
 

 

RREETTEE  DDEEII  LLAABBOORRAATTOORRII  UUNNIIVVEERRSSIITTAARRII  

DDII  IINNGGEEGGNNEERRIIAA  SSIISSMMIICCAA 

 

 

 
 

RELUIS 

Scientific Report - Year 2007 

 
 
 
 

Research Line n. 6 

INNOVATIVE METHODS FOR THE  
DESIGN OF GEOTECHNICAL SYSTEMS 

 

 

Research Unit 2 

Coordinated by Giovanni Barla 
Politecnico di Torino  

Department of Structural and Geotechnical Engineering 
 
 
 
 
 

UNDERGROUND STRUCTURES 
 ROCK TUNNELS AND CAVERNS 



Year 2007 Scientific Report – 2° year – RELUIS PROJ ECT  Line n.6-2  

 2 / 14 

1. INTRODUCTION 

1.1. General targets  

It is the  purpose of the present report to summarise the results of the research studies carried out during 
the second year by the Research Units (RUs) of Politecnico di Torino, Department of Structural and 
Geotechnical Engineering (DISTR), Politecnico di Milano, Department of Structural Engineering (DIS), and 
Eucentre, Pavia (Eucentre). The main topics of the research work carried out so far are as follows: 

 
1. State of the art of underground structures in seismic conditions. 
2. State of the art of design analysis. 
3. Database and damage scenarios. Development of fragility curves. 
4. Definition of seismic input.  
5. Design analyses of tunnels and caverns, by analytical and numerical methods, in 2D and 3D conditions. 
6. Design analyses of well-documented case studies. Use of advanced codes (GeoELSE) and of 

commercial codes (FLAC 2D and 3D, Examine3D, Midas-GTS, etc).  
7. Development of Early Warning innovative methods for underground monitoring. 
8. Development of Guidelines for design analysis of underground structures in static and dynamic 

conditions. 
 

During the first year, as discussed in the first year report, activities 1, 2, 3 and 4 have been completed. In 
the second year, activities 5 and 6 were carried out. At the same time significant results have been obtained 
with activity 7. Also, a non-parametric method for the definition of seismic input starting from observation 
data has been developed (activity 4). 

2. ACTIVITIES 

2.1. Introduction 

The above topics are developed by the three research units (DISTR, DIS, Eucentre) with a continuous and 
close interaction, although the role of each unit is different. For instance, DISTR and DIS mainly work on the 
development of design methods for tunnels and underground cavities and on the validation of the adopted 
procedures, including the analysis of relevant case studies. The main task of Eucentre is to define the 
seismic input for design analysis. DISTR is also providing the documentation material for selected case 
studies and, moreover, is working to develop innovative early warning systems for underground monitoring. 

 
The three RUs met in 2007 at Politecnico di Torino on 06.01.07, with the main purpose to discuss the work 

in progress and in particular the case studies to deal with. The conferences in Pisa (ANIDIS, June, 10.14), 
Salonicco (ICEGE, June 25-28) and Madrid (ECSMGE, September 24-27) were occasion for useful meetings, 
in order to exchange information on the work being carried out. A meeting has already been planned at 
Politecnico di Torino at the beginning of 2008. On this occasion, the discussion will be devoted to the 
activities of the third year and will focus on the “Guidelines for design analysis of underground structures, in 
static and dynamic conditions”, i.e. topic 8. 

3. RESULTS 

3.1. Description of main achievements  

The main activities carried out so far are well illustrated in the publications listed in the bibliographic 
references.  It is interesting to report below the most recent work, which is in progress. 
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�  Seismic input - Eucentre Unit 
 
In continuity with the design input provided for the Serro Montefalco tunnel numerical study, which has 

been completed (Papers 2, 3, 4, and 5),  Eucentre is to provide the seismic input for the Giaglione Cavern 
case study, which is currently being analysed by both DISTR and DIS. In addition, Eucentre is currently 
working on the development of synthetic earthquakes using Artificial Neural Networks (ANNs).  
 
