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1. INTRODUCTION 

Underground structures are critical elements when considering transportation systems. They are also 

critical elements in the more general framework of utility systems (e.g. hydraulic tunnels and hydroelectric 

caverns, tunnels for transportation of fluids such as petroleum and natural gas, etc.). The importance of 

these underground structures makes the problem of understanding their behaviour during a seismic event 

extremely relevant.  

 

The behaviour of underground structures in seismic conditions is significantly different from that of surface 

structures. While these are substantially designed to sustain the inertial forces due to ground acceleration, 

the loads acting on underground structures are linked to the state of stress and strain in the ground 

surrounding them. Thus, the need arises to develop design analysis methods in order to assess the effects 

on underground structures in seismic conditions. 

 

It is understood that these effects cannot be neglected at the design stage, in particular in nations like Italy 

where wide areas are characterised by different levels of seismicity. In addition, one may note that there are 

no rules or general guidelines available, in Italy or in other Countries, for the design of underground 

structures in seismic conditions. The present research on tunnels and underground caverns in rock in 

seismic conditions stems from this important need. 

2. ACTIVITIES 

2.1. Introduction 

Underground structures are generally thought to be safer than surface structures, given that the ground in 

which they are built provides protection against earthquake damage. However, these structures cannot be 

considered to be intrinsically safer than surface structures, as well demonstrated by recent seismic events: in 

1995, Kobe (Japan); in 1999, Chi-Chi (Taiwan); in 1999, Kocaeli (Turkey); and in 2004, Niigata (Japan); 

when a number of tunnels and underground cavities underwent significant damages.  

 

The response of underground structures to a seismic event is governed by the surrounding ground 

behaviour  and not by the inertial characteristics of the structure itself, as the response to such an event is 

substantially dependent on induced displacements. Thus the design of underground structures in seismic 

conditions need to consider ground deformations and soil-structure interaction, which imply that the 

kinematics effects are predominant with respect to the inertial effects. 

 

The presence of the structure is to modify the “free-field” deformations due to the interaction of the ground 

and the support. In such conditions one is to adopt either closed-form solutions or numerical solutions. The 

closed-form solutions may be used under simplified geometrical and loading conditions and consider 

separately the stresses due to the distortion of the tunnel cross section and the out of plane bending and 

axial deformations. The numerical solutions comprise different design analysis methods, which may comply 

with a different degree of approximation in relation to the current design stage and the level of understanding 

of the geological and geotechnical conditions to be considered.  
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The development of design analysis methods requires a careful understanding of the effects of past 

earthquakes which have damaged underground structures, so as to be able to underline the most significant 

factors related to the state of damage. The effects of ground motion is analysed in the following, without 

considering other types of instability (e.g. earthquakes driven landslides, liquefaction, etc.). In fact, problems 

of underground structures crossing landslides or active fault zones, although causing relevant damages, are 

restricted to these zones. Therefore, it is expected that these zones can be localised at the design stage so 

as to minimise such effects by a careful selection of the tunnel alignment. 

2.2. Research Structure 

The main purpose of the present research has been to develop design analysis methods for the study of 

the interaction problems between the lining and the rock mass during severe earthquakes. In view of the 

present practice in the design of tunnels and underground structures (Barla, 2005), both simplified and 

advanced numerical methods have been developed. With the intent to compute the state of stress in tunnel 

linings in seismic conditions, at the design stage, most of the attention has been posed on the development 

and validation of simplified methods.  

 

A significant problem which has been considered in detail during this research has been the simulation of 

ground motion, in view of the absence of appropriate measurements of ground acceleration at depth. 

Considering that a tunnel extends along its centreline, it has been felt important to be able to consider 

different motions in different sections of the tunnel/cavern. These aspects have been accounted for by using 

a number of solutions such as proposed by Hisada (Hisada, 1995; Hisada and Bielak, 2003), which allow 

one to compute the ground motion in a stratified half-space near fault zones. 

