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In the context of vulnerability assessment of large-scale critical infrastructures subjected to natural hazards as earthquakes, and with the final objective of obtaining a better characterization and understanding of the vulnerability of these structures, the present report studies the effect of RAYLEIGH waves (known for their rich low frequency content) on long period large scale infrastructures, identified as critical in a global risk management approach: high-rise buildings, bridge pylons and liquid-storage tanks. The effect of RAYLEIGH waves is studied by performing a large number of structural analyses of these structures under seismic waves that may contain or not the RAYLEIGH wave component. The effect of rotational seismic component, which is usually neglected in conventional engineering practice, is also studied. A RAYLEIGH wave extraction procedure based on the polarization characteristics of these waves and an estimation procedure for the rocking component are used in the present study. Signals used to perform structural analyses are either recorded following real seismic events or numerically generated (synthetic). Parametric studies are performed in this document to highlight the parameters controlling the response of the structures and the (potential) amplification of the response due to RAYLEIGH wave and rocking. Analyses are performed with surrogate models developed to reduce the computational cost while preserving an accurate enough description of structural behavior. Surrogate models used for the study of high-rise buildings and liquid-storage tanks are semi-analytical and the resolution of equations of motion is performed with programming scripts written in Matlab. The surrogate model used for the study of bridge pylons is a finite element model using a foundation nonlinear macroelement, a multifiber beam model for the bridge pier and an Incremental Dynamic Analyses (IDA) procedure. This work intends to quantify the additional demand on the structures induced by RAYLEIGH waves and rocking and identify potential critical structural configurations. Within the context of ANR Modulate, the presented surrogate model studies will be preceding more detailed analyses on identified critical structural configurations.

Figure [START_REF] Jacobsen | Impulsive Hydrodynamics of Fluid Inside a Cylindrical Tank[END_REF] -2D histograms of liquid storage tank response against aspect ratio / . 1 st column corresponds to the loading case without rocking and without RAYLEIGH waves, 2 nd column corresponds to the loading case without rocking, 3 rd column corresponds to the "total" loading case. Each row corresponds to one EDP of liquid storage tank (maximum response obtained during time-history analysis), normalized, respectively: maximum pressure at the base of tank walls, total base shear, overturning moment due to pressure on walls, overturning moment due to pressure on base, total overturning moment, and height of sloshing wave when the tank is completely fill. ................................... 107 Figure [START_REF] Housner | Dynamic pressure on accelerated fluid container[END_REF] -2D histograms of liquid storage tank amplification ratios against aspect ratio / . 1 st column corresponds to the amplification due to RAYLEIGH waves, 2 nd column corresponds to the amplification due to rocking, 3 rd column corresponds to the "total" amplification. Each row corresponds to one EDP, respectively, the maximum pressure at the base of tank walls, the total base shear, the overturning moment due to pressure on walls, the overturning moment due to pressure on base, the total overturning moment, and the height of sloshing wave. . One of the questions in earthquake engineering that yet remain to be fully understood concerns the complete characterization of "seismic source". Dynamic process of fault slip is highly complex and, despite substantial advancements during the last decades in large-scale simulations of earthquake wave generation [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF] [2], the proposed models are still based on rather simplified assumptions for fault geometry [START_REF] Käser | Effects of complicated 3-D rupture geometries on earthquake ground motion and their implications: a numerical study[END_REF] or rupture velocity, for example. Other causes of variability in earthquake engineering originate from the so called "source-to-site effect" (or path effect), and the "site effect" with highly heterogeneous soil media, topographical effects, etc. In this document, our attention is focused on "source-to-site" and "site" effects, and particularly their consequences on large scale infrastructure. More specifically, we study the seismic performance of large-scale infrastructure to long period seismic ground motions.
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Surface waves (LOVE, RAYLEIGH waves) result from the energy conversion of body waves (P, SH, SV) at the free surface or at the edges of sedimentary basins (basin-induced surface waves) [START_REF] Fajardo | Surface wave quantification in a highly heterogeneous alluvial basin: Case study of the Fosso di Vallerano valley, Rome, Italy[END_REF]. It is now well known that surface waves are characterized by long duration and rich low-frequency content. For low-frequency structures, it thus becomes an important issue to quantify the effects of surface waves on structural response.

Many design standards and practical guidelines do not yet take into account the presence and/or the effects of surface waves. Same remarks deserve to be made on rotational components of seismic ground motion (about horizontal axis: rocking; and about vertical axis: torsion). Despite the fact that these phenomena have been highlighted by scientific studies and observed on previous earthquakes, recent work (on the effect of rotational component of ground motion on structural response [START_REF] Bońkowski | Engineering analysis of strong ground rocking and its effect on tall structures[END_REF] [6] [START_REF] Trifunac | The role of strong motion rotations in the response of structures near earthquake faults[END_REF], and on the effect of basin properties on surface waves generation [START_REF] Fajardo | Identification and extraction of surface waves from three-component seismograms based on the Normalized Inner Product[END_REF], etc.) have shown the necessity of integrating these effects into design approaches in order to have a more accurate seismic risk assessment. Abovementioned works were made feasible by technological progress/dissemination of seismic instrumentation, increase of computational capacity and development of more elaborate models.

