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ABSTRACT: This paper describes the results of subsidence monitoring and back analysis of the tunnel
response along the first section of the Metro Torino Line 1 currently under excavation by EPB Tunnel Boring Machines. During excavation the surface settlements and the state of strain/stress in the segmental lining at
a number of cross sections were monitored systematically. The paper is intended to gain insights into the ground
behaviour by means of back analysis of the monitoring data, which is being carried out by numerical modelling.
The aim is to assess the soil deformability and strength parameters as compared to the design values based on
geotechnical characterisation at the design stage.

1

INTRODUCTION

This paper is concerned with the analysis of ground
movements due to tunnelling at a number of monitoring stations during excavation of the Metro Torino Line
1, in a sand and gravel deposit, above the water table.
Consideration is given to the transverse and longitudinal settlement trough above and ahead of the advancing
heading. Also, some observations are derived on the
lining loads and on the TBM system performance
parameters. The aim is to gain insights into both the
ground response and the geotechnical properties, as
compared with design predictions.

2 THE METRO TORINO

Figure 1. The layout of Metro Torino Line 1.

2.1 Description of the project
Line 1 of the Metro Torino will be the first length of
a completely automated underground transportation
system, which represents a novelty for the city. The
system will start to play its role in the early 2006. The
line will connect the city centre to the western and
southern suburbs with a total length of nearly 28 km.
Construction will take place in stages: work on the
Collegno – Porta Nuova section started in 2000 and
includes a 9.6 km long tunnel and 15 stations, while
work will get underway on the approximately 4 km
long Porta Nuova – Lingotto section in 2005. A West
and a South extension are under planning (Figure 1).
Metro Torino will use the VAL (Automated Light
Vehicle) system, an excellent solution from the safety,
reliability and cost standpoint.

The tunnel itself is being excavated at a depth of
15/20 m using an EPB Tunnel Boring Machine (Figure 2), 7.8 m in diameter and 80 m in length. The tunnel
lining is formed with prefabricated concrete segments
(7 sections a day are completed for an average progress
rate of 10 meters per day).
Major geotechnical issues for the project along the
line are the under-passing of the underground rail
link, with excavation below the water table, the underpassing of an underground car parking, the historical
Pietro Micca defensive tunnel system dating back to
the Great Siege to Torino in the 1700 and a number of
buildings.
The present paper is to consider the tunnel length
from Pozzo Strada to Principi D’Acaja stations, as
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2.2

Ground properties

The subsoil conditions in Torino are characterised by
the presence of a sand and gravel deposit, ranging
from medium to highly dense, down to a depth of 8
to 10 m; below this depth lenses of cemented soil (in
cases a conglomerate) are often present. The ground
water level along the tunnel axis is well known based
on piezometric measurements and predictions on long
term conditions have also been carried out.
Undisturbed sampling is difficult if not impossible
to undertake. Investigations on the subsoil conditions for geotechnical characterisation and evaluation
of design parameters need to rely on indirect methods such as recording of boring parameters, in situ
testing in deep test pits, and geophysical investigations
(Barla, 1997).
Based on the available data a geotechnical model
of the subsoil conditions has been derived, by defining
the following four Geotechnical Units (GU) as shown
in Table 1:

Figure 2. The TBM entering a station.

Figure 3. Tunnel length under consideration, from Pozzo
Strada to Principi D’Acaja, of Metro Torino Line 1.
surface

– GU1: superficial layer (filling and clayey sandy
silt);
– GU2: sand and gravel from loose to slightly
cemented;
– GU3: sand and gravel from slightly to medium
cemented;
– GU4: sand and gravel from medium to heavily
cemented.
The geological stratigraphy is variable along
the line.
3 ANALYSIS OF MONITORING DATA

consolidated slab

∼5.0 m

∼16 m

3.1 The monitoring program
∼2.5 m

7.8 m

Figure 4. Cross section of the tunnel with the consolidated
slab at the crown.

shown in Figure 3. The tunnel, along this 2590 m
length, is located at a depth of 15/18 m, with the water
table well below the invert.
The inside diameter of the tunnel is 6.9 m, with
an excavation diameter of 7.8 m. A unique feature of
the underground work is the use of a consolidated
slab created above the tunnel section in order to avoid
any localised instability from developing around it
(Figure 4). Consolidation injections were performed
from the surface well ahead the tunnel face (Grandori
et al., 2003).

