogenization method and the assumption of hydrostatic
state of stress. Either elagtic or easto-plastic stress-strain laws can be consid-
ered.

The results of monitoring during face advance (the instrumentation used in such
acaseis shown in Figure 73 and consists of a number of convergence stations, a
dide micrometer installed aong the tunnel axis, and a number of target points
linked to the face) give the horizontal displacements within the rock mass as the
reinforced core is gradualy being removed, associated with the convergences
which are measured concurrently. A typica plot is shown in Figure 59 as re-
ported by Lunardi (1995) for the San Vitale tunnd in Italy.

Figure 59: Caserta-Foggiarailway line - San Vitale tunnel. Extrusion and convergence measure-
ments during face advance (Lunardi, 1995)
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7. A case example: the Pinglin tunnd (Taiwan)

The Pinglin tunnel crosses the Centra Mountain Range rock mass; it is located
at an average depth of 400 m (the maximum expected depth is 720 m approxi-
mately) and comprises two parale tunnels (called “East Bound” and “West
Bound”), with 11.7 m diameter, excavated with a distance center to center of
60 m, which reduces to 42 m approximately in the first 800 m from the portals
(Figure 60). The excavation of the two tunnels has been preceded with the ex-
cavation of a5.2 m pilot tunndl, located between the two main tunnels (*).

LEFT MAIN TUNNEL RIGHT MAIN TUNNEL
PILOT TUNNEL
B R=6.256m R=260m B
21-30m 21-30m
| -
42 -60m

Figure 60: Cross section of the Pinglin tunnel

A brief outline of the construction process and monitoring

The congtruction process of the Pinglin tunnel foresees mechanized excavation
with a TBM along almost the total length, except for the short length near the
portals where excavation was to take place by the conventional Drill and Blast
method. As very difficult rock mass conditions were encountered at the East
portals, the conventional method was used over a greater length than initialy
expected, prior to reaching a fault zone (Chingyin Fault), which was foreseen
800 m ahead from the portals.

The excavation of the pilot tunnel was initiated in July 1991; in one year the
first 520 m were excavated by Drill and Blagt, to follow up with mechanized
excavation by TBM in July 1992. The new execution process was characterized
by a number of problems. the TBM was blocked a few times and the stability
conditions became particularly severe when crossing the Chingyin Fault. Fol-
lowing this, a 700 m additiona length of the pilot tunnel were excavated, before

(") The experimental results used in the present paper were made available during a consulting
job carried out in 1995 on behalf of Spie-Batignolles, Paris.
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stopping the face advance, following the ninth TBM blockage, 1500 m ahead of
the East portal.

The excavation of the two main tunnels was undertaken one year after the pilot
tunnel commencement, on July 1993. In both tunnels excavation took place ini-
tially by the conventional method. The face advance revealed to be very diffi-
cult due to a number of stability problems which were encountered, prior to
reaching the fault zone.

Along the main tunnels, two monitoring sections were utilized as follows (Fig-

ure 61):

- the first one, with five convergence measuring points. one at the crown, the
other ones at the boundary of the excavation placed according to horizontal
lines, in order to monitor the crown and bench section excavations, conver-
gence measurements were performed along the lines H1, H2, DI, D2, D3,
D4; in addition, the settlement of the crown was monitored by means of
topographic measurements
the second one, which comprises five multi-point extensometers in addition
to the convergence measuring points as above (the extensometer points are at
2m, 4 mand 6 or 9 m distance from the tunnel contour).

D’ @ Dz

: ~ JRe62
Hé E5
E4 $ .
H 2 excavation

dage

Figure 61: Monitoring system of main tunnels; the continuous lines show the excavation &
quence

The main monitoring stations with both multiple point borehole extensometers
and convergence measuring points were installed every 200 m along the tunnel
axis, whereas the convergence stations were placed every 50 m. Along the first
800 m approximately from the entrance, each tunnel was monitored with three
main stations whereas only 13 convergence stations were ingtalled. The atten-
tion in the following will be devoted to the first two main stations installed
along the left main tunnel, at chainage PK39+972 and PK39+694 (Figure 62).



