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ABSTRACT: The Metro-Torino South extension is under construction. The excavation of a 3.9 km 
long tunnel was recently completed by a 7.8 m diameter EPB Tunnel Boring Machine. A critical section of 
the line is represented by the underpass of Corso Spezia, in the Lingotto area, where the main difficulties 
are associated with the high water table and the poor ground conditions encountered. Concern was also 
raised due to the influence of the excavation on two adjacent masonry buildings of 1930. This required 
an intensive monitoring system to be designed and installed. Monitoring took place continuously during 
excavation and allowed one to infer a time dependent function which describes the settlement history sat-
isfactorily. A 3D finite element model was also created to simulate the excavation process and its effects on 
the adjacent buildings. This model was validated through a back analysis procedure in order to assess the 
soil parameters and simulate the tunnel excavation in stages. This paper will describe the case study and 
the 3D numerical modelling work by comparing the results obtained with the monitoring data.

2 METRO TORINO LINE 1

Construction of the completely automatic under-
ground Metro Torino Line 1 represented a dramatic 
innovation of the city transportation system. The 
system started to play its role in the early 2006 just 
a week prior to the Winter Olympic Games that 
took place in the city.

The total length of the line in service is about 
9.6 km and includes 15 stations connecting the 
city centre with the western suburbs. A new South 
extension of the line is now under construction 
between Porta Nuova and Lingotto (Figure 1). 
Construction works started in 2006 and are 
expected to be completed by 2011. Works include 
a 3.9 km long tunnel and 6 stations. An extension 
of the line (1.9 km and 2 stations) towards Piazza 
Bengasi is expected to be constructed starting with 
2011.

The main tunnel was excavated at an average 
depth of 15–20 m using three EPB Tunnel Boring 
Machines, 7.8 m in diameter and 80 m in length. 
The tunnel lining is formed with precast con-
crete segments (7 sections a day were completed 
for an average progress rate of 10 m/d). Another 
EPB machine has just completed the excavation 
of the new extension between Porta Nuova and 
Lingotto.

1 INTRODUCTION

Tunnelling in Torino took place extensively in the 
last decades involving a number of interferences 
with the built environment that needed high engi-
neering expertise to be dealt with. This paper will 
focus on one of these interferences occurred dur-
ing the construction of the South extension of the 
Metro Torino Line 1.

In the Corso Spezia area, the excavation of the 
tunnel is adjacent to two sensible buildings and 
below an underground car pass. The tunnel axis 
is located at about 15–20 m depth while the water 
table is 12 m below the surface. A poor quality 
soil layer characterises the stratigraphic sequence 
in this area and ground improvement techniques 
were used in the attempt to limit settlements.

With the great number of monitoring data 
recorded during and after excavation it was pos-
sible to describe successfully the time dependent 
displacements occurred at the site. Given the com-
plexity of the case study, it is of interest to create 
a three dimensional model and back analyse the 
problem, although by using a simple constitutive 
law.

This paper will describe the results obtained. 
In situ monitoring data will be compared with the 
results of modelling.
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3 SUBSOIL CONDITIONS

Torino metropolitan area, located at the west-
ern edge of the Po valley, has an overall surface 
of about 130 km2, 80% of which are a level area 
enclosed by the rivers Stura di Lanzo, Po and 
Sangone, while the remaining 20% are made up by 
a hilly area connected to the low reliefs of Mon-
ferrato. The city area is situated on the end sec-
tion of the great alluvium fan of the Dora Riparia 
river and, from the morphological point of view, 
appears to be almost flat with a weak dip starting 
from West and going towards East, with elevation 
ranging from 260–270 m a.s.l. to about 220 m a.s.l. 
(Bottino and Civita, 1986).

The subsoil conditions in Torino are character-
ized by sand and gravel deposits, with different 
cementation degrees increasing with depth. Lenses 
of cemented soil or conglomerate are often present, 
down to a depth of 8–10 metres. 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.