o Gaglione Cavern seismic Input 
 

The dynamic analysis of an underground cavern requires the definition of the seismic input in terms of 
time-histories. Therefore, it is necessary to define the seismic hazard level in terms of response spectra with 
uniform probability. According to Eurocode 8 (EC8), the acceleration time histories can be defined using 
different approaches including artificial spectrum-compatible accelerograms, synthetic records generated by 
a seismological model of the source and real accelerograms (i.e. time histories recorded in real earthquakes). 
Recorded accelerograms are obviously to be preferred as they possess a realistic frequency content and a 
proper phase correlation. The seismic Hazard assessment for the Giaglione Cavern (Susa area) is carried 
out by using the probabilistic approach according to the Cornell-McGuire method (Cornell, 1968; McGuire, 
1976). The steps required for the evaluation of the Uniform Hazard Spectra are summarised in the following.  

 
- Earthquake catalogue: for the definition of the regional characteristics of seismicity, the catalogue of Italian 

earthquakes CPTI-04 (GdL CPTI, (2004) has been used. This catalogue has been recently developed by 
the National Institute of Geophysics and Vulcanology (INGV), when preparing the new seismic hazard map 
of Italy (GdL MPS, (2004). The present study considers all the seismogenic zones that contain seismic 
events extracted from the CPTI-04 located within 200 km from the site as shown in Figure 1. 

 
- Seismogenic zones: seismogenic zones are characterized by a uniform rate of seismicity and therefore are 

described by a unique probabilistic distribution of magnitude and by the same temporal occurrence 
process of the earthquakes. Therefore they are homogeneous zones from the point of view of the potential 
generation of earthquakes, since it takes that all the points within a seismogenic zone have the same 
probability to become epicentre of a new seismic event. The seismogenic zonation, called ZS9, recently 
developed by Meletti & Valensise (2004) and used for the Seismic Hazard Map of Italy (GdL MPS, (2004) 
is used for the present study 

 
- Completeness of the catalogue: historical seismicity represented by the earthquakes catalogue is 

reconstructed by using the information derived from heterogeneous sources, which include instrumental 
records and macro-seismic observation extracted from ancient documentation. Therefore, it is 
characterized by a different level of accuracy dependent on the different type and quality of the available 
information as well as on the different approaches used. The GdL MPS (2004) analysis has defined the 
completeness period of the catalogue using two approaches: one historic and one statistic. For the present 
work only the historic approach is used. 

 
- Gutenberg-Richter relationship: the seismicity of an area is represented into the probabilistic method 

through the Gutenberg-Richter frequency-magnitude relationship (Reiter, 1991; Kramer, 1996) which gives 
the mean annual rate of exceedance l M of seismic events of magnitude greater than or equal to MW. The 
Gutenberg-Richter relationship establishes a linear relation between l M and MW in the semi-logarithm 
plane log l Mw - MW: 

WM Mba
W

×-=llog
 (1) 

where the parameters “a” and “b” represent respectively the total seismicity of the area and the relative 
frequency of occurrence of strong earthquakes (more rare) with respect to the weak ones (more frequent).  

Using the values of the historic completeness described in the previous section the cumulative annual rate 
of occurrence has been calculated from the earthquakes catalogue for the different range of magnitude 
and for the seismogenic zone within the area of interest. The classes of magnitude and the completeness 
periods considered are the same as adopted by INGV in the edition of the new Seismic Hazard Italian Map 
(GdL MPS, 2004). 
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Figure 1 Distribution of earthquakes epicentres in the area of study. Events of the CPTI-04 catalogue. Temporal 
window from 217 a.C. to 2002 d.C. (GdL CPTI, 2004). Superimposition between epicentres distribution and seismic 
zonation (Meletti e Valensise, 2004)   

 
- Attenuation laws: attenuation laws define the way the synthetic parameters of the seismic excitation decay 

as the distance from the source increases. They are derived based on statistical analyses of strong motion 
parameters recorded during earthquakes in different regions of the world, for different tectonic settings. 
There are a number of attenuation relationships available in the technical literature. The most commonly 
used in Europe and in Italy respectively are the relationships developed by Ambraseyes et al. (1996) and 
Sabetta & Pugliese (1996). Both relationships are used in this study. 