 

The complexity of the problem being considered requires in most cases the adoption of advanced 

numerical methods (mainly: Finite Element Methods - FEM, Finite Difference Methods - FDM, Distinct 

Element Methods - DEM). This necessity is strictly linked to the three-dimensional conditions characterizing 

the problem, the complex rock mass behaviour, where in cases the adoption of continuum/equivalent 

continuum models may become questionable; the complex geometrical and geological characteristics of 

some applications; etc.. These advanced models need be developed and appropriate rules for its use are to 

be made available, also in view of the computations to be carried out in order to validate the simplified 

methods. With the above background in mind, the research structure can be defined in terms of the main 

topics which have been addressed during the work carried out so far:  

   
1. State of the art of underground structures in seismic conditions. 
2. State of the art of design analysis methods. 
3. Database, damage scenarios, and 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 and FLAC3D, 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. 
 

The above topics have been developed by the three research units forming the Sub-Unit 6.2 (Politecnico di 

Torino, Department of Structural and Geotechnical Engineering - DISTR; Politecnico di Milano, Department 

of Structural Engineering - DIS; Eucentre, Pavia - Eucentre). DISTR and DIS mainly worked on the 
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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 has  been to define 

the seismic input for design analysis. DISTR has also been providing the documentation material for 

selected case studies and, moreover, has been working to develop innovative early warning systems for 

underground monitoring. Due to the limited space available, only the following points are briefly addressed in 

this review: Database on tunnel performance during earthquakes; Seismic vulnerability assessment and 

fragility curves; 3. Simplified solution for seismic design of tunnels; Advanced numerical method for seismic 

design of tunnels; Overview of case studies  and applications.  

3. MAIN RESULTS 

3.1. Database on tunnel performance during earthqua kes  

 

A review of the seismic damages suffered by underground structures has been carried out by updating the 

database currently available (Dowding and Rozen, 1978; Owen and Scholl, 1981; Sharma and Judd, 1991; 

Power et al., 1998; Wang et al., 2001; etc.). This review shows that most tunnels which underwent damages 

were located in the vicinity of causative faults. The characteristics of ground motion in these cases can be 

significantly different from that of the far-field. There is no well defined distance over which a site may be 

classified as in near-field or far-field. A useful criterion to define the near-field zone is related to the 

comparison of the source dimension with the source to site distance. 

 

From the bibliographic review of earthquakes-induced damages in underground structures, one can notice 

a wide variability of data, in terms of geometrical information, rock mass conditions, earthquakes 

characteristics, strong motion parameters, type of damage, type of support, etc. Therefore, in order to define 

unambiguously a damage criterion, in this work (see Corigliano, 2007a for details) the damage state has 

been defined according to Huang et al. (1999), combined with some considerations proposed by ALA (2001) 

and RTRI (2001). The damage classification includes qualitative and quantitative damage descriptions. In 

particular, this classification considers four levels of damage (none, slight, moderate and severe damage) 

grouped into three categories A, B and C, in which the group A includes none and slight damage. Each 

category comprises the functionality states defined by RTRI (2001). The database collected has been used 

to assess the effects of the following main factors on tunnel response: overburden depth, predominant rock 

type, type of internal support, earthquake magnitude, epicentral distance, peak ground acceleration. Figure 

2.1 shows as example a typical plot for the influence of the epicentral distance and surface Peak Ground 

Acceleration (PGA) on tunnel performance, in terms of damage level: none, slight, moderate, heavy. 

 

 

 

 

 

 

 

 

 

Figure 2.1.  Effects of epicentral distance (left) an Peak Ground Acceleration (PGA) on damage (right)  
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3.2. Seismic vulnerability assessment and fragility  curves  

 

A useful tool for assessing the seismic vulnerability of underground structures is represented by the fragility 

curves. The seismic vulnerability of a structure can be defined as its susceptibility to be damaged by a 

ground shaking of a given intensity (Crowley et al., 2006). A fragility curve represents the relation between 

the probability of achieving a specified level of damage for a prescribed level of seismic hazard. Relatively 

few families of fragility curves have been derived for underground structures (ATC, 1985; ASCE, 1985; ALA, 

2001; FEMA and NIBS, 2004). In general, the Peak Ground Acceleration (PGA) is taken as a measure of 

ground shaking intensity.  

 

As already shown in Figure 2.1, PGA shows a poor correlation with the damage potential of ground motion. 

As a consequence, the intensity of ground motion shaking for assessing seismic vulnerability of underground 

structures has been quantified in terms of PGV at the free surface. Since a direct measurement of PGV at 

the location where the tunnel is damaged is generally not available, the values of this ground motion 

parameter can be back-calculated through an attenuation relationship purposely developed to predict PGV in 

near-fault conditions. Among the different attenuation relationships proposed, that given by Bray & 

Rodriguez-Marek (2004), which accounts also for site conditions, has been used.   