During excavation, monitoring data were made available for the purpose of geotechnical characterisation, performance assessment of the Tunnel Boring
Machine, and gaining insights into the ground movements around the tunnel and at the ground surface,
during face advance.
Surface settlements were measured systematically
by means of surveying techniques and a number of
vertical borehole extensometers installed above the
tunnel. Data were collected for 33 cross sections
centred on the tunnel axis.
Each section is instrumented with three to five levelling points, equipped with optical targets. For each
section, readings are taken prior to, during, and following the shield crossing. Also, special monitoring
sections, comprising each three vertical extensometers, at different distance from the tunnel axis were
installed near the stations, as shown in Figure 5.
Also measured during excavation are strains and
stresses in the segmental lining at a number of
cross sections. Induced vibrations and TBM system
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Table 1. Deformability and strength parameters assumed for design purposes∗ .

Unit

C%
(%)

Dr
(%)

γn
(kN/m3 )

E
(MPa)

ν′
–

φ′
◦

c′
(kPa)

30–35
36–37
35–37
36–40
35–37
40–47
35–44

0
0–10
0–15
10–25
15–40
25–90
40–120

GU1
GU2

0–25

50–60
50–70

17–19
18–21

10–20
150–170

0.35
0.30

GU3

25–50

60–80

19–22

170–200

0.30

GU4

50–75

60–80

19–22

200–260

0.30

∗

C% = percentage of cement, Dr = relative density, γn = natural unit weight,
E =Young’s modulus, ν = Poisson’s ratio, φ ′ = friction angle, c′ = cohesion.
Distance from tunnel centre-line [m]

Settlements [mm]

-20
0.0

-10

0

10

20

-0.5
-1.0
-1.5
-2.0

04/11/03 - 2 PM; d = -11 m
06/11/03 - 2 PM; d = 26 m
11/11/03 - 9 AM; d = 109 m

06/11/03 - 9 AM; d = 19 m
09/11/03 - 12 PM; d = 79 m
15/12/03 - 9 AM; d = 443 m

Figure 6. Surface settlements for section 3SP-B1
(m 4517); d is the distance of the TBM’s head from
the monitoring section.

interpreted by the Gaussian distribution curve suggested by Peck (1969) as:
Figure 5. Special monitoring section near to the Principi
d’Acaja station.

performance parameters by automated data collection
were also monitored. The following components of the
monitoring program will be considered:
– surface settlements (with interest in both the transverse and longitudinal settlement trough),
– state of stress in the lining,
– TBM monitoring data.
The lining segments at four representative cross
sections in the area of interest were equipped with
radial and circumferential load cells and strain gauges.
For the purposes of the present paper, radial and circumferential stresses (equal to 0.12 MPa, 24 days after
lining installation) measured in cross section 3SP-B1
are considered.
3.2

Surface settlements

Referring to the tunnel length under consideration
as shown in Figure 3, the monitoring data were

where sv = settlement, sv,max = maximum settlement
on the tunnel centre-line, y = horizontal distance from
the tunnel centre-line and i = horizontal distance from
the tunnel centre-line to the point of inflexion of the
settlement trough.
A typical representation of the monitoring results
is given in Figure 6, where a Gaussian curve has been
fitted to the available data which appears to be highly
scattered. A close scrutiny of this figure shows that
the maximum settlement (−1.6 mm) occurs one month
after the shield crossed the section of interest. It is
observed that this value is significantly greater than
the immediate settlement (−1.1 mm) measured when
the shield has just passed the monitoring section.
Figure 7 gives the transverse settlement troughs
computed by fitting the surface settlement data measured in all the monitoring stations in GU4 after the
shield crossing (Figure 2). These settlement profiles
are obtained by using equation (1) with two different
values of ileft = 6.0 m and iright = 7.5 m.
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Distance from tunnel centre-line [m]
-10
0
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20
Thrust [kN × 1000]

Settlement [mm]

0.0
-0.5
-1.0
-1.5

5
GU3 unit

-2.0

(ileft = 6.0 m)

0
7000

(iright = 7.5 m)

-2.5

Figure 7. Surface settlements along the tunnel length under
consideration with ground conditions in GU4.
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section. Also, it is apparent that the influence of the i
parameter on the longitudinal settlement curve is negligible with respect to the effects on the transversal
curve.