With the available data from geotechnical inves-
tigations and numerical analysis performed in the 
past, a geotechnical model for the subsoil condi-
tions has been derived. For the depth relevant to 
tunnelling, four soil layers (Geothecnical Units, 
GU) were defined (Barla & Vai 1999, Barla & 
Barla 2005, Barla et al. 2010):

− 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 stratigraphic sequence is variable along the 
line. Figure 1 shows the longitudinal geological pro-
file of the South extension, of interest in this paper.

4 CASE STUDY

Immediately out of the Spezia station, the tunnel 
passes close to two 1930 sensible 5-storey masonry 
buildings (named 973 and 974) and below an 
underpass (Figures 1 and 2). Ground improvement 
measures were therefore commissioned as defen-
sive means for the buildings.

A comprehensive monitoring plan was set up 
in order to monitor the building response during 
the grouting process and tunnelling. Surface set-
tlements were monitored using a number of incli-
nometers, extensometers, as well as traditional and 
state of the art monitoring techniques. Monitor-
ing included a computerised total station with 
optical targets installed on the surrounding build-
ings in order to measure the induced settlements 
continuously.

Detailed site investigations including borehole 
drilling with core recovery (Figure 2a) and the 
retrieval of undisturbed samples of the cohesive 
layers allowed one to obtain a stratigraphic section 
as shown in Figure 2b. In addition to the usual 
stratigraphic sequence of the Torino subsoil, with 
the GU1, GU2, and GU3 units, the presence of a 
silt layer (GU2a) containing a lens of even weaker 
properties (GU2a mod) was found.

This unit (GU2a), based on the results of labo-
ratory tests, exhibits a time dependent behaviour. 
An additional feature to be underlined in the sec-
tion is the presence of an ancient river bed along 
the Corso Spezia underpass alignment, filled with 
poor quality landfill of anthropic origin. The 
ground water table is well known and located 
about 12 m below the ground surface.

During excavation, the EPB-machine suddenly 
lost face pressure and mud when driven through the 
underpass. Cracking and collapse of a number of 
waterproof panels in the underground pass did take 
place, in conjunction with floor heave just above the 
tunnel. As a consequence car traffic was stopped for 
some time to allow for repair work to take place.

Figure 1. Plan view and geological longitudinal cross section of the Porta Nuova–Lingotto extension.
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5 ANALYSIS OF SETTLEMENT 
MONITORING

TBM monitoring took place systematically dur-
ing excavation in order to measure the machine 
parameters such as mud pressure at the tunnel 
face, rotational speed, penetration, advancement 
rate, thrust, torque, etc.

Figure 3 shows a typical plot of the specific 
energy versus chainage during TBM advancement 
along the Spezia-Lingotto section. Specific energy 
is computed by the following equation:

E
F

A

N T

u A
s = + × ×2 π  (1)

where:

− F is the thrust force applied on the cutting 
wheel;

− N is the number of revolutions per second;
− T is the torque;
− A is the tunnel cross sectional area;
− u is the rate of penetration.

It is shown that starting with advancing step 
1000 (i.e. at chainage 1400) the specific energy 
drops dramatically to reach an average value of 
20 MJ/m2 under the 973 and 974 buildings. As 
the underpass is being reached the specific energy 
drops again to its minimum of 10 MJ/m2 under it. 
Therefore, as anticipated, the poor ground condi-
tions below buildings 973 and 974 and the under-
pass itself  is well underlined.

Based on conventional topographic surveys of 
target points on the ground surface (1 target point 
above the tunnel crown and 2 additional ones on each 
side of the tunnel axis, to reach a total of 5 monitor-
ing points in every monitoring section) the settle-
ment through above the tunnel could be obtained. 
The monitoring data were interpreted by using the 
well known settlement equation (Peck, 1969):

s s y iv vs −s ,max exp( )i2 2/ i  (2)

where sv = settlement, sv,max = maximum settlement 
on the tunnel centre-line, y = horizontal distance 
from the tunnel centre-line and the i horizontal 
distance from the tunnel centre-line to the point of 
inflexion of the settlement trough.

