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Résumé 

Depuis plusieurs années, les problématiques portant sur l’interaction sol-structure (ISS) sont 

étudiées afin d’affiner l’évaluation du risque sismique à l’échelle locale. Cette thèse s’intéresse 

particulièrement à la quantification des effets de la présence du bâti sur l’aléa sismique local 

dans une vallée sédimentaire et à la caractérisation de paramètres dynamiques sensibles à 

l’interaction sol-structure à partir de données expérimentales de vibrations ambiantes et de 

modèles numériques 3D.  

Elaboré dans le cadre du projet Ritmica soutenu par l’IDEX JEDI de l’Université Côte d’Azur, 

l’objectif de ce travail de thèse, financée par le Cerema, est d’évaluer l’impact respectif de la 

stratigraphie du site, de la géologie et du bâti sur l’aléa sismique. Pour cela, une des zones les 

plus sismiques et à enjeux forts en France métropolitaine est choisie pour cas d’étude : la basse 

vallée du Var. De nombreuses expérimentations y ont été réalisées depuis plusieurs années, 

incluant des instrumentations de bâtiments, d’ouvrages d’art et de sol qui ont permis de définir 

et décrire la configuration géologique de la vallée et le comportement dynamique de certaines 

des structures environnantes. 

Dans l’objectif de mieux caractériser l’aléa sismique dans la vallée du Var en prenant en compte 

la présence des constructions existantes, plusieurs campagnes de mesures de vibrations 

ambiantes ont été réalisées sur le bassin et sur le rocher de la vallée et également, au niveau et 

au sein des plus hauts bâtiments de la zone. Ces données permettent d’une part, de définir le 

modèle géotechnique 3D de la vallée à partir des données géotechniques et géophysiques 

disponibles et d’autre part, de calibrer un modèle numérique simplifié de bâtiment dans le but 

d’établir un modèle 3D en élément finis de la vallée intégrant le bâti en surface. Ce modèle sert 

ensuite à simuler numériquement la propagation des ondes sismiques dans la vallée du Var en 

utilisant un séisme simulé. Le modèle de sous-sol de la vallée permet de mieux délimiter 

l’interface bassin-substratum et les vitesses d’ondes sismiques qui constituent des éléments 

importants dans l’étude des effets de site. Ce modèle montre que l’épaisseur du bassin augmente 

du Nord vers le Sud allant de 50 m d’épaisseur à plus de 100 m sous l’aéroport de Nice avec 

des vitesses Vs moyennes aux alentours de 400 m.s-1. Une étude numérique réalisée à partir de 

cinq modèles de bâtiment en éléments finis (4 de faible hauteur et un de grande hauteur, en 

béton armé et maçonnerie) montre que les effets de l’ISS sont plus importants pour les 

bâtiments de type cantilever et que les irrégularités horizontales de rigidité jouent un rôle majeur 
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dans l’ISS. Les campagnes d’instrumentation de bâtiments dans la vallée du Var ont permis 

d’obtenir un large jeu de données pour l’identification des comportements dynamiques des 

bâtiments, l’étude de l’ISS et la caractérisation de la variabilité spatiale du mouvement du sol. 

Ces campagnes denses permettent de vérifier que le premier mode de déformée des bâtiments, 

par la suite utilisé dans la calibration de modèle simplifiés à partir d’une relation simple, 

correspond à un mode de flexion. L’analyse du spectre de basculement et des fonctions du 

décrément aléatoire est utile pour la caractérisation de l’ISS à partir des séries temporelles 

verticales à la base des structures. Afin d’étudier l’influence combinée des effets de site et du 

bâti sur le champ d’ondes sismiques en surface, la propagation des ondes sismiques a été 

numériquement simulée dans cinq modèles 3D en éléments finis différents calibrés à partir 

d’enregistrements de vibration ambiante et incluant ou non plusieurs types de configurations de 

villes. 
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Abstract 

For several years, the problematic about soil-structure interaction (SSI) have been studied in 

order to refine the evaluation of the seismic risk at local scale. This thesis particularly focuses 

on the quantification of the effects induced by the presence of buildings on the local seismic 

hazard in a sedimentary valley and on the characterization of dynamic parameters sensitive to 

soil-structure interaction from experimental ambient vibration data and 3D numerical models. 

Developed within the framework of the Ritmica project supported by the IDEX JEDI of the 

University Côte d’Azur, the objective of this thesis is to assess the respective impact of the site 

stratigraphy, of the geology and of the building on the seismic hazard. To do this, one of the 

highest seismic risk area in France mainland is chosen as study case: the lower Var valley. 

Many experiments have been carried out there for several years, including instrumentation of 

buildings, engineering structures and free field sites which have made it possible to define and 

describe the geological configuration of the valley and the dynamic behavior of some of the 

surrounding structures. 

In the aim of better characterize the seismic hazard in the Var valley taking into account the 

presence of existing buildings, multiple campaigns of ambient vibration measurements were 

performed on the basin and on the rock of the valley and also, at the level and inside the highest 

buildings in the valley. These data allow first, to define the 3D geotechnical model of the valley 

from available geotechnical and geophysical data and second, to calibrate simplified numerical 

model of building in order to establish a 3D finite element model of the valley including 

building at the top. This model is used to numerically simulate the seismic wave propagation 

in the Var valley using simulated earthquake. The soil model of the valley permits to better 

delimit the basin-bedrock interface and the seismic wave velocities that constitute important 

elements in the study of site effect. This model shows that the basin thickness increases from 

North to South from 50 m deep to more than 100 m under the Nice airport with average Vs 

velocity around 400 m.s-1. A numerical study done on five finite element models of building (4 

low-rise and one high-rise, reinforced concrete and masonry) shows that bending type buildings 

are the most prone to SSI and that stiffness horizontal irregularities play a major role in SSI. 

The instrumentation campaigns of buildings in the Var valley allow to get a large set of data 

for the identification of the dynamic behavior of buildings, the study of SSI and the 

characterization of the spatial variability of the ground motion. These dense instrumentation 
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campaigns allow to check that the first mode shape of building, thereafter used in the calibration 

of simplified model through simple relationship, corresponds to a bending mode. The analysis 

of the rocking spectral ratio and of random decrement functions is useful for the characterization 

of SSI from vertical temporal series at the base of buildings. To study the influence of lithological 

site effect and buildings on the surface ground motion, seismic wave propagation has been 

numerically simulated in five different 3D finite element site-city models characterized using 

ambient vibration recordings and including various city configurations. 
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“Parmi les milliers de touristes qui défilent chaque année sur la Côte 

d’Azur, combien en est-il qui manquent de s’arrêter à Nice et d’y gravir, pour 

contempler le radieux panorama de la Baie des Anges, les pentes du Mont Boron 

ou de la colline du Vieux Château ? Au-delà de la courbe harmonieuse de la 

plage, du fourmillement des maisons et des hôtels de la grande ville, [la vue] est 

marquée par le profil singulièrement rectiligne des collines derrière lesquelles le 

Var débouche dans la mer. » (Martonne, 1923).  
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Introduction 

The 1985 Mexico earthquake is now a textbook case, as it is a key testimony of human 

casualties and material damages during strong seismic event in sedimentary basin (e.g. 

Bataillon, 1988). This earthquake is the first to notably show that the seismic wave field 

undergoes important modifications going through superficial soil layers that can damage 

structures. Actually, most of the time, these modifications result in amplification of the surface 

seismic motion compared to close-by rock sites related to the impedance contrast, multiple 

reflection phenomena between the basin surface and the basin-bedrock interface and to 

diffraction at the edge of the valley (Bard and Bouchon, 1980a, 1980b; Campillo et al., 1989). 

Those phenomena called lithological site effects are now well-known and still studied (e.g. 

Cetin et al., 2022). For seismic hazard assessment, they are integrated in the estimation of the 

seismic ground motion together with topographic site effect, source effects, large scale wave 

propagation effects and regional attenuation with distance. On the contrary, the presence of 

buildings or cities is never taken into account in the definition of the seismic solicitation (Figure 

1). 

 

Figure 1: Scheme of the effects taken into account in the local seismic risk evaluation and 
uncertainty related to site-city interaction. 

However, it has been shown that the city organization itself has an influence on the superficial 

wave field (e.g. Guéguen, 2000). It is called the site-city interaction (SCI) or the structure-soil-

structure interaction (SSSI). Seismologists and civil engineers combine their knowledge to 

better understand the dynamic behavior of buildings in their environment. The objective is to 

improve the current building code and the resilience of the building taking into account the 

environmental conditions where the building is located in order to save lives and prevent 

additional costs when damage occur. According to the history of the soil-structure interaction 
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(SSI) experimental studies from Trifunac et al. (2001), it is only in the 70’s that the term « soil-

structure interaction » is published. Later, the term « Engineering Seismology » appears for the 

first time in the article of Kanai (1983) to designate the application of seismic methods to 

investigate and even monitor civil engineering structures. Kausel (2010) completed the review 

of the empirical SSI studies from the 1900s to the 2010s. 

There were many observations of the SSI on earthquake and ambient vibration recordings (i.e. 

vibration induced by the wind, the anthropic activity, the sea tides…) as presented in the Table 

1.  Contrary to earthquake recordings that are rare, in-situ ambient vibration are a powerful tool 

to investigate a structure since they require little money, little time and can be distributed 

punctually to quickly cover a large area. These passive non-invasive measurements are used in 

many studies for different applications. They helped indeed to characterize not only the 

geological structure (e.g. Seht and Wohlenberg, 1999; Delgado et al., 2002; Parolai et al., 2002; 

Guéguen et al., 2007; Haefner et al., 2010; Mascandola et al., 2019), the shear wave velocity 

profiles and the site response characteristics (amplification factor and fundamental resonance 

frequency) (e.g. Raptakis et al., 2005; Roten et al., 2006; Barnaba et al., 2010; Manakou et al., 

2010; Stephenson et al., 2019), but also the dynamic behavior of the buildings. It was shown 

that these types of data are also commonly used in the identification of the dynamic parameters 

of engineering structure and give reliable results (e.g. Carder, 1936; Kanai, 1950; Ward and 

Crawford, 1966; Guéguen, 2000; Dunand, 2005; Michel, 2007). 

According to the Table 1 and other numerical studies, the main effects of SSI observed on 

recordings are an increase of the spatial variability of the seismic ground motion (e.g. Housner, 

1957; Kashima and Kitagawa, 1988; Safak and Celebi, 1992; Guéguen, 2000; Kim and Stewart, 

2003; Bradford et al., 2004; Castellaro et al., 2014; Sotiriadis et al., 2019) and the modification 

of the building response (e.g. Merritt and Housner, 1954; Kanai, Kiyoshi and Yoshizawa, 1961; 

Bard, 1988; Veletsos and Prasad, 1989; Muria-Vila and Alcorta, 1992; Paolucci, 1993; Ganev 

et al., 1993; Meli et al., 1998; Kitada et al., 1999; Guéguen, 2000; Gallipoli et al., 2004; 

Guéguen and Colombi, 2016) especially in double resonance condition, meaning that the first 

natural frequency of the building is close to the soil fundamental frequency (e.g. Kitada et al., 

1999; Tobita et al., 2000; Kim and Stewart, 2003; Kumar and Narayan, 2018). Radiated waves 

from the structure to the ground have been observed up to a certain distance (e.g. Jennings, 

1970; Wong et al., 1977; Kitada et al., 1999; Guéguen, 2000; Cornou et al., 2004; Castellaro et 

al., 2014). For example, using a single degree-of-freedom (SDOF) model and the discrete wave 

number technique using strong ground motion, Bard et al. (1996) found a distance up to 30 m 
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from the structure and Wirgin and Bard (1996) noted a distance equals to 10 times the size of 

the building base based on time domain and transfer functions analysis. 

Several authors observed that SSI can be beneficial to the dynamic response of a structure using 

numerical models of building. For example, Sarrazin et al. (1972) analyzed SSI effects on a 

SDOF system using a probabilistic approach, spring method and seismic excitation. They 

concluded that the structural response amplification is less than 20% of the case of the fixed 

base (FB) structure. The same tendency is retrieved in the study of Veletsos and Prasad (1989) 

using an analytical linear model of cylindrical foundation and analysis in time domain or in the 

work of Saez et al. (2011) based on nonlinear finite element model of simple linear SDOF 

through time domain analysis. 

Other authors observed that SSI effects can be detrimental to the structure response, notably by 

studying real cases as 1985 Mexico earthquake, 1998 Kobe earthquake or 1998 Adan-Ceyhan 

earthquake through numerical simulations. Several studies showed that the building response 

tends to increase with SSI. For instance, through time domain analysis, by using an analytical 

model of building (Naserkhaki and El-Rich, 2013), lumped mass model of building (Naserkhaki 

et al., 2014, 2012), or 2D numerical models solicited by strong motion through time domain 

analysis (e.g. Farghaly, 2017; Kontoni and Farghaly, 2018; Aden et al., 2019). In 2008, Nakhaei 

and Ali Ghannad (2008) showed using a bilinear SDOF model of structure subjected to strong 

motion, that SSI generally increases the damage index (equal to the ratio between the initial and 

the reduced resistance capacity of a building) before a natural period close to the fundamental 

period of the ground, especially in the case of high-rise building located on soft soil. The authors 

concluded that after this specific period, the trend in reversed and SSI induces a decrease of the 

damage index in the building. According to Wolf (1985), the natural frequency of a SDOF 

model with flexible base (SSI taken into account) decreases compared to the one of a SDOF 

model with fixed base condition. This is also observed in the study of numerical linear model 

of structure subjected to strong motion (Veletsos and Meek, 1974) and in the analytical study 

of Mylonakis and Gazetas (2000) based on displacement and acceleration spectra analysis.  

The SSSI, meaning that structure vibration are transmitted to the ground and to neighboring 

structures, has been observed through seismic and vibration recordings in free field. An unusual 

observation was made during the impact of the Columbia space shuttle in the atmosphere. 

Kanamori et al. (1991) observed the propagation of seismic waves at a large distance on 

acceleration time series coming from the vibration of a group of high-rise buildings in Los 
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Angeles. Even more surprising, Erlingsson and Bodare (1996) and Erlingsson (1999) observed, 

through 3D modeling of the structure and the analysis of the displacement time series, the 

transmitted vibration by the structure during a rock concert in a stadium. The audience jumped 

in the rhythm of the music, generating waves that were transmitted into the soil and then 

reflected in the clay layer. The trapping of the waves induced then the structure vibration to 

such an extent that people felt the vibration. 

The observations of the influence of one or several structures on the ground motion lead to 

interest in the interaction of the dynamic behavior of a group of structures and the ground 

motion (SCI), as for example a city lying on a sedimentary basin. Wong and Trifunac (1975) 

showed that, through 2D modeling of rigid semi-circular foundation subjected to shear 

horizontal waves (SH), the amplitude modification of the ground motion, particularly at the 

level of light structures, is caused by the reflection and the diffusion of incident waves on 

foundations of building groups. 

All these observations show that complex interactions occur when buildings or a city, lie on 

soft soil, especially like a sedimentary basin. Actually, SSI impacts not only the building 

response but also the ground motion up to a certain distance from the structure, affecting the 

motion amplitude of the soil and buildings, the natural frequency, the damping of the structure, 

the rocking motion at the base and also the high frequency content of the ground response. The 

SSI estimation presents various dependent factors that make the study of the interaction effects 

quite difficult. It has been shown that SSI effects depend on geometrical (foundation and 

buildings type), mechanical (soil and structural properties) and spatial (distribution of buildings 

in a city, localization in the basin) features. Taking into account the phenomenon at the scale of 

the building and of the basin is challenging whatever the dimension of the numerical model 

adopted.  

Numerous numerical studies for the characterization of SSI and SCI effects have already been 

performed using 2D models (e.g. Wirgin and Bard, 1996; Guéguen, 2000; Tsogka and Wirgin, 

2003; Kham et al., 2006; Semblat et al., 2008). However, these models have limits, notably in 

the building representation using homogeneous block models. Indeed, the 2D configuration 

implicitly considers that these elements are infinite in the horizontal direction perpendicular to 

the profile. The finite dimension of buildings and their spatial organization within the city need 

a three-dimensional approach allowing to better take into account the interaction between 

waves, soil and buildings.  
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The objective of this thesis is to improve the quantification of the influence of lithological 

site effect and buildings on the surface seismic motion using numerical simulations. A 

realistic 3D geometry of a sedimentary basin is developed including or not different city 

configurations composed of simplified building models. One of the major contributions of 

this thesis is the calibration of the models based on in-situ recordings of vibration (soil 

and buildings). 

For this purpose, we were inspired by the lower Var valley close to Nice, which constitutes a 

natural laboratory for the study of seismic risk in the South of France. This valley presents 

indeed high stakes, high-rise buildings and an increasing urbanization which has already been 

the subject of previous risk studies. 

The manuscript is articulated according to the following chapters: 

 Chapter 1 gives the basic knowledge related to the seismic risk and to the SSI. It also 

gathers the methods used in this thesis in signal processing and details how the data 

were analyzed. 

 Chapter 2 presents the parametric study of the SSI impacts on the dynamic response of 

buildings. This study is based on 3D numerical finite element models of different 

structural types. The response of identical fixed and flexible base buildings is compared 

in order to identify the building types and dynamic parameters the most sensitive to SSI 

effects. The knowledge of relevant and measurable in-situ parameters will guide the 

instrumentation protocol of structures for the study of SSI in the Var valley. 

 Chapter 3 details the dense in-situ ambient vibration instrumentations performed in 

various buildings in the Var valley.  These temporary non-invasive measurements allow 

for the quick characterization of a large number of structures. A focus is made on the 

structure dynamic and the SSI characterization. In particular, the measures allow to 

obtain the dynamic parameters of the real buildings which will enable to calibrate the 

simplified models in the form of equivalent homogeneous blocks in the realistic 3D site-

city models. 

 Chapter 4 presents the development of the subsurface model of the Var valley through 

the combination of geotechnical borehole and ambient vibration data already available. 

Additional active and passive non-invasive in-situ instrumentation campaigns 

completed this database and thus enable to characterize the valley bedrock, and define 
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an average velocity zonation in the basin. The accuracy of the basin geometry helps to 

better estimate the site effect in the area. 

 Chapter 5 combines all the elements presented in the previous chapters to build the 

realistic 3D site-city model for the SSI and SCI study. The seismic wave propagation is 

simulated using the Discontinuous Galerkin finite element method. A parametric study 

is performed in the time and frequency domain to quantify the influence of lithological 

site effect and buildings on the ground motion in the valley. 
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T
able 1: E

xam
ples of building instrum

entations for the observation of the soil-structure 
interaction. 

Main conclusions 

The rocking motion of the building plays an important role in SSI. 

More the shear wave velocity increases in the soil, more the building 
vibrates. The damping structure depends mainly on the kinematic 
effects. 

The structure causes measurable effects on the ground motion. 

The interaction between the building and the soil motions is not only 
observed close to the structure but also up to several kilometers away. 

SSI disturbs the ground motion up to distances of more than one time 
the size of the foundation. 

SSI induces a bad correlation of the high frequency content of the 
ground motion with distance. 

The rocking motion may represent 25 to 50% of the total transverse 
motion of the roof with respect to the structure base. 

SSI decreases the first natural frequency of buildings by 4 with 
respect to the fixed base model. 

The structural resonance is retrieved at high frequency on the free 
field motion. 

SSI causes sway and rocking motions leading to decrease the first 
natural frequency of the structure. 

SSI effects are stronger in the rocking motion than in the torsional 
one. 

Buildings located on soft soil undergo more tilting effects due to SSI, 
even for structures with deep foundations. 

The first natural frequency of the solicited building is modified as 
function of its neighborhood. In some cases, the structure may 
significantly modify the ground motion up to a certain distance away 
from the buildings, especially if there is double resonance condition. 

Methods 

Analytical expressions, time domain (base shear 
forces) 

Statistical approach 

Time domain (signal amplitude) , acceleration 
response spectra 

Time domain 

Time domain (signal amplitude) 

Analytical model, time domain (coherence 
functions) 

Time domain, frequency domain (Fourier 
spectra, transfer functions) 

Analytical model, time domain, frequency 
domain (Fourier spectra, transfer functions) 

Frequency domain (Fourier spectra, response 
spectra) 

Frequency domain (Fourier spectra, transfer 
functions) 

Analytical 3DOF spring model, time domain, 
frequency domain (Fourier spectra, transfer 
functions) 

Time domain, frequency domain 

Frequency domain 

Data 

In-situ earthquake 
recordings 

Ambient vibration 
benchmark 

In-situ earthquake 
recordings 

Forced vibration 

Forced vibration 

Acceleration time series 

Earthquake recordings 

Earthquake recordings + 
in-situ ambient vibration 

Earthquake recordings 

Acceleration time series + 
ambient vibration 

Earthquake recordings 

Earthquake recordings + 
ambient vibration 

Forced vibration + 
earthquake recordings 

Studies 

(Merritt and 

Housner, 1954) 

(Kanai, Kiyoshi and 

Yoshizawa, 1961) 

(Housner, 1957) 

(Jennings, 1970) 

(Wong et al., 1977) 

(Kashima and 

Kitagawa, 1988) 

(Bard, 1988) 

(Muria-Vila and 

Alcorta, 1992) 

(Safak and Celebi, 

1992) 

(Ganev et al., 1993) 

(Paolucci, 1993) 

(Meli et al., 1998) 

(Kitada et al., 1999) 
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Main conclusions 

The double resonance condition causes an increase of the SSI 
effects. 

The soil class appears as an important parameter in the study of 
SSI. The effects tend to decrease the first natural frequency of the 
structure. The rocking motion may be more than 10% of the pure 
bending behavior, even for structure with foundation piles. Free 
oscillation of buildings were recorded to a distance of 2 to 10 
times the size of the structure base, the ground motion 
corresponded to 25 to 5% to the one of the structure. 

SSI causes the modification of the surrounding ground motion of 
building. 

In the case of double resonance condition, the wave trains present 
high amplitude up to long distance. 

The microtremor Horizontal-to-Vertical spectral ratio method 
enables to estimate the presence of SSI with respect to the natural 
frequency of a structure. A shift of the fundamental frequency and 
a decrease in the ratio amplitude are observed. 

The seismic waves are radiated from the building base to the 
ground. 

The SSI influence is negligible on microtremor Horizontal-to-
Vertical spectral ratio. 

The ground motion is influenced by the presence of structures up 
to 40 m away from them. 

Variations in the seismic response of buildings depend on the 
azimuth of the seismic excitation. A splitting of the fundamental 
frequency and a decrease of the vibration is observed with SSI. 

SSI induces a decrease of the ground motion intensity. And it 
causes also the filtering of the high frequency content of the 
ground motion response compared to the free field.  

Methods 

Time domain (damping ratio), frequency domain 
(transfer functions) 

Time domain (kinematic energy ratio), frequency 
domain, 2D finite element model (CESAR code)  

 

Frequency domain (transfer functions) 

Spatial domain (back-azimuth), frequency domain 
(Fourier spectra, Horizontal-to-Vertical spectral ratio), 
apparent velocity, discrete wave number modeling 

Frequency domain (microtremor Horizontal-to-
Vertical spectral ratio) 

Time domain (damping), frequency domain 

Frequency domain (microtremor Horizontal-to-
Vertical spectral ratio) 

Frequency domain (spectral ratio, modal 
characterization), boundary element method 

Time domain, frequency domain (Fourier spectra, 
mode shapes characterization, transfer functions), 
spectral element method (SPECFEM3D code) 

Analytical expressions, frequency domain (transfer 
function), time domain (coherence function, peak 
ground acceleration) 

Data 

Earthquake recordings + 
ambient vibration 

Earthquake recordings + 
ambient vibration 

Acceleration time 
series 

Ambient vibration 

In-situ ambient 
vibration 

Forced vibration  

Ambient vibration 

Ambient vibration 

Earthquake 
recordings 

Acceleration time 
series 

Studies 

(Tobita et al., 2000) 

(Guéguen, 2000) 

(Kim and Stewart, 

2003) 

(Cornou et al., 2004) 
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2004) 

(Bradford et al., 
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(Castellaro and 

Mulargia, 2010) 
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2014) 
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Chapter I. General concepts and 

Methods 

This chapter introduces the general aspects of seismic risk related to this thesis with a focus on 

site effect and soil-structure interaction. Then, we present the methods to model the building 

using analytical methods with simplified models and more advanced techniques involving 

numerical simulations. Finally, we describe the signal processing methods used in temporal and 

frequency domains applied to the motion at the top of the building (building response) and at 

the basin surface (site response) to extract the impulse response of the building (using transfer 

functions), modal parameters and to study the effects of the soil-structure interaction. 
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I.1. Seismic risk 

Risk is the combination between hazard and vulnerability of the elements at stake. For example, 

if a Mw 8 earthquake hits a place where no structures are built, no damages can be induced, and 

the risk will be therefore inexistent. In probabilistic seismic hazard assessment (PSHA), the 

hazard is defined as the probability, for a given region, to be struck by a certain ground motion 

level during a given period of time. The level of seismic hazard notably depends on the 

magnitude, on the distance from the seismic sources and on the local site configuration (geology 

and topography). The vulnerability is an intrinsic parameter of the construction related to the 

degree of loss or damages due to the occurrence of the hazard. For example, when the structures 

are built in the compliance with the seismic building code, the seismic response of the structure 

is satisfactory. Nowadays, the world population continues to concentrate in urban areas, 

especially close to active seismic zones as subduction zones (West side of Asia, East coast of 

the United States, India and the Mediterranean zone) (Figure 2). This leads automatically to an 

increase of the risk in these areas. Populated sedimentary basins are numerous all over the world 

(Alpine valleys, Sichuan basin, Mexico D.F. valley, Los Angeles basin…). Indeed, they allow 

the development of large urban centers because of their topography and localization, generally 

close to the sea or a large river that facilitates goods and people transportation and supports the 

development of trade exchange. Unfortunately, this kind of location is also prone to site effect 

that is responsible of the seismic ground motion amplification as presented in Bard and 

Bouchon (1980a, 1980b) and in Bard and Bouchon (1985) for instance. 
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Figure 2: Exposure of the world's largest urban areas to seismic hazard in 2020. Population data 
are extracted from the database creating by Nordpil and the UN Population Division. The 
database originally represents the historic, current and future estimates and projections with 
number of inhabitants for the world's largest urban areas from 1950-2050 (“Nordpil,” 2021). 

The major destructive seismic events showed that it is not the earthquake that kills people but 

direct effects of the seismic vibration on structures and infrastructures (building collapse, 

severed infrastructure, electricity network shutdown…) and indirect effects (rock falls, 

landslides, liquefaction phenomenon, flooding, tsunami, pollution, homeless people, 

diseases…). For example, the 2015 25th April Mw. 7.8 earthquake in Nepal caused around 20k 

injuries directly due to the building collapse but also more than 8k of deaths related to 

avalanche, landslides, mudslides and network shutdown. These tragic events increasingly raise 

the question of how to protect people from direct and indirect damages of earthquakes and so, 

how to prevent structures from collapsing during an earthquake. 

Seismic hazard studies at regional scale consist in the estimation of the seismic ground motion 

that depends on the source effects, for example, the type of faults and source mechanisms, the 

rupture direction, the propagation of waves in the underground medium and particularly the 
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attenuation with the distance considering a homogeneous medium. At local scale, the ground 

motion recorded on a soft or stiff soil, or on a topography, is different from the one recorded at 

a flat rocky outcrop. 

 

I.2. Site effect 

Increase in the vibration duration and amplification of the ground motion at certain site-specific 

frequencies suggest the presence of site effect. In this case, the seismic hazard estimation is not 

only based on source, propagation and attenuation effects, but also take into account this 

particular effect (Figure 3). 

 

Figure 3: Scheme of the effects taken into account in the local seismic risk evaluation. 

Topographic site effect is due to diffraction phenomena of seismic waves because of 

topographic irregularities. This effect is controlled by the wave type, the geometry and the 

heterogeneities within the soil. Amplifications of seismic waves may result from constructive 

interferences due to irregular topography like crests, hills or canyons (i.e. Boore, 1972; Gaffet 

and Bouchon, 1989). The examples of the 1909 earthquake in Rognes (France) or the 1695 

earthquake in Civita di Bagnoregio (Italy) illustrate well the devastating effects that can be 

generated by this kind of site effect (e.g. Paolucci, 2002; Duval et al., 2009). In this thesis, we 

will only address lithological site effect due to the sedimentary filling in an alluvial valley. 

Lithological site effect is function of the structure and the nature of the soil. It is due to the 

strong impedance contrasts between the superficial sedimentary layers where the seismic wave 

velocities are low, and deep soil layers where the velocities are higher. Constructive 

interferences of waves may result from this effect. According to the Snell-Descartes law, when 

the waves travel through, for example, a 1D heterogeneous bilayer media where the velocity in 
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the upper layer 𝑉1 is low and in the underlying one 𝑉2 is higher, and reach the free surface, the 

waves undergo modifications of their incident angle at the interfaces because of the strong 

impedance contrast between the free surface and the interface between the two layers. Three 

primary waves are induced by this phenomenon at the free surface that are the direct wave, the 

reflected wave and the refracted wave (Aki and Richards, 1980). The direct wave travels in a 

straight line to the free surface. The reflected and the refracted waves radiate back in the ground 

medium and reach the interface between the two layers with a certain incident angle. If this 

angle is lower than the critical angle 𝑖𝑐 defined by Eq.(1), then all the waves are trapped in the 

upper layer. If the incident angle is higher than 𝑖𝑐, the refracted wave can travel back in the 

below layer being totally reflected toward the free surface. In the case of 𝑉1 is higher than 𝑉2, 

there is no critical angle and the refracted wave is directed to the free surface following the 

vertical 

sin(𝑖𝑐) = 𝑉1𝑉2. (1) 

In reality within 2D and 3D domains, diffractions at the edges of the sedimentary basin and 

multiple reflections in the various sedimentary layers lead to additional constructive 

interferences between the different waves resulting in an increase in the amplitude and duration 

of the surface ground motion as it was the case during the 1985 Michoacan earthquake in 

Mexico city (Campillo et al., 1989). 

Lithological site effect is characterized by a transfer function depending on the frequency. This 

function describes how the seismic vibration is modified by the travel of the seismic waves in 

the sedimentary layers. Under the hypothesis of elastic soil behavior lying on a rigid rock 

substratum, this function tends to reach infinite amplification at site-specific frequencies. For a 

soil profile composed of a unique soil layer with thickness H and shear wave velocity Vs, we 

found the well-known formula for the resonance frequencies as indicated in Eq.(2) 

𝑓𝑛 = (2𝑛 − 1) 𝑉𝑠4𝐻. (2) 

The estimation of the transfer function can be made using numerical or experimental methods. 

Numerical methods group together numerical models and simulations of seismic waves 

propagation whereas experimental methods consist in the use of seismic noise or earthquake 
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recordings to retrieve the characteristics of surface waves and/or more directly of the transfer 

function, for example using the Horizontal-to-Vertical spectral ratio (HVSR) or the Site to 

Reference spectral ratio (Site/Reference). The HVSR computes the ratio between the mean of 

the horizontal components of motion and the vertical one. It enables to define the frequency 

content of the ground response and then, to estimate the fundamental resonance frequency of 

the medium. The simplicity and rapidity of its application make the method common for the 

study of site effect. The Site/Reference ratio is computed from the ratio of the Fourier spectra 

of signal recorded on the studied site generally on soft soil site (Site) and the Fourier spectra of 

signal recorded on the Reference site that is generally close to a rock site where no site effect is 

observed. This method allows to quantify the transfer function of a site in terms of amplification 

and frequency because it normalizes the signal recorded at the site by the source and the regional 

propagation effects to only consider the impulse site response. However, the need to have a 

proper reference site not too far away from the considered site and to have sufficient time to 

record earthquakes make difficult the application of the Site/Reference technique. Lithological 

site effect is spatially variable (e.g. Olsen, 2000; Lebrun et al., 2001) and can induce heavy 

damages to buildings and fatalities (e.g. Bataillon, 1988; Bertrand et al., 2007). Parameters 

controlling the 1D, 2D or 3D resonance inside a sedimentary basin had been investigated 

through numerical simulations by Moczo et al. (2018). They showed that the key structural 

parameters controlling the resonance phenomenon are the aspect ratio of the valley that is the 

height-width basin ratio, the overall geometry of the sediment-bedrock interface, impedance 

contrast at the sediment-bedrock interface, and attenuation in sediments. It is then important to 

well know the basin geometry and the mechanical properties of sediments to better understand 

seismic hazard and prevent associated risk in dense urbanized valleys. 

Besides, it is now well-recognized that the site effect can be significantly different during strong 

events as compared with small ones. It has been first demonstrated using laboratory tests such 

as cyclic triaxial press and resonant columns device on soil samples (Hardin and Drnevich, 

1972; Dobry and Vucetic, 1987). Since the 80’s, the seismological community has been 

working hard to demonstrate that non-linear soil behavior has a significant impact on site 

responses and consequently on the prediction of strong ground motions (e.g. Tang, 1989; Aki, 

1993; Beresnev et al., 1995; Field et al., 1997).The main effects of non-linear soil behavior are 

a reduction of its shear modulus and an increase in its attenuation properties with strain level. 

The main impacts of these changes on site responses are a shift of the resonance frequencies 

towards lower values together with a reduction in the associated amplifications. Recently 
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studies have shown that these impacts are significant even at a moderate level of vibration 

(Régnier et al., 2013). In this thesis, nonlinearity properties are not taken into account. 

 

I.3. Soil-structure interaction effects 

The current estimation of seismic hazard at the local scale does not describe completely the 

surface seismic wave field in urban areas as it does not yet consider the building stock as 

illustrated in Figure 4. In this section, we present the soil-structure interaction (SSI) effects on 

the seismic response of a structure.  

 

Figure 4: Scheme of the effects taken into account in the local seismic risk evaluation and 
uncertainty related to site city interaction. 

Borghei and Ghayoomi (2019) showed that kinematic and inertial effects are at the origin of 

the difference between the foundation and the free field motions (Figure 5). Inertial interaction 

represents the transmission of inertial forces of the structure into the foundation caused by the 

soil-structure system oscillation under seismic excitation. Kinematic interaction is due to the 

relative stiffness of the foundation (Mita and Luco, 1986) compared to the embedding soil, that 

may alter transferred motion from the free field to the foundation, creating reflection or 

refraction of the propagating waves. We present both effects in this section. 
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Figure 5: Scheme of inertial and kinematic effects (modified from AFPS report n°38). 

 

I.3.1. Inertial effects 

Structural vibration lead to relative displacements between foundation and free field. As this 

effect is caused by structural inertia, it is called inertial interaction (Apsel and Luco, 1987; 

Borghei and Ghayoomi, 2019). Oscillation of the structure induces waves that propagate from 

the structure to the soil passing through the foundation slab. This phenomenon leads to dissipate 

some of the deformation energy of the structure (i.e. Wirgin and Bard, 1996; Veletsos and 

Prasad, 1989; Stewart and Fenves, 1998; Guéguen, 2000; Dunand, 2005). With SSI, variations 

of the stiffness in the building can be interpreted as the results of the inertial effects. Therefore, 

the building impulse response can be modified and a rocking motion at the base of the building 

may be expected. Stewart et al. (1999) studied, through analytical model and earthquake 

recordings, the frequency ratio and damping factors to estimate SSI effects. The authors noted 

that the inertial interaction may be stronger than the kinematic interaction due to the strong 

impedance contrast between the soil and the structure, the aspect ratio (defined as the height-

width structure ratio (Stewart et al., 1999)) and the type of foundation. From 2D linear SSI 

analysis using strong motion, Bárcena and Esteva (2007) defined, through displacement, 

acceleration time series analysis and Fourier spectra, dynamic amplification functions that 

illustrate inertial effects of SSI. These effects may produce an elongation of the first natural 

frequency of the structure and the increase or decrease of the structure response. Variations of 

the structure response are related to translated or rocking motion of the foundation that depend 

on the damping radiation. 

 



Combined influence of buildings and lithological site effect on seismic ground motion 

Chapter I. General concepts and Methods  Pages 43 - 368 

I.3.2. Kinematic effects 

Kinematic interaction is defined by the scattering and the reflection of incident wave field by 

the foundation. These effects produce not only an important modification of the seismic 

response of structures but also, change the wave field in the vicinity of buildings (Housner, 

1957; Wong and Trifunac, 1975). They are at the origin of the structure-soil-structure 

interaction (SSSI) and site-city interaction (SCI). 

Two mechanisms can explain the kinematic interaction that are the foundation effects and the 

embedding condition (Housner, 1957; Iguchi, 1982; Veletsos and Prasad, 1989). Kinematic 

effects can be neglected in the case of superficial foundations. Tang and Zhang (2011) 

explained that the foundation may move and undergo a rotation during an earthquake. This 

movement induces the modification of the input motion from the foundation to the building 

(kinematic effects) and changes the dynamic features of the soil-structure system (inertial 

effects). 

 

I.4. Modeling of simplified buildings 

Because, it is technically not possible yet to consider detailed buildings in numerical models 

including a large soil domain, simplified equivalent models of building are generally defined 

by simple relationships. These models are developed either in the form of lumped mass model, 

or in the form of equivalent homogeneous block. Although the lumped mass model is 

interesting to estimate the building response, it is difficult to integrate in numerical model when 

the degree-of-freedom increases. The equivalent block model can be related to a parallelepiped 

medium defined by an equivalent Young modulus. In this case, we deal with a 3D element 

contrary to the lumped mass model that is 1D. It is this type of model that we use in the finite 

element (FE) mesh. 

 Many authors used 2D solid equivalent block element for 2D numerical modeling of SSI (e.g. 

Wirgin and Bard, 1996; Tsogka and Wirgin, 2003; Kham et al., 2006; Semblat et al., 2008). 

These elements are considered having infinite extension in one horizontal direction. Guéguen 

(2000) notably used this technique but mentioned that this numerical model may underestimate 

SSI because of the low degree-of-freedom of the equivalent building element. Recently, 3D 

soil-structure system have been developed to estimate SSI effects. Through time domain 
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analysis, several studies stated that the building response increases with SSI (Ghandil and 

Aldaikh, 2017; Li et al., 2017). 

 

I.4.1. Fixed base condition 

The simplification of fixed base (FB) condition, currently used for building design in 

engineering practice, does not consider the environment in which the structure is built. The FB 

condition assumes thus that the building is placed on a rock site whereas the flexible base take 

into account the SSI (Figure 6). 

 

Figure 6: Simple models of (a) fixed base building and (b) flexible base building (with soil-
structure interaction) from Mylonakis and Gazetas (2000). H is the height of the building. K is 
the stiffness of the ramp and β is the associated damping in fixed base condition. Kx and KR are 
respectively the axial stiffness and the rotational stiffness induced by a flexible soil. β0 is the 
effective damping of the whole system. 

 

I.4.1.1 Harmonic oscillators 

Equivalent model of building is presented as a single (SDOF) or multi (MDOF) degrees of 

freedom oscillator with an attributed damping. The SDOF oscillator is composed of a lumped 

mass model with a mass m hanging on a massless stem of equivalent stiffness k generally fixed 

at the base (Figure 7). For the MDOF model, each equivalent mass corresponds to the mass of 

each floor of the real building. 
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Figure 7. Representation of equivalent model of building using multi-degrees of freedom 
(MDOF) or single-degree of freedom (SDOF). H is the height of the building, m and k are 
respectively the equivalent mass and stiffness of each floor. 

The equation of the equivalent system for a SDOF model considering free oscillation is Eq.(3) 

𝑚�̈�(𝑡) + 𝑘𝑢(𝑡) = 0 (3) 

where m [kg] is the equivalent mass, k [N.m-1] is the equivalent stiffness, �̈�(𝑡) is the acceleration 

time series and 𝑢(𝑡) is the displacement time series. The first term 𝑚ü(𝑡) represents the inertial 

force. The second term 𝑘𝑢(𝑡) represents the elastic force. 

The mass and the stiffness are linked by the natural pulsation of the equivalent system 𝜔0   

[rad.s-1]  by Eq.(4) 

𝜔0 = √𝑘𝑚. (4) 

And the natural pulsation is linked to the natural frequency of the equivalent system 𝑓0 [Hz] by 

Eq.(5) 

𝑓0 = 𝜔02𝜋. (5) 

Therefore, it is also linked to the natural period of the equivalent system 𝑇0 [s] using Eq.(6) 

𝑇0 = 2𝜋𝜔0. (6) 
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Introducing the damping coefficient in Eq.(3), the equation of the equivalent system becomes 

Eq(7) 

𝑚�̈�(𝑡) + 𝑐�̇�(𝑡) + 𝑘𝑢(𝑡) = 0 (7) 

where �̇�(𝑡) is the velocity time series and 𝑐 [kg.s-1] is the damping coefficient. The added term 𝑐�̇�(𝑡) represents the viscous force. 

The damping coefficient 𝑐 indicates the energy loss due to friction and how evolves and 

decreases the oscillation of a SDOF system subjected to excitations. This parameter is often 

described by the damping ratio 𝜉 [%] (Eq.(8)) 

𝜉 = 𝑐2𝑚𝜔0. (8) 

where 𝑐 [kg.s-1] is the damping coefficient, m [kg] is the equivalent mass and 𝜔0 [rad.s-1] the 

natural circular frequency of the equivalent system. 

Damping is mainly related to the mass and stiffness of a structure. These features are generally 

depending on the building materials but also on a combination of multiple factors linked to the 

structural configuration and to the connections between the structural elements. Material with 

high heterogeneities and low-quality connections between structural elements can lead to 

decrease non-linearly the stiffness of the structure and so, increase the damping (Jeary, 1997). 

Factors can also be of physical type: scattering effects of waves inside the building (Dunand, 

2005), SSI at the foundation level leading either to radiated waves in the soil or diffracted waves 

in the building (Wolf, 1994; Guéguen, 2000). Many studies showed that the damping is 

depending on the building frequency and on the amplitude of the vibration (e.g. Jeary, 1986; 

Lagomarsino, 1993; Tamura and Suganuma, 1996; Satake et al., 2003; Dunand, 2005). Mikael 

(2011) presented an overview of several methods of determination of damping and frequency 

in structures in temporal or frequency domain. The author concluded that, for long ambient 

vibration recording (several days), these methods are convenient to estimate the frequency and 

the damping of a building. Mucciarelli and Gallipoli (2007) notably developed a method for the 

estimation of damping using short ambient vibration recordings (~6h), however this method 

only gives a first approximation of the damping value and is less accurate than the traditional 

random decrement (RD) technique. 
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From Eq.(7), the equation of the equivalent system considering damping and forced oscillation 

is defined as Eq.(9) 

𝑚�̈�(𝑡) + 𝑐�̇�(𝑡) + 𝑘𝑢(𝑡) = −𝑚�̈�𝑔(𝑡) (9) 

where the term −𝑚�̈�𝑔(𝑡) is the force applied at the base of the equivalent system. This equation 

is valid for shear deformation in building that means to assume that the floor is rigid and the 

columns or walls are flexible. 

 

I.4.1.2 Beam models 

Boutin and Hans (2009) developed criteria for the homogenization of real structures by defining 

theoretical models of beam based on ambient vibration, harmonic excitation and shocks 

recordings. Three of them are presented in the Figure 8: shear type, bending type also called 

Euler-Bernoulli beam and Timoshenko beam. 

 

Figure 8: Framed structure with (a) shear behavior, (b) framed-wall structure with bending 
behavior (Bernoulli-Euler beam system) and (c) framed-wall structure with combined shear and 
bending behavior feature of the Timoshenko beam. Models are in fixed base condition (from 
Cheng and Heaton (2015)). 

Shear type system is composed of rigid floors and embedded columns at the top and the bottom. 

The vertical elements undergo deformation. The mass is concentrated on the floors. The 

expression defining the free oscillation of the shear type beam model without damping is 

presented in Eq.(10). 

�̅��̈� + �̅�𝑋 = 0 (10) 
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where �̅� and �̅� are respectively the mass and stiffness matrix of the beam, �̈� and 𝑋 are 

respectively the acceleration and the displacement of the beam. The solution of this equation is 

described in Eq.(11) 

𝑋(𝑡) = 𝜙(𝑥)𝑒𝑖𝜔𝑡 (11) 

where ϕ is the signal phase and ω is the pulsation. The global solution of Eq.(10) equals to 

Eq.(12) 

(�̅� − �̅�𝜔2)𝜙(𝑥) = 0. (12) 

Considering equivalent mass and stiffness all along the shear type model, the eigenmodes and 

mode shape are described in Eq.(13) and Eq.(14) 

𝜔𝑖 = 2 sin (2𝑖 − 12𝑛 + 1 . 𝜋2)√𝑘𝑚 (13) 

𝜙𝑖𝑗 = 2 sin (2𝑖 − 12𝑛 + 1 . 𝑗𝜋) (14) 

where j is the node number, n is the total node number, i is the considered mode, k is the 

equivalent stiffness and m is the equivalent mass of the beam. 

Bending type system is composed of columns and walls where walls are more rigid than floors. 

The connection between both structural elements remains rigid during the deformation. The 

mass and the inertia module are homogeneously distributed all along the structure height. The 

free oscillation of the bending type model is defined by the Bernoulli equation in Eq.(15) 

𝐸𝐼 𝑑4𝑣(𝑥, 𝑡)𝑑𝑥4 + 𝑚𝑑2𝑣(𝑥, 𝑡)𝑑𝑡2 = 0 (15) 

where 𝐸𝐼 is the bending stiffness composed of 𝐸 the elastic modulus and 𝐼 the inertia, 𝑚 is the 

equivalent mass and v(x,t) describes the oscillation. 

The solution of Eq.(15) is presented in Eq.(16) as well as the general solution in Eq.(17) 
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𝑣(𝑥, 𝑡) = 𝜙(𝑥)𝑒𝑖𝜔𝑡 (16) 

𝜙4 = 𝑎4𝜙𝑤𝑖𝑡ℎ𝑎4 = 𝜔2𝑚𝐸𝐼  (17) 

where 𝜙 is the mode shape defined by Eq.(18) 

𝜙(𝑥) = 𝐴1 cos 𝑎𝑥 + 𝐴2 sin 𝑎𝑥 + 𝐴3 cosh 𝑎𝑥 + 𝐴4 sinh𝑎𝑥. (18) 

The boundary condition of the beam represents the embedding condition described by 𝜙(0) =0, 𝑉(𝐻) = 0 and 𝑀(𝐻) = 0 with M the moment, V the shear force and H the beam height. 

This leads to develop Eq.(19) which have roots defined in Eq.(20), Eq.(21), Eq.(22) and Eq.(23) 

cos 𝑎𝐻 = − 1cosh 𝑎𝐻 (19) 

𝑎𝐻1 = 1.194𝜋2 , 𝑎𝐻2 = 2.990𝜋2  (20) 

𝑎𝐻𝑛 = (2𝑛 − 1)𝜋2 𝑝𝑜𝑢𝑟𝑛 ≥ 3 (21) 

𝜔𝑛 = (𝑎𝐻𝑛)2√ 𝐸𝑚𝐻4 (22) 

𝜙𝑛(𝑥) = [sin 𝑎𝐻𝑛 + sinh 𝑎𝐻𝑛] [cosh 𝑎𝐻𝑛𝑥𝐻 − cos 𝑎𝐻𝑛𝑥𝐻 ]
− [cosh 𝑎𝐻𝑛 + cos 𝑎𝐻𝑛] [sinh 𝑎𝐻𝑛𝑥𝐻 − sin 𝑎𝐻𝑛𝑥𝐻 ]. (23) 

For a sufficiently large number of nodes, the expressions Eq.(13) and Eq.(22) can be 

approximated by introducing the relationships between high modes frequency fn (n  >1) and the 

first natural frequency f1 (for shear type (24) and for bending type (25)). 

𝑓𝑛 ≈ (2𝑛 − 1)𝑓1 for shear type (24) 

𝑓𝑛 ≈ 0.7(2𝑛 − 1)2𝑓1 for bending type (25) 
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The Euler-Bernoulli beam model neglects shear deformation whereas the Timoshenko beam 

model considers shear and bending deformation together. Complex model of Timoshenko beam 

have been developed to take into account the non-linear behavior of multi material beam like 

multi fiber wall (Kotronis et al., 2003). The equation of the behavior of the Timoshenko beam 

model in a horizontal motion and harmonic regime is described in Eq.(26) (Hans, 2002; Boutin 

et al., 2005) 

𝐸𝐼𝑈4(𝑥) + 𝐸𝐼𝐾 𝑚𝜔2𝑈2(𝑥) = −𝑚𝜔2𝑈(𝑥) (26) 

where 𝑈(𝑥) describes the oscillation,  𝐸𝐼 is the bending stiffness composed of 𝐸 the elastic 

modulus and 𝐼 the inertia, 𝐾 is the shear stiffness, 𝑚 is the mass and 𝜔 is the pulsation . 

The global solution of Eq.(26) is presented in Eq.(27) 

𝑈(𝑥) = 𝑎. cos 𝛿1 𝑥𝜋2𝐻 + 𝑏. sin 𝛿1 𝑥𝜋2𝐻 + 𝑐. cosh 𝛿1 𝑥𝜋2𝐻 + 𝑑. sin 𝛿2 𝑥𝜋2𝐻 (27) 

where H is the beam height and coefficients 𝛿1 and 𝛿2 are respectively described in Eq.(28) and 

Eq.(29) 

𝛿12𝛿22 = 𝑚𝜔2𝐸𝐼 (2𝐻𝜋 )4
 (28) 

𝛿12 − 𝛿22 = 𝑚𝜔2𝐾 (2𝐻𝜋 )2. (29) 

The dimensionless Timoshenko parameter is defined from Hans (2002) by the Eq.(30). It 

indicates if the structure has a behavior close to the bending type when C goes to 0 or of shear 

type when C is very high (Boutin et al., 2005) (Figure 9). 

𝐶 = 𝐸𝐼𝜋24𝐾𝐻² (30) 

where 𝐻 is the height of the beam and 𝐾 is the shear stiffness. 
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Figure 9: Estimation of the Timoshenko parameter using natural frequency ratio of the building 
from Michel (2007). 

Parameters 𝛿1and𝛿2 are related to the Timoshenko parameter C by Eq.(31) 

𝛿2 = 𝛿1√1 + 𝐶𝛿12. (31) 

As in the case of the Euler-Bernoulli beam model, the boundary condition for the Timoshenko 

beam is represented by the embedding condition meaning that 𝜙(0) = 0, and�̇�(0) = 0, 𝑉(𝐿) = 0 and 𝑀(𝐿) = 0. Parameters 𝛿1and𝛿2 are then defined by Eq.(32) 

2𝛿12𝛿22 + 𝛿1𝛿2(𝛿12 − 𝛿22) sin (𝛿1𝜋2 ) sinh (𝛿2𝜋2 )
+ (𝛿14 + 𝛿24) cos (𝛿1𝜋2 ) cosh (𝛿2𝜋2 ) = 0. (32) 

Eigenmodes and eigenfrequency of the considered beam model are respectively given by 

Eq.(33) and Eq.(34) 

𝑓𝑛 = 14𝐻 − 𝛿1𝑛2𝛿112 √1 + 𝐶𝛿112√1 + 𝐶𝛿1𝑛2  (33) 
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𝜙𝑛(𝑥) = 𝛿1𝑛2 𝛿2𝑛2 [𝛿1𝑛 sin 𝛿1𝑛𝜋2 + 𝛿2𝑛 sin 𝛿2𝑛𝜋2 ] . [cosh 𝛿2𝑛𝜋𝑥2𝐻 − cos 𝛿1𝑛𝜋𝑥2𝐻 ]
− [𝛿1𝑛2 cosh 𝛿2𝑛𝜋2 + 𝛿2𝑛2 cos 𝛿1𝑛𝜋2 ] . [𝛿2𝑛3 sinh 𝛿2𝑛𝜋𝑥2𝐻− 𝛿1𝑛3 sin 𝛿1𝑛𝜋𝑥2𝐻 ]. 

(34) 

Recently, Michel and Guéguen (2018) proposed a new simple formulation that links the shear 

wave velocity (Vs) to the natural frequency of the system taking into account the Timoshenko 

beam behavior. This formulation is well suited in Timoshenko-like structure for ambient 

vibration data and the results better fit the measured velocity. According to Michel and Guéguen 

(2018), the Vs in the building can be found using the Timoshenko correction factor 𝜒𝑗 : 

𝑓𝑗 = 𝑉𝑠4𝐻 𝜒𝑗(𝐶) (35) 

where 𝑓𝑗 is the natural frequency [Hz] in the direction 𝑗, 𝑉𝑠 is the shear wave velocity [m.s-1], 𝐻 

is the height of the building and 𝜒𝑗(𝐶) is a numerical factor depending on the Timoshenko 

parameter and estimated by graphic reading. 