Signals obtained either through recording in sedimentary sites or from simulations of synthetic signals (Specific Barrier Model, [START_REF] Papageorgiou | A specific barrier model for the quantitative description of inhomogeneous faulting and the prediction of strong ground motions, part I: description of the model[END_REF] [START_REF] Papageorgiou | A specific barrier model for the quantitative description of inhomogeneous faulting and the prediction of strong ground motion, part II: applications of the model[END_REF]) are used to study the effects of surface waves. Several techniques for identifying and extracting surface waves from recorded seismic ground motion have been developed in recent years. The approach used in ANR MODULATE has been proposed by MEZA-FAJARDO et al. [START_REF] Fajardo | Identification and extraction of surface waves from three-component seismograms based on the Normalized Inner Product[END_REF], and is a time-frequency method based on the Normalized Inner Product (polarization filtering). Section 2 of this document is dedicated to the presentation of processed input signals for the extraction of surface wave motion components. Sections 3, 4 and 5 of this document deal with the response of large-scale infrastructure subjected to surface waves. Three types of structures are studied: high-rise buildings (cf. Section 3), bridge pylons (cf. Section 4), liquid-storage tanks (cf. Section 5).

In order to quantify the effects of surface waves on structural response and to study a large number of structural configurations, surrogate models are developed and used in the following. "Surrogate" models are simplified models, with a reduced number of degrees-of-freedom, which optimize computational cost required for the analyses while preserving the main characteristics (including nonlinear behavior) for studying structural response. Analyses are carried out in a parametric way, in order to execute a large amount of computations and probe the most important parameters on the response. The basic objective of the analyses is to quantify the additional distress that is developed in the three types of structures due to the presence of a significant surface wave component in the input seismic excitation.

LONG PERIOD GROUND MOTION -SIGNAL 2.

PROCESSING

OVERALL OBJECTIVES

In order to be able to study the effects of long-period surface waves on the seismic response of structures via surrogate models, an extraction process that allows the separation of body wave from surface wave components has been implemented. Separation of surface waves from within a seismic signal obviously presupposes that this signal contains a surface wave component. Surface waves are generated by conversion of incident body wave energy at free ground surface, at the interfaces between soil layers or at the edges of sedimentary basins. 

SURFACE WAVE EXTRACTION FROM RECORDED SIGNALS

The extraction process of surface waves used in the following is the one developed by MEZA-FAJARDO [START_REF] Fajardo | Identification and extraction of surface waves from three-component seismograms based on the Normalized Inner Product[END_REF], based on the Normalized Inner Product and the STOCKWELL Transform [START_REF] Stockwell | Localization of the complex spectrum: The S Transform[END_REF] (timefrequency procedure). The basic idea of the method is to separate the waves by using the representation of their polarization characteristics in a time-frequency correlation [START_REF] Fajardo | Surface wave quantification in a highly heterogeneous alluvial basin: Case study of the Fosso di Vallerano valley, Rome, Italy[END_REF]. RAYLEIGH waves are elliptically polarized whereas LOVE waves and body waves are linearly polarized. Effects of LOVE waves are not studied herein.

Procedure applied to extract RAYLEIGH waves is as follows: -Apply the STOCKWELL Transform (modified Short Time FOURIER Transform) to the input 3D signals (NEV coordinate system) -Compute the direction of propagation (angle of radial direction of propagation) -Compute rotation and shift of initial signals to obtain radial, transverse, and vertical component -Compute the Normalized Inner Product (NIP) between the STOCKWELL transform of the radial direction and the shifted vertical direction -Apply a quantitative criterion on the NIP to ensure that the phase shift and the amplitude difference between vertical and radial components are large enough, so the polarization is well elliptical -Invert the STOCKWELL Transform to get the corresponding time-history signal A more detailed description of this extraction process is provided in MEZA-FAJARDO et al. [START_REF] Fajardo | Identification and extraction of surface waves from three-component seismograms based on the Normalized Inner Product[END_REF]. Complementary information on STOCKWELL Transform ("S Transform") can also be found in references: [START_REF] Fajardo | Identification and extraction of surface waves from three-component seismograms based on the Normalized Inner Product[END_REF] [12] [START_REF] Pinnegar | The S-transform with windows of arbitrary and varying shape[END_REF].

A similar approach is used to study the effects of rocking seismic component (rotation about horizontal axis) on structural response: estimation of rocking component from recorded and numerically generated signals.

