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                                       ABSTRACT

 The Raticosa  Tunnel  (Italy) is one  of  several  tunnels currently  under  construction  for the new  Bologna-Florence

high-speed railway  line. The  tunnel,  having an  overburden  of  up  to 500 m,  is located in the Apennine range  and  halfof

its 10 km  length crosses  a  tectonized clay-shale  formation known  as 
``Chaotic

 Complex''.  The  construction  method  is

based  on  full face excavation  combined  with  face reinforcement  by means  of  fiber-glass dowels. Primary  lining consists

of  a  shotcrete  layer and  closed-ring  steel sets. Due  to heavy squeezing  ground conditions,  as predicted in the prelimi-
nary  investigation phase, the excavation  of  the tunnel was  performed  under  the strict control  of  an  extensive  monitor-

mg  system.

  The paper presents an  overview  of  the  physical and  mechanical  parameters  of  the Raticosa shale,  summarizing  the

results  of  laboratory and  in situ tests, Face ``extrusion''

 and  tunnel wall  displacements recorded  during the excavation

advance  have been analyzed  and  correlated  with  construction  stages.  The  displacements measured  near  the tunnel  face

generally confirm  the  validity  of  the design criteria of  face reinforcement  and  early  invert closure,  which  assures  tunnel

stability before casting  the  final Iining. Large, time-dependent,  deformations of  ground  have generally been recorded,

causing  local failure phenomena  at some  locations along  the tunnel route,  A  tentative explanation  of  the observed

behavior has been proposed on  the basis of  empirical  models.  Finally, the effect of  fiber-glass dowels on  face stability
has been  evaluated  by using  limit analysis.
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THE  RATICOSA  TUNNEL

  The  Raticosa  tunnel (10km) is one  of  the tunnels

currently  under  construction  for the new  high-speecl
railway  line which  crosses  the Apennine  range  between
Bologna and  Florence (Italy) (Lunardi and  Focaracci,

1999; Gambelli, l999). Starting from the Bologna side,

half the tunnel  has been excavated  in a tectonized clay
shale  formation known  as  

``Chaotic

 Complex"  which,

right  from  the  design stage,  has represented  one  of  the

most  critical points in the development of  the whole

project due to  the poor geotechnical conditions  and  a

high overburden  of  up  to 500 m  (Fig. 1). The same  for-
mation  is also  crossed  by  the Osteria access  tunnel, which

runs  almost  parallel to the main  tunnel before turning to

intersect it.

  Due  to expected  squeezing  ground conditions,  full
face-excavation required  face reinforcement  by rneans  of

fiber-glass dowels. Primary lining consisted  of  a shotcrete

layer and  closed-ring  steel sets.

  Tunnel  deformation and  loading conditions  of  the

lining were  carefully  monitored  during tunneling  so  as  to

ensure  compliance  with  construction  quality require-

ments,  yerify  the design assumptions  and  calibrate  both
reinforcement  pattern at the face and  the strength  re-

quired for the primary lining. Moreover, the 1arge
ameunt  of  data gathered  during construction  represents  a

valuable  tool for back-analysis of  the mechanical  behav-
ior of  the tectonized clay-shale  for which  geotechnical
characterization  in the preliminary investigation stage

was  dithcult and  affected  by many  uncertainties.

6eotogical FTamework

 Tectonized clay  shale  formations are  rather  widespread

throughout  Southern and  Central Italy (e.g., AGI,  1985;
Picarelli et  al., 2002). The  Chaotic  Complex  encountered

during the excavation  of  the Raticosa tunnel belongs to
the Liguridi units  and  reached  the current  position after
intensive tectonic events  which  took  place from the

Miocene-Pliocene to the PIio-Pleistocene.
  The chaotic  structure  of  the formation is the result  of

such  tectonic actions.  Lithologically the Raticosa  shale  is

mainly  composed  of  a  pelitic matrix  with  dispersed lithic
components,
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Fig. 1.Geological  profiLe along  the tunnel route  and  ]oeation of  boreholes and  blocks takeil  during tunne]  excavation

Table 1. Results of  the X-ray diffraction ana]ysis
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  The  pelitic matrix  is constituted  by  a  tight  assemblage

of  hard clay  scales  of  a  size  of  millimeters  to centimeters

whose  surfaces  are  curved,  smooth  and  at times striated.

