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1 INTRODUCTION 

The analysis of the seismic behaviour of slopes and the study of soil-structure interaction 
(SSI) under earthquake condition are very relevant topics both from the theoretical and the 
practical points of view.  
While in the past very simple pseudostatic methods based on conventional seismic 
coefficients were normally used, performance based design is actually the most suitable 
approach to analyse foundations, retaining structures, tunnels, caverns, slopes, embankments, 
earth dams, and so on.  
According to this approach, analyses of different level of complexity can be performed 
depending on the relevance of the problem, the availability of geotechnical and seismological 
data, the type of performance to be verified. In general it is possible to distinguish among 
three main categories: 
1. pseudostatic methods and empirical correlations: these methods, widely diffused in the 

applications, require the definition of appropriate seismic coefficients “equivalent” to the 
actual seismic action; it is obvious that different seismic coefficients can be used for 
different structures and, also, for the same type of structure depending on the required 
performance; 

2. simplified dynamic analyses: the main feature of such methods is that the study of SSI is 
generally uncoupled; different analysis methods attain to this category (e.g. displacements 
methods; subgrade reaction methods); the seismic input should be a set of acceleration 
time histories; 

3. fully coupled numerical analyses: also in this case the seismic input should be a set of 
acceleration time histories. 

The researches performed in the framework of Theme 6 referred to this scheme and were 
mainly devoted to assess different procedures of analysis and to calibrate them against 
benchmarks from field data and model tests results as much as advanced theoretical studies. 
Researches were devote to the following: 
• Sub-theme 6.1: Deep Excavations and Underground Tunnels in Urban Areas 

(coordinated by Stefano Aversa); 
• Sub-Theme 6.2: Tunnels and Caverns in Rock (coordinated by Giovanni Barla) 
• Sub-Theme 6.3: Slope Stability (coordinated by Sebastiano Rampello) 
• Sub-Theme 6.4: Deep Foundations (coordinated by Armando L. Simonelli) 
The motivations and the background, the results, the possible developments of the four sub-
themes are synthesized in the following pages.  
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SUB-THEME 6.1: DEEP EXCAVATIONS AND UNDERGROUND 
TUNNELS  

1 INTRODUCTION 

The performance of flexible retaining structures and tunnels subjected to seismic actions can 
be evaluated with several methods at increasing levels of complexity from pseudo-static 
methods, or simplified dynamic methods, to fully coupled effective stress numerical analyses 
under dynamic loading. 
In the pseudo-static approach, the soil and the structure, be it a flexible retaining wall or a 
tunnel, are assumed to be subjected to an acceleration which is taken to be constant in space 
and time and is expressed through a seismic coefficient, K, generally a fraction of the peak 
acceleration expected at the site.  The main conceptual drawback of the method is the 
selection of a representative value of the seismic coefficient such that the pseudo-static 
actions produce equivalent effects on the structure as those induced by the seismic actions, i.e. 
actions that are variable in time and space and transient in nature.  In principle an appropriate 
value of the seismic coefficient should depend on the design ground motion  parameters, such 
as peak ground acceleration, frequency content, and duration, but also on the soil and 
structure characteristics. 
For flexible earth retaining structures, simplified dynamic methods include both 
displacement-based methods derived from the formulation originally proposed by Newmark 
(1965) for dams, and subgrade reaction methods.  In the latter class of methods, soil-structure 
interaction is tackled using a decoupled approach in which the ground response is evaluated 
first in free field conditions and then computed displacements are applied to a set of springs 
and dashpots restraining the structure.  These methods are frequently adopted also for the 
seismic analysis of tunnel linings, in which the load increments to be applied to the tunnel 
lining follow from a free-field seismic response analysis.  The main problem with the 
adoption of displacement-based methods for flexible retaining structures is the definition of 
compatible failure mechanisms, while in subgrade reaction methods there is a problem with 
the selection of appropriate material parameters for springs and dashpots.  Moreover, both for 
displacement based methods and subgrade reaction methods, representative design input 
acceleration time histories must be selected. 
In principle, numerical methods allow the most comprehensive analysis of the response of 
flexible retaining structures and tunnels to seismic loading. However, like any other numerical 
analysis, reliable dynamic soil-structure interaction analyses require a number of 
simplifications and approximations of the problem, including the definition of a representative 
soil profile, the selection of representative mechanical properties for each layer, assumptions 
on ground water conditions and initial state of stress, structural geometry and boundary 
conditions, and the selection of representative design input acceleration time histories.  
Among all the idealisations, a major role is played by the constitutive model adopted for the 
soil, which should be able to reproduce the main features of its mechanical behaviour under 
cyclic loading, such as irreversibility of deformations, incremental non-linearity, hysteretic 
dissipation of energy, and memory of previous stress history. This can only be achieved 
adopting advanced constitutive models developed within the framework of bounding surface 
plasticity, kinematic hardening plasticity or hypoplasticity, generally not included in the 
libraries of commercial codes and requiring input parameters not routinely measured in field 
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or laboratory tests.  In the context of this research project, simple and advanced numerical 
analyses were carried out finalised both to a better understanding of the soil-structure 
response under seismic loading and to supply benchmarks were closed form solutions were 
not available or to develop simple procedures for design practice.   

2 BACKGROUND AND MOTIVATION 

Public demand for services to improve the quality of life in the urban environment is 
constantly growing; almost all greater cities in Italy face the necessity of modifying the 
existing balance between private and public transport. In the last ten years, due to the lack of 
finalised action, the quality of life has deteriorated further and further: air pollution has 
dramatically increased, with negative effects on public health and the cost of national health 
programmes, and travel times in rush hours became unacceptably long. The objective of many 
administrations was that of rendering the many functions of city life accessible through the 
creation of a sustainable and extended net of public transport, such that the use of private 
transport becomes an option rather than a necessity. These policies in the management of 
mobility have lead to a significant pressure for the construction of new underground train 
lines and car parks. This implies the necessity to carry out open excavations and bored tunnels 
in the urban environment, often in difficult ground, such as soft soils and weak rocks, and 
below the water table, and almost always in close vicinity of existing buildings and structures. 
Many important underground project are being carried out in Italy, like those in Milano, 
Roma and Napoli.  
The ability to predict with confidence excavation and tunnelling induced displacement is a 
crucial aspect of the design because ground movements transmit to adjacent structures as 
settlements, rotations and distortions of their foundations, which can, in turn, induce damage 
affecting visual appearance and aesthetics, serviceability or function, and, in the most severe 
cases, stability of the structures (Burland and Wroth, 1974; Burland et al. 1977; Boscardin 
and Cording, 1989).  
The availability of powerful computer codes, the formulation of constitutive models able to 
describe the key features of soil behaviour under different stress-paths as much as the 
development of experimental techniques for laboratory and in-situ tests, have made possible  
reliable predictions of the performance of such geotechnical structures both during 
construction and the subsequent life cycle. Monitoring of these structures improved the 
reliability of traditional design methods and permitted the development of empirical methods 
able to forecast displacements of the retaining structures and settlements of the ground due to 
the excavations. Finally the introduction of the methods of verification against limit states 
with partial safety factors, in agreement with EN1997-1, allowed for evaluating the safety of 
structures for which it is not easy to define a global safety factor. 
All these progress almost exclusively have concerned the response under static conditions. In 
the case of seismic actions the study of the soil-structure interaction is still a complex problem 
to analyse. The analysis can be performed by means of pseudostatic methods based on limit 
equilibrium only in very simple conditions (i.e. cantilever sheet pile walls or single propped 
sheet pile walls), using conventional seismic coefficients defined with reference to other 
structures. Also the recent EN 1998 -5 faced in marginal way the design of the underground 
structures. These considerations have lead to a significant pressure for the study of the 
complex seismic interaction between ground and underground structures, with the main 
purpose to develop reliable and simple design procedures. 
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3 RESEARCH STRUCTURE 

The research consisted in the following steps: 
1  Literature review: survey of the scientific literature on the seismic behaviour of flexible 
retaining structures and tunnel linings. 
2  Physical modelling: Centrifuge tests on reduced scale models in order to study the 
behaviour of shallow tunnels and flexible retaining walls under seismic actions performed at  
the Schofield Centre of the Cambridge University Engineering Department (CUED).  
3  Advanced numerical modelling: Finite Element formulation of equilibrium and dynamic 
coupled flow for a two-phase medium.  Identification of constitutive models capable of 
reproducing the main features  of soil behaviour under cyclic and dynamic actions.  
Implementation of the selected models in existing Finite Element codes.  
4 Simplified dynamic and dynamic analyses:  the results obtained by means of centrifuge tests 
and  advanced numerical modelling and centrifuge tests were compared with those from 
simplified dynamic and dynamic analyses. 
5 Pseudo-static analyses: the principal aim of the comparison between the results of pseudo-
static approach and the dynamic analyses is the definition of criteria and procedures to select 
rationally an appropriate value of the seismic coefficient to be used in pseudo-static methods.   

