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ABSTRACT: The construction of the Bologna to Florence high speed railway line constitutes one of the most
important civil engineering feats cast into the 21" Century. The project as a whole involves the construction of
tunnels for a total length of 73 kilometres. On completion of the project more than 90% of the route will be
underground! The paper describes the main characteristics of the underground works, looking in detail at how
three particular zones typical of the Apennine chain were crossed.

1 INTRODUCTION

Large mountain chains constitute natural barriers
that are difficult to cross and since the beginnings of
the history of mankind, the construction of major
transport routes through them has always involved
the accomplishment of epic feats for all civilisations
that have attempted to equip themselves with effi-
cient transport networks.

In this context, the crossing of the Apennines has
played a prime historical and cultural role since the
time of the Roman consulates. In the cultural and so-
cial evolution of the Italian peninsula the creation of
new transport routes has always been accompanied
by an ever increasing and committed use of technol-
ogy in civil works, once any tangible development
has been achieved

Today, on the threshold of the third millennium,
the “High Speed Train” (T.A.V.) project was con-
ceived of to meet the need to integrate the national
rail network into the European High Speed rail net-
work. The T.A.V. project redesigns the Italian rail

system and increases major lines fourfold with new
routes of which the Bologna to Florence line still to-
day constitutes the greatest design and construction
commitment.

In order to meet the specifications of a “high ca-

pacity”, high technology line, constructed with rig-
orous respect for the environment, this line travels
for more than 90% of its length, 73 km, under-
ground through 9 sections of tunnel with only 5 km
of the line above ground (not including the terminals
in Bologna and Florence which are also mainly un-
derground) (Fig. 1).
The design approach, in which the option to con-
struct underground is prevalent, was unthinkable un-
til only a few years ago. Today it is made possible by
the development of new design and construction
technologies which make precise and accurate use of
large and more and more powerful equipment to in-
dustrialise tunnel advance in conditions of safety and
keeping to tight production schedules.
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Figure 1. Bologna to Florence High Speed Railway Route: longitudinal section
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The geology along the Apennine route is com-
plex. A variety of rock masses are crossed ranging
from flyschoid formations, clays and argillites to
loose ground. The design engineers from Fiat Engi-
neering and Rocksoil employed the latest technolo-
gies to tackle such heterogeneous conditions and
made particular use of a variety of ground improve-
ment techniques according to type of ground. It was
considered that the specific characteristic of under-
ground works lies in the fact that in order to con-
struct them, ground must be removed from the face
and a structural lining placed.

The long and short term behaviour of a tunnel de-
pends on how the ground reacts to the combined ac-
tion of tunnel advance and the placing of stabilisa-
tion structures.

A design engineer must therefore identify ad-
vance systems and methods and rhythms and inten-
sity of stabilisation intervention according to the type
of ground. They must be varied so that the ground
around the excavation is already stable during tunnel
advance thus allowing a single method of tunnel
construction to be employed.

Design work, which began in 1992, was based on
the ADECO-RS approach and aimed particularly at
the attentive introduction of the innovative technolo-
gies available today [1],[2]. A design was drawn up
which in concrete form involved the division of the
tunnel into sections with uniform geomechanical
behaviour belonging to three different categories:
category A, stable face; category B, face stable in the
short term; and category C, face unstable. It also in-
volved the selection of a certain number of structural
design section types and the relative ranges of appli-
cation.

The description of a given design section type,
though made on the basis of the most probable geo-
logical-geomechanical reconstruction of the rock
mass, is unique within the range of types of inter-
vention and quantities employed, leaving nothing
undecided for implementation on site. Admissible
ranges of deformation are specified for each design
section type and for each section of tunnel in which
it is to be used. For each of these deformation ranges
the intensity of some of the techniques employed to
control deformation may vary within set limits (Fig.
2), but outside those ranges a different design section
type must be adopted [3].

