
1 INTRODUCTION

The term “squeezing” refers to the phenomenon of large
long-term rock deformations triggered by tunnel excavation.
Squeezing may lead to the destruction of a temporary lining
or even to a complete closure of the tunnel cross section.
Two basic concepts exist for dealing with squeezing
conditions (Kovári 1998). According to the so-called
"resistance principle", a practically rigid lining is adopted,
which is dimensioned for the expected rock pressure. In the
case of high rock pressures this solution is not feasible. The
so-called “yielding principle” is based upon the observation
that rock pressure decreases with increasing deformation.
By installing a flexible lining, rock pressure is reduced to a
value that is structurally manageable. An adequate
overprofile and suitable detailing of the temporary lining
will permit the non-damaging occurrence of rock
deformations, thereby maintaining the desired clearance
from the minimum line of excavation. The rock load
reducing effect of flexible supports, as well as various
technical solutions, have been known - at least in principle -
since the first decades of the 20th century (Fig. 1). Major
progress was made in 1932 with the introduction of sliding
connections by Toussaint-Heintzmann.

Typical design issues concern the feasibility of a rigid
support in a given geotechnical situation (rock strength and
deformability, depth of cover and magnitude of pore
pressure), the amount of deformation required in order to
reduce rock load to a technically manageable level and the
structural detailing of a flexible support. The present paper
addresses these questions by outlining and discussing the
yielding support systems proposed and applied in the past
(Section 2), and by presenting design nomograms for
estimating the amount of deformation required to reduce
loading (Section 3).

2 TYPOLOGY OF FLEXIBLE TUNNEL SUPPORTS

There are basically two technical options for accommo-
dating deformation without damage to the lining (Fig. 2):

(a) Arranging a compressible layer between the extrados of
a stiff lining and the excavation boundary; (b) Installation of
a yielding lining in contact with the rock face. In the first
case, the rock may experience considerable convergence,
while the clearance profile remains practically constant as
the lining’s stiffness limits deformations. Such a solution is
therefore advantageous particularly in cases with slow and
prolonged deformations during the service period of a
tunnel. It is a standard solution for the final support of
tunnels crossing highly swelling rock (Kovári et al 1988).

Figure 1. (a) Layer of wood between rock and U section steel sets;
(b) Concrete with wood interlayers (from Heise & Herbst 1913).

Figure 2. Basic types of flexible support.
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Figure 3. Sliding connections of (a) top hat section steel sets and
(b) H section steel sets (from Fröhlich 1948); (c) lattice girders.

Figure 4. Shotcrete shell with (a) open slots, (b) steel cylinders
(Schubert 1996), (c) ductile concrete elements (Thut et al. 2006).

Figure 5. Load-deformation behaviour of compressible elements.
Curves A and B: steel cylinders (4 elements per linear meter) after
Schubert et al. (1996, 1999), respectively. Curves C and D: ductile
concrete elements after Thut et al. (2006).

Figure 6. Bearing capacity of yielding support (solid lines) and
height of loosening zone (dashed lines) as a function of tunnel
diameter b.

In the second solution, the lining deforms with the rock and,
consequently, its circumference shortens. This is possible
by an appropriate structural detailing involving either steel
sets with sliding connections (Fig. 2-b1) or deformable ele-
ments inserted into slots left between stiff lining segments
(Fig. 2-b2). Thrust transfer occurs via friction in the first
case and via compression in the second. The axial force in
the lining is controlled by the frictional resistance of the
connectors or by the yielding stress of the deformable ele-
ments, respectively.

The basic design parameters of a yielding support are the
deformability !s (=s-s’ in Fig. 2), the number n and the
yielding load N of the flexible joints. The first two parame-
ters are selected on the basis of the radial convergence u
that must occur in order to reduce loading (for a circular
tunnel cross section, n.!s=2"u).