ROCKING ESTIMATION

For studying the effects of rocking ground motion, it is supposed that this component can be either directly recorded on site or estimated from translational signals. Development and set up of commercial rotational sensors appeared only very recently [START_REF] Nigbor | Laboratory and field testing of commercial rotational seismometers[END_REF] and this type of sensors is still not widely used. The lack or very scarce use of recording instruments, and the ensuing scarcity in recorded rocking timehistories, obliges to work with the second method for obtaining seismic rotational components, namely by computation of rotational components on the basis of translational components.

Two main approaches to estimate ground rotation from ground translation exist: -The single-station approaches based on one 3D translational record ( [START_REF] Vw | Rocking strong earthquake accelerations[END_REF], [START_REF] Castellani | Rotational components of the surface ground motion during earthquake[END_REF], [START_REF] Li | Improved approach for obtaining rotational components of seismic motion[END_REF], [START_REF] Basu | Estimating rotational components of ground motion using data recorded at a single station[END_REF]), -The multi-station approaches based on multiple translational records ( [START_REF] Oliveira | Rotational components of the surface strong ground motion[END_REF], [START_REF] Castellani | Array-derived rotational seismic motions: revisited[END_REF], [START_REF] Huang | Ground rotational motions of the 1999 Chi-Chi, Taiwan earthquake as inferred from dense array observations[END_REF]).

The approach used in this document is a multi-station approach; this method has been used by MEZA-FAJARDO and PAPAGEORGIOU on the study of tall buildings response subjected to rocking induced by RAYLEIGH waves [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF] [START_REF] Fajardo | Ductility demands of tall buildings subjected to base rocking induced by Rayleigh waves[END_REF]. Rocking component is deduced by scaling the vertical component of the particle velocity history by the "apparent" velocity. "Apparent velocity", for the rocking due to RAYLEIGH waves, is the frequency-dependent phase velocity of vertical component (obtained by computing the phase lag for each frequency). For body waves, the "apparent" velocity is taken as the shear wave velocity of the bedrock.

For more details on the estimation process of rocking component used in this document, see [START_REF] Fajardo | Estimation of rocking and torsion associated with surface waves extracted from recorded motions[END_REF].

TREATED SIGNALS

The main purpose of this part is to select and generate ground motions signals which contain a significant surface wave component. Once the signals have been selected, the surface wave component in the translational and rotational degrees-of-freedom can be computed. Although the selection or generation of general seismic records has become by now a usual task, it is still demanding when one sets the requirement that the signal should carry a significant surface wave component. The reason for this is that the number of seismic signals rich in surface waves is rather limited.

Nowadays

As stated earlier, surface waves are generated by energy conversion at free ground surface and at soil layer interfaces or at the edges of sedimentary basins. This reduces the extent of geographical areas where surface waves can represent a significant part of the entire recorded seismic signals.

Previous strong earthquakes such as Michoacán (1985, Mw 8.1) and Tokachi-Oki (2003, Mw 8.3) [START_REF] Campillo | Destructive strong ground motion in Mexico city: source, path, and site effects during Great 1985 Michoacán earthquake[END_REF] [26], and their effects on Mexico City Valley and Yufutsu Valley respectively, led to the installation of instrumentation systems capable of tracing the presence of significant surface wave components. Some strong events were recorded during last years, but the quantity of signals is still rather scarce.

Based on observations of recorded signals and based on physical properties of earthquake phenomenon, models to numerically generate synthetic signals were developed in order to resolve the lack of strong motions records. In the context of ANR Modulate project, the Specific Barrier Model, proposed by PAPAGEORGIOU and AKI [START_REF] Papageorgiou | A specific barrier model for the quantitative description of inhomogeneous faulting and the prediction of strong ground motions, part I: description of the model[END_REF] [10], is used to numerically generate synthetic signals. Based on the calibration works of the model made by HALLDORSSON and PAPAGEORGIOU [START_REF] Halldorsson | Calibration of the Specific Barrier Model to Earthquake of Different Tectonic Regiond[END_REF], the use of this model intends to numerically generate signals rich in surface waves.

Another solution to obtain seismic signals rich in surface waves is to numerically model a canonical (i.e. of simplified geometry) or realistic sedimentary basin (in 2D or 3D) and simulate the generation of seismic waves from different types of sources up and within the basin. Different numerical methods can be used to solve wave propagation problems as Finite Element Method (FEM), Finite Difference Method (FDM), Spectral Element Method (SEM), Boundary Element Method (BEM) etc. B. POURSARTIP et al. [START_REF] Poursartip | Large-scale simulation of seismic wave motion: A review[END_REF] provide an overall state-of-the-art presentation of existing techniques of wave propagation simulation. This method is not used in this report but is studied in context of ANR Modulate project. For more information, reader may refer to deliverable of ANR Modulate work task 3.1. [START_REF]ANR Modulate -Numerical simulation of long-period ground motion. Numerical simulations of wave propagation in canonical basins[END_REF].

