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ABSTRACT

Overstressing of the segmental lining is one of the major hazard scenarios related to shielded TBM tun-
nelling in squeezing ground. The present paper deals with this specific problem, addressing the key ques-
tion of the ground pressure acting upon a segmental lining installed behind a single shielded TBM.
Starting with a structured discussion of the influencing factors and their interactions, the paper investi-
gates how the type, location and thickness of the backfilling play an important role with respect to the
loading of a segmental lining. Secondly, it explains how to take due account of the actual thickness of
the backfilling (which is not known a priori since it depends on the deformations of the bored profile)
in a numerical simulation. Thirdly, the paper advances a number of theory-based decision aids which
cover the relevant range of ground parameters, initial stress, segmental lining and backfilling character-
istics, thus supporting rapid initial assessments of the ground pressure acting upon a segmental lining
and making a valuable contribution to the decision-making process.

Backfilling
Nomograms
Numerical investigation

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The main hazard scenarios for shielded TBM tunnelling in
squeezing ground are sticking of the cutter head, jamming of the
shield or damage to the tunnel support. Furthermore, the occur-
rence of significant deformations (ovalization) or even horizontal
or vertical shifting of the segmental lining may lead to jamming
of the back-up equipment or to violation of the clearance profile.

In a series of recent publications, the authors discussed the spe-
cific problems of - and experience with - TBMs in squeezing
ground, reviewed the available countermeasures, commented on
possible technological improvements (including the development
of deformable lining systems), analyzed the interaction between
the shield, ground and tunnel support quantitatively and provided
design charts concerning the thrust force needed in order to avoid
shield jamming (Ramoni and Anagnostou, 2010a, 2010b, 2010c,
2010d). The present paper extends this research by addressing
the potential hazard of lining overstressing.

A realistic estimation of the loading of a segmental lining is only
possible if due account is taken of the backfilling features. Section 2
of the present paper shows - with a structured discussion of the
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influencing factors and their interactions - that the type, location
and thickness of the backfilling play an important role with respect
to the ground pressure acting upon a segmental lining. Section 3
explains how to take due account of these features in a numerical
simulation and, more specifically, how to deal with the non-linear-
ity of the problem. The problem is demanding because the actual
thickness of the backfilling is not known a priori, as it depends
on the ground deformations that occur between the tunnel face
and the point at which the backfilling is completed. Section 4 pre-
sents, in the form of dimensionless design nomograms, the results
of a comprehensive parametric study into the ground pressure act-
ing upon a segmental lining which exploits the numerical effi-
ciency and reliability of the computational model introduced in
Section 3. The nomograms cover the relevant range of ground
parameters and initial stress, as well as different characteristics
of the TBM, the segmental lining and the backfilling (type and loca-
tion), and allow a quick preliminary assessment to be made of the
loading of a segmental lining. This is the first time that such a sys-
tematic and thorough investigation has been presented.

An extended literature review on computational methods for
TBM tunnelling in squeezing ground can be found in Ramoni and
Anagnostou (2010b). Recent publications closely related to the
topic of the present paper include those of Simic (2005), Graziani
et al. (2007) and Schmitt (2009). Simic (2005) carried out numeri-
cal investigations for the assessment of the loading of the segmen-
tal lining in the “La Umbria” Fault of the Guadarrama Tunnel
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Nomenclature

D boring diameter

dy thickness of the backfilling

d, thickness of the segmental lining

d; thickness of the shield

E Young’s modulus of the ground

Ep Young’s modulus of the backfilling

E, Young’s modulus of the segmental lining

Es Young’s modulus of the shield

fe uniaxial compressive strength of the ground

fer uniaxial compressive strength of the segmental lining
G ground

H depth of cover

Kp stiffness of the backfilling

K composite stiffness (segmental lining and backfilling)
K; stiffness of the segmental lining

K stiffness of the shield

L length of the shield

Ly length of the front shield (double shielded TBM)
L, length of the rear shield (double shielded TBM)
N number of entities of a N? chart

p ground pressure

p* normalised ground pressure

Pmax bearing capacity of the segmental lining

R tunnel radius

Rio outer radius of the segmental lining

R inner radius of the shield

Rso outer radius of the shield

SF safety factor

t difference between radius of the shield intrados and ra-
dius of the segmental lining extrados

u radial displacement of the ground at the tunnel bound-
ary

Up radial displacement of the bored profile before comple-
tion of the backfilling

