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ABSTRACT: The Raticosa Tunnel is one of the several tunnels currently under construction for the new Bo
logna-Florence high-speed railway line (Italy). The trmnel, having an overburden of up to 500 m, is located in
the Apennine chain and half of its 10 km length crosses a tectonized clay-shale formation called Chaotic
Complex. Full-face excavation was adopted with reinforcement of the tunnel face by means of fiber-glass
dowels. The primary lining _consists of a closed ring of shotcrete and steel sets. Due to the heavy squeezing
grormd conditions, predicted in_ the preliminary investigation phase, the excavation of the tunnel was per
formed under the strict control of an extensive monitoring system. '
In this paper, the in situ measurements of face “extrusion” and tunnel wall convergence have been analyzed
and correlated with the single construction stages and specific ground conditions. The deformation pattern
near the tunnel face generally calls for core reinforcement and early invert closure so as to assure tunnel stabil
ity. Large plastic time-dependent defonnations of the ground have generally occurred, which have determined
local failure phenomena at some locations along the tunnel route. A tentative explanation of the observed be
havior has been proposed on the basis of simplified analytical models. A more thorough back-analysis based
on Visco-plastic models is currently under way.

during construction represents a valuable tool for the
back-analysis of the mechanical behavior of the tec

l THE RATICOSA TUNNEL

The Raticosa tunnel (10 km) is one of the tunnels
under construction for the new Bologna-Florence
high-speed railway line (Italy) which crosses the Ap
ennine Chain. From" the Bologna side, half of the
tunnel is excavated in a tectonized clay shale forma
tion called Chaotic Complex which since the design
stage represented one of the most critical points in
the whole project, due to poor geotechnical condi
tions and a high overburden of up to 500 m (Fig. 1).
The same formation is also crossed by the Osteria
access tunnel which runs ahnost parallel to the main
tunnel before truning to intersect it.

Due to the expected heavy squeezing conditions,
full face-excavation required face reinforcement us
ing fiber-glass dowels. A closed-ring primary lining
consisting of a shotcrete layer and steel sets was
adopted.

All the tunneling steps were carried out Lmder the
careful control of ttmnel defonnation and loading
conditions of the lining in order_ to ensure compli
ance with the construction quality requirements, ver
ify the design assumptions and calibrate reinforce
ment. Moreover the large amount of data gathered

tonized clay-shales for which the geotechnical char
acterization in the preliminary investigation stage
was difficult and affected by many uncertainties.

1.1 Geological conditions

Tectonized clay shale formations are rather wide
spread throughout Italy (Picarelli et al., 2000). The
Chaotic Complex encountered during the excavation
of the Raticosa trmnel belongs to the Ligiuidi units
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and reached the current positionafcer intensive tec
tonic events which took place from the Miocene
Pliocene to the Plio-Pleistocene.

The chaotic structure of the formation is the result
of such tectonic actions. Lithologically it is mainly
composed by a pelitic matrix with dispersed lithic
components. The pelitic matrix is constituted by an
assemblage of clay scales of the size of millimeters
to centimeters whose surfaces are curved, smooth
and at times striated. The lithic components include
calcareous, marly or arenaceous blocks for a total
volume fraction varying between 0 and some tens %.
Because of the low percentage of the lithic compo
nents, mainly in the form of disarranged strata and
fragments, the mechanical behavior of the Chaotic
Complex is governed by the clay shale matrix.

The northern stretch of the Raticosa tunnel (Bo
logna side) crosses a large paleo-landslide area for
approximately 500 nr (Fig. 1). Deformation phe
nomena are still active: movements of more than 4

mm per year were measured at the surface of the
landslide body.

1.2 Geotechnical Characterization

The most critical task during the investigation stage
was the assessment of the mechanical properties of
the tectonized clay shales mainly because of the high
sensitivity of the pervasively fissured material _to
sampling disturbance. A review of the basic data is
given in Table 1.