RECORDED SIGNALS

A set of 12 records from 4 events is herein chosen and presented, following the works of MEZA-FAJARDO and PAPAGEORGIOU [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF] [START_REF] Fajardo | Ductility demands of tall buildings subjected to base rocking induced by Rayleigh waves[END_REF]. These records were extracted from national databases and, thanks to the extraction procedure, have been shown to contain a significant RAYLEIGH wave component. Some Intensity Measures (IMs) of these signals are provided in Table 1 (Peak Ground Acceleration, Peak Ground Velocity, Peak Ground Displacement, Arias Intenity , Cumulative Absolute Velocity CA, and Effective Duration). The selection of intensity measures that are best correlated to damage criteria due to surface waves will be discussed for bridge pylons in paragraph 4.

Records were initially provided as acceleration signals. Velocity and displacement signals are obtained via time-integration and allow the computation of the aforementioned IMs, such as PGA, PGV, PGD, but also the calculation of "cumulative" IMs, such as CA and . All selected signals have been previously band-pass filtered between 0.05Hz and 20Hz to reduce errors during time integrations.

The non-processed signals can be called "total translational ground motions". This means that they are composed of both body and surface waves, and are still not processed for extracting the surface wave components. The first step in the post-processing of the signals is the extraction of surface waves mentioned earlier in the document using the polarization filtering method in time-frequency domain. Thanks to this procedure, RAYLEIGH waves can be extracted from the total translational ground motion records (Figure 1) and allow to study separately the effect of RAYLEIGH waves, known for their long duration and their low frequency content. The extraction process is applied on the displacement records. The velocity and acceleration signals (Figure 1) are then obtained by differentiation of the displacement signal. After this first step in the extracting process, rocking component is estimated following the method of MEZA-FAJARDO and PAPAGEORGIOU [START_REF] Fajardo | Estimation of rocking and torsion associated with surface waves extracted from recorded motions[END_REF]. Time histories of seismic rocking component for the TKY018 signal are represented hereafter on Figure 2.

For the frequency content of these signals, response spectra of total translational signal are presented on Figure 3. Central frequencies of these signals were also computed, in various ways, to characterize the frequency content of these signals with single values which will allow to parametrize the analyses. The results are presented in the following sections with a discussion on the effectiveness of the different methods used to compute the central frequencies.

Characterize the frequency content of earthquake signals with a single parameter is an important preliminary task in order to study the influence of this frequency content on the structural response. Central frequency is a commonly used measure for frequency content, but there are still different ways of defining this parameter, depending on the case study. Central frequency can in general be defined as the frequency which contributes the most to the global signal. This means that central frequency is the one with the highest amplitude in a frequency or in a timefrequency domain representation of the signal. Another possible definition of central frequency is the mean number of occurrences per second that the signal crosses 0 with the same trend ; central frequency can also be defined as the barycentre of PSD (Power Spectral Density) of the signal.

Four procedures, respectively named Method 1, Method 2, Method 3 and Method 4 are used in the report to define and calculate the central frequency of the signals.

 Method 1: The frequency which transports the largest amount of energy, obtained in frequency domain: → Signals are transformed from time-domain to frequency-domain via the Discrete FOURIER Transform (DFT), using Fast FOURIER Transform (FFT) algorithm. Figure 4(A) displays the modulus of obtained FOURIER transform of signal CHB026 (total translational ground motion).

Then the central frequency is computed as:

for = max( (2.1) 
With , the Discrete FOURIER Transform of signal time-history ( ).

 Method 2: The frequency which transports the largest amount of energy, obtained in time-frequency domain: → , Dispersive nature of surface waves (frequency-dependent velocity) leads to applying the procedure of method 1 in a time-frequency space, giving additional information on the frequency content. Timefrequency procedure applied in this case is the STOCKWELL Transform, computed in the context of surface wave extraction procedure. Figure 4(B) displays the STOCKWELL Transform obtained for signal CHB026 (total horizontal ground acceleration).

Central frequency is taken as:

for , = max( , (2.2) 
With , as the STOCKWELL Transform of signal time-history ( ).

 Method 3: The frequency which corresponds to the mean number of zero-crossings with the same trend (positive trend here) per second An alternative way to define a characteristic frequency of a signal is to study the number of occurrences the signal crosses a fixed value. RICE developed in 1944 [START_REF] Rice | Mathematical analysis of random noise[END_REF] formulas to count the average number of times per second of an ergodic stationary stochastic process to cross a given value. This method also required the use of FFT algorithm to compute the DFT of time-history signal.