- Probabilistic seismic hazard assessment (PSHA): a probabilistic seismic hazard analysis (PSHA) provides 
a framework in which uncertainties in size, location, recurrence rate of earthquakes and in the variation of 
ground motion characteristics with earthquake size and location can be identified, quantified, and 
combined in a rational manner (Kramer, 1996). In particular, a PSHA provides an estimate of the 
frequency of exceeding specified levels of ground motion at a site by integrating the contributions of 
earthquakes of all possible magnitudes and locations. The seismic hazard evaluation is conducted 
adopting the standard Cornell-McGuire approach, which determines the hazard curves integrating the 
contribution of the different seismogenic zones and assuming proper attenuation laws of the seismic 
motion. From the hazard curves, the probabilistic response spectrum for 72, 475 and 2475 years return 
period has been derived for the Susa site as depicted in Figure 2.  
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Figure 2 Uniform Hazard Spectra for return period of 72, 475 and 2475 years  
on rigid soil site for the city of Susa 

 

o Definition of the seismic input by using Artificial Neural Networks (ANNs) 

  
The response of underground structures is controlled by the deformations and strains imposed by the 

surrounding soil, then the damage due to shaking is not strictly related to strong motion parameters. 
Moreover, a bibliographic study of the earthquakes induced damages to underground structures shows that 
most damages are caused to deep tunnels located in near-fault conditions. The characteristic of ground 
motion in the vicinity (<10÷15 km) of a causative fault can be significantly different from that in the far-field.  

When studying the seismic response of deep tunnels, Corigliano et al. (2007) proposed a method which 
takes into account the interaction of the underground structure with the surrounding ground excited by a 
near-fault ground motion. From this solution, the stress increment in the tunnel lining due to seismic loading 
can be estimated from the computation of the maximum shear strain in free-field conditions. The purpose of 
this part of the work is to provide a simplified approach to predict the maximum shear strain (PGS) induced 
near a seismogenetic fault and a correlation of PGS to strong motion parameters (i.e. PGV) by using Artificial 
Neural Networks (ANNs).  

The proposed method has been applied to the “Ariano Irpino” fault in Southern Italy (Sannio region).  The 
synthetic seismograms were calculated at observation points located in different directions around the fault 
trace as shown in Figure 3b.  

 

 

   

 

 

 

 

 

                             (a)                                                                                           (b) 

   

     The observation points with ground motion available from synthetic data 

     The observation points with ground characteristics predicted by ANN 
 

Figure 3 a) The general outline of seismic source zone; b) The placing of 
observed and predicted points versus depth 
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Typical results obtained are depicted in Figure 4 (a) and (b) where the maximum shear strain computed 
with the ANN method compares satisfactorily to that given by the Hisada & Bielak’s simulation (2003).  

 

 

 

 

 

 

 

 

                                       (a)                                                                                   (b) 

 
Figura 4   Comparison of the maximum shear strain computed with the ANN method 

 to that obtained with Hisada & Bielak’s simulations (2003)   

 

 
�  Development of design analysis methods for deep tun nels and caverns - DISTR and DIS Units  
 

The research project deals with the analysis of tunnels and caverns in seismic conditions. In particular, the 
attention is devoted to the design steps which need to be considered in order to asses the load increase in 
the lining and in the stabilising structures during a seismic event. These steps are: (a) rock mass 
characterization, (b) computation of the state of stress in the lining/stabilising structures in static conditions, 
(c) seismic input evaluation, (d) structural response analysis during the seismic event. 

 
The tunnel response analysis in seismic conditions is performed with reference to the following primary 

deformation modes: (a) compression and extension; (b) longitudinal bending; (c) ovaling of the transversal 
cross-section. Clearly, a complete response analysis of underground structures can be carried out only by a 
3D analysis. Nevertheless, if one considers a tunnel (i.e. a linear structure which extends in the longitudinal 
direction), it is possible to perform a 2D analysis, in plane strain conditions, where the ovaling of the 
transversal cross-section takes place due to shear waves propagating orthogonally to the tunnel axis. This is 
not acceptable for underground caverns (e.g. some hydroelectric caverns), particularly when these have a 
limited length.   