During construction, the design engineer provides
instructions for the fine tuning of the design in real
time. These are based on monitoring of the behav
iour of the rock mass and consisted of balancing the
use of stabilisation tools between the face and the
cavity within the context of documented design fore-
casts. The design engineer may give different in-
structions on the basis of a comparison of forecast
and actual data: 1) the most probable forecast condi
tions correspond to the actual conditions — continue
with the specified design section type; 2) actual con
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Figure 2. Sommary of the approach based on the analysis of
controlled deformation in rock and soil (ADECO-RS).

ditions are slightly different from those forecast as
most probable, but fall within the forecast behaviour
type and variation range — use one of the design
section sub-types; 3) forecast ground conditions cor-
respond to actual conditions, but at different points
along the route — employ the correct design section
types in the sections of the route to which they actu-
ally correspond; 4) actual conditions are considera-
bly different from those forecast for the section —
review the design and redesign the section. This
method of working allows three results to be
achieved: 1) it gives a sufficiently detailed design
which fits the actual characteristics of the rock mass;
2) it eliminates all leeway for discretion with regard
to the quality of the underground work under con-
struction; 3) it prevents possible design nonconfor-
mities connected with imperfect representativeness
of data.

The ADECO-RS method is systematic and or-
ganic, essential characteristics for the application of
quality assurance procedures. Its “phase” type
structure clearly identifies the “moments” or points
where checks (reviews and verifications) must be
made to validate the design (Fig. 2).

Furthermore, as far as actual construction is con-
cerned, the method of tunnel advance proposed (full
face, with a tunnel cross section of approximately
120 - 140 sq. m) affords the considerable advantage
of allowing the works to be industrialised. At the



same time, closing the structural ring with the tunnel
invert immediately behind the face provides consid-
erable benefits in terms of the long and short term
stability of the tunnel.

2 THE UNDERGROUND WORKS

Design work finished in July 1995 and at the
same time the contract between the client T.A.V. and
the general contractor Fiat/CAVET for construction
of the tunnel was signed with work commencing
immediately. A description of the main tunnels is
given below with attention being paid to particular
sections, nevertheless characteristic of the Apenni-
nes, encountered in the excavation of three of the 26
faces currently advancing. These sections include
advance through a zone affected by the presence of
gas, a large zone affected by land slip/slide and a
zone under the water table under pressure. These
three particularly strait-crossingdifficult sections cur-
rently constitute the most problematic encountered
so far.

2.1 Pianoro Tunnel

The Pianoro Tunnel (10,705 m in length) (Fig. 3)
passes through mountains to the East of the Futa
state road with maximum overburdens of 170 m
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Figure 3. “Pianoro” tunnel: longitudinal geological section.

(average of 90 m). From the North, the ground en-
countered consists initially of marls (EMS), then the
argillites of the Chaotic Complex (LC) and belong-
ing, in the remaining part, to the lower and upper in-
tra-Apennine Pliocene series.

In the section between kilometre 6+497 and
6+914, the connection with the existing Florence to
Bologna “Direttissima” line starts and requires the
construction of two large access chambers. At kilo-
metres 9+015 and 12+500 the line is joined by two
access tunnels (Emilia 1 and Emilia 2) of 182 m and
307 m respectively.
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2.2 Sadurano Tunnel

At the end of the Pianoro Tunnel, the line crosses
the Rio Laurenziamo incision, the Rio Crocione and
again passes underground at kilometre 16+601.

The Sadurano Tunnel (3,778 m in length) (Fig. 4)
begins here with maximum overburdens of 250 m
(average of 80 m). the ground belongs to the Upper
Pliocene (EPS) and consists of lightly cemented
sandstones and conglomerates.
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Figure 4. “Sadurano” tunnel: longitudinal geological section.

2.3 Monte Bibile Tunnel

At the exit of the Sadurano Tunnel the line
crosses the Rio dei Cani incision with a box-shaped
girder bridge and returns under ground for a further
9,243 m (Monte Bibele Tunnel). The Monte Bibele
Tunnel (Fig. 5) runs under the mountain of the same
name with overburdens ranging between 50 m and
280 m

The ground encountered from the North as far as
approximately km 24+700, belongs to the Miocene
formation consisting of the Marne di Bismantova
interbedded from around km 23+000 with fine grain
sandstones; the Monghidoro Formation (LaM) is
then crossed for a length of around 5 km This for-
mation, belonging to the Ligure Successione has the
characteristics of a heavily tectonised flysch, incor-

porating pockets of water and gas (CH4) under pres-
sure.
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Figure 5. “Monte Bibele tunnel: longitudinal geological sec-
tion.