Following RICE formulas, central frequency can be taken equal to:

= (2.3)
Where are the spectral moments (expressed in terms of frequency):

= ∫ | | +∞ -∞ | |²d (2.4)
Previous equation is written for a continuous domain. For a discrete domain equation (2.3) reads:

= ∑| | . = / ∑| | = (2.5)
Where:

is the FOURIER transform at discrete , -is the frequency of the FOURIER transform at discrete , -is the number of discretes of the FFT (power of 2).  Method 4: The "barycentre frequency" of Power Spectral Density, obtained in frequency domain: → Energy contained in the signal, for a given frequency window, can be taken as the frequency integration of the Power Spectral Density (PSD) during this window.

(A) (B) (C)
Another characteristic frequency could be the barycentre frequency of this PSD:

= ∫ | | ∫ | | (2.6)
With | |² the PSD of acceleration time-history ( is the FOURIER transform) and the last frequency of the computed FOURIER transform (NYQUIST frequency).

Or in discrete form:

= ∑| | . = / ∑| | = (2.7)
The previous methods can be applied either on displacement, velocity or accelerations time-histories, on horizontal or vertical signals, and this actually leads to different results for the central frequency. These methods can also be applied on both the RAYLEIGH waves signals, the body waves signals or/and the total signal. Table 2 provides the results obtained for the extracted RAYLEIGH waves of the 12 recorded horizontal signals (in displacement and in acceleration), with the 4 methods. The efficiency of different methods for calculating the central frequency of surface wave signals is discussed for the case of bridge pylons in section 0. Time-histories, intensity measures and response spectra of every record (including extracted RAYLEIGH waves and estimated rocking component) can be found in Appendix I.

"NUMERICALLY SIMULATED" SIGNALS -SPECIFIC BARRIER MODEL

Fault slip process, despite being highly complex, is described under consistent assumptions by the Specific Barrier Model. This model intends to represent the faulting process in a physically consistent way. The seismic fault is represented as a rectangular plane with multiple circular cracks (Figure 5). When the fault slips, a stress drop is released in each crack and propagates from their center with a radial direction of Recent developments intend to integrate new better-known aspects of wave generation/propagation, with path effects and local site effects, within this model. Regarding the objective of ANR Modulate project, this model, adapted to the requirements of signals generation (i.e. signals rich in surface waves), appear as a powerful tool to generate the required ground motion signals.

The Specific Barrier Model is here integrated in a stochastic modelling approach allowing to make multiple realizations (i.e. generate multiple signals with a single set of parameters). Signals are here generated on a parametric way. Values of parameters selected within this parametrization are listed hereafter:

-Magnitude Mw: 6.0, 6.5, 7.0, 7.5, -Eurocode soil class: C, D, -JOYNER-BOORE distance: 30, 50, 100, 150km, -Basin edgesite distance: 10, 20km, -Surface waves amplification factor: 1.5, 2.0, -Surface waves central frequencies: 0.15, 0.25, 0.40, 0.50Hz. Three realizations were realized for each set of parameters. A total number of 1536 signals were generated.

Figure 6 and Figure 8 display time histories of one synthetic signal generated in the context of this study. Both horizontal components and rocking components are plotted. The rocking component is estimated following the method presented in section 2.1.2. Both total signals and extracted RAYLEIGH waves are also plotted. Figure 7 and Figure 9 display the associated response spectra: red line for the "total" signal and blue line for the extracted RAYLEIGH waves signal.

For more details on the method used to generate these synthetic signals, reader may refer to ANR Modulate deliverable of work task 2.3 [START_REF]ANR Modulate -Synthesis and Modeling of Long Period Ground Motion[END_REF]. 

IN BRIEF…

This section summarizes the different possibilities for obtaining seismic signals for the study of long period surface waves effects on structural responses: recorded and numerically generated signals (wave propagation models and stochastic modelling). The process used for the generation of synthetic records is developed. Main characteristics of retained signals are presented with general data (date of seismic event, the distance between the source and the measurement instrument, etc.) and Intensity Measures (Peak Ground Acceleration, Peak Ground Velocity, Peak Ground Displacement, Cumulative Absolute Velocity, Arias Intensity, duration of strong motion phase etc.).

The motivations for studying surface waves and rocking effects on the dynamic response of large-scale infrastructure are introduced in this section with a brief state-of-the-art of their characteristics (polarization, frequency content, etc.) 

Extracting

HIGH-RISE BUILDINGS 3.

High-rise buildings is the first class of long-period structures studied in this report. Past earthquakes, such as the 1985 Michoacán earthquake, induced significant damage in Mexico City. A building type was particularly damaged by the earthquake and this was the type of 6 to 15-story buildings [START_REF] Moreno | The 1985 Mexico Earthquake[END_REF]. It became evident that the natural frequencies of these structures played a significant role in this event.