 

Fragility curves for deep tunnels based on the empirical approach have been developed. The fragility 

curves are modelled as log-normal statistical distribution functions which give the probability of reaching or 

exceeding different states of damage for a given level of ground motion intensity. Each fragility curve is 

characterized by a median value of ground motion (x50) with an associated log-normal standard deviation s. 

The functional form of the probability distribution is illustrated in Figure 2.2 below which gives the Cumulative 

Distribution Function (CDF) versus the Peak Ground Velocity (PGV).    
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Fragility curves corresponding to state s of                                                                                        

“ no damage “ or “ slight damage ” and “ moderate damage ”.  
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3.3. Simplified approach for seismic design of tunn els 

 
�  Analysis of transversal response (ovaling  deformations) 

 

A simplified approach for the seismic design of tunnels subjected to strong ground shaking such as 

occurring at sites located in the vicinity of a causative fault has been formulated. The transversal response 

(ovaling deformation) has been considered by taking a lined circular tunnel in plane strain conditions. The 

earthquake loading has been modelled as a uniform, quasi-static strain field simulating a pure shear 

deformation (Figure 2.3).  

 

The relations for displacements, bending moment, thrust and shear forces have been derived following the 

same approach as used by Einstein and Schwartz (1979), in which however the assumption that the induced 

internal forces are caused by excavation has been removed and replaced with an imposed, external quasi-

static loading distribution. The solution has been obtained for two contact conditions at the structure-rock 

interface, full-slip and no-slip (Corigliano et al., 2007 b, c; Barla et al., 2008; Corigliano et al., 2009): 

 

 

 

 

 

 

 

Figure 2.3. State of stress corresponding to a unif orm, pure shear deformation 

 
�    Analysis of longitudinal response (axial and bending deformations) 

 

Also considered has been the tunnel response along the longitudinal direction (which involves axial and 

bending deformations). A FEM model has been purposely developed by subdividing the tunnel into a finite 

number of beam 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, Figure 2.4) representing the effects of 

ground deformability and energy dissipation.  

 

Wave scattering or kinematic interaction is not accounted for and thus this model can be ascribed to the 

class of simplified dynamic methods to analyse underground structures. The seismic excitation is input at the 

external nodes of the Kelvin-Voigt model through appropriate three-component free-field displacement and 

velocity time-histories. The synthetic records are generated using the Hisada and Bielak (2003) approach 

which allows to properly model not only the spatial variability and phase shift of ground motion but also the 

typical features of near fault ground motion (i.e. directivity and flying step effects).  
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Figure 2.4. Spatial beam element model connected by  means of Kelvin- Voigt elements                                    

to the surrounding ground 
 
 

3.4. Advanced numerical methods for seismic design of tunnels 
 

Consideration has been given to the use of advanced numerical methods to perform a complete analysis 

of the tunnel problem in seismic conditions, which includes the simultaneous consideration of the seismic 

source, the propagation path, the geological/geotechnical site conditions, and soil-structure interaction. The 

Domain Reduction Method (Bielak et al., 2003), a powerful sub-structuring approach, has been applied to 

reduce the computational efforts required by such a large scale numerical problem.  

 

The Domain Reduction Method (DRM) implies the subdivision of the original problem into two simpler 

problems each one solved in two independent steps (Figure 2.5). The first problem accounts for earthquake 

source and propagation path and it is solved with a model that includes both the source and a background 

structure (external domain) from which the structure has been removed and replaced by the same material 

as the surrounding soil. The second problem simulates with the desired accuracy only a region (internal 

domain) of the domain of interest which includes the structure and the surrounding soil, but not the causative 

fault.  

 

The input for the solution of the reduced problem is a set of effective nodal forces calculated from solving 

the auxiliary problem and applied in a narrow strip of elements (see the dark boundary in Figure 2.5). These 

forces are equivalent to (and replace the) original seismic forces computed in the first step. A detailed 

description of the implementation of the DRM for applications with the Spectral Elements Method can be 

found in Faccioli et al. (2005) and Stupazzini et al. (2006). 