  Figure 1 shows  the location of  the boreholes drilled
during the investigation phase  and  of  the  blocks taken  at

the tunnel face during the  excavation,  Samples from the

boreholes and  blocks denominated as ISMES  were  taken

and  tested in the laboratory by the ISMES  company  on

behalf of  the contractor  CAVET,  which  also  provided
the authors  with  all  the available  results  of  the geotechni-
cal  investigations carried  out  at the design stage,  The
block denominated as DISG  was  taken during tunnel
excavation  and  used  for geotechnical characterization  at

the geotechnical laboratory of  the Department of  Struc-
tural and  Geotechnical  Engineering  (University of  Rome
"La

 Sapienza'')･
  A  semi-quantitative  mineralogical  composition

(Table 1) has been  obtained  by  X-ray  diffi/action (XRD)
analysis  on  several  clay-shale  samples  taken at difTerent
depths from boreholes S12S and  F4-2 and  from the DISG
block directly cut  from  the  tunnel  face. Mineral  composi-

tion has been  found  to vary  greatly in the  three  analyzed

samples  even  if only  the total fraction of  clay  minerals  is

considered.  The  deeper  sample  is characterized  by  a

remarkably  lower phyllo-silicate content  (25 -30%  of  the

total dry weight),  which  increases to 45%  for the  more

shallow  samples.  The  most  highly swelling  clay  mineral,

i.e. smectite,  is present in small  proportions in the  form
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Fig. 2. TotaL displacements measured  in inctinometer boreho]e S12S

of  alternating  illite-smectite layers,

  The  lithic components  include calcareous,  marly  and

arenaceous  fragments for a total volume  fraction varying
between O and  20-30%.  Because of  the low percentage
of  the lithic components,  mainly  present in the form of

disarranged strata  and  fragments, the meehanical  behav-
ior of  the Chaotic Complex  at the macroscale  is governed
by  the  clay  shale  matrix.

  The  northern  stretch  of  the Raticosa  tunnel (Bologna
side) crosses  a large paleo-landslide area  for approxi-

mately  500 m  (Fig. 1), where  deforrnation phenomena  are

still active,  Movements  of  more  than  4mmlyear  were

measured  in the 1993-95 period (i,e., before tunnel

excavation)  at the surface  of  the landslide body along

borehole S12S equipped  with  an  inclinometer tube

NII-Electionic  



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

RATICOSA  TUNNEL  ITALY 59

Tab]e 2. IndeN  and  mechanical  properties of  the  Raticosa ctay-shale

           Properties

 U-nit weight  of  total  volume  ? <kN/mi)

 Unit weight  of  solid  y, (kN/mS)

 Natural water  content  iv (%}

 Liquid ]irnit w,. (%)

 Plastic limit wp  (%)

 Saturation degree S, (%)

 Clay fraction CF  (%)

 Compression  index C,

 Swelting index C,

 P-wave velocity  B  (mfs}

 S-wave  velocity  Vk {mls)

 Triaxia] peak cohesion  cS (kPa)'

 Triaxial peak friction angle  op6

 Direct shear  peak  (residua!) cohesion  (kPa)

 Direct shear  peak  (residual) friction angle

  
"
 The  lower and  upper  Iimits refer  to values  obtained  from  sarnples

    taken  at  depths h below or  above  200m.
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(Fig, 2). More  recent  measurements  exhibit  a  more

random  trend, diMcult to be soundly  assessed,  Moreover,
the last measurements  have been limited to the first 60 m
since  the inclinometer probe  could  not  be moved  further
down,

Geotechnicat Characterization

  Geotechnical characterization  of  the clay-shale  forma-
tion has met  many  diMculties and  uncertainties,  mainly

related  to the high sensitivity  to sampling  disturbance and
specimen  preparation of  the pervasively fissured hard
material,  A  summary  of  the basic geotechnical
parameters  evaluated  for the tectonized  clay  shale  is given
in Table  2.

  The  in situ measurement  of  hydraulic conductivity  by
borehole pumping tests has failed because of  negligible

water  absorption,  indicating, nevertheless,  very  low bulk

permeability, less than  10-i' mls.  Only inside the more

perrneable and  loosened material  of  the paleo-landslide
mass  could  meaningful  pumping  tests be executed,  ob-

taining permeability values  in the range  of  3 × 1O-7 -- 2 ×

10-9mls.
  At present no  reliable  information is available  on  pore

pressure distribution inside the Chaotic Complex; still, it
is reasonable  to assume  that the  water  table is at  the

ground surface  and  that  the whole  formation is almost
fully saturated.

  Piezometers installed in the ground during tunnel exca-

vation  (14 electric instruments up  to a  distance of  15 m
from the tunnel wall)  have not  measured  any  pore  water

pressure so  far.

  Two  Casagrande  piezometers installed in borehole
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Fig. 3. Hydrautic head  measured  by two  Casagrande  piezometers ill
   borehole S12S

S12S inside the paleo-landslide area  have  recorded  a

piezometric head which  is variable  along  the vertical  and,

in any  case,  lower than  the depth of  the measuring  points

frorn the ground  surface  (Fig. 3). The  deeper piezometer
(A) shows  a  continuously'time-decreasing  trend  of  pore

pressure with  a  steeper  gradient as the tunnel face ap-

proaches the borehole position; piezometer (B), located
in the  transition  zone  at the  boundary of  the paleo-

landslide, exhibits  a  more  irregular trend,  probably  in-
fluenced by deformation phenomena  that are  still active.