Distance of TBM face from control cross section [m]
-30

6500

GU4 unit

Figure 9. TBM’s thrust for the tunnel length under
consideration.
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Settlement [mm]
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3.3 TBM data logging
-0.75
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Data
Cumulative probability function (left)

-1.25

Cumulative probability function (right)

Figure 8. Longitudinal surface settlement trough based on
the data along the tunnel length under consideration with
ground conditions in GU4.

The i parameter was checked against the following
empirical relationship:

where K = trough width parameter (0.50 for tunnels
in clays, 0.25 for tunnels in sands and gravels) and
z0 = depth of the tunnel axis (O’Reilly & New, 1982).
The value i = 6.5 m is likely to be the most appropriate one, as equation (2) is fulfilled by assuming
K = 0.4 and z0 = 16.2 m (average tunnel depth) along
the length under consideration.
Another point of interest relates to the longitudinal settlement trough. It follows from the assumption
that the transverse settlement trough has a Gaussian shape, the longitudinal profile should have the
form of a cumulative probability function and that the
surface settlement above the tunnel face is 0.5 times
the maximum vertical displacement sv,max (Mair &
Taylor, 1997).
As shown in Figure 8, the cumulative probability
curves computed on the basis of sv,max and i derived
above (Figure 7), overestimate the “face” surface settlement. This may be due to the data scattering and
to the TBM’s shield which prevents the local tunnel
crown settlement until its end crosses the control cross

The TBM completed the excavation of the length of
interest in 293 days, with average advancement of
8.8 m/d. The effective average advancement is 10 m/d
(about 60 days were employed for TBM maintenance
and crossing of the stations). The standard advancement (1.5 m long) required an average excavation time
of 0.54 h, while 0.71 h were employed for the installation of the lining. The TBM developed a mean thrust
of 10.64 MN and a torque of about 12 MN·m, with a
rotation speed of 0.89 rpm and a mean penetration of
55 mm/rotation.
It is interesting to examine the thrust value versus
the chainage (Figure 9). The transition zone between
GU3 and GU4 is located at chainage 5700 m approximately. Entering GU4, the TBM’s thrust was increased
to match the more cemented soil. This resulted in
increasing the cutter damage. As immediate measure,
the thrust adopted was lower than the one used for
excavating in GU3. The other parameters appear to be
more or less constant along the same tunnel length.
4

In order to study the ground response around the
tunnel during excavation, numerical analyses were
performed with the finite difference method and the
FLAC code (Itasca, 2000). The numerical analyses
referred to a number of representative cross sections. A
description of procedure and results is given in the following only for the green-field cross section 3SP-B1
(Figure 10).
The finite difference mesh contained 4680 4-node
quadrilateral elements (4823 nodes); it took into
account the stratigraphic sequence, including layers
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BACK ANALYSIS OF SURFACE TROUGH

Table 3.

GU1
2m

Design parameters for concrete lining∗ .

Width
(m)

I
(m4 )

E
(GPa)

ν
–

0.3

2.25 · 10−3

40.5

0.25

15.8 m

∗

I = moment of inertia, E =Young’s modulus, ν ′ = Poisson’s
ratio.

GU4
43 m

bul k_
mod
0.00E+00
1.00E+08
2.00E+08
3.00E+08
4.00E+08
5.00E+08
6.00E+08
7.00E+08
8.00E+08
9.00E+08

Figure 10. Finite difference mesh for cross section 3SP-B1.
Table 2. Design parameters for soil∗ .
γn
(kN/m3 )

E
(MPa)

ν′
–

φ′

Unit

◦

c′
(kPa)

GU1
GU4

18
21.5

15
variable∗∗

0.35
0.30

32.5
41

5
72.5

Figure 11. Distribution of bulk modulus (Pa) in cross
section 3SP-B1.

∗

γn = natural unit weight, E =Young’s modulus,
ν ′ = Poisson’s ratio, φ ′ = friction angle, c′ = cohesion.
∗∗
E4 = 230 MPa at tunnel depth.

of GU1 and GU4. A zone of grouted soil (2 m high
and 5 m wide) was introduced above the tunnel crown.
4.1

Design soil parameters

Soil was assumed to behave as a continuous, homogeneous and isotropic medium, characterised by the
Mohr-Coulomb failure criterion with non associated
flow rule (dilatancy angle ψ = 0◦ ). Deformability and
strength design parameters were chosen as given in
Table 2.

than 0.3), the numerical and in situ settlements compare satisfactorily.
The numerical analyses carried out considered the
presence of the concrete lining represented by beam
elements with the design properties listed in Table 3.
With the lining active, the residual nodal forces at
the tunnel contour were removed in order to simulate the shield advancement with consequent lining
injection and progressive loading. The results obtained
give unrealistically high stresses within the lining
whenever the stress relief factor attains very low and
unacceptable values.