 

The main feature of this approach is the possibility of coupling solutions obtained by different methods in 

two different domains. In this study the auxiliary problem (external domain) has been solved using a 3D 

model by the semi-analytical method developed by Hisada and Bielak (2003). The reduced problem (internal 

domain) has been instead solved by means of a 2D numerical analysis using the Spectral Element Method 

(SEM). 
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RM STEP I (3D Free-field analysis) 

 

DRM STEP II (2D SEM analysis) 

Auxiliary problem Reduced problem 

  

a) Auxiliary problem b) Reduced problem 

Figure 2.5. Domain Reduction Method (DRM) for advan ced numerical analysis                                   

of the tunnel problem  
 

The above numerical method has been used by taking as example the Serro Montefalco tunnel (railway 

switch line Caserta - Foggia), in the northern sector of the Southern Apennines, one of the most active 

seismic regions in Italy. The rock masses include clay-shales, marl and marly limestone and clay and marl 

intercalated with limestone (Barla et al., 1986). The results obtained from the advanced numerical analyses 

performed have been compared with those derived with the developed closed-form solution (the maximum 

shear strain obtained is ��ff max = 1.39×10-4).  

 

Figure 2.6 shows the comparison for thrust force and bending moment, also see Corigliano et al. (2007 b, 

c). The agreement between the two solutions is satisfactory. In particular, the thrust force computed using 

the numerical analysis exceeds that calculated by the simplified method by approximately 30%. It is 

important to remark that the bending moment and the thrust force illustrated in Figure 2.6 represent the 

dynamic increment of the internal forces. The total moment and thrust force are obtained by adding the 

dynamic increments to the static values as shown in Figure 2.7. 

 

3.5. Case Studies 

In addition to the Serro Montefalco tunnel, briefly mentioned above, two case studies have been analysed 

(see Barla et al., 2008 a,b). The main interest of these studies has been to validate the approach proposed 

for design (from the use of simplified analysis methods to more advanced numerical methods) by performing 

back analyses of tunnels which underwent severe damages during a real earthquake. For this reason the 

decision was taken to analyse 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 (Figure 2.8). 

Also, due to the interest in underground caverns, a comprehensive numerical study of the Venaus 

Powerhouse, a major component of the Pont Ventox - Susa hydroelectric scheme (Figure 2.9) has been 

carried out. With the geological and geotechnical data available (Barla, 2005; Barla et al., 2008), the 

analyses have been performed in both static and dynamic conditions by using the FEM method and the 

Midas-GTS code. Also analyses have been carried out with the Geo-ELSE code and DRM.  
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Figure 2.6. Results of advanced analysis and closed-form solution of the Serro Montefalco tunnel 
 a) thrust force; b) bending moment 
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Interaction diagram Invert section 110x100
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a) b) 
Figure 2.7. Interaction diagram for the cross-section. 

a) crown and  b) invert , with the dynamic stress increment added 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

                                a)                                                                                     b) 

 

Figure 2.8.  (a) Photograph of typical damages occurred during the                                                                          
23rd November 1980 Irpino-Lucano earthquake.  b) Interaction diagram 
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                             a)                                                                                  b) 
 

Figure 2.9. a) Perspective view of the cavern complex. b) A summary of results in terms of mean values of peak 
acceleration, velocity and displacement, as well as of the peak maximum shear stress 

4. DISCUSSION 

The research programme briefly outlined in this overview has addressed a number of problems and issues 

dealing with deep tunnels and caverns in seismic conditions, with the main objective to provide appropriate 

computational methods for design analysis. A comprehensive review of the state of the art on the response 

of underground structures in seismic conditions has been provided, including an overview of the earthquake 

induced damages and methods which are presently available in the technical literature. On this basis, the 

effects of past earthquakes on underground structures have been identified so as to underline the most 

significant factors responsible for different types of damage: overburden depth, predominant rock type, type 

of internal support, earthquake magnitude, epicentral distance, and peak ground acceleration. 

 

A closed-form solution for the analysis of the transversal response of the tunnel lining due to ovaling 

deformations has been developed. The earthquake loading is modelled as a uniform, quasi-static strain field 

simulating a pure shear deformation. A key parameter for computing stress is the maximum shear strain in  

free-field conditions. A model based on the Finite Element Method has also been developed to analyse the 

tunnel response along the longitudinal direction, which involves axial and bending deformations. The tunnel 

is subdivided into a finite number of beam elements with lumped mass, connected to the surrounding ground 

by a series of frequency-dependent springs and dashpots in parallel representing the effects of ground 

deformability and energy dissipation.  

