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ABSTRACT: Soft ground tunneling, in urban areas are generally bored using pressurized TBM. Tunnel design
involves the need to revalue the classical concepts of deformation response to the excavation and the control
priorities, focalized on face and cavity, loose their importance; the evaluation of the settlements becomes the
main aspects to consider. The definition and the control of the face pressure are fundamental design steps.
It is important to give a proper importance to the face pressure relating to settlements control. The pressure
increase leads to higher safety factors of the face stability but it is not able to guarantee comparable settlements
decrease. We examines the essential parameters in relation to the use of the EPBS in two case histories in Milan:
line 1 extension to the new Fair and Passante rail infrastructure. The reference values of the cited parameters are
identified for cohesionless soil i.e. fluvio-glacial sand deposit and gravel.
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INTRODUCTION

In recent years, the growing needs for transportation
infrastructure has lead to a sharp increase in the utilization of underground. During 1993 and 1994, an
EPBS with a diameter of 8.03 m was used in the area
of the “Passante” (underground railway line) in Milan.
This method, with a diameter of 6.56 m, was then used
in 2004 to extend the Milan subway to the new trade
fair of Rho. This document considers the main project
aspects relating to the use of the EPBS, with reference to the two cited projects in Milan and so to a
geotechnical context of cohesionless soil under high
water head. The reference values for the basic tunnel design parameters are defined; a reference value
for the parameter “i” (point of inflection in the transverse settlement trough) is identified. The document
also describes how, given the values necessary to
guarantee the face stability, the tunnel face pressure
would not influence the final settlements, and how this
parameter could be best defined using only calibration
during the work. The theoretical pressure values to use
can be determined using simple equilibrium ratios in
K0 conditions as initial starting values for tunnelling
operations.

MECHANIZED TUNNELLING DESIGN IN
URBAN ENVIRONMENT

Peck (Peck 1969) highlighted the basic points to consider when planning underground works in the case of
“soft ground”:
1 the stability of the tunnel with particular reference
to the stability of the tunnel face and of the zone
immediately behind;
2 the evaluation of the deformations at the face and
around the tunnel and, in the case of a tunnel with
a low depth, the resulting superficial subsidence;
3 the definition of stabilization actions to guarantee
compliance with conditions (1) and (2) and of the
lining structure to ensure the long-term stability of
the tunnel.
With the construction of tunnels in urban environment, the control of superficial subsidence and its
effects assumes primary importance with regard to
those items listed above. The conditions for stability
of the face and of the cavity and the acceptability of
respective deformations, with regard to the breaking
values, are conditions that are necessary but not sufficient to guarantee the validity of a given construction
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Figure 1. Building subsidence: main parameters.

Figure 2. Transverse settlement trough.

system because they are not able to guarantee, a priori,
the acceptability of the subsidence. This statement is
particularly valid in the case of tunnelling systems with
shield machines and full-face pressurization for which
there is no direct control of the strain state of the face
and of the cavity during the construction phase, and for
which the most significant quantitative parameters are:
– stabilization pressure at the face
– volume of extracted soil
– superficial subsidence

3

axis), (b) the distance “i” between the tunnel axis and
the point of inflection in the subsidence profile that
defines the size of the transverse settlement trough.
The vertical settlement at distance y on the tunnel
axis is given by:

The total volume of the subsidence trough Vs (for
the unit length for the tunnel) can be obtained from the
integration of (1) and the result is:

SUBSIDENCE EVALUATION

The process of design for tunnels in urban areas must
be based on the settlement value parameter.
The objectives of the settlement analysis should be
as follows:
– definition of acceptable settlement values
– study of the process that generates the subsidence
and the control methods
– technical and economical optimization of the
project by defining the construction methods to use
and any required mitigation actions.
Burland and Wroth identified the parameters to consider when valuating subsidence (figure 1) (Burland
and Wroth 1974). Rankin subsequently focussed on
the deflection ratio DR = max /L and on the horizontal
deformation, he moreover showed that in engineering
practice, you can rarely rely on the complete data identified by Burland and Wroth (Rankin 1988). Similar
to a normal Gaussian probability function, the profile
of the transverse settlement trough is consolidated by
a mass of literature on the subject and is proven by
experience.
The curve that defines the transverse settlement
trough is characterized by two parameters: (a) the maximum settlement Smax (corresponding to the tunnel

The volume of the subsidence trough Vs is directly
dependent on the volume loss Vp (volume of soil that
is excavated in excess of the theoretical volume of the
tunnel).
In agreement with the proposal by O’Reilly and
New, for z > D (D = diameter of the tunnel), the
parameter “i” depends on the type of soil and the depth
of the tunnel and appears to be independent on the tunnel diameter and the tunnelling mode (O’Reilly and
New 1991); giving:

where z is the depth of the tunnel and K is a coefficient
that depends on the type of soil.
For cohesive soil, the value of K is generally
between 0.4 and 0.6. For sand and gravel, the values
for K are more dispersed, however the usual range is
between 0.25 and 0.45 (Mair 1997).
From the function (1) you can derive the slope and
curve of the transverse settlement trough, factors that
are relevant on the pre-existent structures.
To summarize, the value of the settlement is therefore dependent on “i” and on Vp through Vs .