The surface settlements were found to be well 
related to TBM advance, i.e. to the distance of the 
monitored section from the TBM head, according 

Figure 2. Plan view (a), geological profile (b) and pho-
tograph (c) of the area where the Metro Tunnel reaches 
the Spezia underpass.
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Figure 3. Specific energy versus chainage monitored 
by the TBM during face advancement along the Toino 
Metro Line 1 Extension from Porta Nuva Station to 
Lingotto.
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to the usual face influence functional relationship. 
However, it soon became apparent that settlements 
in the zone of interest (Figure 2), were heavily time 
dependent and likely related to the creep properties 
of the silt layer (GU2a).

With consideration given to this time depend-
ent behaviour a thorough analysis of the available 
monitoring data was undertaken in order to find 
out a functional relationship describing settlement 
versus time, following the TBM passage in the 
cross section being monitored. Given that the total 
station targets were measured every half  an hour 
and the traditional topographic surveys took place 
twice per day, most of the attention in the analysis 
was devoted to the former set of data.

At first, to minimize the temperature variation 
influencing data collection, all the monitoring data 
were averaged over a 24 hours duration. Also, fluc-
tuations caused by extraordinary weather events 
were minimised accounting for the weather station 
charts recorded close to the area of interest. Based 
on the above, it was possible to define the follow-
ing functional relationship by fitting the monitored 
settlements being measured at all the monitoring 
targets (Figure 4).

w A
n

( )t = ×A ( )t
b

 (3)

where:
w (t) = time dependent displacement;
A      914     = scale factor;
t       914      = time;
b      914                                  = shape factor;
n   = exponent shape factor.

As shown typically in Figure 4, for a target 
point placed on building 974, fitting took place 
with equation (3) by considering the data obtained 
in the first 75 days of observation (adjustment 
period). Then this function could be used as a 
means of forward prediction of the expected 

settlement versus time. Figure 4 shows the compar-
ison between monitored and computed data over a 
6 months time span.

6 3D NUMERICAL MODELLING

6.1 Parametric analyses

A 3D validation model based on the Finite Element 
Method and the MIDAS/GTS code (Midas 2005) 
was created first to simulate the monitored ground 
response when tunnelling along the Nizza–Dante 
section. Different overburden depths, model 
widths, distances of bottom depth boundary were 
considered with the Mohr-Coulomb elastic per-
fectly plastic model used for representing the soil 
behaviour.

As shown in Figure 5, the 3D validation model 
finally adopted considers a tunnel diameter of 
7.80 m, at a depth of 15.70 m. The outer bounda-
ries (left and right) have been modelled at a dis-
tance of about 10 diameters from the tunnel in 
both directions to minimize the boundary effects. 
The model extends about 20 tunnel diameters 
along the axis. The optimal distance between the 
bottom boundary and tunnel invert was set equal 
to 0.75 tunnel diameter, a distance which is recog-
nised to minimize the uplift effects on the invert 
zone and has negligible influence on the computed 
surface settlements.

Efforts were placed on the appropriate method 
to simulate tunnel excavation when accounting for 
the interaction of the ground with the EPB shield. 
Most attention was posed in reproducing the influ-
ence of the gap existing between the excavation 
boundary and the shield as a number of alterna-
tives exist to simulate this influence (Potts and 
Zdravkovic 2001). The method adopted consists in 
the simulation of excavation by a radial pressure 
reduction at the tunnel boundary, while activat-
ing step by step the plate elements representing 
the shield and the lining in order to reproduce face 
advancement.
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Figure 4. Vertical displacement versus time of target 
point GN SK 9 placed on the 974 building.

Figure 5. 3D validation model used for validation stud-
ies along the Nizza–Dante section.
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The radial pressure distribution was assumed to 
vary from the TBM head (equal to the face pres-
sure), to the shield tail, so as to simulate effectively 
the size of over excavation and the conical shape 
of the shield. Different distributions of radial pres-
sure along the shield were tested and the optimal 
ground parameters were searched for capturing the 
observed settlement trough. The Mohr-Coulomb 
model was used for the GU units, while the struc-
tural elements were all considered elastic. A linear 
increase of the deformation modulus with depth 
was assumed for the GU2 unit, starting with a 
depth of 3.3 m below the ground surface.