 

I.4.2. Flexible condition: soil-structure interaction 

Several analytical and numerical methods exist to study the SSI. Makrypidi et al. (2017) 

compared different methods for the modeling of SSI from direct methods to hybrid methods. 

They emphasized the spring method and the coupling of the FE and beam element methods 

(FEM-BEM). In the framework of this thesis, we focus on the numerical modeling of the SSI 

using FE method. 

The FE method (Day, 1977) and the BEM (Bonnet, 1999) represent the most commonly used 

approaches for seismic simulation in continuum domain.  

The BEM enables to create infinite or semi-infinite complex domain and to obtain precise 

solution in each node (Sanchez-Sesma and Luzon, 1995; Beskos, 1997; Semblat and Dangla, 

2005; Semblat et al., 2000, 2008). This method is convenient for weak heterogeneities and 

linear models. The disadvantage of this method is found in the high computation time for large 
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models. Improvements are proposed in the studies of Chaillat et al. (2008, 2009) and tested in 

the application for sedimentary basin (Meza-Fajardo et al., 2016).  

The FE method (Bielak et al., 2003) allows to study complex geometries by discretizing 

spatially and temporally the domain and to consider the non-homogeneous soil properties 

(Chin-Joe-Kong et al., 1999; Bielak et al., 2005). It often allows a high accuracy in the result 

but requires high computation time. A brief presentation about other numerical methods for the 

modeling of seismic wave propagation is proposed in Appendix 1. This approach is commonly 

used in the engineering and seismologist community to study fluid or structural dynamics. 

Moreover, this method displays many advantages to model specific structure like building or 

bridge. To model FE structures, different software exist like SAP2000 

(https://www.csiamerica.com/ [last access: 02/11/2021]), ABAQUS 

(https://www.3ds.com/products-services/simulia/products/abaqus/) [last access: 10/04/2020]), 

Cast3M (http://www-cast3m.cea.fr/index.php [last access: 02/11/2021]) or ASTER code 

(Levesque, 1998), CESAR (https://www.cesar-lcpc.com/fr/ [last access: 03/11/2021]) or  

OpenSees (https://opensees.berkeley.edu/ [last access: 03/11/2021]), all showing their 

advantages and drawbacks. 

To study the SSI, several software can be employed like LAYER (Rukos, 1971), SLAVE 

(Constantino and Miller, 1979), SHAKE (Schnabel et al., 1972), FLUSH (Lysmer et al., 1975), 

SASSI (Lysmer et al., 1988), CARES (Xu et al., 1990) or CLASSI (Wong and Luco, 1980). They 

are computer programs that allow to model a soil column and foundation matrix to compute 

impedance functions. In the framework of this thesis, we chose to use the ABAQUS software to 

model 3D buildings using the FE method. This software proposes a very intuitive interface for 

the user such as it gives the impression to “draw” the structure. It is often used by civil 

engineering student and experts (Helwany, 2007; Lubineau and Ladevèze, 2008; Giner et al., 

2009; Sinaei et al., 2012; Barbero, 2013; Khennane, 2013; Genikomsou and Polak, 2015). 

Practically, the software computes the displacement, the related deformation and the constraint 

for each node of the FE model. It also allows to directly compute the impulse response of the 

building to find the modal parameters. The whole system is considered linear with only small 

constraints. 

The discrete dynamic equilibrium equation is solved directly for the soil domain and the 

structure, including compatibility conditions, 3D linear constitutive relation and the imposed 

boundary conditions. It is expressed in the matrix form as presented in Eq.(36) 

https://www.csiamerica.com/
https://www.3ds.com/products-services/simulia/products/abaqus/
http://www-cast3m.cea.fr/index.php
https://www.cesar-lcpc.com/fr/
https://opensees.berkeley.edu/


Combined influence of buildings and lithological site effect on seismic ground motion 

Chapter I. General concepts and Methods  Pages 54 - 368 

𝑀∆𝐷" + 𝐶∆𝐷′ + 𝐾∆𝐷 = ∆𝐹 (36) 

where 𝑀,𝐶 and 𝐾 are the mass, damping and stiffness matrix of the building-soil system, 

respectively. ∆𝐷, ∆𝐷′ and ∆𝐷" are the increments of the absolute displacement, velocity and 

acceleration vectors respectively. The load vector 𝐹 derives from the adopted absorbing 

boundary condition. 

From Eq.(9), the numerical dynamic equilibrium equation for SDOF model solicited by seismic 

loading F can be resolved at each time knowing the Eq.(37) and Eq.(38) 

𝑦𝑖 = 𝜃(∆𝑡)𝑦𝑖−1 + 𝛾0(∆𝑡)ᴠ𝐹𝑖−1 + 𝛾1(∆𝑡)ᴠ𝐹𝑖 (37) 

�̇�𝑖 = 𝐷𝑦𝑖 + ᴠ𝐹𝑖 (38) 

where i is the iteration step and the terms 𝑦𝑖, ᴠ, θ(Δt), D, 𝛾0(∆𝑡) and 𝛾1(∆𝑡) are respectively 

defined by Eq.(39), Eq.(40), Eq.(41), Eq.(42), Eq.(43) and Eq.(44) considering the resting initial 

conditions 𝑢(0) = 0 and �̇�(0) = 0. 

𝑦𝑖 = [𝑢(𝑡𝑖)�̇�(𝑡𝑖)] (39) 

ᴠ = [01] (40) 

𝜃(∆𝑡) = [−𝜔02𝑔(∆𝑡) ℎ(∆𝑡)−𝜔02ℎ(∆𝑡) ℎ(∆𝑡)̇ ] (41) 

𝐷 = [ 0 1−𝜔02 −2𝜉𝜔𝑛] (42) 

𝛾0(∆𝑡) = (𝜃(∆𝑡) − 1∆𝑡 𝐿(∆t) − I)𝐷−1 (43) 

𝛾1(∆𝑡) = ( 1∆𝑡 𝐿(∆𝑡) − 𝐼)𝐷−1 (44) 

where 𝜔0 is the angular frequency, ξ is the damping ratio, I is the identity matrix, the functions 𝐿(∆𝑡), 𝑔(∆𝑡), ℎ(∆𝑡) and ℎ̇(∆𝑡) are given in Eq.(45), Eq.(46) and Eq.(47) 
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𝐿(∆𝑡) = (𝜃(∆𝑡) − 𝐼)𝐷−1 (45) 

ℎ(∆𝑡) = 𝑔(∆𝑡) = 1𝜔02 𝑒−𝜉𝜔0∆𝑡 (cos(𝜔𝐷∆𝑡) + 𝜉𝜔0𝜔𝐷 sin(𝜔𝐷∆𝑡))̇
 (46) 

ℎ̇(∆𝑡) = 𝑒−𝜉𝜔0∆𝑡 (cos(𝜔𝐷∆𝑡) − 𝜉𝜔0𝜔𝐷 sin(𝜔𝐷∆𝑡)) (47) 

where 𝜔𝐷 = 𝜔0√1 − 𝜉2 is the damped angular frequency of vibration. 

The dynamic properties of the FB structure are obtained in the FE scheme by solving the 

eigenvalue problem using Eq.(48) 

𝐾𝐹𝐵𝛷 = 𝑀𝐹𝐵𝛷𝛺2 (48) 

where 𝑀𝐹𝐵 and 𝐾𝐹𝐵 are respectively the mass and stiffness matrix of the FB building. Φ is the 

modal matrix. The terms of the diagonal matrix Ω are the natural pulsations of the building. 

Natural pulsations are the real non-zero values in ascending order obtained by solving Eq.(49) 

det(𝐾 − 𝜆𝑀) = 0 (49) 

where λ is the vector of eigenvalues such as 𝜆𝑖 = 𝜔𝑖2. 

The modal matrix Φ is orthonormalized with respect to mass matrix, such as 𝛷𝑇𝑀𝐹𝐵𝛷 = 𝐼, 

where 𝐼 is the identity matrix. The columns of the modal matrix Φ represent the mode shapes 

of the building. It gives the displacements associated to each degree-of-freedom in the mode 

shape. 

 

I.5. Estimation of dynamic properties of building 

and soil from seismic signals 

In this thesis, several temporal and frequency domain methods are used to investigate dynamic 

parameters of buildings and soil. We use results from numerical FE models and experimental 

data recordings in the Var valley. For numerical models, synthetic seismic signal and white 
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noise are considered as signal input motions. Experimental records are composed of earthquake 

and ambient vibration recordings. 

To empirically characterize SSI, we are looking at dynamic parameters of buildings that are the 

resonance frequencies, the mode shapes, the damping and the seismic wave velocity 

propagating in the structure. The rocking motion at the base of buildings and the motion 

intensity parameters are also investigated. Besides, we review the methods to obtain the 

fundamental resonance frequency of the soil. Results are compared using a variation coefficient 

(%) described in Eq.(50) 

|𝑥𝐴 − 𝑥𝐵| × 100𝑥𝐴  (50) 

where 𝑥𝐴 is the variable of reference and 𝑥𝐵 is the variable to be compared. 

 

I.5.1. Modal parameters 

To estimate the resonance frequency of a structure, the Fourier spectra, the transfer function 

and the RD method are used. We apply operational modal analysis (Brincker et al., 2001; Zhang 

and Brincker, 2005) on numerical and experimental signals to study also the mode shapes and 

the damping coefficients of structures (e.g. Trifunac et al., 2001; Dunand, 2005; Michel et al., 

2008; Lorenzo, 2016; Athanasiou et al., 2020). The frequency domain decomposition (FDD) 

method is used in accordance with the vectorial RD method to precise the determination of 

building mode shapes. 

 

I.5.1.1 Resonance frequency 

 Fourier spectrum 

The Fourier spectrum S(w) describes signal time series by equivalent functions in the frequency 

domain (Eq.(51)). It is computed based on integral relationships composed of harmonic terms 

applicable to a random signal s(t) (Eq.(52)). 
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𝑆(𝑤) = |𝐴(𝑤)|𝑒𝑖𝜙(𝑤) = ∫ 𝑠(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡∞
−∞  (51) 

where w is the angular frequency, A(w) is the amplitude of each harmonic component, ϕ(w) is 

the phase shift and 

𝑠(𝑡) = 12𝜋 ∫ 𝑆(𝑤)𝑒𝑖𝜔𝑡𝑑𝜔∞
−∞ . (52) 

The Fourier spectrum is computed based on the discrete Fourier transform of an arbitrary signal 

time series using the Fast Fourier Transform technique (FFT). 

 

 Frequency response function 

The frequency response function is the function that modifies the input signal going through a 

system. In the temporal domain, this function represents the impulse response of the system, 

also called Green function in seismology. In the case where the transfer function is defined as 

the ratio of the Fourier spectrum of the motion at the building roof level 𝑈(𝑓) and the Fourier 

spectrum of the motion at the building ground level 𝑆(𝑓), the function provides information 

about the frequency content of the building impulse response and not of the global system 

response that is, in the case of SSI, the building and the soil domain (Figure 10). 

 

Figure 10: Scheme and equation of the frequency response function for application in building. 

 

 Earthquake Horizontal-to-Vertical ratio and Standard Spectral Ratio 
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The HVSR technique can be applied on earthquake recordings (e.g. Lermo and Chavez-Garcia, 

1993; Theodulidis and Bard, 1995; Yamazaki and Ansary, 1997). In the thesis, this method is 

used to estimate site effect in the lower Var valley from several earthquake recordings and to 

compare the results with the one of the Standard Spectral Ratio (SSR) approach (Borcherdt, 

1994; Duval and Vidal, 2003; Duval et al., 2013) that is similar to the Site/Reference ratio 

presented before. For both methods and for each earthquake recordings, the condition of the 

signal windows selection is that the signal to noise ratio should be above 3. The earthquake 

HVSR is defined by the ratio between the mean of the horizontal components and the vertical 

one of one seismic signal whereas the SSR is based on the ratio between the Fourier spectra 

recorded at a considered site (for example on a sedimentary basin) and the one of a reference 

site (for example a close by rock site) for one component of motion. 

 

 Microtremor Horizontal-to-Vertical ratio 

The HVSR approach is also used for microtremor data (Nakamura, 1989) through the Geopsy 

open source software (Wathelet et al., 2020) to estimate the depth of the different impedance 

contrasts in the soil at the studied site. First, we select the time windows, with an overlapping 

coefficient of 5%, where the signal is stationary which is one of the requirements for 

microtremor HVSR analysis. The number of selected windows varies according to each 

measurement. A 5% cosine taper is applied on both ends of the windows. The ratio between the 

mean of the horizontal components and the vertical component of each selected signal windows 

is computed using the FFT. A Konno and Ohmachi (1998) smoothing is applied to the ratio 

using a b-parameter equals to 40. The HVSR curves are computed by averaging all individual 

smoothed ratios. The origin of ambient vibration data is then studied to identify natural or 

anthropic sources. Natural origin of these data is characterized by the SESAME (site effects 

assessment using ambient excitations) European project (European Commission, 2004) and 

must satisfy the followings criteria: 

 A flat noise spectrum for all frequencies and on the 3 components (north, east and 

vertical). 

 The amplitude of the rotation spectrum as function of the azimut is the same for all 

azimut. 
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 The noise auto correlation for east and north components has the shape of an attenuation 

with time, not the shape of a sweep (maintained noise). 

According to this project, a clear peak is well distinguished on HVSR curves when site effect 

is present. The first peak of HVSR curves is assumed to indicate the resonance frequency of the 

soil column. This assumption is applied for curves with well-defined and single sharp peak with 

amplitude level above than 3 and additional criteria detailed in the SESAME European project 

(European Commission, 2004). 

 

I.5.1.2 Mode shape 

 Frequency Domain Decomposition 

The FDD is a non-parametric method in the frequency domain introduced by Brincker et al. 

(2001). It is commonly used in operational modal analysis of structures. In fact, the method 

provides information about the natural frequencies, damping, and the mode shapes of the 

system. The equation of the response of a structure is defined as the sum of its modal 

deformations by Eq.(53) 

𝑦(𝑡) = 𝛷1𝑞1(𝑡) + 𝛷2𝑞2(𝑡) + ⋯+ 𝛷𝑛𝑐𝑞𝑛𝑐(𝑡) = 𝛷𝑞(𝑡) (53) 

where 𝑛𝑐 is the number of sensors, Φ is the modal matrix and𝑞(𝑡) is the modal vector. They 

are defined by: 

𝛷 = [𝛷1𝛷2 …𝛷𝑛𝑐] (54) 

𝑞(𝑡) = [𝑞1(𝑡)𝑞2(𝑡)…𝑞𝑛𝑐(𝑡)]𝑇 (55) 

where T is complex conjugate and transpose. 

The FDD method allows to decompose the cross-correlation between all simultaneous 

recordings, in independent degree-of-freedom by means of the singular values decomposition 

(SVD) (Prevosto et al., 1982). In order to keep the phase information of the waves, it is 
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important that the recordings are simultaneous. The correlation functions matrix is given in 

modal coordinates by Eq.(56) 𝑅𝑦(𝑘) = 𝐸[𝑦(𝑡)𝑦𝑇(𝑡 + 𝑘)] = 𝛷𝐸[𝑞(𝑡)𝑞(𝑡 + 𝑘)]𝛷𝑇 = 𝛷𝑅𝑞(𝑘)𝛷𝑇 (56) 

where 𝑅𝑦(𝑘) is the correlation matrix, 𝐸[•] is the mathematical Esperance function, 𝑦(𝑡) is the 

vector of the building response, 𝛷 is the modal matrix and 𝑅𝑞(𝑘) is the matrix of the correlation 

functions in modal coordinates. 

By applying the Fourier transform to Eq. (56), the spectral density matrix of the responses is 

obtained by Eq.(57) 

𝐺𝑦(𝑓) = 𝐻𝐺𝑞(𝑓)𝐻𝑇 (57) 
 

where H is the frequency response function matrix and 𝐺𝑞(𝑓) is the power spectral density 

matrix (PSD) of the input. 

H can be decomposed in partial fraction form (Brincker et al., 2001) by Eq.(60(58) 

𝐻(𝑗𝜔) = ∑ 𝑅𝑘𝑗𝜔 − 𝜆𝑘 + 𝑅𝑘̅̅̅̅𝑗𝜔 − 𝜆𝑘̅̅ ̅𝑛
𝑘=1  (58) 

where n is the number of modes, 𝜆𝑘 is the pole and 𝑅𝑘 is the residue defined by Eq.(59). The 

poles indicate where the maximum of the cross-correlation are reached in the frequency domain 

𝑅𝑘 = 𝜙𝑘𝛶𝑘𝑇 (59) 

where 𝜙𝑘 and 𝛶𝑘 are respectively the mode shape vector and the modal participation vector. 

For each frequency, a decomposition of the cross-correlation matrix is performed, called the 

SVD (Prevosto et al., 1982). This process gives the best correlation between each component 

of each recorded signals and then, enables the modal decomposition of the PSD matrix. 

The Eq. (57) is solved using the SVD technique: 
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𝐺𝑦(𝑓) = 𝛷[𝑑𝑖𝑎𝑔{𝑔𝑖𝑖2(𝑓),… , 𝑔𝑛𝑐𝑛𝑐2 (𝑓)}]𝛷𝑇 (60) 

where 𝑔𝑖𝑖2(𝑓) is a spectral cross-correlation function, one corresponding to one analyzed signal 

for one specific frequency. 

Finally, the obtained singular values are depicted to define the modal parameters of the system. 

The singular values show maximum at mode frequency of the structure. If several singular value 

curves show maximum at the same frequency, this may mean that either the source of the 

excitation is artificial or the mode shapes in both horizontal directions are coupled or have close 

resonance frequencies. 

 

 Vectorial random decrement 

To describe the vectorial RD, we first explain the RD method applied to a single measurement.  

Random decrement method: The RD method is used to extract the RD functions for each 

natural frequency of the structure and at any measurement location. This method was first 

introduced by Cole (1973) for the study of aerospace structure. The objective is to retrieve the 

impulse response of an equivalent SDOF oscillator. From the recording of stationary random 

excitation, a large number of time windows are selected using a specific triggering condition 𝑇𝑋(𝑡) and stacked to reduce the random part of the signal (Eq.(61)). More details about the 

definition of the triggering conditions can be found in Alvandi (2003). This method presents 

the advantage to be independent of the seismic source but is limited to one unique measurement.  

𝑅𝐷(𝜏) = 1𝑁 ∑𝑋(𝑡𝑖 + 𝜏)𝑁
𝑖=1 |𝑇𝑋(𝑡) (61) 

where N is the number of windows in the mean of the signal and 𝑋(𝑡𝑖 + 𝜏) defines the signal 

window. 

For one mode 𝑛, the signal is filtered around the frequency 𝑓𝑛 (identified on the SVD) using a 

Butterworth passband filter of order 3 from 0.95𝑓𝑛 Hz to 1.05𝑓𝑛 Hz. A triggering process is 

applied to the filtered signal, the condition to select the beginning of a window is the signal 

amplitude is over zero and the slope is positive: 
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𝑇𝑋(𝑡) = {𝑋(𝑡) = 0, 𝑑𝑋(𝑡)𝑑𝑡 > 0} 
where 𝑋(𝑡) is the signal amplitude. The selected time windows have the same length than the 

one chosen for the FDD computation. At the end of the process, all windows are stacked and 

averaged to obtain the RD functions.  

In this thesis, the method proposed by Clough and Penzien (1993) is adopted to precise the 

natural frequency of the building models. The idea is to retrieve the natural period that best fit 

the corresponding mode by computing the RD functions of the signal. Several authors already 

used this method to study the damping behavior of structures from ambient vibration recordings 

(e.g. Caughey and Stumpf, 1961; Vandiver et al., 1982; Ibrahim et al., 1998; Huerta et al., 1998; 

Huang and Yeh, 1999; Dunand et al., 2002; Dunand, 2005; Lorenzo, 2016). 

In this process, each extremum of the RD functions is identified using the absolute value of the 

RD functions. The mean of the period between each extremum is computing according to a 

selected number of periods. This is this period that is used hereafter to precise the frequency 

value related to the modal deformation of the structures. 

Vectorial random decrement method: Contrary to the traditional RD technique, the vectorial 

RD method enables to consider MDOF system. This method was developed by Ibrahim et al. 

(1998). Asmussen et al. (1999) notably showed that this technique is more efficient compared 

to the traditional RD method in terms of speed and accuracy to compute the frequencies, the 

damping and the mode shapes of a structure. It enables to keep the phase information of several 

recordings in the structure based on the vector triggering conditions 𝑇{𝑋(𝑡𝑖)} (Eq.(62)). In other 

terms, during the computing of the RD functions from the ambient vibration data, the phase 

relations between simultaneous records are maintained. Practically, the time windows picked 

on a reference signal are applied to other signals recorded simultaneously in order to keep the 

same initial time between all signals. 

{𝑅�̃�(𝜏)} = 1𝑁 ∑{𝑋(𝑡𝑖 + 𝜏)}𝑁
𝑖=1 |𝑇{𝑋(𝑡𝑖)} (62) 

where {𝑅�̃�(𝜏)} designates the vector of the means of RD functions. 
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 Modal assurance criterion 

According to Allemang and Brown (1982) and Pastor et al. (2012), the modal assurance 

criterion (MAC) is evaluated as a correlation coefficient of the mode shape on a frequency 

range around the picked frequency on SVD. It allows to compare structural mode of the 

structure using Eq.(63) 

𝑀𝐴𝐶({𝜑𝑟}, {𝜑𝑠}) = |{𝜑𝑟}∗𝑡{𝜑𝑠}|²({𝜑𝑟}∗𝑡{𝜑𝑟})({𝜑𝑠}∗𝑡{𝜑𝑠}) (63) 

where 𝜑𝑟 is the displacement in one direction of the mode r and 𝜑𝑠 is the displacement in one 

direction of the mode s. The resulting MAC value is between 0 and 1 where 1 means that the 

modes are identical between both conditions. 

 

I.5.1.3 Damping 

The evaluation of damping values is a difficult task and still debated among the engineering 

community, different approaches can be used. We first introduce the damping estimation using 

empirical relationships. Other approaches are based on the analysis of ambient vibration 

recordings and the use of RD functions. Finally, we briefly introduce the consideration of 

damping in numerical studies. 

 

 Empirical relationships 

The damping can be interpreted from empirical relations derived from numerical simulations 

(e.g. Barbieri et al., 2004) or previous ambient vibration measurements and linked the damping 

value to geometrical and/or modal parameters (e.g. Jeary, 1986; Lagomarsino, 1993; Satake et 

al., 2003; Dunand, 2005). Some authors have shown that the damping value reflect SSI by 

attributing the loss of energy in the building to the frequency dependent radiated waves from 

the structure to the soil (e.g. Guéguen, 2000; Mylonakis and Gazetas, 2000; Satake et al., 2003). 

They notably compared experimental results to numerical results to show that SSI could have 

an important role in the damping value of buildings (Dunand et al., 2002). This observation 

shows that the damping value extracted from experimental measurement informs not only on 
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the energy dissipation due to material constituting the structure but also on the energy 

dissipation in the surrounding environment. 

Several authors provided empirical relationships to estimate the damping value. The empirical 

equation proposed by Jeary (1986) is applied for buildings having different dimensions at the 

building step. Based on the study of Ellis (1980), the author considered the first natural 

frequency of the studied buildings close to 
46𝐻  [Hz] where 𝐻 [m] is the height of buildings. The 

empirical formula Eq.(64) is derived from the dynamic analysis of nine different buildings 

subjected to forced vibration and controlled conditions. Because forced vibration induce higher 

amplitude of motion than ambient vibration, the attenuation observed in structure may be 

related to non-linear and hysteretic behavior of material. This is generally the case when strong 

motions occur. Therefore, the assumption of linear elastic material is no more valid. Variations 

of damping value can also be expected if SSI is present.  

𝜉 = 46𝐻 + 𝑒√𝐷2 × 𝑥𝐻 (64) 

where 𝐷 is the dimension of the building in the direction of the maximal deformation of the 

first mode [m] and 𝑥 is the maximum amplitude at the top of the building in the direction of the 

maximal deformation of the first mode. 

Lagomarsino (1993) proposed another empirical law close to the Rayleigh formula. Based on 

a dataset of 185 mixed buildings in construction materials and structural elements subjected to 

different excitation conditions. The author highlighted three different analogous relationships 

between the natural period of buildings and their height depending on the building material 

(steel-framed, reinforced concrete (RC) and mixed type buildings). These relationships were 

found close to the one proposed by Ellis (1980). The equation proposed by Lagomarsino (1993) 

is presented in Eq.(65).  

𝜉 = 𝛼𝑓 + 𝛽𝑓 (65) 

where f is the natural frequency of the building [Hz]. The associated coefficients to apply this 

empirical law for different types of building are given in the Table 2. 
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Table 2: Coefficient of the Lagomarsino's equation (Lagomarsino, 1993). 
 Steel-framed building Reinforced concrete building Mixed type building 

α 0.3192 0.7238 0.2884 
β 0.7813 0.7026 1.2856 

The author specified also the confidence range (50% and 80% of confidence) for the estimation 

of damping ratio. According to Satake et al. (2003), Lagomarsino’s relationship (Lagomarsino, 

1993) tends to overestimate damping ratio for high-rise structures. The equation of Satake et al. 

(2003) is applied for amplitude-height ratio (𝑥𝐻) lower than 2.10-5 with 𝐻 between 10 m and 

130 m (Eq.(66)) 

𝜉 = 1.4𝑓 + 47000 𝑥𝐻 − 0.18 
(66) 

 

where 𝐻 is the building height [m], 𝑓 is the first resonance frequency of the building [Hz], 𝐷 is 

the dimension of the building in the direction of the maximal deformation of the first mode [m] 

and 𝑥 is the maximum amplitude at the top of the building in the direction of the maximal 

deformation of the first mode.  

Based on a catalog of 205 mixed buildings in construction materials subjected to vibration tests 

of low amplitude, Satake et al. (2003) showed that higher the building, lower the damping ratio 

for the first fundamental mode of deformation. They also studied the SSI effects and found that 

low-rise RC building undergo much stronger effects than high-rise building. They define an 

empirical relationship to estimate damping ratio according to certain geometrical criteria (
𝑥𝐻 < 

2.10-5 and 10 < 𝐻 < 130 m). These criteria give the limitations of application of its law. 

More precisely, Dunand (2005) showed that the relationship proposed by Satake et al. (2003) 

overestimates the damping for low frequencies (< 1 Hz) and underestimates this parameter for 

high frequencies (> 4 Hz). Therefore, the author proposed another equation to compute the 

damping value of the structure (Eq.(67)) based on 26 different buildings instrumented in 

Grenoble using ambient vibration recordings. 

𝜉 = 𝑒−0.22+0.42𝑓 (67) 
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The empirical laws presented in this thesis and the associated database are summarized in the 

Table 3. 

Table 3: Summaries of the dataset used to develop empirical laws from the given literature. 

 Jeary (1986) 
Lagomarsino 

(1993) 
Satake et al. (2003) Dunand (2005) 

Number of 

buildings 
9 185 205 26 

Height of 

buildings (m) 
30 to 80 Unknown 10 to 130 9 to 85 

Conditions of 

vibration 

Forced vibration at 
the building step 

Various 
Forced vibration with low 

amplitude 
In-situ ambient 

vibration recordings 

Empirical 
law 𝜉 = 46𝐻 + 𝑒√𝐷2 × 𝑥𝐻 𝜉 = 𝛼𝑓 + 𝛽𝑓 𝜉 = 1.4 ∗ 𝑓 + 47000 𝑥𝐻− 0.18 

𝜉 = 𝑒−0.22+0.42𝑓 

Errors induced by measurement techniques, measurement conditions or modal interferences 

can lead to overestimate the damping value, but they are not the only ones. Not so often 

confidence intervals or error investigations are shown in damping assessment study. In fact, the 

limited number of tested buildings (that can be standard or specific buildings) constrained the 

application of the relationships. These laws still must be enriched with other experimental 

measurements and detailed structural information to be well constrained.  

Another parameter that may lead to overestimate damping ratio value is the potential presence 

of SSI (i.e. Jeary, 1986, 1997; Dunand et al., 2002; Satake et al., 2003). It is known that SSI 

effects influence the whole system by changing the building response. Those phenomena are 

not taken into account in the empirical laws that only considered the geometrical characteristics 

of the structure. 

 

 From vibration recordings 

The basic method to estimate the damping from experimental data is called the half-power 

bandwidth which is a quick identification method of the damping in the frequency domain using 

the shape of the resonance peak of the building. Defined as the width of the peak at 
1√2 of its 

amplitude level, the damping result is dependent of the good identification of the first natural 

frequency of the building. Jeary (1986) briefly presented the uncertainty existing in this method. 
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The method proposed by Clough and Penzien (1993) is presented in the following. After the 

computation of the logarithm of each extremum of the RD functions, a linear regression 

function is applied to the results (Figure 11). 

 

Figure 11: Damping estimation method by linear regression (red curve). 

The slope coefficient of the linear regression is used in the formula proposed by Clough and 

Penzien (1993) to estimate the damping of the building: 

𝜉(%) = 12𝜋 𝑙𝑜𝑔 ( |𝐴𝑛||𝐴𝑛+1|) 100 (68) 

where |𝐴𝑛| and |𝐴𝑛+1| are absolute values of the amplitude of two successive extremas of the 

RD functions. The Eq.(68) can be rewritten as Eq.(69). 

𝜉(%) = −𝑃𝑇2𝜋 × 100 (69) 

where 𝑃 is the slope coefficient of the linear regression and 𝑇 is the mean of periods between 

two extrema. 

Results from the Geopsy software (Wathelet et al., 2020) are also compared assuming that the 

method used in the software is the one proposed by Clough and Penzien (1993). We can note 

that no empirical relationships presented here consider SSI effects. That is why the comparison 

between the damping values from measurements compared with those from FB model can show 

possible existence of SSI. 

 

 In numerical study 
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The viscous damping provided by structural (floor, beam, wall…) and non-structural 

(equipment, frame…) components is taken into account according to the Rayleigh approach 

(Clough and Penzien, 1993; Chopra, 2007). This also enables to attenuate numerical noise. The 

damping submatrix related to the building is assumed to be a linear combination of the mass 

and stiffness (Eq.(70)).  

𝐶 = 𝛼𝑀 + 𝛽𝐾 (70) 

where 𝐶 is the Rayleigh damping, 𝑀 and𝐾 are respectively the mass matrix and the stiffness 

matrix of the FB building. The factors applied to mass and stiffness matrix are respectively 𝛼 =2𝜉0(𝜔1𝜔2)/(𝜔1 + 𝜔2) and 𝛽 = 2𝜉0/(𝜔1 + 𝜔2) and depend on the first two natural pulsations (𝜔1, 𝜔2) of the FB building and on the damping ratio 𝜁0.  

Generally, the Rayleigh damping is set to 5% for engineering conception of building according 

to the Eurocode 8 (CEN, 2003). This value is coherent with reinforced concrete buildings with 

masonry infill type that are not so numerous in metropolitan France. A lot of studies show that 

this value is overestimated and not retrieved in real buildings. It depend on the first natural 

frequency of the building as shown in Figure 12, the lower the first resonance frequency, the 

lower the damping ratio (i.e. Çelebi, 1996; Dunand et al., 2002; Satake et al., 2003; Gallipoli et 

al., 2009; Mikael et al., 2013).  

 

Figure 12: Damping ratio h1 as function of the first natural period T1 of different types of 
building: steel-framed buildings (a) and reinforced concrete and mixed steel-reinforced 
concrete buildings (b) from Satake et al. (2003). 
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I.5.1.4 Description of the FDDA code 

To improve the modal frequency research and to apply this algorithm to buildings, a code 

(called FDDA) has been developed in the framework of this thesis to combine FDD and 

vectorial RD technique. The process can be summarized as follow: 

 The modal frequency are first picked on the singular values plot from the FDD and then 

refined using the RD functions from the method proposed by Clough and Penzien 

(1993). 

 The damping is estimated using the same RD technique. 

 The mode shapes are computed from the vectorial RD method.  

The flowchart in Appendix 2 presents the application of the combined algorithms (FDD and 

vectorial RD) to estimate the mode frequency, the damping ratio and the mode shapes of a 

structure. 

To compute the FDD, we used the code developed by Keith Soal in 2016 using MATLAB® 

software based on the method proposed by Brandt (2011) and Brincker and Ventura (2015). 

Each signal is apodised using Hanning windows. Time windows of at least 10 × 1 𝑓𝑚𝑖𝑛⁄  

seconds, where 𝑓𝑚𝑖𝑛 is the minimal frequency considered for the analysis equals to 𝑓𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔/𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑠, are selected from signal using an overlapping of 5%. This duration is 

chosen to be 10 times higher than the natural period of the building in order to obtain the global 

RD functions of the structure corresponding to the impulse response of the building (Mikael et 

al., 2013). The efficient cross spectral density is estimated using the welch method (Welch, 

1967) with convolution and symmetry. It means that, for each time window, the signal is 

convolved with itself. The FFT of the convolution result is then computed in the frequency 

range 𝑓𝑚𝑖𝑛 to 𝑓𝑚𝑎𝑥 where 𝑓𝑚𝑎𝑥 = 15𝐻𝑧 that is convenient to study the global dynamic behavior 

of buildings. When all FFT are computed, they are convoluted one to another to obtain a PSD 

matrix. This matrix is then scaled in decibel and averaged. The extrema of the SVD are 

automatically identified in terms of frequency with a 95% range of confidence that corresponds 

to frequency where there is the maximum of correlation between signals, also called the modal 

frequency. 

The vectorial RD method is implemented in a series of code developed under MATLAB® by 

Christian Cremona and Flavio de Souza Barbosa from the LCPC/IFSTAR/Université Gustave 

Eiffel (Crémona et al., 2001) originally intended for the monitoring of bridges using several 
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setups. At first, this algorithm aims to estimate the modal frequency through statistical results 

(histograms).  

 

I.5.2. Seismic wave velocity in buildings 

The interferometry computation is used to estimate the seismic wave velocity propagation in 

the building. According to Snieder and Şafak (2006), this method allows to separate the 

mechanical properties of the building from the excitation and the ground coupling by 

deconvolving the motion at all levels with respect to the motion at a given target level (Nakata 

et al., 2013). It can be applied to ambient vibration data in order to have an approximation of 

the impulse response of the building.  However, some studies showed that the deconvolution 

process has difficulty to eliminate effects related to the rocking motion of the foundation 

(Todorovska, 2009a, 2009b). 

The propagation velocity of the wave phase in the building is computed as follow: 

𝑉𝑎−𝑏𝑝ℎ𝑎𝑠𝑒 = 𝐻𝑡𝑎−𝑏 (71) 

where 𝐻 is the building height [m] and 𝑡𝑎−𝑏 is the time [s] taken by the causal (down going) 

waves to travel through the structure based on the deconvoluted seismograms filtered between 

frequencies 𝑎 and 𝑏. 

 

I.5.3. Torsion and rocking motions 

Torsion in building is observed on horizontal components of the motion. It can be induced either 

by a difference in the mass center and the rigidity center of the building or by the non-symmetry 

of the foundation system or by both effects (Apsel and Luco, 1976; Trifunac and Todorovska, 

1999). Todorovska and Trifunac (1989, 1990) showed that torsion can be important in the case 

of tall and slender structures.  

Rocking represents a differential vertical motion between two distant points. Using analytical 

dynamic equations of rectangular rigid foundation subjected to oblique incident wave, Scanlan 

(1976) noted differences in the foundation motion whatever the direction of vibration. By 
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studying translational and rocking motions of a structure, Bonkowski et al. (2019) showed that 

torsion motion can induce either a maximal increase of 30% of the structure response or a 

decrease. Therefore analyzing these motions in buildings appears interesting for the study of 

SSI. 

 

I.5.3.1 Classical approach in the time domain 

Usually, the rocking and torsion motions are directly derived from accelerometric data of 

earthquake recordings (respectively for vertical and horizontal components) to find the 

differential displacement between two points sufficiently distant (respectively at the base and 

at the top of the building). However, integrating acceleration to obtain displacement should be 

performed with attention and requires to execute some data processing before the integration to 

avoid potential errors in the resulting displacement (i.e. Boore, 2001; Boore and Bommer, 2005; 

Javelaud, 2016). Furthermore, in the absence of rotational strong motion sensors, Trifunac et 

al. (2001) proposed to compute, at the foundation level, the average torsional motion of the 

structure in the time domain based on the differential motion between two distant sensors and 

earthquake recordings (Eq(72)).  

𝑇(𝑡) = 𝑢ℎ1(𝑡) − 𝑢ℎ2(𝑡)𝑑  (72) 

where 𝑢ℎ1(𝑡) and 𝑢ℎ2(𝑡) are the recordings of the earthquake in one of the horizontal 

component of the building (transverse or longitudinal) respectively at the sensor 1 and at the 

sensor 2, d is the distance between the both sensors [cm]. 

Guéguen (2000) suggested to compute the rocking motion at the foundation level based also on 

earthquake recordings and taking into account the height H of the building: 

𝑅(𝑡) = 𝑢𝑧1(𝑡) − 𝑢𝑧2(𝑡)𝑑 × 𝐻 (73) 

where 𝑢𝑧1(𝑡) and 𝑢𝑧2(𝑡) are the recordings of the earthquake in the vertical component of the 

building respectively at the sensor 1 and at the sensor 2, d is the distance between the both 

sensors [cm]. 
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I.5.3.2 Torsion and rocking spectral ratio computation 
The torsion spectral ratio was introduced by Dunand (2005) to estimate the torsion of a building 

from horizontal components of two synchronous recordings at the opposite sides of the top floor 

from ambient vibration recordings 

 

𝑇12𝑘(𝑓) = | 𝐹𝐹𝑇 (𝑢𝑠1 − 𝑢𝑠2)𝐹𝐹𝑇 (𝑚𝑒𝑎𝑛(𝑢𝑠1, 𝑢𝑠2))| (74) 

where T12_k is the torsion spectrum defined as the ratio of the Fourier spectrum of the difference 

between the signal at the sensor 1 and the signal at the sensor 2 and of the Fourier spectrum of 

the mean of the both signals. 

Based on the interpretations of Dunand (2005), a torsion motion of the building is expected 

when the torsion spectrum exceed the value of 2 and the torsion axis is more or less centered 

between the both sensors. 

In the following of the thesis, we are also looking for the analysis of the rocking at the base of 

the building as a witness of the SSI. Based on Eq.(74), we will hereafter call “rocking spectral 

ratio” the torsion spectral ratio computed from the vertical components at the base of the 

building for ambient vibration and seismic data. 

The rocking spectral ratio allows to precise at which frequency a vertical differential motion 

occurs between two points sufficiently distant. To compute this spectrum, the difference 

between the signals (numerator in Eq.(74)) and the mean of the signals (denominator in Eq.(74)) 

are calculated. Then, the Fourier spectrum of the numerator and the one of the denominator are 

computed. A whitening is applied to the Fourier spectrum of the denominator in order to avoid 

errors in the division by values close to zero. The coefficient associated to the whitening 

spectrum is equal to the maximum of the Fourier spectrum of the numerator divided by 100. 

When the Fourier spectrum of the denominator is below this coefficient, the value of the Fourier 

spectrum amplitude is replaced by the coefficient value.   

The rocking spectral ratio is then computed using Eq.(74) for ambient vibration data. Finally, 

the mean rocking spectral ratio is computed as the average of the rocking spectral ratio of each 

time window on the same frequency range. 
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The analysis of the spectrum is performed in conjunction with the filtered seismic signal (if 

available) or RD functions from long ambient vibration recordings (a few hours) of the 

compared simultaneous signals. The rocking spectral ratio analysis highlights vertical 

differential motion in two conditions: 

 The phases of the signals are opposed. The rocking spectral ratio shows infinite 
amplifications at some frequencies: 𝑈𝑠1 = −𝑈𝑠2; 𝑈𝑠1 − 𝑈𝑠2 = 2𝑈𝑠1 ;  𝑈𝑠1 + 𝑈𝑠2 = 0 

𝑇 ≠ 0 

 The motion is different at both sensors. The rocking spectral ratio shows non-zero 
amplifications at some frequencies: 

𝑈𝑠1 ≠ 𝑈𝑠2; 𝑈𝑠1 + 𝑈𝑠22 ≫ (𝑈𝑠1 − 𝑈𝑠2) 

𝑇 → 0 

 

I.6. Intensity parameters of the seismic motion 

Intensity parameters of the seismic motion can be investigated through Anderson criteria 

(Anderson, 2004). They are used to characterize the building response to a seismic solicitation 

for FB condition and with SSI in terms of cross-correlation, Arias intensity (AI), integral energy 

(EI), acceleration response spectra, peak acceleration, peak velocity, peak displacement and 

maximum relative displacement ratio. 

Cross–correlation coefficient between seismic signals are computed to observe similarity 

between the seismic response of the FB and the flexible conditions in the temporal domain (in 

terms of amplitude, phase and duration). The equation of the cross-correlation coefficient is 

presented below: 

𝐶12 = 10max[𝐶∗(𝑎1(𝑡), 𝑎2(𝑡)),0] (75) 

where the cross-correlation function is: 
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𝐶∗(𝑎1, 𝑎2) = ∫ 𝑎1(𝑡)𝑎2(𝑡)𝑑𝑡[∫ 𝑎12(𝑡)𝑑𝑡]1/2[∫ 𝑎22(𝑡)𝑑𝑡]1/2 (76) 

𝑎1(𝑡) and 𝑎2(𝑡) are acceleration time series. 

In this research, AI and EI are calculated according to: 

𝐴𝐼 = 𝐼𝐴𝐼(𝑇𝑑) (77) 

where 

𝐼𝐴𝐼(𝑡) = 𝜋2𝑔 ∫ 𝑎𝑖2(𝜏)𝑑𝜏𝑡
0  (78) 

  

𝐸𝐼 = 𝐼𝐸𝐼(𝑇𝑑) (79) 

where 

𝐼𝐸𝐼(𝑡) = ∫ 𝑣𝑖2(𝜏)𝑑𝜏𝑡
0  (80) 

𝑎𝑖(𝑡) is acceleration time series and 𝑣𝑖(𝑡) the corresponding velocity. 

The acceleration response spectrum is the plot of the peak response (in terms of acceleration) 

of a series of oscillators of varying vibration period that are forced into motion by the same 

seismic solicitation. 

The maximum relative displacement ratio indicates the difference of displacement between the 

top and the bottom of the building compared between FB condition and considering SSI. It is 

defined by the Eq.(81) 

𝑑𝑆𝑆𝐼𝑑𝐹𝐵 = max(|𝑑𝑆𝑆𝐼𝑡𝑜𝑝 − 𝑑𝑆𝑆𝐼𝑏𝑜𝑡|)max(|𝑑𝐹𝐵𝑡𝑜𝑝 − 𝑑𝐹𝐵𝑏𝑜𝑡|) (81) 
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where 𝑑𝑆𝑆𝐼𝑡𝑜𝑝  is the displacement time series at the top of the building with SSI,  𝑑𝑆𝑆𝐼𝑏𝑜𝑡  is the 

displacement time series at the bottom of the building with SSI, 𝑑𝐹𝐵𝑡𝑜𝑝 is the displacement time 

series at the top of the building in FB condition, 𝑑𝐹𝐵𝑏𝑜𝑡  is the displacement time series at the 

bottom of the FB building. 
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Chapter II. Soil-structure 

characterization in a finite 

element numerical modeling 

The Chapter II presents a numerical study of the soil-structure interaction (SSI) impact on the 

dynamic response of buildings. This study is based on 3D finite element models of different 

structural typologies as for example, shear type and bending type buildings. Five types of 

building are investigated: 1) shear type building having low-rise framed structure, regular in 

plan and elevation, 2) bending type building having low-rise frame wall system, regular in plan 

and elevation, 3) bending type building having low-rise frame wall system, regular in elevation 

but not in plan, 4) masonry low-rise building, regular in plan but not in elevation and 5) bending 

type building having high-rise wall system, regular in plan but not in elevation. Their seismic 

responses are compared between a fixed and flexible base condition in order to identify which 

building types and dynamic parameters are the most sensitive to SSI. We injected white noise 

and simulated earthquake at the base of the model and we obtained the seismic response of the 

building in the four corners and on all floors. The output signals of the soil-structure system are 

directly extracted from the numerical modeling. 

Finally, a comparison between the different buildings is made as function of the modal 

parameters (natural frequency, mode shapes), motion intensity criteria (velocity of the seismic 

wave propagation in the building, acceleration peak, Arias intensity…) and we investigate 

rocking motion through the rocking spectral ratio. 

In particular, the model of Nice Prefecture building has been first calibrated using the local soil 

stratigraphy, before been analyzed in the framework of the SSI investigation. 
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II.1. Building finite element modeling 

In the framework of this thesis, we chose to use the ABAQUS software to model buildings using 

the finite element (FE) method. 3D numerical models of building present the advantage to study 

in detail the dynamic behavior of the structures knowing all the structural and mechanical 

features of them. Recently, 3D soil-structure system have been developed to estimate soil-

structure interaction (SSI) effects. Through time domain analysis, several studies stated that the 

building response increases with SSI (Ghandil and Aldaikh, 2017; Li et al., 2017). 

The structural response of the considered buildings is obtained by three-dimensional FE models 

of structure and soil, in the linear regime, assuming vertical propagation in horizontally layered 

and infinitely extended soil domain. The effect of irregularities in plan and in elevation, as well 

as the effect of rocking is considered for framed structures and frame-wall systems, having 

shallow foundation or underground floors with deep foundation. 

SSI effects are studied first for different kind of buildings using a unique soil stratigraphy and 

second for the Nice Prefecture building using the local stratigraphy. 

 

II.1.1. Building structural description 

Four reinforced concrete (RC) buildings and one masonry building are analyzed. They are 

characterized by their geometry, height (Table 4) and mechanical features (Table 5):  

 (ST) a low-rise framed structure, regular in plan and elevation according to the Eurocode 

8 (CEN, 2003) (equivalent inertia, mass and stiffness distribution in all directions), 

conceived as a shear type building;  

 (RBT) a low-rise frame wall system, regular in plan and elevation, conceived as a 

bending type building, it has concrete walls of same dimensions placed in the middle of 

the lateral;  

 (IBT) a low-rise frame wall system, regular in elevation but not in plan, conceived as a 

bending type building, it has one offset RC staircase; 

 (M) a low-rise masonry building, regular in plan but not in elevation, it has openings on 

the two longest walls, no floors are considered in order to reduce the stiffness of the 

building to better observe deformation through walls; 

 (HR) a high-rise wall system, regular in plan but not in elevation, behaving as a bending 
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type building.  

Table 4: Geometry of the buildings: low-rise shear type building (ST), low-rise regular bending 
type building (RBT), low-rise irregular bending type building (IBT), low-rise masonry building 
(M) and high-rise bending type building (HR). The aspect ratio is defined as the ratio between 
height and width (H/W) (Stewart et al., 1999). 

Bldg Floors Height 

(m) 
Length 

(m) 
Width 

(m) 
H/W Foundation 

(m*m) 
Soil area 

(m*m) 
ST 4 12 15 9 1.3 16×10 40×24 
RBT 4 12 15 9 1.3 16×10 40×24 
IBT 4 12 15 9 1.3 16×10 40×24 
M 1 8 20 10 0.8 21x11 40×24 
HR 22 60 60 17 3.5 56×24 70×50 

Table 5: Mechanical properties of the buildings. E is the Young modulus, ν is the Poisson’s 
ratio, ρ is the density and 𝜁0 is the damping ratio. 
Bldg Structural part E (N.m-2) ν ρ (kg.m-

3) 
𝜻𝟎(%) 

RC low-rise (ST, 

RBT, IBT) 
All 3.122 × 1010 0.20 2500 5 

RC high-rise (HR) All 3.300 × 1010 0.20 2200 5 

Masonry (M) 
Wall 1.070 × 109 0.12 2500 5 
Lintel 9.000 × 1010 0.20 2500 5 

 

The column orientation and the floor plan dimensions are indicated in Figure 13. The FE models 

of the buildings is displayed in Figure 14. Special attention is paid to the orientation of the 

building columns in order to distribute homogeneously the stiffness in the model. Each node of 

the model is composed of 6 degrees-of-freedom: three of translation (x, y, z) and three of 

rotations (Rx, Ry, Rz). 
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Figure 13: Plans of the analyzed reinforced concrete buildings: shear type (ST), regular bending 
type (RBT), irregular bending type (IBT), high-rise (HR) and masonry (M) buildings. For HR, 
the horizontal section is represented at +9 m above the ground and a front view of the Nice 
Prefecture building (southeastern France) is shown, on which the HR structure is based. The 
dimensions are given in meters. Corners are identified by numbers to help for the rocking 
motion analysis. 

 

Figure 14: Finite element models of analyzed building-soil systems. Upper part are fixed base 
models with indicated seismic loading nodes. Lower part are soil-structure models. In the case 
of the masonry (M) model, the slab foundation is buried at 50 cm from the ground surface. The 
high-rise (HR) building is embedded in the soil domain. 

The 3D framed structures are modeled using Timoshenko beam elements. The transverse shear 

stiffness of the beam cross-section is defined as 𝜒𝐺𝐴 where 𝜒 is the shear correction factor 

(Kaneko, 1975) equal to 𝜒 = (5(1 + 𝜈))/(6 + 5𝜈) where ν is the Poisson’s ratio, G is the shear 

modulus and A is the area of the cross-section of the beam. For RC buildings, the rectangular 

cross-section of beams elements is 30×60 cm, having shear correction factor 𝜒 = 0.857. The 

sum of the considered dead and live loads is 800 kg.m-². This load is distributed uniformly on 

the beams in the longitudinal direction, according to their influence area, as mass per unit of 
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length. The damping ratio for all the models is 𝜁0 = 5% according to the recommendation of 

the Eurocode 8 (CEN, 2003). 

The RC framed and frame-wall structures have an inter-story height equal to 3 m. The M model 

has only one storey and no floor. This building model has homogeneous building material. In 

reality, this kind of structure is composed of very heterogeneous material that is often weathered 

and replaced by new material. This leads to a complex medium that is difficult to integrate in 

numerical modeling in terms of computational costs. For all the FE building models, the 

material is considered in the linear range adopting a linear elastic model. The foundation is a 

rectangular RC slab that is 1 m deep and embedded in the soil. Its dimensions vary with the 

type of the structure (Table 4). 

The analyzed HR model is based on the Nice Prefecture building (HR in Table 4). It is a 

complex building located in the Var valley (southeastern France, see Chapter IV). The building 

was built in 1979 according to the French PS69 seismic code, and is continuously monitored 

since June 2010 through 24 accelerometric sensors operated by the French permanent 

accelerometric network (Pequegnat et al., 2008; CETE, 2010a; Brunel and Bertrand, 2010). It 

is a 67.5 m high RC building having 20 stories and two underground levels. It is one of the 

highest buildings in the area. The structure is composed of two symmetric parts, each of them 

being a RC tower, connected by a box girder at the first floor (Figure 13e). Cantilever RC shells 

are fixed to the towers at each floor. Thin columns, not connected to foundation but laid on the 

box girder, connect the floors between them to limit deflection. The FE model of the FB HR 

model has been developed and discussed by Lorenzo et al. (2018). 

 

II.1.2. Soil domain description 

A 3D soil domain, assumed as horizontally layered and infinitely extended along the horizontal 

directions, with a building at the surface, is modeled in a FE scheme as a 3D three-components 

(3D-3C) model with embedding slab foundation and integrating in the ABAQUS software 

according to Fares (2018) (Figure 14). It means that the vertical propagation of shear and 

compressional waves from the top of the underlying elastic bedrock to the soil surface is 

numerically simulated in the three directions x, y and z, as well as the dynamic response of the 
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building, in the linear elastic regime. Continuity and homogeneity of materials is assumed for 

the structure and each soil layer. 

One of the main advantages of considering a 3D soil model is that the dependence of rocking 

effect on the building aspect ratio is identified. Indeed, in the case of 1D soil column modeling, 

all displacements at the base of the building remain the same. Therefore, the 1D model does not 

allow to observe any rocking phenomenon. 

SSI is described by the combination of kinematic and inertial interactions and rocking effects. 

The kinematic interaction results from the strong impedance contrast between the soil and the 

building where radiation phenomenon and reflection of waves in the ground due to boundary 

conditions can take place. The inertial interaction comes from the vibration of the building itself 

changing the seismic wave field at the base of the structure compared to the case in free field. 