  The lack of  valuable  information about  pore pressure
distribution leads to much  uncertainty  about  the effective

stress field at the depth of  the tunnel,

  The  index properties obtained  on  borehole  cores

(according to the ASTM  D  421-58 procedure) do not  vary

significantly  neither  with  position along  the  tunnel route,

nor  with  depth (Fig. 4). The  clay-shale  blocks taken  at  the

tunnel face give more  scattered  results,  especially  the

deeper samples.  The natural  water  content  w  (average
value  9%)  is always  lower than  the plastic limit wp,

  Only three values  of the index properties are  available

for the paleo-landslide area;  basically, the  unit  weight  of

total volume7  seems  to be lower than  that obtained-for

the deeper material  and  the natural  water  content  w  tends

to reach  the plastic limit wp.

  The  index properties (particularly wL  and  PI) and  the

grain-size distribution of  the hardened clay  scales  strong-

Iy depend on  the disaggregating technique  adopted  in

preparing the samples,  Only prolonged working  with  the

spatula  will  destroy rnost  of  the diagenetic bonds within

the shear  lenses, thereby increasing the clay  fraction (e.g.,
Picarelli et al., 2002), Actually, this could  be less true for
the clay-shales  belonging to the Liguridi Units (AGI,
1985), characterized  by high carbonate  content  as  is the
case  of  the Raticosa  clay-shales  (Table 1). An  attempt  to
verify  the infiuence of  the  disaggregating technique  has

been made  on  material  taken  from the  DISG  block; the
clay  fraction has been found to increase from 13%  to

23%  both after  prolonged working  with  the spatula  and

after  repeated  drying and  wetting  cycles,  thus  indicating a

considerable  de-bonding efrect similar  but still lower than
that associated  with  the transition from the deep clay-
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shale  to the  completely  softened  and  destructured clay  of

the Iandslide mass.

  The saturation  degree is generally lower than  unity  also

for very  deep samples  (Fig. 4): this is quite a common
finding in scaly  clay  formations, partly explained  by the

opening  of  fissures due to the efTect  of  loosening and

stress release  during sampling,  particularly remarkable

for deep samples,

  A  rough  estimate  of  the sampling  disturbance can  be
obtained  by analyzing  the result  of  the Huder-Amberg
one-dimensional  swelling  test (Wittke, 2000), Figure 5

shows  the typical result  of  a  test carried  out  on  a  sample

taken  from a deep block (h =430  m);  the reduction  in the
void  ratio  (Ae!O,1) between point A  (start of  the first
loading phase) and  point C (end of  unloading)  can  be

essentially  attributed  to the  closure  of  fissures previously
opened  after sampling  disturbance, which  reduced  the
saturation  degree to about  70%,  Due  to the negligible

volume  increase recorded  after  adding  water  (point D,

before unloading),  a swelling  pressure oo  s7  MPa  can  be
estimated.

  During  unloading,  with  water  allowed  to penetrate into

the sample,  swelling  deformation is considerable  and

comparable  with  that observed  in ordinary  oedometer

tests (Fig. 6). In fact, as  often  occurs  with  scaly  clays,  the

Raticosa shale  exhibits  a  very  high swelling  index C, and
therefore also  a  high ratio  between the swelling  index and
the compression  index (Table 2).
  P-wave and  S-wave velocities (Vi,, P'k) measured  on

shale  blocks taken  at  the face under  an  overburden  of

480m  showed  a dynamic shear  modulus  of  around

2900 MPa;  Vb values  ranging  from 2000 to 2500 mls  were

AJo.9reLp.o>

O,5

O.4

O.3

O.2

O.1

        O.Ol O.1 1 10 dOO

                vertical stFess 6, (MPa)

Fig. 5, Resu]ts of  the Huder-Amberg  swel]ing  test USMES  b)ock from

   430 m  depth)

measured  in boreholes at a depth of  around  150m  as

well.  The  dynamic  stiffhess  can  be  considered  an  upper

limit of  the  actual  in situ  stiffiiess  of  the rock-rnass

subjected  to excavation-induced  loads.

  The  loading-unloading moduli  given by  pressuremeter
tests appear  to be strongly  scattered  (Fig. 7): the  average

secant  shear  modulus  Gi.2 for the first loading step  is
about  500MPa,  while  the corresponding  unloading

modulus  is about  1.5 times greater.

  The reduction  in stiffriess as  unloading  proceeds, which
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closely  resembles  the typical mechanical  behavior of

loosened jointed rock  masses,  can  be mainly  related  to

the mobilization  of  shear  displacements along  discon-
tinuities. It is therefore diMcult to  identify a true  elastic

modulus.  The best estimate  should  be given by the upper

range  of  the unloading  shear  moduli.