The index properties do not vary significantly nei
ther with the position along the tunnel route nor with
depth: natural water content and plasticity index in
dicate that the tectonized clay shales fall in the do
main of low-to-medirun plasticity clays. Moreover,
the index properties and the grain-size distribution
strongly depend on the disaggregating technique
adopted in preparing the samples. Only prolonged
work with the spatula will destroy most of the inter
scale diagenetic bonds, thereby increasing the clay
Haction (Picarelli et al., 2000).

The saturation degree is generally lower than
unity also for very deep samples: this is quite a
common finding in these fonnations, partly ex
plained by the opening of the fissures due to sam
pling disturbance.

Compressibility was measured in the laboratory
by means of oedometer compression tests: as nor
mally occurs With scaly clays, also the Raticosa
shales exhibit a very high swelling index and there
fore a high ratio between the swelling index and the
compression index. The dynamic stifhress can be
considered an upper limit of the actual in situ stiff
ness of the rock-mass subjected to excavation
induced load. P-wave and S-wave velocities meas

ured by the Authors directly on shale blocks taken at
the face under an overburden of 480 m showed a dy
namic shear modulus of around 2900 MPa. P-wave

velocities ranging from 2000 to 2500 m/s were
measured in boreholes at a depth of around 150 m.

The deformation and elastic moduli given by di1a_
tometer tests appear to be strongly scattered: the de_
formation modulus is 140 MPa for a 0.5 to 2.5 MP3
load increment and 3900 MPa for a 2.4 to 5.4 MP8
load increment. Similarly, the elastic modulus is
250 MPa for a 2.5 to 0.5 MPa load reduction and b@_
comes 3950 MPa for a 3.9 to 2.4 MPa load reduc
tion.

The shear strength of the tectonized shales is
strongly affected by the network of fissures. To
evaluate the strength parameters of the shales of the
Raticosa tunnel, triaxial as well as direct shear tests
were performed. The samples were obtained nom
investigation boreholes as well as from blocks cut at
the tunnel face during excavation (Fig. 2). Triaxial
tests are deemed to afford the more reliable results.
Peak shear strength values seem to indicate two dif
ferent strength\_envelopes according to the depth of
the sample, with a higher cohesion for the samples
deeper than 200 m; no appreciable strain-softening is
generally observed beyond peak.

At present no reliable information is available on
the Water table level and on pore pressure distribu
tion inside the Chaotic Complex. Piezometers in
stalled in the ground during tunnel excavation up to
a distance of 15 m nom the tunnel wall have not
measured so far any pore water pressure. Also the in
situ measurement of hydraulic conductivity by bore
hole pumping tests have failed because of the negli
gible water flow. Only for the more permeable loos
ened material of the paleo-landslide meaningful
ptunping tests could be executed, obtaining penne
ability values in the range 3-10'7 +2-10`9 mfs.

The lack of information about pore pressure dis
tribution leads to much uncertainty about the effec
tive stress at the tunnel depth and about the overcon
solidation ratio of the material.

Table 1. Index and mechanical properties of the tectonized clay
shale formation.

Properties Range Average
Unit weight of total volrune (kN/ma) 21.2 + 23.6 22.7
Unit weight of solid (kN/m3) 27.4 + 27.7 27.5
Natural water content (%) 7 + 19 10
Liquid limit (%) 32 +48 28
Plastic limit (%) 16 + 22 18
Saturation degree S, (%) 70 + 91 82
Clay haction CF (%) 11 + 44 20
Compression index Cc 0.10 + 0.17 0.11
Swelling index C, 0.03 + 0.06 0.05
P-wave velocity Vp (m/s) 2000 + 2500
S-wave velocity vs (m/s) 1000 + 1100
Peak cohesion c’,, (kPa) * 16 + 540
Peak friction angle <p’P (°) 15 g
* the lower and upper limits refer to values obtained from sam
ples taken at depths below or above 200 rn.
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2 DESIGN AND CONSTRUCTON

The design of the tunnel was based on the ADECO
RS approach (Lunardi & Focaracci, '1999), whose
distinctive feature is to highlight the key role of tun
nel face stability fon the overall static conditions of
the ttmnel; it also introduces the principles of the ob
servational method into tunnel design.