In this Chapter, the kinematic interaction is considered negligible according to the horizontal 

layered soil domain and for vertical propagation (Betbeder-Matibet, 2008). However, this 

interaction is included in the 3D site-city models to study the site-city interaction in the Chapter 

V.  Here, SSI can be analyzed in terms of inertial interaction and rocking effects. SSI in 

liquefiable soil is not addressed. 

 

II.1.2.1 Mechanical characteristics 

Numerical modeling of soil-structure system is sensitive to the aspect ratio that is defined here 

as the ratio between the length of the building and the length of the soil domain. A 1D soil 

column composed of the interested sedimentary layers is defined to estimate the free field soil 

fundamental frequency (fs0). To retrieve this value in the FE soil-building model, it is necessary 

that the building is placed far away enough of the model boundaries. In fact, the further the 

building from the boundaries and the lower the influence on the fs0.  Therefore, the soil domain 

area is selected by checking that both horizontal dimensions are enough to guarantee that the 

obtained soil fundamental frequency is equivalent to the free field case. This frequency is 

evaluated through the soil surface to bedrock transfer function for the building-soil model.  

The five analyzed buildings are assembled with the 30 m deep soil profile described in Table 

6.  
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Table 6: Stratigraphy and mechanical properties of the soil domain. ρ is the density and Vp is 
the compressional wave velocity and Vs is the shear wave velocity. 

 Element Mesh 
Depth 

(m) 
Thickness 

(m) 

ρ 

(kg/m3) 

Vp 

(m/s) 

Vs 

(m/s) 

Min 

number 

Max Height 

(m) 

0 5 1930 1330 200 4 1.3 
5 10 1930 1400 240 7 1.4 
15 15 1926.4 1500 300 8 1.9 

The soil is modeled using 8-nodes solid FE having three translational degrees-of-freedom per 

node, with consequent constant strain in each element. Soil properties are assumed constant in 

each FE and soil layer. To accurately represent the dynamic response of the soil-structure 

system, the minimum number of solid elements per layer is defined as (𝑝 × ℎ𝑖) 𝜆𝑚𝑖𝑛⁄  where 𝑝 

is the minimum node per wavelength equals to 10, ℎ𝑖 is the thickness of the i-th layer, 𝜆𝑚𝑖𝑛 is 

the minimum wavelength of the seismic signal defined by the ratio 𝑉𝑠𝑖 𝑓𝑚𝑎𝑥⁄  where 𝑉𝑠𝑖 is the 

shear wave velocity in the i-th layer and 𝑓𝑚𝑎𝑥 is the maximum frequency assumed 

corresponding to 15 Hz. When the number of solid elements per layer reaches a decimal value, 

the result is round to the upper integer. 

Stratigraphy and mechanical parameters of the soil profile, having increasing shear wave 

velocity (Vs) with depth, are given in Table 6. The soil profile is arbitrarily fixed to obtain a 

selected fs0 of 2.37 Hz (Figure 15).  

 

Figure 15: Transfer functions (TF) of the soil column on both horizontal components, computed 
considering the spectral ratio between the signal at the top and the bottom of the soil model and 
normalized by the maximum amplitude of the horizontal TF.  

The first natural frequency of the ST model (2.4 Hz) is closed to the fs0. Therefore, the double 

resonance condition is obtained for this model (f0building = fs0). According to the literature, the 

double resonance condition favor and even amplify SSI effects (e.g. Wirgin and Bard, 1996; 

Gallipoli et al., 2004; Kham et al., 2006; Semblat et al., 2008; Castellaro et al., 2014; Sahar et 
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al., 2015). 

The compressional wave velocity Vp [km.s-1] and the soil density ρ [kg.m-3] are deduced 

according to the following relationships discussed by Boore (2015): 

𝑉𝑝 = 0.9409 + 2.094𝑉𝑠 − 0.82𝑉𝑠2 + 0.2683𝑉𝑠3 − 0.0251𝑉𝑠4 (82) 

where: 

𝑉𝑝 < 1.5𝑘𝑚. 𝑠−1 𝜌 = 1930 1.5 < 𝑉𝑝 < 6𝑘𝑚. 𝑠−1 𝜌 = 1.74𝑉𝑝0.25 𝑉𝑝 > 6𝑘𝑚. 𝑠−1 𝜌 = 1.6612𝑉𝑝 − 0.4721𝑉𝑝2 + 0.0671𝑉𝑝3 − 0.0043𝑉𝑝4 + 0.000106𝑉𝑝5 

Then, the elastic shear and P-wave moduli (𝐺0 = 𝜌𝑉𝑠2 and 𝑀0 = 𝜌𝑉𝑝2, respectively) are 

estimated for each soil layer. The Poisson’s ratio is evaluated as a function of Vp to Vs ratio, 

according to the relation 𝜈 = (0.5𝑉𝑝2/𝑉𝑠2 − 1)/(𝑉𝑝2/𝑉𝑠2 − 1).  

 

II.1.2.2 Boundary conditions 

We assume that the FB buildings are placed on rock site numerically defined by the embedding 

and the blocked rotations of the beam or walls at the base of the buildings. In the soil-structure 

model, the base of the building is rigidly connected to the slab foundation: translational degrees-

of-freedom (x, y, z) are tied and rotational degrees-of-freedom (Rx, Ry, Rz) are blocked. The 

building shallow foundation is rigidly connected to the soil, node-by-node. This model induces 

a strong hypothesis on the dynamic behavior of the foundation because the degrees-of-freedom 

are limited and the foundation is considered rigid. 

In order to better represent the soil domain, periodic conditions are applied on the lateral sides 

of the model. No strain variation is considered in horizontal directions. This is obtained by 

imposing a tie constraint between parallel lateral surfaces. This condition allows the use of a 

limited soil domain maintaining a horizontal wave front. The oedometric condition 𝑀0 is then 

used to represent a compression without lateral deformation. 

The soil column is bounded at the bottom by a semi-infinite bedrock having elastic behavior. 

Viscous dashpots are localized at the nodes of the soil-bedrock interface as absorbing boundary 
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condition (Joyner and Chen, 1975; Fares et al., 2019) to take into account the finite rigidity of 

the bedrock and allow energy to be radiated back into the soil column. Consequently, the 

seismic loading is first applied at the bottom of the soil column. When the energy comes back 

in the bedrock, a part of it is absorbed and the other part is radiated back in the soil domain.  

Absorbing boundary are used at the soil bedrock interface, the shear and normal stresses at the 

soil column base are: 𝜌𝑏𝑉𝑠𝑏(𝑉𝑥 − 2𝑉𝑏𝑥), 𝜌𝑏𝑉𝑠𝑏(𝑉𝑦 − 2𝑉𝑏𝑦) and 𝜌𝑏𝑉𝑝𝑏(𝑉𝑧 − 2𝑉𝑏𝑧) where 𝜌𝑏 is 

the density of the bedrock, 𝑉𝑠𝑏 is the shear wave velocity in the bedrock (𝑉𝑠𝑏> 800 m.s-1 and 

should be large enough to avoid trapping of numerical waves), 𝑉𝑏𝑥, 𝑉𝑏𝑦 and 𝑉𝑏𝑧 are the three 

components of the incident seismic motion at the bedrock level in terms of velocity in x-, y- and 

z-direction that, respectively, correspond to the halved outcropping motion (2𝑉𝑏𝑥, 2𝑉𝑏𝑦, 2𝑉𝑏𝑧). 
The three terms 𝑉𝑥, 𝑉𝑦 and 𝑉𝑧 are the unknown velocities (incident and reflected motions) at the 

soil-bedrock interface, in x-, y- and z-direction, respectively, that are evaluated during the 

process.  

The dissipation coefficient is defined as 𝐶𝑏 = 𝜌𝑏𝑉𝑠𝑏 . In ABAQUS, the dissipation is modeled 

as viscous dashpots placed at each node at the soil bedrock interface of the model for the three 

translational degrees of freedom: 

𝛿𝐶𝑥 = 𝜌𝑏𝑉𝑠𝑥𝐴𝑁𝑏𝑛𝑜𝑑𝑒𝑠 𝛿𝐶𝑦 = 𝜌𝑏𝑉𝑠𝑦𝐴𝑁𝑏𝑛𝑜𝑑𝑒𝑠 𝛿𝐶𝑧 = 𝜌𝑏𝑉𝑝𝐴𝑁𝑏𝑛𝑜𝑑𝑒𝑠 (83) 

where 𝜌𝑏𝑉𝑠𝑏𝐴 is applied in the horizontal directions and 𝜌𝑏𝑉𝑝𝑏𝐴 is applied in the vertical 

direction. 𝐴/𝑁𝑏𝑛𝑜𝑑𝑒𝑠 represents the influence area of each node and 𝑁𝑏𝑛𝑜𝑑𝑒𝑠 is the number of 

nodes at the base of the soil domain, having area 𝐴. The components of dynamic loading, 

applied at the bottom of the soil column in terms of force, are (𝜌𝑏𝑉𝑠𝑏𝐴)2𝑉𝑏𝑥, (𝜌𝑏𝑉𝑠𝑏𝐴)2𝑉𝑏𝑦 

and (𝜌𝑏𝑉𝑝𝑏𝐴)2𝑉𝑏𝑧. 

In the ABAQUS software, the dynamic process is solved step-by-step by the implicit Hilber-

Hughes-Taylor algorithm (Hughes, 1987). This algorithm helps to control the numerical 

damping in high frequencies induced by the derivation of Eq.(36). The three parameters 𝛼 = 0, 𝛽 = 0.25(1 − 𝛼)2 = 0.25 and  𝛾 = 0.5 − 𝛼 = 0.5 are used to guarantee an unconditionally 

numerical stability of the time integration scheme. The choice of 𝛼 = 0, meaning that we do 

not add numerical damping to reduce the non-physical high frequency content numerically 
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generated, is considered suitable in the linear elastic regime. The time step is fixed from the 

sampling frequency of the input signal. 

 

II.2. Input 

In order to analyze the FE models in frequency and time domain, two different dynamic 

loadings are injected at the base. The first one is a seismic record of the 6th April 2009 L’Aquila 

earthquake. The second one is a synthetic white noise showing flat envelope amplitude of the 

Fourier spectrum in the interested frequency band for building monitoring (0.5 – 15 Hz). 

 

II.2.1. Synthetic white noise 

A synthetic white noise is used as three-component dynamic input motion in the FE models. 

Inverse analysis is applied to the numerical building response to identify the natural frequencies 

and shape modes. 

A white noise sequence of zero mean unit variance is generated, having acceleration amplitude 

of 1 mm/s² (Figure 16) (it is ten times larger than commonly measured ambient vibration 

amplitude nearly equivalent to 10-5 g), a duration of 𝑡𝑊𝐻 = 300s and a time step of 𝑑𝑡𝑊𝐻 =0.02s to ensure a maximum frequency of 𝑓max_𝑊𝐻 = 12𝑑𝑡𝑊𝐻 = 25 Hz and a frequency step of 𝑑𝑓𝑊𝐻 = 1𝑡𝑊𝐻 = 0.0033 Hz for the singular value decomposition (SVD) spectra of the frequency 

domain decomposition (FDD) analyses. The signal is subsampled to 𝑑𝑡𝑊𝐻 = 0.002s to 

improve the discretization for the deconvolution interferometry. The Fourier spectrum of the 

synthetic white noise is flat in the frequency range of 0.5 to 15 Hz that is convenient for building 

studies (Figure 16). 
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Figure 16: Synthetic white noise input (left) and mean of the absolute value of the Fourier 
spectrum (right). 

 

II.2.2. Seismic record 

In order to better observe SSI effects, the seismic signal injected at the base of the model should 

have a frequency content in good accordance to the one of the building impulse response. In 

that way, two options are possible for the simulation. First, a synthetic seismic signal can be 

chosen which have the required frequency content. This kind of signal has the advantage to be 

clear of any noise. Second, a real earthquake recording can be used with care to the location of 

recording. In fact, the best location is in the rock directly through borehole recording for 

example or on rock outcropping in order to limit the site response contained in the signal. Then, 

the frequency content of the signal can be analyzed after filtering. In this thesis, one earthquake 

recording is considered sufficient to take into account in the linear elastic model. A recorded 

signal of the 6 April 2009 Mw 6.3 L’Aquila earthquake is used as input motion to apply signal 

processing tools in frequency and time domain. The signal is recorded at the Sulmona station 

(SUL) of the Italian strong motion network, localized in Abruzzo region (Italy), at an epicentral 

distance of 53.7 km (Figure 17). The peak ground acceleration (PGA) is 0.34 m.s-2 in the East-

West direction, 0.27 m.s-2 in North-South direction and 0.24 m.s-2 in vertical direction (Figure 

17). The low amplitude guarantees its applicability in a linear elastic regime. The sample rate 

of the recorded signal is 0.005s. SUL is a free field station on stiff soil (having 𝑉𝑠30 > 800 m.s-

1 (https://doi.org/10.13127/SD/X0FXnH7QfY [last access: 10/05/2020])). Consequently, the 

record is considered as a rock outcropping motion and it is used at the base of the horizontally 

multilayered soil, in terms of three-component velocity. The data have been post processed by 

the INGV using a Butterworth filter of order 2 between 0.04 Hz and 40 Hz. According to the 

https://doi.org/10.13127/SD/X0FXnH7QfY
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Fourier spectrum in Figure 17, the seismic input has energy on a large frequency content (0.3 – 

4 Hz) and, consequently, it is able to excite the natural frequencies of all the analyzed buildings. 

 

Figure 17: Acceleration time series and mean of the Fourier spectra (FFT) amplitude of the 
2009 L’Aquila earthquake recorded at the Sulmona station (SUL) in Italy located on rock site 
for East-West (top), North-South (middle) and vertical (bottom) components (map from IPGP 
and FDSN). Red triangles are permanent stations of the INGV Seismological Data Centre. 
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II.3. Analysis of the building response 

The results obtained for the five building-soil systems are presented in this section and 

compared with the FB condition. The objective is to identify key dynamic parameters of 

building sensitive to SSI effects. A three-component loading is applied in all the analyzed cases. 

The frequency range between 0.5 to 15 Hz is considered because it includes the frequency 

content of the impulse response of the most all the studied building. The FE mesh has been built 

accordingly to the frequency content of the loading. A large set of node points have been 

selected to extract signals from the model (20 for low-rise RC buildings, 22 for M building and 

24 for HR building together with 72 points extrapolated). This allows, among other things, to 

observe detailed mode shapes and additional modes in higher frequencies. 

First, the time series are analyzed for each model and compared between the FB and flexible 

conditions. Signal amplitude, phase and duration are notably studied using cross-correlation. 

The intensity parameters of the seismic motion are computed to emphasize the building 

response differences of each model for both conditions through Arias intensity (AI), energy 

integral (EI) and acceleration spectra (SA). SSI is also tracked in the frequency domain based 

on the noise recordings through Fourier and elastic response spectra, mode shapes and natural 

frequency analysis. The effective modal mass is used to understand the participation of mode 

in the deformation of the structure for both conditions. Rocking motion at the base of the 

buildings is also characterized in the frequency domain through the rocking spectral ratio and 

using both types of data: seismic and noise. Finally, the Vs is estimated by deconvolution 

interferometry for the Nice Prefecture model and compared to the velocity measured through 

real ambient vibration recordings (Lorenzo, 2016). 

 

II.3.1. Signal amplitude, phase and duration 

The seismic signal output at each considered points has a time step of 0.005s and 90s of 

duration, similar to the seismic record. The shape of the signal at the top of each FE building 

models is studied in terms of amplitude, phase and duration. 

It is observed that the signal amplitude (Figure 18) slightly varies between both conditions for 

the ST, RBT and IBT models. For ST model, the signal amplitude decreases on horizontal 

components and increases on vertical one with SSI effects. For RBT model, it increases on all 
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components. For IBT building, the amplitude increases only on the vertical component with 

SSI effects and decreases on the horizontal components. For HR structure, the signal amplitude 

strongly decreases on the horizontal components, but SSI is negligible on vertical component. 

Finally for M model, the signal amplitude slightly increases on vertical component but shows 

negligible variations on horizontal components. 

 

Figure 18: Zoom on the acceleration time series for fixed base condition (FB) and with soil-
structure interaction (SSI) at the top of each building for the longitudinal, transversal and 
vertical components. 

The cross-correlation analysis of signals (Figure 19) shows that SSI effects do not change the 

phase of the signal much for ST and M models. However, for RBT, IBT and HR structures, the 

phase is different between both conditions on all components (under 70% of similarity for low-

rise RC buildings and less than 25% on horizontal components for HR building). For this kind 

of buildings, the phase seems to be a parameter sensitive to SSI effects. In a general point of 

view, the phase is modified on the vertical component for all the models. 
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Figure 19: Cross-correlation (CC) of the signals between the fixed base (FB) and soil-structure 
(SSI) models at the top each building for the longitudinal, transversal and vertical components. 

The duration of the signal (Table 7) exhibits negligible variations on all components for M 

model with SSI and slight decrease for ST and IBT models. Lengthening of the signal is 

observed at the top of the HR structure (from 24% to 55% on horizontal components) with SSI. 

However, the signal duration shows no significant changes at the bottom of these buildings. For 

RBT model, the duration is shortened on vertical component whatever the sensor position (top 

or bottom) and on the longitudinal component at the top of this building. For other components 

and sensor positions, negligible variations are observed between both conditions. 
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Table 7: Duration of signals in seconds at the top and at the bottom of each building for the 
fixed base (FB) and soil-structure (SSI) models for the longitudinal (L), transverse (T) and 
vertical (V) components. The condition applied to define the duration of the signal is that the 
amplitude is between 5% and 95% of the maximum amplitude of the Husid integral (squared 
acceleration integral of the signal). 

 TOP 

ST RBT IBT M HR 

L T V L T V L T V L T V L T V 
FB 10.2 9.5 19.3 14.3 10.8 20.3 11.5 11.5 20.2 11.0 15.6 20.6 10.2 10.7 14.3 
SSI 10.0 10.8 17.3 10.1 12.0 16.4 10.9 10.3 17.2 11.0 16.1 19.2 22.8 17.5 18.8 
Diff 

(%) 

2 12 12 42 10 24 6 12 17 0 3 7 55 39 24 

 BOTTOM 

ST RBT IBT M HR 

L T V L T V L T V L T V L T V 
FB 12.1 12.5 21.8 12.1 12.5 21.8 12.1 12.8 18.4 12.1 12.5 21.8 12.5 12.1 21.8 
SSI 12.2 13.2 19.0 12.1 12.9 16.7 12.1 12.5 21.8 12.0 12.6 20.0 13.4 12.5 19.9 
Diff 

(%) 

1 5 15 0 8 27 0 2 16 1 1 9 7 3 10 

 

II.3.2. Intensity parameters of the seismic motion 

Each model shows different AI and EI variations as function of the considered component 

(Figure 20 and Figure 21). For AI parameter, the ST building shows an important decrease on 

horizontal components (more than 60%) and slight increase on vertical component (less than 

30%) with SSI. For RBT model, AI exhibits an important increase on all components (more 

than 35%) with SSI. Slight effects are observed on horizontal components for IBT model with 

SSI (7% in the transverse direction and 32% in the longitudinal one) but a significant increase 

of AI on the vertical component is noted (43% of increase). The HR building presents an 

important decrease of AI on all components (more than 100%) with SSI. The M structure does 

not show significant changes of AI parameter with SSI.  
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Figure 20: Normalized Arias intensity (AIn) at the top of each building for the longitudinal, 
transversal and vertical components for fixed base (FB) and soil-structure (SSI) models 
represented with the relative difference between both conditions. AIn is normalized using the 
FB condition as reference. 

For EI parameter, the ST building shows an important decrease on horizontal components (more 

than 50%) and negligible modification on vertical component (less than 3%) with SSI. For RBT 

model, an important increase of EI is observed on the horizontal components (more than 40%) 

with SSI. No variations are noted on the vertical component. The HR structure presents an 

important decrease of EI on the horizontal components (above 80%) with SSI. The vertical 

component exhibits negligible modifications. No strong effects are observed on all components 

for IBT and M models with SSI (under 25% of difference between both conditions). 
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Figure 21: Normalized integral of energy (EIn) at the top of each building for the longitudinal, 
transversal and vertical components for fixed base (FB) and soil-structure (SSI) models 
represented with the relative difference between both conditions. EIn is normalized using the 
FB condition as reference. 

Peak acceleration (PA), peak velocity (PV) and peak displacement (PD) values at the top and 

at the bottom of buildings for FB and with SSI, and for the three directions for the ST, RBT, 

IBT, M and HR models can be found respectively in Table 8, Table 9, Table 10, Table 11 and 

Table 12. SSI effects seem to have insignificant influence on PA, PV and PD value for most of 

the models (ST, RBT, IBT and M show values under 30% of relative difference). Only the HR 

structure shows major differences of these values for both conditions. PA is affected by a 

decrease of more than 110% at the top of the building with SSI, PV is affected by a decrease of 

more than 55% and PD by a decrease of more than 10% on the horizontal components. 

Therefore, these parameters appear to be sensitive to SSI effects only in the case of HR building. 
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Table 8: PA, PV and PD for FB and soft soil conditions at the top and the bottom of the shear 
type (ST) model and for the three directions. The relative discrepancies between the both 
conditions is also indicated. 
 TOP 

Longitudinal Transverse Vertical 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

FB 2.13 0.17 0.02 2.47 0.16 0.01 0.31 0.03 0.01 
SSI 1.87 0.15 0.02 1.94 0.12 0.01 0.42 0.03 0.01 
Diff. 14% 11% 0% 27% 28% 0% 25% 0% 0% 
 BOTTOM 

Longitudinal Transverse Vertical 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

FB 0.58 0.06 0.01 0.57 0.04 0.01 0.27 0.03 0.01 
SSI 0.56 0.06 0.01 0.55 0.04 0.01 0.33 0.03 0.01 
Diff. 4% 0% 0% 3% 0% 0% 17% 0% 0% 

Table 9: PA, PV and PD for FB and soft soil conditions at the top and the bottom of the regular 
bending type (RBT) model and for the three directions. The relative discrepancies between the 
both conditions is also indicated. 
 TOP 

Longitudinal Transverse Vertical 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

FB 1.03 0.06 0.01 1.24 0.07 0.01 0.30 0.03 0.01 
SSI 1.35 0.08 0.02 1.63 0.09 0.01 0.38 0.03 0.01 
Diff. 24% 23% 7% 24% 25% 0% 22% 0% 0% 
 BOTTOM 

Longitudinal Transverse Vertical 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

FB 0.58 0.06 0.01 0.57 0.04 0.01 0.27 0.03 0.01 
SSI 0.58 0.06 0.01 0.53 0.04 0.01 0.37 0.03 0.01 
Diff. 0% 0% 0% 8% 0% 0% 26% 0% 0% 
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Table 10: PA, PV and PD for FB and soft soil conditions at the top and the bottom of the 
irregular bending type (IBT) model and for the three directions. The relative discrepancies 
between the both conditions is also indicated. 
 TOP 

Longitudinal Transverse Vertical 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

FB 1.81 0.09 0.01 2.62 0.15 0.01 0.29 0.03 0.01 
SSI 1.92 0.11 0.01 2.19 0.13 0.02 0.38 0.03 0.01 
Diff. 5% 20% 0% 20% 17% 13% 24% 0% 0% 
 BOTTOM 

Longitudinal Transverse Vertical 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

FB 0.58 0.06 0.01 0.57 0.04 0.01 0.27 0.03 0.01 
SSI 0.54 0.06 0.01 0.54 0.04 0.01 0.34 0.03 0.01 
Diff. 7% 0% 0% 6% 0% 0% 20% 0% 0% 

Table 11: PA, PV and PD for FB and soft soil conditions at the top and the bottom of the 
masonry (M) model and for the three directions. The relative discrepancies between the both 
conditions is also indicated. 
 TOP 

Longitudinal Transverse Vertical 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

FB 0.66 0.06 0.01 1.37 0.13 0.02 0.30 0.03 0.01 
SSI 0.68 0.06 0.01 1.32 0.13 0.02 0.34 0.03 0.01 
Diff. 3% 0% 0% 4% 0% 0% 13% 0% 0% 
 BOTTOM 

Longitudinal Transverse Vertical 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

FB 0.58 0.06 0.01 0.57 0.04 0.01 0.27 0.03 0.01 
SSI 0.58 0.06 0.01 0.56 0.04 0.01 0.30 0.03 0.01 
Diff. 0% 0% 0% 3% 0% 0% 9% 0% 0% 
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Table 12: PA, PV and PD for FB and soft soil conditions at the top and the bottom of the high-
rise (HR) model and for the three directions. The relative discrepancies between the both 
conditions is also indicated. 
 TOP 

Longitudinal Transverse Vertical 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

FB 1.64 0.15 0.02 2.18 0.19 0.03 0.49 0.03 0.01 
SSI 0.76 0.09 0.02 1.04 0.13 0.03 0.31 0.04 0.01 
Diff. 114% 60% 0% 110% 55% 0% 60% 11% 0% 
 BOTTOM 

Longitudinal Transverse Vertical 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

PA 

(cm/s²) 

PV 

(cm/s) 

PD 

(cm) 

FB 0.57 0.04 0.01 0.58 0.06 0.01 0.27 0.03 0.01 
SSI 0.37 0.04 0.04 0.39 0.05 0.01 0.23 0.03 0.03 
Diff. 55% 0% 0% 49% 13% 0% 18% 0% 0% 

PA ratio represents the difference of the structure ability to endure a specific displacement at 

one period between FB and with SSI (Table 13). It is observed that this ratio is higher on the 

vertical component than on the horizontal components for all the FE models. It means that SSI 

increases the value of PA on this component and so, can induce stronger vertical displacements 

in the building. Only the HR building exhibits ratio under 1 for all components that means that 

SSI effects produce lower displacement in the building whatever the component. 

Table 13: Summary of the peak acceleration (PA) ratio between the soil-structure system (SSI) 
and fixed base (FB) condition at the top of each building. 

 PASSI / PAFB 

Bldg Longitudinal Transverse Vertical 

ST 0.88 0.79 1.35 
RBT 1.31 1.31 1.27 
IBT 1.06 0.84 1.31 
M 1.03 0.96 1.13 
HR 0.46 0.48 0.63 

The analysis the RBT, IBT and M models show no specific influence of SSI on the SA on the 

horizontal components (Figure 22). Only the vertical one presents an increase of SA generally 

at the first natural frequency of the building (and in higher frequencies for RBT and IBT 

buildings). The ST model exhibits slight difference of SA value on the three components 

between both conditions. The horizontal one shows a decrease of the spectrum amplitude 

whereas the vertical component shows an increase of SA. Lower amplitude of SA is observed 

for the HR structure on the horizontal components. SA on vertical component does not present 
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significant variations. With SSI, there is no energy for lower periods than the one characteristic 

of the SA of the soil domain (from 0.5s). 

 

Figure 22: Acceleration spectra (SA) at the base of each building for fixed base (FB) and soil-
structure (SSI) models for the longitudinal, transversal and vertical components. 
 

II.4. Modal parameters 

The modal parameters from the FE models are compared to the ones obtained from the 

numerical noise output at each level and each corner of the FE building models using the FDDA 

code that combines FDD and vectorial random decrement (RD) technique (Figure 23, Figure 

24, Figure 25, Figure 26 and Figure 27). Signal output from white noise excitation has a time 

step of 0.02s and 300s of duration, similarly to the input signal. The effects of SSI on each FE 

model are studied as function of the natural frequency and the mode shapes through the effective 

mass of each mode and the modal assurance criterion (MAC). 
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Figure 23: Dynamic features of the shear type (ST) model: (a) top to bottom transfer functions 
(TF) for the longitudinal and transversal component of motion; (b) first (blue) and second 
(green) singular value (SV) spectra obtained from the FDDA code for fixed base (FB) condition 
and with soil-structure interaction (SSI); mode shapes obtained by modal analysis in a finite 
element scheme and from the FDDA code for the (c) FB and (d) SSI models. 
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Figure 24: Dynamic features of the regular bending type (RBT) model: (a) top to bottom 
transfer functions (TF) for the longitudinal and transversal component of motion; (b) first (blue) 
and second (green) singular value (SV) spectra obtained from the FDDA code for fixed base 
(FB) condition and with soil-structure interaction (SSI); mode shapes obtained by modal 
analysis in a finite element scheme and from the FDDA code for the (c) FB and (d) SSI models. 
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Figure 25: Dynamic features of the irregular bending type (IBT) model: (a) top to bottom 
transfer functions (TF) for the longitudinal and transversal component of motion; (b) first (blue) 
and second (green) singular value (SV) spectra obtained from the FDDA code for fixed base 
(FB) condition and with soil-structure interaction (SSI); mode shapes obtained by modal 
analysis in a finite element scheme and from the FDDA code for the (c) FB and (d) SSI models. 
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Figure 26: Dynamic features of the masonry (M) model: (a) top to bottom transfer functions 
(TF) for the longitudinal and transversal component of motion; (b) first (blue) and second 
(green) singular value (SV) spectra obtained from the FDDA code for fixed base (FB) condition 
and with soil-structure interaction (SSI); mode shapes obtained by modal analysis in a finite 
element scheme and from the FDDA code for the (c) FB and (d) SSI models. A peak is observed 
on the SV plot with SSI around 6 Hz but not compared in this analysis because the FE model 
found this mode after more than 200 modes (both global and local). 
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Figure 27: Dynamic features of the high-rise (HR) model: (a) top to bottom transfer functions 
(TF) for the longitudinal and transversal component of motion; (b) first (blue) and second 
(green) singular value (SV) spectra obtained from the FDDA code for fixed base (FB) condition 
and with soil-structure interaction (SSI); mode shapes obtained by modal analysis in a FE 
scheme and from the FDDA code for the (c) FB and (d) SSI models. 
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II.4.1. Natural frequency 

The natural frequency of each building and the mode shapes are obtained from the FE models, 

the transfer functions analysis and the FDDA code. They are computed from 30s signal duration 

in the frequency range 0.5 – 15 Hz. To smooth even more the SVD curves, 20s time windows 

are chosen in the FDDA process. The short term average (STA) and long term average (LTA) 

used to compute the transfer functions are respectively equal to 3s and 10s. The minimum ratio 

STA/LTA is set to 0.2 and the maximum is put at 2.5. Results are presented in Table 14. Results 

for both transfer function and FDDA approach are discussed. 

Table 14: Natural frequencies f, direction of the related mode shape and effective mass ε 
obtained from the fixed base (FB) and soil-structure (SSI) models from the finite element (FE) 
models, transfer function (TF) analysis and FDDA code. 

 FB SSI 
FE TF FDDA FE TF FDDA 

Bldg Mode Dir f (Hz) ε (%) f 

(Hz) 

f (Hz) Dir f 

(Hz) 

ε (%) f 

(Hz) 

f (Hz) 

ST 

1 L⁺ 2.40 83.5 2.4 2.3 L 2.19 46.0 2.4 2.3 
2 T⁺⁺ 2.59 84.1 2.5 2.5 T 2.23 55.8 2.5 2.4 
3 Tor⁺⁺⁺ 2.98 0.0 - - L 2.56 31.9 - - 
4 L2 7.50 10.4 6.9 6.8 T 2.63 22.1 - - 
5 T2 7.96 10.5 7.3 7.1 Tor 2.97 0.0 - - 
6 Tor 9.22 0.0 - - L2 6.37 10.6 6.9 6.0 
7 - - - - - T2 6.39 9.1 7.3 6.2 

RBT 

1 T 4.36 71.1+4.4 4.2 4.4 T 2.31 64.5+10.6 3.4 3.4 
2 L 4.70 72.3+4.4 4.5 4.6 L 3.22 65.0+10.7 3.4 3.5 
3 Tor 6.55 0.1 - - T 3.44 2.5 - - 
4 T2 16.04 16.2 12.4 12.6 L 3.60 2.1 - - 
5 L2 19.26 13.5 13.5 - Tor 4.99 0.0 - - 
6 - - - - - L2 6.40 10.0 6.2 6.0 
7 - - - - - T2 6.41 10.5 6.2 6.2 

IBT 

1 T+L 2.98 56.3+5.5 2.9 3.0 T+L 2.28 61.6+7.9 2.8 2.7 
2 L+T 7.23 58.2+12.6 6.8 6.7 L+T 2.31 67.6+8.7 2.8 3.9 
3 T2 9.22 4.5 9.1 8.5 T 2.84 7.4 - - 
4 Tor 10.45 14.7+11.4 - 9.3 L 3.94 1.7 3.9 - 
5 - - - - - Tor 6.15 2.6+0.1 5.9 5.9 
6 - - - - - T2 6.16 2.6 6.8 6.9 
7 - - - - - L2 6.42 9.8 6.8 - 

M 

1 T 1.29 31.7 1.2 1.3 T 1.24 0.0 1.2 1.3 
2 T+L 2.50 2.8 3.6 2.4 T+L 2.36 0.0 3.6 2.4 
3 T2 2.70 0.0 8.1 2.8 T2 2.65 0.0 6.0 2.8 

HR 

1 T 1.34 57.7 1.3 1.3 T 0.97 7.2 1.0 0.9 
2 L 1.48 63.1 1.4 1.4 L 0.98 7.9 1.0 1.1 
3 Tor 1.86 0.0 - - Tor 1.37 0.0 - - 
4 T2 6.19 18.4 5.9 6.0 T2 2.40 70.6 4.9 4.6 
5 L2 7.10 0.0 6.1 - L2 2.42 70.6 5.3 5.3 

⁺ Longitudinal bending; ⁺⁺ Transverse bending; ⁺⁺⁺ Torsion mode 
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Both methods show similar results for all models. It is observed that the SVD of all FE models 

contains more peaks with SSI than in FB condition.  

The comparison of the transfer functions shows that the first natural frequency of FE models 

tends to decrease with SSI. The variation of frequency observed for the ST and M models seems 

negligible from one condition (FB) to another (SSI) contrary to other types of building. RBT, 

IBT and HR models, specifically, show differences between the natural frequency values of the 

first three modes for both conditions (up to 140% for the IBT building observed on the transfer 

function of the mode 2). 

 

II.4.2. Mode shape 

The mode shapes of each FE building are analyzed and compared between the FB and soil-

structure condition. The effective modal mass and the MAC are notably introduced and used to 

quantify the modal comparison. 

 

II.4.2.1 Effective modal mass 

The linear dynamic analysis of the FB model gives the effective mass for each mode and each 

component through the numerical modeling. The effective modal mass indicates how much the 

total mass of the system contributes to a specific mode of deformation. In other words, the 

effective modal mass is a kind of measure of the energy contained within each resonant mode 

(Finkelstein, 2019). This parameter associated to each mode shape is estimated as: 

𝜀𝑖 = 100( 𝑝𝑖2𝑀𝐹𝐵)[%] (84) 

where 𝑀𝐹𝐵 = 𝑝𝑇𝑝 is the total mass of the building, 𝑝𝑖 is the modal participation factor, term of 

the modal participation vector 𝑝 = 𝛷𝑇𝑀𝐹𝐵𝜏, where τ is the influence vector of dynamic 

loading.  

In analytical approaches, the effective modal mass is defined as the mass needed to be added to 

the true mass to correctly predict the behavior of the system. In the Eurocode 8 (CEN, 2003), 

the modes where the effective modal mass is greater than 5% is generally considered as 
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dominant modes in the dynamic response of the system. Low effective modal mass suggests 

either the presence of local mode of deformation or symmetric mode shape with respect to the 

center of gravity of the system. 

 

II.4.2.2 Comparison of modes between fixed base and soil-
structure models  

The comparison of mode shapes using MAC value is presented in Table 15. An example of 

comparison is explained to help the reader to interpret the table. For the ST building, the MAC 

is computed between the first mode shape identified in FB and the first mode shape identified 

with SSI for the longitudinal direction. The obtained MAC value is close to 1 that means that 

the first mode shape in both conditions, and for this specific direction, are quite similar. On the 

contrary, the MAC computed between the 4th mode shape identified in FB and the 6th mode 

shape identified with SSI for the longitudinal direction gives a result close to 60% that means 

that the mode shapes differ. 

Table 15: Difference in mode shapes between fixed base (FB) and soil-structure (SSI) models: 
effective modal mass ε and cross-modal assurance criterion (MAC). 
  FB SSI  

Bldg Dir Mode f (Hz) ε (%) Mode f (Hz) ε (%) MAC 

(%) 

ST 

L 1 2.40 83.5 1 2.19 46.0 99.9 
T 2 2.59 84.1 2 2.23 55.8 99.1 
L2 4 7.50 10.4 6 6.37 10.6 62.6 
T2 5 7.96 10.5 7 6.39 9.1 59.8 

RBT 

T 1 4.36 71.1+4.4 1 2.31 64.5+10.6 99.3 
L 2 4.70 72.3+4.4 2 3.22 65.0+10.7 98.7 
T2 4 16.04 16.2 6 6.40 10.0 0.7 

IBT 

T+L 1 2.98 56.3+5.5 1 2.28 61.6+7.9 99.0 
L+T 2 7.23 58.2+12.6 2 2.31 67.6+8.7 95.3 
T2 3 9.22 4.5 6 6.16 2.6 30.7 

M 

T 1 1.29 31.7 1 1.24 0.0 99.9 
T+L 2 2.50 2.8 2 2.36 0.0 99.7 
T2 3 2.70 0.0 3 2.65 0.0 17.9 

HR 

T 1 1.34 57.7 1 0.97 7.2 99.8 
L 2 1.48 63.1 2 0.98 7.9 99.7 
T2 4 6.19 18.4 4 2.40 71.3 84.8 

T=transverse direction, L=longitudinal direction 

In the first place, it is observed that mode shapes observed from the FE model are generally 

well retrieved through the FDDA analysis. Missing modes in the FDDA analysis may results 
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from modes that have low effective modal mass value and so, low contribution in the whole 

system. Therefore, this kind of modes are not distinguished in the SVD. One other possibility 

of the absence of modes in FDDA analysis may be the proximity of several peaks in the SVD. 

This can lead to interpret the existence of a unique mode whereas there are several or maybe to 

the presence of only one mode that contributes in the deformation of both horizontal directions. 

This uncertainty also exists during the interpretation of real data through FDDA analysis. For 

ST, RBT and HR models, torsion mode shows low participation of the mass of the buildings in 

FB condition (0% on the longitudinal and transverse components). This deformation is however 

well observed on the FE models. M building presents negligible effective mass value in its 

deformation behavior. But in contrast, IBT structure shows high effective modal mass in the 

torsion mode (11% on the longitudinal component and 15% on the transverse component). 

The analysis of the FE building model shows that SSI induces a change in the order of 

appearance of modes compared to the FB condition. For low-rise RC structures, torsion mode 

always appears at higher frequency with SSI than in FB condition. For ST and RBT buildings, 

the mode goes to the 5th place with SSI whereas it was in 3rd place in FB condition. For IBT 

building, the torsion mode is shifted from the 4th to the 5th position with SSI.  

The comparison of modes using the MAC shows that the first two mode shapes are generally 

highly correlated between both conditions for all buildings (above 95% of similarity). The 

difference between the mode shapes increases with higher modes. 

For the IBT model, it is observed that the center of rotation of the torsion mode is localized at 

the center of the building with SSI contrary to the off-center position in FB condition. Also, the 

torsion is observed in the FDDA analysis because the effective modal mass is relevant in this 

deformation. 

We can note that the deformation of the building seems to be concentrated in the floors instead 

of the beams for the 3rd and the 4th modes of the FE models of ST, RBT and IBT with SSI. 

For the M model, SSI seems to have negligible effects on the dynamic behavior of this building 

compared to the FB condition, notably in the longitudinal direction of deformation (the most 

rigid direction). The deformation is concentrated in the transverse direction, in longer walls 

where openings are placed. The FDDA analysis have difficulty to show details of local modes. 

It will need more control points to represent well the deformation. Notably on the shorter walls 

(instead of zero at present) and more on the longer ones (instead of the current 22 points). 
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Furthermore, SSI seems to have also negligible effects on the deformation of the foundation for 

ST, IBT and M models. On the contrary, RBT and HR structures show slight deformation of 

the foundation in higher modes. 

 

II.5. Soil-structure interaction of the Nice 

Prefecture building 

II.5.1. The soil-structure finite element model 

The Nice Prefecture building represents a detailed complex case study of an important HR 

building located in the Var valley (Nice, France). In 2018, Lorenzo et al. (2018) studied the 

dynamic behavior of the complex building through ambient vibration data. They compared the 

results of the building modeling to the results of the inverse analysis based on recordings. The 

authors found that the dynamic analysis of only one tower does not allow to retrieve the 

measured natural frequency of the building (1.21 Hz). Only the complete model of the building 

under low excitation and with no consideration of the seismic joint between the towers is able 

to give the measured natural frequency in FB condition. The Nice Prefecture building in FB 

condition is represented as the HR model (Table 4). In this thesis, the calibration of the building 

model is updated by assembling the structure with the local stratigraphy and adding the 

foundation composed of RC foundation slab and rigid inclusions (Figure 28). The building is 

supported by 140 rigid inclusions located in the ground having a diameter equals to 0.73 m, 

height of 5 m and inter-distance equals to 3 m. 1D elements and 3D elements have been used 

and compared to represent the inclusions in the soil domain. The results show that 1D elements 

have no effects on the dynamic behavior of the building contrary to the 3D elements that have 

local impact. The white noise signal is injected at the base of the model. 
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Figure 28: Finite element model of the Nice Prefecture building assembled with a 3D soil 
domain representing the local stratigraphy. The vertical section shows the soil domain with 
excavation, the two underground floors (lighter green parts of the building) and rigid inclusions 
(pink elements). The effective height H and the length of the structural wall b in the direction 
of the first mode shape are indicated. 

The soil stratigraphy of the lower Var valley is added to the building model using the last 

geotechnical model of the valley (Rohmer et al., 2020) in order to study the SSI effects. At the 

location of the Nice Prefecture building, the soil profile is composed of seven soft sedimentary 

layers with different properties and thickness (Table 16). The estimated fs0 of this profile is 2 

Hz (Figure 29) and corresponds to the measured frequency in the field at this place (1.96 Hz 

according to Rohmer et al. (2020)). The building model is calibrated to reproduce the natural 

frequency obtained by FDD using recorded signals (1.21 Hz). Instead of changing the 

dimension of the beams to fit the measured frequency (as in the study of Lorenzo et al., 2018), 

we calibrate the structural properties. Imposing the structure dimensions declared in the 

construction plans and soil stratigraphy, the building model is calibrated using 800 kg.m-2 as 

sum of dead and live loads. The mechanical properties of RC are used: the elastic modulus 𝐸𝑐 =3.30 × 1010 N.m-2, Poisson’s ratio 𝜈𝑐 = 0.2, density 𝜌𝑐 = 2200 kg.m-3 and damping ratio 𝜁0 =5%. The effective structure height is 60 m (Table 4) and the length of the RC wall in the 

direction of the first mode shape is 8 m (Figure 28). This building has thus a large aspect ratio 

compared to the others (Table 4).  
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Table 16: Geometrical properties of the local soil stratigraphy under the Nice Prefecture 
building. H is the mesh element height. 

  Element Mesh 
Depth (m) Thickness (m) Min nb Max H (m) 

0 2.7 2 1.4 
2.7 10.6 4 2.7 
13.3 4 2 2.0 
17.3 3.7 2 1.9 
21 3.1 2 1.5 

24.1 5.1 3 1.7 
29.2 27 9 3.0 

 

 

Figure 29: Transfer functions (TF) of the soil column on the both horizontal components, 
computed considering the spectral ratio between the signal at the top and the bottom of the local 
soil model and normalized by the maximum amplitude of the horizontal TF. 

 

II.5.2. Natural frequency 

The transfer functions between the top and the bottom of the Nice Prefecture building are 

computed for each model and presented in Figure 30. The results show that the SSI tends to 

decrease the first natural frequency of the building by almost 20% respectively from 1.37 Hz to 

0.99 Hz and from 1.5 Hz to 0.98 Hz on the longitudinal and transversal components. Moreover, 

higher modes appear to have a lower natural frequency value with SSI. 
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Figure 30: Transfer functions (TF) of the longitudinal and transversal components computed 
between the top and the bottom of the Nice Prefecture finite element model. 

 

II.5.3. Seismic wave propagation velocity  

The deconvolution interferometry method (Snieder and Şafak, 2006) is used to estimate the Vs 

through the Nice prefecture building. The duration of signals is 100s with high frequency 

sampling equals to 500 Hz to better observe the seismic wave propagation through the building. 

The signals are first filtered between 0.5 and 10 Hz using a Butterworth bandpass before 

applying the deconvolution process (Figure 31). 

The wave trains are picked at the maximum of the wavelet at the top of the building. The large 

width of the wavelet at the bottom of the building is taken into account to estimate a confidence 

range for the Vs estimation. Results are summarized in Table 17. 
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Figure 31: Impulse response function for each floor on the horizontal component for fixed base 
(FB) and with soil-structure interaction (SSI). The virtual source station is at the bottom. The 
signals have been filtered between 0.5 and 10 Hz before deconvolution process. Dashed lines 
indicated the picked propagation velocity. 
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Table 17: Estimated shear wave velocity (Vs) from impulse response functions in the model and 
relative difference between the both conditions. 

 Vs mean (m/s) Uncertainty (m/s) 
Longitudinal Transverse Longitudinal Transverse 

FB 610 640 180 140 
SSI 600 770 200 130 
Relative diff. 2% 17% / / 

The application of the relationship proposed by Michel and Guéguen (2018) (presented in the 

Chapter I) to the Nice Prefecture building is presented below (Eq.(85)). The first and second 

bending modes have very close natural frequencies, therefore, the velocity tends to be the same 

in both directions of the building. 

𝑉𝑠 = 𝑓 × 4𝐻𝜒(𝐶) = 1.2 × 4 × 660.7 = 452.6𝑚. 𝑠−1 (85) 

The result shows that the velocity value is very close to the one found by Lorenzo (2016) from 

ambient vibration data (490 to 540 m.s-1) whereas the result from the deconvolution 

interfererometry present larger velocity value with high uncertainty. The equation proposed by 

Michel and Guéguen (2018) appears suitable to investigate the Vs in this building. 

 

II.6. Rocking motion analysis  

SSI effects are now investigated through the study of the rocking motion at the base of the 

buildings. The rocking spectral ratio presented in Chapter I is used to put in evidence the 

presence of rocking motion on a large frequency range. The analysis is first applied on the FE 

building model using a single horizontal component of seismic loading and white noise input. 

Second, the method is applied to real earthquake recordings and ambient vibration data obtained 

from accelerometric sensors at the base of the Nice Prefecture building.  For noise data, vertical 

components are compared in the frequency range 0.1 – 8 Hz and using 30s overlapping (5%) 

time windows. The investigation of rocking motion is performed up to 8 Hz because the 

observed mode frequency of the FE buildings did not exceed this frequency in the FDD 

analysis. The STA and LTA are respectively set to 3s and 10s. The minimum STA/LTA ratio 

is 0.2 and the maximum is 2.5.  
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II.6.1. From numerical data 

We choose to propagate seismic waves in the horizontal component corresponding to the 

direction of the first mode shape of each FE building in order to observe potential vertical 

differential motions. Here, the displacement is directly extracted from the ABAQUS software 

and filtered using a Butterworth passband filter of order 3 with a central frequency equals to 

the first natural frequency of each building. Only the RC buildings are studied. Indeed, the M 

model is considering too low and stiff to show significant differential displacements at the base 

of the building. 

From the Figure 32, differential displacements on the vertical component, interpreted as rocking 

motion, is clearly observed between the points aligned in the direction of vibration for all 

buildings. Therefore, the analysis of the displacement time series gives a first insight of the 

rocking phenomenon in the buildings. We can note that the amplitude of motion in ST building 

is negligible compared to the other buildings. Consequently, we consider that the differential 

displacement at the base of this building is negligible and, thus, do not consider it in the 

following analysis. 

 

Figure 32: Zoom on the displacement time series of the vertical component at three corners at 
the base of the reinforced concrete buildings with soil-structure interaction. 

The rocking spectral ratio are then computed for the RBT, IBT and HR buildings in order to 

investigate more deeply the rocking motion and identified at which frequency this motion 

occurs (Figure 33, Figure 35 and Figure 37). The seismic response of the buildings are filtered 

around the frequency ranges highlighted by the rocking spectral ratio analysis in order to 

confirm the presence of rocking motion at the considered frequency (Figure 34, Figure 36 and 

Figure 38). The Table 18 summaries the results of this analysis. 
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Figure 33: Rocking spectral ratio of the regular bending type (RBT) building computed from a) 
seismic signal between corners 1 – 2 and 3 – 4 in the direction of the vibration and b) ambient 
vibration data between corners 1 – 2, 3 – 4, 1 – 4 and 2 – 3. The rocking effect is highlighted at 
3.2 – 3.6 Hz for couples 1 – 2, 3 – 4, 2 – 3; at 5.6 – 6 Hz for couples 3 – 4 and at 6.2 – 6.6 Hz 
for all couples. 

 

Figure 34: Zoom on the filtered velocity time series of the seismic signal at each corner 
computed for the highlighted frequency bands in the rocking spectral ratio of the regular 
bending type building (RBT). 
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Figure 35: Rocking spectral ratio of the irregular bending type (IBT) building computed from 
a) seismic signal between corners 1 – 2 and 3 – 4 in the direction of vibration and b) ambient 
vibration data between corners 1 – 2, 3 – 4, 1 – 4 and 2 – 3. The rocking effect is highlighted at 
2.6 – 3 Hz for couples 1 – 2 and 3 – 4; at 3.7 – 4 Hz for couples 1 – 4 and 2 – 3; at 5.6 – 6 Hz 
for couple 1 – 4; at 6.1 – 6.5 Hz for couples 1 – 4 and 3 – 4; at 6.7 – 7 Hz for couples 1 – 4 and 
3 – 4. 
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Figure 36: Zoom on the filtered velocity time series of the seismic signal at each corner 
computed for the highlighted frequency bands in the rocking spectral ratio of the irregular 
bending type building (IBT). 
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Figure 37: Rocking spectral ratio of the high-rise bending type (HR) building computed from 
a) seismic signal between corners 1 – 2 in the direction of vibration and b) ambient vibration 
data between corners 1 – 2 and 2 – 3. The rocking effect is highlighted at 0.9 – 1.1 Hz and at 6 
– 6.5 H for couple 1 – 2. 
 

 

Figure 38: Zoom on the filtered velocity time series of the seismic signal at each corner 
computed for the highlighted frequency bands in the rocking spectral ratio of the high-rise 
bending type building (HR). The rocking effect is put in evidence at 0.9 – 1.1 Hz and at 6 – 6.5 
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Hz for couple 1 – 2. Other frequency bands are presented to show that peak on rocking spectral 
ratio may not represent rocking motion but transient motion. 

Table 18: Frequency band highlighted by high amplitude peaks on the rocking spectral ratio for 
each building and validation of the presence of rocking motion based on the filtered seismic 
signal. 

  Rocking spectral ratio  

  Direction of sensor alignment where 

differential vertical motion is observed 

Validation of the 

rocking motion 

assumption 

Bldg. Frequency 

range (Hz) 

Seismic data Noise 

data 

Filtered seismic signal 

RBT 
3.2 – 3.6 T⁺ T+L* Yes 
5.6 – 6.0 / T Yes 
6.2 – 6.6 / T+L Yes 

IBT 

2.6 – 3.0 T T Yes 
3.7 – 4.0 / L Yes 
5.6 – 6.0 / L Yes 
6.1 – 6.5 T+L T+L Yes 
6.7 – 7.0 / T+L Yes 

HR 

0.9 – 1.1 T T Yes 
5.2 – 5.5 / T+L No 
6.0 – 6.5 / T+L Yes 
7.0 – 7.4 / T+L Yes for T 

No for L 
T⁺=transverse direction, L*=longitudinal direction 

For the RBT, IBT and HR models, the rocking motion is observed by a clear out of phase on 

the displacement time series.  