Tunnelling under squeezing rock conditions - 78

Chinjing Fault

K 39+390 PK 39+694

H=220m

PK 39+972

H=150m EAST PORTAL

4 264m
542 m

Figure 62: Monitoring sectionsin theleft main tunnel

Geotechnical characterization

The rock mass encountered along the tunnd is argillite with the following char-
acteristics:

unit weight: 25 kN/n?*

uniaxial compressive strength of the rock materia: 30, 40 MPa

RMR quality index: 10+40.
No data were available from in situ tests. Therefore, the rock mass strength and
deformability properties were assessed on the basis of well known empirical
correlations (Serafim and Perreira, 1983; Hoek and Brown, 1980), by assuming
the m (coefficient in the Hoek-Brown criterion) value to be equa to 5.

Given that the interest here is to apply the proposed approach as previoudy
shown, it was necessary to assess the strength parameters ¢ and f. This was
done by a linearization of the Hoek-Brown criterion for a s; value equal to the
isotropic stress py. The deformability and strength parameters adopted are given
in Table 8. The Poisson’ s ratio was taken equa to 0.35.

Table8:  Geotechnical propertiesfor the rock massin the left main tunnel

section H Po RMR E fo Cp f, C
(chainage) | (m) | (MPa) (GPa) | (°) | (MPa) | (°) | (MPa)

1(PK39%+972) | 150 | 3.75 18 158 | 174 | 118 [517| 034

2(PK3+694) | 200 | 55 15 133 |136] 133 [363| 035

Rock mass behaviour

On the basis of the available data, it was possible to notice that the tunnel ex-
hibits, in the two sections of interest, a squeezing behaviour according to the
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empirical criteria due to Singh et d. (1992) and Aydan et al. (1993): for each
chainage and the corresponding depth H, the critical value of Q was derived by
the fdlowing formula (Singh et d., 1992):

H =350 %[Q X (50)

Then, by using the empirical correlation formula reported by Bieniawski (1989),
the corresponding RMR vaue was obtained. It is relevant to remark that these
values compare well with the “real” ones, as assessed during tunnel excavation:
this comparison leads one to conclude that in both the tunnel sections under
study sgueezing conditions occur according to Singh. The numerical values de-
rived are summarized in Table 9 and illustrated on the Q-H plot given in Figure
63.

Table9:  Squeezing behaviour according to Singh et a. (1992), for sections 1 (PK 39+972) and
2 (PK 39+694)

section H (m) Qs| ngh RM RSinqh RMR
(chainage) (depth)
PK 39+972 150 0.078 21 18
PK 39+694 220 0.248 315 15
10000 ~ Singhline
B PK 39+972
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Figure 63: Squeezing behaviour in cross sections 1 (PK 39+972) and 2 (PK 39+694) according
to Singh et al. (1992) criterion

In a similar way, aso applied was the criterion given by Aydan et a. (1993),
who state that squeezing conditions occur when:
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s
a:gﬁ<2 (51)

wheres, is taken as the rock mass uniaxial compressive strength, g is the unit
weight and H is the tunnel depth.

As dready pointed out, the rock material uniaxia compressive strength is
s.=35,40 MPa. Therefore, by using the Hoek-Brown criterion, the corre-
sponding rock mass strength is given by:

s, =5, (52)
where s is easly assessed on the basis of the RMR index (Hoek and Brown,
1998).

The results obtained are summarized in Table 10 for the two tunnel cross sec-
tions of interest; it is noted that in both cases the a values are significantly
smdler than 2 and that the left main tunndl is, in the length under consideration,
under squeezing conditions.