NEXT STOP FOR
FACE REINFORCEMENT

1/_ ~----- ---.-------..._.__-..... .

Full face excavation was preferred for the opera
tional advantages it secures, such as enabling a high
level of industrialized construction and safe working
conditions; it also provides static benefits, mainly
the possibility of closing the support ring with an in
vert arch immediately behind the face and the exten
sive application of face reinforcement techniques.

Figure 3a shows the gypical cross-section of the
tturnel (area l20+140 m ), 'with the primary lining
consisting of a shotcrete layer (thickness 25+3O om)
and steel sets (including an arched strut in the in
vert), and the final lining made of reinforced con
crete (invert and sidewalls) and plain concrete
(vault).

Construction stages are better illustrated by the
longitudinal section in Figure 3b: the face is rein
forced by a set of 4O+50 fiber-glass dowels (length
20+24 m) installed every- lO+l2 m of face advance.

If geotechnical conditions are worse than pre
dicted, additional reinforcement can be applied also
beyond the excavation profile, by installing the outer
dowels with asmall outward inclination.

The higher rate of reinforcement was actually re
quired- only for the initial- stretch of the tunnel that
crosses at low depth the softened and remolded shale
of the paleo-landslide area.

Also primary lining was adapted to the variable
geotechnical conditions encountered along the tunnel
route: after the high convergence experienced in the
paleo-landslide area, heavier steel sets (I-IEA300/m
instead of 2lPN220/m) embedded in shotcrete and
closed by a steel strut at the invert were applied. A
thin layer of shotcrete is applied also to the face
when the excavation is stopped to allow the installa
tion of fiber-glass dowels in safety conditions. The
concrete invert is cast within a distance of one tunnel

diameter hom the face, generally the length of each
cast segment is ll m; inally the concrete lining is
closed by the vault at about 30 m behind the face.
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Figure 3. Cross-section of the tunnel and longitudinal profile.



3 ANALYSIS or MONITORING DATA

The whole construction process has been performed
under the constant control of a monitoring system,
mainly based on the geodetic survey of tunnel wall
displacements (a measuring section every 30 m with
5 optical .targets installed close to the face) and on
deformation measurements carried out by a sliding
micrometer along pipes installed from the face in the
direction of the tunnel axis.

/

3.1 Extrusion measurements

Figure 4 shows two typical extrusion measurements
recorded at two different chainages in the Raticosa
tunnel.

The first (Fig. 4a) comes Hom the paleo-landslide
zone (overburden 30 m). The instrument _length de
creased from the 'initial 33 m (zero reading) to the ti
nal 20 m, corresponding to the last D and E readings,
taken after 13 m of face advance. Every measure
ment exhibits an “extrusion” (i.e., axial displacement
of the measuring pipe) which reaches a maxinnun at
the tunnel face; extrusion values are progressively
higher as the face advances, thus indicating that ex
cavation-induced deformations affect the 'ground
core for a distance significantly greater than 13 m.

A different trend is shown by the “extrusion”
measured in the Chaotic Complex undemeath a high
overburden (Fig. 4b). The maximtun extrusion is
reached after a face advance of about 10 m (reading
D) with no further increase in the next steps (reading
E). It is therefore conceivable that inside the stiffer
shale formation the influence zone of the face is lim
ited to about 10 m. 1

From Figure 4, also the separate effect of time
dependent deformation can be appreciated: at chain
age 30+l71, no excavation occurred between read
ings D and E, meanwhile a face extrusion increase of
about 21 mm/day was measured; a much smaller de
formation of only 1.2 mm/day was measured at
chainage 33+676, during a face stop between readings A and B. _