For the RBT model (Figure 33), a peak is observed on the differential motion computed from 

both type of data (seismic and noise) at 3.4 Hz corresponding to the first natural frequency of 

the building. One can notice that close to this frequency, the rocking spectral ratio from seismic 

data indicate two peaks, one below and another above 3.4 Hz, whereas on the rocking spectral 

ratio from noise data the peak is well defined. The analysis of the filtered seismic signals at the 

sensors (Figure 34) clearly shows that, for the frequency range 3.2 – 3.6 Hz, the motions are in 

phase opposition for three couples of sensors in both horizontal direction of the building. The 

amplitude is similar at corners 2 – 3 and at corners 1 – 4. But it differs between corners 1 – 2 

and 3 – 4. Peaks are also distinguished on the rocking spectral ratio at 5.6 – 6 Hz and at 6.2 – 

6.6 Hz on both horizontal directions of the building only using the noise data. Signals in phase 

opposition are observed for the both frequency ranges between the corners in the transverse 

direction and only for the higher frequency range between the corners in the longitudinal 

direction.  
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The complex spatial distribution of the stiffness in the IBT building caused by the offset 

staircase induces high amplitude in the rocking spectral ratio at different frequency band as 

function of the considered direction of motion (Figure 35). Peak on the rocking spectral ratio is 

observed at 2.6 – 3 Hz for couple of sensors aligned in the transverse direction of the building 

for the seismic and ambient vibration data. This vertical differential motion is found at the first 

natural frequency of the IBT building (2.8 Hz) but also in higher frequencies. From seismic 

data, the rocking spectral ratio also presents peak at 6.1 – 6.5 Hz for couple of sensors in both 

horizontal directions. From noise data, peaks are observed at 3.7 – 4 Hz, 5.6 – 6 Hz, 6.1 – 6.5 

Hz and 6.7 – 7 Hz mainly for couple of sensors that include the sensor localized in the staircase. 

For all these frequency ranges and considered couples of sensors, the filtered seismic signals 

are in phase opposition (Figure 36). 

For the HR building (Figure 37), vertical differential motions are observed for both type of data 

(seismic and ambient vibration) at 0.9 – 1.1 Hz corresponding to the first natural frequency of 

the HR structure (0.98 Hz). This motion appears between sensors aligned in the transverse 

direction of the building. Higher frequency peaks at 5.2 – 5.5 Hz, 6 – 6.5 Hz and at 7 – 7.4 Hz 

are noted on the rocking spectral ratio computed from noise data. The analysis of the filtered 

seismic signal between these frequency ranges (Figure 38) shows that they all testify of rocking 

motion by phase differences, except for the frequency range 5.2 – 5.5 Hz where the only 

difference between signals is the amplitude level and at 6 – 6.5 Hz for sensors aligned in the 

longitudinal direction where signal phases are identical. Those examples present the limitation 

of the rocking spectral ratio interpretation. 

 

II.6.2. From real data 

The rocking spectral ratio is applied to real data in order to 1) compare rocking spectral ratio 

obtained from earthquake recording and ambient vibration data and to 2) validate the 

interpretation of the spectrum. The 7th April 2014 5.3 Mw Barcelonnette earthquake has been 

recorded by permanent accelerometric sensors placed in one of the RC tower of the Nice 

Prefecture building (Pequegnat et al., 2008; Brunel and Bertrand, 2010; CETE, 2010a). The 

epicenter was located 100 km away at the North of the building. The acceleration time series 

have been integrated according to the process proposed by Boore (2001) to find the 

displacement time series at the base of the building during the seismic event.  The signals are 



Combined influence of buildings and lithological site effect on seismic ground motion 

Chapter II. Soil-structure characterization in the finite element numerical modelling Pages 121 - 368 

then filtered around the first natural frequency of the building (1.20 Hz according to Lorenzo 

et al. (2018)) to have first insight of potential rocking motions and to compare with the rocking 

spectral ratio (Figure 39). In the following, the rocking spectral ratio is first computed from 

earthquake recording taking into account the strong phase of the signal after the first seismic 

wave arrival. The duration of the selected signal is 90s. Secondly, the rocking spectral ratio 

computed from ambient vibration recording at the same sensors is compared to the one of from 

the seismic signals (Figure 40) and the interpretation is validated according to the RD functions 

at the considered frequency and sensor couple (Figure 41). The duration of the ambient 

vibration data is 1h. 

 

 

Figure 39: Displacement time series on the vertical component at the base of the Nice Prefecture 
building record during the 7th April 2014 5.3 Mw Barcelonnette earthquake: zoom on 300s. 
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Figure 40: Rocking spectral ratio of the Nice Prefecture building computed from a) the 7th April 
2014 5.3 Mw Barcelonnette earthquake recording (90s of duration from the time of the first 
seismic wave arrival) and b) using ambient vibration recording (3600s of duration with 30s 
windows) between sensors A0 and A1 located at the base of one reinforced concrete tower. The 
rocking effect are highlighted at 1.1 – 1.4 Hz, 1.5 – 1.7 Hz and 5.4 – 5.6 Hz. 
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Figure 41: a) Zoom on the filtered displacement time series of the seismic signal and b) random 
decrement functions at sensors A0 and A1 computed for the highlighted frequency bands in the 
rocking spectral ratio of the Nice Prefecture building from earthquake recording. The rocking 
effect is put in evidence at 1.1 – 1.4 Hz, 1.5 – 1.7 Hz and 5.4 – 5.6 Hz. 

The comparison of rocking spectral ratio based on earthquake recording and ambient vibration 

data (Figure 40) shows that both spectra highlight high amplitude around the first natural 

frequency of the building (1.2 Hz). It appears that ambient vibration allows to put in evidence 

a second peak of amplitude around 1.5 Hz that is either hidden with earthquake recording or 

not excited by the earthquake. The filtered displacement time series of the seismic signal and 

the RD functions computed from noise data (Figure 41) valid a potential rocking motion around 

the first natural frequency of the building by the opposition of signal phases between both 

sensors.  

The application of rocking spectral ratio on numerical and experimental data shows that this 

method is suitable to investigate SSI effects when two distant sensors are recording 

simultaneously the vertical motion at the base of the building. For all the FE building models, 

a rocking motion is noticed at the first natural frequency in the low stiffness direction of the 
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building. Moreover, this motion can be retrieved in higher frequencies that do not necessarily 

correspond to mode frequency of the buildings. 

The comparison of rocking spectral ratio computed from seismic or noise data exhibits that the 

interpretation of the ratio is easier when the signal duration is large, increasing then the number 

of windows considered in the computation. In fact, the increase of the number of windows leads 

to smooth the rocking spectral ratio curve and to highlight and refine high amplitude peak. For 

the analysis at the first natural frequency of building, both type of data can be used. However, 

rocking motion is better investigated in high frequency range using long ambient vibration 

recording than earthquake recording (Table 18).  

 

II.7. Sensitive dynamic parameters to soil-

structure interaction effects 

Through the detailed analysis of the dynamic behavior of different types of building, key 

parameters of the structural response sensitive to SSI effects have been put in evidence. The 

Table 19 summaries the results of the analysis. 

Table 19: Soil-structure interaction effects as function of the dynamic parameters for each 
building models. 
 Time domain analysis Frequency domain analysis 

A
m

plitude 

Phase 

D
uration 

A
I 

E
I 

SA
 

PA
 

PV
 

PD
 

O
rder of 

m
odes 

f1 

M
ode 

shapes 

R
ocking 

ST              
RBT              
IBT              
M              
HR              

 
Negligible effects Slight effects Major effects 

 

Signal time series at the top of the building: 
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SSI causes negligible effects on the signal of M buildings and on the signal phase of ST 

building. Slight changes are observed on the signal amplitude for ST, RBT and IBT models 

especially on the vertical component where it increases with SSI.  

Major effects occur with SSI on the signal time series of the HR building by drastically decrease 

the signal amplitude on horizontal components and by causing the extension of the signal 

duration at the top of the building. For the case of low-rise RC buildings, the signal duration 

tends to decrease. 

SSI effects tend to change the phase of the signal for RBT, IBT and HR models compared to 

the FB condition, in a stronger way on the vertical component.  

Anderson criteria at the top of the building: 

Major effects of SSI are observed for HR building. The analysis of AI, EI, SA, PA, PV and PD 

criteria shows that SSI effect are beneficial to the building response by decreasing all of this 

parameter, mainly on the horizontal components. 

PA, PV and PD criteria appear to be not sensitive to SSI effects in the case of low-rise buildings 

whatever the building material. However, the PA ratio demonstrates that SSI effects can be 

beneficial or detrimental to the building response and the deformation modes depending on the 

building type. Mylonakis and Gazetas (2000) also found that the displacement spectra of a 

structure under SSI shows that this interaction is not always favorable for the structure. The 

study of the SA highlights an increase of this parameter on the vertical component for low-rise 

buildings with SSI. Only for ST model, the horizontal components show a significant decrease 

of the spectrum amplitude at some frequencies. 

For ST, RBT and IBT buildings, the influence of SSI effects on AI and EI depends on the 

building type. The effects are not the same as function of the component, these parameters can 

increase or decrease with SSI. 

Except for SA parameter, the M model does not present variations induced by SSI. 

Natural frequency:  

The first natural frequency of most of the FE models tends to decrease with SSI and this is 

stronger for HR building. No changes are observed on ST and M buildings between the both 

base conditions. 
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Mode shape: 

The analysis of the FE building model shows that SSI induces a change in the order of 

appearance of modes compared to the FB condition. For low-rise RC structures, torsion mode 

always appears later with SSI than in FB condition. 

The comparison of modes using the MAC shows that the first two modes shapes are generally 

highly correlated between both conditions for all buildings. The difference between the mode 

shapes increases with higher modes. 

For the M model, SSI seems to have negligible effects on the dynamic behavior of this building 

compared to the FB condition. 

Rocking: 

The analysis of the rocking motion highlights the fact that this motion occurs not only at the 

first natural frequency of the building but also in higher frequencies. Rocking effect appears to 

be negligible in the case of ST or M buildings whereas this motion is well observed for bending 

type buildings. 

 

II.8. Discussion 

Our analysis shows that SSI impacts the dynamic behavior of buildings in many different ways. 

Not all parameters are equally sensitive to SSI effects depending on the building type. 

In several studies, the response of the building generally tends to increase with SSI (in terms of 

displacement and forces applied at the base of the structure). This was also observed in many 

other studies (e.g. Naserkhaki et al., 2012; Mahmoud et al., 2013; Madani et al., 2015; Ghandil 

and Aldaikh, 2017; Miari et al., 2019). As in Rahmani et al. (2015), the first natural frequency 

of the HR building decreases drastically with SSI. 

Bárcena and Esteva (2007) brought out a relationship between the aspect ratio of the structure 

and the increase or decrease of the motion amplitude of the whole system with SSI. For low 

value of the ratio, the building response tends to be lower with SSI than the FB one. We 

observed that it is not only the shape of the building that controls the seismic response but also 

the structural configuration. Actually, for the same dimensions, ST and bending type buildings 
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undergo different SSI effects. In the case of ST building, the motion tends to decrease with SSI 

while it is not so simple in the case of IBT building. Indeed, the non-uniform distribution of the 

stiffness in the building (here the staircase) can lead to decrease or increase the building 

response with SSI.  

The detailed study of the sensitivity of dynamic features of the M model shows that only SA is 

sufficiently sensitive to put in evidence SSI effects. Cavalieri et al. (2021) based their study on 

this parameter and on the acceleration time series to study SSI effects on a numerical model of 

masonry building with basement. They conclude that SSI does not impact the recordings at the 

base of the building. 

The rocking spectral ratio combined with filtered seismic signal or RD functions from long 

ambient vibration recordings appear to be useful to detect rocking motion at the base of the 

building in a considered frequency band. This method does not require the integration of 

acceleration or velocity signals that can be troublesome (Boore, 2001; Boore and Bommer, 

2005; Javelaud, 2016). Knowing that the presence of rocking motion witnesses an important 

variation of the first natural frequency of building with SSI, attention should be paid during the 

instrumentation set up. 

Large uncertainty exists in the definition of the mechanical properties of the considered FE 

buildings. Indeed, these FE models are theoretical models used to understand SSI effects and 

not used to monitor the vulnerability of the buildings. Assumptions made to develop simple FE 

models do not take into account effects linked to meteorological conditions, reinforcement of 

the structure, mechanism to improve the damping capacity of the structure, pre-existing 

damages in materials that can be, for all of these examples, strong factors of the disturbance of 

the global stiffness of the soil-structure system (i.e. Hans, 2002; Dunand, 2005; Michel, 2007). 

Consequently, the nonlinearity of the structures has not been considered here.  

Moreover, the consideration of a soil domain of three homogeneous sedimentary layers is also 

a strong simplification of the real case. In fact, it is known that the superficial soil, especially 

in valley, is rarely constituted of homogeneous material. It is often filled with different 

sedimentary deposits from different sources due to the passage of a river or even anthropogenic 

filling in the case of dense urbanization of the area. The Var valley is a typical example of the 

mixing of both cases and in addition, presents marine deposits. 
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The observed SSI impact on the considered seismic response parameters may be underestimated 

because of some effects have not been taken into account in this analysis. For example, the 

energy amplification at some frequencies with SSI can be explained by different phenomena 

occurring in a sedimentary basin such as 2D/3D resonance effects, the proximity of topography 

or basin edge inducing the generation of surface waves, seismic waves trapping in sedimentary 

layers, all depending on the shape and the depth of the basin (i.e. Kumar and Narayan, 2018), 

the mechanical properties of the sedimentary basin (Vs, ρ, G,…) including the non-linear soil 

behavior. Closer to the building, the stiffness ratio and damping ratio between the foundation 

and the soil are also involved in the solicitation of SSI (i.e. Ghannad and Jahankhah, 2007).  

 

II.9. Conclusion 

Several building types and their dynamic parameters have been investigated to find which of 

them are the most sensitive to SSI effects. Five different types of building, high and low-rise, 

some having reinforced concrete or masonry materials, have been considered and subjected to 

white noise and simulated earthquake.  

We show that the impact of the SSI on the building response is depending on the aspect ratio 

of the structure and also on the non-uniform distribution of rigidity in the structure. The low-

rise M and ST buildings appear to be the less sensitive to SSI effects whereas bending type 

buildings show changes in several dynamic parameters. We note that even if the first natural 

frequency of the ST building is closed to the soil fundamental frequency and induced a double 

resonance condition, the influence of SSI effects on the response of this building remains lower 

than the one of the bending type buildings. 

Building dynamic parameters the most sensitive to SSI are presented in the following. Their 

variations are described in the case of the flexible base condition compared to the fixed base 

condition. 

 A decrease of the first natural frequency is observed for all the reinforced concrete 

buildings. 

 The mode shapes and the order of apparition of the modes differ in the case of low-rise 

reinforced concrete buildings. 
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 The amplitude and the phase of the signal are modified by the SSI for all the reinforced 

concrete buildings. For ST, IBT and HR models, the amplitude decreases at the top of 

the building whereas it increases for the RBT model. 

 The signal duration decreases in the case of low-rise reinforced concrete buildings but 

increases for HR building. 

 The motion intensity in high and medium frequencies tends to decrease for ST and HR 

buildings whereas it increases for the RBT model. 

 A rocking motion is highlighted at the base of the reinforced concrete bending type 

buildings at their first natural frequency but also in higher frequencies. 

For experimental studies, we show that the analysis of mode shapes does not give obvious 

information about SSI effects. However, the rocking spectral ratio analysis constitutes a 

powerful tool to identify SSI effects. This analysis is possible using sensors at all 

corners/extremities of the base of the instrumented building. Therefore, in-situ experiments 

involving the recordings of ambient vibration with synchronized sensors could be used to 

characterize the SSI in structures taking into account its environment and its complexity and 

irregularity. For numerical studies of SSI, it is relevant to know which dynamic parameter of 

the targeted building is the most sensitive to SSI effects. Knowing these parameters, 

computational costs of the numerical analysis is reduced by directly selecting the proper method 

in time or frequency domain to study SSI effects. Also, attention should be paid before the 

integration of the building in numerical models for engineering studies (shear type ≠ bending 

type). 
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Chapter III. Soil-structure interaction 

observations on high-rise 

structures in the Var valley 

In the previous chapter, we found that the bending type buildings were most sensitive to the 

soil-structure interaction (SSI) and that rocking spectrum could help to recognize SSI effects. 

In this Chapter, we propose to verify that observation with in-situ recordings of ambient 

vibration. These temporary non-invasive measurements allow for the quick characterization of 

a large number of structures. The numerical investigation of SSI was performed on simplified 

structure types, one of the main advantages of in-situ measurements is that the analysis is 

specific to the building with its intrinsic complexity and in its environment.  

Several studies showed that SSI effects are more important on soft soil site than on rock site 

(e.g. Bard, 1988; Kanai, Kiyoshi and Yoshizawa, 1961; Paolucci, 1993; Meli et al., 1998; 

Nakhaei and Ali Ghannad, 2008; Salameh et al., 2016). The same conclusion was observed for 

the structure-soil-structure interaction (SSSI) studies (e.g. Vicencio and Alexander, 2018; 

Bybordiani and Arici, 2019). High-rise and slender structures are generally more flexible than 

low-rise structures. The high difference in signal between the top and the bottom of the tall 

building and the possibility to perform detailed investigation of the mode shape allows to better 

observe SSI and SSSI effects. 

The Var valley is densely urbanized with the tallest buildings in Nice and is subjected to site 

effect (see Chapter IV). In addition to the instrumentation of the Nice prefecture in 2010 (Brunel 

and Bertrand, 2010; CETE, 2010b; Lorenzo, 2016), a single tower and a residential compound 

composed of high-rise and low-rise buildings have been temporally instrumented in the 

framework of the thesis. These high-rise structures (including the Nice prefecture) constitute 

the tallest buildings in the Var valley. They reach 57 m high and have rectangular cross-section. 

They are among the classical constructions in France composed of reinforced concrete walls.  

This chapter describes the dense in-situ ambient vibration instrumentation performed in various 

buildings in the Var valley. Here, we focus on the characterization of the modal parameters of 

the instrumented buildings, the identification of SSI effects on ambient vibration recordings 

and on the quantification of these effects compared to the free field ground motion. The modal 

parameters are solid basis for the calibration of realistic simplified 3D numerical models of 
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building because they have the advantage to take into account the real stiffness of the structures 

and to include the SSI. The simplified building model calibrated in the form of equivalent 

homogeneous block will be added in the realistic 3D site-city models (see Chapter V). 
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III.1. Description of the buildings 

III.1.1. Localization 

The instrumented buildings are located on the eastern part of the sedimentary basin of the lower 

Var valley (LVV) close to the hills of Nice (Figure 42). They are all located next to the Nice 

Prefecture building. The structures are surrounded by the A8 highway and the Var River to the 

west, the upper Var valley to the north, Nice Côte d’Azur airport to the south and the Pliocene 

hills to the east. They are located 2 km away from the Mediterranean Sea. According to the 3D 

geotechnical model of the LVV (Rohmer et al., 2020), the buildings are built on the recent 

quaternary sedimentary basin of the valley mainly filled with sand, gravel and mix clays. At the 

building positions, the basin depth goes from 45 m to 50 m, the average shear wave velocity 

(Vs) in the basin at the building positions is estimated between 200 and 400 m.s-1 and the soil 

fundamental frequency (fs0) varies from 1.8 to 2.1 Hz. The single tower (Figure 42b) presents 

the same geometry as the four identical towers (A, B, C and D) (Figure 42c-d). The low-rise 

buildings (E and F) have irregular shape (Figure 42c-d). 
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Figure 42: a) Localization of the instrumented buildings in the Var valley. The background map 
is the 1/50000e geological map from the French Geological Survey (BRGM), b) Front view of 
the single tower, c) Top view of the residential compound, d) Simplified plan of the residential 
compound, the north orientation of the sensors “Ns” is close to the geographic north “N”. 

 

III.1.2. Structural characteristics 

III.1.2.1 The single tower 

The single tower was built in 1974 and has benefited of recent renovations in 2015, notably on 

the facades, the common areas and the surroundings of the building. This structure presents an 

irregular rectangular shape having dimensions 27x35x52 m (Figure 42b) but for sake of 

simplification, we consider a regular rectangular shape in the dynamic analysis. The tower is 

composed of 18 floors where the last one is only distributed on the half floor surface. 106 

apartments, 2 elevator shafts and one staircase composed the building. Other structural features 

can be found on the collaborative PSS database (https://www.pss-archi.eu/immeubles/FR-

06088-27698.html [last access: 12/11/2021]). 

https://www.pss-archi.eu/immeubles/FR-06088-27698.html
https://www.pss-archi.eu/immeubles/FR-06088-27698.html
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III.1.2.2 The residential compound 

The group of structures is composed of four very similar and tall towers (called here « tower A 

», « tower B », « tower C » and « tower D » and one irregular in shape low-rise building. This 

last building is irregular in elevation and forms a « L » in plan. It is composed of a succession 

of four structures separated by empty joints. We assumed only two buildings (called here « 

building E » for the part with eight floors and « building F » for the part with six floors) (Figure 

42c-d). 

The set of buildings was constructed in several steps. The buildings E and F were the first to be 

built in 1974. The second one is the tower D dating 1975. The tower B was built in 1976, the 

tower A in 1978 and the tower C in 1980. The towers were the tallest buildings of Nice until 

the construction of the Nice Prefecture in 1981. The chronology of the construction suggests 

that the two underground levels, linking all the buildings, were built after. There is currently no 

available information about the join between the slab and the structures and the nature of the 

foundations. 

The slab area is around 12 000 m². Two parking lots compose two underground levels that are 

shared by all the structures. The first underground level has half of its area embedded in an 

embankment. The parking exit is between the tower A and the building F at the same altitude 

of the road. The second underground level is completely embedded in an embankment. The 

parking exit is between the towers A and B (Figure 43). 
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Figure 43: Detailed scheme of the instrumented residential compound in the Var valley (view 
at the first underground level). The geographic north is indicated by the arrow. Black rectangles 
are the staircases and crossed-out rectangles are elevator columns. Illustrations of the 
embedding condition of the superstructure. Orange dot lines indicate the slab level. 

The four towers have similar rectangular shape with a section of 18x18 m. They also have 

similar height of 57 m with 18 floors (above the slab). The height between each floor is about 

3 m (2.5 m in the underground levels). There are 2 elevator shafts situated in the center of each 

tower. The elevators link all the floors and the underground levels except for one elevator in 

building F. The layout of the corridors and apartments is the same in each tower. Only the 

orientation of the towers differs. In fact, the entrances of the towers A and B are oriented toward 

the geographic north whereas the ones of the towers C and D are oriented toward the geographic 

east. Therefore, it is important to consider the building orientation during the recording setup 

so that sensors have the same orientation and comparison between recordings is possible. The 

low-rise building is composed of four structures separated by dilatation joints. The northern 

part (shorter part of the “L” shape) called building E is the highest part. It is composed of 8 

floors whereas building F, the longer part of the L shape has only 6 floors. The heights of the 

different parts are 27 m and 21 m for the buildings E and F respectively, with a height between 

each floor around 3 m (2.5 m in the underground levels). There are 6 elevator shafts on either 

side of the building. Other characteristics and information about these buildings can be found 
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on the website of the collaborative database PSS (http://www.pss-

archi.eu/resultats/FR,,,,06088,,99,2,0-0,0-0,50,1,2,0,,,,,,3,1,1,,bois+boulogne [last access: 

12/11/2021]).  

Due to their geometrical features and proximity, the set of the five buildings represents an ideal 

configuration to study the SSI and SSSI. 

 

III.2. Instrumentation setup 

The analysis of the dynamic behavior of the different buildings is performed using ambient 

vibration recordings. Cityshark and Minishark recorders (Chatelain et al., 2000) as well as 3-

components CMG-40 broadband velocimeters have been deployed. During the instrumentation 

setup, sensors have been placed directly on the floor. Their north component corresponds to the 

direction at 20° from the geographic north along one horizontal direction of the building 

(transverse or longitudinal depending on the building). Sensors show flat instrumental response 

between 0.5 Hz and 50 Hz. The Table 20 presents the material and the measurement settings 

used to record ambient vibration data for each set of instrumented buildings. 

Table 20: Summary of the recording material for the instrumentation campaigns. 

 Recorders 
Nb of CMG-

40 stations 

Frequency 

sampling (Hz) 

Recording 

duration/setup 

Nb of 

setups 

Single 

tower 
1 Cityshark 8 200 11 days 1 

Residential 

compound 

1 Cityshark 
3 Minishark 

15 250 30 min 12 

 

III.2.1. Single tower 

In the single tower, the data were continuously recorded during 11 days from the 20th of 

November 2018 to the 31st of November 2018. To characterize a structure with ambient 

vibration recordings, only few hours of recordings are needed. However, at the time of the 

instrumentation, a large seismic campaign was led on the Ligurian Sea for 11 days. Therefore, 

to take advantage of the possible impacts of the seismic shots on the structure response, we 

increase the duration of the recordings. Unfortunately, the seismic shots were not seen in the 

recordings. 

http://www.pss-archi.eu/resultats/FR,,,,06088,,99,2,0-0,0-0,50,1,2,0,,,,,,3,1,1,,bois+boulogne
http://www.pss-archi.eu/resultats/FR,,,,06088,,99,2,0-0,0-0,50,1,2,0,,,,,,3,1,1,,bois+boulogne
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Eight sensors were installed: half of them at each corner on the ground floor and the other half 

at each corner on the rooftop (Figure 44). At the rooftop level, two seismological sensors are 

installed at the last floor (18th) and two are placed at the 17th level. This is due to the 

configuration of the last floor which is extend only on the half surface of the floor (Figure 42b). 

The setup configuration allows to identify differential motions between horizontal and vertical 

components of all sensors. Therefore, the presence of torsion at the top of the tower and rocking 

motion at the building base can be clearly analyzed. 

 

Figure 44: Setup layout in the single tower. Staircases are black boxes and elevator shafts are 
represented by crossed-out rectangles. On the scheme, the arrow “N” indicates the geographic 
north and the arrow “Ns” indicates the north component of the sensors and corresponds to the 
transverse direction of the building. 

 

III.2.2. The residential compound 

The instrumentation campaign of the residential compound lasted three days in October 2019. 

The layouts of the different setups are shown in Figure 45. In total, 12 setups were performed 

including 11 setups with simultaneous measurements in pairs of towers (AB and CD) and in 

buildings E and F (color themes in Figure 45a). The last setup was performed outside the 

structures (Figure 45b). The layouts of the setups are similar within each tower. For each setup, 

two sensors were installed per floor to analyze torsional modes. Due to the limited available 

space in the corridor of towers, the maximum distance between sensors at one floor is 7 m 

(Figure 45c-d). The reference sensor remained at the last floor (18th) during the entire building 

instrumentation. One of the main interests to densely place sensors at several floors is to study 

in detail the mode shapes of the building and to compare modes to the theoretical ones (shear 

beam, cantilever beam, or Timoshenko beam). 
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As the configuration of the buildings E and F differs from the towers, the setups layout is 

different (Figure 45e). The only access to dispose sensors was in front of the elevator shafts. 

The sensors positions have been chosen to well discretize spatially each building deformation. 

Moreover, the reference sensors for building E and F were respectively placed at the last floor 

(8th for E, 6th for F). 

Moreover, one setup was performed outside the structures (yellow filled triangles in Figure 

45b). Three sensors were installed above the two underground levels on the slab and three 

sensors were installed around the parking lots at the soil level. This layout was performed to 

study the influence of the slab on the nearby ground motion. For this instrumentation campaign, 

the Cityshark recorders were used to record vibration in the structures. Two Minishark recorders 

were used to record vibration outside the structure. No rain or wind disturbed the outdoor 

recordings. 
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Figure 45: Setup layout in (a) and around (b) the buildings. Triangles are the sensors: black 
ones are the reference sensors, colored ones indicate sensors in each setup (for example, full 
red triangle are sensors of one setup simultaneously realized in tower A and B taking the black 
triangle in tower A as the reference sensors for tower A, and the black triangle in tower B as 
the reference sensor in tower B). Positions of sensors at the floor levels are represented in the 
towers A and B (c), in the towers C and D (d) and in buildings E and F (e). Elevator shafts are 
represented by crossed-out rectangles and staircases by black boxes. On the scheme, the arrow 
“N” indicates the geographic north and the arrow “Ns” indicates the north component of the 
sensors. 
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In order to isolate the impulse response of the structure, the localization of the seismological 

stations must be carefully chosen. According to Trifunac et al. (2001), in-situ recordings of 

buildings with rotational sensors enable to refine soil-structure models. Indeed, these sensors 

allow not only to define the center of torsion of a structure but also to separate the contribution 

of the foundation rocking motion and the structural deformation from the building response. 

For this instrumentation campaign, we did not benefit of this kind of material to perform the 

instrumentation. However, the presence of couple of sensors at each floor allows to study 

torsion and rocking motions. 

For the signal analysis, the beginning of each signal is cut so that they start exactly at the same 

time. Therefore, the maximal signal duration is equal to 25min for all records. This duration is 

considered sufficiently long to apply general operational modal analysis methods like Fast 

Fourier Transform (FFT) or the frequency domain decomposition (FDD) but also for torsion 

and rocking estimation or Horizontal-to-Vertical spectral ratio (HVSR) to estimate the fs0. The 

damping parameter is also investigated, however damping assessment methods strongly depend 

on the signal duration and show more accurate results when the signal is sufficiently long (at 

least 6h according to Mucciarelli and Gallipoli (2007)). 

 

III.3. Dynamic analysis of the single tower 

The dynamic behavior of the single tower is analyzed in terms of natural frequency, mode shape 

and rocking motion to compare the obtained modal parameters to the other towers of the 

residential compound and to investigate SSI. The main objective of this instrumentation is to 

show that for structures having similar geometry (50 m high rectangular towers) the modal 

deformations can be different. Since the simplified representation of buildings in numerical 

simulation is done by equivalent homogeneous blocks based on the first natural frequency of 

the structure and its height, the calibration of these models from real data can only be done if 

the first mode of deformation corresponds to a flexion. 

The FFT is calculated on the stationary part of the signal. To select time windows, we use an 

anti-triggering process based on the calculation of the ratio between the short term average 

(STA) and the long term average (LTA) of the signal. 30s signal windows duration, the STA 

and the LTA length are respectively equal to 1s and 30s and minimum STA/LTA ratio of 0.2 
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and maximum one of 2.5 are used. The mean of the FFT is computed from all sensors located 

at the top of the single tower. The FDDA analysis used the same time windows durations. 

 

III.3.1. Modal parameters 

Results highlights the mode frequencies up to the 6th mode (Figure 46). We observe that the 

first three modes have very close natural frequencies (only 0.1 to 0.3 Hz of difference) (Table 

21). 

 

Figure 46: Mean of the absolute value of Fourier spectra at the top of the single tower for the 
transverse (left) and longitudinal (right) components. 

Table 21: Mode shape and related frequency of the single tower. 
Mode 1 2 3 4 5 6 

Frequency 1.2 Hz 1.3 Hz 1.6 Hz 4.4 Hz 5.1 Hz 5.9 Hz 
Direction Torsion Longitudinal Transverse Torsion Longitudinal Transverse 

The singular value decomposition (SVD) plot computed from all recordings for the three 

components clearly exhibits the six modes up to 6 Hz (Figure 47). From the FDDA analysis, it 

appears that the building has a first torsion mode, a second bending mode in the longitudinal 

direction and a third mode of bending in the transverse direction (Figure 48).  

In this specific case, the fundamental resonance frequency should not be used to calibrate the 

simplified structure models but an average between the second and third modes, corresponding 

to the first bending modes on the two horizontal components should be used instead. 
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Figure 47: Singular values from the single tower recordings. Dashed lines indicate observed 
modes. 

 

Figure 48: Mode shapes of the single tower. Green lines indicate initial position of the building. 
Dark lines describe the mode shapes. The red arrow is the direction of normalization of the 
mode.  

 

III.3.2. Rocking motion 

The rocking of the foundations is one of the characterizations of SSI effects. In this paragraph, 

we propose to analyze the rocking motion at the base of the single tower using the rocking 

spectral ratio presented in the Chapter I. The rocking spectrum is defined as the ratio of the 

Fourier spectrum of the signals difference and the Fourier spectrum of the signals average. The 

objective is to highlight frequency excited by a potential rocking motion of the slab. A couple 



Combined influence of buildings and lithological site effect on seismic ground motion 

Chapter III. Soil structure interaction observations on high-rise structures in the Var valley Pages 144 - 368 

of sensors is chosen such as the two sensors recorded simultaneously the motion and are located 

at opposite sides of the building. 

For all data, vertical components are compared in the frequency range 0.5 – 8 Hz and using 30s 

overlapping (5%) time windows. The STA and LTA are respectively set to 1s and 30s. The 

minimum STA/LTA ratio is 0.2 and the maximum one is 2.5. The rocking spectral ratio is 

estimated based on the average of rocking spectral ratio computed from 21 ambient vibration 

recordings of one hour duration at the base of the single tower. To compute the random 

decrement (RD) functions at each sensor, the ambient vibration recording of the 2018 

November 17th at 1h00 AM with one hour duration have been used based on 2s overlapping 

time windows. 

 

Figure 49: Rocking spectral ratio of the sensors located at the base of the single tower computed 
between sensors 1 – 2, 1 – 3, 2 – 4 and 3 – 4. The rocking effect is highlighted at 1.6 Hz for the 
couple of sensors 1 – 2 and 1 – 3; at 2 Hz for the couple 1 – 3 and 2 – 4. On the scheme, the 
arrow “N” indicates the geographic north and the arrow “Ns” indicates the north component of 
sensors and corresponds to the transverse direction of the building. 
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Figure 50: Random decrement functions at sensors 1, 2, 3 and 4 computed for the highlighted 
frequency bands in the rocking spectral ratio of the single tower from ambient vibration 
recordings. 

The analysis of the rocking spectral ratio shows evident peaks at 1.6 Hz and 2 Hz depending on 

the couples of sensors. Both peaks are also clearly observed in the Fourier spectrum of the 

average and the difference of the signals for all the couple of sensors. The first one is closed to 

the 3rd mode frequency of the single tower corresponding to the first transverse mode (f3=1.6 

Hz) while the second one is closed to the fs0 (2.1 Hz at 130 m from the single tower) according 

to Rohmer et al. (2020). However, these two peaks are not always visible on the rocking spectral 

ratio depending on the couple of sensors. In fact, the peak at 1.6 Hz is only observed for the 

couple of sensors 1 – 2 while, the peak at 2 Hz is only observed for the couple of sensors 2 – 4. 

In the rocking motion between the couple 1 – 3, both peaks are observed and for the sensors 3 

– 4 no clear peak is identified on the rocking spectral ratio. These differences are well 

distinguished in the RD functions where opposite phases are shown for couple indicating 

rocking effect. For example, the RD functions of the data filtered between 1.5 and 1.7 Hz 

present opposite phase between the RD functions of the sensor 1 and the sensor 3 that is a 

couple of sensors which shows clear peak in the rocking spectral ratio at 1.6 Hz. For all couples 

of sensors, the rocking spectral ratio differs. The high irregularity in plan of the single tower 

and the embedding condition may explained the spatial difference in rocking motion at its base. 

This is similar to the case of the irregular low-rise bending type building studied in the Chapter 

II where rocking spectral ratio are different depending on the considered couples of sensors.  

Therefore, rocking motion is put in light at the base of the single tower and witnesses the 

presence of SSI effects. 
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III.4. Dynamic analysis of the residential 

compound 

The set of the five buildings are analyzed in terms of modal parameters (natural frequency, 

mode and damping), seismic wave propagation within the towers, rocking and torsion motions 

and variability of the ground motion within the residential compound in order to characterize 

the dynamic properties of each building, the SSI and the SSSI. 

Then, we will address the case of the low-rise buildings E and F. We can see on Figure 43b-e 

that buildings E and F are separated by a seismic joint. The resonance frequencies, modes and 

damping of these structures are computed considering that (1) both are independent structures 

and (2) both are linked structures to improve our understanding of the dynamic behavior of this 

irregular low-rise building. 

We used the same calculating parameters than in the modal analysis of the single tower. 

 

III.4.1. Modal parameters 

III.4.1.1 Natural frequency 

The analysis of SVD spectra (Figure 51 and Table 22) of the five buildings shows that the first 

natural frequency of the towers is between 1.03 Hz and 1.12 Hz and the first frequency of the 

low-rise buildings is between 2.33 Hz and 2.49 Hz. In details, the tower B has the lowest first 

resonant frequency (1.03 Hz) then comes, in increasing order, the first resonant frequency of 

the tower D (1.06 Hz), then the one of tower A (1.10 Hz), tower C (1.12 Hz), building E (2.35 

Hz) and building F (2.36 Hz). Higher modes are well observed up to the 8th mode. 
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Figure 51: Singular values of the five buildings and for the low-rise pair of buildings 
instrumented simultaneously. Dashed lines indicate observed modes. 

Singular values curves of building F show very low peak around 1 Hz on the first curve that 

corresponds to the influence of the towers. Moreover, the building E shows a first bending mode 

in the transverse direction at 2.35 Hz. Here, we conclude that there is SSSI effects between 

close buildings of different height. This conclusion was also found in Bybordiani and Arici 

(2019). These authors indeed noted that SSSI effects are important on the resonant peak of 

structures located on soft soil and sharing different natural frequency and that the resonant peak 
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of high-rise structure is not significantly modified. However, it is difficult to say, based only on 

the natural frequencies, if there is SSSI effects between the towers because of their very similar 

frequency content. More investigation of these effects are presented in the section III.6. 

Considering the coupled system linking buildings E and F, we notice that the resonant 

frequency of each building is retrieved in the frequency content of the system response. 

 

III.4.1.2 Mode shape 

The mode shapes and the related frequency of the buildings of the residential compound are 

summarized in (Table 22). The mode shapes of each tower are presented in Figure 52. The high-

rise structures present similar deformation modes. The 8 first mode shapes are: 1) the 1st 

transverse bending mode, 2) the 1st longitudinal bending mode, 3) the 1st torsion mode, 4) the 

2nd transverse bending mode, 5) the 2nd longitudinal mode, 6) the 2nd torsion mode, 7) the 3rd 

transverse bending mode, 8) the 3rd longitudinal bending mode. Contrary to the single tower, 

for this set of building, the first mode is a bending mode. 
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Table 22: Natural frequencies of observed modes on the singular values spectra of the five 
buildings. The first resonant frequency is highlighted in bold for each building. 

Building Longitudinal Transverse Torsion 

A 

f2 = 1.18 Hz 
f5 = 4.82 Hz  
f8 = 10.02 Hz 

f1 = 1.10 Hz 
f4 = 4.10 Hz 
f7 = 8.21 Hz 

f3 = 1.50 Hz  
f6 = 5.11 Hz 

B 

f2 = 1.17 Hz 
f5 = 4.80 Hz 
f8 = 9.95 Hz 

f1 = 1.03 Hz 
f4 = 3.73 Hz 
f7 = 7.39 Hz 

f3 = 1.46 Hz  
f6 = 5.06 Hz 
 

C 

f2 = 1.23 Hz 
f5 = 4.70 Hz 
f8 = 9.54 Hz 

f1 = 1.12 Hz 
f4 = 4.04 Hz 
f7 = 7.86 Hz 

f3 = 1.56 Hz  
f6 = 5.54 Hz 
 

D 

f2 = 1.13 Hz 
f5 = 4.56 Hz 
f8 = 9.54 Hz 

f1 = 1.06 Hz 
f4 = 3.85 Hz 
f7 = 8.42 Hz 

f3 = 1.49 Hz  
f6 = 5.45 Hz 
 

E 

f2 = 2.56 Hz 
f4 = 5.56 Hz 
f6 = 6.67 Hz 
f8 = 7.95 Hz 

f1 = 2.35 Hz with torsion 
f3 = 2.82 Hz 
f5 = 6.03 Hz 
f7 = 7.84 Hz 
f9 = 10.04 Hz 

 

F 

f1 = 2.36 Hz 
f2 = 2.54 Hz 
f6 = 7.98 Hz 
f7 = 9.27 Hz 

f3 = 2.81 Hz 
f4 = 3.65 Hz 
f5 = 4.35 Hz 
f8 = 11.99 Hz 

 

EF 

f2 = 2.55 Hz 
f6 = 5.60 Hz 
f8 = 7.94 Hz 

f1 = 2.36 Hz with torsion 
f3 = 2.81 Hz 
f4 = 3.65 Hz with torsion 
f5 = 4.35 Hz 
f7 = 7.86 Hz 

 

Despite of their geometrical and similar aspect, the impulse responses of the towers show small 

differences. The difference is less than 0.9 Hz. The gap between the frequency values of the 

same mode tends to increase with higher modes. This may result either from their various 

structural stiffness due to the different distribution of what we called the live load in engineering 

problems (as furniture, light walls, superficial renovations) or it can be related to the presence 

of SSI effects (Mikael, 2011).  

Some modes, especially in the high frequency band, show a non-zero motion at the base of the 

building (Figure 52 A-f4, A-f7, B-f7, B-f8, C-f5, C-f6, C-f7, C-f8, D-f6, D-f7, D-f8). According 

to Michel (2007), this motion can be explained by the recording of the global soil-structure 

system and not only of the building impulse response. The torsion modes (mode 3 and mode 6) 

are characterized by the participation of bending modes on both horizontal directions. 
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Figure 52: Observed mode shapes for the towers A (top line), B (second line), C (third line) and 
D (bottom line) of the residential compound. 

Considering the building E alone (top part in Figure 53), the structure shows complex mode 

shapes combining bending and torsion behaviors. These behaviors are expected for a building 

having irregularities in plan as in the case of the connected buildings E and F. Considering the 

building F alone (middle part in Figure 53), the structure seems to have only bending 

deformation in the longitudinal direction with slight torsion in higher modes. Compared to the 

towers, the embedding of the underground levels for both buildings are clearly observed by a 

zero-displacement of this section for most of the mode shapes. 

When the buildings are studied together considering that the two structures are linked (seismic 

joint not playing its role), the mode shape interpretation gets easier. The mode of the coupled 

system occurs at the same frequency than the ones of the independent structures (Table 23). For 

example, the first mode occurs at 2.36 Hz that corresponds as well to the first mode of the 
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buildings E and F.  Comparing the modes between the different systems, we obtain similar 

mode shapes for the most of them between the ones of the independent building E and the ones 

of the coupled system with value close to 100% of similarities (Figure 53 and Table 23). On 

the contrary, the deformation is different for the building F with lower modal assurance criterion 

(MAC) value not exceeding 50% for all modes. In fact, even if the first mode of the building F 

seems to coincide with the first mode of the coupled system considering only this building, the 

difference in motion appears to reach only 0.3%. This suggests that there is a strong interaction 

between the low-rise buildings (at least under ambient vibration) and that the highest building 

(E) controls part of the deformation of the building F. 

 

Figure 53: Observed mode shape for building E (top part), building F (middle part) and both 
buildings rigidly connected considering the sensor at the top of the building E as reference 
(bottom part). On the scheme, the arrow “N” indicates the geographic north and the arrow “Ns” 
indicates the north component of the sensors. 
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Table 23: Difference in mode shapes between independent buildings E and F and the coupled 
system and cross-modal assurance criterion (MAC). 

 E F Coupled system EF MAC (%) 

Mode f (Hz) Dir f (Hz) Dir Mode n° f (Hz) Dir. (E) Dir. (F) E/EF F/EF 

1 2.35 T 2.36 L 1 2.36 T T 99.9 0.3 
2 2.56 L 2.54 L 2 2.55 L L 100.0 13.8 
3 2.82 T 2.81 T 3 2.81 T T 99.9 31.0 
4 5.56 L 3.65 T 4 3.65 L L 48.6 13.1 
5 6.03 T 4.35 T 5 4.35 L T 8.0 47.1 
6 6.67 L / / 6 5.60 T / 8.1 / 
7 7.84 T / / 7 7.86 T / 100 / 
8 7.95 L 7.98 L 8 7.94 L T 100 33.4 

 

III.4.1.3 Real data versus theoretical modes 

The comparison of the empirical mode shapes with the theoretical ones can provide a first idea 

on how the building behaves: is it a shear type or a bending type? The type of behavior has 

influence on the SSI. The bending beam model mainly differs from the shear beam model as 

the SSI is greater when the slenderness decrease. This was also observed in the Chapter II. The 

comparison of the theoretical modes to the observed ones are presented in Figure 54 and 

quantified in Table 24. According to the MAC values, the first and second modes of the towers 

present high similarities with the three theoretical models with MAC value more than 90%. The 

difference between modes tends to increase with higher mode for all the comparisons. However, 

since the fourth mode, the difference increases drastically for the shear beam and Timoshenko 

beam comparisons going from MAC values of 90% to 70% whereas the ones for the cantilever 

beam remains mostly above 80%. Therefore, the cantilever beam mode shape seems to be the 

closest theoretical mode of the observed modes of the towers (Table 24). 
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Figure 54: Theoretical mode shapes (shear beam (SB), cantilever beam (CB), Timoshenko 
beam (TB)) compared to the observed one of towers A, B, C and D of the residential compound 
for the first three longitudinal (left) and transverse (right) modes. 
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Table 24: Cross-modal assurance criterion (MAC) for the comparison between theoretical 
modes and observed modes of the instrumented towers of the residential compound (shear beam 
(SB), cantilever beam (CB), Timoshenko beam (TB)). 

   MAC (%) 

 Mode Dir. SB CB TB 

A 

1 T 96.0 99.1 99.7 
2 L 93.1 99.0 98.9 
4 T 70.2 94.0 53.2 
5 L 70.8 93.9 62.2 
7 T 52.0 88.6 30.0 
8 L 51.1 84.8 34.2 

B 

1 T 95.3 99.4 99.6 
2 L 95.7 99.3 99.9 
4 T 67.5 94.8 51.2 
5 L 68.4 95.0 60.8 
7 T 43.1 83.1 22.2 
8 L 45.1 83.0 29.0 

C 

1 T 94.6 99.6 99.4 
2 L 93.5 99.4 99.3 
4 T 71.9 90.4 54.5 
5 L 67.7 95.4 61.0 
7 T 81.4 73.4 58.4 
8 L 68.1 92.7 49.1 

D 

1 T 95.2 99.4 99.5 
2 L 96.0 98.1 99.1 
4 T 74.5 96.0 58.5 
5 L 56.4 92.5 52.0 
7 T 68.9 89.3 44.6 
8 L 91.4 65.1 77.0 
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III.4.1.4 Damping 

The damping of each building of the residential compound is computed for one setup at the first 

natural frequency using the RD computation scheme proposed by Clough and Penzien (1993) 

(see Chapter I). The obtained results are compared with the damping computed using the 

literature relationships to observe possible SSI. These empirical methods all consider either the 

shape of the building or the frequency of the first mode shape. 

Jeary (1986) and Dunand (2005) advise to have at least 500 signal time windows to obtain the 

complete RD functions of the building and to better estimate the damping value. Here the 

number of windows varies among the different setups but is between 1513 and 1651 windows 

for towers and 3428 and 3719 windows for buildings E and F. 

One limitation of the method proposed by Clough and Penzien (1993) is the definition of the 

linear regression. The coefficients are indeed depending on how many periods (T) are 

considered and vary also according to the first periods considered for the computation. A 

detailed study of the possible errors of this method is presented below considering the results 

of the five buildings (Figure 55). The error is computed as 2 ∗ ∆𝑃 where ∆𝑃 is the standard 

deviation of the linear regression. 

Figure 55 presents the study of the sensitivity of the damping value to the number of periods 

considered in the linear regression and obtained from 30s overlapping time windows. It is 

shown that the damping values increase with the number of periods in the case of the towers. 

The errors of the linear regression remain low (under 0.2). For low-rise buildings, the variation 

of the damping values with larger number of periods shows that the damping values decrease 

drastically after a maximum of 1.98% (30T) for building E and 2.74% (20T) for building F. 

Compared to the high-rise buildings, the errors of the linear regression tend to exponentially 

increase with the number of periods considered for low-rise structures. 
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Figure 55: Damping estimation and linear regression error from the relation proposed by 
Clough and Penzien (1993) as function of the number of periods selected in the random 
decrement functions for one setup. 

Maximal values of damping found using the Clough and Penzien (1993) method (Table 25) are 

compared to damping estimations based on empirical relationships and Geopsy software (Table 

26). We can note that, compared to the 5% value considered in the Eurocode 8 building 

regulation code (CEN, 2003), the damping value of the buildings are very low, especially for 

high-rise buildings. This leads in an overestimation of the damping value in the construction of 

new buildings. 
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Table 25: Maximal damping estimations (ζ) for each building of the residential compound using 
the Clough and Penzien (1993) technique. The relative error of the linear regression and the 
number of period (T) considered to estimate the damping value are also indicated. 

 A B C D E F 

Max ξ (%) 0.81 0.67 0.86 0.97 1.98 2.74 
Err (%) 0.07 0.04 0.08 0.13 0.25 0.42 
Nb of T 20 30 32 30 30 20 

Table 26: Comparison of the damping values estimated from different empirical relationships 
for one setup in the instrumented residential compound. ΔP is the standard deviation from the 
linear regression in the method of Clough and Penzien (1993). 

 

  

Empirical relationships 

From in-situ 

measurements in 

Nice 

 

Building 
Jeary 

(1986) 

Lagomarsino 

(1993) 

Satake 

et al. 

(2003) 

Dunand 

(2005) 
Geopsy 

Clough 

and 

Penzien 

(1993) 
 

ξ 

(%) 

High-

rise 

A 0.81 1.42 1.36 1.27 0.57 0.81 
B 0.81 1.42 1.28 1.24 0.64 0.67 
C 0.81 1.43 1.40 1.29 0.97 0.86 
D 0.81 1.42 1.32 1.26 0.64 0.97 

Low-

rise 

E / 1.95 3.11 2.15 4.98 1.98 
F / 1.93 3.07 2.13 2.72 2.74 

The analysis of recordings in the towers shows that the damping value varies between 0.5% and 

1%. The damping of the building E is slightly different than the one of the building F and both 

values are higher than the damping of the towers. 

The Table 26 shows that the damping estimations are depending on the method. For the towers, 

the damping varies between 0.57% and 1.47% and for the low-rise buildings, the damping 

varies between 1.93% and 4.98%. Depending on the method, the results vary at the maximum 

from 39% in accordance with the maximum obtained damping for the studied group of 

buildings. Considering the variety of the dataset used to define each empirical law for the 

estimation of damping, the variation in the damping results is assumed to be negligible. 

Jeary’s formula (Jeary, 1986) provides the same damping value for all towers. The method is 

only valid for high-rise structures that is why there is no information for buildings E and F in 

the Table 26. Lagomarsino’s formula (Lagomarsino, 1993) provides similar damping value for 

the towers and very close damping value for low-rise buildings. Standard error in the damping 

estimation for A, B, C, D, E and F instrumented buildings can be estimated according to the 

proposed confidence range in Lagomarsino (1993) and is equal to + −⁄  1% for having 50% of 
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confidence. The same trend is observed for Satake et al.’s formula (Satake et al., 2003) and 

Dunand’s formula (Dunand, 2005).  

All methods show that the damping values of the towers are close. The same observation is 

found for the buildings E and F except from the in-situ measurement (results from Geopsy and 

those from the Clough and Penzien’s formula). Moreover, the estimation of damping values of 

slender and high structures is well constrained whatever the empirical relationship. It is 

interesting to note that, for the towers, the damping values found with Jeary’s formula is the 

closest to the one found with the Clough and Penzien’s method. The characteristic of the Jeary’s 

formula is that the resulting damping is not linked to specific SSI. Therefore, the damping 

parameter is not a significant parameter to study SSI for these buildings.  

Damping estimation for the low-rise buildings shows that this parameter is always higher than 

the ones of the towers. These results are surprising in the way that lower buildings are generally 

stiffer than higher buildings. Moreover, buildings E and F have a larger surface embedded in 

the slab and they are linked making these two elements even stiffer. Then, the expected damping 

values should be lower. This observation raises a question about the relevancy of the procedures 

presented above for low-rise buildings. The study of the damping sensitivity to the number of 

the considered periods showed that, in the case of low-rise buildings, the total number of periods 

selected in the RD functions should not be taken into account in the assessment of the damping. 

This error may lead to underestimate this parameter. 

The estimation of the damping in structures is variable and presents a lot of uncertainty 

regardless the approach used. First the quality of recordings is significant for the precision of 

the parameter evaluation. Recordings need to be stationary and long enough to ensure a large 

number of signal windows to better approach the true value of the damping ratio (Jeary, 1986; 

Dunand, 2005). 

Second the analysis should be performed with care to select the right frequency of each mode. 

Indeed, this parameter is needed in some empirical laws for the damping estimation (e.g. 