 
There are two ways to perform a design analysis: first, one is to consider only ground deformations without 

accounting for the structure (“Free-Field”, FF); second, the soil-structure interaction is to be taken into 
account (“Soil-Structure-Interaction”, SSI). These  include several methods. The first approach (e.g. St. John 
e Zahrah, 1987) neglects the interaction with the structure: “Free-Field” implies ground deformations due 
seismic waves in absence of structure and excavation; in this case the structure should be designed to 
absorb these deformations. This method, which neglects ground-structure interaction, may over- or low-
estimate structural deformations. Generally this approach is useful in area with low seismic risk or for 
underground structures embedded in a stiff rock mass. 

 
There are several methods to analyse ground-structure interaction, including numerical and analytical 

solutions. Analytical solutions (e.g. Wang 1993; Penzien 2000) are effective for simplified geometrical 
conditions (circular tunnels) and consider the ovaling of the transversal cross-section in pseudo-static 
conditions. One evaluates the thrust, the bending moment and also the displacements. SSI can be 
accounted for more satisfactorily by using numerical methods (i.e. finite difference method - FDM, finite 
element method - FEM, distinct element method – DEM, or boundary element methods - BEM), with several 
advantages such as the modelling of structures with complex shape, or in complex stratigraphic conditions . 
On the other end, there are disadvantages associated with the computing time which is needed in order to 
represent  accurately  an adequate frequency range, which obviously influences the size of the structural 
elements. At the same time the modelling of the seismic source within the model is difficult and there are 
problems associated with the boundary conditions to be introduced.  

 
A classic approach to simulate SSI implies the use of a tunnel model extending in the axial direction and 

consisting of a beam embedded in elastic ground (Winkler). Due to the effects of the seismic action the 
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tunnel cross-section is subjected to axial, bending and torque deformations. To model the structural 
behaviour along the tunnel, the surface deformation is taken to be variable in axial and transversal directions. 
In the axial direction a first mode ground motion distribution due to shear waves is assumed, while in the 
transversal direction this is taken to be proportional to the harmonic wave with a period which depends on 
the ground properties. 

 
The design analysis methods which have been developed/used so far are the following: 
 

o Analytic closed form solutions: this solution (Corigliano, 2007), which has been developed in plane strain 
conditions for a deep circular lined tunnel, allows one to account for different interface conditions between 
the ground and the lining, i.e. full-slip or no-slip conditions. The seismic action is modelled as a uniform 
quasi-static strain field simulating a pure shear deformation.  
 
o 2D and 3D numerical solutions, static and dynamic, with FDM and FEM methods: several constitutive 
laws can be used (elastic, elastic-plastic,…) for the rock mass surrounding the tunnel/cavern. The static 
analysis is performed first, followed by the dynamic analysis, where the size of the mesh is defined in relation 
to the seismic wavelength to be considered. The computer codes used are: FLAC 2D and 3D, Plaxis, and 
Midas-GTS, etc. 
 
o Numerical dynamic solutions with the Domain Reduction Method (DRM): the tunnel/cavern response is 
studied with a complete analysis of the seismic problem including the seismic source which is incorporated 
within the model. The problem is solved in two steps. First, a 3D analysis is performed in the 3D domain, 
using the Hisada & Bielak (2003) semi-analytical approach to reproduce the seismic source. Second, with 
the Spectral Elements Method (SEM) (Faccioli et al, 1997) the seismic waves propagation in the tunnel 
transversal cross-section is simulated. The SEM is a powerful numerical technique suitable for the study of 
seismic waves propagation and dynamic analysis of ground-structure interaction. This method has been 
implemented in the GeoELSE code (Geo-ELasticity by Spectral Elements).  
 
o    Simplified numerical dynamic solutions in the longitudinal direction: a finite element stick model has been 
purposely developed by subdividing the tunnel into a finite number of frame elements with lumped mass, 
connected to the surrounding ground by a series of frequency-dependent springs and dashpots in parallel 
(i.e. a Kelvin-Voigt model), representing the effects of ground deformability and energy dissipation (though 
Sommerfield radiation and material damping). The seismic excitation is applied at the external nodes of the 
Kelvin-Voigt model through appropriate three-component free-field displacement and velocity time-histories.  
Seismic loads are introduced with time-histories series in terms of velocity and displacement in free-field 
conditions. Synthetic time-histories are generated using the Hisada & Bielak’s approach (2003). 
 