Table 10: Squeezing behaviour in cross sections 1 (PK 39+972) and 2 (PK 39+694) according

to Aydan (1993) criterion

section H (m) S Sem (MPa) a
(chainage) (dlepth)
PK 39+972 150 0.0061 2.7 0.72
PK 39+694 220 0.0075 3.0 0.655

Tunnel section at chainage PK 39+976

The considerations below have been derived by referring to the convergence
data available for the tunnel section at chainage PK 39+976, i.e. 260 m -
proximately from the entrance, under a depth of cover equal to 150 m. The rock
mass conditions were assessed to be “poor” (class V); the excavation sequences
were as follows: top heading, first and second benching down, invert excava-
tion. The primary lining consists of mesh reinforced shotcrete (20 cm thick),
stedl sets (HE 100x100 mm) and rock bolts (length 6 m).

The monitored displacements at the crown (V1) and the horizontal convergence
(HI and H2) are plotted versus time in Figure 64. It is possible to notice that the
maximum displacement (V1) is a the crown and is equal to 215 mm. This gives
a Uy / a ratio equal to 3.44%. Accordingly, for the H2 convergence egqua to
163 mm the corresponding value is 1.3%.
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Figure 64: Convergences H1 e H2 and crown displacement (V1) measured in the cross section 1
at chainage PK 39+972

It is of interest to note that, based on the convergence response as shown in Fig-
ure 64, the opening of the crown heading does not result in a stable condition:
e.g. dong the H1 length a convergence rate of 5 mm/month occurs; with the
first benching down, this convergence rate attains even greater values up to
13 mm/month; only with the second benching down (after six months from the
firgt benching down) and invert excavation, followed by immediate ring closure
with a reinforced concrete invert, the convergence rate becomes smaller
(2 mm/month approximately).

The significant convergence rate values, as experienced by the tunnel cross sec-
tions between the firgt and the second benching down for a significant time pe-
riod, let one think that the rock mass exhibits a viscous-plastic behaviour. This
is well confirmed by the convergence versus time measured aong the 112 m
length following the second benching down: in approximately three months the
convergence doubles its value. Also, the measurements along H1 were no
longer possible after 8 months as a consequence of damage of the measuring
pins.

As an additional point of interest, it is relevant to analyze the convergence
measured in the pilot tunnel, which was excavated ahead of the two main tun-
nels, thus allowing one to understand the rock mass response due to excavation
and to assess the following:
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the influence on the pilot tunnel stability as due to the face advance of both
the main tunnels
the mutua interaction between the pilot tunnel and the main tunnels.

Figure 65 shows the convergence for the pilot tunnel in a cross section at chain-
age 350 m from the entrance; it is possible to note that the convergence which
occurs as a consegquence of the pilot tunnel excavation has a tendency to -
crease when the face is 15 m ahead of the monitoring station, then to increase
very dowly, a arate of only 0.8 mm/month: in these conditions the tunnel cross
section is therefore stable with a very limited time-dependent behaviour.
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Figure 65: Convergences in the pilot tunnel at cross section 40+328 due to excavation in the
maintunnels
C-D = crown 1% excavation stage in the right main tunnel
R1-D = 2" excavation stagein the right main tunnel
R2-D= 3" excavation stagein the right main tunnel
C-S = crown 1% excavation stagein theleft main tunnel
R1-S = 2" excavation stagein the |eft main tunnel
R2-S = 3" excavation stage in the left main tunnel

The deformational response appears to peak up very significantly with the go-
proaching of the face excavation of the two main tunnels. The rate of conver-
gence shows an increase when the top headings of the main tunnels are 50 m
approximately behind the monitoring station in the pilot tunnel (point A in Fig-
ure 65), then to attain significantly high vaues with the main tunnes ap-
proaching.
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It is possible to derive the following remarks:

- given that the pilot tunnel has been excavated 500 m ahead of both the
headings of the main tunnels, the convergence Dyijot wunnet ShOWN in Figure 65
gives the rock mass deformationa response due to the pilot tunnel excava-
tion only; a strong increase in convergence follows up due to the influence of
the excavation of the main tunnels; this results in a significant change in the
state of stress so as to determine large plastic zones with extent so asto reach
the pilot tunnel
the excavation of the pilot tunnel only exhibits a very small time dependent
behaviour, which however is negligible with respect to the response ob-
served during the main tunnel excavations; this is to be related to the com-
paratively small size of the pilot tunnel.