366

Figure 3. EPB Shield _ Face stabilization pressure.

In the case of non-complex situations that can
be well planned following the hypothesis described
above, there are no significant improvements in the
reliability of the results after switching from an empirical Gaussian method to a more sophisticated numerical
model.

4

FACE STABILIZATION PRESSURE

The definition and the control of the face stabilization pressure represents one of the basic stages in the
constructive phase. The determination of this parameter in the planning phase, however, give rise to some
uncertainties: despite there being a large amount of
literature, there is not yet a generally agreed analysis
method and at the same time, there are no normative
references. Also, ignoring the uncertainties resulting
from the geotechnical characterization of the soil,
using the different approaches discussed in literature,
you obtain frequently significant differences in the
theoretical values to apply.
However, it is necessary to lay proper emphasis to
the face stabilization pressure in terms of the final
subsidence result.
On one hand, the increase in value of the pressure
applied to the face guarantees higher safety coefficients for the face stability; however, on the other hand,
a correlated reduction in settlements at the surface are
not absolutely guaranteed.
The definition of the stabilization pressure to apply
must achieve the objective of guaranteeing the stability
of the face while changing the in situ stress as little as
possible. In a fully-operational situation, you should
try to excavate in K0 condition, that is with a constant
advance rate.
A study conducted by AFTES identified how the
ideal advance condition, for minimizing the deformations and ensuring the face stability, is a balance
between the volume of material extracted and the theoretical tunnel volume and how with this condition
the pressure remains constant. In this condition, you
could advance with a constant volume and the pressure applied to the face would be equal to the earth
pressure at rest (i.e. K0 conditions); by checking the
two identified parameters (volume and pressure) you

would obtain the definition of the correct face stabilization pressure (AFTES 2001). As a result, during
construction phase, the research should concentrate on
the achievement of the balance between the volumes,
both theoretical and extracted, based on stabilization
pressure that is sufficiently cautious.
The machines used in recent years, mainly due to
the correct definition of the soil conditioning technologies, enable good control of pressures and, therefore,
of the stability of the tunnel face, as we will see in
the Milan examples. With the control of the pressure,
you can influence the situation ahead of the face of
the tunnel and this represents a condition necessary,
but not sufficient, to guarantee subsidence control. In
fact, to greatly increase the pressure would bring the
soil ahead of the cutting head in conditions nearer to
that of passive pressure with an increase in the total
pressure to apply and, as a result, with a series of effects
that bring about a reduction in the advance speed and
operating conditions that are less favourable and more
risky (for example, an increase in the required torque,
an increase in energy consumed, an increase in tool
wear, an increase of temperature in the tunnel working
chamber as a result of increased friction with the possibility of creating material blocks). The soil in front of
the face does not record any excess pressure applied to
the face in the successive phases in which it is subject
to the phenomena of loosening that results from the different annular cavities in the passage of the shield, i.e.
over-cut, due to the tools at the periphery of the cutting
wheel (the statement applies to incoherent earth).
To summarize, the pressure in the working chamber of the TBM must be maintained at a level capable
of ensuring stable working conditions with a safety
coefficient that allows the absorption of the fluctuations resulting from a dynamic situation. This should
be sufficient to avoid uncontrolled collapses of material within the working chamber but not so that it
causes soil deformations and blow-up with a consequent loss of the stabilization conditioned mixture far
from the face (AFTES 2001). The definition a priori
of the face stabilization pressure would, in fact, be a
secondary element only guided in choosing the initial value; it is optimized during the process of work
on the basis of the balance of the excavated soil volume. The problems relating to the subsidence require
maximum attention also to other parameters, in particular advance rate and backfilling operations behind
the face. Research, more technological than theoretical, must also analyse the mechanisms that rise ahead
of the face: grouting systems above the shield have
been recently introduced, mainly using polymers or
bentonite muds. These muds, injected at pressure, hold
the soil above the shield for the time period from
the passage of the head to the unthreading of the
shield and the related final backfilling with cement
mortar.
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With regard to the five points listed above:
– the component relating to the stress relief of the soil
at the face with the use of pressurized face tunneling
machines becomes unimportant if the pressure at
the face is adequately controlled.
– the volume loss during the passage of the shield
is difficult to counteract and can be the weakest
element; the limitation of this component is above
all to reduce the “technological” over-cutting to the
minimum possible. In recent years, shield machines
that allow annular grouting for filling the region
around the shield have been used. It can also be
added that holding an high advance rate brings a
significant reduction in this component, preventing
that the gap closes completely.
– the volume loss around the lined section of tunnel is minimized by using cement mortar from tail
of the shield; however problems may still occur in
the execution which render this component critical (insufficient grouting pressures, washing away
of the mixture etc.). In soil that has a self-stable
capacity adequate to the advance rate, the injection of cement mortar can create a recompression
of the ground and allows the recovery of a part of
the volume defined in point 2.
– is in general unimportant compared to others.
– is significant in soil subject to consolidation.