Depending on the strength and the structure of the rock
mass, block detachment or loosening of an extended zone
above the crown may occur - particularly when considering
the larger deformations taking place with a yielding support.
The yield load N of the joints must, therefore, fulfil two
criteria: it must be, (i), lower than the design load of the
lining segments or of the steel ribs but, (ii), higher than the
resistance needed for safety against loosening. If the resis-
tance of the flexible joints is not high enough, the support
starts to yield under the weight of the rock. A low yield load
(e.g., 50 kPa as indicated by Hoek et al. 2006) does not
ensure safety against loosening, while solutions leaving the
tunnel completely unsupported for a period of time (as
proposed by Kolymbas 2003) should be obviously avoided.

Steel sets applied in squeezing ground have usually a top
hat cross section and are connected by friction loops (Fig.
3a) offering a sliding resistance of up to 600 kN/set (4 loops
x 150 kN) utilizing thus the high bearing capacity of TH-
ribs (for a recent successful application of TH-ribs in a large
cross section railway tunnel with up to 10% convergence
see Kovári et al. 2006). Occasionally, H cross section ribs
(Fig. 3b) are also used (cf. Sánchez Fernández et al. 1994,
Wittke et al. 2005). Lattice girders with sliding overlapping
bars (Fig. 3c) have even been proposed (Hindley et al.
2004) although their contribution to the support resistance is
negligible (very low buckling load of the bars).

Various support layouts in past underground mining
works incorporated wood extensively as a compressible
element. Lenk (1931) reported about early applications in
connection with prefabricated concrete elements. Recent,
mainly experimental, attempts to increase the flexibility of
precast segmental linings utilize neoprene elements (Croci
1986) or hydraulic devices (Tusch & Thompson 1996)
which are arranged in the longitudinal joints. Particularly
interesting from a mechanics point of view is the system
described by Baumann & Zischinski (1994) as it can ac-
commodate axial deformations of up to 30 cm under a very
high yielding load of 3 MN – this nevertheless at a prohibi-
tively high cost (expensive deformable jacks, time-con-
suming installation of the segments, heavy reinforcement
due to shear forces).

A shell made of shotcrete can, due to the brittleness of the
material, accommodate only small deformations without
damage (maximum 1-2% convergence). Leaving
longitudinal slots open in a shotcrete shell (Fig. 4a) was a
method used for dealing with high rock pressures in
conventionally driven alpine tunnels in the 1970s  (see, e.g.,
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Figure 7. (a) Characteristic lines of support; (b) Problem layout.

Figure 8. Pressure p (normalized by the intial stress po) acting
upon a stiff support as a function of the stiffness ratio ERa/ELd,
where ER and E L denote the Young’s modulus of the rock mass
and of the lining, respectively, a is the tunnel radius and d the
lining thickness. The symbols # and fc denote the friction angle and
the uniaxial compressive strength of the rock mass. The Poisson’s
number $ and the angle of plastic dilatancy % were taken equal to
$ = 0.30 and % = # – 20° (or 0 for # < 20°).

Figure 9. Pressure p (normalized by the intial stress po) acting
upon a rigid support as a function of the normalized convergence
uy occurred during the preceding deformation stage (see Fig. 8 for
the other parameters and notation).

Pöchhacker 1975). In this case, the high compressive
strength of the shotcrete is not utilized, and its statical
function degenerates to that of large anchor plates (Schubert
1996). Safety relies then solely upon bolting. A large
quantity of long bolts may be needed in order to control
rock deformation and for safety against loosening.
Deformable rock bolts with an extremely low yielding load
(70 kN, Wittke et al. 2005) are in this respect unsuitable as
they do not offer sufficient safety against loosening.

Compressible elements incorporated into the slots of the
shell increase safety by utilizing the shotcrete during the
deformation stage. For this purpose, so-called “lining stress
controllers” have been developed, and were applied first in
the Galgenberg Tunnel (Schubert 1996). They consist of
steel cylinders which are loaded in the axial direction (Fig.
4b), and which buckle in stages and shorten up to 200 mm
at a load of 150 - 250 kN, thereby limiting the stress in the
shotcrete shell (curve A in Fig. 5 refers to 4 elements/lm).
An improved element with three co-axial cylinders
(Schubert et al. 1999), similar to another device developed
in the same period for yieldable anchors (de Souza 1998),
reduced the force oscillations caused by uncontrollable and
asymmetric buckling (Fig. 5, curve B). The cylindrical
elements exert a concentrated pressure to the lining
segments (Budil et al. 2004). Overstressing of the shotcrete
can be avoided by appropriate, but costly and demanding,
structural detailing.