Numerical analyses performed

The main tunnels response to excavation has been anadyzed by considering one
tunnel only, under the assumption of symmetric conditions with respect to the
axis between the two openings. The finite difference method and the FLAC
code were utilized according to the following:

elasto-plagtic brittle behaviour

squeezing behaviour.

The stress-strain model adopted in order to describe the squeezing behaviour is

shown in Figure 66. As described in detail by Barla and Borgna (1999), the

following three stages of behaviour are considered:

» Linearly dastic stage (OA), which applies up to the stress level s;4, when
the ground starts to exhibit a time-dependent behaviour

» Hardening stage (AB), which is intended to represent the termina locus of
creep strain, without resulting into creep failure

» Long-term stage (BC), when a strain softening behaviour is assumed.

As dready anticipated, the implementation of this stress-strain mode! is possible
by the finite difference method and the FLAC code, which enables the user to
incorporate the desired changes in the available congtitutive laws and to define
continuous functions of the strength parameters based on the actual stress-strain
level. The Mohr-Coulomb plasticity model has been adopted to suit the specific
needs of the stress-strain moddl above.
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Figure 66: Model adopted for analysis of squeezing behaviour of the Pinglin tunnel

With reference to the convergence measured along the H2 length, a series of
sengitivity analyses were carried out by using the model of behaviour in Figure
66 with the s, / s, ratio taken as 0.64. The computed value of convergence is
equa to 166.4 mm (horizontal displacement 83.2 mm, Figure 67), which com-
pares reasonably well with the measured 163.2 mm. It is noted that the corre-
sponding analysis for the elasto-plastic-brittle model and the set of parameters

shown in Table 8 gives a computed convergence of 84.2 mm (horizontal dis-
placement 42.1 mm, Figure 67).
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Figure 67: Computed displacements in the tunnel surround: (a) elastic-plastic-brittle model; (b)
proposed model

Also of great significance are the results obtained for the plastic zones around
the tunnels. Figure 68 shows these zones for the squeezing and the dasto-
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plastic-brittle model respectively: it is clear that the first model gives a plastic
zone which extends nearly twice as that computed for the second modd. This
type of behaviour is taken as representative of the expected response of the tun-
nel in the real conditions.
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Figure 68: Plastic zone around the tunnel: (a) elastic-plastic-brittle model; (b) proposed model

By paying attention to the convergence experienced by the main tunnels and the
pilot tunndl, it is evidenced that when the heading of the main tunnel approaches
the preexisting pilot tunnel a significant interaction takes place, with influence
on its stability conditions (see Figure 26). This behaviour is linked to the
spreading of the plastic conditions within the rock mass between the two tun-
nels: according to a stress analysis carried out for the pilot tunnel only under the
assumption of squeezing behaviour, the extent of the plastic zone, along the line
joining the main tunnel centers, is approximately equal to 5 m.

If consideration is aso given to the extent of the plastic zone computed around
the main tunnd, it is possible to assume that the size of the plastic zones in-
creases up to obtaining a very extended zone of disturbance surrounding the two
tunnels. It is relevant to point out that this condition is likely to have taken place
in the real case, as well evidenced by the damages occurred in the support of the
pilot tunnel. This is not the response obtained if the elasto-plastic brittle behav-
iour is assumed, unless very low and unreasonable values are given to the
strength parameters.