Surface waves are characterized by rich low-frequency content, and confirming the observations made in 1985 in Mexico City, high-rise buildings may appear as particularly vulnerable to the effects of surface waves (resonance phenomenon).

SURROGATE MODEL

In order to study the effects of basin induced surface waves characterized by long-periods and also the effects of rocking ground motions, a surrogate model can be a powerful tool. Objectives of these models are not so much to provide a general law which could be extrapolated to any kind of building, but rather to identify the controlling parameters of the structural responses, which is an intermediate step in a global approach for risk assessment.

Surrogate models help us answering (among others) the following questions: -Does the rotational component of ground motion influence the response of the studied structures? And if yes, can this effect be quantified? -Do RAYLEIGH waves increase the structural response of the studied structures? And if yes, can this effect be quantified? -Does the frequency content of input signals play a role on structural behavior under RAYLEIGH waves? Under rocking? -What are the structural parameters which influence the structural behavior under RAYLEIGH waves? Under rocking? -What are the most critical structural configurations?

The present section is focused on the behavior of high-rise buildings subjected to RAYLEIGH waves and rocking seismic component. The surrogate model chosen for the study of high-rise buildings when subjected to rocking seismic components and surface waves, is the one proposed by MEZA-FAJARDO and PAPAGEORGIOU [22] [23]. The basic principle of this model is presented on Figure 10. The model presented on Figure 10 is composed of:

-The free field ground motion designated by : translational component, : rocking component -Frequency-dependent horizontal and rotational springs and dashpots ( ℎ , ℎ and , ) to represent the effects of Soil Structure Interaction, -The foundation displacement designated by , , -A foundation with its mass and rotational inertia ( , ), -A coupled beam composed of rigidly connected flexural beam (EULER BERNOULLI) and shear beam (allow shear deformation and remain rigid for bending) with a uniform mass and inertia along the height ( , ).

The structural displacement along the height of the model (due to unique displacement of the beam) is designated as , the inelastic rotation by and the total displacement at the top of the structure by .

= + + ℎ + ℎ (3.1)

MATERIAL NONLINEARITY

Material nonlinearity within the coupled beam model is introduced by a parameter . This parameter, represented on Figure 10(B), physically corresponds to a progressive and uniform yielding obtained when bending moment ( ) at the base of the coupled-beam exceeds the yield bending moment ( . This feature actually corresponds to a point-hinge beam model, with some practical implications for building design, as for example, the necessity of "strong columns-weak beams" design, to prevent early global collapse and get benefit from this plastic reserve.

GEOMETRICAL NONLINEARITY

Nonlinear behavior appearing at the soil-foundation interface (uplift, sliding, soil nonlinearity) is not taken into account in the present surrogate model. Large displacement (P-Δ) effects are also not taken into account: story drift ratios in this model are limited to ensure that large displacement effects are negligible.

Despite the above simplifications, the proposed model is sufficient for capturing the main features of structural response of high-rise buildings subjected to surface waves and rocking seismic component.

This model was initially proposed by OSAWA [START_REF] Osawa | Response of tall buildings to strong earthquake motions. Part 1. Linear response of corewall buildings[END_REF] assuming continuous stiffness along the height. This model was then extended by ALONSO-RODRÍGUEZ and MIRANDA [START_REF]Dynamic behavior of buildings with non-uniform stiffness along their height assessed through coupled flexural and shear beams[END_REF] for nonuniform stiffness and by MEZA-FAJARDO and PAPAGEORGIOU with the consideration of Soil Structure Interaction. More details on this surrogate model are provided in references [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF] and [START_REF] Fajardo | Ductility demands of tall buildings subjected to base rocking induced by Rayleigh waves[END_REF].

EQUATIONS OF MOTION

The choice was made to solve the mechanical response of the structure analytically, in the time-domain (frequency domain solving cannot represent the nonlinear behavior of the structure). Equations of motion are developed and coded into a computational tool so that they can be efficiently solved in a large number of cases.

The basic steps of the mathematical development of the surrogate model are presented hereafter. For more details, the reader is referred to the aforementioned articles of MEZA-FAJARDO and PAPAGEORGIOU [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF], [START_REF] Fajardo | Ductility demands of tall buildings subjected to base rocking induced by Rayleigh waves[END_REF].

Dynamic equilibrium equations

Local dynamic translational equilibrium of the superstructure:

[ - ] = - + + + (3.2)
Total dynamic rotational equilibrium of the superstructure:

+ + ∫ ( + + + d = - (3.3) 
Total dynamic equilibrium equations (translational and rotational) of the superstructure and foundation system:

+ ∫ ( + + + d = - (3.4) 
+ + ∫ ( + + + d = - (3.5) 
Total rotational inertia:

= + (3.6)
is the rotational inertia of the foundation about its centroidal axis. is the rotational inertia of all floors about its centroidal axis.