 

Advanced numerical methods have been used for a complete analysis of the underground structure in 

seismic conditions, which includes the simultaneous consideration of the seismic source, the propagation 

path, the geological/geotechnical site conditions, and soil-structure interaction. The DRM which implies the 

subdivision of the original problem into two simpler problems, each one solved in two independent steps, has 

been adopted. The first problem accounts for the earthquake source and propagation path and it includes 

both the source and a background structure (external domain) from which the structure has been removed 

and replaced by the surrounding soil. The second problem simulates the region (internal domain) of interest 

which includes the underground structure and the surrounding soil only, but not the causative fault.  
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Case studies of tunnels have been considered with the main objectives to validate the closed-form solution 

by means of advanced numerical methods and to perform back analyses of tunnels which underwent severe 

damages during a real earthquake. Also, the case of an underground cavern, which is characterised for the 

high level of geological and geotechnical data available, has been taken to assess the most appropriate 

methods to be used for design of complex structures in seismic conditions.  

 

With the above developments completed, a design process has been defined in line with the Design 

Norms for Construction (NTC 2008) recently promulgated in Italy (i.e. Preliminary Design, Intermediate 

Design, Final Design). As underlined also in a paper recently published (Corigliano, Lai and Barla, 2009), the 

following design procedure can be proposed: 

 

Preliminary Design: a seismic vulnerability assessment of the underground structure can be performed by 

using Fragility Curves, which provide the designer with a tool for deciding whether a given underground 

structure need be studied in subsequent design stages with more refined design analyses. 

 

Intermediate Design: a simplified approach is adopted which takes into account the interaction of the 

underground structure with the surrounding ground and at the same time considers the near-fault ground 

motion. This implies the use of validated closed form solutions, under the assumption of simplified 

constitutive laws for the rock mass and the support (continuum, elastic model), with the loading condition 

represented by the maximum shear strain in free-field conditions.  

 

Final Design: more advanced computational methods are to be used for the design of tunnels, based on 

numerical methods and non linear constitutive laws for the rock mass and the support (continuum, elastic 

and elastoplastic models), such as the Finite Element and Finite Difference Methods, with attention being 

paid to both the transversal and longitudinal responses.  Three dimensional complete numerical analyses 

need be considered for the case of complex structures such as Underground Caverns, depending on the 

level of complexities and the site conditions to be taken into account. 

5. FUTURE DEVELOPMENTS 

The research programme on underground structures in seismic conditions has analysed so far the 

vulnerability of tunnels and caverns, with the rock mass represented as a continuum/equivalent continuum. It 

is proposed to develop methods for the analysis of underground structures in rock masses represented as a 

discontinuum. The transition from continuum to discontinuum analysis is very important if intended for design 

analysis of underground excavations in seismic conditions. In general, this is the case of underground 

structures excavated in good quality rock mass conditions near to the ground surface or at depth, where the 

rock mass is better simulated as a discontinuum rather than a continuum/ equivalent continuum. 

 

Analytical and numerical methods for design analysis of discontinuous media need be considered. Given 

that the methods most frequently used, in two-dimensional (2D) and thee-dimensional (3D) conditions, are 

for a continuum/equivalent continuum, the bibliographic studies will be concerned with discontinuum. On the 

one end, consideration will be given to DDA ((Discontinuous Deformation Analysis) and DEM (Discrete 

Element Method ) methods in seismic conditions. On the other end, the attention will be posed on the 

available analytical solutions, which will be used for validation purposes. 
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In general, the presence of the discontinuities in a continuous medium is the cause of seismic waves 

attenuation and delay of the arrival time, due to the onset of both reflected and refracted waves. Also to be 

accounted for is the presence of waves generated along each discontinuity (Stoneley’s waves) which need 

be assessed in terms of its influence on the overall response of the discontinuous medium. It is important to 

underline that the study of wave propagation in a jointed medium is totally different from the study of wave 

propagation in a continuous medium. In fact, a joint comprises two mating surfaces which may undergo 

shear displacements so that the boundary conditions to be considered imply both the continuity of the joint 

surface stresses and the discontinuity of displacements. The problem, which is indeed rather complex in two 

dimensional (2D) conditions, becomes even more difficult if three dimensional (3D) conditions are 

considered. 
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