Vg gross advance rate

bY radial co-ordinate (distance from the tunnel axis)

y axial co-ordinate (distance behind the tunnel face)

AR difference between boring radius and radius of the
shield extrados

AR, difference between boring radius and radius of the seg-
mental lining extrados

AR, difference between boring radius and radius of the rear
shield extrados (double shielded TBM)

Y unit weight of the ground

® angle of internal friction of the ground

y) location (distance behind the shield), where backfilling
is completed

i location (distance behind the shield), where the ground
closes the gap around the segmental lining

\J Poisson’s ratio of the ground

g stress

0o initial stress

V] dilatancy angle of the ground

(Spain, double shielded TBM, D = 9.51 m), taking into account the
effect of creep. Graziani et al. (2007) investigated a double shielded
TBM drive (D = 11.00 m) for the planned Brenner Base Tunnel (Aus-
tria/Italy) in the framework of the “TISROCK” research project,
gaining a valuable insight into the effects of the length of a shear
zone and of the stiffness of the backfilling on the sectional forces
in the segmental lining. The work of Schmitt (2009) is of a more
general nature and investigates the effects of non-uniform conver-
gence and of non-hydrostatic shield and lining loading for single
shielded TBMs. All of these investigations are based upon fully
three-dimensional, step-by-step numerical simulations, assuming
a priori the thickness of the backfilling and, consequently, the stiff-
ness of the tunnel support. As will be shown later in the present
paper, this simplification is unavoidable when using the commonly
available computational codes. Furthermore, it leads to a major
reduction in the computational effort (particularly when carrying
out parametric studies).

2. Backfilling
2.1. Introduction

The factors influencing the ground pressure acting upon a seg-
mental lining - particularly the properties of the backfilling -
and their interactions can be mapped easily and efficiently using
a so-called “N? chart” (Lano, 1990; NASA, 2007). Fig. 1 shows an
N? chart drawn up for the topic of the present paper. This is an
N-by-N square matrix containing N = 13 entities on the main diag-
onal and depicting their existing interactions in the non-blank off-
diagonal cells. The interactions have to be read directionally be-
tween the elements, i.e., first horizontally in the row and then
clockwise in the column. There are two further mapping rules con-
cerning the shape and the colour of the off-diagonal cells. Concern-

ing the shapes, rhombuses indicate that an interaction exists only
under certain conditions, while circles denote unconditional inter-
actions. As for the colours, green is used for interactions with a po-
sitive effect (an increase in the first involved factor leads to an
increase in the second involved factor), red for a negative effect
and black, where the effect may be either positive or negative.
For a more detailed description of the applied diagramming tech-
nique the reader is referred to Ramoni and Anagnostou (2010d),
where an N? chart was applied (using the same rules as in the pres-
ent paper) for mapping the system behaviour of a gripper TBM
drive through squeezing ground.

Section 2.2 discusses — by making reference to the N? chart of
Fig. 1 - the usual case for rock TBM tunnelling, where backfilling
of the segmental lining is carried out with pea gravel in the upper
part and with mortar in the bottom third of the cross-section at a
given distance behind the shield (Fig. 2a). Section 2.3 deals with
the rather rare case of grouting immediately behind the shield
via the shield tail (Fig. 2b). For the sake of economy, details con-
cerning backfilling technology are not given here, but can be found,
e.g., in Thewes and Budach (2009).

For the sake of simplicity, pairs of numbers within curly brack-
ets will be used for making reference to Fig. 1 and denoting the
interactions of the respective factors (e.g., {4-12} denotes the effect
of the factor 4 on the factor 12), while a series of number in curly
brackets will denote a sequence of interactions (e.g., {7-9-10}
abbreviates {7-9} and {9-10}).

As the shield slides along the tunnel floor, the gap around
the shield and the segmental lining is wider above the centre
than in the lower portion of the tunnel cross-section (Fig. 2).
However, for the sake of simplicity, Sections 2.2 and 2.3 con-
sider the theoretical case of axial symmetry, as this simplifica-
tion can be made without loss of generality in the conclusions
drawn.
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