4 MAIN RESULTS 

4.1 Centrifuge testing 
Thirteen centrifuge tests were carried out in order to define an experimental database for 
calibrating simplified methods and advanced numerical analyses of the behaviour of shallow 
tunnels and flexible retaining walls under seismic actions.  
The Cambridge centrifuge permitted to run dynamic tests up to a maximum acceleration of 
80g. The seismic input consists of trains of approximately sinusoidal waves of different 
frequency (Madabhushi et al. 1998); during one test the same model is subjected to several 
trains of waves of different frequency, amplitude and duration. Models were prepared using a 
standard fine dry silica sand, namely Leighton Buzzard Sand.  
Nine tests were carried out on models of pairs of retaining walls, six of which cantilevered 
and three of which propped against each other, while four tests were performed on tunnel 
models.  
The results of the tests on tunnels are reported in Lanzano (2009). The major findings of the 
experimental program were: 
1. The maximum amplification occurs at the reference alignment, while along the free-field 

and the tunnel alignment the amplification was less significant, showing, in this last case, 
a filter effect of the tunnel.  

2. The LVDTs measurements at two symmetrical points on the model surface show that 
densification occurred in the sand model during the tests. The measurements on the loose 
sand models gave rise to settlements about twice larger than those on dense sand models.  

3. The time histories of bending moment and hoop force measured in the tunnel lining show 
the accumulation of stresses in the lining during the earthquake, probably caused by soil 
densification. 

The models of flexible retaining walls were instrumented to measure deformation, axial load 
in the props and bending moments in the walls, acceleration at different locations in the model 
or at its boundaries, acceleration of the walls, horizontal displacements of the walls. A layout 
of the monitoring devices adopted for a test on a pair of propped wall is shown in Figure 1.  
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Figure 1. Test CW1: transducers layout. 

Main  results of the experimental programme on flexible retaining walls can be synthesized in 
the followings points: 
1. Maximum accelerations recorded in the proximity to the retaining walls are slightly larger 

than those measured in free-field conditions; 
2. Amplifications in terms of Arias intensity are larger than those expressed in terms of 

maximum accelerations, especially for earthquakes whose nominal frequency is close to 
the fundamental frequency of the ground.  

3. During the dynamic phases cantilever retaining walls accumulate permanent 
displacements toward the excavation; an earthquake produces an increase of 
displacements only if it has an acceleration higher than the previous ones.  

4. Bending moments permanently increase during earthquakes; they increase only if the wall 
has not experienced any other earthquake of higher acceleration. 

4.2 Advanced numerical modelling  
The main goal of the numerical modeling activities was twofold: i) obtaining a better 
understanding of the seismic behaviour of the soil-retaining structure system; ii) to use the 
results as a benchmark to develop simplified analysis methods in current seismic design. 
For the modeling of cyclic/dynamic behaviour of fine-grained soils, the research has been 
focused on the following three constitutive models: 
1. the Bounding Surface plasticity with radial mapping model of Tamagnini & D’Elia 

(1999); 
2. the Bounding Surface plasticity with multiple, kinematic hardening loading surfaces of 

Rouainia & Wood (2000); 
3. the Hypoplastic model of Masin (2005). 
For coarse grained soils the research have been focused on the following constitutive models: 
1. The BSKH elastoplastic model of Papadimitriou & Bouckovalas (2002); 
2. The HP model of von Wolffersdorff (1997).  
 
The model of Papadimitriou & Bouckovalas (2002) was used for FE simulations of the results 
of centrifuge tests through the code ABAQUS® standard. The calibration of the model for the 
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Leighton Buzzard sand has been carried out based on the experimental data obtained by 
Visone (2009).  
The results of the simulation indicate that there is a clear amplification effect of the horizontal 
accelerations, moving from the model base to the ground surface. The amplification effect is 
significant in a medium-high frequency range. The evolution with time of the bending 
moments on the tunnel lining in four points placed along the diagonals at 45° from the 
horizontal and vertical axes show that the magnitude of the bending moments in all points 
tends to increase almost monotonically with time. This is due to the progressive accumulation 
of plastic strains in the soil surrounding the tunnel lining during the seismic stage, in 
agreement with the observed behaviour.  

4.3 Simplified dynamic and dynamic analyses 

4.3.1 Tunnels 

Simplified dynamic analyses were carried out to develop a simple criterion for evaluating the 
internal force increments induced by an earthquake in the trasversal plane of a tunnel lining, 
according to the objectives of the research project. The proposed methodology allowed for 
evaluating the influence of the kinematic interaction on the basis of the results of a set of 
dynamic analyses, performed for several subsoil conditions, tunnel geometries and 
characteristics of the seismic event. Three subsoil profiles were considered, which correspond 
to deposits of typical soft clay, medium-dense sand and gravel. The dynamic analyses were 
performed by means of Plaxis® 8.2, by modeling the soil as an equivalent linear viscous-
elastic medium. Interesting results were obtained in terms of bending moments in the tunnel 
lining. 
 
FE element analyses were also carried out in the longitudinal direction modelling the tunnel 
as a series of elastic beams supported by springs, both in the longitudinal and the transversal 
plane. The stiffness of the springs were evaluated using the formulas presented by St. John & 
Zahrah (1984). 
Unlike closed-form solutions, this method accounts for the effects of important factors such as 
the change in mechanical and geometric characteristics of the tunnel and in stiffness of the 
springs (along tunnel axis) as well as the presence of constraints at the ends of the structure. 
The numerical analyses have been carried out considering the same tunnel and three idealized 
ground conditions.  
In conclusion, the FE method gave rise to internal forces very similar to the analytical 
methods in terms of internal forces, with the exception of the following situations: 

(a)  when the tunnel traverses distinct geological media with sharp contrast in stiffness; 
(b)  when the length of the tunnel is comparable with the wave length of the seismic input; 
(c) when the ends of the tunnel are connected to a station end wall or a rigid, massive 

structure such as a ventilation building, which represent a constraint for the ends of the 
tunnel. 

4.3.2 Flexible retaining walls 

A number of numerical analyses were carried out to study the seismic behaviour of flexible 
retaining walls (cantilever and propped) embedded in a coarse-grained soil with different 
computer codes (Plaxis®; Flac®; ANSYS®) and different types of constitutive models: the 
Mohr-Coulomb elastic-perfectly plastic model and the isotropic hardening  model HSM in 
Plaxis; the elastic-perfectly plastic model with Drucker-Prager yield surface in ANSYS. The 
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viscous damping of the soil was modelled via the Rayleigh approach. Flac analyses were 
performed using an  elastic-plastic model with purely hysteretic damping. Boundaries were 
modelled to account for radiation damping.. Acceleration time histories were selected from a 
database of Italian seismic events (Scassera et al. 2006). 
The influence of the mesh size was firstly assessed at the preliminary stage of this study.  
Emphasis was then placed on the effect of soil damping ratio. Results from these simulations 
showed that bending moments and prop forces (for the propped walls) during and after the 
earthquake are significantly greater than the static ones, as a consequence of the increase in 
contact stress at the soil-wall interface induced by the seismic excitation (Aversa et al. 2007). 
This  result was confirmed by experimental date from centrifuge tests (Aversa et al. 2008). 
A limited number of analyses were carried out with the FD method by assuming the walls to 
be elastic-perfectly plastic. Propagation of the two seismic records considered in this analysis 
(Tolmezzo and Assisi) causes instantaneous attainments of the available shear strength in soil 
zones interacting with the walls, resulting in a progressive increase in bending moments and 
axial load in the prop (Figure 2). 
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Figure 2. Bending moment and axial load in the prop. 

The results showed that, while the maximum bending moment cannot exceed the yield 
moment, the computed wall displacements are about 30 % larger than those evaluated 
assuming that the walls are linearly elastic.  
The main results of this study are described in detail in: Callisto & Soccodato (2007, 2009), 
Callisto et al. (2007, 2008). 

4.4 Pseudostatic procedure analysis: revisited approaches and innovative criteria 
 
In pseudo-static analyses of tunnels internal forces are commonly calculated from the free 
field shear strain profile, i.e. neglecting the kinematic interaction between the tunnel lining 
and the ground. This lead to the development of new expression capable to account at a very 
simple level the effect related to kinematic interaction phenaomena. . 
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For flexible retaining structures, pseudo-static solutions have been used in the past as possible 
design procedures for gravity retaining walls (Richards & Elms 1979, Whitman 1990). 
Conversely, less attention has been paid for the seismic design of embedded retaining walls. 
In these structures, a significant part of the resisting forces is provided by the passive reaction 
of the soil located below the bottom of the excavation, and this resistance is significantly 
affected by inertial effects. Therefore, during an earthquake a continuous interaction occurs 
between actions and resistances. Upon instantaneous attainment of the available strength, 
cantilever and single-propped walls undergo rigid-body movements in a way which is 
qualitatively similar to the behaviour of gravity retaining walls.  
An attempt was made to define a rational approach for seismic design of cantilevered 
embedded retaining walls (Callisto & Soccodato, 2007; Callisto et al., 2007, 2008). Only the 
case of dry coarse grained soils was considered. For a given retaining wall, a critical 
horizontal seismic coefficient kc can be evaluated by performing iteratively a limit-
equilibrium analysis, and finding the value of the seismic coefficient for which soil strength is 
fully mobilised. Permanent displacements can then be assumed to result from a Newmark-
type integration of the relative motion, and increase as kc decreases. For a given soil and a 
given excavation height H, the value of kc depends essentially on the embedded length d. 
Therefore, the embedded length should be chosen on the basis of the maximum displacement 
allowed for the severe seismic event. 