Clough and Penzien, 1993; Lagomarsino, 1993; Satake et al., 2003; Dunand, 2005). The 

coupling of resonance modes can be source of error as well. Close resonance modes can lead 

to overestimate damping ratio value. It was shown also that the number of periods selected in 

the RD functions can lead to underestimate the damping value of the building. 
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III.4.2. Seismic wave velocity 

The seismic wave velocity is estimated in the towers of the residential compound using the 

deconvolution interferometry approach (Snieder and Şafak, 2006). The length of the signals is 

1800s with 250 Hz frequency sampling. The signals are first filtered between 0.5 and 10 Hz 

using a Butterworth bandpass before applying the deconvolution process (Figure 56).  
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Figure 56: Impulse response functions from recordings in the towers of the residential 
compound for the transversal, longitudinal and vertical components for all setups. Dashed lines 
indicated the picked propagation velocity. 
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The average Vs in both directions are estimated between 300 m.s-1 and 320 m.s-1 for the 

longitudinal component and between 270 and 370 m.s-1 for the transversal component 

depending on the towers. The standard deviation of the Vs is well constrained between 100 m.s-

1 and 130 m.s-1. The estimated Vs in the towers is lower than the one found by Fernandez 

Lorenzo (2016) for the Nice Prefecture building from ambient vibration records (𝑉𝑠 = 540 m.s-

1 in the transverse direction and 𝑉𝑠 = 490 m.s-1 in the longitudinal direction). The compressional 

seismic wave velocity (Vp) is about 3350 m.s-1 with a standard deviation of 2800 m.s-1. 

These results are compared to the seismic wave velocity computed from the formula proposed 

by Michel and Guéguen (2018) presented in Chapter I, for the same structures. The height 𝐻 

and the 𝜒𝑇(𝐶) coefficient are the same for all towers and equals to 57 m and 0.5 respectively. 

The Vs is computed for each horizontal component and for the minimal and maximal first 

natural frequency among all the towers. The computation of the Vs using this formula shows 

that the velocity value is higher than the one found by deconvolution interferometry method 

from ambient vibration data (around 300 m.s-1) (Table 27). 

Table 27: Estimated Vs from impulse response functions from recordings in the towers and from 
the relationship proposed by Michel and Guéguen (2018). 

 From IRF From Michel and Guéguen (2018) 

 Transversal Longitudinal Transversal Longitudinal 
 𝑽𝒔 (m/s) 𝑽𝒔 (m/s) 𝒇 (Hz) 𝑽𝒔 (m/s) 𝒇 (Hz) 𝑽𝒔 (m/s) 

Minimal 270 300 1.03 470 1.13 515 
Maximal 370 320 1.12 510 1.23 560 

 

III.5. Soil-structure interaction investigation 

III.5.1. Rocking motion at the base of the residential 

compound 

As for the single tower, we propose to analyze the rocking motion of the slab of the residential 

compound using the rocking spectral ratio presented in the Chapter I. The parameters used to 

calculate the rocking spectral ratio are the same than the ones used in the analysis of the single 

tower (30s overlapping (5%) time windows and same value for STA/LTA ratio). 

The spectrum is computed from the vertical component, first at the 2nd underground level and 

second between the sensors on the slab. Two couples of sensors recorded simultaneously 

ambient vibration at the 2nd underground level as shown in Figure 57. A couple is chosen such 
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as the two sensors are located at opposite sides of the underground. The setup performed outside 

the structures (yellow filled triangles in Figure 45) made possible the computation of three 

rocking spectral ratio at the slab level. The results are presented in Figure 57 and Figure 58. 

 

Figure 57: Rocking spectral ratio of the sensors located at the 2nd underground level computed 
between sensors 1 – 2 and 3 – 4. The rocking effect is highlighted at 1 – 1.4 Hz, 1.4 – 1.6 Hz, 
around 5 Hz, at 5 – 5.2 Hz and at 5.5 – 5.8 Hz for the couples of sensors; at 7.1 – 7.3 Hz for the 
couple 1 – 2. On the scheme, the arrow “N” indicates the geographic north and the arrow “Ns” 
indicates the north component of the sensors. 
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Figure 58: Rocking spectral ratio of the sensors located on the slab outside the buildings 
computed between sensors 1 – 2, 1 – 3 and 2 – 3. The rocking effect is highlighted at 1 – 1.4 
Hz for couples 1 – 2 and 1 – 3; at 1.4 – 1.6 Hz for couples 1 – 3. On the scheme, the arrow “N” 
indicates the geographic north and the arrow “Ns” indicates the north component of the sensors. 

The analysis of the rocking spectral ratio at the 2nd underground level (Figure 57) shows, for all 

the couples of sensors, clear peaks at 1 – 1.4 Hz and 1.4 – 1.6 Hz and several close peaks are 

observed at 5 – 5.2 Hz and 5.5 – 5.8 Hz. For the sensors 1 – 2, a supplementary peak is noted 

at 7.1 – 7.3 Hz. The first two peaks are also clearly observed in the Fourier spectrum of the 

average and of the difference of the signals and are closed to the fundamental frequencies of 

the towers A, B, C and D (f1=1 Hz, f2=1.1 Hz, f3=1.5 Hz). The other peaks in higher frequencies 

are not well distinguished in the Fourier spectrum of the average and of the difference of the 

signals. However, we may identify them on the rocking spectral ratio. At the slab level (Figure 

58), peaks are observed at 1 – 1.4 Hz for couples of sensors 1 – 2 and 1 – 3 and at 1.4 – 1.6 Hz 

for the pair of sensors 1 – 3. These peaks are also identified in both Fourier spectra of the 

rocking spectral ratio. For the comparison of sensors 2 – 3, large peaks are highlighted at 4.7 – 

5.3 Hz and 6.5 – 7.3 Hz on the rocking spectral ratio. We note that the Fourier spectra of the 
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average and of the difference of the signals show high peak amplitude around 1.8 Hz 

(corresponding to the fs0 measured at this position (Rohmer et al., 2020)) but no peak is observed 

on the rocking spectral ratio. 

Looking at the results, we can easily link the peaks of the rocking spectral ratio between 1 and 

1.6 Hz to the first three modes of the towers (1 Hz, 1.1 Hz and 1.5 Hz the first mode of torsion). 

Therefore, we may expect differences in vertical motions on either side of the slab in phase 

opposition. It means that, for example, when the vertical motion at sensor 1 reaches a maximum 

amplitude, at the same time, the vertical motion at sensor 3 is reaching a minimum. These 

observations support the presence of SSSI within the residential compound. The other observed 

modes of the towers and of the low-rise buildings are not well distinguished in the rocking 

spectral ratio. As seen in the analysis of the rocking motion at the base of the Nice prefecture 

(see Chapter II) and in the single tower, the identification of peaks may be easier with longer 

signal duration (a few hours) because of the smoothing of the mean curve. 

Large peaks observed at high frequency range between 4.7 – 5.3 Hz and 6.5 – 7.3 Hz are not 

related to any observed building modes. These peaks are noted, for 4.7 – 5.3 Hz at the slab level 

only, and for 6.5 – 7.3 Hz at both levels. Consequently, we suppose that the vertical differential 

motions identified at these frequencies express rocking effects of the slab translating a strong 

SSI with the surrounding soil. 

 

III.5.2. Ground motion 

The free field is generally considered as a site far enough from constructions to not feel their 

effects on the recorded vibration. These free field recordings can thus be interpreted in term of 

the ground motion without being perturbed by the buildings nor the presence of any 

foundations. Wong and Trifunac (1975) showed that the scattering of incident waves due to the 

foundation can induce a significant modification in the free field motion. The coupling effect 

between SSI and the trapping of the surface waves in the superficial soil layers may induce kind 

of wave packages in the shape of spindle up to about a hundred meters away from the structures 

(Bard et al., 1996). In 2004, the SESAME project (European Commission, 2004) studied 

through microtremor HVSR the SSI effects and concluded that high-rise structures may modify 

the HVSR curves by adding frequency peaks induced by the SSI. In that way, we analyze the 

spatial variability of the ambient vibration data performed all around the residential compound. 
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We used the same calculating parameters than in the modal analysis of the single tower. The 

microtremor HVSR computed at each measurement point are spatially presented in Figure 59. 

Figures of each HVSR with better image resolution can be found in Appendix 3. Here, we are 

looking in detail at the frequency content of the recordings and the shape of HVSR. However, 

for some recordings, only few stationary windows are found and analyzed leading in some 

uncertainties in the result at these points (curves 3, 12, 15 and 17 on the Figure 59). 

 

Figure 59: Spatial distribution of HVSR computed at each measurement point on the slab of the 
residential compound and around. 

Thanks to a dense and large instrumentation campaign, we studied the influence of the presence 

of buildings on the HVSR in terms of the frequency (Figure 60), the frequency gap between 

two peaks (Figure 61), the peak width (Figure 62) and the maximum amplitude of the peak 

(Figure 63). In the data analysis, we will see that all HVSR present double peaks. Thus, we 

called f1 the first frequency peak and f2 the second one. The frequency peak width is evaluated 

as function of the half of the maximum amplitude of f2 in HVSR. The frequency peak gap is 

estimated between the maximum of both peaks. The curves computed using only a few of 
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windows are classify as “NaN” result on the different figures and are not considered in the 

further analysis. 

We expect to see the influence of the towers around 1 Hz, the influence of the low-rise building 

around 2.3 Hz and the ground motion should vary from 1.5 to 2.5 Hz from west to east and 

from south to north according to the measured fs0 in the LVV (Rohmer et al., 2020) (Figure 59). 

 

Figure 60: Spatial variability of the frequency peak of the HVSR in the residential compound. 
The first natural frequency of the towers is indicated in triangle for comparison. The frequency 
values indicated in the map (top left) come from the ambient vibration campaign performed to 
build the 3D geotechnical model of the LVV (Rohmer et al., 2020). 
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Figure 61: Spatial variability of the frequency peak gap between 𝑓1 and 𝑓2 of HVSR in the 
residential compound. The frequency peak gap is estimated between the maximum of both 
peaks and expressed in Hertz. The circles with cross inside indicate unreadable data. 

 

Figure 62: Spatial variability of the frequency peak width (W) of HVSR in the residential 
compound. The circles with cross inside indicate unreadable data. The frequency peak width is 
evaluated as function of the half of the maximum amplitude of the 𝑓2 peak of HVSR curves. 
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Figure 63: Spatial variability of the maximum amplitude of the HVSR frequency peak in the 
residential compound. The circles with cross inside indicate unreadable data. 

According to the Figure 59, we note that most of the HVSR present double peaks. Based on the 

Figure 60, we can see that f1 is around 1 Hz (close to the natural frequency of towers) and f2 is 

around 2 Hz (close to fs0). For the analysis of each selected HVSR parameters, both frequency 

peaks are used as reference. The variability of the frequency value depending on the sensor 

position is quite low for f1 which varies from 1 to 1.4 Hz. On the contrary, f2 shows large 

variations since it varies from 1.4 to 2.5 Hz. We note that there is not only variability of fs0 at 

large scale within the valley but also at small scale within the residential compound. For sensors 

located close to the slab edge (Figure 42), the frequency value peaked on the HVSR tends to be 

higher than for the others. 

The Figure 61 presents the frequency gap between two peaks of HVSR. We retrieve a similar 

tendency to observe variations in the frequency gap between f1 and f2 for sensors localized at 

the slab edge. In fact, the frequency gap tends to be higher at these positions with value above 

1 Hz. 

A variability in the peak width at 2 Hz is observed on Figure 62. Most of the HVSR present a 

large peak having more than 2 Hz wide but it seems difficult to extract a particular tendency for 

this parameter.  

The Figure 63 shows the variability in amplitude of the different peaks of HVSR. The maximum 

peak amplitude around 1 Hz is lower for the sensors located on the slab compared to the one 

around it. On the contrary, the maximum peak amplitude at 2 Hz is almost similar for both 

peaks. This can be due to the possible double resonance condition between the soil and the low-
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rise buildings having natural frequency of 2.3 Hz. This condition may then amplify the motion 

at this frequency resulting in higher peak amplitude on HVSR compared to the peak around 1 

Hz. 

Two profiles across the residential compound are defined to study the variability of the chosen 

parameters describing the HVSR (Figure 64). One profile goes from north to south of the valley 

and the other goes from east to west of the valley. They are both 120 m long. Castellaro and 

Mulargia (2010) concluded, in their study, that the impact of the presence of buildings on the 

ground motion using microtremor HVSR is not observed after 12 m away from the buildings. 

In this analysis, we choose to consider points at a maximum distance of 15 m from the profiles. 

 

Figure 64: Profiles crossing the residential compound to study the spatial variation of the ground 
motion. 

A tendency in the variation of the HVSR parameters seems difficult to define whatever the 

parameter (Figure 65). In fact, all of them present no significant variations along both profiles. 

Their values appear to be well constrained all along the profiles within the residential 
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compound. For example, even if we observe a decrease of the f2 value on the East-West profile 

toward the west, this variation is less than 1 Hz. To refine this analysis, we suggest adding more 

ambient vibration measurements along the profile in the future. 
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Figure 65: Study of the spatial variability of the HVSR in terms of frequency peak, maximum 
amplitude of peak, peak width and interdistance frequency peak in the residential compound 
through North-South and East-West profile crossing the residential compound. 
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To conclude, in most of the cases, the recordings are sensitive to both the building response and 

the ground motion. The fs0 varies between 1.5 Hz and 2.5 Hz according to the Figure 59 and 

Figure 60. The peak around 1 Hz is found in all HVSR, it shows that the towers have an 

influence on the ambient vibration at all recorded locations. For the secondary peak, the 

conclusion is not so simple since the soil and the E-F buildings have very closed responses, but 

we may assume that the fs0 is not change by the presence of buildings. Besides Kham et al. 

(2006) observed that the motion in free field tends to keep its resonant frequency despite the 

presence of buildings. 

The analysis of the spatial variability of some parameters describing the HVSR shows that only 

the frequency value of the peak may give an insight of SSI effects. The peak amplitude, the 

peak width or the frequency gap between two peaks are not key parameters characterizing the 

SSI in HVSR. We remark that the study of the peak amplitude around 1 Hz exhibits the fact 

that the slab tends to attenuate the influence of the seismic response of high-rise structures on 

the seismic ground motion. 

 

III.6. Structure-soil-structure interaction analysis 

Finally, we study SSSI between the towers of the residential compound. To do so, simultaneous 

records in two distinct towers are used to compute the resonance frequencies and modes of a 

system composed of towers A and B or C and D linked by the slab (Figure 66). The reference 

used to normalize the deformation of each structure is taken at the ground floor level in the 

tower A for the coupled system AB and in the tower C for the coupled system CD. Thus, only 

one setup is used in this analysis (Figure 42). This imposes a lower discretization of the building 

mode and therefore a limitation to observe torsion mode. Therefore, we will focus on the 

flexural bending modes of the towers for the comparison of modes between independent 

structures and coupled systems. The difference in the mode shape is computed based on the 

MAC (Table 28). 
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Figure 66: Observed mode shapes from the simultaneous analysis of towers A (red)-B (blue) 
(top) and C (pink)-D (green) (bottom). The reference data used to compute the mode shapes are 
recorded at the slab level inside the towers. On the scheme, the arrow “N” indicates the 
geographic north and the arrow “Ns” indicates the north component of the sensors. 
 
 
 
 
 
 
 
 

Table 28: Difference in mode shapes between independent towers A, B, C and D and the 
coupled systems and cross-modal assurance criterion (MAC). 

 A B Coupled system AB MAC (%) 

Mode f (Hz) Dir f (Hz) Dir Mode f (Hz) Dir (A) Dir (B) A/AB B/AB 

1 / / 1.03 T 1 1.05 / T / 99.9 
1 1.10 T / / 2 1.12 T / 99.3 / 
2 1.18 L 1.17 L 3 1.18 L L 99.9 99.4 
4 / / 3.73 T 5 3.75 / L / 3.6 
4 4.10 T / / 6 4.03 T / 0.3 / 
5 4.82 L 4.80 L 7 4.80 L T 6.4 4.3 
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 C D Coupled system CD MAC (%) 

Mode f (Hz) Dir f (Hz) Dir Mode f (Hz) Dir (C) Dir (D) C/CD D/CD 

1 / / 1.06 T 1 1.08 / T / 56.9 
1 1.12 T / / 2 1.12 T / 99.9 / 
2 / / 1.13 L 2 1.12 T L 99.9 99.4 
2 1.23 L / / 3 1.22 L / 99.9 / 
4 / / 3.85 T 6 3.90 / T / 5.4 
4 4.04 T / / 7 4.01 T / 5.8 / 
5 4.70 L 4.56 L 8 4.58 T L 1.0 4.6 

For both coupled system AB and CD, we observe that the mode frequencies are the same than 

the ones of the towers with an alternation of the natural frequency of the tower B first, then of 

the tower A for the system AB and of the tower D first, then of the tower C for the system CD. 

The second bending modes of both towers A and B at 1.18 Hz and of the towers C and D 

respectively at 1.23 Hz and 1.13 Hz are retrieved in the frequency content of the response of 

the coupled systems. 

Looking at the mode shapes, we note that the motions are synchronized with high correlation 

of the mode shapes (MAC more than 99%). The amplitude of the mode shapes is different due 

to the location of the reference. For instance, we can see that the mode shapes of the reference 

building is higher. Indeed, the records of the tower being compared are further from the 

reference, resulting in a greater loss of signal coherence. The correlation between modes 

decreases strongly after the second mode reaching only MAC of 4%. This simultaneous analysis 

of two similar high-rise structures using the FDDA technique indicates that there is a clear 

interaction between close towers of the residential compound. 

 

III.7. Conclusion 

The instrumentation of several buildings in Nice using ambient vibration is used not only to 

characterize the individual building dynamic properties, but also to observe SSI and SSSI 

effects. 

The investigation of the variability of the ground motion at the surface, of the building mode 

shapes, frequency and damping values, and of the rocking motion is used to highlight the 

presence of SSI. 
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Building resonance frequencies are clearly observed at the 2nd underground level of the 

residential compound on the rocking spectral ratio and at the soil level on the HVSR. This 

testifies the presence of SSI between the soil and the buildings. The fundamental resonance 

frequency of the soil in this area has a large variability between 1.5 Hz and 2.5 Hz.  

The similarity of the soil and building resonance frequencies suggest the presence of strong SSI 

effects close to the low-rise buildings. The double resonance condition may be at the origin of 

the high amplitude of the HVSR peak around 2 Hz.  

The comparison of the observed mode shapes of the towers to the theoretical modes exhibits 

the fact that the observed modes are close to the cantilever beam modes. As it was shown in 

Chapter II, this model is sensitive to SSI effects, therefore it supports the presence of SSI at the 

towers level.  

Moreover, the damping derived from ambient vibration measurements are generally lower than 

the one estimated by empirical relationships (except for the Jeary’s relationship where the 

results are similar). Compared to the damping value in high-rise structures that are close, 

varying between 0.67% and 0.97%, the low-rise structures present higher values reaching 

1.98% for the building E and 2.74% for the building F.  Jeary (1986) assumed that the damping 

coefficient computed from the proposed formula is not linked to specific SSI. Compared to the 

results from the Clough and Penzien’s method, the damping values are quite similar between 

both methods. This may show that the damping is not a significant parameter to study SSI for 

these buildings.  

As observed in the Chapter II using 3D finite element model of buildings, the rocking motion 

occurs especially at the first resonance frequencies of the bending mode of the structure but 

also in higher frequencies. Because the dynamic analysis depicts non-zero displacement modes 

and rocking motion at the base of the buildings, the presence of SSI can be stated in the 

instrumented buildings. 

SSSI effects in the residential compound have been observed through the frequency content of 

the building responses and the simultaneous analysis of their dynamic behavior. The influence 

of towers is slightly observed on the frequency content of the response of the low-rise buildings. 

This suggests that there is some SSSI between close buildings of different heights. However, it 

is difficult to say if there is SSSI effects between the towers based only on the frequency content 

of their response. The simultaneous analysis of pair of towers helped to clarify this question by 
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showing a clear interaction between buildings with high correlated mode shapes. Low-rise 

buildings present different resonance frequencies according to their different structural 

configuration and geometry. Despite of the presence of seismic joints between buildings E and 

F, the simultaneous dynamic analysis shows that a strong interaction linked both of the 

structures and that the building E controls the deformation of the whole system. 

Homogeneous equivalent block models are used to integrate buildings in the realistic 3D site-

city model for the simulation of seismic wave propagation. These models consider the structure 

as an equivalent homogeneous and isotropic large beam. Therefore, the first mode of 

deformation of this element should be a bending mode. The calibration of the blocks from real 

data is based on the natural frequency of the instrumented building and can only be done if the 

selected frequency corresponds to a flexural mode. The torsional motion suggests that the 

stiffness and mass of the structure are not homogeneously distributed within the building, and 

so this mode cannot be considered for the model calibration. The dynamic characterization of 

the single tower and of the high-rise structures in the residential compound shows that, even if 

the buildings appear identical in terms of geometry and structural configuration, they do not 

present the same dynamic behavior. The high-rise structures of the residential compound reveal 

a first bending mode while the single tower has a first mode of torsion potentially induced by 

its irregular rectangular section and of the decentering staircases. Therefore, in the case of a 

first mode shape of torsion, the frequency to consider for the calibration of simplified building 

model is the frequency of the first bending mode. It is then important to investigate at least the 

first higher modes of a structure if the calibration of the equivalent block models from real data 

is considered. 

It appears that the towers of the residential compound have the same mode shapes (analysis 

done up to the 8th mode). The torsion behavior is well observed using four sensors at the top of 

building (as in the single tower) but also with only two sensors placed at close distance at several 

floors (as in the residential compound).  

Here, the dynamic analysis of the structures shows that the first natural frequency of the towers 

varies between 1.03 Hz and 1.12 Hz in the transverse direction. The one of the building E is 

equal to 2.35 Hz in the same direction. And the one of building F is 2.36 Hz in the longitudinal 

direction. The shear wave velocity, computed using the interferometry computation in the high-

rise buildings, exhibits a large variability and is find around 300 m.s-1 with a standard deviation 

not exceeding 130 m.s-1. This result is lower than the one estimated in the prefecture of Nice 
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(500 m.s-1) (Lorenzo, 2016). Due to the large uncertainties in the evaluation of this parameter, 

it is not considered for calibration of a simplified building model. 

The first natural frequency of the tower A of the residential compound (1.1 Hz) with its 

geometry properties will be useful parameters to define homogeneous equivalent models in the 

3D realistic site-city models for the simulation of seismic wave propagation. 
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Chapter IV. The 3D model of the Var 

valley 

In seismic hazard studies, site effect assessment is based on an accurate knowledge of 

mechanical properties and geometry of superficial geological formations. The literature also 

shows that the characteristics of the soil surface layer can have an impact on the soil-structure 

interaction (SSI) effects on the building response. For example, Bybordiani and Arici (2019) 

used numerical 2D finite element model of realistic buildings subjected to vertical incident 

plane of vertical shear waves (SV) to show through time and frequency domain analysis that 

the soil class is an important parameter in the study of SSI. Furthermore, according to Kanai, 

Kiyoshi and Yoshizawa (1961), the more the shear wave velocity (Vs) increases in the soil, the 

more the building vibrates. From these results, they deduced that the damping of structure 

depends mainly on the kinematic effects. 

This Chapter develops a detailed characterization of the lower Var valley (LVV) based on the 

fusion of all available geophysical and geotechnical data for the integration in the 3D site-city 

finite element model. The LVV is a natural laboratory for the study of risk because of its 

similarity with other alpine valleys and also because of the high-stakes present in this area and 

the increasing urbanization. This valley takes place in one of the most seismic zone in 

metropolitan France with a peak ground acceleration on reference rock outcrop estimated to 1.6 

m.s-2. Numerous in-situ instrumentation campaigns of ambient vibration have been performed. 

At present, only 10% of the data about the sedimentary basin are deep boreholes meaning that 

they reached the engineering bedrock (Pliocene conglomerates characterized by Vs larger than 

800 m.s-1). Therefore, they are not sufficient to well constrain the basin at depth in the center 

of the valley. The integration of geophysical measurements, which constitute 90% of the basin 

data distributed all along the valley, help to fill this uncertainty. We combined boreholes log-

stratigraphy with ambient vibration data to characterize not only a lithostratigraphic profile 

specific to the LVV, the geometry of sedimentary layers in the basin, but also the spatial 

variability of the seismic ground motion related to lithological site effect. Furthermore, the 

fusion of these two types of data allows to define an average velocity zonation all along the 

valley to constrain the basin-bedrock interface depth and to precise the spatial variability of site 

effect. 
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This chapter presents part of the work published in Rohmer et al. (2020) on the construction of 

the 3D model of the Var valley. 
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IV.1. Context 

The lower Var valley (LVV) is a significant economically developing zone. The building 

density is indeed constantly increasing since 2008, when the zone got the status of “Operation 

of National Interest” highlighting the state's commitment to the project (http://www.ecovallee-

cotedazur.com/the-eco-vallee/operation-national-interest [last access: 03/10/2018]). Several 

significant structures are present like the Nice Côte d’Azur airport (with more than 14 million 

passengers in 2019 (https://societe.nice.aeroport.fr/presse-media/trafic-annuel [last access: 

10/01/2022]), the football world cup stadium, the CAP 3000 that is the 5th largest shopping 

center of France, several institutes from the university, the CADAM (Administrative center of  

the Alpes Maritimes) including the Prefecture building and many road infrastructures like the 

A8 highway (with more than 180 000 cars estimated per day in 2019 

(https://www.data.gouv.fr/fr/datasets/trafic-moyen-journalier-annuel-sur-le-reseau-routier-

national/ [last access: 16/01/2022]) and the Napoleon bridge that cross the Var river. 

First, we describe the geological and geomorphological environment of the Var valley. Second, 

we present a review of the historical seismicity in this region and then, we focus on the site 

effect estimation in the valley. 

 

IV.1.1. Geological and geomorphological setting 

The LVV, in the southeastern part of France, results from multiple marine transgressions and 

regressions since the early Cenozoic that led into a large delta with continuous sedimentation 

from the Alps Mountain range (Clauzon, 1978; Dubar, 2003). During the last marine regression 

in the Messinian age (≈ 6 Ma) (Gargani, 2004), the Mediterranean Sea level decreased by 2 km 

and induced the creation of the LVV over almost 18 km2. Because of the reopening of the Strait 

of Gibraltar from 5.33 Ma, the sea level increased again and flooded the southern part of the 

valley. Consequently, the valley is filled with recent alluvial deposits overlying a large 

accumulation of conglomerates from the Pliocene delta characterized by a slope of 15–20 

degree toward the south (Clauzon, 1978; Guglielmi, 1993). Because of the complex alpine 

geodynamic context, the LVV is subjected to the overlaps of the arc of Nice and the presence 

of horsts and grabens (Pline, 1991; Guglielmi, 1993; Larroque et al., 2001; H2EA and Cabinet 

Mangan, 2010; Terrier, 2012). In fact, the valley is surrounded by compressive sismo-tectonic 

systems that are presented in Figure 67. 

http://www.ecovallee-cotedazur.com/the-eco-vallee/operation-national-interest
http://www.ecovallee-cotedazur.com/the-eco-vallee/operation-national-interest
https://societe.nice.aeroport.fr/presse-media/trafic-annuel
https://www.data.gouv.fr/fr/datasets/trafic-moyen-journalier-annuel-sur-le-reseau-routier-national/
https://www.data.gouv.fr/fr/datasets/trafic-moyen-journalier-annuel-sur-le-reseau-routier-national/
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Figure 67 : Sismo-tectonic map of the Provence Alpes Côte d’Azur region. The lower Var 
valley is located in the red rectangle (modified from http://observatoire-regional-risques-
paca.fr/article/convergence-afrique-eurasie [last access: 09/08/2020]). 

This configuration induces that the geology of this zone is not only composed of a single rock 

material but of a mix of Jurassic limestones, Cretaceous sandstones, Pliocene conglomerates 

and marls. The LVV is marked by a flat relief at the sea level whereas the top of the hills rapidly 

reach 200 to 500 m of altitude (Figure 68). The Var River bounds the western part of the city 

of Nice and it is the longer river of the Alpes-Maritimes department with a length of 114 km 

(Dubar, 2003, 2012; Du, 2016).  

 

http://observatoire-regional-risques-paca.fr/article/convergence-afrique-eurasie
http://observatoire-regional-risques-paca.fr/article/convergence-afrique-eurasie
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Figure 68.The Var catchment (left) and the 1/50000e geological map from the French 
Geological Survey (BRGM) focused on the Var valley (right) (source: the 25 m resolution 
Digital Elevation Model of the entire region (IGN), the 5 m resolution DEM of the Var valley 
is overlaid on the previous map (GO_06 June 2009, BATHYMETRIE©CANCA, Litto3D, 
MALISAR and IBCM campaigns)). 

The main tributaries from the upstream to the downstream: the Cians, the Tinée, the Vésubie 

and the Esteron Rivers bring constant sediment contribution all along the Var River. On the 

right bank of the Var River, the hills are composed of ancient and recent quaternary terraces. 

On both banks of the river, the valley is surrounded by Pliocene conglomerates (Figure 68). 

Thanks to its geological and geomorphological structure and notably to the presence of the 

Pliocene conglomerates, the plain of the Var valley constitutes an important natural reservoir 

of freshwater for the region where a groundwater table extends to a depth of about 5-10 km 

(Pline, 1991; Guglielmi, 1993; Du, 2016). Even the geothermal potential of the Var valley 

alluvial has been highlighted by several studies performed by the French Geological Survey 

(BRGM) (BRGM, 2015). The evolution of the hydrological network through time, notably of 

the river meanders, leads the Var riverbed to be reshaped many times and so, induced a complex 

alluvial sedimentary stratification in the basin. However, since the high urbanization of the 

LVV from the 1900’s and the building of artificial embankments all along the lower part of the 

Var River, the riverbed became more constrained (Figure 69). 
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Figure 69: Evolution of the Var riverbed from 1969 to 2012 (top, modified from Du (2016), 
source: IGN), urbanization and transformation of the Var estuary between 1951 (bottom left, 
source: DDTM (2011)) and 2021 (bottom right, source: Google maps/CNES 2021). We can 
note the building of the Nice airport platform in the Mediterranean sea and the shopping center 
CAP 3000 in Saint-Laurent-du-Var on the right bank of the river. 

According to the literature, the quaternary sedimentary thickness reaches 100 m depth at the 

Var estuary (Dubar, 2012; Migeon et al., 2016; Kopf et al., 2016). Recent studies on the Nice 

continental slope have also confirmed alluvial deposits with a thickness of more than 100 m 
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that are responsible for strong offshore seismic wave amplifications (Dan-Unterseh et al., 2007; 

Courboulex et al., 2020). Dumasdelage et al. (2016) notably showed that the airport platform 

constitutes a hurdle for the alluvial sediment transport by the alongshore current toward Italy. 

 

IV.1.2. Historical seismicity 

The region is one of the most seismically active area of metropolitan France according to the 

French seismic regulation code (Figure 70). It indicates that the peak ground acceleration on 

reference rock outcrop is equal to 1.6 m.s−2 for a return period of 475 years (corresponding to 

a 10% of probability to be exceeded in 50 years) for the city of Nice. 

 

Figure 70: French seismic regulation code of the Region Sud (according to the Décret: 2010-
1255 du 22 Octobre 2010). The Var valley is highlighted in the black frame close to the city of 
Nice. 

The high seismic activity of the region is highlighted by the historical and the instrumental 

seismicity (Figure 71 and Figure 72). As early as the 1500s, the main strong seismic events in 

the Alpes-Maritimes region have been noted or recorded over time. They are presented in Table 
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29. To the present time, the 1887 Ligure earthquake is the strongest event (6.8 Mw) perceived 

in accordance with historical testimony (around 600 dead and 500 injured, building damages, 

more than 20 000 homeless people) (https://www.azurseisme.com/-Seisme-ligure-de-1887,17-

.html [last access: 08/09/2021]). It is important to put in evidence the fact that in major cases, 

the people loss is not directly due to the seismic event but is due to building destructions. This 

show the importance to know what the local seismic risk in a region is and how do structures 

interact with the surface seismic wave field in order to protect people during seismic events. 

 

Figure 71: Historical seismicity (1182-1979 A.D.) of the southeastern region of France 
(modified from Larroque (2009)). Indicated events have seismic intensity higher than VI 
(according to SISFRANCE and the Cataloguo Parametrico dei Terremoti Italiani 2004). The 
1887 Ligure earthquake is indicated in red (6.8 Mw). The Var valley is highlighted by the 
rectangular black box. 

 

 

 

https://www.azurseisme.com/-Seisme-ligure-de-1887,17-.html
https://www.azurseisme.com/-Seisme-ligure-de-1887,17-.html
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Table 29: Main strong seismic events in the Alpes-Maritimes region since 1494 with an MSK 
intensity above V or magnitude higher than 4 (modified from 
https://www.azurseisme.com/Tableau-des-forts-seismes.html [last access 08/09/21]). 

Time Localisation Mag. Max. epicentral 

intensity (MSK 

scale) 

Damages 

23/06/1494 Upper valley of 
the Vésubie 

/ VIII Several deaths due to 
building damages because 

of rockfalls 
20/07/1564 Upper valley of 

the Vésubie 
/ VIII Several hundred deaths, 

destroyed villages, 
underwater sliding close to 

the coast of Nice 
18/01/1618 Lower valley of 

the Vésubie 
/ VIII Several deaths due to 

building damages 
15/02/1644 Lower valley of 

the Vésubie 
/ VIII Several deaths due to 

building damages 
23/02/1887 Ligure sea 6.8 Mw VIII More than 600 deaths and 

500 injured, destroyed 
villages and building 

damages 
19/07/1963 80 km off the 

coast of San 
Remo 

5.9 Ml VI Building damages 

26/12/1989 25 km to the 
south of Monaco 

4.5 Ml V No damages 

25/02/2001 27 km to the 
SSE of Nice and 

25 km to the 
south of Monaco 

4.6 Mw V No damages 

07/07/2011 107 km to the 
west of Ajaccio 

4.9 Mw V No damages 

26/02/2012 Barcelonnette 4.2 Mw V Building damages 
04/03/2012 92 km to the 

west of Ajaccio 
4.4 Ml IV No damages 

07/04/2014 Barcelonnette 4.8 Mw VI Building damages 

 

The regional seismicity is characterized by low to moderate seismicity with earthquakes having 

moment magnitude (Mw) higher than 4 tending to occur every 5 years (Larroque, 2009). The 

last main event was the 2014 April 7th Barcelonnette earthquake with 4.8 Mw. It was felt in the 

https://www.azurseisme.com/Tableau-des-forts-seismes.html
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whole region up to Milano in Italy (260 km away) and induced light building damages 

(https://www.azurseisme.com/seisme-de-jausiers-7-avril-2014.html [last access: 08/09/2021]). 

 

Figure 72: Actual instrumental seismicity of the metropolitan France (modified from BCSF-
RéNaSs and RESIF websites). Epicenters of earthquakes from natural origin in the Si-Hex area 
(Metropolitan France and exclusive economically zone in the sea (ZEE), with 20 km of 
extension). Seismicity catalog used: on the period 1962-2009 the catalog from the Si-Hex 
project (Cara et al. 2015, http://www.franceseisme.fr), on the period 2010-2020 the catalog 
from BCSF-RéNaSs for which the magnitude ML was converted in Mw. The Var valley is 
indicated by the black arrow. 

Since the 90’s, the region is covered by a large seismological network monitored by the Géoazur 

Laboratory and the seismic risk team of the Cerema (REPSODY). Numerous seismic stations 

and notably, permanent accelerometric stations from the French permanent accelerometric 

network (RESIF-RAP) enable to provide a lot of information about strong motions in the region 

https://www.azurseisme.com/seisme-de-jausiers-7-avril-2014.html
http://www.franceseisme.fr/
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(localization of epicenters, magnitude, peak ground acceleration, strong motion duration…) 

(Figure 73) (Pequegnat et al., 2008). Four of the permanent accelerometric stations (NIMR, 

SLAF, NCAD, NCAU) are located in the LVV, one of which was recently installed in October 

2020 (Figure 76). 

 

Figure 73: Actual permanent seismologic network (RESIF-RAP network) in the French 
Riviera. Each station is indicated by a dark triangle. The three stations (SLAF, NCAD, NCAU) 
are used to highlight site effect in the LVV. The site response at the reference station NCAU is 
compared to the site response at NCER and NOCA stations and discussed. The NIMR was 
recently installed on the 20th October 2020. 

Because of the recent installation of the NIMR station, the station could not record many 

earthquakes. Therefore, we focus on recordings at SLAF, NCAD and NCAU stations to 

investigate site effect in the LVV. These stations are aligned in the transverse direction of the 

valley and are chosen to evaluate empirically site effect in the studied area. From west to east, 

SLAF is located at the limit between the ancient alluvial terraces and the Pliocene 

conglomerates outcrop at the right bank of the river, NCAD is located on recent quaternary 

sediments and NCAU is lying over the Pliocene conglomerates to the east. NCAU is chosen as 

the rock reference station for the site effect estimation in the area. 
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IV.1.3. Site amplification in the Var valley 

IV.1.3.1 Previous studies 

Several site-specific studies in the city of Nice (Bard, 1983; Bertrand et al., 2007a; Régnier et 

al., 2020) showed that site effect exists here and particularly in the LVV that corresponds to the 

western boundary of the city. To prevent and decrease devastating effects of earthquakes, the 

French national policy sets up “Plans de Prévention des Risques Sismiques” (PPRS) for city 

presenting high stakes and subjected to important seismic hazard. These PPRS include the 

definition of seismic microzonations that identify zones where the seismic excitation is 

homogeneous. The seismic microzonation of the city of Nice was elaborated by the Cerema 

and is based on the methodology proposed by Régnier et al. (2020) (Figure 74). 

 

Figure 74. PPRS of Nice (modified from DDTM, 2019). The Var valley is identified by black 
lines. 

Because the city is bounded by the Var River to the west, the microzonation is not applied to 

the entire Var valley. On the other riverbank, a PPRS is currently under study. As presented 

before, the LVV belongs to a particular catchment area where the hydrological regime induces 

a large variety of sediments deposits mixing river and marine deposits (Pline, 1991; Guglielmi, 

1993; Du, 2016). Thus, combined with the large thickness of the quaternary sediments, the site 
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effect in this valley may be slightly different from the other valleys of the region. One of the 

challenges we are facing in this valley is that traditional geophysical surveys are not feasible 

due to the dense urbanization. Although, they are useful to retrieve the soil velocity profile. 

Therefore, one of the goal of our work is to build the best soil model possible without the help 

of this kind of data. 

 

IV.1.3.2 Earthquake recordings analysis 
First and foremost, standard seismic spectral ratio (SSR) (Borcherdt, 1994; Duval and Vidal, 

2003; Duval et al., 2013) and earthquake Horizontal-to-Vertical spectral ratio (HVSR) (Lermo 

and Chavez-Garcia, 1993; Theodulidis and Bard, 1995; Yamazaki and Ansary, 1997) are 

calculated at the NCAD and SLAF stations (Figure 75) using NCAU as a reference station, and  

recordings of 67 earthquakes meeting three criteria: an epicentral distance lower than 1500 km, 

a magnitude larger than 4 and a signal-to-noise ratio above 3 from 0.2 Hz to 30 Hz. These 

criteria indicate that the considered seismic events are regional earthquakes in order to have 

enough energy on accelerometric data. In fact, accelerometric sensors are not sensitive to 

teleseismic events (where the source is more than 3000 km away from the sensor). However, 

attention must be paid when using the SSR method. Indeed, this method requires to use seismic 

events where the source is sufficiently away to take into account equivalence between the 

source-site travel and the source-reference travel. The database from Rohmer et al. (2020) has 

been recently updated up to August 2021 (see Appendix 4). 

The horizontal components are rotated according to the main orientations of the valley 

(longitudinal and transversal) considering an angle of π/8 from the geographic north. A Konno 

and Ohmachi smoothing has been applied before spectral division using a b-parameter equal to 

20 (Konno and Ohmachi, 1998). 
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Figure 75: Earthquake HVSR and SSR of the seismic records at the RESIF-RAP stations 
located in and close to the Var valley computed considering an angle of π/8. (a) Transversal 
component at NCAD, (b) Longitudinal component at NCAD, (c) Transversal component at 
SLAF, (d) Longitudinal component at SLAF. 

At NCAD station, SSR and HVSR show a mean amplification at 1.68 Hz on the transversal 

component whereas on the longitudinal component, the results differ. SSR show a maximum 

amplification at 2.40 Hz while HVSR show it around 1.63 Hz. Compared to HVSR, we can 

note that SSR show indistinct amplification at this frequency. The difference between the 

fundamental 1D frequency (from HVSR) and the others (from SSR) may illustrate a 2D 

resonance in the valley. However, it appears on SSR that the fundamental frequency on the 

longitudinal component is higher than the one on the transversal component. This is incoherent 

with a valley 2D resonance for which the fundamental frequency on the longitudinal component 

is supposed to be lower than the one on the transversal component according to Bard and 

Bouchon (1985).  Sgattoni and Castellaro (2020) presented the case of anisotropic effects in a 

sedimentary valley. These effects can lead to discrepancies between SSR on horizontal 

components without having 2D resonance. At SLAF station, the SSR show no particular 

amplification under 10 Hz. Therefore, the site response of the ancient alluvial terraces (on the 

left bank of the river) and the Pliocene conglomerates outcrop on the right bank of the river is 

considered to be the same. 
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IV.1.3.3 Ambient vibration analysis 

Ambient vibration surveys are a powerful tool to investigate the geomorphological structure of 

a sedimentary basin since they require little money, little time and can be used to cover a large 

area. They provide good estimation of the fundamental resonance frequency for 1D horizontally 

layered structures (Bonnefoy-Claudet et al., 2008) and then, parameters like the sediments 

thickness or the average S-wave velocity (called here Vsz) can be deduced by simple 

relationships. These passive non-invasive measurements are used in many studies for different 

applications. They helped indeed to map the sub-surface structure in Ohio, USA (Haefner et 

al., 2010), in the Grenoble basin (Guéguen et al., 2007), in the western lower Rhine embayment 

(Seht and Wohlenberg, 1999), in Cologne area (Parolai et al., 2002), in Spain (Delgado et al., 

2002), and in the Po Plain in Italy (Mascandola et al., 2019). Other studies are investigating Vs 

profiles and the site response characteristics (amplification factor and fundamental resonance 

frequency), like in Switzerland in the Rhône valley (Roten et al., 2006), in Italy in the 

Tagliamento River valley (Barnaba et al., 2010), in Greece in the Mygdonian basin (Raptakis 

et al., 2005; Manakou et al., 2010) or in USA in the Seattle basin (Stephenson et al., 2019). 

However, all these studies include an inversion process linked to interpretations and show some 

uncertainties concerning the estimation of the soil layers geometry and the material 

geomechanical characteristics.  

Complementary to these data, borehole data allow very locally to constrain the basin depth. 

Geotechnical data are divided in two large categories: the in-situ (as for example standard 

penetration test, cross penetration test, etc., from which the Vs can be obtained throughout well 

selected correlation relationships and the laboratory tests (like resonant column, triaxial test, 

etc., on undisturbed samples), which lead in the quantification of crucial soil properties (such 

as stiffness and damping) of the soil materials. Nevertheless, each method employed needs 

specific knowledge and expertise to achieve useful results (in terms of small strain shear 

modulus (𝐺0), Vs, shear modulus – shear strain – damping ratio (G-γ-D) curves, etc.) for soil 

and site characterization. 

It is possible to use the corresponding results of the borehole samples, by themselves or in 

combination with other data (i.e. from seismic or geological prospecting), for the construction 

of a soil model, that can be adopted for modeling purposes. For example, Bozzano et al., (2000) 

worked on the definition of the buried Tiber River valley in Rome following this approach. 

These geotechnical data bring thus strong constraints to the lithology and the geometry of the 
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basin structure. The combination of borehole data and geophysical surveys is used in many 

cases for example to build sub-surface model like in Lebanon (Salloum et al., 2012) or in Spain 

(Delgado et al., 2000), or to investigate site response like in the “Europarco Business Park” in 

Rome (Bozzano et al., 2016). Indeed, the combination of all available data is a powerful tool to 

better constrain the study like presented in several papers about the Euroseistest in Greece 

(http://euroseisdb.civil.auth.gr/ [last access: 23/12/21]). However, in the case of very urban site, 

the amount of available data can be scarce due to the difficulty to perform geophysical field 

campaigns. In such environment, the challenge to acquire reliable data is one of the goals of the 

urban seismology. 

In addition, in the absence of in-situ parameters or laboratory tests, the definition of the basin 

structure at depth is a real challenge. Considering that, on one hand, boreholes are expensive, 

are time consuming and give information on a very local scale and that, on the other hand, the 

studied area is a dense urbanized zone, it is very complicated to undertake either an extensive 

borehole drilling campaign nor a comprehensive geotechnical survey over the whole valley 

(e.g. Vähäaho, 1998; Kessler et al., 2008; Marache et al., 2009a, 2009b).  

In order to better estimate seismic hazard in the LVV, intensive geophysical and geotechnical 

campaigns were performed (Dufour et al., 2018; Rohmer et al., 2020). We are attempting here 

to define the 3D model of the LVV combining existing borehole log-stratigraphy and ambient 

vibration measurements. A new methodology is proposed to investigate the sedimentary basin 

structure by using a large amount of available data, spatially distributed all along the valley, 

and by defining an average velocity zonation. The model is first defined, by sedimentary 

layering constrained by borehole data and second, by the basin-bedrock interface constrained 

by the combination of borehole data and ambient vibration measurements. The considered 

geotechnical data consist only in soil log descriptions providing unevenly distributed but strong 

constraints in the geometry of the subsurface soil layers and the type of sedimentary material. 

On the contrary, the intensive ambient vibration campaigns provide a dense and regular grid of 

measurements to improve the spatial resolution of the model. 

 

http://euroseisdb.civil.auth.gr/
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IV.2. Available borehole log-stratigraphy 

331 boreholes collected in the database from the BRGM and recent geotechnical surveys 

(provided by the city of Nice) are used to build the 3D model of the LVV. The location of the 

boreholes is illustrated in Figure 76.  

 

Figure 76: Localization of all geotechnical and seismic data used in the building of the 3D 
model of the LVV. The background map is the 1/50000e geological map from the French 
Geological Survey (BRGM) that overlaid the 5 m resolution DEM of the LVV (GO_06 June 
2009, BATHYMETRIE©CANCA, Litto3D, MALISAR and IBCM campaigns). 

Most of them are located in the southern part of the valley. Only 35 boreholes, located mostly 

at the edges of the valley, are reaching the engineering bedrock bringing punctual, but strong, 
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constraints to the basin thickness. However, a large uncertainty exists on the basin geometry in 

the middle of the valley. Based on a synthesis of available geotechnical and geophysical data 

at the scale of the city of Nice, a common lithostratigraphic soil profile of the fluvial deposits 

in the LVV is elaborated (Figure 77). 

 

Figure 77: Lithostratigraphic soil profile applied to the Var valley and estimated seismic wave 
velocities. The colored scale helps to identify layers in the 3D model of the LVV (Figure 96). 

Based on the lithostratigraphic soil profile of the Nice (Régnier et al., 2020) (Figure 78) and on 

the interpretation of each borehole log-stratigraphy available in the LVV, nine sedimentary 

layers sorted from the most recent at the top to the oldest at the bottom of the valley are defined 

to constitute the lithostratigraphic soil profile of the LVV. These layers are mainly composed 

of sand, gravel, silt and clay. Consequently, geotechnical data provide strong constraints to the 

quaternary sedimentary thickness and also to the sedimentary layering within the basin. The 

interpolation of the sedimentary layering for each sedimentary layer is presented in the section 

IV.6. 
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Figure 78: Lithostratigraphic soil profile of the city of Nice (from Régnier et al. (2020)) 

 

IV.3. Passive and active seismic measurements 

Passive and active seismic measurements have been conducted in the LVV in order to estimate 

the fundamental resonance frequency (fs0) at each measurement site (Figure 76). Also, one 

multichannel analysis of surface waves (MASW) experiment and one ambient vibration array 

(AVA) were jointly performed at a specific location to better constrain the wave propagation 

velocities in the sedimentary basin. And four active seismic surveys associated with single 

ambient vibration measurement have been conducted in the surrounding outcrops to estimate 

the Vs in the engineering bedrock (P points on Figure 76). First, we present the material and the 

setup configurations employed to obtain seismic data in the valley. Second, the fs0 is estimated 

at each measurement sites in the LVV through the microtremor HVSR (mHVSR) approach 

(Nakamura, 1989). A focus is made on the mHVSR quality for the interpretation of ambient 

vibration data. 
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IV.3.1. Material and setup geometry 

For all passive seismic measurements, Lennartz LE-3D-5s seismometers are used. The 

minimum sampling frequency was 150 Hz. The minimal recording duration was 30min. The 

digitizer was CityShark II (Chatelain et al., 2000) for the ambient vibration campaign in the 

LVV that are, with Lennartz LE-3D-5 s seismometers, a performant combination in ambient 

vibration studies (Guillier et al., 2008). We estimate the fs0 in the sedimentary basin of the LVV 

through each ambient vibration measurement for a total of 439 points presented in Figure 76. 

The distance between nearby measurement points is smaller than 100 m. 

MiniShark station (Chatelain et al., 2000) was used for the four seismic surveys in the 

surrounding outcrops. For all of these active seismic measurements, 24 vertical 4.5 Hz 

geophones evenly spaced are used. Two set up were considered. In the first, the geophones were 

distant from 1.5 m and in the second set up the in-between geophone distance was 3 m. The 

respective total length of profiles was thus 34 m and 69 m. The frequency sampling was 500 

Hz and a mass of 10 kg was used as seismic source. For most of them, the measurements were 

performed during the working days in spring and summer.  

The AVA is composed of 3 circles with a radius varying between 5, 20 and 50 m (Figure 79).  
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Figure 79: Localization of the MASW and AVA arrays in the LVV. 

 

IV.3.2. fs0 in the quaternary sedimentary basin 

We analyze the ambient vibration data performed all along the valley in order to estimate the 

fs0 at each measurement point in the sedimentary basin. To do this, we use the mHVSR approach 

(Nakamura, 1989) through the Geopsy open source software (Wathelet et al., 2020) in the 

frequency range 0.5 – 20 Hz for measurements in the basin and in higher frequency range 0.5 

– 60 Hz for recordings on rock site. 

The first peak of mHVSR is assumed to indicate the fs0 of the soil column at each measurement 

point. This assumption is applied for curves with well-defined and single sharp peak with 

amplitude level above than 3 according to the SESAME  European project (European 

Commission, 2004). However, for some recordings, only few stationary windows are found and 

analyzed leading in some uncertainties in the result at these points. Therefore, for all of the 

ambient vibration measurements performed in the LVV, the resulting mHVSR are sorted in 5 
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groups according to their quality. We introduce the method of the mHVSR quality classification 

in the following section. 

 

IV.3.2.1 Classification of the mHVSR 

In order to successfully interpret the mHVSR, we perform a classification of the curves 

according to the reliability of each measurement based on a visual inspection. The classification 

table can be found in Table 30. 
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Table 30: Conditions for the mHVSR quality classification. The reliability of mHVSR 
decreased from the top to the bottom. 
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 Other low amplitude peaks are accepted or 2 
sharp peaks, or one large peak 
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 A0 > 3 
 Low standard deviation 
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 Only one low amplitude peak or several 
similar amplitude peaks or one very large 
peak 

 f0 not well-defined 
 3 < A0 > 2 
 Can exhibit a large standard deviation 
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 Several peaks or low frequency plateau (or 
one very low amplitude peak) 

 f0 hard to define 
 A0 > 2 (or A0 ≈ 2 if one peak) 
 Large standard deviation at low frequency 
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 Curve determined with a few time windows 
or mostly flat curve but not exactly a flat 
curve characteristic of a rock site 

 f0 hard or impossible to define  
 A0 < 2 
 Large standard deviation (if only a few time 

windows) 
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Five groups are defined: A, B, C, D and E where A designates mHVSR containing a well-

defined and very sharp peak and E designates curves on which no clear peak is identified 

according to the SESAME European project criteria (European Commission, 2004). The 

considered quality criteria are given for each group. In total, 439 sites were investigated but 

only 357 ambient vibration measurements are used in the model of the LVV. Indeed at 82 sites, 

recordings show no sufficient windows to be analyzed or the vibration are due to close and 

sustained anthropogenic sources and so they are not further considered. Among the 357 

remaining curves, 115 are classified in group A, 122 in group B, 62 in group C, 38 in group D 

and 20 in group E.  