6.2 Analyses of the tunnel response and 
interaction with the neighboring buildings

Based on the results of the parametric analyses 
above, the 3D FEM model shown in Figure 6 was 
set up to analyse the tunnel excavation and its 
interaction with the neighboring buildings 973 and 
974 in detail. This model contains about 190.000 
tetrahedral 4 noded solid elements. The shield and 
the lining are represented with about 40000 3 noded 
triangular plate elements, each 0.30 m thick.

The zone to be modelled is characterized by the 
presence of a series of buildings of a different year 
of construction, type (made of concrete or brick 
masonry materials), and height, on each side of 
the tunnel alignment as depicted in Figure 6. The 
foundations of the buildings were discretised into 
finite elements to a depth of 2 m below surface and 
modelled as elastic solid boxes with the unit weight 

equal to that of the soil and Young’s modulus about 
4 times that of the GU2 soil. A specific study was 
undertaken for the 974 building to account for its 
true geometrical and stiffness properties. As shown 
in Figure 6, loading of the buildings was applied 
to the soil surface below the foundation level as a 
uniform surcharge depending on the type of build-
ings. A constant pressure of 5 kPa was also applied 
to the free surface to simulate traffic loads.

The Spezia underpass, which is perpendicular to 
the tunnel axis as shown in Figure 6, was introduced 
in the model by accounting for its structural compo-
nents which consist of 3 walls formed with contigu-
ous concrete piles placed on the lateral and centre 
sides and a series of pre-cast concrete beams on the 
top. Both the lateral walls (0.6 m thick) and the cen-
tral wall (0.9 m thick) reach a depth of 14 m below 
the street level. The tunnel is 1 m below the pile walls. 
Interface elements with poor shear and normal stiff-
ness values were introduced in the model between 
the soil and the undersides of the lateral walls.

The TBM advance was simulated in stages with 
1.4 m advance each stage (equal to the lining seg-
ment length) and with a shield length equal to 
8.4 m. Based on the results of the 3D validation 
model, a pressure distribution on the shield during 
excavation in controlled conditions was assumed 
as shown in Figure 7, with a maximum value at the 
tunnel face and minimum on the shield tail. The 
maximum value applied at the face of 150 kPa is 
equal to the face pressure obtained from the avail-
able TBM monitoring data. With the intent to 
simulate the pressure drop which occurred as soon 

Figure 6. FEM model of Corso Spezia-underpass cross section.
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the TBM head reached the underpass section, the 
pressure distribution was changed as shown in the 
same Figure 7.

The initial stress conditions in the model were sim-
ulated by assuming gravity loading with a stress ratio 
equal to 0.5. Based on the experience gained with the 
3D validation model, the outer boundaries (left and 
right) are introduced at a distance of approximately 
10 diameters from the tunnel in both directions and 
the model extends about 20 tunnel diameters along 
the axis. The bottom boundary is placed at a dis-
tance of 0.75 tunnel diameters from the invert.

With the Mohr-Coulomb model used for the soil 
behaviour, two series of analyses were performed 
with the intent to match the surface settlements 
measured in the short term (i.e. during excavation, 
when the TBM head has reached a distance of a 
few diameters from the monitored section) and in 
the long term (i.e. with the tunnel excavation com-
pleted). The values of the soil parameters assumed 
for such conditions are given in Tables 1 and 2.

Figure 8 illustrates subsequent screenshots of 
the computed displacements occurring during face 
advance. Figure 9 compares the computed and 
monitored longitudinal displacements for short 
and long term conditions. The computed displace-
ments show a good agreement with the monitoring 
data. It is noted that the adoption of interface ele-
ments between the soil and the undersides of the 
lateral walls was a key factor to allow to obtain a 
more realistic displacement pattern. Some differ-
ences between the computed and monitored val-
ues may however be underlined between 20 and 
25 m probably due to some local disturbances (e.g. 
caused by grout injection operations).
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Table 1. Geotechnical properties for short term behav-
iour used in the numerical analyses.