  The presence of  the  network  of  fissures strongly  affects

also  the shear  strength  of  the  tectonized  shale, To evalu-

ate  the  strength  parameters of  the shales  of  the Raticosa

tunnel, triaxial as well  as direct shear  tests were  per-

O.5
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+ -
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't-ntm'rmT'ts-
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 landslide area
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venical  stress  u.  (MPa)

1OO

Fig. 6. Results of  oedometer  compression  tests (samp}es from bore-
   holes F4-2, F5-3,  and  S12-S)

formed on  specimens  obtained  from  samples  from inves-

tigation boreholes as well  as from blocks directly taken at

the tunnel face (Fig, 8).

  Triaxial tests (CID and  CIU  tests) are  deemed to afford

the more  reliable  results:  in fact data interpolation by  a

linear Mohr-Coulomb  criterion  is characterized  by a

correlation  coeMcient  as  high as O.97. More  precisely,
peak  shear  strength  data seem  to indicate two  different

strength  envelopes  according  to the depth of  the sample,

with  a much  higher cohesion  for the samples  taken  at

depths where  h>  200 m,  Beyond peak  strength  only  weak

strain-softening  is generally observed;  a  more  brittle

response  has sometimes  been observed  for specimens

with  very  low natural  water  content  (w ==  3-4%).

  The  80%  and  95%  joint confidence  regions  for the

strength  parameters c' cos  ip' and  sine',  obtained  by

means  of  the  regression  analysis  of  the triaxial strength

data are  shown  in Fig. 9. It can  be observed  that:

  -there  is a negative  cross-correlation  between the

    estimated  values  of  the variables;

  -the  confidence  interval is always  very  tight for the

    friction angle:  i.e. g' =  150 can  be virtually  consid-

    ered  as a  characteristic  value  for all  the samples;

  -the  confidence  interval seems  to indicate a lower

    characteristic  yalue  of  c' , definitely equal  to zero  for

    shallow  samples  and  in the  order  of  200 kPa  for deep

    samples.  But owing  to the  small  number  of  deep

    samples  and  moreover  to the discontinuous shape  of

    the apparent  strength  envelope  (Fig. 8), a variation

    of  the cohesion  in the range  of  O-200 kPa  could  be
    considered  more  as  a  result  of  the  natural  heter-

    ogeneity  of  the formation than  as a property  strictly

    dependent on  depth.

  A  set  of  28  UU  triaxial tests aimed  at evaluating  un-

drained strength  were  also  carried  out,  but it is very  likely

that  the results  are  strongly  affected  by the Iow saturation

degree of  the specimen,  The maximum  total deviator
stress  (oi-o]).,. in fact continuously  increases with  the
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Fig, 7, Results of  pressuremeter tests: typical  pressure-deformation curve  (a) and  secant  shear  modlllus  for the first loading step  Gia as  a function

   of  depth and  applied  pressure increment (b)
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.'stuaEv5

oAA from borehole cores
from biocks h <  200  m

from blocks h >  200  m

applied  confining  stress  o3, from an  average  value  of

1.8 MPa  for a3=  1 MPa  up  to 4.6 MPa  for a3  =  10 MPa.
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DESIGN  AND  CONSTRUCTION

  The  design of  the tunnel was  based on  the  ADECO-RS
approach  (Lunardi, 2000), whose  distinctive feature is to
highlight the key role  of  tunnel  face stability  for the
overall  static conditions  of  the tunnel; it also  introduces
the principles of  the observational  method  into tunnel
design.

  Full face excavation  was  preferred for the operational
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  invert arch  immediately
behind the face, and  of  extensively  applying  face rein-

forcement by high-power mechanized  equipment,

  Figure 10(a) shows  a  typical cross-section  of  the  tunnel

(area -130  m2),  with  the primary  lining consisting  of  a

shotcrete layer (thickness 25-30cm)  and  steel sets (2
coupled  220 mm  I-beamsfm), including an  arched  strut  in
the invert. The  final Iining is in reinforced  concrete  (invert
and  sidewalls)  and  plain concrete  (vault), with  a  standard
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Photo 1. Yiew  of  the t"nne] face supported  by temporary  shotcrete

   before insta]Iation of  the fiber-glass dovveLs

Photo  2. Detait of  the  tullnel fEce: fiber-glass dowels  are  easity  de-

   stroyed  by the hydraulic hammer

  The  concrete  invert is cast  within  a one-tunnel  diameter
from the face, with  the length of  each  cast  segment  being

generally 11 m;  finally the concrete  lining is closed  by the

vault  at about  30  m  behind the face.