Figure 4. EPB Shield _ Individual factors of volume loss
VL.

5 VOLUME LOSS VL
The “volume loss” VL represents the fundamental
index parameter for the valuation of the surface settlement and, consequently, of the disturbance caused
by the tunnelling. The total “volume loss” is derived
from the sum of various components whose relative
contribution depends on the mechanical and physical
characteristics of the soil, on the technical characteristics of the tunnelling equipment, on the execution
method, with particular attention to the pressures
applied at the face and around, and on the advance rate.
These factors are essentially (figure 4) (Mair 1997):
– volume loss at the face (face loss): owing to the
deformation of the portion of soil ahead of the face
of the tunnel and to the loss resulting from localized micro-stability problems. This loss of volume
is counteracted by the face stabilization pressure.
– volume loss around the shield essentially due to
the convergence of the tunnel profile towards the
extrados of the shield machine. This factor can
be subdivided into the following terms: (2a) overcutting due to greater diameter of the tunnelling
cutterhead compared to the shield machine, necessary to reduce the friction of the shield machine
on the soil and to facilitate steering; (2b) planoaltimetric characteristics of the trail; the presence of
narrow curve ranges results in over-cutting values
higher than those present in the straight sections.
This aspect is accentuated by possible misalignments caused by the operator who may let the
machine zigzag; (2c) over-cutting caused by possible cone shaped of the shield; (2d) roughness of the
shield which can lead to movements and subsidence
due to the friction against the soil.
– volume loss around the lined tunnel section due to
the gap between the tunnel profile and the extrados
of the pre-cast segments; this results in a tendency
to converge towards the extrados of the lining.
– volume loss due to deformations of the lining.
– long-term effects/consolidation.

Mair showed that, in the case of Slurry Shields or
EPB-S, possible references are VL ≤ 0.5% for sandy
soil and VL = 1 ÷ 2% in soft clay (Mair 1997). The
definition of a reliable value is, however, very difficult in design phases because this parameter depends
on factors that are highly dependent on the specific
context and cannot be generalized (soil, technological
factors of tunnelling equipment, workmanship skill,
hydrogeology etc).

6

EPB-S TUNNELLING IN MILAN

Between 2004 and 2005, parallel to the construction
of the new trade fair in Rho/Milan, line 1 of the subway was extended. The track, with a length of around
2.1 km, is characterized by the presence of high water
table conditions (up to 12 m) and variable tunnel depth
between 10 and 20 m; two tunnels with one single platform were excavated using an EPB-S machine. This
method of tunnelling was previously used in Milan in
1993/1994 during the construction of the “Passante
Ferroviario” (underground railway line) for a section
of around 4 km when digging two tunnels with variable
depths between 4 and 16 m.
Some details of the two works are reported by
Chiorboli and Marcheselli (Chiorboli, Marcheselli
1996) and by Cavagna and Chiorboli (Cavagna,
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Chiorboli 2004); the next table reports the main
data:
LINE 1

PASSANTE
FERROVIARIO

CLIENT

MUNICIPALITY MUNICIPALITY
OF MILAN
OF MILAN
REGION OF
LOMBARDY
BUILDING
TORNO – ICLET TORNO – CMB –
CONTRACTORS FIAT
COGEFAR
ENGINEERING IMPRESIT –
LODIGIANI –
COLLINI – P&C –
TETTAMANTI
PERIOD
2004–2005
1994–1995

Figure 5. Line 1: settlements – face pressure.