Modal fixed-based properties Standard eigenfunction expansion:

, = ∑ ∞ = (3.7)
Time and spatial differential equations of motion:

+ = (3.8) [ - ] - = (3.9)
Change of variables:

= (3.10) = √ (3.11) ̃ = ² (3.12) = (3.13) = ℎ (3.14) = | = (3.15) = √ - (3.16)
Assuming a quadratic evolution of over the height [START_REF]Dynamic behavior of buildings with non-uniform stiffness along their height assessed through coupled flexural and shear beams[END_REF]:

ℎ = -- (3.17)
Assuming that the evolution of is equal to the elevation of ℎ to the second power:

= --² (3.18) 
Solution of eq. (3.8), expressed in term of , is the superposition of the solutions of the MEHLER and LEGENDRE differential equations [START_REF]Dynamic behavior of buildings with non-uniform stiffness along their height assessed through coupled flexural and shear beams[END_REF]:

= + + -+ + -+ - (3.19)
is first-kind, zero order and degree , LEGENDRE function. is second-kind, zero order and degree , LEGENDRE function.

-+ is zero order, complex degree, conical MEHLER function.

and must be related as follows:

( + ) - + = ² (3.20) ( + ) + = ̃ (3.21)
Constants , , , can be found on the basis of boundary conditions: -No translation and no rotation at the base:

| = = (3.22) d d | = = (3.23)
-No bending moment and shear at the top of the building:

d d | = = (3.24) ( d d d d - d d ℎ d )| = = (3.25)
An incremental scheme is necessary to find the degrees of LEGENDRE functions which can fit the previous boundary conditions, and which correspond to the natural modes of vibrations. Five first modes are considered as a sufficient number of modes to represent the global behavior of the model [START_REF]Dynamic behavior of buildings with non-uniform stiffness along their height assessed through coupled flexural and shear beams[END_REF].

Constitutive law Bending moment and additional, post-elastic, moment at the base of the foundation:

= + (3.26)
-Yield bending moment:

= ̅̅̅̅ (3.27)
̅̅̅̅ is the mean drift ratio at yield.

= ( ̃ ) [ + + + + ] (3.28) ̃ = - ( + ) + (3.29) 
-Post-yielding bending moment:

= (3.30) = (3.31)

SSI equations of motion

After modal expansion, using standard eigenfunctions, and after the expression of interaction forces with impedances terms (obtained for as a massless disk), dynamic equilibrium equations become: for j-th mode

+ + = -[ ℎ + * ( + ] (3.32) ∑ ∞ = + + ( + ) ( + = - (3.33) [∑ ℎ ∞ = + + + + + ( + ] = + (3.34) [ ∑ + ( + ) ∞ = + ² + ² + * + ( + ² ) ] = [ + + ( * ] (3.35) 
With:

ℎ = ∫ d (3.36) = ∫ d (3.37) = ∫ d (3.38) = exp [- ] (3.39) 
* in expression (3.35) denotes the convolution product of and (for more details, see [START_REF] Fajardo | Ductility demands of tall buildings subjected to base rocking induced by Rayleigh waves[END_REF].

Impedance terms (real parts):

= - (3.40) = - (3.41) = - (3.42) = + ( ) (3.43) = + ( ) (3.44)
is the radius of an equivalent circular foundation with the same area.

is the radius of an equivalent circular foundation with the same moment of inertia.

is the damping ratio of the soil.

, and are parameters depending on the POISSON ratio (details are given in [START_REF] Verbic | Analysis of certain structure-foundation interaction systems[END_REF]).

is the shear wave velocity.

= (3.45) = (3.46) = (3.47)
is the fundamental period of the superstructure on a fixed base Previous equations of motion are then expressed in a matrix form for facilitating manipulation in programming (for more details, see [START_REF] Fajardo | Ductility demands of tall buildings subjected to base rocking induced by Rayleigh waves[END_REF]).

PARAMETRIC STUDIES

Analytical developments have the advantage that analyses can be parametrized easily, without modifying a model (as it would be necessary in the case of finite elements models for example). Different values of soil parameters and structural parameters can be chosen, and then, analyses can be run in an "intensive" computational process.

On the basis of works presented by MEZA-FAJARDO and PAPAGEORGIOU [22] [23] regarding the equations of motion with the consideration of soil structure interaction, briefly presented in paragraph 3.2, input parameters are: ⁄ ; ⁄ ; ⁄ ; ⁄ ; ; ; ; ; ; ; ; ̅̅̅̅ ; . Except for the fundamental period of the structure, all other parameters are dimensionless (cf. Table 3). 