5 DISCUSSION 

The objective of understanding the seismic soil-structure interaction for both circular tunnels 
and cantilever and single propped retaining walls was pursued by means of both centrifuge 
testing and numerical simulations of different complexities. The investigation has been 
performed with main reference to unsaturated coarse grained soils. For this type of soil the 
comparison among results of different computer codes and physical models has shown 
common features in terms of co-seismic and post-seismic bending moments and other internal 
forces, displacements of the structure and of the ground level. 
Different computer codes have been tested. Particular attention has been devoted to the effects 
of the mesh size, to the boundary conditions, to the way of considering damping. The role of 
different constitutive models has been investigated too. Sophisticated constitutive models able 
to reproduce behaviour of both coarse grained and fine grained soils, based on Boundary 
Surface Plasticity or on Hypoplasticity, have been implemented in FE code, to extend the 
centrifuge results to more complex situations and ground conditions. At the same time, more 
common constitutive models, available in the libraries of commercial computer codes, have 
been tested.   
In addition simple pseudostatic methods to design these types of structures have been 
developed. Some of the obtained results have been already taken into account in the recent 
Italian building code (DM 14/01/2008). For the case of cantilever and single propped sheet 
pile walls a sort of capacity design procedure has been proposed. 
To sum up, it may be stated that most of the research objectives were attained with reference 
to the considered structures and that some of the factors affecting the seismic soil-structure 
interaction under plane strain conditions were recognised, their influence being isolated and 
evaluated.  
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6 VISIONS AND DEVELOPMENTS 

The present research activity was mainly addressed to the study of the seismic behaviour of 
tunnels and cantilever and single propped sheet pile walls in homogeneous dry coarse grained 
soils. Centrifuge model results provided a very good base for calibrating design procedures of 
different complexities. Some of the results can be directly applicable in the design; some 
others require an increase of knowledge both in terms of experimental analyses and in terms 
of numerical simulation. In particular, the case of saturated fine grained soils requires more 
simulations; the behaviour other types of underground structures, very common in urban areas 
(i.e., multi-propped retaining wall; parallel tunnels; ecc.), should be more deeply investigated.   
Similarly the very relevant case of seismic interaction of underground structures in highly 
inhomogeneous soils or in correspondence of sharp changes in structures stiffness (i.e., the 
connection between tunnels and deep propped excavation for underground  railway stations, 
ecc.) is still an unsolved problem. These problems could be tackled with the same type of 
approach used in the last three years: physical models and highly sophisticated computer 
codes to define a target in order to calibrate methods of analyses of different complexity, 
including simple pseudostastic approaches for some of the cases. The results of this research 
might provide guidance for the design of new underground structures, but would also assist in 
the seismic evaluation of the many existing tunnels and excavations present in urban areas, 
originally designed without taking into account seismic actions or simulating seismic loads in 
very simple and conventional way.  
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SUB-THEME 6.2: TUNNELS AND CAVERNS IN ROCK 

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 BACKGROUND AND MOTIVATION 

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.  
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 



 
S. Aversa, G. Barla , S. Rampello, A.L. Simonelli 

 
 

236

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. 

3 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 development of design methods for tunnels 
and underground cavities and on the validation of the adopted procedures, including the 
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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.  

4 MAIN RESULTS 

4.1 Database on tunnel performance during earthquakes  
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 3 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 3.  Effects of epicentral distance (left) an Peak Ground Acceleration (PGA) on damage (right). 
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4.2 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 3, 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 σ. The functional form of the 
probability distribution is illustrated in Figure 4 below which gives the Cumulative 
Distribution Function (CDF) versus the Peak Ground Velocity (PGV).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4. Fragility curves corresponding to states of 
“no damage“ or “slight damage” and “moderate damage”.  

 

4.3 Simplified approach for seismic design of tunnels 
 
4.3.1 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 
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tunnel in plane strain conditions. The earthquake loading has been modelled as a uniform, 
quasi-static strain field simulating a pure shear deformation (Figure 5).  
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): 

στ
45°

Ko = -1
Lining

45°

ϑ

 

Figure 5. State of stress corresponding to a uniform, pure shear deformation. 

 
4.3.2 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 6) 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).  
 

 

 

 

 

 

 

Figure 6. Spatial beam element model connected by means of Kelvin-Voigt elements                                    
to the surrounding ground. 
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4.4 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 7). 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 7). 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). 

DRM STEP I (3D Free-field analysis) DRM STEP II (2D SEM analysis) 
Auxiliary problem Reduced problem 

a) b) 

Figure 7. Domain Reduction Method (DRM) for advanced 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 8 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 
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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  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 9. 

4.5 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 10). 
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 11) 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.  
 

-3000

-2000

-1000

0

1000

2000

3000

0 45 90 135 180 225 270 315 360
Angle [°]

T
hr

us
t F

or
ce

 [k
N

/m
]

Analytical Solution
Numerical Solution -200

-150

-100

-50

0

50

100

150

200

0 45 90 135 180 225 270 315 360
Angle [°]

B
en

di
ng

 M
om

en
t [

kN
m

/m
]

Analytical Solution
Numerical Solution

 
Figure 8. Results of advanced analysis and closed-form solution of the Serro Montefalco tunnel 

 a) thrust force; b) bending moment. 
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Figure 9. Interaction diagram for the cross-section. 
a) crown and  b) invert , with the dynamic stress increment added. 
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                                    (a)                                                                                (b) 

Figure 10.  (a) FEM model, lining detail. (b) Photograph of typical damages occurred during the 23rd 
November 1980 Irpino-Lucano earthquake. 

 

 
                         (a)                                                                                (b) 
Figure 11. (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. 

5 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, 
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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 Domain Reduction Method (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, 
but not the causative fault.  
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. 

6 VISION AND 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 
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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. 
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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SUB-THEME 6.3: SLOPE STABILITY 

1 INTRODUCTION 

One of the main sources of seismic vulnerability in Italy is represented by the instability of 
slopes; therefore, this is a subject of great significance, particularly in view of the growing 
attention that has been recently dedicated  to the reduction of seismic hazard. 
The response of a slope under seismic loading is determined by the temporal and spatial 
distribution of the seismic forces in the soil mass, which in turn depend on the characteristics 
of the seismic input and on the mechanical properties of the soil. 
A number of different techniques exist to address this problem, each implying some level of 
approximation. Experience of the use of advanced numerical analysis is still somewhat 
limited, and it seems difficult to generalise the results of such complex analyses. An advisable 
approach would be that of carrying out the analysis of the same problem using a number of 
approaches characterised by different levels of complexity, in order to assess the reliability 
and robustness of the different procedures. In the present research project, different research 
groups were given the task of pursuing the study of the seismic behaviour of slopes using a 
number of different approaches, and investigating the possibility of using the results of the 
more advanced analysis as a guidance for a sound and reliable use of the simplest and most 
common analysis method, that still form the backbone of professional practice. 

2 BACKGROUND AND MOTIVATION 

The simplest and most common analysis method is the pseudo-static approach in which the 
earthquake inertia forces are taken to be equivalent to constant static forces. Basically, the 
ingredients of this method are the amount of the constant forces that simulate the seismic 
behaviour, and the safety coefficients (or partial factors) that can be deemed adequate for the 
stability checks to be satisfied. As this approach neglect completely the transient and cyclic 
nature of the seismic forces, it must be considered as a purely conventional tool, and these 
input quantities do not have a physical meaning per se, but need to be calibrated against the 
results of more realistic approaches. 
A better representation of the seismic behaviour of a slope can be obtained by the 
displacement method, originally developed by Newmark (1965) for the seismic analysis of 
earth dams. This method removes the assumption of temporal invariance of the seismic 
forces, and evaluates the permanent displacements of the sliding mass, regarded as a rigid 
body,  produced by the acceleration in excess of that sufficient for the complete mobilisation 
of the soil strength along a sliding surface. Different adaptations of the displacement method 
do exist, in which the decay of the soil strength parameter or the development of the excess 
pore water pressures during the earthquake are included in the analysis. An important 
modification of the method consists in considering explicitly the deformability of the soil, 
through a decoupled analysis, in which a preliminary analysis is carried out to assess the 
dynamic response of the slope, and then the resulting acceleration time histories are used to 
compute the permanent displacements with a rigid block sliding analysis. Although this 
method inconsistently assumes that there are no permanent displacements in the seismic 
response analysis, and then uses the analysis results to calculate a seismically induced 
permanent displacement, it was found to provide a reasonable estimate of seismic 
displacements for many cases. 
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More advanced numerical analyses of the seismic behaviour of a slope can indeed be 
performed, using a coupled approach in which a full description of the dynamic behaviour of 
the soil is explicitly introduced. While these analysis is conceptually more satisfactory if 
applied to a well documented case-study, they result somewhat cumbersome in helping the 
development of simplified procedure, which is specifically the aim of the present research 
project, which requires the analyses of a large number of simplified slope schemes, subjected 
to a variety of seismic loading. Therefore, it was felt that the bulk of the results needed for the 
calibration of the pseudo-static method were to be obtained using the displacement method, 
more suitable for parametric studies. In applying the displacement method however, several 
different levels of sophistication were inserted, including two-dimensional amplification 
effects and the consideration of the deformability o the soil mass. A number of advanced, 
fully coupled numerical analyses were performed as well, to further corroborate the results 
obtained. 