The connection with the Quinzano (L = 1,547 m)
access tunnel is at km 26+400 and lies entirely
within the Monghidoro formation. The tunnel ends
at km 29+766: the southern portal is at 402 m above
sea level, the highest surface running point of the
line.

During construction of the Quinzano access tun-
nel at approximately kilometre 0+507, a zone con-
taining gas under pressure was crossed. Figure 6
shows graphs for the development of the concentra-
tion of methane detected by sensors located in the
tunnel. Italian law, which obliges the use of all anti-
explosion equipment, requires the evacuation of tun-
nels for concentrations exceeding 1%. The tunnel
was therefore abandoned immediately even though it
needed to be completed with the placing of steel ribs
and a shotcrete lining.

Since the rock mass was heavily tectonised with a
decidedly elastic-fragile behaviour, the primary and
secondary linings needed to be placed rapidly to en-
sure the stability of the cavity (category B, face sta-
ble in the short term). Because in this particular case
it was not possible to do this, almost 200 cu. m of
ground fell into the cavity within about an hour. As
can be seen from Fig. 7, after reaching the limit of its
strength, the behaviour of the ground shows a sharp
fall to residual values. This is why the modest failure
that is usually produced in the roof and sides of the
tunnel tends, if it is not promptly confined, to be-
come a large zone stressed in the plastic range as a
consequence of the increase in deformation at con-
stant loads. An examination of the changes in vol-
umes shows how the relaxation of the rock mass
around the tunnel develops; these volumes flow in-
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Figure 6. “Quinzano™ access tunnel: Gas monitoring at Km
0+507.

evitably into the tunnel if they are not confined. The
risk of sudden inlets of gas will always be present. In
view of what happened, the contractor must decide
whether to assume responsibility for the risk as it
stands or increase the advance ground improvement
to guarantee a greater standby time.
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Figure 7. “Quinzano™ access tunnel: FLAC analysis of tunnel
cross section stability near the front.

2.4 Raticosa Tunnel

The Raticosa Tunnel, (10,450 m in length) (Fig.
8), starts at km 29+982. The highest point on the
Bologna to Florence line is reached in this tunnel at
413.5 metres above sea level. From the North, for a
length of almost 5 km., the ground tunnelled belongs
to the Chaotic Complex (LC); this consists of in-



tensely fractured and tectonised argillites. It is the
first time in the world in which ground of this type
with such large overburdens and therefore stress
states is being tunnelled. The remaining section of
the tunnel passes through flysch of the Marnoso-
Arenacea formation (RMA).

The Osteria (L = 1,325 m) and Castelvecchio (L =
1,150 m) access tunnels connect to the tunnel at km
32+515 and km 35+325 respectively.

The section at the North portal passes through an
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Figure 8. “Raticosa™ tunnel: longitudinal geological section.

extensive area of paleo-landslide consisting of ar-
gillite debris incorporating calcareous blocks of
modest dimensions (1 cu. m). The landslide zone af-
fects about 500 m of the tunnel and consists of a
succession of flows, the deepest and oldest going
back to 3,000 years ago and the most recent to the
beginning of the century. Studies of flows conducted
by Fiat Engineering since 1995 allow three bands of
movement classified according to different velocities
of the solifluction to be identified (Fig. 9).

A more superficial band with a horizontal veloc-
ity of more than 4 mm per year, an intermediate band
with a velocity of between 4.0 and 1.5 mm per year
and a base band with a velocity of between less than
1.5 mm and 0.0 mm per year. In such delicate condi-
tions (tunnel with face unstable), a design section
type was selected involving a considerable increase
in the rigidity of the core of ground ahead of the face
using fibre glass structural elements and the placing,
immediately after excavation, of a primary lining in
the roof and a tunnel invert consisting of steel ribs
and fibre reinforced shotcrete.(Fig. 10) Casting of
the side walls and tunnel invert in reinforced con-

crete followed at approximately 6 m from the face
and that of the crown at a distance of approximately
50-60 m Ground reinforcement of the advance core
consisted of approximately 100 fibre glass structural
elements 22 m in length, repeated every 12 m of tun-
nel advance.