Young's 
modulus

Pois-
son’s 
ratio

Dry 
unit 
weight

Cohe-
sion

Friction 
angle

 MPa - kN/m3 kN/m2 °

GU1 15 0.35 15.0 1 32.5

GU2 190 + 1.85
MPa/m

0.33 16.5 7 38.0

GU2a 60 0.33 16.5 10 29.0

GU2a mod 20 0.33 16.5 10 29.0

Landfill 12.5 0.33 18.0 1 34.0

      

Buildings 500 0.25 19.0 – –

Underpass 40300 0.25 16.0 – –

Lining 40300 0.24 25.0 – –

Table 2. Geotechnical properties for long term behav-
iour used in the numerical analyses.

Young's 
modulus

Pois-
son’s 
ratio

Dry 
unit 
weight

Cohe-
sion

Friction 
angle

 MPa – kN/m3 kN/m2 °

GU1 15 0.35 15.0 1 32.5

GU2 190 + 1.85
MPa/m

0.33 16.5 7 38.0

GU2a 30 0.33 16.5 10 29.0

GU2a mod 10 0.33 16.5 10 29.0

Landfill 1 0.33 18.0 1 34.0

      

Buildings 500 0.25 19.0 – –

Underpass 40300 0.25 16.0 – –

Lining 40300 0.24 25.0 – –

Plots of the computed settlement troughs are 
shown in Figure 10 compared with the monitored 
data at the target points on the surface. It is pos-
sible to notice that the monitored values exhibit 
a non symmetric distribution. The presence of a 
pipe located at a distance of 5 m to the left of the 
tunnel axis may have reduced locally the monitored 
settlements.

The axial thrust and bending moment along the 
lining were also evaluated. Figure 11 shows the 
result for a cross section located at a distance of 
42 m from the left boundary in the model, between 
the two buildings 973 and 974. Both short and long 
term computed values are shown. The maximum 
axial thrust is obtained on the left side of the tun-
nel, where the building foundations may very likely 
affect the stress distribution in the lining (maximum 
values being 346 kN for the short term and 352 kN 
for the long term conditions respectively).
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The variation of  the bending moment at the 
crown shown in Figure 11 is due to the change 
in the soil geotechnical properties (GU2a soil is 
located in the upper part, while GU2 lies below). 
Maximum and minimum values of  the bending 
moment are respectively 4.2 kNm at the crown 
and −3.5 kNm on the left sidewall for short term, 
and 4 kNm at the invert and −4 kNm on left side-
wall for long term conditions. In terms of  stresses, 
the lining is always under compression and the 
maximum tangential stress values are located on 
left sidewall: 1.35 MPa for short term and 1.41 MPa 
for long term conditions respectively.

7 CONCLUDING REMARKS

This paper has described a case study of tunnel 
excavation and interaction of two sensible build-
ings preceding an underpass in the Corso Spezia 
area, along the South extension of the Metro 
Torino Line 1. The tunnel axis is located at a depth 
of about 15–20 m with the water table 12 m below 
the ground surface. The attention was posed on 
the observed time dependent vertical settlements 
above the tunnel and on the computed values in 
the short and long term conditions by using a 3D 
finite element model which takes into account the 
important features of the problem.

The authors are well aware of the limitations 
of the Mohr-Coulomb model used for represent-
ing the soil behavior. The short and long term 
response of the soil to tunnel excavation in terms 
of the induced settlement troughs at the ground 
surface, in both short term and long term condi-
tions, could be well represented. However, in order 
to simulate the response time history as observed 
through settlement monitoring, advanced time 
dependent constitutive laws need be implemented 
in the model. This is being done at present and the 
results will be reported in the future.

Figure 8. Subsequent screenshots of vertical displacement pattern around the tunnel during TBM advance.
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