3 RESEARCH STRUCTURE 

The following steps summarise the organisation of the research project 
 
1) obtain a large and reliable database of input seismic recording that may be used in the 
parametric study; this was accomplished by re-examining all the available Italian acceleration 
records and organising the results in a new database for access via the internet; 
 
2) perform the integration of the Italian accelerograms, using a rigid-block displacement 
approach, for the development of empirical relationships between the displacements and a 
number of motion parameters; 
 
3) evaluate the relationships between the displacements computed with the displacement 
approach and the seismic coefficients to use in a pseudo-static approach, still considering an 
infinitely rigid sliding mass, and linking the pseudo-static seismic coefficient to the requested 
seismic performances. 
 
4) study the seismic response and evaluate the permanent displacements of idealised slopes to 
a large number of seismic inputs, in one-dimensional conditions, taking into account in a 
parametric way the soil deformability and considering the coupling of the propagation 
through the soil mass and the sliding of the soil mass; 
 
5) carry out a number of two-dimensional analyses of idealised slopes, subjected to a selected 
number of seismic inputs, accounting for the soil deformability and evaluate the permanent 
displacement through a decoupled approach; 
 
6) from the above steps (4) and (5) find the corrections to apply to the seismic coefficients 
found at point (3) to account for soil deformability; 
 
7) perform a limited number of advanced numerical analyses to corroborate the results 
obtained with the previous approach. 
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4 MAIN RESULTS 

4.1 Database of Italian strong-motion accelerograms  
A database of Italian strong motion accelerograms was developed as well as a site and source 
databank. The database consists in 247 Italian three-component corrected accelerograms 
obtained from 101 recording sites and related to 89 earthquakes that occurred in the period 
1972-2002 (Scasserra et al., 2008d).  
Available acceleration time histories were uniformly processed by the same team of 
seismologists, supervised by Dr. Silva, that is responsible for the PEER (Pacific Earthquake 
Engineering Center) data processing. 
Site conditions at the 101 monitoring stations were identified through both geologic 
characteristics and values of shear wave velocities. 
Velocity measurements are nowadays provided for 51 of the 101 sites. For the remaining 
sites, the equivalent shear wave velocity in the upper 30 m (VS30), as defined by Eurocode 8, 
(EN 1998-5) was estimated using a hybrid approach, based on correlations with surface 
geology (Scasserra et al., 2008c).  
A web site was created to disseminate the strong motion database and the source and site 
databank (Scasserra et al., 2008a). It is called SISMA, that stands for Site of Italian Strong 
Motion Accelerograms (http://sisma.dsg.uniroma1.it); it can be anticipated that the SISMA 
dataset will be archived also at the PEER web site. The principal objective of SISMA website 
is to provide high quality Italian strong motion records with consistent and reliable evaluation 
of associated seismic parameters.  
The structure of SISMA allows records to be located in several ways, depending upon the 
user interest.  

4.2 Empirical relationships for assessing earthquake-induced displacements 
Empirical relationships were developed for evaluating permanent co-seismic slope 
displacements using records from Italian seismic events. Database SISMA was used to this 
purpose to obtain a homogeneous set of accelerograms with consistent and reliable estimates 
of the associated seismic parameters. According to the values of shear wave velocity in the 
subsoil underlying the monitoring station, acceleration time histories on rock or rock-like 
soils (class A - VS,30 > 800 m/s) were distinguished from those on stiff soils (class B - VS,30 = 
360 – 800 m/s) and medium to soft soils (classes C, D and E - VS,30 < 360 m/s). A total 
number of 196 free-field horizontal acceleration time histories were selected, these being 
related to 46 Italian earthquakes with magnitudes in the range 4 to 6.3. 
For each accelerogram, the Newmark-type displacements were computed considering values 
of the critical acceleration ay = 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2 g. For a given critical 
seismic coefficient ky = ay/g, two values of displacement were determined considering each 
side of the acceleration time history. The maximum of the two obtained values were assumed 
as the displacement related to the signal. 
The proposed relationships allow permanent slope displacement associated to 50th and 90th 
percentile to be evaluated as a function of: (1) critical acceleration ratio (ay/amax); (2) ratio of 
squared peak ground velocity to peak ground acceleration of input motion and critical 
acceleration ratio (PGV2/PGA, ay/amax); (3) Arias intensity and critical acceleration ratio (IA, 
ay/amax); (4) destructiveness potential factor and critical acceleration ratio (PD, ay/amax); (5) 
mean period and critical acceleration ratio (Tm, ay/amax) (Madiai, 2009).  
The obtained relationships can be used for a preliminary estimate of permanent displacements 
induced by seismic shaking. 
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4.3 Evaluation of slope displacements for multi-block sliding mechanisms 
In common practice, earthquake-induced displacements are simply evaluated for translational 
or rotational sliding mechanisms. When the sliding surface is of general shape, permanent 
displacements can be evaluated either best fitting the sliding surface with circular or 
logarithmic spiral surfaces or describing the mixed roto-translational mechanism via a multi-
block model; the latter provides a better representation of actual sliding mechanism thus 
yielding more reliable predictions of slope behaviour under seismic conditions. 
In the work by Bandini et al. (2008), the transformation rules for slope geometry were 
selected to meet the following criteria: (1) each block keeps in contact with adjacent blocks 
and with the slip surface without separation or overlapping; (2) the total mass of the system is 
constant. If slope displacement is small with respect to the length of the slope, the effect of 
mass-transfer is negligible and it can be assumed that each block slides as a rigid body along 
its portion of slip surface without any mass-change. For large displacements the substantial 
change in the geometry of the slope and the consequent change in soil mass distribution 
cannot be neglected. In fact, geometrical rearrangement leads to a more stable configuration 
and is often the main factor yielding the slide eventually to stop. 
In the proposed approach, pore pressure build-up in cohesive soils and change in slope 
geometry were accounted for in the analysis; the Global Limit Equilibrium Method of slices, 
as proposed by Fredlund and Khran (1977), was used for evaluating the critical seismic 
coefficient ky. 
The proposed GLE-based multi-block model was applied to parametric studies of several 
ideal schemes of slope and to studies of landslides reactivated by the Irpinia-earthquake of 
1980 (M = 6.9).  

4.4 Pseudo-static approach and evaluation of equivalent seismic coefficient 
Displacement-based sliding block methods are an useful and handle tool for evaluating the 
response of slopes and earth structures to earthquake loading, having indeed the advantage of 
providing a quantitative assessment of earthquake-induced displacements using simple 
analytical procedures. However, the pseudostatic approach is still the most diffused method 
adopted in common practice. In this method the seismic coefficient designates the horizontal 
force to be used in the stability analysis, its selection being thus crucial. Starting from Seed 
(1979), a number of procedures have been proposed in the past in which the pseudostatic 
approach is calibrated to a particular level of slope performance, which is represented by the 
earthquake-induced displacement. 
Following a similar approach, a procedure has been recently developed by Rampello et al. 
(2008), in which the horizontal seismic coefficient k and the corresponding safety factor FS 
are evaluated using an equivalence with the results of a parametric application of the 
displacement method, as proposed originally by Newmark (1965). In the procedure, the 
seismic coefficient is expressed as a function of the maximum acceleration of the slide mass 
(kmax), the ratio of slope resistance to peak demand ky/kmax and the limit displacement dy 
considered as tolerable for the slope. Slope stability is satisfied for values of the safety factor 
FS ≥ 1.0. The procedure can be thought of as being related to earthquake magnitudes M = 4– 
6.5, typical of Italian seismic events.  
The permanent displacements induced by an acceleration time history can be expressed as a 
function of the ratio ky/kmax.  
The equivalent seismic coefficient can then be defined as a fraction η of the maximum 
acceleration amax of the slide mass: 
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where η decreases as the displacement tolerable for the slope increases. In principle, the 
application of the displacement method should be performed using the equivalent 
accelerograms acting in the sliding mass, as obtained by one or bi-dimensional seismic 
response analyses (Seed and Martin, 1966; Chopra, 1966).  
In the proposed approach a rigid soil behaviour was assumed for the slide mass, this implying 
that, until full mobilisation of shear strength, the acceleration distribution is uniform through 
the soil mass. Under this assumption, amplification effects are simply taken into account 
using amplification factors for subsoil profile SS and ground surface topography ST, as 
specified by technical recommendations or building codes (e.g.: EN 1998-5, D.M. 
14.01.2008); in eq. (1) it is then amax = SS⋅ST⋅ag, with ag being the maximum acceleration at 
the rigid outcrop. 
Permanent displacement were evaluated through a Newmark-type integration of the portion of 
the accelerograms in excess of ky. A total of 214 accelerograms were used belonging to 47 
events recorded by 58 stations. They were divided in three groups according to the subsoil 
underlying the monitoring sites, as defined by Eurocode 8 and the Italian building code (EN 
1998-5; D.M. 14.01.2008): rock or rock-like soil with shear wave velocity VS ≥ 800 m/s (A); 
dense granular and stiff cohesive soil with VS = 360–800 m/s (B); medium to loose granular 
and medium stiff to soft cohesive soil with VS < 360 m/s (C, D; E). 
For each group of accelerograms, peak accelerations were scaled to values of  amax = 0.05, 
0.15, 0.25 and 0.35 g, limiting the scale factors in the range 0.5 – 2. Earthquake-induced 
displacements were computed integrating twice the equation of relative motion for 
translational sliding, using critical acceleration values equal to 10 to 80 % of the maximum 
acceleration (ky/kmax = 0.1 – 0.8). Permanent displacements computed for each subsoil class 
and for each level of acceleration were plotted as a function of the ratio ky/kmax in a semi-
logarithmic scale. An example is shown in Figure 12 for subsoil class B. Computed results 
were best-fitted using exponential relationships written in the form: 