This classification is a preliminary analysis of the ambient vibration data and allows to have an 

overview of the data uncertainty in the studied area as seen in Figure 80. The distribution of the 

different quality classes appears to be heterogeneous all along the valley. It is observed that, at 

the estuary of the Var River, the quality of mHVSR is mostly in group A. Furthermore, it can 

be noticed that the mHVSR quality seem better in the lower part of the Var valley and 

specifically, on the left bank of the river. On the contrary, data on the right bank of the river 

should be analyzed and interpreted carefully due to the major presence of low-quality mHVSR. 
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Figure 80: Distribution of the fs0 and the quality classification of mHVSR in the LVV. 

 

IV.3.2.2 Distribution of the fs0 in the quaternary sedimentary basin 

Figure 80 shows the distribution of the fs0 considered on mHVSR as related to the Quaternary-

Pliocene interface through the valley.  

From the south to the middle of the valley, especially on the left bank of the river, the 

frequencies tend to increase from 1 Hz to 3 Hz, suggesting a slightly decreasing thickness of 

the sedimentary basin toward the north. From the southern right bank to the northern part of the 

LVV, the fs0 values are very variable between 0.7 Hz and 13 Hz. This zone covers the edge and 
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the center of the valley where the Var River is, which corresponds to a large difference in the 

basin thickness at short distances. Also, this zone includes most of the ambient vibration 

measurements where mHVSR double peaked are observed. As mentioned before, these curves 

are generally detected in the middle of the valley and in the northern part of the LVV. The 

estuary of the Var River is characterized essentially with low frequency peaks around 1 Hz. 

These values are consistent with the large sedimentary thickness assumed at the Var estuary 

(Guglielmi, 1993; Dubar, 2012; Kopf et al., 2016; Migeon et al., 2016). 

 

IV.4. Seismic wave velocity in the sedimentary 

basin 

The Vs in the LVV basin is estimated using two different approaches. First, the velocity is 

computed from punctual investigation sites. Second, a seismic velocity zonation in the LVV is 

developed to take into account all the available data (geotechnical and geophysical) and also, 

the horizontal spatial variability of the Vsz. 

 

IV.4.1. Punctual investigation of Vsz 

Punctual investigations of Vsz have been performed in the LVV in the form of cross holes and 

AVA and MASW campaigns (Figure 81). Seismic wave velocities are constrained in the basin 

at depth only from the AVA campaign (site I). This analysis allows to have a first insight of the 

Vsz in the sedimentary basin. 
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Figure 81: Localization of the sites in the LVV where seismic wave velocity is estimated. 

AVA and MASW measurements are jointly analyzed to investigate Vsz in the whole quaternary 

sedimentary basin. The spatial autocorrelation method (Aki, 1957) and the f-k method (Aki, 

1957) that provide respectively low frequency (< 5 Hz) and moderate frequency (5 – 15 Hz) 

information are used to analyze the AVA data. The active seismic data are analyzed using the 

MASW method (Park et al., 1999; Foti et al., 2017).  

We combine the Rayleigh waves dispersion curves obtained from both active and passive 

seismic surveys in the inversion process to obtain better constraints for the definition of the 

velocity profiles. When a geotechnical borehole is available in the vicinity of the measurement 

point, the description log of the borehole is used to define the first model of the inversion. 

The combined inversion of the theoretical dispersion curves and mHVSR is performed using a 

non-linear neighborhood algorithm using the Dinver software (Wathelet et al., 2008). The 

inversion of the mean of the dispersion curves and mHVSR for each investigated site has been 

performed to constrain both source of data. In fact, the MASW method does not give a unique 

solution and the mHVSR method has uncertainty on Vs and 𝐻 parameters according to Eq.(86) 

𝑓0 = 𝑉𝑠𝑧4𝐻 (86) 
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where fs0 is the fundamental resonance frequency at each measurement point [Hz], Vsz is the 

average S-wave velocity above the bedrock [m.s−1] and 𝐻 is the quaternary sedimentary 

thickness [m]. Both methods are complementary in the way that they compute Vs in the same 

frequency domain. The uncertainty of Vs profiles is then reduced by crossing results from each 

method. 

Results from inversion process for each investigated sites are:  

 Several Vs profiles ; 

 Several theoretical dispersion curves ; 

 Several mHVSR ellipticity curves. 

The number of runs depends of the minimum standard deviation reached by the inversion 

process. When the standard deviation becomes stable, the inversion process considers having 

the best velocity model. Finally, for each studied site, the velocity model having the minimal 

standard deviation is extracted. 

The extracted velocity model is integrated in a MATLAB® code that solves a direct problem. 

The direct problem consists to use present data (here the best velocity model) to define physical 

data (here the theoretical dispersion curves). Thus, the superposition of the theoretical 

dispersion curves found using the direct problem on the results from the f-k method enables to 

valid assumptions made during the inversion process. 

According to the results of Vsz profiles (Figure 82), a superficial layer with Vs around 250 m.s−1 

is found followed by a soil layer characterized by a Vs of 380 m.s−1 until 30 m depth in the basin 

above the bedrock. However, as the measurements are located at the edge of the basin, they are 

not well representative of the overall Vsz in the quaternary alluvial deposits of the valley. 

Considering that the basin is deeper along the Var River, we assumed that Vsz should be slightly 

higher than Vsz found here. Thus, we first assumed that the basin is composed of one 

homogeneous sedimentary layer and estimated constant Vsz equals to 400 m.s-1 all along the 

basin. 
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Figure 82: Microtremor HVSR, Rayleigh waves dispersion curve (phase velocity) and inverted 
Vs profiles at point I in the sedimentary valley. The color scheme for Vs profiles corresponds to 
the error between the theoretical models generated by the inversion process and the observed 
data (reddish color correspond to lower misfit). 

The Vs value of each sedimentary layer defined for the microzonation of the city of Nice 

(Régnier et al., 2020) (Figure 78) have been fitted to the sedimentary layers of the 

lithostratigraphic soil profile of the LVV. In fact, even if the sedimentary layering seems to be 

similar between the lithostratigraphic soil profiles, the one of the LVV shows slight 

discrepancies in sediment material. This material is mainly fine in the soil profile of Nice 

compared to the one of the LVV that contains pebbles due to the stronger energy of the 

hydrological system of this area. Therefore, we could expect an increase of the Vsz values. 

The cross holes are interpreted as function of the lithostratigraphic soil profile of the LVV. For 

each investigated sites, the depth of each sedimentary interfaces from the 3D model is placed 

in parallel with the obtained velocity profile to assign a mean velocity value to each sedimentary 

layer (Table 31). For more information, the velocity profiles from cross holes 2 and 3 are 

presented in Appendix 5. 
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Table 31: Description and interpretation of the velocity profile from the seismic surveys in site 
I and from available cross holes in the LVV. 

 

 

 

 

 

 

 

 

Table 32: Description of the estimation of the Vs value for each sedimentary layers of the 
lithostratigraphic soil profile of the LVV. The unity is in meter per second. 

Layer Estimated Vs 

(m.s-1) 

Why this value ? Uncertainty 

(+/-) (m.s-1) 

1 240 
site I is a good compromised between the results 

of the different cross holes, taking into account 

the uncertainty given by the cross holes 

165.95 

2 435 based on site I 14.015 

3 350 
intermediate Vs value, the geology presents 

softer material than layer 2 but older and harder 

than layer 4 

no data 

4 270 based on site I no data 
5 435 based on site I no data 

6 400 
same assumed layer than layer 3, but older and 

harder 
no data 

7 350 
same assumed layer than layer 4, but older and 

harder 
no data 

8 500 
same assumed layer than layer 5, but older and 

harder 
no data 

9 700 
same assumed layer than layer 8, but older and 

harder 
no data 

R 1290 
Vs value from seismic field campaign on rock 

around the LVV basin, close to the Vs value 

found in cross holes 2 and 3 

no data 

 

 

Site I Lithostratigraphic soil profile of the LVV 

Depth (m) 𝑽𝒔 (m.s-1) Interpretation 

0-4 240 layer 1 
4-12 435 layer 2 

12-17.6 269 layer 4 
17.6-44.6 435 layer 5 
44.6-50 1080 bedrock 

Cross hole 1  
Depth (m) 𝑽𝒔 (m.s-1) Interpretation 

0-10 318.55 layer 1 
10-20 454.82 layer 2 

Cross hole 2  
Depth (m) 𝑽𝒔 (m.s-1) Interpretation 

0-30 227.75 sediments 
Cross hole 3  

Depth (m) 𝑽𝒔 mean (m.s-1) Interpretation 

0-7 337 sediments 
7-30 1183.79 bedrock 
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The compressional wave velocity (Vp) is deduced using the equation: 

𝑉𝑝 = 𝑉𝑠 ∗ √3 for rock (87) 

𝑉𝑝 = 𝑉𝑠 ∗ 2.5 for sedimentary layer. (88) 

 

IV.4.2. Vsz zonation in the basin 

A map showing the horizontal spatial distribution of Vsz through the valley is proposed. This 

map results from the definition of a velocity zonation by combining borehole and ambient 

vibration data. 

First, the horizontal spatial variability of the Vsz in the valley is studied analyzing jointly the 

deep geotechnical boreholes and the mHVSR. The boreholes reaching the bedrock help to 

constrain the basin depth locally. Combined with nearby fs0 from mHVSR, we obtain Vsz at each 

position of deep boreholes according to the well-known Eq.(86). The result shows a large spatial 

variability of this velocity in the sedimentary soil profile of the valley. A velocity zonation is 

thus proposed to refine Vsz in the quaternary sedimentary basin. The zonation is established 

from the interpolation of the punctual Vsz previously estimated, using the nearest neighborhood 

algorithm and taking into account the geomorphological structure of the valley. We consider 

that the valley is deeper along the Var River which implies larger Vsz. Indeed, the deeper 

sediments, as more compacted and thus are characterized by a larger Vsz than the superficial 

ones. The resulting velocity zonation includes 4 zones for which the velocity in the recent 

sediments varies between 100 m.s−1 and 700 m.s−1 (Figure 83).  
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Figure 83: Vsz zonation in the LVV. The squares indicate boreholes reaching the bedrock. 

Note that the velocity at the airport is found to be higher than 500 m.s−1. This result is in 

agreement with available geotechnical surveys and laboratory tests showing a high 

consolidation of the embankments under the landing strips (Serratrice, 2009). 

 

IV.5. Seismic wave velocity in the engineering 

bedrock 

The bedrock geology and its depth have already been the subject of geological, geophysical and 

hydrogeological studies in the valley (Horn et al., 1965, 1980; Pline, 1991; Guglielmi, 1993; 

Sultan et al., 2010; Mangan et al., 2012). Guglielmi (1993) suggested that the ante-Pliocene 

bedrock is structured by faults and tilted blocks. Pliocene conglomerates contain marl lenses 

heterogeneously distributed and are considered as the impermeable bedrock in studies 

concerning the water table of the Var valley (BRGM, 2010; Du, 2016). Therefore, it exists 

lateral variability of the bedrock nature all along the valley. For sake of simplification, in most 

of the studies, the bedrock is considered as composed by the Pliocene conglomerates. We 

assumed, in this work, that the engineering bedrock of the LVV is composed of homogeneous 

Pliocene conglomerates in order to simplify the model. The engineering bedrock represents 
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rock, or rock-like geological formation characterized by a Vs larger than 800 m.s−1 following 

classification criteria based upon the European building code for seismic design (CEN, 2003). 

The geological complexity of the LVV and the uncertainty on the seismic wave velocity in the 

deep rock of the valley lead to investigate four different sites around the Var valley in addition 

to the measurements of the dense ambient vibration campaign on the basin. The seismic wave 

velocity of the engineering bedrock of the valley is investigated through simultaneous MASW 

survey and single ambient vibration measurements (Figure 76). 

 

IV.5.1. Investigated rock sites 

The rock sites are located (Figure 84): 

 P1: in the cemetary of Caucade in Nice; 

 P2: in the village of La Gaude; 

 P3 and P4: around Saint Laurent-du-Var city. 

 

Figure 84: Illustration of the seismic surveys around the LVV to estimate the seismic wave 
velocity in the engineering bedrock. 
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For each investigated site, one MASW profile and one single ambient vibration measurement 

were jointly performed to better constrain the wave propagation velocities in the rock. More 

description about the material and about the method analysis can be respectively found in 

section IV.3.1 and in Appendix 6. 

Some boreholes are located close to the investigated rock sites P1, P2 and P4 and help to have 

an idea of the geology of the soil column and of the underlying bedrock altitude. These 

geotechnical data are useful in the interpretation of the Vs profiles. They are described in Table 

33. 

Table 33: Description of the boreholes located close to the investigated rock sites. 

*Banque de données du Sous-Sol (BRGM) 

 

Rock 

site 
Borehole ID 

(from BSS*) 

Borehole 

n° 

Location 

(Date) 
Lat. 

(°) 
Long. 

(°) 
Depth 

(m) 

Description 

P1 

BSS002 
HHTW 

10001X0
345/S 

Nice 43.67 7.21 32.7 
0-0.6m: filling 

0.6-1.4m: silty sand 
1.4-…: conglomerate 

BSS002 
HHUU 

10001X0
411/F3 

Nice 43.67 7.21 64.2 
0-4.6m: filling 

4.6-9.4m: silty sand 
9.4-…: conglomerate 

P2 
BSS002 
HEUZ 

09994X0
397/S1 

La 
Gaude 
(1976) 

43.73 7.16 25.3 
0-6m: scree (limestone, marl, 

clay) 

6-17.3m: fissured limestone 

P4 

BSS002 
HFBC 

09994X0
556/F 

St 
Laurent-
du-Var 
(2009) 

43.67 7.18 70 Water 

BSS002 
HESG 

09994X0
178/S 

St 
Laurent-
du-Var 
(1968) 

43.66 7.18 18 

0-2.5m: red clay 
2.5-14.2m: clay sand 

14.2-18m: conglomerate 

BSS002 
HEUX 

09994X0
395/S5 

St 
Laurent-
du-Var 
(1976) 

43.66 7.18 13 

0-1.2m: brown silty sand 
1.2-4.5m: clay 

4.5-5.1m: clay gravels 
5.1-6m: silty sand 

6-6.8m: pebbles, clay gravels 

6.8-10m: silty sand 

BSS002 
HFDV 

09994X0
621/06S

C10 

St 
Laurent-
du-Var 
(2015) 

43.66 7.18 40 

0-1m: topsoil 
1-3.9m: clay sand 

3.9-7.7m: pebbels and gravels 
7.7-32m: silty sand 

32-33m: pebbles and gravels 
33-40m: sand and pebbels 
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IV.5.2. mHVSR curves 

The mHVSR of each investigated site are different. Globally, the standard deviation of the 

curves tends to increase in the low frequencies. The ones at site P1 show no peculiar peak and 

varies around 1.8 slightly exceeding 2 at 4, 15 and 20 Hz. The mHVSR at site P2 present a clear 

peak at 20 Hz. The curves at site P3 show very low frequency amplification (at 0.6 Hz) with 

large standard deviation. A large peak, maybe composed of two peaks, is observed around 3.5 

Hz. And a sharp peak is noted at 25 Hz. Finally at site P4, a large peak reaches 2.4 at 1.8 Hz, 

another are observed at 7 Hz and 25 Hz. 

 

Figure 85: mHVSR at each investigated rock sites around the LVV from the single ambient 
vibration measurement with recording duration of 30min. 

 

IV.5.3. Seismic velocity profiles 

As in the section IV.4.1, we combine the Rayleigh waves dispersion curves obtained from both 

active and passive seismic surveys in the inversion process to obtain better constraints for the 

definition of the velocity profiles. The parameters used in the inversion process are presented 

in Appendix 7. Layers are linked by the Vs. Because we analyzed the seismic wave velocity in 

rock, we assumed for simplification that the parameters values of bottom layers are always 

higher than the layers above. In fact, the probability to have velocity inversion in rock medium 

is considered low. 

Several tests were performed in order to obtain the velocity profile considered to be the best for 

each investigated rock site. For site P1, the definition of the velocity profile was made with no 

consideration of the mean mHVSR curve. For site P2, the Fourier spectrum was only computed 

from the data of the seismic network with the in-between sensors distance of 3 m. To obtain the 

velocity profile, Vs was supposed to range between 100 and 1000 m.s-1 up to 100 m depth 
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knowing the geology at this site. For site P3, the mean velocity dispersion was interpreted as 

related to the first higher mode of the soil. 

The seismic velocity profiles from the inversion of combined MASW and mHVSR results are 

presented in Figure 86 and detailed in the Table 34. When borehole log-stratigraphy were 

available nearby investigated sites, the depth at which the velocity changes had been compared 

to the depth of the different lithology observed on borehole data. It is the case for the sites P1, 

P2 and P4 (Table 33). 

 

Figure 86: Microtremor HVSR, theoretical dispersion curves and Vs profiles from inversion 
process at each P site for the estimation of the seismic wave velocity in the bedrock. 
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Table 34: Velocity profiles for the estimation of the seismic wave velocity in the bedrock at 
each P site. 

Rock site Layers Deep (m) Vp (m.s-1) Vs (m.s-1) Geological interpretation 

P1 

1 1.6 2721 150 Superficial soil 

2 27.7 2724 466 Sandy silts 

3 Inf 2729 1040 Conglomerates 

P2 
1 6 1263 406 Superficial soil 

2 Inf 2679 1435 Limestones (fractured) 

P3 

1 4 346 212 Anthropogenic deposits 

2 18 635 327 Sand gravels 

3 Inf 1451 889 Conglomerates 

P4 

1 2 245 150 Superficial soil 

2 16 709 434 Ancient alluvium 

3 89 3062 1294 Conglomerates 

4 Inf 4225 2586 Limestones 

The results show that the inversion of combined MASW and mHVSR data gives a soil profile 

close enough to the one observed on borehole log-stratigraphy nearby. An example is presented 

in the Figure 87. The Vs considered in the conglomerates is around 1300 m.s-1 and appears on 

the model at 15 – 16 m depth. By studying the borehole in the vicinity of the measurement, 

conglomerates are identified from 14.2 m depth. Layers interfaces are then in the same order of 

magnitude and indicate that the inversion results are rather coherent with borehole data for these 

sites. 

 

Figure 87: Example of a borehole log-stratigraphy close to the P4 site (BSS002HESG from the 
BSS database) (left) and velocity profile at P4 site (right). 
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P1 is on a Pliocene conglomerate outcrop. On the Vs profiles at this site, one layer of 2 m thick 

with Vs equals to 150 m.s-1 is observed. The layer lies on a thicker one that reaches 30 m depth 

with well constrained Vs equal to 450 m.s-1. From 30 m depth, the standard deviation increases 

and reaches around 1 000 m.s-1. We note that Vp is not well constrained at this studied site with 

values between 2000 and 5000 m.s-1 (Table 34 and Figure 86). 

The velocity profile at site P2 is associated to a bilayer model considering the geological 

structure at this site (Table 33). This site is characterized by limestones in the village of La 

Gaude. One interface is well observed on the Vs profile. It delineates a first layer up to 6 m 

depth with Vs equals to 400 m.s-1. The second layer has Vs equals to 1400 m.s-1 that is well 

constrained by the inversion process. Vp is well constrained too. For the first layer, Vp reaches 

1300 m.s-1 and for the second layer it reaches 2700 m.s-1 (Table 34 and Figure 86). 

For P3 site, the velocity profile is associated to a 3 layers model considering the geological 

structure at this site (a landfill in a small valley). The penetration depth at this site does not 

allow to observe the impedance contrast between conglomerates and limestones. Considering 

the dispersion curve, the velocity is well defined between 6 and 40 Hz with a standard deviation 

of 100 m.s-1, where the plotted dispersion curve is. Below 6 Hz, the standard deviation reaches 

1000 m.s-1 and the velocity varies between 600 and 1700 m.s-1 for a same frequency value. Note 

that the best results tend to show a Vs around 800 m.s-1 in low frequencies and 200 m.s-1 in high 

frequencies. The mHVSR ellipticity curve shows a maximum of energy between 5 and 6 Hz. 

However, according to the mHVSR theoretical curve, the ellipticity peak is shifted toward high 

frequencies. This results from the combined inversion of MASW and mHVSR results. In fact, 

the process tries to fit theoretical results from both methods. Considering the velocity profiles 

of the site P3, two interfaces are identified.  The first one delimits a superficial layer up to 4 m 

depth with Vs equals to 200 m.s-1. The layer below the superficial one has Vs equals to 300 m.s-

1 and reaches 18 m depth. The last one, bounded by the second interface indicates a Vs equals 

to 900 m.s-1. The Vp is as well constrained as the Vs and reaches 1400 m.s-1 at 18 m depth (Table 

34 and Figure 86). 

At site P4, the velocity profile is associated to a 4 layers model considering the geological 

structure at this site. The first layer barely reaches 2 m thick with Vs equals to 150 m.s-1. The 

second layer sinks down to 16 m depth and shows Vs equals to 400 m.s-1. The below layer 

reaches 90 m depth with Vs equals to 1300 m.s-1. The last layer has a high Vs value equivalent 
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to 2600 m.s-1. For this measurement site, the Vp is well constrained up to 16 m depth (Table 34 

and Figure 86). 

From three of the obtained velocity models that were carried out on both sides of valley, the 

Pliocene conglomerates show Vs ranging from 900 m.s−1 to 1300 m.s−1. A Vs gradient depending 

of the depth is observed. At the surface, Vs is around 900 m.s-1 and reaches 1300 m.s-1 from 18 

m depth. This gradient is retrieved at both sides of the sedimentary basin of the LVV. The Vs in 

ancient alluvial terraces is equal to 400 m.s-1. However this value does not necessarily 

characterize this kind of geology because the same value is retrieved at the site P2 in alluvial 

soil. The velocity in the limestones varies between 1400 m.s-1 and 3000 m.s-1 depending on its 

alteration state and the depth of the lithology (Table 34 and Figure 86). 

 

IV.6. 3D model geometry 

IV.6.1. Methodology 

The GDM (Geological Data Modeling) software released by the BRGM (Bourgine, 2018) is 

used to build the 3D model of the LVV. This software allows to create geological models in 

three dimensions from different data, such as boreholes, geological limits, punctual 

measurements, among others. The software is used to interpolate the Quaternary-Pliocene 

interface and all the sedimentary layers within the basin. Several interpolation methods can be 

used in the software. The interpolation method considered in this study is a krigeage approach 

(Matheron, 1969; Gratton, 2002) which interpolates by honoring each measurement point and 

taking into account the spatial density of measurements. In the calculation, the method uses a 

linear model of variogram of slope equal to 1. In mathematical words, the half variance of the 

difference between two points separated by a certain distance is computed. More details can be 

found in Appendix 8. To accurately perform the interpolation, it is necessary to define the 

interpolation limits. Here, the limits of the recent quaternary deposits from a 1/5000e geological 

map (Bertrand et al., 2007a; Régnier et al., 2020) are considered as the interpolation limits. To 

model these limits, fictive boreholes have been created all around the valley where the bedrock 

altitude is set at the same altitude than the digital elevation model (DEM). 

In the case of the model of a valley, the basin thickness is identified by GDM as “fin de passes 

de sondage” at each local constraint. It means that GDM assigns the value of the basin thickness 
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at one investigated site to the depth of the bedrock interface at this same investigated site (Figure 

88). When the basin-bedrock interface is not “seen” by the local constraint or sedimentary layer 

is not bounded in the borehole data, GDM assumes the floor of the last sedimentary layer as the 

last layer in the model even if there is deeper sedimentary material. After loading the DEM and 

the database of the basin thickness, the interpolation of the basin-bedrock interface is 

performed. More details about the building process of the 3D model can be found in Appendix 

8. 

 

Figure 88: Attribution of the basin depth to the basin-bedrock interface altitude. 

Sometime, the interpolation value of the basin-bedrock interface is higher than the DEM value. 

The GDM software allows to correct this error by bringing the value back to the one of the 

DEM using Eq.(89) 

𝑧𝑏𝑒𝑑𝑟𝑜𝑐𝑘 = min(𝑧𝑏𝑒𝑑𝑟𝑜𝑐𝑘; 𝑧𝐷𝐸𝑀). (89) 

The estimation of the uncertainty linked to the fusion of different types of data can be difficult 

to realize. In fact, the simple addition of the uncertainty of each type of data to compute the 

mean uncertainty can lead to wrong interpretations because of the equal weight assigned to each 

data.  Some probabilistic studies focus on the subject of the combination rules also called “belief 

functions” (Smets, 1990; Wang, 2019; Dezert et al., 2019). These functions are based on the 

evidence theory (Dempster, 1967; Shafer, 1976). This means that they estimate the occurrence 

probability of an event from the merge of data from different sources and assign a specific 

weight for each data. These methods are powerful when the studied object is roughly known. 

Indeed, it is necessary to have sufficiently strong clues even if it is a few one, in order to define 

what they called the “Frame of Discernment” that are the base of the method application. In 

this thesis, the strong clues are the boreholes reaching the engineering bedrock. Unfortunately, 

they are not sufficient and well spatially distributed to apply the combination rules (Figure 76). 
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It is only well known that the basin reaches more than 100 m at the estuary of the Var River. 

Therefore, we consider separately the uncertainty of each type of data.  

 

IV.6.2. mHVSR double peaks 

During the analysis of the ambient vibration data, mHVSR double peaks are observed at some 

measurement points. Those measurements show a first peak around 1 Hz and another one at 

higher frequency, generally around 2.5 Hz. Both exhibit generally an amplitude higher than 2 

(Figure 89). 

 

Figure 89: (a) Profile North-South of the geophysical model (based only on ambient vibration 
data) assuming Vsz constant and taking into account the first peak of mHVSR double peaks. (b) 
Profile North-South of the geophysical model assuming Vsz constant taking into account the 
second peak of mHVSR double peaks. Green lines on profiles indicate data located in the 
middle of the LVV. Black lines on profiles indicate data from a band of 200 m width on both 
sides of the middle of the valley. Indicated boreholes are located all along the valley. 

In order to know which peak is associated with the fs0 of the site, a first model of the LVV is 

elaborated considering a single homogeneous sedimentary layer in the basin to have a first 

overview of the geometry of the basin-bedrock interface depending of the frequency peak. The 

basin-bedrock interface is only constrained by ambient vibration data (Figure 90). 
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Figure 90: Scheme of the single sedimentary layer model assuming Vsz constant. 

From the Eq.(86), considering locally a 1D tabular model (defined by the sedimentary basin 

and the bedrock) and taking into account Vsz = 400 m.s-1 in the basin, the sedimentary basin 

thickness is computed for each single ambient vibration point in the valley according to the 

considered frequency peak. For the first model (Figure 89(a)), we identified the first peak of 

mHVSR double peaks around 1 Hz as the basin resonance frequency. For the second model 

(Figure 89b), we identified the second peak of mHVSR double peaks in higher frequencies as 

the basin resonance frequency. Note that the profiles presented in the Figure 89 are longitudinal 

profiles (North-South) of the LVV taking into account data from a band of 200 m width on both 

sides of the middle of the valley. 

Discrepancies between the models appear at measurement points where the mHVSR showed 

double peaks. The use of the first peak of the mHVSR as the fs0 at all measurement points leads 

locally in a deeper bedrock interface. Therefore, in the first model (Figure 89(a)), we observe 

the presence of two specific areas, in the north and in the middle of the valley, where the basin 

thickness reaches more than 100 m. Yet, there is no geotechnical or geological evidences for 

the existence of these deep bedrock zones at the time of the study. Those areas are not observed 

in the second model (Figure 89(b)). In this later model, the sedimentary basin depth is 

characterized by greater spatial coherency.  

In the majority of studies, the first peak of mHVSR is considered as the fs0 of the sedimentary 

layer overlying the bedrock. Generally when double peaks are observed, the second peak is due 

to another strong impedance contrast within the sedimentary layers, mechanical discontinuities 

at depth (i.e. Mascandola et al., 2019) or to anthropogenic sustained sources. In this study, the 

second peak of mHVSR is interpreted as the indicator of the impedance contrast between the 

quaternary sedimentary basin and the Pliocene conglomerate bedrock. This statement is first 

supported by borehole log-stratigraphy data. Indeed, the boreholes seem to indicate that the 

basin thickness should not reach more than 50 to 60 m around the longitudinal profile. 

Moreover, Figure 89 shows very well the consequences on the basin structure of interpreting 
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the first or the second peak of mHVSR. It should be kept in mind that these profiles are 

computed assuming a constant Vs in the whole basin. Secondly, the presence of a very low 

frequency peak on some mHVSR could be the indicator of a strong impedance contrast at depth 

below the Pliocene conglomerate. It is known indeed that the bedrock is vertically not 

homogeneous and that under the Pliocene conglomerates, limestones and marls can be found 

(Larroque et al., 2001).  

Therefore, we consider the second peak of the mHVSR double peaks as the fs0 of the basin 

linked to the Quaternary-Pliocene interface of the LVV. In the following, we present three 

different LVV models that will help to understand the procedure of creating the final multilayer 

3D sedimentary basin model. 

 

IV.6.3. Single sedimentary layer model 

IV.6.3.1 Homogeneous Vsz in the basin 

The 3D single sedimentary layer model of the LVV is based only on ambient vibration data 

assuming Vsz constant. The model is presented in Figure 91. The basin thickness appears to be 

larger at the Var estuary that is consistent with the literature. It reaches more than 100 m deep 

under the airport platform. Then, the sedimentary thickness rapidly decreases toward the north, 

reaching in the center of the basin 50 m deep at Y = 43°42N and only 30 m deep at the very 

north part. According to this model, the bedrock seems to be uplift between Y = 43°42N and Y 

= 43°43N. This is also showed in Figure 89(b) around 5000 m along the longitudinal axis of 

the valley where the basin thickness reaches around 25 m deep. 
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Figure 91: Basin thickness of the LVV from the 3D single sedimentary layer model assuming 
Vsz constant. Green circles are ambient vibration measurements. 

The single sedimentary model of the LVV computing from only ambient vibration data presents 

a symmetric valley with, in the middle of the structure, a smooth slope of the bedrock from the 

north to the estuary (increasing of the basin thickness of 30 m in 10 km) along with a steep 

slope at the estuary level (increasing of the basin thickness of 50 m in only 2 km). 

 

IV.6.3.2 Vsz zonation in the basin 

A 3D single layer model of the LVV is developed taking into account the horizontal spatial 

variability of Vsz all along the valley (Figure 92). This model integrates locally constant Vsz 

profiles in the basin for the estimation of the bedrock depth.  
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Figure 92: Scheme of the single sedimentary layer model using the seismic velocity zonation. 

The basin thickness is computed using the Eq.(86) at each single ambient vibration point in the 

valley.  

 

Figure 93: Basin thickness of the LVV from the 3D single sedimentary layer model using the 
seismic velocity zonation. Dark squares are deep borehole data. Green circles are ambient 
vibration measurements. 



Combined influence of buildings and lithological site effect on seismic ground motion 

Chapter IV. The 3D model of the Var valley  Pages 224 - 368 

In this model, the bedrock depth is found at 50 m in the north of the LVV and at more than 100 

m in the south at the airport in accordance with previous studies (Guglielmi, 1993; Dubar, 2012; 

Kopf et al., 2016; Migeon et al., 2016) and with the 3D single sedimentary layer model 

presented before assuming Vsz constant (Figure 93). Compared to the first presented single 

sedimentary layer model, a deep interface is found locally around 80 m depth along the Var 

River. It is notably constrained by very few deep boreholes (61 m depth and 78 m depth). The 

basin depth is mainly constrained by the ambient vibration measurements that are numerous 

compared to the quantity of deep boreholes available.  

 

IV.6.4. Multi-layered model 

The multi-layered model of the LVV is developed based on the last presented single layer 

model. It takes into account no only the horizontal spatial variability of Vsz but also, the 

geometry of the sedimentary layering inside the basin constrained by the borehole log-

stratigraphy data (Figure 94).  

 

Figure 94: Scheme of the multi sedimentary layer model using the seismic velocity zonation. 

Geotechnical data are useful to obtain local values of the bedrock depth as seen in the Figure 

93, and they are also useful to detail the sedimentary layers geometry in the valley as shown in 

Figure 96 that presents a well constrained profile in the model. The improvement of the 3D 

single layer model does not change the basin-bedrock interface depth through the valley but 

refined the geometry of the sedimentary layering within the basin. 
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Figure 95: Basin thickness of the LVV from the 3D multi-layered model using the seismic 
velocity zonation. Squares are borehole log-stratigraphy data. Green circles are ambient 
vibration measurements. 

The Figure 96 illustrates a SW-NE profile crossing the RESIF-RAP stations through the 3D 

multi-layered model of the LVV. In this part of the valley, the basin thickness reaches 60 m at 

most. A slight asymmetry of the basin thickness is observed with respect to the middle of the 

valley. This is different compared to the structure obtained with the single sedimentary model 

(Figure 91). Moreover, the spatial variability of the sedimentary layering is put in evidence. 

Actually, the thickness of each layer can be different. For example, on this profile, layer 2 is 

thicker than layer 3. Some layers are almost nonexistent such as layer 7 and 8. In most cases, 

the bedrock depth is constrained by ambient vibration measurements (green lines) and not by 

the geotechnical data (black lines) that do not reach the substratum. The unconstrained layer 

between the end of the boreholes that are not reaching the bedrock and the bedrock depth 
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deduced from ambient vibration data and is also indicated in Figure 96 by the maroon color, 

between ZR and ZR1 interface. 

 

Figure 96: Profile SW-NE in the 3D multi-layered model of the LVV. Different colors 
represents different layers from the lithostratigraphic profile applied in the LVV (Figure 77). 
Note that there is one more layer than those defined in the lithostratigraphic profile. It represents 
the unconstrained layer between the end of the borehole that are not reaching the bedrock and 
the bedrock depth deduced from ambient vibration data and boreholes reaching the bedrock. 
The dark lines are boreholes. The green lines are ambient vibration measurements. 

Finally, we obtain the 3D multi-layered model of the LVV from the combination of geophysical 

and geotechnical datasets using a seismic velocity zonation. This model has the advantage to 

consider not only the spatial variability of site effect in the valley but also the complexity of the 

sedimentary layering in the basin. 

 

IV.7. Discussion 

We made several assumptions in order to build the 3D geotechnical model of the LVV. The 

first one is the consideration of the LVV as a 1D medium for the interpretation of the mHVSR. 

The second one is the homogeneity of the engineering bedrock. The last one is the consideration 

of a velocity zonation where a constant Vsz in the sedimentary basin is applied for each defined 

zone over the valley. 
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IV.7.1. Hypothesis of 1D medium 

The 1D geometry assumption is a strong hypothesis made to use fs0 to obtain the basin depth 

(Lachet and Bard, 1994; Seht and Wohlenberg, 1999; Scherbaum et al., 2003). While this 1D 

assumption must be true at the center of valley it is likely to be wrong at the edges of the valley. 

Moczo et al. (2018) numerically showed through several valley structures that there is always 

an area where the 1D assumption is not sufficient. Tucker and King (1984) also found that 1D 

resonance is inexistent close to the edge of the valley. The first attempt to parameterize the 2D 

response can be found in Bard and Bouchon (1985) through time and frequency analysis and 

latter numerically in Moczo and Bard (1993). Bard and Bouchon (1985) proposed to calculate 

an aspect ratio that depend on the depth and width of the valley with respect to the velocity 

contrast between sediment and bedrock. For valleys which have an aspect ratio and an 

impedance contrast that induces 2D resonance or other complex geometry, the approach of 

relating the frequency of HVSR first peak directly to 1D frequency of resonance can lead to a 

wrong interpretation of the valley structure (Roten, 2007). Guillier et al. (2006) showed that 

HVSR can overestimate by around 15% the resonance frequency at the valley edge for 2D 

structures, while for 3D structures, HVSR peak frequencies strongly underestimate the 1D 

resonance frequency at sites with the steepest underground slopes. This happens especially at 

valley edges or for deep and steep basins, where the horizontally propagating surface waves 

interfere with vertically propagating waves (e.g. the case of the Grenoble area in Isère valley 

(Guéguen et al., 2007) or the Rhône valley (Roten et al., 2006) leading to waves conversion and 

increasing of the ground motion at the surface (Semblat et al., 2005; Moczo et al., 2018). In the 

case of the LVV, the « critical shape ratio » (Figure 97) calculated at the NCAD profile (Figure 

96) indicates that the LVV is composed of a very shallow basin (60 m deep by 2000 m wide) 

leading to a very low shape ratio of 0.05 for a sediment to bedrock velocity contrast around 2. 
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Figure 97: 1D to 2D critical shape ratio as proposed by Bard and Bouchon (1985). The red dot 
indicates the "critical shape ratio" of the LVV calculated at the NCAD profile. 

As indicated in Figure 97, it suggests that the resonance inside the basin is probably dominated 

by 1D resonance and lateral propagation rather than 2D resonance. The rotational mHVSR at 

NCAD station support this argument since it does not exhibit an azimuth dependence of the 

main peak frequency (Figure 98).  

 

Figure 98: Rotational mHVSR at NCAD station. 

However, the difference between the fundamental resonance frequencies observed on the SSR 

of NCAD/NCAU on horizontal components leads to reinterpret the resonance phenomenon in 
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the LVV (Figure 75a and Figure 75b). In fact, the fundamental frequency on the longitudinal 

component is higher than the one on the transversal component. This is incoherent with a valley 

having 2D resonance for which the fundamental frequency on the longitudinal component is 

supposed to be lower than the one on the transversal component according to Bard and Bouchon 

(1985). Sgattoni and Castellaro (2020) presented the case of anisotropic effects in a sedimentary 

valley. The authors showed that these effects can lead to discrepancies between SSR on 

horizontal components in a valley where there is a priori no 2D resonance. 

Moreover, attention must be paid on the selection of the reference station for the computation 

of SSR in the LVV. In fact, the lack of assumed good reference station situated close to the Var 

valley limited the choice to NCAU station. The SSR on both horizontal components at NCAU 

station were computed using two different reference stations. The first one is NCER located on 

the eastern part of Nice on limestones. The second one is NOCA located at the Cote d’Azur 

Observatory on the top of the marly limestones hills surrounding the north eastern part of Nice 

(Figure 73). The same seismic events as presented in Appendix 4 and the same method are used 

to compute SSR. 

 

Figure 99: Earthquake HVSR and SSR of the seismic records at the NCAU station located on 
conglomerates on the hills surrounding the Var valley computed using a Konno-Ohmachi 
smoothing with b-parameter equal to 20 and considering an angle of π/8. SSR on (a) 
longitudinal and (b) transversal component computed using NCER as reference station. SSR 
on (c) longitudinal and (d) transversal component computed using NOCA as reference station. 
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As the engineering bedrock of the valley is composed of conglomerates and also the site of 

NCAU, this station seems ideal to use as reference station in SSR. First, the localization is on 

rock and second it can highlight the amplification of the quaternary sedimentary basin of the 

LVV. However when analyzing the site response at the NCAU site, it appears that, even if the 

NCAU site response shows no particular amplification between 0.2 and 3 Hz, it differs from 3 

Hz depending on the reference station. An amplification in high frequency range is observed. 

Considering NCER as the reference station, SSR show a mean amplification on both horizontal 

components from 3 Hz. This phenomenon is not highlighted when NOCA is considered as the 

reference station. This result suggest in high frequency range either a deamplification 

phenomenon on the NCER site response and/or a particular resonance at NCAU site. 

 

IV.7.2. Homogeneous bedrock material 

The engineering bedrock is assumed to be composed of homogeneous Pliocene conglomerates. 

However, studies about the geology in the LVV indicate that Pliocene conglomerates are not 

the only rock formation underneath the sedimentary basin (Horn et al., 1965, 1980; Guglielmi, 

1993; Larroque et al., 2001; BRGM, 2010; Mangan et al., 2012; Du, 2016). Geotechnical 

borehole log-stratigraphy show locally the presence of marls or limestones directly below the 

basin. In such a way, a local uncertainty remains regarding the continuity of the Quaternary-

Pliocene limit in the LVV. This could lead in a variability of the sedimentary-bedrock 

impedance contrast from one site to another, influencing the seismic amplification at these sites 

and complicating the resonance frequency interpretation. Moreover, the acquisition limits of 

seismological data, whether spatial or temporal, have an impact on the velocity inversion 

results. The observation of the dispersion curve on some recordings, like for the P2 site, is 

complicated because seismic waves are propagating very fast in limestones. A larger seismic 

network could enable to improve the visibility of the dispersion curve. In addition, it could be 

necessary to perform a campaign of ambient vibration network in the LVV in order to precise 

the velocity model at depth and maybe, identify the conglomerate-limestone or conglomerate-

marl interfaces. 
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IV.7.3. Spatial variability of Vsz in the basin 

Large variability of the Vsz attributed to the quaternary soils can induce local errors in the basin 

thickness, especially with the hypothesis of having a 1D tabular environment. Raptakis et al. 

(2005) observed that Vsz is not constant throughout the Mygdonian basin. This is also observed 

through the Vsz profiles in the LVV. As mentioned before, the basin geology of the LVV shows 

locally the presence of clay lenses potentially increasing or decreasing Vsz. Furthermore, the Vsz 

used in the 3D model are the result of a velocity zonation process where the limits of each zone 

are based on the geographical position of deep boreholes and the geomorphological structure 

of the valley. These limits remain approximate, especially in the case where the deep boreholes 

are heterogeneously distributed. One way to validate the velocity zonation could be to test 

empirical relationships between the fundamental resonance frequency and the soil thickness 

defined in other studies (Seht and Wohlenberg, 1999; Delgado et al., 2000, 2002; Parolai et al., 

2002; Mascandola et al., 2019). 

Considering the estimated Vs of each sedimentary layer in the lithostratigraphic soil profile of 

the LVV and the sedimentary layering inside the basin from the multi sedimentary layer model 

of the LVV, the Vs profile at each borehole used as strong constrain in the velocity zonation is 
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interpreted and presented in the Figure 100. Each Vs profile is compared to the Vsz estimated in 

the velocity zonation at the same location. 

 

Figure 100: Vs profiles at each borehole reaching the bedrock according to the seismic wave 
velocity of the lithostratigraphic soil profile of the LVV. The black dashed line represents the 
basin-bedrock interface. The green one indicates the Vsz computed from the closest fs0 and the 
bedrock depth. 

The results show that the velocity zonation tends to fit the majority of the Vs profile of the 

layered model, particularly in the southern part of the valley. Discrepancies are mainly observed 

in the north. There, the velocity zonation overestimates the Vsz in the center of the sedimentary 

basin whereas it underestimates Vsz at the edge of the basin. This underestimation is also 

observed at the south-east boundary of the valley. This is explained by the strong assumption 

induced in the interpolation process of the sedimentary layering in the basin. In fact, when 

boreholes do not reach the bedrock, GDM assumed the last sedimentary material of the borehole 

as the deeper sedimentary layer in the basin at the location of the borehole. This induces large 

uncertainty in area where few boreholes are located even if ambient vibration data cover the 

zone. In fact, ambient vibration data only inform about the basin-bedrock interface and not on 

the sedimentary layering. That is why a supplementary layer is showed in Figure 101 and 

indicates the uncertainty in the sedimentary layering. The complex hydrogeodynamical context 

of the LVV can also explained the variation of Vsz all along the valley (mixture of marine and 

fluvial deposits). 
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Figure 101: Profiles SW-NE in the 3D multi-layered model of the LVV. Different colors 
represent different layers from the lithostratigraphic profile applied in the LVV. Note that there 
is one more layer than those defined in the lithostratigraphic profile. It represents the 
unconstrained layer between the end of the borehole that are not reaching the bedrock and the 
bedrock depth deduced from ambient vibration data. The dark lines are boreholes. The green 
lines are ambient vibration measurements. 

We computed a mean Vsz profile in the LVV basin from each Vs profiles presented in Figure 

100. From this mean profile, a smooth curve is derived using a polynomial equation to model 

the velocity gradient in the sediments of the basin (Figure 102). 
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Figure 102: Vsz profile in the LVV basin computed from the Vsz profiles at each deep boreholes 
used to define the velocity zonation. 

In average, the Vsz increases from 341 to 700 m.s-1 over 100 m deep according to the Vsz profile. 

This is coherent with the definition of higher Vs value in deeper sedimentary layer of the 

lithostratigraphic soil profile. Indeed, these layers are assumed older and more compact than 

superficial one. However, it is important to note that the velocity is not well constrained from 

80 m depth because of the low number of boreholes reaching this depth (Figure 103). The 

estimation of the Vsz profile as function of the depth shows that the velocity is bounded between 

390 and 450 m.s-1 up to 60 m depth and undergoes a very slowly increase deeper. This result 

support the definition of a constant Vsz equals to 400 m.s-1 all along the basin in the single 

homogeneous sedimentary layer model. Furthermore, as expected, the Vsz is higher in the LVV 

than in the other valleys of Nice (Figure 78). 

 

Figure 103: Maximal depth of boreholes used in the velocity zonation. 

The fs0 at each point of the multi sedimentary layer model is then computed using the basin 

thickness from the model and the Vsz computed from the Vs in the lithostratigraphic soil profile 
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of the LVV in order to validate the Vs value estimated for each sedimentary layer. The results 

are compared with the measured fs0 all along the valley (Figure 104). 

 

Figure 104: Distribution of the measured fs0 (black circles) and the fs0 deduced from the Vsz 
profile computed from the lithostratigraphic soil profile of the LVV. 

The distribution of the deduced fs0 appears to correspond to the measured values in a global 

way and supports the Vs estimation in the lithostratigraphic soil profile of the LVV. 

 

IV.8. Conclusion 

This study determines the basin geometry of the lower Var valley (LVV) (southeastern France) 

through the combination of borehole log-stratigraphy data and ambient vibration 
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measurements. The model is defined by the sedimentary layering that is constrained by borehole 

data. Then, the basin-bedrock interface is constrained using the combination of borehole data 

and ambient vibration measurements. The large amount of data used in the model definition 

enabled to improve the precision and the resolution of the quaternary sedimentary basin of the 

LVV. However, the building process of the model remains complex to perform and the related 

uncertainties are still not well identified. Therefore, in order to reduce the amount of 

uncertainties, the interpretation of the microtremor HVSR should be realized with care. These 

data are not sufficient to well constrain the model, thus borehole lithostratigraphy data are still 

essential. 

An average shear wave velocity (Vsz) zonation in the valley has been used to specify the Vsz and 

to take into account the horizontal spatial variability of this important parameter. We found that 

the sedimentary basin thickness increases from north to south in the LVV, reaching more than 

100 m under Nice Côte d’Azur airport and locally reaching 80 m along the Var River.  

Some microtremor HVSR are characterized by double peaks locally in the north and the center 

of the LVV. The second peak has been identified as the fundamental soil frequency of the basin 

related to the Quaternary-Pliocene interface. In fact, this interpretation led to a geologically 

consistent shape of a basin. The first peak could imply the existence of a deeper interface inside 

the bedrock at some sites of the valley. Although this first peak is not used to define the bedrock 

depth of the valley, it should be taken into account in the site response estimation. 

The geometry and the characteristics of the 3D multi-layered model of the LVV is integrated 

in the realistic 3D site-city finite element model through the well constrained profile presented 

in Figure 96 assuming a single sedimentary layer and a constant Vsz in the valley. The 

considered part of the valley where the 3D modeling of wave propagation is done is far away 

from these double-peaked sites. 
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Chapter V. 3D Simulation of site-city 

interaction using simplified 

building in the Var valley 

In recent 2D finite element numerical studies, it has been found that the building response at 

the first resonant mode always decrease due to the structure-soil-structure interaction (SSSI) 

(Kumar and Narayan, 2018). Bybordiani and Arici (2019) found that this decrease gets stronger 

when the distance between structures is reduced and put in evidence several parameters that 

control SSSI effects like sub-soil properties, dynamic features of adjacent structures, 

geometrical configurations of adjacent structures and natural uncertainties of the ground 

motion. According to the authors, the comparison of the structure responses in the frequency 

domain is the most convenient way to study SSSI effects. Kham et al. (2006) and Semblat et al. 

(2008) proposed the modeling of site-city interaction (SCI) in a 1D case of the sedimentary 

basin of Nice (southeastern France) subject to incident shear horizontal wave (SH) and shear 

vertical wave (SV). They show that SCI reduces the ground motion in periodic city and this 

reduction increases with urban density with maximal effects when double resonance occurs 

(f0building = fs0). In 3D modeling, Isbiliroglu et al. (2015) defined 3D finite element model using 

the same parameters than Kham et al. (2006) for the definition of simplified 3D homogeneous 

building model. The authors compared velocity and acceleration time series as well as Fourier 

spectra to study SCI effects. As in the work of Kham et al. (2006), they found that the building 

density influence the SCI effects by increasing the ground motion spatial variability. 

In this Chapter, all the elements described in the previous chapters are taken into account in the 

3D numerical simulations of seismic wave propagation in several site-city finite element models 

to investigate SCI effects. Here, the Var valley is chosen because of the numerous available 

geotechnical and geophysical data that provide good quality and precision for the definition of 

the site-city model. A step-by-step process is used from a « free field » model to a site-city case 

by adding more and more buildings on the sedimentary basin with different spatial organization 

together with a parametric study to quantify the SCI effects. This process has already been used 

to study SCI as for example, in the work of Kham et al. (2006), Semblat et al. (2008), Isbiliroglu 

et al. (2015), Vicencio and Alexander (2018) or Bybordiani and Arici (2019). 

First the 3D Discontinuous Galerkin method is introduced. The conditions and limits of the 

numerical model are explained. Then, the different mesh elements composing the site-city 



Combined influence of buildings and lithological site effect on seismic ground motion 

Chapter V. 3D Simulation of site-city interaction using simplified building in the Var valley Pages 239 - 368 

models are presented and different studied cases are illustrated. Finally, the results of the 

parametric study in terms of natural frequency of building, motion intensity parameters, 

frequency content of the site response and time series comparison are shown and discussed. 
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V.1. 3D Discontinuous Galerkin method 

The Discontinuous Galerkin (DG) finite element (FE) method is used to simulate the seismic 

wave propagation in the 3D model of the Var valley. This method was first introduced by Reed 

and Hill (1973) and derived from the FE approach. It is applicable to unstructured meshes to 

take into account complex geometry of the model using discontinuous element (Hesthaven and 

Warburton, 2007). This method has already been used in several studies considering the first-

order velocity-stress formulation (Käser and Dumbser, 2006; Dumbser and Käser, 2006; 

Mercerat and Glinsky, 2015; Delcourte and Glinsky, 2015). 

Unlike standard FE methods, the discontinuity is expressed by the use of basis functions local 

to each mesh element. In order to interpolate the numerical solution between elements, centered 

fluxes are used at the interface between adjacent mesh elements (Delcourte et al., 2009). In 3D 

DG method, we used FE conforming unstructured mesh composed of tetrahedra, meaning that 

one face of an element has no more than two neighbors. Solutions in each tetrahedra 𝑊𝑇𝑖 are 

considered as a linear combination of Lagrange polynomial functions (Eq.(90)) 

𝑊𝑇𝑖(𝑋, 𝑡) = ∑𝑊𝑗𝑇𝑖(𝑡)𝜑𝑗𝑇𝑖(𝑋)𝑁𝑝
𝑗=1  (90) 

where 𝑇𝑖 is the considered mesh element, 𝑁𝑝 is the number of degrees of freedom per element 

and 𝜑𝑗𝑇𝑖(𝑋) is the associated Lagrange nodal interpolant.  

Based on fourth-degree Lagrange polynomial functions, this method allows a high spatial 

accuracy. For 𝑝 the polynomial degree equal to 4, the value of 𝑁𝑝 reaches 35 per element. The 

time interpolation method is an explicit leap-frog scheme of order 2. The stability condition of 

the simulation is directly linked to the seismic wave velocity. In fact, the minimum time step of 

the numerical computation dtmin is related to the compressional wave velocity (Vp) using Eq.(91) 

dt = min𝑑𝑡𝑗 = 12𝑝 + 1 ℎ𝑗𝑉𝑝𝑗 (91) 

where 𝑑𝑡𝑗 is the local time step in the mesh element j, 𝑝 is the degree of the spatial 

approximation, here equal to 4 and ℎ is a concept of element size (for example the diameter of 

the inscribed sphere). 
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The DG method was first established for the velocity-stress formulation (Delcourte and 

Glinsky, 2015) and then, extended to the velocity-strain system (Chabot, 2018) to take into 

account non-linear elastoplastic media. This last version, applicable to parallel calculation 

platforms via message passing interface (MPI), is used in this thesis whereas the method is 

supposed to be linear elastic. 

A free surface condition 𝜎�⃗� = 0⃗  is applied at the surface topography. σ is the stress tensor, �⃗�  is 

the outward normal. An impedance contrast describes the limit between buildings, soil and 

bedrock. Absorbing conditions are applied at the four lateral sides of the model. 