 
�   Case studies - DISTR and DIS Units  

 
With the design analysis methods summarised above a comprehensive study of the Serro Moltefalco 

tunnel has been carried out (see papers 2 and 3). This tunnel is part of the “Caserta-Foggia” railway line. It is 
11.9 km long, with a maximum overburden of 225 m. It represents one of the most relevant structures of the 
entire line due to the complexity of the geological conditions encountered. The rock mass comprises 
varicoloured clay-shales, marl and marly limestone, clay and marl intercalated with limestone.  

 
The analysis of the seismic problem involved simultaneous modelling of the seismic source, the 

propagation path, accounting for near-source geological conditions and soil-structure interaction. The 
solution has been carried out by using Geo-ELSE and the Domain Reduction Method (DRM). Also carried 
out were analyses with the FLAC codes. As expected, due to the large wavelengths characteristic of near-
fault wave propagation with respect to the tunnel size, the dynamic soil-structure interaction effects are 
rather weak.  

 
Good agreement has been obtained between the results of advanced 3D numerical analyses, 2D analyses, 

and closed form solutions. The thrust force computed by dynamic analysis exceeds by about 30% the value 
obtained using the simplified approach. Note that tunnels excavated in complex geotechnical conditions, like 
the “Serro Montefalco” tunnel, can suffer damage if a loading increment due to the most severe earthquake 
scenario considered for that area is added.  
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It is clear that the computational procedures adopted for the Serro Moltefalco tunnel may find additional 
validation by performing back analyses of tunnels which underwent severe damages during a real 
earthquake. For this reason the decision was taken to analyse in detail the Pavoncelli tunnel, i.e. the base 
tunnel of the Acquedotto Pugliese which, during the Irpinia earthquake of November 23,1980 suffered severe 
damages to the tunnel lining. This study is nearly completed and a paper will be submitted to a journal for 
publication. Some of the results obtained so far are illustrated below. 

 
The interest for underground caverns has motivated to start a comprehensive numerical study of the 

Giaglione power house, a major component of the Pont Ventox - Susa hydroelectric scheme, which has 
been recently put into operation. The geological and geotechnical data, collected both at the design stage 
and during construction are available (Barla, 2005). The analyses are being carried out in both static and 
dynamic conditions by using the FDM method and the FLAC codes. Also in progress are analyses with Geo-
ELSE and the Domain Reduction Method. A brief summary of the results obtained so far is reported in the 
following. 

 
 

·  Pavoncelli tunnel  - DISTR Unit  
 
The Pavoncelli tunnel is part of the “Acquedotto Pugliese. The tunnel length is 15 km and the maximum 

overburden is  350 m. Built between 1906 and 1911 has been excavated thorough different geological 
formations such as the Coste di Santa Lucia limestone,  the Materdomini flysch and the varicoloured clay-
shales. The tunnel cross-section considered in the following has been excavated in the varicoloured clay-
shales complex which is well characterised from a geotechnical point of view (Cotecchia et al., 1992). It is 
known that this tunnel underwent very severe damages during the Irpinia earthquake in 1980 (Cotecchia, 
1986). 

 
The interest of the Pavoncelli tunnel study in seismic conditions is twofold: (a) a back analysis of the tunnel 

behaviour allows one to give an appropriate and quantitative assessment of the severe damages incurred by 
the tunnel during the 1980 earthquake; (b) useful indicators can be obtained for the design of the Pavoncelli 
Bis tunnel, about 10 km long, which is planned to be excavated parallel to the existing tunnel, at a distance 
of about 200 m. 