 max

y
k

k
A

eBd ⋅=  (2) 

Assuming a log-normal distribution around the mean value, the 90th-percentile upper-bound 
displacements were obtained, their relationships being characterised by the same parameter A 
of the mean curves and by a value of B1 > B. 
At a constant critical acceleration ratio, permanent displacements induced by a given 
accelerogram, linearly depends on amax. Then it is possible to account for eventual 
amplification in ground motion, as produced by seismic response, multiplying the coefficient 
B1 by the amplification factors SS and ST, thus obtaining B2 = SS⋅ST⋅B1.  
For a given threshold displacement dy, the corresponding values of η can then be obtained by 
inverting eq. (2) with d = dy and B = B2: 
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Figure 12. Permanent displacements computed using acceleration time histories monitored on class B 

subsoil (Rampello et al. 2008). 

Values of η are given by Rampello and Callisto (2008) for threshold displacements of 15, 20 
and 30 cm, corresponding to levels of damage from moderate to negligible (Idriss, 1985). 
Ausilio et al. (2007b) developed a statistical model using a selection of accelerograms from 
database SISMA (Scasserra et al., 2008a) to compute the Newmark-type displacements. A 
significant reduction in the scatter of data set was observed once the displacements d were 
normalised by the product amax·Tm·D5-95 and plotted against the ration ky/kmax. Considering the 
90th-percentile upper-bound relationship for non-dimensional displacements, an expression 
for coefficient η′ was obtained by Ausilio et al. (2007b), defined as the ratio ay/ag (= ky/kg): 
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in which the apex was added to distinguish this definition by that given in eq. (3), and 
E[Tm⋅D5-95] is the expected value of statistic distribution of the product Tm⋅D5-95 considered as 
a random variable. 
In this case also, ground motion amplification due to site effects can be accounted for using 
the amplification factors for subsoil profile SS and ground surface topography ST, as specified 
by technical recommendations or building codes (e.g.: EN 1998-5, D.M. 14.01.2008): 
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4.5 Influence of the deformability of the soil mass  
In the procedures discussed above a rigid soil behaviour was assumed for the slide mass, this 
implying uniform spatial distribution of acceleration within the slope, with a(t) = ag(t). More 
realistic description of seismic performance of slopes can be obtained taking into account the 
deformable behaviour of the slide mass during ground motion. In this case, slope behaviour 
can be studied using the de-coupled approach, in which a preliminary analysis is carried out to 
assess the dynamic response of the slope, and then the resulting acceleration time histories are 
used to compute the permanent displacements with a rigid-block sliding analysis (Makdisi 
and Seed, 1978). The seismic response analyses can be carried out in one-dimensional (1D) or 
two-dimensional (2D) conditions, and the non linear soil behaviour can often be described 
through the equivalent linear approximation, that is known to yield a reasonable estimate of 
soil response at moderate levels of seismic intensity.  
When a seismic response analysis is performed, the maximum acceleration amax in eq. (1) 
should be intended as the maximum equivalent acceleration a(eq)max. 
A parametric study was carried out by Ausilio et al. (2007a) in which 1D seismic response 
analyses were carried for soil columns of height H = 5 – 30 m, these representing the depths 
of the sliding surface, and bedrock depths of 5 to 60 m. The 1D equivalent linear visco-elastic 
analyses were carried selecting 124 Italian accelerograms from database SISMA (Scasserra et 
al., 2008a) and assuming 21 different subsoil profiles, representing subsoil classes as 
identified by Eurocode 8 (EN 1998-5) and by Italian Building Code (D.M. 14.01.2008). 
The Authors recognised that the ratio α = aeq(max)/as, plotted in Figure 13 against Ts/Tm, could 
be interpolated by a single relationship irrespective of the subsoil profile: 
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The ratio between the wavelengths characteristics of the seismic event and the thickness of 
soil column decreases with the ratio Ts/Tm; as a consequence, the inertial forces reduce 
substantially yielding to equivalent accelerations lower than those computed at the ground 
surface. Then, values of a(eq)max/as lower than unity are due to vertical incoherence of ground 
motion, implicitly accounted for into a(eq)max. 
Using the results of the analyses mentioned above, Ausilio et al. (2007b) included the 
influence of soil deformability in the estimate of the equivalent seismic coefficient. In this 
case, the maximum acceleration amax in eq. (1) is properly intended as the maximum 
equivalent acceleration a(eq)max of the slide mass, expressed in the form:  a(eq)max = α·as 
= α·SNL·ag. To maintain a simplified and conservative character of the procedure, the Authors 
assumed a constant value of α = 0.74 computed for Ts/Tm = 0.5. Under these assumption, 
starting from eq. (5) they proposed a reduction factor η′′ that include ground motion 
amplification produced by response analysis:  
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Figure 13. Ratio of a(eq)max/as versus the ratio between the fundamental period of slope and the mean 

period of input motion (Ausilio et al. 2007a). 

In this case, the equivalent seismic coefficient can be written in the form: 

 
g
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max ⋅η′′=⋅η′′=⋅η′′=  (9) 

Two-dimensional ground response analyses were also carried out to evaluate the influence of 
soil deformability on the seismic response of slopes and earth dams. The analyses were 
performed assuming the soil to behave as a linear elastic material, and assuming rotational 
sliding mechanisms. 
The dynamic linear-elastic seismic response analyses were carried out investigating the 
influence of some key factors, such as the slope height and inclination, the soil stiffness E′ 
and the frequency content of the seismic input.  
Time histories of the equivalent seismic coefficient khS(t) = aeq(t)/g, related to specified soil 
volumes, were evaluated as mentioned above for two-dimensional conditions. 
In general, the maximum values of the equivalent seismic coefficient khS computed for given 
soil volumes were seen to be substantially lower than the ratio PGA/g irrespective of slope 
geometry and of depth and length of the sliding surfaces, at least for values of E′ typical of 
soil deposits.  
Influence of spatial incoherence of ground motion was also studied for two earth dams 
through coupled, effective stress dynamic analyses. For Camastra earth dam seven 
accelerograms, representative of possible seismic scenarios associated to different return 
periods TR, were selected from the European Strong Ground Motion Database (Bilotta et al., 
2008). For El Infiernillo earth dam, analyses were carried out using accelerograms from three 
earthquakes actually occurred at the dam site. The occurrence of asynchronous motion was 
detected plotting the contours of total stresses and instantaneous accelerations (Sica et al., 
2008; Sica and Pagano, 2009). 
The ratio ahS,equiv(t)/PGA computed in the two dams for all the analysed surfaces and seismic 
events decreases with increasing size of slide mass, as quantified by the maximum depth of 
the surface and by its length. Also, computed values of khS increase with peak input 
acceleration, but with a decreasing rate. This occurrence can be attributed to plastic soil 
behaviour within the dam embankment for high intensity earthquakes. 
Sliding mechanisms parallel to the ground surface were also studied using the decoupled 
approach, for several idealised clayey slopes and a number of different seismic inputs. In the 
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analyses, performed with the finite element method using the code QUAKE, an equivalent 
linear visco-elastic soil model was used in which the laws for decay of the secant shear 
modulus and for the increase of  the damping ratio were taken from Vucetic and Dobry (1991) 
and a plasticity index IP = 25%. 
The ground surface of the analysed slopes had a constant inclination α = 10° and 20° with a 
vertical distance from a horizontal bedrock varying from 15 to about 120 m. The computed 
displacements were related to the soil stiffness, to the size and location of the sliding mass 
within the slope, and to the properties of the seismic input, to support the prediction of 
earthquake-induced displacements for this category of sliding mechanisms (Rampello et al., 
2009).  
It was shown that for soft soil deposits the use of equivalent accelerograms globally results in 
lower displacements than those computed using the input accelerograms. For stiff soils, larger 
displacements than the ones computed using the input accelerogram can be obtained only for 
shallow and short sliding mechanisms, that is for small volumes of the sliding mass. 