  If geotechnical conditions  are  worse  than  predicted,
the total number  of  core  dowels can  be increased;
moreover  reinforcement  can  be applied  also  beyond the

excavation  profile, by installing additional  outer  dowels
with  a  small  outward  inclination,

  The highest rate  of  reinforcement  (45 inclined dowels
+50  core  dowels) was  actually  required  only  for the
initial stretch  ofthe  tunnel that crosses  the softened  and

remolded  shale  of  the paleo-Iandslide area  at low depth.
After the large ground  deformation experienced  while

crossing  the deeper section  of  the paleo-landslide area

(see Section Extrusion Measurement), heavier steel  sets

closed  by a steel  strut  at  the invert (one 300 mm  H-beam1

m  instead of  two  coupled  220mm  I-beamslm)  were

proposed  and  then  applied  for the whole  length of  the

tunnel inside the Chaotic Complex, The face reinforce-

ment  applied  inside the Chaotic Complex  was  slightly

adapted  to the variable  geotechnical conditions  encoun-

tered  along  the  tunnel  route  as well:  a  set of  45-50
longitudinal dowels, without  inclined dowels at the outer

boundary, was  initially applied  and  was  found to be
adequate  also  under  the higher overburden,

thickness  of  O.9m, increased to 1.2m  for the sections

under  higher overburden  (h>350 m).
  Construction stages  are  better represented  by the
longitudinal section  of  the tunnel in the vicinity  of  the
face (Fig. 10(b)) and  by a  typical recording  of  construc-

tion advance  (Fig. 11).

  A  thin Iayer of  shotcrete  is applied  to the face (Photo 1)
when  the  excavation  is stopped  to allow  the installation
of  fiber-glass dewels for safety  conditions.  The  face is
reinforced  by a set of  35 -  80 fiber-glass dowels (diameter
32 mm,  length 20-24  m)  grouted by  a  rapid-set  cement

mortar;  then the next  round  of  face advance  (10-12 m)
is executed  (Photo 2), applying  a new  stretch  of  primary
lining every  1 m  of  excavation  advance.

Ftice Stabitity and  Reinforcement Design

  The  design of  excavation  in clayey  soils is usually  based
on  the hypothesis that the material  displays undrained

behavior in the short  term  (i.e. during construction).  If
an  isotropic in situ stress (1(b =  1) is assumed,  as suggested

by the  high overburden  and  low strength  of  the Raticosa

shale, such  ideal undrained  conditions  should  be charac-
terized  by  a  wide  plastic zone  around  the tunnel, where

pore  pressure drops significantly  (Au<O) as  a  conse-

quence  of  the decrease in ayerage  stress, and  attains  nega-

tive values  as  predicted by  available  analytical  solutions

based on  classical  elasto-plastic  models  (Graziani and

Ribacchi, 2001),

 The  aforementioned  model  hardly applies  to the case
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of  pervasively fissured shales,  which  exhibit  a  macroscop-

ic opening  ef  fissures upon  stress release,  with  loss of

saturation  which  removes  any  significant  effect of  inter-
scale  negative  pore pressure (see also  Section Geotechni-
cal  Characterization).
  The  mechanical  behavior of  the Raticosa shale  within

the plastic zone  (i.e. zone  of  fissure opening  and  sliding)

can  also  be represented  by an  equivalent  continuous

model  of  dry material,  This conceptual  model  has in-
spired  the stability analysis  of  the tunnel face and  the

design methods  of  the reinforcement  system.

  At the design stage,  conventional  stress-strain  analyses

of the tunnel were  carried  out  as well, in which  a  
``one-

phase'' approach  (i.e., a dry material  model)  is used  to

represent  clay-shale  behavior, as suggested  by  some

researchers  (Comite Frangais de Mecanique des Roches,
2000) for stiff clay  from  deep deposits characterized  by
very  low water  content  (say w<  10%, E>2000  MPa).

  A  two  or  threephase  model  could  also  be applied  to

represent  the  effect  of  saturation-loss  on  the change  in
stiffhess  of  the  material  which  undergoes  plastic deforma-
tions, However, this more  advanced  approach  would  be
rather  impractical in the context  of  an  observational

design method.  On  the  other  hand, a  simpler  dry material
approach  seems  suMciently  accurate  where  only  the  sta-

bility of  the tunnel is evaluated  in the framework of  limit
analysis  design; in fact it is the strength  of  the loosened
material  inside the plastic zone  which  mainly  affects the

collapse  mechanism,

  The  minimum  support  pressure q, required  for face
stability  has been therefore evaluated  by applying  availa-

ble limit analysis  solutions  (Leca and  Dormieux,  1990),
calculated  on  the  basis of  drained shear  strength

parameters  c', ep'.