Considerations

The results obtained show that, under squeezing behaviour, the easto-plastic
models fail to reproduce the deformationa response which takes place during
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tunnel excavation. At the same time, the adoption of more complex models of
behaviour is not easy to be proposed in view of the generally poor rock mass
conditions which make it difficult to obtain representative samples for testing
under time-dependent conditions. Also, the problems met during excavation do
not always alow performance monitoring for the same purpose (they would re-
quire one to stop face advance for a long time period). Therefore, the charac-
terization of the rock mass rheological properties from in situ monitoring may
become very difficult if not impossible.

The use of the stress-strain model shown in Figure 66 alows one to overcome
some of these limitations by means of reasonable assumptions for the squeezing
behaviour, based on design parameters for deformability and strength, which are
possible to be obtained in practice. For the case study of the Pinglin tunnel
(Tailwan), the more extended plastic zone obtained with this approach when
compared to the elasto-plastic-brittle solution, allows one to explain for the in-
teraction taking place between the main tunnels and the pilot tunnel, concurrent
with large convergences around it. These occurred when the heading of the
main tunnels approached the monitoring station in the pilot tunnel, causing sig-
nificant damages of the support.
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APPENDIX 1

1

Definitions of sgueezing published by the International Society for Rock
Mechanics (ISRM), Barla (1995)

Squeezing of rock is the time dependent large deformation which occurs
around thetunnd () and is essentially associated with creep caused by ex-
ceeding a limiting shear stress. Deformation may terminate during con-
struction or continue over along time period.

Squeezing can occur in both rock and soil as long as the particular combina-
tion of induced stresses and material properties pushes some zones around
the tunnel beyond the limiting shear stress at which creep starts.

The magnitude of the tunnel convergence associated with squeezing, the rate
of deformation, and the extent of the yielding zone around the tunnel depend
on the geological conditions, the in Situ stresses relative to rock mass
strength, the groundwater flow and pore pressure, and the rock mass proper-
ties.

Squeezing of rock masses can occur as squeezing of intact rock, as squeez-
ing of infilled rock discontinuities and/or aong bedding and foliation sur-
faces, joints and faullts.

Squeezing is synonymous of overstressing and does not comprise deforma-
tions caused by loosening as might occur at the roof or at the walls of tunnels
in jointed rock masses. Rock bursting phenomena do not belong to squeez-
ing.

Time dependent displacements around tunnels, of similar magnitudes as in
sgueezing rock conditions, may also occur in rocks susceptible to swelling.
While swelling always implies volume increase, squeezing does not, except
for rocks exhibiting a dilatant behaviour. However, it is recognized that in
some cases squeezing may be associated with swelling.

Squeezing is closaly related to the excavation and support techniques and
sequences adopted in tunnelling. If the support installation is delayed, the
rock mass moves into the tunnel and a stress redistribution takes place
around it. Conversaly, if the rock deformations are constrained, squeezing
will lead to longterm load build-up of the rock support.

©)

Theterm “tunnel” isused in the following to describe underground excavationsin general, in-
cluding large caverns.
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2. Summary of definitions of squeezing as available in the Rock Mechanics lit-
erature

Definition according to Terzaghi (1946)

Terzaghi defines squeezing rock and swelling rock as follows:

- squeezing rock is merely rock which contains a considerable amount of clay.
The clay may have been present originaly, as in some shales, or it may be an
ateration product. The rock may be dominated by the inoffensive members
of the Kaolinite group or it may have the vicious properties of the Mont-
morillonites. Therefore the properties of squeezing rock may vary within as
wide arange as those of clay;

- the term swelling rock refers to rocks the squeeze of which is chiefly due to
swelling. Swelling rocks are dways at least moderately dense, having the
consistency of stiff or hard, pre-loaded clays.

Terzaghi aso points out that:

- squeezing rock dowly advances into the tunnel without perceptible volume
increase. Prerequisite for squeeze is a high percentage of microscopic and
submicroscopic particles of micaceous minerals or of clay with a low swel-
ling capacity;

- swaelling rock advances into the tunnel chiefly on account of expansion. The
capacity to swell seems to be limited to those rocks which contain clay min-
erals such as montmorillonite, with a high swelling capacity.