4.6 Advanced numerical analyses 
Coupled effective stress FE analyses were carried out to study the seismic behaviour of an 
ideal slope, in a clayey soil deposit, with a height H = 20 m. The two-surface elasto-plastic 
constitutive model MSS, that is capable of describing the main features of soil behaviour 
under cyclic loading, was used in the analyses. Two sets of analyses were carried out, the first 
referring to a soft clay deposit, while the second to a stiff and overconsolidated clay deposit. 
A parametric study was performed for evaluating the influence of the overconsolidation ratio, 
the bedrock depth, the peak acceleration of input ground motion and the geometry of the 
mesh. 
The main advantages (Amorosi et al., 2009b) of coupled effective stress FE dynamic analyses 
of a slope are represented by the possibility of: i) describing with accuracy shear stiffness 
decay with shear strain and the related hysteretic damping; ii) limiting the amount of the 
fictitious viscous damping usually added in numerical analyses (1-2 %); iii) predicting plastic 
strain accumulation and excess pore water pressure build-up during earthquake loading; iv) 
describing the dissipation of the excess pore water pressures after the end of the seismic 
action; (v) describing the evolution of strain and displacement fields during and after the 
earthquake. 

5 DISCUSSION 

The objective of developing a simplified procedure for a reliable evaluation of the seismic 
performance of a slope was pursued by means of a number of tools, each referring essentially 
to a parametric evaluation of the permanent displacements of simplified slope schemes. 
Firstly, a database of Italian strong motion database was developed together with a site and 
source databank, to provide high quality Italian strong motion records with consistent and 
reliable associated seismic parameters. 
Using this database, a number of empirical relationships were developed for a preliminary 
estimate of earthquake-induced slope displacements, and a code was developed for evaluating 
slope displacements induced by seismic shaking along sliding surfaces of general shape. In 
this code, the mixed roto-translational mechanism is described via a multi-block model and 
account is taken for pore water pressure build-up and mass transfer occurring during motion. 
The code was checked by back-analysing the landslides reactivated by Irpinia earthquake of 
1980. 
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Then, a parametric Newark integration of the whole database was performed with the specific 
intent to evaluate, for a given seismic performance, the seismic coefficient to use in a pseudo-
static calculation. This study was timely, as it was possible to include some results in a new 
version of the Italian building code (D.M. 14.01.2008). 
The influence of soil deformability on slope response to earthquake loading was studied 
through one and two-dimensional equivalent linear visco-elastic analyses and with a limited 
number of two-dimensional fully coupled stress dynamic analyses. The analyses considered  
simple idealised slopes and a few real earth dams.  
The soil deformability brings about two somewhat contrasting effects, namely the 
amplification of the base motion and the  non uniform spatial distribution of the inertia forces. 
The latter effect may lead to a substantial reduction of these forces, and can prevail when the 
wave length of seismic motion become comparable or smaller than the size of the sliding 
mass, and this may happen in large deformable volumes of soil, and for high-frequency 
seismic signals. Conversely, ground motion amplification prevails for small and stiff sliding 
masses excited by low-frequency seismic signals, and near the top of natural slopes or the 
crest of earth embankments, because of multiple reflection of the seismic waves. 
To sum up, it may be stated that most of the research objectives were attained and that the 
main factors affecting the slope response to earthquake loading were recognised, their 
influence being isolated and evaluated.  

6 VISIONS AND DEVELOPMENTS 

The present research activity was mainly addressed to the study of the seismic behaviour of 
natural slopes. Ideal schemes of slopes were studied and typical geometries were considered 
for the sliding mechanisms and the depth of the bedrock, while the stiffness and strength 
properties were typical of natural soils. A number of well documented case histories were also 
back-analysed. The main characters of the seismic behaviour of the slopes were highlighted, 
and simplified procedures for the study of their seismic stability were proposed, including a 
relationship between the pseudo-static seismic coefficients and the required seismic 
performance, quantified by the final permanent displacements. 
This research activity finds a natural extension in  the study of the seismic behaviour of 
artificial earth structure, and specifically of earth dams. These structure are typically made of 
compacted soil, characterised by a large stiffness, and may produce significant amplification 
of the inertial forces, because of the multiple reflection and focalisation of seismic waves near 
the crest. The research should distinguish between different types of earth dams: 
homogeneous, zoned with vertical impervious nucleus, and zoned with inclined impervious 
nucleus. The influence of the bedrock depth needs also be investigated, as in many cases this 
depth is not well documented and a degree of subjectivity does exist on the choice of the 
boundary to which the seismic motion should be applied. 
Similarly to the case of the natural slopes, this study may be carried out using methods of 
analyses of increasing complexity, including the simple pseudo-static analysis. However, the 
singularity and importance of the earth dams calls for a larger role of the advanced numerical 
analyses. A number of centrifuge tests might b also devised, in which the above different 
categories could be reproduced to provide the experimental evidence for the calibration of the 
analyses. The results of this research might provide guidance for the design of new earth 
dams, but would also assist in the seismic evaluation of the many existing earth dams that 
were designed without accounting for earthquake loading. 
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SUB-THEME 6.4: DEEP FOUNDATIONS 

1 INTRODUCTION 

This research deals with the behaviour of deep foundations under earthquake excitations, with 
particular reference to the kinematic interaction phenomenon between the soil and the pile 
invested by the seismic waves. 
During strong earthquakes foundation piles tend to significantly modify soil deformations, 
since they oppose to the seismic motion of the subsoil. Further because of the interplay 
between soil and piles the motion at the base of the superstructure can significantly deviate 
from the free-field motion, and the piles be are subjected to additional bending, axial and 
shearing stresses. The bending moments, usually referred to as “kinematic” ones, may be very 
important even in the absence of the superstructure. 
In the past the kinematic interaction between soil and piles has been studied by many 
researchers. In spite of the big effort on such a topic, the complex problem still need to be 
investigated and well consolidated in the research field. As a matter of fact kinematic 
interaction has been rarely accounted for in practical design. Modern seismic codes have, 
however, acknowledged the importance of kinematic interaction and demand piles to be 
designed also accounting for soil deformations arising from the passage of seismic waves. 
Eurocode 8 (EN 1998-5), for example, suggests that kinematic effects should be taken into 
account when all the following conditions simultaneously exist: 1) seismicity of the area is 
moderate or high (specifying that moderate or high-seismicity areas are characterized by a 
peak ground acceleration ag·S>0.1g, where ag is the design ground acceleration on type A 
subsoil and S is the soil factor); 2) subsoil type is D or worse, characterized by sharply 
different shear moduli between consecutive layers; 3) the importance of the superstructure is 
of III or IV class (e.g. schools, hospitals, fire stations, power plants, etc). The recent Italian 
building code (D.M. 14.1.2008) provides quite similar indications concerning the kinematic 
bending moments in piles.  
In this context the present ReLUIS research line 6.4 has been planned, involving five Italian 
research groups and collaborations with other national and international experts and foreign 
seismic research structures. The main final goal of research Line 6.4 was to find out 
innovative elements for a new regulation on seismic design of piled foundations with 
emphasis on kinematic interaction. The evidence collected from previous studies and the 
results of the present research, even far from providing a definitive answer to the question, 
have allowed the clear individuation of the factors controlling the phenomenon at hand, the 
evaluation of pile response for reference soil-pile configurations, some important indications 
for pile seismic design, and mainly what has still to be done for this issue.  