Maximum extrusions. 5m recorded by each in
struments installed along the tunnel route are repre
sented in Figure Sa, as a function of tunnel chainage.
At low tunnel depth, i.e. in the paleo-landslide area,
maximum extrusion measurements, even larger than
200 mm, can be interpreted as the sign of actually
unstable face conditions, as connrmed by the high
deformation rate during face stops. As mentioned
earlier, the face could have experienced an even lar
ger extrusion than that recorded by the measurement
system. On the contrary, inside the Chaotic Complex
the maximum extrusion values are always of the or
der of 50 mm, ahnost independently of tunnel depth,
thus denoting substantially stable face conditions.
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Figure 4. Longitudinal displacements (“€X`U`l.lSi0l1”) measured
during face advance along a pipe installed at two different
chainages.

3.2 Convergence measurements

Figure 5b summarizes the maximtun convergence
measured by each monitoring section along the tun
nel route. Apart from maximum measured conver
gence values exceeding 120 mm in the paleo
landslide area, the average convergence is around 40
mm in the tectonized shale.

Data scatter is higher for convergence than for ex
trusion: this cannot be explained only by the differ
ent levels of acctuacy of the geodetic survey. A ma
jor role must be attributed to interaction with the
primary lining, which is quite sensitive to installa
tion unevenness.

Despite the data scatter, the monitoring data (Fig.
Sb) show a small but significant influence of the
overburden on convergence (an increase of about 5
mm every 100 m of depth).

While a comprehensive analysis of all the moni
toring data is still under way, a first interpretation of
the convergence data has been based on the CU1'Ve'
fitting technique proposed by Sulem et al. (1987).



Tunnel closure is represented by an empirical law
C(x, t), which takes into' account the effect of both
face distance x and the time-dependent behavior of
the ground: _ "Tl
c(x,I)=c,,,,{1-(1%) }'{1+l\‘A{1-(1-I-éj  (1)

where t is the time elapsed since the face passed
through the monitoring section.

Relationship (1) depends on five parameters:
C,,,x (“instantaneous closure”) and X (a distance re
lated to the tunnel radius R), which control the face
effect; m, T and n for the time-dependent part.

The free parameters can be determined by a non
linear regression of experimental data, for each
monitoring section where a set of at least K=l5+20
readings were available, starting Hom a “zero” read
ing made close to the tunnel face (distance xo) at
time to. The set of k equations to be solved, in the
sense of minimum squares, assume therefore the
form:
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To reduce problems of ill-conditioning of the sys
tem of equations (2), exponent n was given the value
of 0.3, as suggested by Sulem et al. (1987). More
over an iterative procedure was applied to refine the
solution.

Figure 6 shows two examples -of convergence
cmve fitting by means of Equation (1), respectively
for a monitoring section located in the completely
softened shale (chainage 30+343, overburden 50 m)
and deep inside the Chaotic Complex (chainage
32+998, overburden 365 m). In the lower part of the
figures the advance of the tunnel face as a function
of time is also represented to make the interpretation
of the observed behavior easier.

The estimated values of regression parameters,
also reported in the graphs, indicate a remarkable
amount of time-dependent convergence, whose as
ymptotic values, (controlled by the parameter m, is
equal to l.8+2.4 times the convergence due to the
face advance.
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Figure 5. Profile of maximum values of convergence and extrusion measured along the tunnel route.



The separate effect of time-dependent_ deforrna
tions can be clearly evidenced during a period of ex
cavation pause, as the 20 day period in Figure 6b. In
this case, when the face stopped at a distance of
about 26 ni from the monitoring section, the corre
sponding increase of convergence was about 15 mm;
this measured value is well reproducedby the fitting
procedure. This 'kind of behavior, observed also in
other monitoring sections, stresses how important it
is to closely respect the construction time-schedule
in order to prevent overloading phenomena of the
primary lining before the Enal concrete lining be
comes effective.
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