Figure 9. “Raticosa” tunnel: Steel reinforcement placing of in-
vert

In this delicate situation, systematic measure of
extrusion at the face was crucial for defining the
length of the stages of tunnel advance. The aim was
to maintain deformation of the ground within the
range beyond which its strength would fall to resid-
ual values, which in this specific case would lead to
collapse of the face. It was therefore necessary to
place an extrusion measuring device “sliding defor-
meter” type (length = 30 m) at each stage of tunnel
advance to measure longitudinal deformation of the
ground in the advance core at the face. In this way
the extrusion measured with a new metre is added to
that already measured by the old metre to give total
actual extrusion (Fig. 11). Similarly total differential
extrusion between two extrusion bases placed 1 m
apart is calculated. The deformation measured must
always remain below the 5% limit above which
strength values will fall (Fig. 12). By using these
criteria it was possible to regulate the length, inten-
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Figure 10. “Raticosa” tunnel: North portal - monitoring

sity and overlap of the ground reinforcement for
each new tunnel advance as well as the length of
each stage of tunnel advance and of tunnel invert
casting. As the landslide zone was entered it was
possible to gradual reduce the degree of stabilisation
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Figure 11. Plots of total extrusion of excavation face
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bringing up the length of each stage of tunnel ad-
vance and of tunnel invert casting to 11 m.

STRESS-STRAIN CURVE
{average value)

Figure 12. Extimating the plastic zone with extrusion meas-
urements
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2.5 Scheggianico Tunnel

On exiting from the Raticosa Tunnel, the line
crosses the deep incision of the Diaterna river by
viaduct. The Scheggianico tunnel (Fig. 13) starts at
km 40+542, is 3,558 m in length and has overbur-
dens up to 300 m lying entirely within the Marnoso-
Arenacea formation. The Brenzone (L.= 140 m) and
the Brentana (L. = 237 m) access tunnels connect
with it at km 41+170 and km 43+250 respectively.
At the exit, at approximately km 44+100, the tunnel
passes under the Imolese state road with approxi-
mately 1 m of overburden.

BOLOGNA
A

SCHEGGIANICO TUNNEL

FLORENCE
EE—
700 —

600 —

500 —

200 —

100

40+000
KEYS

Dfﬂ:‘t’ STARTED
A wnicoess

0 Zekoves o

M PROCRESS

ar. access owwe  AT.BRENZONE

A.T.BRENTANA

L=141m i.=10.17% L=27

m i.=529%

Figure 13. “Scheggianico™ tunnel: longitudinal geological sec-
tion.

2.6 Firenzuola Tunnel

The exit of the Scheggianico Tunnel looks over
the Santerno river, which is crossed by viaduct. At
the end of the viaduct, the line enters S. Pellegrino
Siding at km 44+279 halfway between Florence and
Bologna and runs through the Firenzuola Tunnel for
740 m After Siding the tunnel runs under the Rovigo
river and reaches the Southern portal by the Mugello
motor-racing track. The maximum overburdens are
over 500 m. The ground tunnelled belongs to the
Marnoso-Arenacea formation up to km 55+000 and
is followed in rapid succession by the Tuscan sedi-
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mentary series, consisting of sandstones, siltites, ar-
gillites and marls belonging to the Castel Guerino
(TMG), the Marne Varicolori (TVM) and Macigno
del Mugello (TMM) formations. The last three kilo-
metres pass through the lacustrine deposits of
Mugello. There are four access tunnels along this
tunnel: the Rovigo access tunnel, 555 km in length at
km 45+800; the Osteto access tunnel, a good 1,503
km in length at km 51+000; the Marzano access tun-
nel, 1,112 km in length at km 54+450; the S. Giorgio
access tunnel, 383 km in length (Fig. 14).
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Figure 14. “Firenzuola” tunnel: longitudinal geological section.
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The stretch of the Firenzuola Tunnel from the San
Giorgio access tunnel up to around km 56+730
passes through the lacustrine deposits of the Mugello
basin consisting of sandy silts with sandy interbed-
ding. At km 57+484 one of these sandy strata with a
thickness of about 10 m had to be tunnelled under
the water table with a pressure of approximately 3
bar. Tunnel advance was against the dip, so that the
sandy bank, inclined at an angle of 10° to the hori-
zontal, was first encountered by the bottom of the
face and gradually rose up it. As the thickness of the
sand at the face increased, the flow of water into the
tunnel also increased rising gradually to reach 6 li-
tres per sec. These concentrated inflows of water
caused erosion with the transport of sand in suspen-
sion and as a consequence gravitational fall-in along
the walls of the tunnel during excavation.