4.3
4.2

Numerical analyses based on design
parameters

A first series of analyses were performed in intrinsic
conditions (i.e. with no lining installed) and for different values for the stress relief coefficient λ (percentage
of nodal forces removed from the tunnel contour).
The aim was to determine the ground response curve
and the surface settlement trough in order to compare
them with the monitoring results.
The plastic zones around the tunnel are dependent
on the stress relief coefficient and show an extent
which is close to expectation, while the surface settlements are significantly overestimated. Only by
assuming unrealistically low stress relief factors (lower

Based on the above results, it was decided to increase
the ground deformation moduli E in the model when
keeping the strength parameters c′ and φ ′ unchanged.
At the same time the stress relief factor was taken to
range between 0.8 and 0.9, in line with the excavation conditions during face advancement, with no or
negligible balanced pressure being applied.
By keeping the deformation modulus E1 of the GU1
unit constant and equal to twice the design value, the
modulus E4 of the GU4 unit was assumed to increase
versus depth as follows (Figure 11):
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Numerical analyses based on a change of the
design parameters

Distance from tunnel centre-line [m]
-20

-10

0

10

20

0

Settlements [mm]

-0.5

-1

-1.5

-2

Numerical results - λ = 0.8
Numerical results - λ = 0.9
Mean observed distribution

-2.5

Figure 12. Plastic zones and deformed mesh in section
3SP-B1(λ = 0.9).

Table 4.

100
Ground response curve
Crown
Invert

80
Internal pressure [%]

Figure 14. Surface settlement trough: comparison of
numerical and monitoring results.

Stresses and forces in the lining.

Circumferential
stress (MPa)
Maximum axial
Force (MN)
Max. bend. moment
(MN·m)

60

40

Ring
1428
06/12/03

Numerical results
λ = 0.8

λ = 0.9

0.12

0.68

0.34

0.04

0.20

0.10

4.5 · 10−3

2.3 · 10−3

–

20

0
0

2
4
6
8
Radial displacement [mm]

10

Figure 13. Ground response curve in section 3SP-B1
(crown and invert).

where z = depth, z1 = thickness of GU1 unit,
E4 = deformation modulus of GU4 unit and
E1 = deformation modulus of GU1 unit (E4 = 460
MPa at tunnel axis depth).
Figure 12 shows the plastic zones and the displacement vectors in section 3SP-B1 for a stress relief
coefficient λ = 0.9. The plastic zones are present in
a restricted area at the tunnel sidewalls. As shown in
Figure 13, the ground response curve exhibits a nearly
elastic behaviour, with a 5 mm radial displacement at
the tunnel crown.
The comparison between the computed surface settlement trough and the monitoring data is given in
Figure 14. It is shown that, by increasing the ground

deformability parameters, the surface settlement
trough can be reproduced satisfactorily, with the stress
relief factors taken close to the expected values.
If consideration is given to the results of groundlining interaction, the comparison between the monitoring data and the results of numerical analyses is
given in Table 4. It is shown that the computed stresses
are significantly higher than derived from monitoring.
5

The main conclusions derived from this paper are
as follows:
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CONCLUDING REMARKS

– The surface settlements observed during excavation of the tunnel, along a representative length of
Metro Torino Line 1, can be reasonably estimated in
the form of a Gaussian distribution with the trough
parameter K = 0.4.
– The corresponding longitudinal settlement trough
represented as a cumulative probability curve can
be used to predict reasonably well the settlements
above, behind and ahead the tunnel face.

– The TBM performance with a negligible pressure
applied at the face, with provision of a small slab
of grouted soil at the crown, is characterized by
an effective average advancement of 10 m/d. The
machine parameters show a good performance in
the ground conditions experienced so far.
– Back analysis of surface settlements data can be
carried out by two-dimensional finite difference
modelling. The calculated settlements compare satisfactorily with field measurements, if the ground
stiffness is increased with respect to the design values. The resulting lining stresses are significantly
overestimated when compared with the measured
values.
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