  For a  purely frictional material,  upper  and  lower
bound  solutions  for face stability can  be represented  by
the  expressions

                q:  (N," 7a (1a)

                q,- )N  
,-
 7a (l b)

where  q, is the support  pressure applied  to the  face, y is
the unit  weight  of  the ground  and  a  is the  radius  of  the

tunnel. The two  equations  provide  a  bracketed estimate
of  the  required  support  pressure: the smaller  value  being

obtained  by the upper  bound solution  (+), the greater
value  by the lower bound solution  (- ).
  The  cohesion  of  the  ground  can  be taken into account
simply  by adding  the term  c･cotan  e onto  the left side  of

Eq. (1), on  the basis of  Caquot's equivalence  theorem,

The  demain of  stable  face conditions  (Fig. 12) is there-
fore bounded  by a straight  line in the  plane of  non-

dimensional variables,  c17a  and  q,lya, and  its equation

is:

               r ccotan  op              q
                        -N,  (2)             

-+
             ya  7a

  The  non-dimensional  term  IV) is a function of  the  fric-

tion angle  op and  of  the scaled  depth of  the tunnel hla.

  Realistic lower bound estimates,  N,- , for deep tunnels
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Fig. 12. Upper a-d  lower bound estimate  of  the critical support  pres-

   sure  g, as a  function of  cohesion  c, for different va]ues  of the

   friction angle  q

are  proyided by the static analysis  of  a spherical  cavity

(Mandel and  Halphen,  1974) by means  of  the  characteris-

tic Iines method.  N,- exhibits  a  rapid  increase with  depth,
and  an  asymptotic  value  is generally reached  at small

depths unless  the friction angle  is very  low (¢ <120).

  Upper bound kinematic 3D  solutions  were  provided by
Leca and  Dormieux (1990) and  were  recently  improved
and  extended  by Subrin and  Wong  (2002). The  kinematic
solutions  for N,' are  independent  of  hla  (for deep  tun-

nels).

  The upper  and  lower boundaries have been calculated
for the design value,  op=15e, of  the friction angle;

moreover  the  effect  of  a ± 50 variability  has been ana-

lyzed. The  difference between the upper  and  the lower
bound  limits is very  large; nevertheless,  the  

``unsafe''

 up-

per bound  estimate  is probably the one  closest  to the  real

solution,  as shown  by centrifuge  experiments  (Chambon
and  Cort6, 1990),

  The  maximum  value  of  the  support  pressure q," equiva-
lent to the fiber-glass dowel efiect is given by (Cosciotti
et  al.,  2001)

                q,B 
m-

 nbAb.fL  (3)

where  nb  represents  the  reinforcement  ratio  (i.e. number

of  dowels per unit  area),  while  Ab  and  .fL represent  the

cross  section  area  and  the design axial  stress  of  a dowel.

  An  eqpivalent  support  pressure on  the face of

O.14MPa  is obtained  for the typical pattem  of  45 core

dowels by assuming  a design stressA  equal  to 213 of  the
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Fig, 13, Sketch of  the measuring  deyice for longitudinal disp]acement

dowel yield stress (A,==900MPa), which  accounts  for
brittle dowel behavior and  poor  bonding strength  at the

grout-shale interface.

  The  range  of  possible loading conditions  is indicated in
Fig. I2 by the solid circles corresponding  to a  support

pressure qt =q,B and  a cohesion  respectively  equal  to O and
200 kPa (see Section Geotechnical Characterization).
 Even  in the  absence  of  cohesion,  the  reinforcement

system  is capable  of  assuring  stability; while  for a  cohe-

sion  higher than  around  100 kPa, the face would  be self-
supportmg,

ANALYSIS  OF  MONITORING  DATA

  The  whole  construction  process has been performed
under  the constant  control  of  a  monitoring  system  which

is based mainly  on  the  geodetic survey  of  tunnel  wall  dis-
placements (a measuring  section  almost  every  30 m  with  5
optical  targets  installed close  to the face) and  on  axial

deformation measurements.  The latter are  carried  out  by
a  sliding  micrometer  along  special  tubes installed from
the face in the direction of  the  tunnel  axis  (Fig. 13), The

initial length of  the measuring  tube  is around  34 m  but it
shortens  progressively because the plastic tube is being
cut  as  the excavation  advances,  The  remaining  part of  the

tube in the ground, except  for a short  length (--1m)
closest  to the face which  is often  excessively  damaged, is
nevertheless  still suitable  for measurements  by means  of

the sliding  micrometer,

  The total number  of  installed tubes is enough  to  pro-
vide  a  representative  picture of  displacements throughout
the tunnel  length.

Iixtrusion Measurements

  Figure  14 shows  two  typical extrusion  measurements

recorded  at two  different chainages  in the  Raticosa  tun-
nel.

  The  longitudinal displacement profile ("extrusion"
profile) is obtained  by adding  up  the relative  displace-
ments  of  the reference  rings  along  the tube,  initially
placed at 1 m  intervals. This integration procedure starts
from the far end  of  the  tube,  where  the absolute  displace-
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Fig. 14. Extrllsions rneasured  duri"g face advance  at  two  different
   tunne] chainages

ment  is assumed  equal  to zero,  following the  practice
which  is common  with  inclinometer readings.