Further progress in this field has been made recently with
the introduction of compressible elements composed by a
mixture of cement, steel fibres and hollow glass particles
(Kovári 2005). The glass particles, which increase the void-
fraction of the mixture, collapse at a pre-determined
compressive stress, thereby providing the desired
deformability. The elements yield up to 50% in a ductile
manner, while the yield strength depends on the
composition of the mixture and can be adapted to specific
project conditions (Fig. 5, curves C and D). These elements
have recently been applied in the Lötschberg Basetunnel
and in the St. Martin la Porte site access tunnel of the Lyon
Turin Ferroviaire (Thut et al. 2006). Easy handling and
installation, complete incorporation into the shotcrete shell,
uniform load transfer to the shotcrete segments and almost
perfectly-plastic behaviour at high compressive stress are
their advantages.

Figure 6 shows the bearing capacity of yielding supports
(expressed by the rock column height h) as a function of the
tunnel diameter b (h=2N/b&, where N denotes the yielding
load of the deformable elements and & = 25kN/m
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 is the unit

weight of rock). With increasing tunnel diameter, the
yielding support resistance decreases while the probable
size of the loosening zone increases. High strength yieldable
elements offer considerable safety-gains, particularly for
large tunnel cross sections.

3 DESIGN NOMOGRAMS

The design of yielding support is based upon estimates of
the amount of deformation needed in order to reduce rock
load. The respective calculations usually assume plane
strain conditions. The latter underestimate deformations as
they do not consider correctly the stress-path dependence of
the mechanical behaviour of the ground (Cantieni &
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Anagnostou 2007). Furthermore, plane strain analyses
necessitate additional assumptions concerning the
deformations of the ground ahead of the tunnel face. Three-
dimensional simulations do not have these disadvantages as
they take into account the spatial stress re-distribution
around the tunnel face. Step-by-step numerical modeling of
tunnel excavation is very costly, however, and is carried out
only for specific projects.

Using a numerically efficient technique which solves the
advancing head problem in just one computational step,
thereby making comprehensive parametric studies possible
(Anagnostou 2007), design nomograms for yielding support
have been derived. The calculations have been carried out
assuming axisymmetric conditions (Fig. 7b, cylindrical
tunnel, uniform and hydrostatic initial stress field) and a
homogeneous ground with isotropic, linearly-elastic and
non-associated perfectly-plastic behaviour obeying
Coulomb’s yield criterion.

Both stiff and yielding supports have been considered. In
the first case (resistance principle, Fig. 7a, line 1) the lining
deforms more or less in relation to stiffness k (k=ELd/a
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where EL and d  denote the Young’s modulus and the
thickness of the lining, respectively, and a  is the tunnel
radius). In the second case (yielding principle, Fig. 7a, line
2) the lining deforms under stress-free conditions up to a
radial convergence uy and is rigid afterwards (for simplicity,
the yield load of the compressible elements or sliding
connections was neglected in the rock-support interaction).
Lining stiffness k (the resistance principle) or deformation
uy (the yielding principle), respectively, govern the rock
pressure p. Figs. 8 and 9 show the numerical results in
dimensionless form (cf. Anagnostou & Kovári 1993).

Fig. 8 can be used in order to assess the feasibility of a
lining according to the resistance principle as it shows the
load p (normalized by the initial stress po) developing on a
stiff (but not rigid) support without yielding or sliding
elements. Fig. 9 serves for the estimation of the
convergence uy that must occur during the deformation
stage of a yielding support in order that the rock pressure
decreases to a pre-determined, technically manageable load
value p.

The nomograms are useful for making quick assessments
of the conditions prevailing in a specific project, thereby
assisting the Engineer in the decision-making process.
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