 

V.2. Input data 

The FE method allows to study complex geometry and to take into account nonhomogeneous 

properties of soil. The DG method supposes that the medium is constant in each mesh element. 

Then, the mesh must honor the discontinuities in the model. For this thesis, we use the GMSH 

open source software (version 4.6.0) (Geuzaine and Remacle, 2020) and the OpenCASCADE 

geometry kernel to create a 3D unstructured conforming tetrahedral mesh. This software allows 

to develop 1D, 2D and 3D, unstructured or structured meshes and proposes various generation 

and optimization techniques to obtain the best optimized mesh to reduce computational costs. 

It has the advantage of being very intuitive for the user and shows instantly the modifications 

applied to the mesh. 

 

V.2.1. Structural properties of the domain 

The site-city model is composed of three various media: the bedrock, the sedimentary basin and 

the buildings. Each of these media have specific mechanical and structural properties which are 

presented in the following.  

 

V.2.1.1 Building equivalent model 

Because, it is technically not possible yet to consider detailed buildings in numerical models 

including a large soil domain, simplified equivalent models for building are generally defined 
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by simple relationships. These simplified models of building are developed either in the form 

of lumped mass model, or in the form of equivalent block.  

Although the lumped mass model is interesting to estimate the structure response, it is difficult 

to integrate in numerical model when the number of degrees-of-freedom increases. On the other 

side, the equivalent block model can be related to a parallelepiped medium defined by an 

equivalent Young modulus to that of a real building. The use of a homogeneous continuous 

elastic block model to represent buildings in the simulation enables to keep the real building 

volume and notably the real foundation surface that is important for the study of SSI. In this 

case, we deal with a 3D element that is easier to integrate in 3D soil model than the lumped 

mass model. It has been already used in previous studies to investigate not only SSI effects but 

also free field motion in the presence of SSI (for 2D soil-block model: Pitilakis and Karatzetzou, 

2014; Karapetrou et al., 2015; Mitropoulou et al., 2016 and for 2D and 3D soil-block model: 

Conti et al., 2016; Cavalieri et al., 2021). It is this type of model that we use in the FE mesh. 

In this way, the building is considered as a large shear beam having the same dimensions of the 

building and equivalent dynamical features. Other authors already used this method to integrate 

building in numerical modeling (Taborda and Bielak, 2011; Mazzieri et al., 2013). The 

limitation of this kind of 3D model is the calibration of orthotropic material that implies the 

definition of different equivalent Young modulus in the block. For sake of simplicity, we only 

focus on isotropic blocks. 

To calibrate the block model, the seismic wave velocity should be defined. This parameter can 

be directly measured with ambient vibration recordings along the building height using the 

deconvolution technique, it can also be deduced from the fundamental resonance frequency of 

the building. Some authors refer to the relationship 𝑉𝑠 = 𝑓0 ∗ 4𝐻 (Bard et al., 2005; Sahar et al., 

2015; Sahar and Narayan, 2016; Kumar and Narayan, 2018, 2019a, 2019b).  

If we apply this formulation using the first natural frequency of the tower A of the residence 

Bois de Boulogne (1.10 Hz) and its height (57 m) (see Chapter III), we find 𝑉𝑠 = 250.80𝑚. 𝑠−1. 

This result is slightly lower than the shear wave velocity (Vs) value found by deconvolution 

interferometry method from ambient vibration data (300 m.s-1) and even lower compared to the 

velocity value found with the expression proposed by Michel and Guéguen (2018) (around 500 

m.s-1). The same result is observed for the CADAM highest reinforced concrete tower where 
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Vs computed from the formulation equals to 316.8 m.s-1 whereas the measured velocity is 

between 490 and 540 m.s-1 (Lorenzo, 2016). 

Other authors used another parametric relationship to determine the velocity in buildings that 

is 𝑉𝑠 = 28𝐻𝑠 with Hs corresponding to the inter-storey height whatever the kind of building 

material (Taborda and Bielak, 2011; Mazzieri et al., 2013) and define 𝑉𝑝 = 2.5𝑉𝑠 (Mazzieri et 

al., 2013). The application of this relation to the tower A of the residence Bois de Boulogne and 

the CADAM respectively leads to 𝑉𝑠𝑇𝑜𝑤𝑒𝑟𝐴 = 70 m.s-1 and 𝑉𝑠𝐶𝐴𝐷𝐴𝑀 = 84 m.s-1. These values 

are extremely low compared to the usual velocity values found in real buildings. 

Considering the high variability in the Vs measured or inferred, we decided to strictly respect 

the measured fundamental resonance frequency of tower A in the Bois de Boulogne residency 

that is 𝑓1 = 1.10 Hz corresponding to the first bending mode of the tower and to adjust the Vs in 

order to retrieve the same resonant frequency of the equivalent building model using the spectral 

ratio between the signal at the top and at the base of the building. 

An iterative approach has been performed to find the appropriate Vs. Several test simulations 

have been made to estimate Vs in the block model and for each test, the transfer function 

between the top of the block model and the bottom has been computed (Table 35). To fit f1, the 

estimated velocity value is equal to 900 m.s-1. The relation linking Vs to the height of building 

is found as 𝑓1 = 𝑉𝑠 14𝐻⁄  (Figure 105). This result is much higher than the velocity found using 

the deconvolution interferometry approach (300 m.s-1) and the equation from Michel and 

Guéguen (2018) (around 500 m.s-1). Vp is estimated from Vs value considering a constant 

Poisson coefficient constant equal to 0.48. We found Vp equals to 5400 m.s-1. 

Table 35: Estimation of the shear wave velocity in the simplified building model. 
Test Vs Estimated Vp f0 from transfer function 

1 1000 6000 1.213 
2 900 5400 1.12 

3 750 4500 0.93 
4 500 3000 0.65 
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Figure 105: Estimation of the relationship between Vs defined in the block model and the height 
of the structure. 

The determination of Vs in the equivalent building model enables to retrieve the shear modulus 

of the equivalent block G by the Eq.(92). The density ρ is fixed to 350 kg.m-3 as suggested in 

the studies of Kumar and Narayan (2019b, 2018). 

𝐺 = 𝜌𝑉𝑠2 (92) 

The Lamé parameters are then found by the Eq.(93) 

𝜆 = 𝐺 ∗ (𝑉𝑝2 − 𝑉𝑠2). (93) 

 

V.2.1.2 Basin and bedrock mechanical properties 

The mechanical properties of the basin and bedrock medium are based on the 3D multi-layered 

model of the lower Var valley (see Chapter IV). For the sake of simplicity, a homogeneous 

single layer with a constant average Vs equals to 400 m.s-1 in the basin is considered in the 3D 

numerical site-city model. The mean value of Vs is estimated at 1300 m.s-1 in the bedrock. The 

density of the bedrock is set to 2100 kg.m-3 and the one of the basin is equal to 1900 kg.m-3. 

The quality factor Q corresponds to the inverse of the attenuation parameter and defines the 

damping properties of the materials. In the bedrock, it can be set at ten percent of Vs (Peyrusse 

et al., 2014). In order to take into account the stronger attenuation behavior in the sedimentary 

basin, the quality factor is chosen to be slightly more than ten percent of Vs and so 𝑄 = 50. The 
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quality factor of building is set to 10 according to other studies (Tsogka and Wirgin, 2003; 

Kham et al., 2006; Mazzieri et al., 2013; Kumar and Narayan, 2019a, 2019b), corresponding to 

a critical damping ratio of 5%. 

In order to propagate accurately the seismic waves, ten interpolation points per wavelength are 

at least recommended. The characteristic length of the mesh elements is then estimated by 

Eq.(94) (Chabot, 2018) 

𝑙𝑐 = 𝜆2.5 ,𝜆 = 𝑉𝑠𝑓𝑚𝑎𝑥 . (94) 

Here Vs is the shear wave velocity and 𝑓𝑚𝑎𝑥 is the maximum frequency of analysis equal to 15 

Hz. This value is in the range of frequency 10 Hz < 𝑓𝑚𝑎𝑥< 15 Hz that is appropriate to study 

civil engineering object. 

The medium properties are supposed to be constant in each tetrahedron of the model. All 

mechanical features are summarized in Table 36. 

 Table 36: Mechanical properties of the different medium composing the numerical models of 
the lower Var valley. 
Domain ρ (kg.m-3) G (N.m-2) λ (N.m-2) Vp (m.s-1) Vs (m.s-1) Q lc (m) 

Basin 1900 3.04.108 6.084731.108 693 400 50 10 
Bedrock 2100 3.549.109 7.1011584.109 2252 1300 130 34 
Building 350 9.639.109 2.835.108 5400 900 10 24 

 

V.2.2. Meshing of the lower Var valley basin 

The topographic boundary and the basin-bedrock interface are defined from the 2D profile 

perpendicular to the Var valley and going through the NCAD accelerometric station (Figure 

106). At the NCAD position, the measured fundamental frequency of the soil is close to 2 Hz. 

Considering that the natural frequency of building is 1.1 Hz, we do not consider the double 

resonance condition between the site and buildings in our models. 
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Figure 106: Localization of the 2D profile in the Var valley used in the numerical simulation. 
The basin thickness is extracted from the 3D multi-layered model of the lower Var valley. 

For the sake of simplification, the 2D profile is extruded in the longitudinal direction of the 

valley to obtain a simplified 3D model of the LVV. This is performed in order to avoid the 

complex structure of the valley aperture at the south and to improve the observations of SSI, 

SSSI and SCI effects. We choose to extrude the profile on 1 km to have a 3D model for two 

reasons. The first one is to take into account the finite volume of the equivalent building model 

in the transverse direction (we can expect diffraction of seismic waves at the edge of the 

building that participate to SSI effects). And the second one is to avoid lateral boundary effects 

on the numerical results. The last reason also explained the choice to extend the profile on both 

sides. Finally, we obtain a 3000x1000x500 m3 domain (Figure 107). 
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Figure 107: Scheme and dimensions in meters of the 3D numerical model of the lower Var 
valley (free field case (FF)). 

Anquez et al. (2021) showed, considering simulations in a 2D profile of the LVV, that 

modifying slightly the aperture angle of a sedimentary basin does not lead to change drastically 

the numerical results. In order to reduce the computation time, we slightly increased the aperture 

angle of the basin in order to increase the minimal height of mesh elements in this area. This 

modification directly impacts the minimum time step of the simulations and then helps to reduce 

the computation time. The topographic surface has also been slightly modified by decimating 

points in order to smooth out some very localized heterogeneities. The sampling rate went from 

1 point every 5 m to 1 point every 10 m. 

In order to ensure the continuity between the basin surface and equivalent building models in 

the 3D domain, we flatten some parts of the topographic surface in the basin to make them 

horizontal (Figure 108c). The flattening process enables to remove local surface heterogeneities 

in the concerned area to correctly connect the building block models to the basin domain and 

avoid any gap between the surface basin interface and the bottom of the building. To be sure 

that the connection is well performed, the block models are slightly embedded in the basin 

domain before intersecting the two domains during the mesh construction process. In that way, 

the block model is only laid on the sedimentary basin. Then, we may expect weak kinematic 

interaction because of the absence of building foundation in the model. 

The original profile extracted from the 3D multi-layered model of the LVV and the modified 

profile are compared in Figure 108. We can see that, at the scale of the basin, these changes are 

negligible. Moreover, the presence of a borehole (10001X0458 in the BSS catalog) (Appendix 

9) located 70 m away from the eastern border of the basin on the sediments indicates that the 

bedrock is not reached at 7.5 m depth and supports the consistency to perform little 

modifications. 
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Figure 108: Modification of the 2D profile of the lower Var valley before extrusion. Considered 
sensors for the analysis are represented by yellow triangles. The position of the borehole 
10001X0458 from the BSS catalog is indicated by the blue mark. 

The GMSH software proposes several generation techniques to create FE meshes in the 3D 

domain (Geuzaine and Remacle, 2020). We chose the better compromise between mesh 

element quality and total number of elements in order to reduce the computation time. The 

selected methods are described below: 

 For 1D interpolation, linear interpolation method is used to construct lines from points. 

 For 2D interpolation, we choose the MeshAdapt algorithm to interpolate triangles on 

each surface of the domain. As it is named, this method applies the most appropriate 

interpolation method for each surface based on the surface geometry (flat or curved) in 

order to have the minimum mesh elements with high quality. The quality of an element 

reaches the value 1 if the triangle is equilateral. The mesh takes into account 

heterogeneities by describing the basin-bedrock interface by a set of triangular faces. 

 For 3D interpolation, we employed the Frontal-Delaunay interpolation method to 

interpolate tetrahedra in the different volumes of the domain. 
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The obtained 3D FE model of the LVV presents a soil fundamental frequency of 2 Hz equal to 

the one measured at the NCAD station (Figure 109). Frequency at 4.5 Hz and 5.8 Hz are also 

highlighted by the transfer functions. 

 

Figure 109: Transfer functions of the 3D finite element model of the LVV basin computed at 
x=332 m for the transverse component (Vx), zoom on the transfer function (right). 

 

V.2.3. Site-city models 

In the 2D SCI study of Bybordiani and Arici (2019), the authors tested three different distances 

between buildings in a cluster. They defined the building inter-distance (dx) as a function of the 

height of the building (H): dx1 = H, dx2 = H/2 and dx3 = H/3. Moreover, they find that SSSI 

effects are stronger when the cluster is composed of more than five structures. In 3D case, 

Kumar and Narayan (2019a) used an inter-distance between buildings equal to the height of 

them (low-rise building of 12 m height). They advised to take into account at least nine 

structures in a cluster for 3D SCI studies and only three in the case of 2D models to better 

observe SCI effects. The authors focused on a square shape cluster of buildings that they 

enriched with more and more buildings to study variations of SCI. Based on this literature, five 

models are meshed to study the influence of lithological site effect and buildings on the seismic 

ground motion in this thesis (Figure 110): 

1. FF: The Var valley without buildings. 

2. IB: The Var valley with three isolated buildings located on the sedimentary basin. 

3. SC: The Var valley with two isolated buildings and a square cluster of buildings 

composed of nine structures located on the sedimentary basin and distant from 28.5 m 

(corresponding to the half-height of the buildings). 
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4. LSC: The Var valley with two isolated buildings and a large square cluster of buildings 

made of nine structures located on the sedimentary basin and distant from 57 m 

(corresponding to the height of the buildings). 

5. CC: The Var valley with two isolated buildings and a circle cluster of buildings 

containing seven structures located on the sedimentary basin and distant from 28.5 m. 

Isolated buildings represent structures sufficiently far away one from another so as not to 

influence the response of each of them. Vicencio and Alexander (2018) observed that, for stiff 

soil, SSSI effects are negligible when the building inter-distance is equal to twice the structure 

height. Here, the minimum distance between buildings in the IB case is 157 m that is more than 

double the height of structure (114 m) (Figure 110). 

We choose to reproduce the square shape of cluster as in Kumar and Narayan (2019a) and to 

test the influence of the inter-distance between buildings using the LSC case. An additional 

model is developed considering a circle shape cluster of buildings to identify variations in SCI 

effects due to the different organization in a cluster. The localization of the cluster is set close 

to the eastern basin edge that is an appropriate position to observe the generation of surface 

waves and trapping in the basin, and to study the interactions between site and city responses. 
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Figure 110: Illustrations of the four 3D site-city models considered. IB: the isolated buildings 
case, SC: the square cluster case, LSC: the large square cluster case, CC: the circle cluster case. 
The spatial organization of the cluster in the cases SC, LSC and CC are presented. Sensors are 
indicated by red crosses. The dimensions are in meters. 

In total, 136 sensors have been placed on the basin surface to study the spatial variability of the 

ground motion (Figure 110). A maximum of 20 sensors are placed in the buildings mainly at 

the top depending on the site-city model to compare the response of each building. The valley 

is cut by a transverse profile of sensors where the minimum distance interval is 5 m and 

generally close to the buildings. The maximum sensor interval is 20 m. Within a building 

cluster, there is at least one sensor to observe the influence of the distance between buildings 

on the ground motion. The number of mesh elements composing each model is presented in 

Table 37. For one iteration and for each studied case, the computational time step and the 

minimum length of a mesh element are reported in Table 37.  
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Table 37: Geometrical characteristics of the different 3D mesh models before partitionning. X 
is the transverse direction in the valley, Y is the longitudinal direction in the valley, Z is the 
depth of the 3D model, Ns is the total number of points, Nt is the number of tetrahedra and Nfr 
is the number of boundary faces of the mesh, dt1-iter is the computation time step for one iteration 
and Hmin is the minimum length of all mesh elements. 
Model X 

(m) 

Y 

(m) 

Z  
(m) 

Ns Nt Nfr dt1-iter 

(10-5s) 

Total 

CPU 

Hmin 

(m) 

FF 3000 1000 500 93286 478954 49358 8.03 18h 1.79 
IB 3000 1000 500 93745 480903 49820 2.96 >24h 1.76 
SC 3000 1000 500 94482 483528 50748 3.07 >24h 1.76 

LSC 3000 1000 500 94534 483791 50802 3.18 >24h 1.76 
CC 3000 1000 500 94299 482963 50494 3.20 >24h 1.76 

The Table 37 shows that adding one or several block models in the domain slightly increases 

the number of mesh elements but strongly decreases the computational time step leading to an 

increase in computation time. For example, the maximum number of elements added with the 

LSC case does not exceed 1% of the number of elements of the FF case whereas the time step 

decreases by more than 60% compared to the FF case. Furthermore, we note that the obtained 

minimum length of the mesh elements is very small compared to the characteristic lengths 

defined in the previous section. This means that the resulting meshes are more refined than 

initially defined and therefore can explain the decrease of the time step. 

 

V.2.4. Simulation parameters 

Each mesh model is partitioned in 256 sub-domains using the Metis package to decrease the 

computation time. For the output results, the time step is set to 0.02s and the minimum signal 

duration is equal to 15s. The whole system is considered in linear elastic regime. Rayleigh 

damping with a central frequency of 2 Hz is also considered (Chabot, 2018). Parallel computing 

was used to run the numerical simulation. 

 

V.2.5. Input seismic signal 

As introduced in the Chapter II, one of the challenges in the numerical computation of seismic 

wave propagation is to select a relevant seismic input to get reliable and significant results. The 

use of real earthquake recordings is always interesting to compare numerical results to real 

observations. However, this needs to meet certain requirements. First, a good knowledge of the 

recording site is needed. The recording must be performed in a similar environment than the 
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studied area and preferably on rock site to avoid site effect in the data. It needs to have enough 

duration to analyze intensity parameters of the ground motion (peak ground acceleration (PGA), 

peak ground velocity (PGV), peak ground displacement (PGD), Arias intensity (AI), integral 

energy (EI), and cross-correlation) and a large frequency content. Moreover, if the earthquake 

produces strong motion, nonlinearity should be taken into account in the numerical analysis. 

Because of the complexity of earthquake recordings, scientific community often use synthetic 

input signals. These data present the advantage to allow a user’s specific design to put in 

evidence parameters in the results analysis. They are also easier to manipulate due to the 

absence of random noise and represents the ideal recording of a specified seismic event on 

perfect rock site (meaning that the rock is not watered or fractured and there is no topographic 

site effect). 

In this thesis, we used the stochastic algorithm developed by Sabetta and Pugliese (1996) and 

recently improved by Sabetta et al. (2021) to generate synthetic recording. This code allows to 

produce synthetic signals considering specific parameters as the magnitude, the epicenter depth, 

etc.… A vertical propagation of a horizontal plane shear wave is introduced at the base of the 

domain through an upwind boundary flux according to Glinsky et al. (2019). This means that 

incident and outgoing waves are well-balanced. The input is a synthetic seismic signal of 

duration 8s having a PGV of 2.9 cm.s-1 on the transverse velocity component (Figure 111). It 

simulates an earthquake of magnitude 5 recorded at an epicentral distance of 5 km on rock site. 

The Fourier spectrum amplitude exhibits a large frequency content having energy between 0.5 

to 15 Hz and maximum energy around the basin fundamental frequency (2 Hz according to 

Rohmer et al. (2020)). Finally, the synthetic input is divided by two and only the transverse 

component of the valley Vx is excited (Figure 107).  

 

Figure 111: Synthetic seismic input time serie (left) and Fourier spectra amplitude (|FFT|) 
(right). 
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V.3. Pre-processing of the outputs 

The outputs of the numerical simulation consist in velocity time series at each sensor situated 

on the 3D domain (Figure 110). Before analyzing the results, signals are filtered by a low pass 

Butterworth filter of order 4 using a maximum frequency of 15 Hz. 

For each model, the acceleration and displacement time series are retrieved respectively from 

the derivation and the integration of the outputs. The Fast Fourier Transform (FFT) is computed 

for each signal using the total output duration in the frequency range 0 – 15 Hz. The ratio 

between the FFT of signal in each model is computed to observe variability in the frequency 

content of the building response as function of the site-city models. The building transfer 

function is estimated using the ratio between the signal at the top and at the bottom of the 

building to look at least for the first natural frequency of the structures. The high discretization 

of one of the building model (Figure 110) allows to study the mode shape of the structure and 

investigate the dynamic behavior of this element. Several parameters of the motion intensity 

are also evaluated in terms of cross-correlation, PGA, PGV, peak acceleration (PA), peak 

velocity (PV), AI and EI. 

 

V.4. Seismic response of the isolated buildings 

At first, we observe in Figure 112 that the velocity time series and transfer functions differ 

slightly from one building to another. The maximum signal amplitude is larger for building 2 

(B2) localized in the center of the basin profile. Compared to the building 3 (B3), the maximum 

signal amplitude increases of 15% for building 1 (B1) and of 69% for B2. The first natural 

frequency at 1.1 Hz is retrieved with the same peak amplitude for all the structures, while the 

second mode frequency varies between 5.5 and 5.7 Hz with varying peak amplitude. This 

second frequency peak amplitude is 62% higher for B1 and reaches more than 145% for B2 

compared to B3. 
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Figure 112: Velocity time series and transfer functions at the top of the three isolated buildings 
for the transverse component. The source vibration is in the transverse direction only. 

According to the natural frequency ratio f1/f2, we can estimate the Timoshenko parameter of the 

building (Michel, 2007). We found that the equivalent block model may be characterized by a 

Timoshenko behavior close to the bending type (Figure 113). Because the dynamic behavior is 

not a pure bending type, the SSI may be weak. 
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Figure 113: Estimation of the Timoshenko parameter using natural frequency ratio of the 
equivalent block model of building from Michel (2007). 

The first mode shapes of B3 are investigated through filtered displacement time series at several 

corners of the block model. Displacement time series at three corners respectively at the top, 

the middle and the bottom of the building filtered around the first natural frequency of the 

building (1.1 Hz) and around the second one (5.5 Hz) are used to compute the mode shapes. 

This analysis shows that the simplified building model has a first order flexural mode at 1.1 Hz 

and a second order flexural mode at 5.5 Hz (Figure 114). 



Combined influence of buildings and lithological site effect on seismic ground motion 

Chapter V. 3D Simulation of site-city interaction using simplified building in the Var valley Pages 257 - 368 

a)  

b)  

Figure 114: a) Displacement time series at corners 1, 2 and 3 filtered around the first and second 
natural frequencies of the building. Yellow circle indicate the amplitude of the mode shape at 
each corner reported in Figure 114 b). b) Mode shape of the simplified model of building B3. 
In the graphs, the dashed line indicates the initial position of the building. The solid line 
represents the interpreted mode shape. 

At the four top corners of the building, the superposition of displacement time series shows 

similar motions at all point. Therefore, the first and second mode shapes of the building are not 

governed by torsion behavior (Figure 115). 
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Figure 115: Identification of torsion motion at the top of building B3. 

 

V.5. Seismic response of the building cluster 

When we compute the different models (IB, SC, CC and LSC), two main observations can be 

done: (1) the SSSI tends to decrease the signal amplitude and (2) the first natural frequency of 

buildings is not affected and the main modification occurs in higher frequencies.  

The comparison of signals at the top of B3 between all site-city models shows that the SC and 

CC cases tend to reduce the signal amplitude whereas the LSC model tends to increase it (Figure 

116). The cross-correlation results exhibit differences of 20% between signals from 1.5s in the 

SC and CC models and of 10% from 3s in the LSC case where we can observe the change in 

amplitude. However, if we consider only the building response filtered around the first natural 

frequency, we observe no variations between the studied cases. This observation is in agreement 

with the existing literature. Indeed, Kham et al. (2006) and Kumar and Narayan (2018) observed 

a decrease in amplitude and duration in the signal at the top of an isolated building situated at 

the center of the city as compared to that at the top of a single building situated in the basin. It 

appears that the signal amplitude depends on the structure position, the spacing between 
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buildings and the number of structures in the cluster (Guéguen, 2000; Guéguen et al., 2002; 

Kham et al., 2006; Semblat et al., 2008; Bybordiani and Arici, 2019). 

The analysis of the Fourier spectra ratio considering the IB case as reference shows that there 

are negligible variations in the frequency content of the building response between 0.5 Hz and 

3 Hz that is a frequency band that includes the first natural frequency of the block model (1.1 

Hz). After 3 Hz, the Fourier spectra ratio exhibits large amplification or deamplification 

depending on the frequency and of the type of cluster. It is shown that the Fourier spectra ratio 

of IB-SC and IB-CC are quite similar on the considered frequency range. The reason may be 

that these site-city cases share the same spacing between buildings (28.5 m). However, slight 

discrepancies are observed which can be due to the different number of buildings located around 

the central structure (B3). The maximum amplification is found at 4.7 Hz for the IB-SC and IB-

CC ratio and at 5.9 Hz for the IB-LSC ratio. The IB-LSC ratio differs from the others in 

amplification level and in the affected frequency band. This analysis highlights the fact that a 

building cluster influences the frequency content of the central building response particularly 

in high frequencies. Contrary to the conclusions of other studies where splitting or shifting of 

the fundamental mode frequency with SSSI has been observed (Kitada et al., 1999; Kham et 

al., 2006; Guéguen, 2008; Laurenzano et al., 2010; Guéguen and Colombi, 2016), here the first 

natural frequency appears not to be changed. Bybordiani and Arici (2019) showed that for a 

cluster composed of identical structures, the number of buildings has no impact on the natural 

frequency. Here, the absence of foundation in the model and the non-respect of the double 

resonance condition are probably a limitation to the observation of SSSI effects at the low 

frequency range. 
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Figure 116: Acceleration and velocity time series, cross-correlations and Fourier spectra 
amplitude (|FFT|) ratio computed for building B3 top transverse component for all the site-city 
models. 

The analysis of the PA, PV, AI and EI on the longitudinal component (y-component in Figure 

107) shows that the modifications of the building response due to the presence of a building 

group in this direction is negligible (Figure 117 and Table 38). This may be explained by the 

fact that most of the seismic vibration occurs in the transverse and vertical directions in the 

basin (Figure 118). Differences in the values of the motion intensity parameters are therefore 

observed in the transverse and vertical directions (respectively x- and z-component in Figure 

107) at the top of the central building. We note that, with respect to the IB case, the PA is 

increased by 22% in the LSC case and decreased by 2% in the CC case on the transverse 
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component. The comparison on the vertical component exhibits a general decrease of 4% in 

each site-city case.  AI increases more in the SC case (29%) than in the LSC model (11%) on 

the vertical component.  The increase of AI and the decrease of the PA on the vertical 

component means that the signal duration is influenced by the presence of a building group. In 

fact, these results may be explained by the increasing signal duration that is represented by an 

increase of AI. The comparison of the PV on the transverse component shows an increase of 

the value up to 16% in the LSC case and 6% in the SC and CC cases whereas it decreases by 

6% on the vertical component for all the site-city models. Finally, the EI shows a slight increase 

of 12% in the LSC and CC models on the transverse component and negligible variations in the 

SC case. But we notice an increase of this value of more than 100% on the vertical component 

in the SC and CC cases. 

 

 

Figure 117: Peak acceleration (PA), peak velocity (PV), Arias intensity (AI) and energy integral 
(EI) for the longitudinal (L), transverse (T) and vertical (V) components at the top of the 
building either isolated (IB) or located in the center of the circle cluster (CC), the square cluster 
(SC) and the large square cluster (LSC). The transverse component is in the direction of the 
source vibration. 
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Table 38: Difference in peak acceleration (PA), peak velocity (PV), Arias intensity (AI) and 
energy integral (EI) parameters between the isolated buildings (IB) case and other site-city 
models for the transverse (T), longitudinal (L) and vertical (V) components. 

 IB-CC 

(%) 

IB-SC 

(%) 

IB-LSC 

(%) 

 T⁺ L* V° T L V T L V 

PA (m/s²) -2 -25 -5 -7 -25 -4 +22 -25 -4 
AI (m/s²) -1 / +26 -9 / +29 +30 / +11 

PV (m/s) +6 / -6 +6 / -6 +16 / -6 

EI (m/s) +12 / +100 0 / +100 +12 / 0 
⁺Transverse component; *Longitudinal component; °Vertical component 

 

V.6. Site response analysis 

Bard et al. (1996) showed that the coupling effect between SSI and the trapping of the surface 

waves in the superficial soil layers may induce kind of wave packages in the shape of spindle 

up to about a hundred meters away from the structures. These phenomena were also observed 

by Schwan et al. (2016) based on 2D boundary element model and acceleration spectra, transfer 

functions and time series analysis. 

In this thesis, for each sensor localized along the transverse profile of the sedimentary basin, 

the velocity time series is presented using an amplitude coefficient equivalent on the three 

components to better visualize the results. The Fourier spectra, AI, PGA, EI and PGV values 

are shown. We consider the FF case and the IB case as baselines for comparison with the results 

of the different site-city models to observe spatial variation of the ground motion. On one hand, 

the comparison by respect to the FF case aims to remove the site response in order to only 

visualize the influence of buildings on the ground motion. On the other hand, the comparison 

by respect to the IB model aims to highlight SSSI and SCI effects. 

 

V.6.1. Comparison with the free field 

The numerical simulation of the seismic wave propagation in the FF case shows that the 

fundamental resonance frequency of the basin is around 2 Hz (Figure 118d) that is close to the 

measured fundamental resonance frequency at NCAD station (2 Hz). Energy in high frequency 
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ranging up to 6 Hz is noticed at the eastern edge of the basin. In the velocity time series (Figure 

118a-c), an increase in signal amplitude and duration is observed toward the center of the 

sedimentary basin on the transverse and vertical components. No energy is observed on the 

longitudinal one. The increase in the signal amplitude and duration are due to reflection and 

diffraction phenomena that lead to the generation of surface waves at the basin edge and to 

waves trapping in the sedimentary layers. Waves reflections are well represented on the vertical 

component by several wave front that intersect approximately in the center of the basin. We 

notice that, for the transverse component, most of the signal energy arrives between 1s and 10s 

from the western border of the basin to the eastern one. This is illustrated by the increase of 

PGV with the basin depth, ranging from 0.06 m.s-1 at the western edge, to 0.16 m.s-1 at x=400 

m, then 0.22 m.s-1 at x=800 m, to finish at 0.05 m.s-1 at the eastern edge (Figure 122). Before 

x=200 m and after x=900 m, the variation of PGV reflects the break in slope of the basin edges. 

The maximum value of PGV in the transverse component reaches 22.4 cm.s-1 that is greater 

than five times the PGV of the input signal. It is only equal to 0.3 cm.s-1 on the longitudinal one 

and can be considered as negligible motion. On the vertical component, seismic energy arrived 

from x=120 m to x=1160 m between 1.5s and 10s (Figure 118c). The PGV variations show the 

same tendency as the one on the transverse component meaning that the value increases with 

depth (Figure 124). However, values are lower than on the transverse component. In fact, the 

maximum PGV value is only 10.6 cm.s-1 that is the half of the PGV on the transverse 

component. 
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Figure 118: Velocity time series for the transverse (a), longitudinal (b) and vertical (c) 
components and transfer functions on the transverse component (d) along the SW-NE 
transverse profile of the basin for the free field (FF) case. 

The analysis of the velocity time series and transfer functions of the IB case (Figure 119) shows 

that they are quite similar to the FF case for all components. No significant effects induced by 

the presence of isolated buildings are observed. Small changes are noticed on the PGV at the 

building position. On the transverse component (Figure 122), the value is increased by 7% at 

x=360 m compared to the FF case (B1), by 14% at x=540 m (B2) and decreased by 7% around 
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x=1000 m (B3). On the vertical component (Figure 124), the PGV increases of 16% at x=540 

m and of 34% at x=1020 m compared to the FF case. The maximal PGV on the transverse 

component is equal to 22.4 cm.s-1, it is 0.4 cm.s-1 on the longitudinal one and on the vertical 

component it is 10.9 cm.s-1. These values are quite identical to the maximum PGV values of 

the FF case on the same components. 
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Figure 119: Velocity time series for the transverse (a), longitudinal (b) and vertical (c) 
components and transfer functions on the transverse component (d) along the SW-NE 
transverse profile of the basin for the isolated buildings case (IB). Building positions are 
schematically indicated at the top of the figure. 
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The comparison of PGV between the IB case and the FF one (Figure 120) shows that the 

maximal differences is equal to 14% on the transverse component and 34% on the vertical one 

(Table 39). 
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Figure 120: Difference in velocity time series for the transverse (a), longitudinal (b) and vertical 
(c) components and Fourier spectra amplitude on the transverse component (d) along the SW-
NE transverse profile of the basin for the isolated buildings case (IB) compared to the free field 
(FF) case. (e) and (f) are the Fourier spectra of the difference respectively for the transverse and 
vertical components. Building positions are schematically indicated at the top of the figure. 
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Table 39: Maximum difference in peak ground velocity between the free field (FF) and the site-
city cases: isolated buildings (IB), circle cluster (CC), square cluster (SC) and large square 
cluster (LSC). 

FF REF IB CC SC LSC 

Max diff (%) 
Transverse +14 +15 +16 +16 

Vertical +34 +56 +62 -34 

The discrepancies are highlighted from x=120 m up to x=1180 m. They are notably marked at 

the building positions where all the considered intensity parameters exceed at least 5% of 

deviation compared to the FF case on the transverse component (Figure 121 and Figure 122). 

On the vertical component, the effects are more noticeable with differences observed up to 15s 

on the time series and stronger at the building positions and between them (Figure 120c). AI 

notably increases by 91% at x=1020 m on the vertical component. Differences in the motion 

intensity parameters are also observed at these positions for the comparison between the FF-

CC, FF-SC and FF-LSC models (Figure 125 and Figure 128). 

The Fourier spectra amplitude comparison exhibits some amplification higher or equal to 2 at 

the building positions between 5 and 5.5 Hz (Figure 120d) which corresponds to the second 

natural frequency of the block models. These amplifications are directly followed by an 

amplitude reduction at 6 Hz. This is also observed on the Fourier spectra amplitude ratio of FF-

CC (Figure 125d). We note that the first natural frequency of building (1.1 Hz) has not enough 

energy to express significant variations compared to the second resonant frequency (Figure 

112). The energy on the vertical component seems to be higher than the one on the transversal 

component (Figure 125e-f) 
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Figure 121: Arias intensity (AI) and peak ground acceleration (PGA) for the transverse 
component for each site-city model and related differences by respect to the free field (FF) case. 
Gray lines indicate the positions of buildings depending on the site-city model. 
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Figure 122: Energy integral (EI) and peak ground velocity (PGV) for the transverse component 
for each site-city model and related difference by respect to the free field (FF) case. Gray lines 
indicate the positions of buildings depending on the site-city model. 
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Figure 123: Arias intensity (AI) and peak ground acceleration (PGA) for the vertical component 
for each site-city model and related difference by respect to the free field (FF) case. Gray lines 
indicate the positions of buildings depending on the site-city model. 
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Figure 124: Energy integral (EI) and peak ground velocity (PGV) for the vertical component 
for each site-city model and related difference by respect to the free field (FF) case. Gray lines 
indicate the positions of buildings depending on the site-city model. 

We observe on the transverse and vertical components that the differences in the velocity time 

series between the CC and the FF cases (Figure 125) behave like a wave plane characterized by 

a strong difference starting from x=1050 m at 1s and propagating to x=200 m at 6s. This 

phenomenon is also observed with SC-FF (Figure 128), LSC-FF (Figure 129) and CC-IB 

(Figure 130). The maximum value of PGV is reached at x=540 m at the B2 level with an 

increase of 15% on the transverse component and of 56% on the vertical one compared to FF 

(Table 39). From x=880 m corresponding to the slope break of the basin-bedrock interface at 

the east, the PGV, AI and EI slightly increase while the PGA decreases compared to the FF 

model (Figure 121 and Figure 122). The velocity time series differences are more emphasized 

on the vertical component where we can possibly observe a second plane wave starting from 

x=1060 m at 4s and going up to x=180 m at 7.5s (Figure 125c). At the building positions, the 

differences are observed on the whole duration of the signal. The comparison between the SC 
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and FF cases shows the same results. Moreover, the main effects of the presence of buildings 

in the cluster seem to be concentrated around the central building B3 from x=960 m to x=1070 

m. This is well depicted on Figure 126 for the transverse component and on Figure 127 for the 

vertical component. These figures show a spatial zoom of the velocity time series filtered below 

2 Hz at the cluster level in order to better follow the building response influence. In comparison, 

the time series differences for the analysis of the SC model are highlighted in the whole cluster 

from x=920 m to x=1120 m. Stronger differences are also noted after B3 at x=1080 m where 

the PGV on the vertical component reaches 56% of difference compared to the FF case (Figure 

122). This position corresponds to a sensor placed at 37.5 m from the B3 between two buildings 

in the longitudinal direction of the valley (see CC spatial arrangement in Figure 110). These 

observations may be linked to the reflection of seismic waves by the buildings that create 

constructive interferences with other building responses and surface waves. 
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Figure 125: Difference in velocity time series for the transverse (a), longitudinal (b) and vertical 
(c) components and Fourier spectra amplitude on the transverse component (d) along the SW-
NE transverse profile of the basin for the circle cluster (CC) case compared to the free field 
(FF) case. (e) and (f) are the Fourier spectra of the difference respectively for the transverse and 
vertical components. Building positions are schematically indicated at the top of the figure. 
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Figure 126: Zoom on the velocity time series filtered below 2 Hz on the transverse component 
for the free field case (FF). Zoom on the difference in velocity time series filtered below 2 Hz 
on the same component for the isolated buildings (IB), the circle cluster (CC), the square cluster 
(SC) and the large square cluster (LSC) cases compared to the FF case. 
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Figure 127: Zoom on the velocity time series filtered below 2 Hz on the vertical component for 
the free field case (FF). Zoom on the difference in velocity time series filtered below 2 Hz for 
the same component for the isolated buildings (IB), the circle cluster (CC), the square cluster 
(SC) and the large square cluster (LSC) cases compared to the FF case. 
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The Fourier spectra amplitude ratio between the CC and FF cases exhibits complex frequency 

content compared to the ratio of FF-IB (Figure 125d). Amplifications are marked on a large 

frequency range from 4 Hz to 13.5 Hz. We observe strong energy at 4.5 Hz on the vertical 

component up to 200 m from the cluster toward the west (Figure 120e-f). These results are 

retrieved for the comparison FF-SC (Figure 128e-f), FF-LSC (Figure 129e-f) and all the 

comparison with respect to IB case (CC-IB in Figure 130, SC-IB in Figure 133 and LSC-IB in 

Figure 134). In the building cluster, the maximum of amplification is spread from 5.5 Hz at 

x=920 m to the high frequency range up to 8 Hz at x=1210 m. It follows the eastern slope break 

of the basin. This was also observed in the FF model (Figure 118d). The same observation can 

be made with the spectral ratio of FF-SC (Figure 128d), IB-CC (Figure 130d), IB-SC (Figure 

133d) and IB-LSC (Figure 134d). 

The comparison between the SC and FF cases provides quite similar results than the FF-CC 

comparison. The maximum difference in PGV on the transverse component reaches 16% and 

the one on the vertical one is 62% (Table 39). The analysis of the motion intensity parameters 

shows that the maximum difference on the transverse component occurs at x=540 m close to 

B2 (Figure 121 and Figure 122). These results are retrieved in the comparison of the LSC and 

the FF cases. The SC model presents, among the other models, the higher level of deviations 

on the PGA and PGV values on the vertical component with an increase of more than 50% at 

x=1120 m compared to FF. The results are similar in the comparison of the SC model to the IB 

model. 
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Figure 128: Difference in velocity time series for the transverse (a), longitudinal (b) and vertical 
(c) components and Fourier spectra amplitude on the transverse component (d) along the SW-
NE transverse profile of the basin for the square cluster (SC) case compared to the free field 
(FF) case. (e) and (f) are the Fourier spectra of the difference respectively for the transverse and 
vertical components. Building positions are schematically indicated at the top of the figure. 
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The comparison of the LSC model to the FF case presents stronger differences in the velocity 

time series of the transverse component at x=540 m (B2) than the other model comparisons 

(Figure 129a). These differences are notably observed on the whole signal duration up to 15s 

and for most of the seismic traces whether it is on the transverse or vertical components (Figure 

129c). In the building cluster, the time series discrepancies seem to be concentrated in three 

areas around the three buildings aligned in the transverse direction: 1) between x=920 m and 

x=960 m, 2) between x=990 m and x=1050 m and 3) between x=1080 m and x=1120 m. This 

is particularly well observed on Figure 126 and Figure 127 where the amplitude of the 

differences is higher close to building positions. The maximum difference in the motion 

intensity parameter is shown at x=1090 m at the eastern part of the building cluster with an 

increase of more than 15% for all the parameters (Figure 121 and Figure 122) while the maximal 

difference in PGV is equal to 16% on the transverse component and to 34% on the vertical one 

(Table 39).  

On the vertical component, the time series differences are lower at B1 (x=350 m) and B2 (x=540 

m) positions than the other site-city models. This is also observed in the analysis of the motion 

intensity parameters with a lower difference compared to FF (Figure 123 and Figure 124). We 

also note a decrease up to 35% of the AI and PGA values at the western border of the basin 

compared to the FF case. The results are similar in the comparison of the LSC model to the IB 

one. 

The FF-LSC Fourier spectra amplitude ratio (Figure 129d) is comparable to that of FF-CC 

rather than FF-SC. The major difference occurs from x=1040 m where the amplification equal 

or higher than 2 occurs around 5.5 Hz contrary to the FF-CC ratio (visible at high frequency). 

Strong amplification is also observed between 11 and 12 Hz at this position. This phenomenon 

may be explained by the impact of the distance between the buildings on the modification of 

the frequency content of the surface ground motion. In fact, the building distance for the LSC 

model is two times larger than the one of the SC and CC cases (Figure 110). Also, the presence 

of buildings closer to the eastern basin edge (x=1090 m) compared to the SC model (x=1070 

m) may induce a shift or a concentration of the energy amplification from the high frequency 

to the second natural frequency of building (Figure 129e-f). 
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Figure 129: Difference in velocity time series for the transverse (a), longitudinal (b) and vertical 
(c) components and Fourier spectra amplitude on the transverse component (d) along the SW-
NE transverse profile of the basin for the large square cluster case (LSC) compared to the free 
field (FF) case. (e) and (f) are the Fourier spectra of the difference respectively for the transverse 
and vertical components. Building positions are schematically indicated at the top of the figure. 
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V.6.2. Comparison with the isolated buildings case 

Considering the similarities of the FF and IB time series (Figure 118 and Figure 119), we expect 

comparable results between the comparison of the CC, SC and LSC models to IB model than 

the comparison to FF. The only expected discrepancies should appear at the position of the city. 

In the comparison between the CC and IB cases, we notice slight time series differences at the 

position of B1 (x=350 m) and B2 (x=540 m) on the transverse component (Figure 130a). This 

is also observed in the comparison between SC and IB models (Figure 133a). On the vertical 

component, the results are quite similar to the FF-CC comparison (Figure 125c). The maximum 

difference in PGV is equivalent to 10% on the transverse component and more than 60% on the 

vertical one (Table 40). 
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Figure 130: Difference in velocity time series for the transverse (a), longitudinal (b) and vertical 
(c) components and Fourier spectra amplitude on the transverse component (d) along the SW-
NE transverse profile of the basin for the circle cluster (CC) case compared to the isolated 
buildings (IB) case. (e) and (f) are the Fourier spectra of the difference respectively for the 
transverse and vertical components. Building positions are schematically indicated at the top of 
the figure. 
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Table 40: Maximum difference in peak ground velocity between the isolated buildings (IB) and 
the other site-city cases: circle cluster (CC), square cluster (SC) and large square cluster (LSC). 

IB REF CC SC LSC 

Max diff (%) 
Transverse +10 +15 -16 

Vertical +63 +76 -29 

The only differences are a decrease of 20% of the motion intensity parameters at the western 

border of the basin between x=40 m and x=190 m compared to IB model (Figure 131 and Figure 

132). 

 

Figure 131: Arias intensity (AI) and peak ground acceleration (PGA) difference for the 
transverse and vertical components for each case compared to the isolated buildings (IB) case. 
Gray lines indicate the positions of buildings depending on the site-city model. 
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Figure 132: Energy integral (EI) and peak ground velocity (PGV) difference for the transverse 
and vertical components for each case compared to the isolated buildings (IB) case. Black lines 
indicate the positions of buildings depending on the site-city model. 

For the transverse and vertical components, strong discrepancies between the motion intensity 

parameters are noticed from x=540 m (B2) with a deviation increase compared to the IB case, 

exceeding 5% at x=900 m that corresponds to the slope break of the basin and reaching a 

maximum value of 18% with a decrease of the PGA at this same location (Figure 131 and 

Figure 132). 

As in the comparison of CC with IB cases, the differences between the motion intensity 

parameters tend to increase after x=540 m (B2) between the SC and IB models (Figure 131 and 

Figure 132). This is also observed in the comparison of IB-LSC. On the transverse component, 

the maximum deviation occurs at x=940 m at the position of the first building at the west of the 

city with an increase of 15% of the PGV. On the vertical component, the maximum difference 
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is found between B2 and the cluster location at x=970 m with a strong increase of EI (95%) and 

PGV (76%). 
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Figure 133: Difference in velocity time series for the transverse (a), longitudinal (b) and vertical 
(c) components and Fourier spectra amplitude on the transverse component (d) along the SW-
NE transverse profile of the basin for the square cluster (SC) case compared to the isolated 
buildings (IB) case. (e) and (f) are the Fourier spectra of the difference respectively for the 
transverse and vertical components. Building positions are schematically indicated at the top of 
the figure. 
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The comparison between LSC and IB cases shows that the maximum difference in the motion 

intensity parameters is observed at x=1090 m with an increase of all the considered parameters 

(at least 15%) on the transverse component (Figure 131 and Figure 132). At this same position, 

a major increase of AI (223%) and EI (308%) is highlighted with an increase of PGA and PGV 

around 20% compared to the IB model on the vertical component. At the western border of the 

basin, the PGA decreases by 17% on the vertical component compared to the IB model. 
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Figure 134: Difference in velocity time series for the transverse (a), longitudinal (b) and vertical 
(c) components and Fourier spectra amplitude on the transverse component (d) along the SW-
NE transverse profile of the basin for the large square cluster (LSC) case compared to the 
isolated buildings (IB) case. (e) and (f) are the Fourier spectra of the difference respectively for 
the transverse and vertical components. Building positions are schematically indicated at the 
top of the figure. 
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V.7. Discussion  

Even if the energy radiated by the building in the basin is well observed on the velocity time 

series, its amplitude is small compared to the total signal amplitude of the FF model. This shows 

that the impact of the presence of structures on the considered motion intensity parameters 

remains weak. 

Because of the high calculation time required, we decided not to introduce 3D foundation 

elements under the buildings in the model. In fact, these elements lead to complex mesh process 

and therefore, increase computation time. As a slab foundation generally does not exceed 1 to 

2 m thick, numerically, it leads to very fine meshes in the foundation and its vicinity and a 

strong decrease in the global time step. Contrary to a very thin slab foundation, the large 

embedding height makes the numerical simulation more feasible in terms of computational cost. 

Mesh elements created at the interface soil foundation could be larger than in presence of slab 

foundation. 

Moreover, this model can be improved by adding complex features as: 

 Building cluster composed of buildings with different height. Bybordiani and Arici 

(2019) notably observed variations in the frequency content of the building response by 

testing this parameter. And Guéguen (2000) noted that SSSI effects increase in this 

configuration.  

 Plane wave of non-vertical incidence. 

 Nonlinearity of the soil occurring during strong earthquake. Vicencio and Alexander 

(2018) based their study on several different 2D non-linear systems under strong motion 

excitation. Through time domain analysis (acceleration and displacement time series 

comparison), they conclude that SSI effects are stronger in the case of non-linear soil. 

They note that SSSI effects increase when buildings are very close and located on soft 

soil. 
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V.8. Conclusion 

V.8.1. Site-city influence on the ground motion 

V.8.1.1 Impact of site effect 

We notice that the motion intensity parameters (PGA, PGV, AI and EI) and the frequency 

content of the ground motion show strong spatial variability at the basin surface whatever the 

model (free field or site-city).  

The numerical simulation of seismic wave propagation in a realistic 3D model of the lower Var 

valley has been calibrated to obtain the measured fundamental resonance frequency of the basin 

around 2 Hz obtained close to the NCAD station position (Rohmer et al. (2020). This value is 

distributed along the basin surface and increasing at the basin edge. 

Since the seismic solicitation is only in the transverse direction of the basin, only the transverse 

and vertical components of the output signal have significant energy to be analyzed. The 

analysis of the motion intensity parameters shows that the ground motion increases in terms of 

amplitude and duration with the basin depth. Particularly, the maximum value of the PGV in 

the transverse direction is greater than five times the PGV of the input signal and the spatial 

variability of this parameter reflects the break in slope of the basin edges. This increase results 

from reflection and diffraction phenomena that lead to the generation of surface waves at the 

border of the valley and to waves trapping inside the sedimentary layers. 

 

V.8.1.2 Impact of the city 

The presence of buildings tends to increase the PGV value close to the buildings. Specifically, 

at the building positions, slight variations in the motion intensity parameters happen depending 

on the site-city model. The transverse component of the PGV increases by more than 10% close 

to building located in the center of the basin for all the site-city models. Moreover, the vertical 

component of the PGV increase by more than 30% at building located in the city center. 

We note that the ground motion is higher in the square city when the building spacing is small. 

The motion is 60% higher than in free field on the vertical component and 16% on the 

transversal component of the valley. This is also observed on the comparison with the isolated 

building case and suggest that this increase is related to the radiated waves from the building 
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group. In 2D analysis, Kham et al. (2006) identified this phenomenon as group effect and 

observed an increase of the ground motion by 30% inside an irregular city. Isbiliroglu et al. 

(2015) used the same parameters to calibrate buildings than in Kham et al. (2006) and studied 

3D finite element SCI model. They observed that the ground motion is subjected to more 

variations if the density of buildings increases. These variations can reach more than 10% in 

the case of soft soil sites. As those authors, we observed that the smaller the building spacing 

the stronger the group effect. 

The analysis of the difference in time series and in frequency content of the site response at the 

basin surface shows that the presence of buildings tend to influence the high frequency content 

of the site response in the vicinity of them. Indeed, strong energy at 4.5 Hz that corresponds to 

the second resonance frequency of the basin is observed for each site-city model. For small 

building spacing, the energy at this frequency is stronger at the building positions and up to 200 

m away from the city. 

 

V.8.2. Site-city influence on the building response 

In the case of isolated buildings, the motion at the top of the building differs as function of the 

building localization. Indeed, the amplitude of the motion of the building located at the center 

of the valley appears to increase by 69% comparatively to the one obtained for the building at 

the eastern edge of the basin. Moreover, the second natural frequency peak amplitude, observed 

on the transfer function, is 145% larger than the one of the building at the edge of the basin.  

We show that the seismic response of a building localized in the center of a cluster can be 

modified depending on the cluster spatial distribution and density.  

Firstly, it appears that, for large distance between buildings (H/2), the signal amplitude at the 

top of the central building tends to increase. Several studies indicate that the building top motion 

decreased in the city and this decrease is more pronounced under double resonance condition 

(e.g. Guéguen, 2000; Bard et al., 2005; Kham et al., 2006; Semblat et al., 2008; Kumar and 

Narayan, 2019b). Here, this phenomenon is observed only for the dense building configuration 

with a decrease of the acceleration amplitude limited to 9%. Also, we note that the central 

building response coherency between the different models tends to decrease for small building 
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spacing. Furthermore, the EI is increased notably by 100% of the isolated building response on 

the vertical component. 