The Milan area is characterized by fluvio-glacial
deposits consisting of a heavy deposit (50 ÷ 60 m) of
gravel and sand with a medium to high density. The
typical, grain size distribution, which can be defined
as the average granulometric curve is:
D < 0.074 mm = 10 ÷ 20%
D > 2 mm = 70%
D > 10 mm = 10 ÷ 20%
7

FACE STABILIZATION PRESSURE

The maximum settlement values are always shown in
association with the lowest possible pressure values, in
terms of minimum pressure value peaks. These minimum pressure peaks, if just momentary, reach values
significantly lower that the values required for the stability and they are, almost always, appeared where the
conditions around (exit or entry of the machine in
the construction pit,) or operating conditions (initial
start phase, mechanical rests) cause a loss of pressure that is difficult to control. If you consider this
in terms of average recorded pressure value, you cannot define an effective link between the increase in
pressure and the reduction in final settlement. The
two following figures show a summary of the average recorded pressure values, the theoretical pressure
values in K0 conditions and the measured settlement
for the two cited works. You can see that by assuming
a pressure value close to the theoretical value in K0
conditions as the start value of the machine, the pressure is subsequently reduced: the measured settlement
does not show relative associated increases.
8 TRANSVERSE AND LONGITUDINAL
TROUGHS
The transverse and longitudinal settlement troughs
have been analysed in both cases. The troughs in areas

Figure 6. Passante Ferroviario: settlements – face pressure.

“disturbed” by the presence of buildings or grouting
treatments have been ignored. With regard to the case
of line 1 and the underground railway line, n. 18 and
n. 5 transverse settlement troughs together with n. 78
and n. 28 longitudinal settlement troughs have been
analysed. The graphic in figure 7 plots the values of
the position of the transverse point of inflection “i”
relating to the tunnel depth and the corresponding
interpolating lines; the same graphic also shows the
values compared with the range of literature indicated
by Mair for sand and gravel (Mair 1997). Note that for
both works considered, there is a good concentration
of data around an identifiable value such as:

It is possible to conclude that for the soil of the
Milan area the reference range K for the calculation of
settlements with the “Gaussian” formula is:

Figure 8 shows, for both cases, the longitudinal subsidence profiles with settlements normalised to the
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apart from rare cases, was similar for all points
irrespective of the coverage and other parameters.

9

CONCLUSIONS

The analysis of the data collected and of the quoted
references enables to stress that:
1 for the Milan area soil the reference range of
the parameter K for settlement calculation is
0.43 ÷ 0.46.
2 The net difference in behaviours between the two
cases essentially refers to technological aspects of
backfilling operations for the gap above the pre-cast
segments. In “line 1” a simple system of grouting from 4 nozzles placed around the shield was
used. In “Passante” a more complex system was
adopted (Hochtief system) which uses injections
of a cement grouting from nozzles placed around
the shield; however, this bentonite fluid was able to
exert a pressure on the soil, because it was confined
to a mobile annular mould with transducers. This
equipment enables the variation of pressure of the
grouting and works in a similar way to “compensation grouting”, however, it is extremely taxing in
terms of maintenance and the requirement of highly
specialized personnel.
3 The analysis of the development of the longitudinal
subsidence curve over time in relation to the position of the face and the advance rate showed that,
in the Milan soil, the strain effects of the tunnel
advance spread very quickly, almost immediately,
over the surface.
4 Given the values necessary to guarantee the face
stability, the tunnel face pressure would not influence the final settlements The pressure increase
leads probably to higher safety factors of the face
stability but it is not able to guarantee comparable settlements decrease. Moreover, as explained
by Anagnostou and Kovari (Anagnostou, Kovari
1996), if the support pressure exceeds a certain
upper limit some operational problems (high wear
of the cutter, excessive torque increase, difficulties in muck discharge) may occur; it may also
cause high fluctuations of the distribution of the
effective pressure acted on the face that may lead
also to local instability. So support pressure should
be defined using only calibration during the work
starting from an initial value determined using simple equilibrium ratios in K0 conditions (AFTES
2001).

Figure 7. Transverse point of inflection – tunnel depth.

Figure 8. Normalized longitudinal settlement troughs.

maximum settlement (i.e. ratio of settlements to maximum settlement is presented) the abscissa shows the
position of the face, normalized to the diameter. In
terms of absolute settlements, they show similar values in the two cases while the two percentage curves
show different values.
For the “line 1” it is observed that around 40% of
the subsidence is due to the passage of the shield (9 m
at the back of the head) and, considering that around
25% is ahead of the face, the remaining 35% is behind
the machine in grouting phases for the annular space
in the extrados of the segments. This would appear to
show good management of the pressure in the tunnel
working chamber although the subsidence percentage
behind the shield appears rather high. For the “Passante Ferroviario”, you can see that at the tunnel face
an average value of 70%, of the subsidence, is reached;
the percentage becomes 94% with the passage of the
shield. After the passage of the face, the behaviour,
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