  Figure  14(a) refers  to the paleo-Iandslide zone  (over-
burden  30 m).  The  length of  the tube decreased from the
initial 33m  (zero reading)  to the final 20m,  corre-

sponding  to the last D  and  E readings,  taken after  13 m  of

face advance,  Every measurement  exhibits  an  
"extru-

sion"  which  reaches  a  maximum  at the  tunnel face; extru-
sion  values  are  progressively higher as  the  face advances,

thus indicating that  excavation-induced  deformations
affect the ground  core  for a distance significantly  greater
than  13 m.

  A  different trend is shown  by the ``extrusion''

 meas-

ured  in the Chaotic Complex  underneath  a  high overbur-
den (Fig. 14(b)). The maximum  extrusion  is reached  after

a face advance  of  about  10 m  (reading D) with  no  further
increases in the next  steps  (reading E). This behaviour
suggests  that inside the stronger  clay  shale  formatien the
influence zone  of  the  face is Iimited to about  10m.

  From  Fig. 14, also  the effect of  time-dependent  defor-
mation  can  be appreciated:  at  chainage  30+171, no

excavation  occurred  between  readings  D  and  E, mean-
while  an  approx.  21-mmlday-face-extrusion increase was
measured;  a  much  smaller  deformation of  only  l.2 mml
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day was  measured  at  chainage  33+676, during a  face
stop  between readings  A  and  B.

 A  picture of  maximum  extrusions  j.,,, recorded  by  the

yarious  instruments installed along  the tunnel route,  is
represented  in Fig, 15, In order  to obtain  more

homogeneous  and  comparable  data, only  extrusion  meas-

urements  relative  to the  excavated  length of  the  instru-
ment  At>12  m  have been considered  in Fig. 15. In fact,
the face could  have experienced  an  even  larger extrusion
than  that  recorded  by the measurement  system.  The effec-

tive Atvalues and  the  time  dtthat  elapsed  between the
zero  reading  and  the final reading  of  each  instrument are
therefore  represented  as well.

  At  low  tunnel  depths, i.e. in the  paleo-landslide area,

maximum  measured  extrusions  attain  values  even  larger
than  200  mm,  which  can  be interpreted as a sign  of  ac-

tually  unstable  face conditions,  as confirmed  by the high

deformation rate  during face stops.  On  the contrary,

inside the Chaotic Complex  the maximum  extrusion

values  are  always  of  the order  of  50 mm,  almost  inde-

pendent of  tunnel depth, thus denoting substantially

stable  face conditions.

Convergence Measuremen  ts

  Figure 16 summarizes  maximum  convergence,  crown

settlements  and  longitudinal displacements measured  by
each  monitoring  section  along  the  tunnel  route.  Apart
from maximum  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 extru-
sion:  this cannot  be explained  only  by different levels of
accuracy  between  the geodetic survey  and  the sliding

micrometer  measurements.  A  major  role  must  be at-

tributed to interaction with  the  primary lining, which  is

quite sensitive  to installation unevenness.

  Despite the  data scatter,  the  monitoring  data (Fig. 16)
show  a small  but significant  influence of  the overburden

on  convergence;  a linear regression  of  the data indicates
an  increase of  about  5 mm  for every  100 m  of  depth. A
similar  trend  is shown  by the longitudinal displacements.

  By  observing  that the average  horizontal displacement
of  points 1 and  5 on  the sidewalls  is almost  equal  to the

vertical  displacement of  point 3 (crown), it is argued  that

the bending distortion of  the  lining is limited; therefore
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there is an  almost  uniform  hoop stress  distribution
between the inner and  outer  sides  of  the  lining.

  Longitudinal  displacements of  the  difierent points
within  the cross-section  of  the  tunnel are  almost  equal.

The whele  sections  tend to move  in the same  direction of
the face, but the  displacement magnitude  is much

smaller,

  A  rough  interpretation of  the convergence  data has
been based on  the curve-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 dis-
tance x  and  the  time-dependent behavior of  the ground:

Ev
 eo1oeo=v9o>=oo

            (a>
O,12

 

    

oos

O,04

o.oo

chainage  30+343

-O.04 -l

o

10 20 30

c(x, t)=c.,,  (i-[i+ S ]
-2

)
        × (i+m[i-(,. ;.)

-"

])(4)

wheretis  the  time  elapsed  since  the  face passed through
the monitoring  section.

  Relationship (4) depends on  fiye parameters: C"., (``in-
stantaneous  closure'')  and  X  (a distance related  to  tunnel

radius  R) which  control  the  face efiect, and  m,  T and  n

for the time-dependent  contribution.