 
The tunnel cross section is oval in shape and has a variable lining thickness ranging between 1.15 m and 

1.60 m at the crown and between 0.60 and 1.00 m at the invert. As depicted in Figure 5 a below the tunnel 
has a span of 2.70 m maximum is 2.90 m in height. The overburden cover is 160 m approximately. During 
the earthquake the tunnel underwent a dramatic uplift at the invert with significant cracks at the sidewalls as 
illustrated in Figure 5 b (Cotecchia, 1986). 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

                                     (a)                                                                                     (b) 

Figura 5   ( a) Analysis cross-section. (b) typical phenomena of instability after the November 23rd, 1980 earthquake 
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The following analyses have been carried out: 
 
- Static analysis with simulation of excavation: the tunnel is excavated full face and a stress relaxation 

coefficient l =90% is assumed, i.e. a large plastic zone was induced around the tunnel given the 
conventional excavation method adopted at the time of construction; 

 
- Static analysis with the masonry lining activated: an additional stress relaxation of 10% is assumed 

and swelling is taken into account with a swelling coefficient KH-A=12%. 
 

- Dynamic analysis with the lining undamaged.  
 

As shown in Table 1, the ground is assumed to behave as elastic-plastic perfectly plastic (ELPLA) 
according to the Mohr-Coulomb model and the lining is following a linear elastic (EL) stress strain law. The 
initial state of stress in the ground is geostatic (unit weight g is equal to 22 kN/m3) with a stress ratio Ko = 1. 
The static analyses were performed in drained conditions. For the purpose of the seismic analysis the Sturno 
accelerogram, recorded during the Irpinia earthquake of November 23rd, 1980, has been considered. 

 
The results obtained are shown in Figure 6 where the bending moment is plotted in both static and seismic 

conditions, for the different analyses performed.  Figure 7 gives the resistance diagram for the masonry 
lining of the tunnel at the crown, sidewalls and invert. It is clear from these results that failure of the lining in 
seismic conditions takes place at the invert and at the sidewalls, as observed at the site following the 1980 
Irpinia earthquake . 

 
Table 1:    Mechanical parameters assumed 

Materials         nnnn(-)         E (GPa)  c’ (kPa) jjj j ’ (°) 

Ground (ELPLA)      0.45           0.20  50 22 

Lining (ILE)        0.25         15.00          - 
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Fig. 6   Bending Moment (M) in the tunnel lining. Static and dynamic analysis.                                                          
Ground behavioural laws: EL, elastic; ELPLA, elastic-plastic  
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Fig. 7   Resistance domain and tunnel lining ultimate state in static and seismic conditions.                                         
Ground behavioural laws: EL, elastic; ELPLA, elastic-plastic  

 
·  Giaglione Cavern - DISTR and DIS Units 

 
The Giaglione Cavern comprises three levels, with maximum height 46 m, 22 m maximum span, and  total 

length of 50 m (Figure 8). With consideration given to the geometry of the cavern, the numerical analyses 
should be performed in 3D conditions. It is however acceptable to perform 2D analyses in plane strain 
conditions (Barla, 2005). The cavern has been excavated in good quality calc schist with RMR>65. The 
cavern is an important underground structure, with geometric characteristics similar to other caverns built in 
Italy also in seismic zones. As a consequence, this cavern can be used effectively to run 2D and 3D design 
analyses in seismic conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 8   3D view of the Giaglione Cavern. Three cross sections are shown (1,2,3)                                                    
which can be used for 2D analysis  

DOMINIO DI RESISTENZA (calcolo statico+dinamico ELP LA)

-1500

-1000

-500

0

500

1000

1500

-7000-6000-5000-4000-3000-2000-10000

Forza Normale [kN]

M
om

en
to

 F
le

tte
nt

e 
[k

N
m

]

Calotta spessore riv.=1.32m Sollecitazioni Arco rovescio Arco rovescio Sollecitazioni Calotta Piedritti Sollecitazioni Piedritti