Secondly, the presence of city influences the central building impulse response especially at 

high frequencies. No variation is observed at the first natural frequency of the structure contrary 

to other investigations (Kitada et al., 1999; Bybordiani and Arici, 2019). This may be explained 

because the model does not respect the double resonance condition that may amplify SCI 

effects. Furthermore, the absence of foundation may lead to underestimate kinematic interaction 

and therefore, the SCI effects can be lower than expected. To compare, Makrypidi et al. (2017) 

used hybrid FEM-BEM to model SCI and analyze the motion intensity parameters and 

displacement time series of a building located at the center of a city. The authors found that this 

structure undergoes lower SSI effects than the one located at the group limit. This conclusion 

is retrieved in the work of Knappett et al. (2019) where low-rise FE structure models are used 

and analyzed through frequency ratio and peak acceleration comparison. 

We may expect from the seismic response analysis of the isolated buildings that all these 

buildings share the same impulse response. However, we note that it is the case at the first mode 

frequency but not at the second one. It appears that the building impulse response differs 

according to the position of the building in the basin. This may be due either to numerical 

variability in high frequencies or to the generation of surface waves at the edge of the basin. 

This last assumption is possible since the numerical model considers three dimensions and may 

include non-vertical incident waves at the base of buildings. Consequently, the impulse building 

response becomes more complex compared to a 1D model. 

Finally, this work allows to put in evidence the contribution of lithological site effect and 

buildings on seismic ground motion. It appears that the major impact on the ground motion at 

the basin scale is induced by lithological site effect. Indeed,  they lead to increase the motion at 

the basin surface by more than five times the motion amplitude at rock site while building 

effects constitute local increase of seismic ground motion that are pronounced particularly close 

to buildings and inside the city with small building spacing. Locally, these variations remain 

significant by representing a maximal increase of 62% on the vertical component and of 16% 

on the transverse component compared to the free field motion. 
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General conclusion 

To study the influence of lithological site effect and buildings on the surface ground motion, 

seismic wave propagation has been numerically simulated in five different 3D finite element 

site-city models characterized using ambient vibration recordings and including various city 

configurations. Beforehand, the soil-structure interaction (SSI) effects have been investigated 

numerically and empirically in the time and frequency domain at the scale of the building and 

of the basin. To do so, we used the lower Var Valley close to Nice as a natural laboratory. This 

valley presents indeed high stakes, high-rise buildings and an increasing urbanization which 

has already been the subject of previous risk studies. Notably strong lithological site effect has 

already been documented. 

Several building typologies and their dynamic parameters have been numerically investigated 

to find which of them are the most sensitive to SSI effects. Five different 3D finite element 

types of building, high and low-rise, reinforced concrete or masonry, have been solicited at their 

base with white noise and simulated earthquake recordings. The responses of identical fixed 

and flexible base buildings were compared in order to identify the building types and dynamic 

parameters that are the most sensitive to SSI effects. Our main conclusions are as follow: 

 Bending type buildings are the most sensitive to SSI, especially high-rise structures.  

 Shear type and masonry buildings are less sensitive to SSI effects. We note that even if 

the first natural frequency of the shear type building is closed to the soil fundamental 

frequency and induced a double resonance condition, the influence of SSI effects on the 

building response remains lower than the one of the bending type buildings. 

 For all types of building, the aspect ratio (height-width ratio) and the non-uniform 

distribution of rigidity in the structure are strong structural features that control the 

building response with SSI. 

 The dynamic analysis shows significant modifications in several parameters that are the 

first natural frequency, the mode shapes and order of apparition of modes, the signal 

amplitude and phase at the top of building, the signal duration, the motion intensity in 

high and medium frequency content and the presence of rocking motion at the base of 

building. Particularly, we note that with SSI: 

o The first natural frequency decreases for all the reinforced concrete buildings. 
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o The mode shapes and the order of apparition of the modes differ in the case of 

low-rise reinforced concrete buildings. 

o The amplitude and the phase of the signal are modified for all the reinforced 

concrete buildings. For shear type, irregular bending type and high rise models, 

the amplitude decreases at the top of the building whereas it increases for the 

regular bending type model. 

o The signal duration decreases in the case of low-rise reinforced concrete 

buildings but increases for high-rise building. 

o The motion intensity in high and medium frequency content tends to decrease 

for shear type and high-rise buildings whereas it increases for the regular 

bending type model. 

 A rocking motion is highlighted at the base of the reinforced concrete bending type 

buildings at their first natural frequency but also at higher frequency. 

 One effect of the SSI is a rocking motion at the base of the structure. Therefore, the 

proposed rocking spectral ratio combined with filtered seismic signal or RD functions 

from ambient vibration recordings are useful to investigate SSI effects in buildings. The 

rocking motion occurs especially at the first resonance frequencies of the bending mode 

of the structure but also at higher frequencies. One of the main advantages of this SSI 

characterization is that it is self-sufficient and does not need a comparison with a fixed 

base model. Thus, this method appears relevant to study SSI using vibration recordings 

on real structures. 

Then, SSI and SSSI effects have been empirically investigated using dense in-situ ambient 

vibration instrumentations performed in the tallest buildings of the Var Valley. We tested 

several methods to highlight these interaction effects in our recordings such as the microtremor 

Horizontal-to-Vertical ratio (mHVSR), the operational modal analysis and the rocking spectral 

ratio and made the following observations: 

 Synchronous ambient vibration recordings could be used to characterize SSI. To do that, 

it is necessary to have at least sensors at all extremities of the base of the instrumented 

structures. 

 The analysis of the mode shape compared to theoretical mode confirms the type 

behavior of the building (shear, bending, Timoshenko beam). 
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 Non-zero displacement mode and rocking motion at the base of the buildings highlight 

the presence of SSI. 

 The analysis of the building influence on the ground motion spatial variability using 

mHVSR shows that only the frequency value of the peak gives an insight of SSI effects. 

The peak amplitude, the peak width or the frequency gap between two mHVSR high 

amplitude peaks are not significant for the SSI characterization. 

 The coincidence of the soil and building resonance frequencies on mHVSR suggest the 

presence of strong SSI. This is also observed in the singular value decomposition plot 

where similarities of resonance frequencies of close buildings suggest the presence of 

strong SSSI effects. The SSSI observation was confirmed using a simultaneous modal 

analysis of the buildings by the high correlation between the mode shapes of each 

structure. 

The operational modal analysis has shown its high potentiality to characterize the dynamic 

behavior of the structures, the main limitations we reach in our investigations are as follow: 

 Lack of precision in the modal computation may be induced by the difficulty to perform 

frequency peaking due to the coupling resonance modes in singular value 

decomposition plot.  

 When synchronous ambient vibration recordings are used for the simultaneous modal 

analysis of structures, the increasing distance of the recordings to the reference station 

may cause a decrease of the coherency in the signals. Consequently, the mode shape 

amplitude, calculated using an average of time windows signals with a triggering 

performed on the reference station, could be different between the buildings where the 

reference sensor is located and the adjacent building. To reduce this uncertainty, the 

number of references in the setup can be increased.  

 It appears that longer ambient vibration recordings (>30min) are more suitable to 

refined the rocking spectral ratio in order to make easier the analysis of the rocking 

motion and to precise the velocity estimation in the building through deconvolution 

interferometry technique.  

The next stage to the site-city model is the calibration of homogeneous equivalent block model 

to represent building. In order to stay accurate, they need to be calibrated using real data. We 

showed that: 
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 Large uncertainties exist in the estimation of the shear wave velocity. Therefore, this 

parameter is not a suitable criterion to calibrate simplified model of building. 

 It is better to calibrate simplified model of building from real data based on the natural 

frequency of the real building.  

 Because the block model has not torsion mode, the considered natural frequency should 

corresponds to the first mode of flexion of the targeted building. It is then important to 

investigate at least the first higher modes of a structure. 

The last stage is the development of the sedimentary model of the Var valley based on the 

combination of geotechnical borehole and ambient vibration data already available. Additional 

active and passive non-invasive in-situ instrumentation campaigns completed this database by 

enabling us to characterize the valley bedrock, and determine an average velocity zonation in 

the basin. Most has been made to interpret wisely the mHVSR and to work on the 

complementarity of the geophysical and geotechnical data. In the final model, the organization 

of the different lithological layers is constrained by the borehole data. The basin-bedrock 

interface geometry is defined by using both the borehole data and the ambient vibration 

measurements. We assumed a 1D soil domain in the whole sedimentary basin to interpret 

mHVSR. This induce potential overestimation of the sedimentary thickness especially at the 

basin edge where it is known that the soil domain is more 2D/3D than 1D.  

The model construction remains complex to perform and the related uncertainties are still not 

well identified. The interpretation of mHVSR may be challenging, especially when the curve 

is characterized by low quality or/and two high amplitude peaks. In this thesis, when mHVSR 

double peaks were observed, the second peak has been identified as the fundamental soil 

frequency related to the Quaternary-Pliocene interface. This interpretation led to a geologically 

consistent shape of a basin. The first peak could be due to a deeper interface inside the bedrock, 

seen at some sites of the valley. Although this first peak is not used to define the bedrock depth 

of the valley, we should keep in mind that it should be taken into account for a proper seismic 

hazard assessment, at least where it has been seen. However, the considered part of the valley 

where the 3D modeling of wave propagation is done is far away from these double-peaked sites. 

Finally, five different 3D finite element site-city models have been calibrated using ambient 

vibration recordings and including various city configurations are used to study SSI and SCI. 

The seismic wave propagation was simulated using the Discontinuous Galerkin finite element 

method. A parametric study was performed in the time and frequency domain to quantify the 
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influence of lithological site effects and buildings on the ground motion in the valley. We 

conclude in particular that: 

 The motion intensity parameters (PGA, PGV, AI and EI) as well as the frequency 

content of the ground motion show strong spatial variability at the basin surface in all 

cases (free field or city). 

 The amplitude and duration of the surface ground motion is greater at the center of the 

basin whatever the model (free field or site-city cases). It results from reflection and 

diffraction phenomena that lead to the generation of surface waves at the basin edge and 

to waves trapping inside the sedimentary layers. 

 The ground motion amplitude increases also locally close to buildings and in city with 

small building spacing. 

 The frequency content of the ground motion at the basin surface is subjected to 

variations especially in high frequencies, close to the buildings and inside the city with 

small building spacing. For such a city, the energy at the second resonance frequency 

of the basin is stronger up to 200 m away from the city. 

 Comparing the contribution of site effect and buildings, it appears that the major impact 

on the ground motion at the basin scale is induced by lithological site effect which lead 

to increase the motion at the basin surface more than five times the motion amplitude at 

rock site while building effects constitute only local increase of seismic ground motion. 

Close to buildings and inside the city with small building spacing, these variations 

remain significant by representing a maximal increase of 62% on the vertical component 

and of 16% on the transverse component compared to the free field motion. 

The 3D site-city modeling not only allows to study the ground motion throughout the valley 

but also the impact of the city and the valley on the building response. We show here that: 

 The cluster spatial distribution and density are strong factors of SSSI effects. In fact, it 

appears that, for large distance between buildings (height/2), the signal amplitude at the 

top of the city central building tends to increase. A decrease of the motion at the top of 

the building is observed only for small building spacing, with a decrease limited to 9%. 

Also, we note that the coherency of the central building response between the different 

models tends to decrease. 

 It appears that the building response differs according to the localization of the building 

in the basin. The motion at the top of the building located at the center of the valley is 
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69% larger than the one of the building at the edge of the basin. On the transfer function, 

the first mode frequency stays identical for all isolated buildings contrary to other 

investigations (Bybordiani and Arici, 2019; Kitada et al., 1999). This may be explained 

because the model does not respect the double resonance condition (f0building = f0soil) that 

may amplify SCI effects. However, the second natural frequency peak amplitude is 

145% larger than the one of the building at the edge of the basin and a little frequency 

shift of 0.5 Hz at around 5.5 Hz. The variability of the building impulse response at high 

frequencies could be of two origins. First, the numerical uncertainties at high 

frequencies and second, the generation of surface waves at the basin edge in the 3D 

model producing non-vertical incident seismic solicitation at the base of the building. 
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Perspectives 

This thesis has notably shown that the 3D Discontinuous Galerkin simulation is a powerful tool 

for the study of the soil-structure interaction (SSI), the structure-soil-structure interaction 

(SSSI) and the site-city interaction (SCI). To perform these simulations, it has been necessary 

to associate engineering and seismologist point of views and to work beforehand on numerical 

and empirical explorations of SSI from in-situ vibration recordings. Besides the results we 

presented in this thesis, this work raises multiple further investigations: 

 In-situ SSI characterization 

The temporary field experiment that we conduct on the selected buildings gave interesting 

results for the SSI characterization. To estimate the influence of distance on the building group 

effect on the ground motion, ambient vibration arrays may be deployed along a several hundred 

meters profile from the instrumented building group. Furthermore, to solve the last 

uncertainties, it would be worth to consider a permanent seismic network to record future 

earthquakes using different kind of sensor as rotational sensor or distributed acoustic sensing 

(DAS). 

 Geotechnical 3D model 

To refine the soil subsurface model, we propose to: 

 Investigate the capability of artificial intelligence (AI) to interpret borehole core sample 

and mHVSR. 

 Use DAS and existing fiber optic line to increase the spatial coverage of geophysical 

data in the basin. 

 Further investigate the double peaked mHVSR and better understand the origin of the 

first frequency peak. 

 Compare the average velocity profiles to other empirical relationships between the 

fundamental resonance frequency and the soil thickness proposed in other studies (Seht 

and Wohlenberg, 1999; Delgado et al., 2000, 2002; Parolai et al., 2002; Mascandola et 

al., 2019). 

 

 Numerical SSI investigation at the building level 
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The numerical study of SSI using 3D finite element model of building can be refined by 

considering the nonlinearity of structures or/and various types of foundations (deep and 

shallow). To limit the underestimation of SSI effects, the soil non-linearity can be integrated in 

the soil domain. In addition, 2D/3D resonances and surface waves may be considered. The SSSI 

effects at the building scale can be investigated through close multiple 3D finite element model 

of buildings having different height and shape. And then, the numerical results can be compared 

to ambient vibration recordings from the instrumentation campaign. 

Moreover, finding a method to incorporate the non-uniform stiffness distribution in a simple 

manner into an equivalent building block model may be an additional line of study. For 

example, by directly modifying the geometry of the block such as tubular model or asymmetric 

model or by varying the velocity in the element. 

 Numerical SSI investigation at the city level 

The comparison of all the building responses in the city would give an insight of the impact of 

the building position on its seismic response. The investigation of the rocking motion at the 

base of buildings is also a potential line of study. Increasing the number of virtual sensors at 

the basin surface would be useful to precise the variability of the ground motion. 

Finally, the SSI, SSSI and SCI effects could be studied by considering a foundation slab under 

the building models or deeper foundations in order to enhance kinematic interaction. Indeed, a 

more complex city geometry (different building heights, variable building orientation, number 

of buildings, etc...) could lead to a different SCI. Other perspectives as the consideration of non-

vertical incident plane wave and soil nonlinearity occurring during strong earthquake could be 

integrated in the numerical model to refine the study of SCI. Finally, the SSI, SSSI and SCI 

effects should be studied using a more realistic 3D model of the valley to consider not only the 

surface heterogeneities in the transverse direction of the valley but also in the longitudinal 

direction. In this case, a three-component seismic source could be applied as input to the 

modeling. The modeling of the actual real city in the Var valley would allow the comparison 

with the seismological data continuously recorded by the RAP-RESIF stations inside the valley. 
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Data and resources 

The study was conducted in the framework of the Ritmica project. This work has been 

supported by the French government, through the UCA-JEDI Investments for the future project 

managed by the National Research Agency (ANR) with the reference number ANR-15-IDEX- 

01. 

The numerical simulations of the 3D realistic site-city models have been made possible thanks 
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The numerical investigation of SSI at building scale was performed using high performance 

computing (HPC) resources from GENCI-[CINES] (Grant 2018-[A0050410071]). The 

seismogram used in the numerical analysis of finite element buildings is provided by the 

Instituto Nazionale di Geofisica e Vulcanologia (INGV) in Italy and can be obtained from Itaca 

database (Italian Accelerometric Archive) at https://doi.org/10.13127/SD/X0FXnH7QfY [last 

access: 10/05/2020]. 

The contextualization map backgrounds are extracted from the IGN geoservices database at 

https://geoservices.ign.fr/documentation/donnees. 

Also, the authors acknowledge the use of data obtained by the RESIFRAP French 
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Appendix 1 

Chapter I. Numerical methods for the modeling of 

seismic wave propagation 
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In 2011, Semblat presented an overview of  different numerical methods used in the modeling 

of the seismic wave propagation for simple and complex geometry (Figure 135). 

 

Figure 135: Illustrations of the different numerical methods used to model simple or complex 

geometry (adapted from Semblat (2011)). Methods convenient for simple geometry are the 

finite difference method (FDM) and the discrete element method (DEM). Methods powerful 

for complex geometry are the finite element method (FEM), the spectral element method 

(SEM), the boundary element method (BEM) and the finite volume method (FVM). 

The finite difference method (FDM) (Moczo et al., 2014, 2004) and the discrete element method 

(DEM) (Cundall and Strack, 1979) constitute discrete mesh approaches powerful in 

discontinuous medium. The FDM is one of the most used method in the simulation of the 

ground motion (Olsen, 2000; Sato et al., 1999; Vidale and Helmberger, 1988) because of its 

facility to be implement and the efficiency to calculate in parallel process. However this 

approach has limitations to dial with complex geometry in particular due to the difficulty to 

integrate boundary conditions. The DEM is based on a Lagrangian description of the particle 

motion. It is generally used for mechanical engineering problems to model large scale material 

for example to study the complex interactions between granular materials (Ghaboussi and 

Barbosa, 1990) or damage and failure in complex system (Fleissner et al., 2007). This method 

enables to consider each element as independent of the system and distributed properties to 

obtain a model of different components. 
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The spectral element method (SEM) is commonly used to numerically solve 2D and 3D seismic 

wave propagation in heterogeneous media (Chaljub et al., 2010; Stupazzini et al., 2009; 

Komatitsch et al., 2004; Komatitsch and Vilotte, 1998). It consists to divide the unknowns into 

Lagrangian polynomials, sampled at the Legendre-Gauss-Lobatto quadrature points. SEM 

provides high precision due to the high polynomial degrees but does not consider adaptive 

meshing and nonlinearity.  

The finite volume method (FVM) (Eymard et al., 2000) is often employed for 2D modeling of 

rupture (Benjemaa et al., 2009, 2007; Demirdzic and Muzaferija, 1994). This approach calls on 

low order polynomial functions and therefore is a low precision method. 
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Appendix 2 

Chapter I. Application of the algorithm combining 

the FDD and the vectorial RD technique to compute 

the modal frequency, the damping coefficient and 

the mode shapes of a structure (here for one setup) 



Combined influence of buildings and lithological site effect on seismic ground motion 

Appendix  Pages 335 - 368 

 

  



Combined influence of buildings and lithological site effect on seismic ground motion 

Appendix  Pages 336 - 368 

 

 

 

 

 

 

Appendix 2 

Chapter III. HVSR computed from the recordings in 

the instrumented residential compound 
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Appendix 3 

Chapter IV. Earthquakes data used in SSR and 

earthquake HVSR computations 
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Time Lat. (°) Long. (°) Mag. Depth 

(km) 
Catalog Mag. 

Type 

Location 

07/08/2021 

04:19 

35.49 3.63 4.2 20 EMSC-RTS mb STRAIT OF 
GIBRALTAR 

19/07/2021 
19:21 

36.77 5.52 4.3 10 EMSC-RTS mb NORTHERN 
ALGERIA 

25/03/2021 

02:37 

36.94 5.25 4.4 10 EMSC-RTS mb NORTHERN 
ALGERIA 

24/03/2021 

23:23 

36.90 5.37 4.2 10 EMSC-RTS mb NORTHERN 
ALGEERIA 

18/03/2021 

00:17 

36.98 5.29 5.2 10 EMSC-RTS mb NORTHERN 
ALGERIA 

18/03/2021 

00:04 

36.92 5.21 6 10 EMSC-RTS Mw NORTHERN 
ALGERIA 

17/03/2021 

21:49 

36.50 6.74 4.7 10 EMSC-RTS mb NORTHERN 
ALGERIA 

08/03/2021 
18:00 

39.64 22.22 4.3 10 USGS mb GREECE 

06/03/2021 

16:36 

39.68 22.23 4.5 10 USGS mb GREECE 

26/01/2021 

21:54 

37.18 3.73 4.4 10 EMSC-RTS mb SPAIN 

26/01/2021 

21:36 

37.22 3.72 4.1 10 EMSC-RTS mb SPAIN 

30/12/2020 

05:15 

45.44 16.18 4.8 10 EMSC-RTS mb CROATIA 

29/12/2020 
14:36 

45.24 11.04 4.4 9 EMSC-RTS ML NORTHERN ITALY 

29/12/2020 

11:19 

45.42 16.21 6.4 10 EMSC-RTS Mw CROATIA 

05/11/2020 

22:16 

39.92 23.97 4.9 10 USGS mb GREECE 

01/11/2020 

13:15 

44.36 15.45 4.6 10 EMSC-RTS ML CROATIA 

25/10/2020 

19:35 

46.9 9.12 4.3 1 EMSC-RTS ML SWITZERLAND 

30/09/2020 

22:02 

42.83 1.47 4.5 5 EMSC-RTS mb PYRENEES 

24/09/2020 
19:21 

41.01 19.82 4 36 EMSC-RTS ML ALBANIA 

07/08/2020 

11:13 

36.54 6.34 4.5 10 EMSC-RTS mb NORTHERN 
ALGERIA 

07/08/2020 

06:15 

36.53 6.28 4.9 10 EMSC-RTS Mw NORTHERN 
ALGERIA 

17/07/2020 

08:10 

36.4 6.34 4.5 10 EMSC-RTS mb NORTHERN 
ALGERIA 

25/06/2020 

17:30 

44.67 22.40 4.3 11.2 USGS mb ROMANIA 

20/05/2020 
23:41 

35.14 20.26 5.8 16 USGS Mw CENTRAL 
MEDITERRANEAN 

SEA 
16/04/2020 

09:42 

44.65 9.41 4.2 3 EMSC-RTS ML NORTHERN ITALY 

22/03/2020 

05:22 

45.87 16.02 5.4 10 EMSC-RTS Mw CROATIA 

20/03/2020 

21:38 
39.24 20.45 4.6 10 USGS mb GREECE 

21/02/2020 

02:53 
36.73 5.62 4.5 10 EMSC-RTS mb 

NORTHERN 
ALGERIA 
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24/01/2020 
07:24 

36.76 5.61 4.9 10 EMSC-RTS Mw NORTHERN 
ALGERIA 

09/12/2019 

03:37 
44.00 11.31 4.8 9 EMSC-RTS mb NORTHERN ITALY 

26/11/2019 

06:06 
41.58 19.33 5.4 10 EMSC-RTS Mw ADRIATIC SEA 

11/11/2019 

10:52 
44.57 4.62 4.9 10 EMSC-RTS Mw FRANCE 

21/09/2019 

16:10 
41.37 19.41 4.7 10 EMSC-RTS mb ADRIATIC SEA 

13/08/2019 
21:11 

35.66 23.44 4.5 31.3 USGS mb GREECE 

13/08/2019 

11:17 
44.47 9.82 4.1 7 EMSC-RTS ML NORTHERN ITALY 

28/05/2019 

08:48 
46.37 6.75 4.2 2 EMSC-RTS mb FRANCE 

17/01/2019 

21:46 
37.62 20.61 4.4 10 USGS Mwr GREECE 

14/01/2019 

23:03 
44.37 12.32 4.5 25 EMSC-RTS Mw NORTHERN ITALY 

25/12/2018 

01:41 
37.41 20.86 4.8 10 USGS mb GREECE 

18/11/2018 
12:48 

44.07 12.49 4.2 43 EMSC-RTS ML NORTHERN ITALY 

26/10/2018 

02:17 
37.36 20.59 4.7 10 USGS mb GREECE 

26/10/2018 

02:09 
37.30 20.62 4.8 10 USGS mb GREECE 

25/10/2018 

22:54 
37.52 20.55 6.8 14 USGS Mw IONIAN SEA 

03/07/2018 

19:38 
51.61 16.22 4.3 10 EMSC-RTS mb POLAND 

25/06/2018 
08:21 

40.66 23.31 4.1 10 USGS Mwr GREECE 

25/06/2018 

05:12 
36.97 21.56 5.4 10 RENASS mb ATHENS 

04/06/2018 

22:09 
32.56 4.55 4.3 10 EMSC-RTS mb MOROCCO 

19/05/2018 

16:41 
44.85 9.69 4.2 10 

EMSC-RTS 
ⁱ ml NORTHERN ITALY 

19/11/2017 

12:37 
44.66 10.07 4.6 32 EMSC-RTS mw NORTHERN ITALY 

10/11/2016 

02:48 
44.29 6.24 4.2 2 EMSC-RTS ml FRANCE 

30/10/2016 
06:40 

42.84 13.11 6.5 10 EMSC-RTS mw CENTRAL ITALY 

26/10/2016 

19:18 
42.92 13.13 6.1 8 EMSC-RTS mw CENTRAL ITALY 

26/10/2016 

17:10 
42.88 13.13 5.5 9 EMSC-RTS mw CENTRAL ITALY 

28/08/2016 

16:42 
42.96 12.93 4.1 10 RENASS ⁺ mb CENTRAL ITALY 

24/08/2016 

02:33 
42.79 13.15 5.5 9 EMSC-RTS mw CENTRAL ITALY 

24/08/2016 
01:36 

42.71 13.22 6.2 4 EMSC-RTS mw CENTRAL ITALY 

30/07/2016 

20:21 
44.94 7.21 4.1 11 EMSC-RTS mb NORTHERN ITALY 
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ⁱ EMSC-RTS : European Mediterranean Seismological Centre Real Time Services 
⁺ RENASS : Réseau National de Surveillance Sismique 
ⁿ EOST : Ecole et Observatoire des Sciences de la Terre 

  

23/06/2016 
14:37 

44.17 9.91 4.2 9 EMSC-RTS mb NORTHERN ITALY 

06/11/2015 

04:03 
44.47 6.69 4.2 5 EMSC-RTS ml FRANCE 

29/10/2015 

00:37 
42.24 3.18 4.4 10 EMSC-RTS ml PYRENEES 

30/11/2014 

09:34 
44.59 9.38 4 2 EMSC-RTS ml NORTHERN ITALY 

07/04/2014 

19:26 
44.51 6.71 5.2 8 EOST ⁿ MLv FRANCE 

21/11/2013 
10:36 

44.90 9.23 4.2 0 EOST MLv FRANCE 

30/06/2013 

14:40 
44.17 10.21 4.7 10 EMSC-RTS mw NORTHERN ITALY 

21/06/2013 

12:12 
44.17 10.11 4.1 2 EMSC-RTS ml NORTHERN ITALY 

21/06/2013 

10:33 
44.19 10.15 5.3 10 EMSC-RTS mw NORTHERN ITALY 

25/02/2013 

11:00 
41.84 4.22 4.2 0 EOST MLv MEDITERRANEAN 

25/01/2013 

14:48 
44.17 10.45 4.9 15 EMSC-RTS mw NORTHERN ITALY 
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Appendix 4 

Chapter IV. Velocity profiles of cross holes 2 and 3 

used to estimate 𝑽𝒔 values in the lithostratigraphic 

soil profile of the LVV 
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Velocity profiles of cross holes 2 (left) and 3 (right) available in the LVV provided by the city 

of Nice. 
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Appendix 5 

Chapter IV. MASW measurements 
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 Domain of validity 

Empirical criteria are used to estimate the maximal penetration depth and the vertical resolution 

of the MASW survey. A particular attention is paid on λmin limit that defines the aliasing limit 

for each frequency (Stokoe et al., 1994; Rix and Leipski, 1991). This parameter is generally a 

fraction of the length of the seismic profile. The more the acquisition set up is long, the more 

accurate the mode spatial resolution is. In this campaign, the minimal in-between distance of 

geophone (𝑑𝑥) is 1.5 m, consequently, according to Asten and Henstridge (1984), the minimal 

wavelength (𝜆𝑚𝑖𝑛) that can be observed is 3 m (Eq. (95)) and the maximal wavelength (𝜆𝑚𝑎𝑥) 

is equivalent to the maximal length array (𝐿). The maximal in-between distance of geophone is 

3 m and permits to have a maximal length array of 69 m. According to Park et al. (1999), the 

maximal penetration depth (𝑑𝑝) is then equal to 34.5 m (Eq. (96)). 

𝜆𝑚𝑖𝑛 > 2 ∗ 𝑑𝑥 
(95) 

𝑑𝑝 = 𝐿2 ≈ 𝜆𝑚𝑎𝑥2  (96) 

For each investigated site and each network length, five shots are performed. For each shot, 

seismic traces are summed up. 

The MASW method (Foti et al., 2017; Park et al., 1999) is applied to the seismic data using the 

Geopsy software (Wathelet et al., 2020). For each studied site, dispersion curves are plotted, 

based on the results of the linear frequency-wavenumber (f-k) method (Aki, 1957). Regarding 

the ambient vibration data, for each site, data is analysed to identify their origin (natural or 

anthropic). The mHVSR method is applied to these data to extract mHVSR. The presentation 

of the data analysis will be made in the case of one investigated site but it is applicable for other 

sites.  

 

 Dispersion curves 

For one studied site, the number of f-k spectra computed correspond to the number of sources 

created during the data acquisition. f-k spectra are computed from the parameters presented in 

Table 41. 
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Table 41: Parameters for frequency-wavenumber spectrum computation in Geopsy. 

f-k spectra are then summed up. Theoretical dispersion curves (TDC) are therefore plotted on 

the sum of the f-k spectra (or on particular spectrum if the dispersion curve is not well 

determined in the low frequencies). Finally, a mean of the TDC is computed. Below is presented 

an example of TDS at P1 site for the 69 m network (Figure 136). 

 

Figure 136: Stack of f-k spectra and theoretical dispersion curves at P1 site for the 69 m 

network. 

  

PRE-PROCESSING WINDOW 

Normalization 1/√𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 
Signal time limits from 𝑇0 to end 

PROCESSING 

Frequency band width (ratio) 0.1 
OUTPUT 

Frequency sampling from 5 to 60 Hz 
Step Log 
Sampling number 100 
Velocity of the sampling from 100 to 2000 or 3000 m.s-1 

(as function of the geology of the site) 
Step Linear 
Sampling number 100 
Normalisation By spectrum power 

CURVES 

Wavelength limits 69 or 34.5m (as function of the network length) 
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Appendix 6 

Chapter IV. Inversion parameters for rock sites 

investigation in the LVV 
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Table 42: Inversion parameters of seismic wave velocity. 

Ns0 = Number of models randomly generated before the 1st iteration 
Ns = Number of models generated at each iteration 
Nr = Number of best models to consider in the resampling 

 

Table 43: Parameters for the inversion of Vs profiles. 

 

  

TARGETS  

Targets Dispersion curve mHVSR ellipticity curve 
Weight of the standard 

deviation 
1 1 

Minimal standard deviation 0 0 
RUNS  

Number of maximal iteration 500 
Ns0 50 
Ns 50 
Nr 50 

SITES PARAMETERS P1 P2 P3 P4  
Inversed mode 
(0=fundamental, 1=higher) 

0 0 0 1 
For all sites = 

0 
Number of layers 2 2 3 4  

 Value (fixed ?) Behavior 
Depth 

(fixed ?) 𝑽𝒑 200 to 5000 m.s-1 (no) Uniform None 

ν 0.2 to 0.5 (no) Uniform None 𝑽𝒔 
150 to 3500 m.s-1 (No) (only for P2 : 100 to 1000 m.s-1 

from 1 to 100 m (not fixed) 
Uniform 

1 to 100 m 
(No) 

ρ 2000 kg.m-3 (yes) Uniform None 
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Appendix 7 

Chapter IV. Building a 3D model using the GDM 

software 
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The geomodeler software : GDM MultiLayer 2018 ® 

To elaborate the 3D model of the LVV, the GDM (Geological Data Modeling) software (GDM 

MultiLayer 2018 32 bits) developed by the BRGM is used. This software allows to interpolate 

punctual data using geostatistical methods based on several interpolation algorithms. File 

formats such as .xls, .txt, .csv, .mdb, .dbf among others can be integrated as the database in the 

software. More details about the software and its use can be found in the user’s guide (Bourgine, 

2018). 

It is important to note the limits of the GDM software in the design of 3D model: 

 It is not possible to visualize results as 3D graph, only the map or profile view is 

available. 

 In the case of an update of the database, it is necessary to modify first the values in the 

database file (.xls, .txt, .csv, etc.) and then, to import the file in GDM. The modification 

made in the input file is not directly link to the database already present in the software. 

 The update of data of one borehole implies to redo the complete interpolation process 

of all the model layers. 

 

 Building of the multi layers model 

A multi layers model is composed of the stacking of continuous or discontinuous field layers. 

These layers can be fractured and/or with variable thickness. Each layer is bounded between 

two surfaces: its floor at the bottom and its roof at the top. This is these surfaces that are modeled 

in the software. In our case, a rectangular mesh grid is generated for each geological formation 

based on the geotechnical and geophysical data available in the LVV. From punctual data and 

using interpolation process, the software computes the estimated altitude value of the limit 

between sedimentary layers at each node of the grid. The obtained different grids are then 

assembled to get the final model of the valley. After that, the GDM software is able to produce 

isovalue maps as vertical profiles. 

 

 GDM database 
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To create the 3D multi sedimentary layers model of the LVV, three files are imported: 

 The DEM of the studied area with a spatial resolution of 5 m. 
 The file containing all altitude or thickness values of each sedimentary layer for 

each local constrain (geophysical and geotechnical data) with their respective 
coordinates. 

 The file of the points of the interpolation contour of the model with coordinates. 

We can note that GDM is able to manage different systems of coordinates in the same project. 

However the software cannot process coordinates in degree. 

The input database file (.xls, .txt, .csv, etc.) is not sufficient to build rectangular mesh grid in 

the software. To begin, it is necessary to create a specific place in the software that is called a 

GDM base in order to import the input file. The GDM base helps the software to identify each 

column of the input file in terms of borehole ID, maximal depth, location, geological passes… 

Special attention is paid to the homogenization of the interpretation of borehole log-

stratigraphy. As explained in Chapter IV, each borehole is interpreted as function of the 

lithostratigraphic soil profile of the LVV. The homogenization process of the geological passes 

impacts the geometry of the sedimentary layering in the basin model. In that way, a subjective 

approach is applied to sort and to interpret each borehole passes (sometimes only a few of the 

sedimentary layers identified in the lithostratigraphic soil profile of the LVV are observed in 

the geotechnical data) leading to uncertainties in the sedimentary layering in the basin. 

 

 Interpolation limits 

To constrain the model, it is necessary to define interpolation limits. From the geological map 

of the LVV, it is possible to distinguish the limit between the basin and the bedrock. In this 

step, the interpolation is forced by using fictive boreholes. These data are aligned along the 

interpolation limits. The basin thickness is considered equal to zero at these points. It means 

that the altitude value of each floor of the sedimentary layer is equivalent to the altitude of the 

DEM. Therefore, the basin tends to have beveled edges. 

 

 Selection and wedging of boreholes 
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Only boreholes located within the interpolation limits are taken into account in the model in 

order to avoid high computational costs. With the same mind, boreholes having inconsistent 

data are removed. 

Sometimes a lag is observed between the altitude of the borehole top and the DEM altitude. 

This error can be induced either by a poor georeferencing or by the condition of the drilling (in 

excavation hole for example) or the absence of the DEM updating (addition of anthropogenic 

filling in some area). This lag between both altitudes needs to be corrected in the building of 

the model. 

 

 Removing last geological passes of borehole log-stratigraphy 

When a borehole does not reach the bedrock, it is not possible to determine the total thickness 

of the sediments at this point. Additionally, for the same borehole, the thickness of the last layer 

reached by the borehole cannot be known. This situation often appears in the geotechnical 

database of this study. In the interpolation process of the pass limits, GDM is not able to 

discriminate if one geological pass is continuous or not after the end of the borehole. If the 

altitude of a layer floor is attributed to the altitude of the end of the borehole, wrong results can 

be induced. A non-real thickness is then imposed. In front of this uncertainty, the only solution 

would be to neglect the last geological pass reached by the boreholes (if they are not reaching 

the bedrock). The scheme in Figure 137 describes the problem. 

 

Figure 137: Scheme describing the situation of boreholes in reality (left) and the result of the 

model from GDM after removing the last passes. 
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In the Figure 137, all the layers are observed in the borehole « A » and are take into account in 

the model because the borehole reaches the bedrock. The position of all the layer limits is well 

known. On the contrary, the borehole « B » does not reach the bedrock. Therefore, the altitude 

of the floor of the layer 4 is not known. In this case, the thickness of this layer cannot be 

determined. The model only takes into account the altitude of the floor of the layer 3. 

Consequently, the interpolation process in the GDM software tends to go back up all the layer 

limits to the known limit. 

 

 Data interpolation 

First, to interpolate each layer limit, the method and the interpolation parameters should be 

defined. The GDM software proposes several interpolation methods which show different 

advantages and drawbacks (Table 44). 
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Table 44: Interpolation methods proposed in the GDM software. 

Methods Advantages Drawbacks 

Krigeage using a 
variogram model 

specified by the 
user 

Providing better results. 
If the variable behavior is spatially 
homogeneous, this approach can give a 
standard deviation characterizing the 
result precision (interpolation error). 
Taking into account the drifting, the 
regularity of the interpolated variable, 
the maximal correlation distance and an 
anisotropic behavior. 

Subjected to numerical instabilities 
(artefacts) if the data are spatially 
too unevenly distributed. 

Local least square  

Local fitting to a polynomial surface 
using least square method at each node 
of the grid. 
Convenient for phenomenon with large 
wavelength and measurement errors. 

The spatial resolution is coarse. 

Krigeage using a 

linear variogram 
of slope = 1 
without drift 

(method proposed 
by default) 

Generally it gives good results only if 
measurement errors are not important. 
Respecting the data points and takes 
into account the density of data. 

Subjected to numerical instabilities 
(artefacts) if the data are spatially 
too unevenly distributed. 

Krigeage using 
linear variogram 
and linear drift 

Taking into account a drift of the 
interpolated data (if the drift is known). 
Same principle as the krigeage using 
linear variogram without drift. 

Subjected to numerical instabilities 
(artefacts) if the data are spatially 
too unevenly distributed. 

Local spline 

interpolation 

Local fitting to a spline surface at each 
node of the grid. 
Convenient for regular phenomenon 
without measurement errors. 

If there is measurement errors, 
interpolation artefacts can be 
appear. 
Subjected to numerical instabilities 
(artefacts) if the data are spatially 
too unevenly distributed. 

Nearest 
neighbors/polygon 

of influence 

Simple and fast way to visualize data 
without introducing interpretation. 
Assignment of the value of the closest 
data at each node of the grid. 
Using of a polygon of influence. 

 

Moving average 

Simple and fast way to estimate data. 
Smoothing of the local variations and 
attenuation measurement errors. 

 

Inverse of 
distances 

Convenient for spatially regular dataset 
without important measurement errors. 
Simple and fast estimation of data. 
Inducing concentric contour around the 
points. 

Unconvenient for data in groupe or 
profile shape. 

The interpolation method should be chosen as function of its ability and of the distribution of 

the input data of the model. In the case of the study of the LVV, even if ambient vibration 

measurements are regularly spatially distributed, geotechnical boreholes are not. Moreover, we 
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want that the model respects each local constraint. Therefore, we consider the krigeage 

approach proposed by default in the GDM software (Figure 138). 

 

Figure 138: Example of the application of different interpolation methods to estimate the basin 

depth of the LVV (only from ambient vibration data indicated by the black dots). The krigeage 

method is used in the 3D model of the LVV. 

Two important interpolation parameters require also attention: the type and the size of 

neighborhood. The software proposes two types of neighborhood presented in Table 45 and 

illustrated in Figure 139. It allows also to choose the number of points and the maximal size of 

the neighborhood research. By default, GDM computes a maximal size according to the data 

interpolation grid: maximal size = 20 * size of one interpolation mesh. 

The size on the interpolation mesh needs to be defined at first if the sliding neighborhood by 

octant is selected. If not, the interpolation results may have errors. 
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Table 45: Type of neighborhood for the interpolation process in the GDM software. 

Type of 

neighborhood 

Action Advantages Drawbacks 

Unique 

neighborhood 

Interpolation from a set of data. Stable for sets of a few 
of data. 
Smoothing of data. 

Generation of 
instabilities if faults 
are present in the 
model (they are 
considered as 
“screen” during the 
neighborhood 
research). 
Global estimation. 

Sliding 
neighborhood 

Interpolation from a sub-set of 
data defined by: 

 Circular neighborhood 
(for closest neighbors 
algorithm and moving 
average method). 

 Rectangular 
neighborhood 
(estimated point is 
located in the center of 
the rectangle). 

 Neighborhood by octant 
(division of the space 
around the estimated 
point in 8 regular 
sectors, search for the 
maximum points in each 
sector up to a maximal 
distance). 

Local estimation. 
No smoothing. 
Fast computing time. 
Less risk of numerical 
instabilities. 
For the rectangular 
neighborhood, the 
interpolation is 
performed by block. 
For the neighborhood 
by octant, the 
interpolation of 
irregular spatially 
distributed data. 

Artefacts when 
irregular spatially 
distributed data. 
Parameters of 
neighborhood 
selection depending 
of data (induce a 
large variability). 
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Figure 139: Type of neighborhood proposed by the GDM software: example of the rectangular 

neighborhood (left) and the neighborhood by octant with maximum 2 points per octant (right) 

from Bourgine (2018). 

Table 46: Selection of the number of inteprolation points. 

 Number of points 

By default 100 (value to decrease if there is a lot of data). 

For a sliding 

neighborhood by 

octant 

 

Adding of the parameters "number of required points" (16 to 24 in 
simple cases, 32 to 48 in complex cases of data distribution), and 
"maximum number of points per octant" (necessary in the case of 
unevenly distributed data, by  default = 1/4 of the number of required 
points, it means that the selection is performed among at least 4 
octants). 

If the database is 

large (>1000 

points)  

 

Increasing of the parameter value "maximum number of preselected 
points" (for sliding neighborhood), by defaults = 200, if a lot of data is 
heterogeneously distributed it is necessary to increase again this 
parameter (however the time cost increases too). For rectangular or 
circular neighborhood, the parameter “maximum number of neighbors" 
should be increased. 

In the study of the LVV, the solution that gives best results to interpolate layers according to 

the distribution of data is the sliding neighborhood by octant with these parameters:  

 a maximum number of preselected points equals to 200. 

 a maximal number of neighbors equals to 100. 

 a required number of points in the neighborhood equals to 12. 

 a maximum number per octant equals to 3. 
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As result of the interpolation process, the software creates a grid file .grd for each layer 

containing altitude data. 

 

 Final model 

One important tool of the GDM software is the ability to merge several interpolation grids in 

order to elaborate a final model. To do that, the grids must have the same properties (type, 

origin, dimensions, etc…). Starting with the DEM interpolation grid, the layer grids is added 

one by one. Then, they are merged in one unique grid with the estimated altitudes of each layer, 

in the lithostratigraphic soil profile order. 

 

 Post processing 

During the stacking of the different layer grids, some errors can appear in the intersection of 

layer limits. To correct these errors, it is necessary to introduce mathematical corrections in the 

model. Thus following formula can be used to avoid that lower layer exceeds upper layer: 

Z2 = min (Z2 ; DEM) 

Z3 = min (Z3 ; Z2) 

… 

ZR = min (ZR, Z9) 

Where Z2 is the altitude of the floor of layer 2 which is older than the DEM layer and so, 

should be under this layer. The same description is applied for Z3 and ZR. 

 

 Additional computations 

It is now possible to perform computations between interpolated grids. From the stacking of the 

different grids, the thickness of each layer and the total thickness of the sediments can be 

computed at each node of the model using these formula: 
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TH1 = DEM – Z2 

TH2 = Z2 – Z3 

… 

TH9 = Z9 – ZR 

THT = DEM – ZR 

And in order to verify the process: THT = Z1 + Z2 + Z3 + Z4 + Z5 + Z6 + Z7 + Z8 + Z9. 

 

 How to create a 3D model in the GDM MultiLayer 2018 software in a 

pratical way? 

 Creation of a new project: 

o Projet > Nouveau 

 Go to the model directory. 
 Name the file .gdm 
 Save. 
 Enter the author’s name > OK 

 Loading of the DEM: 

o Données du projet > Import Grille Arc/Info Raster ASCII ESRI… 

 Import a grid of points. 
 Import the DEM file. 

 Loading the interpolation limits of the model: 

o Données du projet > Etablir lien avec Base… 

 Type of data: Courbes 
 Type of database: Excel 2007 
 Connection of the database file > OK 
 Correspondance Base Externe – GDM (depending of the database): 

 Curves : Contours 
 Key of curve : ID 

Table 47: Example of the connection of the DEM file in the GDM software. 

 

Champs 

Base 

externe 

Long => 

Champs 

GDM - 

Tête 

=> 

Champs 

GDM- 

Segment 

Long 

GDM 
Usage Unité 
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1 ID 10000 => ID  xxxx 80 
Indicatif 
complet 

 

2 X0  => X0  xxxx  
Coordonnée 

X 
m 

3 Y0  => Y0  xxxx  
Coordonnées 

Y 
m 

4 Z0  => Z0  xxxx  
Coordonnées 

Z 
m 

5 X93    => X93  
Coordonnées 

X 
m 

6 Y93    => Y93  
Coordonnées 

Y 
m 

7 Z    => Z  
Coordonnées 

Z 
m 

 

 OK 
 Do not modify coordinates > OK 

o Right click on the created data > Rename Source de données in Contours > OK 

 Save the project in GDM. 

 Cutting the DEM as function of the interpolation limits of the model: 

o Right click on the data Grille MNT_5m.asc 

 Calculs > Estimer Grille 2D 

Table 48: Parameters for the cutting of the DEM. 

Variables à interpoler ALTI 

Utiliser Modèle… GRID1.GRD 
Enveloppe Polygones > Source de données : Contours > OK 

 

 OK 
 Avertissement Estimation 2D > Oui 
 OK 

o Right click on the created data > Rename Source de données in 

DEM_Contours > OK 

 Save the project in GDM. 

 Extraction of a sub-grid of the DEM_Contours file: 

o Right click on DEM_Contours > Extraire sous-grille… 

 Insert the coordinates of the sub-grid: 

Table 49: Coordinates of the sub-grid used in the 3D model of the LVV. 

X1 : 1035999 X2 : 1042505 
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Y1 : 6291500 Y2 : 6305946 
 

 OK 

o Right click on the created data > Enregistrer Sous… 

 DEM_zone > OK 

 Save the project in GDM. 

 Loading the database: 

o Données du Projet > Etablir lien avec Base… 

 Type of data: Sondages 
 Type of database: Excel 2007 
 Connexion of the database file > OK 
 Correspondance Base Externe – GDM (depending of the database): 

 Borehole : MODELE 
 Key of borehole: HOLE 

 

 

Table 50: Example of the connection of the database file in the GDM software. 

 

Champs 

Base 

externe 

Long => 

Champs 

GDM - 

Tête 

=> 

Champs 

GDM- 

Segment 

Long 

GDM 
Usage Unité 

1 HOLE 10000 => HOLE  xxxx 80 
Indicatif 
complet 

 

2 
CODE 
BSS 

10000 => 
Code 
BSS 

 xxxx 80 Texte/Code/Date  

3 X93  => X93  xxxx  Coordonnées X m 
4 Y93  => Y93  xxxx  Coordonnées Y m 
5 Z  => Z  xxxx  Coordonnées Z m 
6 TEXT 10000   => TEXT 80 Texte/Code/Date  
7 LITH 10000   => LITH 4 Code Palette  

8 TDEP    => TDEP  
Profondeur de 

fin 
m 

 

 OK 
 Do not modify coordinates > OK 
 OK 

o Right click on the created data > Rename Source de données 

in MODELE_data > OK 

 Save the project in GDM. 

 Creation of altitude files for each type of layer: 
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o Right click on MODELE_data > Filtre > Filtrer… 

 Critères sur les passes de sondages  > Nouveau 
 Criteria on a field: LITH 
 Value list > double click on 1 > click on >> LITH = *1* > OK 
 Options… > in output, the filter contains the list of boreholes having 

only selected borehole passes (they are therefore incomplete boreholes) 
> OK 

 OK 

o Right click on the created data > Rename Source de données in Z2 > OK 

o Do the same with Z3, Z4, ect… Warning, after 3 filters, we can not filter 

anymore the database file. Then proceed as follow: 

o Right click on MODELE_data > Enregistrer Sous… 

 OK 

o Continue the filtering on the duplicated file and so on until the last layer. 

 Interpolation of the altitude file of each layer: 

o Right click on the file Z2 > Calculs > Estimer Grille 2D… 

 Interpolation à partir des passes > OK 

Table 51: Parameter for the interpolation of the altitude of each layer. 

Variables à interpoler ZZZZ 

Utiliser Modèle… BASE1.GRD 
Enveloppe Polygones > Source de données : Contours > OK 

 
 OK 

o Right click on the created data > Rename Source de données in GrilleZ2 > OK 

o Do the same with Z3, Z4, ect… 

 Creation of the MODELE file containing all the informations about the layers: 

o Right click on the file MNT_zone > Enregistrer Sous… 

 MODELE > OK 

o Right click on the file MODELE > Structure 

 Modifier… 

Table 52: Initialization of the variables of the model file. 

Variables 

DEM 

Z2 

Z3 

Z4 

… 
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ZN 

EP1 

EP2 

EP3 

EP4 

… 

EPT 

 
 OK 
 Attribuer des champs… 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 53: Definition of the variable use and unit. 

 Nom Usage Nom étendu Descriptif Unité 

1 ALTI ALTI DEM DEM M 
2 Z2 UNDF Z2 Z2 M 
3 Z3 UNDF Z3 Z3 M 
4 Z4 UNDF Z4 Z4 M 
5 … … … … … 
6 ZN … … … … 
7 EP1 UNDF EP1 EP1 M 
8 EP2 UNDF EP2 EP2 M 
9 EP3 UNDF EP3 EP3 M 
10 EP4 UNDF EP4 EP4 M 
11 … … … … … 
12 EPT … … … … 

 
 OK > OK 

o Right click on the file MODELE > Enregistrer… 

o Right click on the file MODELE > Mise à jour de champs GDM… 

 Source of input data : GrilleZ2 > OK 
GDM field: Z2 

 OK > OK > OK 

o Right click on the file MODELE > Enregistrer… 
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o Do the same with Z3, Z4, ect… and save every time. 

o Right click on the file MODELE > Calculs > Valoriser Champs Numériques… 

 Ajouter… 

Table 54: Correction of the layers altitude. 

Z = min(X, Y) Z2 = min Z2 DEM 
… … … … … … 

 
 OK 
 Do the same with the other layers. 
 Appliquer > Oui 
 Name of the parameter: Correction des altitudes > Enregistrer > OK 

o Right click on the file MODELE > Enregistrer… 

o Right click on the file MODELE > Calculs > Valoriser Champs Numériques… 

 Ajouter… 

Table 55: Computation of the thickness of each layer. 

Z = X-Y EP1 = DEM - Z2 
… … … … … … 

Z = X-Y EPT = DEM - ZR 
 

 OK 
 Do the same with the other layers 
 Appliquer > Oui 
 Name of the parameter: Calcul des épaisseurs > Enregistrer > OK 

o Right click on the file MODELE > Enregistrer… 

 Creation of the color range: 

o Données du Projet > Nouvelle Palette… 

 Figurés pour un Code 

 Liste des valeurs de code… > MODELE_data > Codes de passes: LITH 
> Liste des valeurs > Ajouter dans la table une ligne par valeur de code 
> OK 

 Select a picture for each value in Num. 
 Select a color for each value in CLOR. 
 OK 

o Right click on the created data > Rename Palette… in Legende_profil 

 Save the project in GDM. 

 Export the model as a table: 

o Right click on the file MODELE > Exporter la Source de données… 

 Choose the shapefile format .shp 
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o Open the QGIS software. 

o In a new project, load a new vector layer. 

 Select the layer MODELE.shp. 

o Open the attribut table of the shapefile layer. 

 Sélectionner les données à partir d’une expression… > Z2 = 

999.99000000000024 
 Remove the selected lines. 
 Save the modifications. 

 You have now your 3D multi-layered model of the basin. 
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Appendix 8 

Chapter V. Borehole 10001X0458 from the BSS 

catalog localized at the eastern extremity of the 

sedimentary basin where profile modifications has 

been made 
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