2 BACKGROUND AND MOTIVATION 

2.1 Background on analytical aspects  
The kinematic interaction phenomenon has been studied by many researchers by means of 
different approaches and analytical tools. The methods for the analysis of kinematic soil-pile 
interaction may be classified into three groups: continuum approaches (FEM, BEM), Winkler 
methods (BDWF), simplified formulations.  
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In continuum approaches soil, pile and superstructure are modelled as a whole. The soil-pile 
geometry typically is modelled in 3-D and discretized by F.E.M. or B.E.M. techniques 
(Kaynia 1996, Kimura e Zhang, 2000; Zhang et al. 2000; Zhang e Kimura 2002; Wu e Finn, 
1997; Bentley & El Naggar, 2000; Finn e Fujita, 2002). Soil is usually modelled by 
elastoplastic models. A few works in literature adopt models of the so-called Advanced 
Plasticity to properly reproduce soil response under cyclic loading conditions, and some work 
describes the possibility to simulate gap at the pile-soil interface under strong motion events 
(Maheshwari et al., 2004). Among numerical approaches, the finite element method (Wu and 
Finn, 1997; Cai et al., 2000; Kimura and Zhang, 2000; Maheshwari et al., 2004) provides a 
powerful and versatile technique, since some important effects such as soil nonlinearity and 
heterogeneity may be directly accounted for. Nevertheless, this method is generally very 
expensive from a computational viewpoint, since it requires suitable boundaries conditions 
being introduced to simulate the radiation damping effect. Worth mentioning is the simplified 
continuum approach developed by Wu & Finn (1997) in which vertically propagating shear 
waves are modelled disregarding seismic induced deformations in the vertical direction and 
along the normal to the direction of shaking (quasi 3-D approach).  
A more attractive approach is represented by the boundary element technique (Kaynia and 
Kausel, 1982; Mamoon and Banerjee, 1990; Cairo and Dente, 2007). It only needs the 
discretization of the interfaces and permits the condition of wave propagation towards infinity 
to be automatically satisfied. The ReLUIS research group from the University of Calabria 
developed a code called SASP (Seismic Analysis of Single Piles) based on BEM solution for 
the analysis of single piles and pile groups subjected to vertical loading, under static and 
dynamic conditions. The method makes use of the closed-form stiffness matrices derived by 
Kausel & Roësset (1981) to simulate the response of layered soils. The analysis is performed 
in the frequency domain under the assumption of soil linearity.  
The methods based on the Winkler foundation model assume that the pile is modelled as a 
linearly elastic beam, with length L and diameter d, discretized into segments connected to the 
surrounding soil by springs and dashpots, which provide the interaction forces in the lateral 
direction (Figure 14). Springs represent soil stiffness and dashpots soil damping due to 
radiation and hysteretic energy dissipation. As a first approximation, the spring stiffness k 
may be considered to be frequency-independent and expressed as a multiple of the local soil 
Young’s modulus Es (Kavvadas and Gazetas, 1993). The dashpot coefficient c represents 
both material and radiation damping. The latter one may be computed using the analogy with 
one-dimensional wave propagation in an elastic prismatic rod of semi-infinite extent (Gazetas 
and Dobry, 1984). 
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Figure 14. Beam on Dynamic Winkler Foundation model (BDWF). 
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Some results obtained using the Winkler approach (BDWF), as proposed by Mylonakis et al. 
(1997), proved to be quite accurate, computationally time saving and suitable for performing 
extensive parametric analyses (to investigate the role of both the variables of the system and 
the earthquake motion characteristics). They further allow nonlinear behaviour of the soil to 
be easily incorporated if solution is envisaged in the time domain (Boulanger et al., 1999; El 
Naggar et al., 2005; Maheshwari and Watanabe, 2006; Cairo et al., 2008).  
Simplified formulations are closed-form expressions (Dobry and O’Rourke, 1983; Nikolaou 
and Gazetas, 1997; Mylonakis, 2001; Nikolaou et al., 2001) available in literature for 
approximately computing the maximum steady-state bending moment at the interface 
between two layers. These approaches have been derived by modelling the pile as a beam on a 
Winkler foundation and are based on the following simplified assumptions: each soil layer is 
homogeneous, isotropic and linearly elastic; the soil is subjected to a uniform static shear 
stress field; the pile behaves as a linear-elastic semi-infinite beam; the embedded length of the 
pile in each layer is greater than the so-called “active length”.  

2.2 Background on experimental activity 
Experimental activities on pile models have been conducted in the past, mainly by shaking 
table apparatus (1g), with the aim to investigate seismic behaviour of soil-pile systems. Most 
of the experimental tests focused on liquefaction problems (Towhata et al., 1999; Dungca et 
al, 2006; Yao et al, 2004). Significant tests have also been carried out for understanding soil-
pile-superstructure interaction (SSPSI) in cohesive soils and in non-liquefiable sand.  
In particular Meymand (1998) carried out a series of 1g tests on model piles in soft clay, with 
the main goals of providing insight into a variety of SSPSI topics, and generating a data set 
with which to calibrate an advanced SSPSI analysis tool being developed at U.C. Berkeley. 
The tests on single piles were seen to respond with components of inertial and kinematic 
interaction, though the inertial components produced upper bound bending moments. These 
results suggest that developing pile demands from consideration of inertial loading only may 
be acceptable for cases where site stiffness contrasts or ground failure (lateral spreading) do 
not exert significant soil loads or deformations on the piles.  
Recently Tokimatsu and Suzuki (2009) performed a huge experimental study utilising the big 
shaking table at E-Defense, Japan. The tests were conducted on soil-pile-structure models 
with dry and saturated sands for examining and quantifying the effects of inertial and 
kinematic forces. These main findings can be outlined: i) if the natural period of the structure 
is less than that of the ground, the kinematic force tends to be in phase with the inertial force, 
increasing the stress in piles; ii) if the natural period of the structure is greater than that of the 
ground, the kinematic and inertial forces tend to be out of phase, restraining the pile stress 
from increasing; iii) the maximum pile stress may be estimated by applying both the inertial 
and kinematic forces on the pile at the same time, if the natural period of the structure is less 
than that of the ground; it may be estimated as the square root of the sum of the squares of the 
two moments estimated by applying the inertial and kinematic forces on the pile separately, if 
the natural period of the structure is greater than that of the ground. 

3 RESEARCH STRUCTURE 

The general objective of the project was to reach a level of knowledge suitable for identifying 
elements and suggestions to be introduced in the national normative on the seismic behaviour 
of deep foundations with special regard to kinematical interaction. At this aim the following 
partial objectives were envisaged: 
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(a) elaboration of the state of art on the kinematical interaction; 
(b) evaluation of the acceptability of the hypothesis of foundation fixed to the base; 
(c) selection of the criteria for identifying the cases in which it is necessary to take into 

account the kinematical interaction for the calculation of the stresses induced on piles; 
(d) definition of computational procedures of the stresses due to the kinematical interaction, 

characterized by different degrees of complexity; 
(e) evaluation of the feasibility of an experimental testing activity on physical models, with 

the aim of validating the results acquired through the numerical research.  
The following five research Units (RU) were involved: University of Sannio (alias SANNIO), 
University of Basilicata (alias UNIBAS); University of Calabria (alias UNICAL); University 
of Catania (alias UNICT) and Second University of Napoli (alias SUN). Further, other RU 
from the University Parthenope (I), the University of Bristol (UK) and the University of 
Patras (G) effectively collaborated to the research. 
The above objectives have been pursued through the following research activities:  

(a) the layout of state of the art report;  
(b) the identification of different computational procedures, with different degree of 

complexity of both the physical-mathematical model and the computational algorithm; 
(c) the identification of a wide range of sample cases, characterised by different 

characteristic parameters of the exciting waveform, stratigraphical features and 
geometry of the foundation system (from the single pile to the group of n-piles, with a 
wide variability of the main geometrical features); 

(d) the execution of the numerical analyses of the sample cases, by means of the different 
computational procedures previously selected;  

(e) the interpretation and synthesis of the results, with the identification of typical 
behaviours, for the discrete range of values of the significant model parameters;  

(f) a first experimentation on a physical model, by means of a shaking table apparatus. 
(g) the identification of elements to be introduced in the seismic normative. 

The following three documents have been produced, for illustrating the whole research 
activities: 
A. Report on the activity and results of each Research Unit; 
B. Publication of all the studied cases, which have been effective for the identification of 

typical behaviours; 
C. Elements for a technical normative on the project of deep foundations in seismic areas. 

4 MAIN RESULTS 

During the first year the research Units involved in Line 6.4 have carried out a wide study on 
the knowledge available on this specific topic. Literature on kinematic interaction was found 
to be often fragmentary and sometimes conflicting and incoherent. The second year of this 
project has been mainly dedicated to the development of “reference” numerical models for the 
dynamic analysis of kinematic interaction effects for piled foundations. Analyses have been 
carried out by models with increasing degree of complexity: P-y curves, BDWF (beam on 
dynamic Winkler foundation) models (both linear and non-linear), 3D models based on the 
finite element method and the boundary element method. Non-linear soil response has been 
simulated at a very simple level by imposing G=G(γ) and D=D((γ) material curves (G = shear 
modulus, D = soil damping ratio, γ= shear strain) or at a more sophisticated level by means of 
models capable to consider hysteretic soil behaviour.  
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Figure 15. Foundation scheme adopted as basis by the five research Units. 