Definition given by Gioda (1982)

In a paper describing the analysis of “The non-linear squeezing effects around
circular tunnels’, the term squeezing is taken to indicate the time dependent de-
formation produced by the concentration of shear stresses in the zone sur-
rounding the excavation. Both deviatoric and volumetric deformations may be
present, the latter associated with possible dilatancy of the geotechnical ne-
dium.

On the contrary, swelling refers to a time-dependent volume increase produced
by absorption of water in the zone close to the excavation. It is noted that the
swelling phenomenon is particularly evident in soils and in rocks containing
clay mineras with small particles size (such as Montmorillonite) and in rocks
containing Anhydrite. In both cases swelling is caused by the physico-chemical
interaction between the solid and liquid phases of two-phase media.

Definition given by O’ Rourke (1984)

Squeezing ground is defined as ground that undergoes substantial time-
dependent deformation in the vicinity of the tunnel as the result of load intensi-
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ties exceeding its strength. This loading is brought about by the redistribution of
stresses adjacent to the excavated opening. As a consequence of the squeezing
ground, the tunnel supports will experience loads that may increase for weeks or
even months to a value several times higher than the initial ones. In some in-
stances, it is advantageous to alow movement of the ground before providing
support. By doing so, the stresses in the ground redistribute themselves and the
support requirements are diminished. Movements of the ground surface above
the tunnel, however, may be increased. The design of a tunnel in sgueezing
ground requires careful study of factors such as in-Situ stresses, degree of
weathering and mineralogy of the ground, time and stress-dependent strength
and deformation characteristics of the ground, and excavation and support tech-
niques and sequences.

Definition given by Jethwa (1986)

Creation of a tunnel opening disturbs the primitive stress field and the rock
mass around the opening is strained under the influence of induced stresses. Al
points around the tunnel are consequently displaced radialy into the opening. A
support system tries to contain these radia displacements called the tunnel-wall
displacements and gets loaded. The rock loads, thus, depend on the magnitude
of the tunnel-wall displacements. In case of competent rock masses, these dis-
placement are agtic in nature and remain generally within 1 per cent of the
tunnel radius. These are called time-independent displacements and are associ-
ated with low rock loads on the support system. These rock loads stabilize soon
after excavation and a fina concrete lining in hydroelectric tunnels is normally
provided from hydrological considerations only. On the contrary, a soft rock
mass fails under high primitive stresses and forms a plastic or broken zone
around a tunnel opening. The failed rock mass undergoes plastic deformations
which continue for months. Thisis called squeezing rock condition and the tun-
nel-wall displacements are predominantly time-dependent under such condi-
tions. The rock loads on the support system continue to increase till the rate of
tunnel-wall displacement becomes zero. The radial rock pressure acting on the
tunnel lining at this stage is caled the ultimate rock pressure. The difference
between the ultimate and the short-term values of rock pressure is called the
creep pressure. The magnitude of the creep pressure under the squeezing rock
conditions is considerably greater than the short-term rock pressure. Tunnel
linings should, therefore, be capable of withstanding the ultimate rock pressure.

Definition by Kovari (1988)

Squeezing response of the rock to excavation implies:
- large ground deformations causing reduction of cross section possibly even
in the floor;
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- deformations go on during along time period;
- if deformations are hindered, great pressures may arise sometimes due to
failure of the tunnel support.

Squeezing behaviour is best understood by assuming yielding rock conditions
around the opening. Low rock strength versus high stress is decisive. The rock
is stressed to its bearing capacity and fails in yielding manner in contrast to
brittle failure. Time effects with creep and/or increasing rock pressure is the
conseguence.

Itisasoimplied that:

- the continuous large deformations are not the result of swelling. Swelling
means increase in volume of the rock due to absorption of water. Rock con-
taining clay mineras such as lllite, Montmorillonite and Corrensite and/or
Anhydrite are susceptible of swelling;

- large rock deformations restricted to the roof area or to the walls may occur
due to inadequate support in jointed rock. These deformations are caused by
loosening and not by yielding due to overstressing;

- rock bursting does not belong to the category of squeezing rock.