These events recommended immediate suspen-
sion of excavation to change to behaviour category C
and the adoption of a design section type suitable for
the actual conditions encountered. After a few bore-
hole drillings in advance at various angles, the ge-
ometry of the sandy stratum was reconstructed and it
was decided to take the following action ahead of the
face and immediately behind it (Fig. 15):

Ground reinforcement ahead of the face using fi-
bre glass structural elements which were fitted
with “canne manchettes” type valved tubes for



[ FIRENZUOLA TUNNEL (Chainage Km.57+484)]

Grouted gloss—
fibre nails

Perimetrical ground

improvement ohead of
the face using jel-grouting

Drainages pipes
ahead gF th% face

Drainages pipes -~

| Drainoges pipes
well-point

ahead of the face Valve equipped high
pressure grouted
Perimetrical ground glass—fibre noils
improvement “ahead of

the foce using jet—grouting

Reinforcement
advance core using
glass—fibre nails

Figure 15. “Firenzuola Tunnel: longitudinal and cross section
at Km 57+484,

the sandy section (lower half of the tunnel cross
section). Jet grouting was used to maintain the
hole stable during drilling and cementation
stages. Mixes under pressure and appropriate
injection parameters were employed in the re-
turn stage (drill-rods extraction). A few hours
after the introduction of the valved fibre glass
elements, the grout under pressure was injected,
valve after valve, starting with those closest to
the face and moving gradually to those most
distant from it. Also the drillings closest to the
centre of the face were injected first gradually
moving outwards. This system was used to keep
water out of the core of ground ahead of the
face.

Advance ground improvement around the tunnel
using overlapped columns of jet-grouting.
Sub-horizontal drains 25 m in length, 15 m of
which perforated and protected with a special
non woven fabric recommended for fine grain
soils and 10 m of which sealed and cemented in
place.

- Ground improvement of the sands to a thickness
of 5 m below the tunnel invert, still to be excavated,
at the face. To further reduce the water pressure and

592

to resume tunnel advance under conditions of safey,
a pumped drainage system was employed using
wellpoints in 5+5 vertical holes driven 6 m below
the level of excavation.

Given the effectiveness of the pumped drainage
system, the drains placed in advance of the face were
subsequently also connected to centrifuge pumps.

The method of advance ground improvement de-
scribed was applied for the whole of the section
through sand for a length of 60 m. The results were
excellent because the water was drained without the
transport of material and .lowering the piezometric
level of the water table thereby allowing tunnel ad-
vance to continue safely in omproved and practically

dry ground.

2.7 Vaglia Tunnel

The long section crossing Mugello largely on the
surface starts at km 59+647, ends at km 64+650 and
contains two modest tunnels: Borgo Rinzelli, 717 m
and Morticine, 654 m

The Vaglia Tunnel (Fig. 16), with its length of 18
km will be by far the longest of the section. Con-
struction of the end part of the tunnel has been sus-
pended at km 71+500 until it is known what has
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Figure 16. “Vaglia” tunnel: longitudinal geological section.

been decided for the Florence junction. It will in-
clude a service tunnel, around 10 km in length, run-
ning parallel to the line for 6 km with connecting
passages to it every 250 m.

From North to South, the Vaglia Tunnel crosses
the lacustrine deposits and then the Macigno del
Mugello for a length of 2.5 km A length of 900 m
then passes through the Siliano formation (Ssi),
similar to the Chaotic Complex, and at around km
69+000 almost as far as Castello, the tunnel runs
through the Monte Morello formation (ScM), con-
sisting of alternating marly limestones and limy
marls with marly strata.

The Carlone access tunnel connects at km 69+300
with a length of 261 m for branch a) plus 141 m for
branch b).
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3 CONCLUSION

The complexity and size of the investment of
money and resources certainly makes the new
crossing of Apennines by the Italian High Speed
railway system a project of international importance.
The paper briefly describes the main characteristics
of the underground works, looking in detail at how
three particular zones typical of the Apennine chain
were crossed: a zone affected by the presence of gas,
a large zone affected by landslide and a zone under
the water table under pressure. These three particu-
larly difficult zones to cross currently represent the
most problematic encountered to date.
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