Several particular soil-pile configurations have been studied by all the RU ('general cases'). In 
addition each RU has independently developed the study of particular cases. Most of the 
research has been dedicated to the response of piled foundations (single piles as well as pile 
groups) embedded in an ideal subsoil consisting of two layers separated by an interface at 
depth H1 and underlain by a rigid base at depth H (see Figure 15). While UNISANNIO, for 
example, has performed a parametric study to assess the influence of the depth H of the 
bedrock, SUN has investigated the role of the interface depth H1 on the kinematic response of 
both single piles and pile groups. At the same time the effect of non linear soil response has 
been investigated by UNICT , by means of a pseudostatic approach based on the P-y curve 
method, and by UNISANNIO and UNICAL by performing linear equivalent analyses. In 
addition to this a computer code capable to account for the non-linear soil response has been 
developed by UNICAL (Cairo et al. 2008). This is based on a dynamic Winkler model 
(BNWF = beam on a Non linear Winkler Foundation) and represent an enhancement of the 
original version developed by Conte and Dente in 1988. One out of the key features of this 
code is the use of P-y curves based on the classical relationship by Ramberg-Osgood. 
Summarising, elastic analyses have been performed for single piles and for pile groups; the 
bending moments have been investigated both at the interface between soil layers and at the 
pile head; the results by the different analysis tools have been compared, both considering the 
linear and non linear soil behaviour. The detailed illustration of the results is published in the 
Final Scientific Reports supplied by the Research Units; here only a list of the numerous case 
studied by means of elastic analysis is given in Table 1. 
In the third year an experimental research has been carried out by means of the shaking table 
at BLADE (Bristol Laboratory for Advanced Dynamics Engineering) of the University of 
Bristol, thanks to the support of the Universities of Sannio and Calabria (Italy), and the 
collaboration with the same University of Bristol (UK) and the University of Patras (Greece). 
Laboratory tests were carried out on a pile model, for three configurations of subsoil (made of 
different granular materials and even rubber) pluviated inside a special container (shear stack, 
Figure 16). The shear stack was installed on the earthquake simulator, and subjected to three 
different Italian earthquake. Five different pile boundary conditions were tested (pile head 
free and fixed against rotation, with or without a superstructure). The repeatability of the test 
was checked, and the effects of input motion frequency content, soil stiffness contrast, and 
interaction between inertial and kinematic effects were successfully investigated. 
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Table 1. Linear elastic analyses. 

RU 
Method of 
analysis -
computer 

code 

H 
(m) H1 (m) L (m) VS1 

(m/s) 
VS2 / 
VS1 

D(%) 
No. of 

seismic 
input 

motions* 

Foun-
dation 
type 

30-
(21)1 

5-10-
15-19 20 

100 
 

2-3-4 
2 
10 

17 Single 
pile 

BDWF-SPIAB 
30-

(21)2 5-15 20 150 2-2.67-
4 10 17 Single 

pile 
3D 

Continuum dyn. 
analysis  

VERSAT P3D 

30 5-10-
15-19 20 100 4 10 3 

 
Single 

pile 
SANNIO 

3D 
Continuum dyn. 

analysis 
ABAQUS 

30 15 20 100 4 2 19 Single 
pile 

Pseudostatic 
P-y transfer 

curve method 
30 15 30 EP/E15

000 0.58-3  3 

Single 
pile 

Pile in 
a groupUNICT 

3D 
Continuum dyn. 

analysis 
SAP 

30 
 

24 

15 
 

8 

20 
 

12 

100 
 

80 

2-3-4 
 

2-4 

2-10 
 

10 

1 
 

3 

Single 
pile 

30 
5-10-
15-17-

19 
20 50-100 2-4 10 1 Single 

pile 
UNIBAS BDWF 

30 15 20 100 2 10 16 Single 
pile 

30 

5-10-
12-15-
17-19 

 
10 

20 
 

5-9- 
10-
20 

50-100 
 
 

100 

2-4 
 
 
 

4 

10 3 

Single 
pile 
and 
pile 

groups 
SUN 

3D 
Continuum dyn. 

anal. 
VERSAT P3D 

30 5 6-10-
20 100 4 10 4 Single 

pile 
3D 

Continuum dyn. 
anal. 
SASP 

30 15 20 100 2-3-4 10 3 Single 
pile 

UNICAL 

BDWF 30 5-10-
15-19 20 

100 
(150)3 

2-3-4 10 17 Single 
pile 

1For H=21 m the analyses have been performed only for H1=15 m and D=10% 
2For H=21 m the analyses have been performed only for H1=15 m  
3For VS1=150m/s,  VS2/VS1 ratios were 2-2.67 and 4 
* For the list of the utilised accelerograms, see the document B produced by the L.R. 6.4  
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Figure 16. Shear Stack at BLADE (Bristol, UK). 

5 DISCUSSION 

The main objective of the research project was the evaluation of the kinematic interaction 
effects on pile foundations, with the final aim to find out suggestions for recent Codes. In 
order to achieve the goals, analytical approaches of different complexity levels have been 
applied. The wide set of Italian strong motion accelerograms analysed and collected in the 
database SISMA have been utilised as input motion. 

First extensive analyses have been performed by the BDWF (Beam on Dynamic Winkler 
Foundations) methods, which are the most common tools utilised in the research field too, for 
investigating the linear response of the soil-pile systems. The same approach has been utilised 
for investigating the effect of soil non linearity on kinematic interaction effects. An important 
upgrading has been achieved in the application of BDWF methods, defining the proper range 
of soil parameter (stiffness and damping) values for analysing the linear response at low strain 
levels, or the non linear (or the simpler equivalent linear) response of soils at higher strain 
levels. The results obtained by different BDWF tools utilised by the involved research Units 
are in good agreement, and appear to provide good indications for a practical, even if 
conservative, pile design.  

The extensive analyses confirmed the significant role of the following variables on the 
amount of the induced pile bending moments: 
 stiffness contrast between two consecutive soil layers; 
 depth of the interface between layers with stiffness contrast, with respect to the active 

length of the pile; 
 boundary conditions at the head of the piles; 
 whole subsoil stiffness (subsoil classification according to recent seismic Codes); 

Their role has been also enhanced by the results of the experimental tests performed by the 
shaking table apparatus at BLADE of the University of Bristol. 

The main conclusion that can be drawn by these applications is that kinematic interaction 
effects can be significant in particular conditions, but not dramatic as it could appear on the 
basis of the oversimplified formulas proposed in the past to evaluate the maximum bending 
moments. In fact, the amount of the effects does not depend only on the soil-pile 
configuration (i.e. the variables listed before); it has been demonstrated that the effects of the 
interaction strongly depend on the coupling between the input motion frequency content and 
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the subsoil main frequency; hence this new variable has to be accounted for in analysing the 
induced pile bending moments. From the previous considerations, it can be derived that the 
kinematic effects can not be properly determined on the basis of the pile-soil system and the 
maximum expected input motion acceleration, unless it is accepted that conservative criteria 
would be adopted in the design. As regards soil non linearity effect, it appeared to be both 
beneficial or detrimental for pile bending response: the influence of non linearity on the 
variation of the relative stiffness between consecutive soil layers plays a fundamental role. 
Observations and suggestions on these aspects have been summarised in “Product C” 
document produced by ReLUIS L.R. 6.4 at the end of the Project; an interesting proposal for 
Code design procedure has been outlined in Cairo et al. (2009). 

Important indications relative to the asynchronous effects induced at the pile head by 
kinematic interaction and superstructure inertial actions have been provided by both 
numerical analyses and the laboratory tests performed at the BLADE on a single pile model 
with a simple oscillator resting on it. 

Several applications of more advanced numerical approaches (based on FEM and BEM 
techniques) confirm the results obtained by BDWF methods, if the simple assumptions there 
adopted are still saved (linear or non linear behaviour of the soil, linear behaviour of the pile).  

In conclusion, it may be stated that most of the research objectives have been attained, and 
that the performed studies also represent a valid reference for addressing the research in the 
next future. 

6 VISIONS AND DEVELOPMENTS 

The research activity that has been performed to date has been mainly addressed to the study 
of the seismic behaviour of piles, according to the most consolidated tools for studying soil-
structure interaction under earthquake excitations. Then the obtained results have been 
substantially validated by several more advanced numerical analyses and by some 
experimental tests on model piles. The research has certainly provided good results, since 
they allow to state some important conclusions relative to the main factors influencing pile 
bending response, in the hypothesis usually assumed for the soil-pile system.  
First attempts have been made to investigate more complex soil-pile configurations, including 
soil plasticity and pile yielding. In the next future, the role of soil plasticity, and its beneficial 
or detrimental effects on pile bending moments have to be accurately studied, through more 
refined numerical analyses implementing advanced soil constitutive models. At the same time 
it would be interesting to investigate the response of the soil-pile system after the yielding of 
the structural element, and its effects on the superstructure behaviour, in order to consider the 
eventual removal of the pile elastic response required in most recent seismic Codes. 
The behaviour at the pile head also need to be more deeply investigated, in order to confirm 
or not the delay between the maximum kinematic and inertial induced effects; this aspect has 
to be confirmed also through further specifically planned experimental tests. The results on 
this question could have relevant effects on pile design, since actually all the Code impose to 
simply sum the maximum effects, probably producing over-conservative design. 
In conclusion, the three-year research activity has provided significant results, with effective 
suggestions for the Codes, and encourages further and more addressed activities both in the 
theoretical and in the experimental research field.  
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