Definition adopted in India (Singh, 1988)

Squeezing implies rock mass failure (associated with volumetric expansion) due
to overstressing and in tunnels it is associated with movements of the failed
rock mass into the opening. It is noted that swelling is associated with certain
clays e.g. Montmorillonite, llite, Chlorite, etc. which swell due to the ingress of
moisture. Also, it is emphasized that tunnel closures under squeezing conditions
may continue for long periods, sometimes over ayear.

Definition given by Einstein (1990)

In a comprehensive paper on ‘Design and analysis of underground structures in
swelling and squeezing rocks’, Professor Einstein notes that both swelling and
squeezing cause an inward movement of the tunnel periphery over time. The
intensity of the movement rate and the magnitude of the displacements often
vary over the tunnel surface depending on the geology, on the origina stress
state and on the shape of the tunnel.

Swelling is due to volume increase caused by water uptake and often occurs
without yielding, while squeezing is essentially associated with creep caused by
exceeding a limiting shear stress. Nevertheless, in dilatant materials, squeezing
can aso be associated with volume increase, while on the other hand, swelling
induced stresses and material modif ications may cause time dependent yielding.
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Swelling and sgueezing can occur in both rock and soil. Most occurrences of
swelling ground are associated with argillaceous soil or rock; swelling in anhy-
drite or mixed anhydrite-argillaceous rock is less frequent and may actualy
cause the most severe problems.

Squeezing, as the preceding description of the phenomenon implies, can occur
in any soil or rock as long as the particular combination of induced stresses and
material properties pushes some zones around the tunnel beyond the limiting
shear stresses at which creep starts.

A careful definition of sgueezing rock is aso given as follows. Squeezing is

time dependent shear displacement of the ground which causes the tunnel pe-

riphery to move inward. The sgueezing mechanism can consist of anyone or a

combination of submechanisms, namely:

- creep (or otherwise expressed viscous behaviour) in the particles of the intact
material such as the grains in rock and soil. Creep of individual particles
may be due to viscous behaviour of the crystal structure or unstable crack
propagation;

- creep dong the interfaces between particles of the intact material, and creep
along larger scale discontinuities such as bedding and foliation surfaces,
joints and faullts.

These cregp mechanisms involve the three well known components (primary,
secondary and tertiary) and typical combinations thereof. Usualy, the creep
mechanisms underlying sgueezing is of visco-plastic nature but, particularly at
low stresses, some of the strains may be recoverable i.e. visco-elastic behaviour
occurs.

Creep usually occurs at stress levels below the short term shear strength of a
material. The results of short duration strength tests are thus not very useful for
determining creep susceptibility and the type of creegp mechanism.

Creep and thus sgueezing can occur without volume change. In cases of dilatant
behaviour, squeezing will be associated with volume increase. It is aso possible
that pore or cleft water dissipation occurs with squeezing; in such circumstances
consolidation and volume decrease will be associated with squeezing.

Definition adopted in Japan (Aydan et al. 1993)

In Japan, when tunnels exhibit large deformations during excavation, the rock is
generaly termed as “expansive’. Therefore, in general squeezing is regarded as
alarge inward closure of tunnels and no digtinction is made on the nature of the
motion. Phenomenologically, the squeezing type of closure may involve three
possible forms of failure of the surrounding medium:

a) complete shear failure
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b) buckling failure
¢) shearing and diding failure.

It is aso noted that the squeezing phenomenon may be treated as having an
elasto-visco-plastic behaviour and it can only occur when the rock is yielded by
the redistributed state of stress following the excavation of the tunnel. It is a
physical process and involves the irrecoverable dilatant behaviour of the rock.
On the other hand, the swelling phenomenon is a chemical process involved
with the exchange of ions between some mineras and water.
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