PIEDRITTI

ARCO
ROVESCIO

CALOTTA

Calotta s medio =1.32m

Piedritti s medio =1.05m
Arco rov. s medio =0.60m

Ubicazione delle 
zone di rottura

3 2 13 23 2 1



Year 2007 Scientific Report – 2° year – RELUIS PROJ ECT  Line n.6-2  

 11 / 14 

o 2D Analyses 
 

Cavern analyses in static conditions need be performed prior to the dynamic analyses. It is appropriate to 
perform these analyses in (1) “intrinsic” (i.e. unsupported) conditions and (2) by taking into account the 
influence of the stabilization elements (i.e. rock bolts and rock anchors). Considering that the results of static 
analyses are available which consider staged excavation, for the purpose of the present study excavation 
has been simulated in one stage only with a stress relaxation coefficient l =80%, followed by support 
installation. Preliminary dynamic analyses were performed by considering the accelerogram of  the 
September 26th 1997 Assisi earthquake and by taking the NW-SE component in the horizontal plane, i.e. 
orthogonally to the cavern axis. Representative results obtained for cross section1 (Figure 8) are illustrated 
in Figure 9 and 10.  

 
 
 

7.56 m a 8.82 

 

 

 

 

 

 

                                          (a)                                                                                (b) 

                                           (a)                                                                              (b) 

Figure 9   Plastic zone around the cavern in intrinsic conditions (i.e. without support)                                                                                                                  
(a) in static conditions;  (b) in seismic conditions.   

 

 

 

 

 

 

 

 

 

 

 

                                                        

                                         (a)                                                                            (b) 

  Figura 10   Plastic zone around the cavern with the support installed                                                                                                           
(a) static conditions,  (b) seismic conditions   

o 3D  Analyses 

3D static analyses of the cavern were performed using the BEM method and the Examine3D code (Figure 

11a). Preliminary 3D seismic analyses are being run with the GeoELSE code (Figure 11b).  
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                                          (a)                                                                                   (b) 

     Figura 11  3D analyses of the Giaglione Cavern                                                                                          
(a) static conditions, (b) seismic conditions 

�    Innovative development methods of early warning m onitoring of underground structures  - DISTR 
Unit involved 

The interest of this part of the research project deals with the necessity for tunnels and in general for 
underground structures to develop Structural Health Monitoring (SHM) techniques, from an innovative point 
of view, which can be applied both during construction and in operating conditions. It is clear that so far most 
of the Structural Monitoring research (i.e. measurement of ambient conditions, of dead loads and of the 
mechanical response with the purpose to localize accidents, warning and damages that could influence both 
the operational and structural safety) is focused on surface structures, such as bridges and buildings, while a 
very limited effort has been dedicated to the development of underground structures monitoring systems. 
 

It is clear that underground structures construction is very complex from the technical design point of view, 
because it is necessary to take into account specific problems with a number of uncertainties. In fact 
geological, hydro-geological, geotechnical and ambient parameters are hardly assessed with accuracy 
during the structural design. For these reasons a structural health monitoring system during tunnel 
excavation and construction is normally installed as validation/safety measure of the design hypotheses, 
particularly when innovative construction techniques or standard procedures in different application fields are 
applied. During operation it is common to use visual inspections and, only in specific cases, temporary or 
permanent monitoring systems are adopted to check the safety and durability of the structure and to design 
reinforcement measures. 

 
In underground structures Structural Monitoring is not yet considered as a basic element for the structural 

design during all the construction procedures. However, with the introduction of high-speed railways, where 
underground lengths become predominant, it is essential to apply Structural Monitoring also to underground 
structures. Observation and monitoring systems need be adopted in order to check easily and at the right 
time every possible damages, as “every type of induced variation in the system able to influence in negative 
way the present and future structural performance”. In this definition is implicitly clear the comparison among 
two different system stages, the first one without any damage being taken as a reference.  

 
At present, the research activities are focused on: 
 

- Numerical model simulations: the main objective is to identify characteristic parameters and damages 
indicators; the tunnel is subjected to static and dynamic excitations, properly imposed (forced tests) or to 
dead loads combinations applied from the external ambient (ambient tests), for several damage scenarios 
(i.e. lining thickness reduction, material Young modulus reduction: concrete, masonry,…; cracked zones); 
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-  Structural monitoring design: sensors systems are considered to measure sensible quantities at the 
structural damage (displacements, velocities, accelerations and deformations, etc.), for both “permanent” 
and “temporary” monitoring; 
 
- Structural health monitoring applications to a real case study with data acquisition, pre-processing, and 
assessment of the damage sensible parameters. 
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