  The  free parameters  can  be determined by a  non-linear

regression  of  experimental  data for each  monitoring  sec-

tion where  a  set of  at least k=  15 -- 20 readings  are avaiia-

ble, starting  from a  
``zero''

 reading  made  close  to the
tunnel face (distance xo) at time to. The  set of  k equations

to be solved,  according  to the minimum  squares  method,

therefore assumes  the form:

ACi,meusured==C(Xi, ti)-C(Xo,  to) i=1, k･

Avw-diE-.-.10,,a3040

O.12

)

!

(5)

  To  reduce  problems  of  ill-conditioning of  the system  of

Eq, (5), exponent  n was  fixed at a value  of  O,3, as  suggest-

ed  by Sulem et al. (1987),
  Figure 17 shows  two examples  of  convergence  curve

fitting by  means  of  Eq.  (4), respectively  for a  monitoring

section  located in the  completely  softened  shale  (chainage
30 + 343, overburden  50 m),  and  another  one  deep inside
the Chaotic  Complex  (chainage 32+998,  overburden

365 m),  In the  lower part of  the graphs, the distance
between excavation  face and  the monitoring  section  as a

function of  time is also  represented  to make  the interpre-
tation of  the observed  behavior easier.

  The estimated  values  of  the regression  parameters, also

reported  in Fig. 17, indicate a remarkable  amount  of

time-dependent  convergence,  whose  asymptotic  values,

controlled  by the  parameter  m,  is equal  to 1.8÷ 2.4 times
the convergence  due  to the face advance.

  Time-dependent  deformations  can  be clearly  evidenced

during a  period of  excavation  pause, like the  20-day  stop

reported  in Fig, 17(b). In this case,  when  the face stopped
at a distance of  about  26 m  from the monitering  section,

the  corresponding  increase in convergence  was  about

15mm;  this measured  value  is well  reproduced  by the
fitting procedure. This kind of  behavior, observed  also  in
other  monitoring  sections,  highlights how  important it is
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Fig. 17. Curve  fitting of  conyergence  measurements  at two  monitoring

   sections

to closely  respect  the construction-time  schedule  in order
to prevent overloading  of  the  primary  lining before the
final setting  of  the concrete  lining.

CONCLUSIONS

  The  analysis  of  the  excavation  performance  of  the
Raticosa  railway  tunnel  under  the Apennine  range

contributes  to a  better understanding  of  the  behayior  of  a

typica}  tectonized  clay-shale  formation (widespread
throughout  peninsular Italy) under  high overburden  and

in a  paleo-landslide area.  Furthermore,  the validity  of  the

adopted  excavation  method,  based on  full face excava-
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tion associated  with  face reinforcement  by means  of

fiber-glass dowels and  with  a  primary  lining made  of

shotcrete  and  steel  sets, has been confirmed  by the

monitoring  results,

  Geotechnical characterization  of  the tectonized  clay-

shale  required  several  laboratory and  in situ tests carried
out  at the exploration  and  design stages  and  needed

continuous  updating  during tunnel  excavation.  Many

diMculties were  caused  by sensitivity of  the  fissured clay

material  to sampling  and  specimen  preparation. The

strength  data indicate a typical value  for the friction angle

of  15O while  the estimated  cohesion  values  show  a wider

range  of  variation  with  a  characteristic  lower limit equal

to zero.

  Stress-strain analysis  of  the tunnel construction  was

not  addressed  in this paper, only  some  topics related  to

face stability and  reinforcement  design were  examined.  A
limit analysis,  aimed  at assessing  the minimum  support

pressure required  for face stability, indicated that  the

adopted  face reinforcement  is adequate  even  for the case
of  negligible  ground  cohesion.

  The ground behavior  during  tunnel construction  was

monitored  by means  of  longitudinal displacement  meas-

urements  ahead  of  the tunnel face (extrusion measure-

ments)  and  by geodetic surveys  of  tunnel wall  displace-

ments  (convergence measurements).  The paleo-landslide
area  was  characterized  by very  high values  of  extrusion

and  convergence  as well  as by high deformation rates

during the excavation  stops,  thus indicating that  face
conditions  were  close  to instability. Ground  deformation
caused  by tunnel  excavation  was  lower at higher depths
inside the Chaotic Complex,  and  face extrusion  settled to

an  almost  constant  value  irrespective of  tunnel depth.
Tunnel convergence  measurements,  albeit  characterized

by larger scatter, indicated a  small  but significant  in-
fluence of  the tunnel depth. The time-dependent  conver-

gence  was  estimated  to be about  2 times the convergence
due to face advance,  Such a  rernarkable  amount  of

delayed ground  deformations clearly  demonstrates the
importance of  complying  with  the  time-schedule  for in-
stalling  the  final lining in order  to avoid  overloading  of

the primary  lining.
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