SOIL-STRUCTURE PARAMETERS

Soil-structure parameters are selected from existing structures, for which dynamic soil-structure properties were experimentally measured in the context of empirical studies on soil structure interaction effects [START_REF] Stewart | Seismic soil structure interaction in buildings. II: empirical findings[END_REF]. Input parameters, given by this study, are: the height , the equivalent dimensions of the foundation , the subsoil shear wave velocity , the fundamental period of fixed base superstructure . 

Parameter

⁄ ⁄ δ ̅ ⁄ ̅ ⁄ ζ
A set of 40 soil-structure configurations has been studied in [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF], [START_REF] Fajardo | Ductility demands of tall buildings subjected to base rocking induced by Rayleigh waves[END_REF]. This structural database includes different lateral force resisting systems as shear walls, dual wall/frames, concrete frames and steel frames, and covers a wide range of structural soil-structure parameters (cf. Table 5). All the values, for each soilstructure configuration retained, can be found in Table 4. For more details on the retained high-rise building configurations, see [START_REF] Stewart | Seismic soil structure interaction in buildings. II: empirical findings[END_REF]. Effective height, in Table 4, is equal to the total height of the structure, multiplied by 0.7. Vibrational fixed base properties are controlled by parameters and . According to the works of ALONZO-RODRÍGUEZ [START_REF]Dynamic behavior of buildings with non-uniform stiffness along their height assessed through coupled flexural and shear beams[END_REF] [36]:

-Values adopted for and depend on the type of structural system: o = 3 for shear walls systems, 5 for dual wall/frame, and 30 for concrete and steel frames. o = 8% for shear walls systems, 7% for dual wall/frame, 5% for concrete frame, and 2% for steel frames ( is here a "global" damping ratio and it is not frequency-dependent).

-Values adopted for depend on the number of floors with a low limit at 0.1:

= + . (3.48)
Where is the number of floors. Previous formula assumes a linear distribution of seismic floor forces.

MATERIAL PARAMETERS

Yield drift ratios ̅̅̅̅ tested are 0.2%, 0.3% and 0.5%. Post-yielding stiffness coefficient is taken equal to 0.1, and POISSON ratio of the soil is taken equal to 1/3.

Table 5 -Lower and upper limits of high-rise buildings input parameters. 

RESULTS

SOIL STRUCTURE INTERACTION

The initial results presented in [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF] are dedicated to the soil structure amplification/reduction of freefield movement at the base of the foundation. A transfer function , between the free-field ground motion and the foundation movement (eq. (3.46)) is expressed in terms of input parameters. Because the complex impedances are involved in the resolution of this equation, and because they are frequency dependent, this resolution is made in frequency domain. The presented parametrization of transfer functions reveals that frequency content of input ground motion is a controlling parameter of the amplification of free-field ground motion at the base of the foundation. This is equally true for the rocking component, for which amplification is more sensible to low-frequency content. It also shows that fundamental period of the structure (computed here for fixed base conditions) has a significant impact on the transfer function but in a non-monotonic way.

Other parametrizations of transfer function are made on the basis of mass ratio ⁄ , structural parameter , structural damping ratio , soil damping ratio tan and stiffness ratio . Results are plotted on Figure 13.

Results show a non-significant influence of the above-mentioned parameters, for the whole range of tested parameters. This is the reason why mass ratios ⁄ and soil damping ratios tan are fixed to constant values (cf. paragraph 3.3) for the performed calculations.

Based on Figure 12 and Figure 13, it can be concluded, at least for the present model and for the tested parameter ranges, that fundamental period and normalized shear wave velocity are the main controlling parameters of the soil-structure amplification/reduction of free-field ground motion transferred at the base of the foundation. 

LINEAR CASE

The first study performed by MEZA-FAJARDO and PAPAGEORGIOU [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF] on high-rise buildings, subjected to rocking ground motion induced by RAYLEIGH waves, has been focused on the linear part of the response (viscoelastic response). Equations of motion are solved in frequency domain which is best suited for linear analysis.

In this study a set of 10 recorded signals has been used. Signals originate from 3 events as presented in Table 1. The following signals have been used: CHB026, CHB013, SIT011, TKY015, GVDA10, GVDA00, TCU140, TCU145, TCU118, and TCU112.

The 40 selected structural configurations (Table 4) were subjected to the 10 aforementioned input signals for two excitation scenarios: a) With presence of RAYLEIGH waves, in which total non-processed records have been used. Rocking components associated to both body waves and RAYLEIGH waves were taken into account. b) Without the presence of RAYLEIGH waves, in which the RAYLEIGH wave component in the signals has first been extracted using the methodology presented in paragraph 2.2 and subtracted from the total records, then the so-obtained signals, thus devoid of the surface wave component, have been used as input motions at the base of the buildings.

Figure 14 shows the results obtained for the 40 configurations for the case of total records (RAYLEIGH waves component is not yet extracted from the signals). In this case, the structures are already subjected to the associated rocking component. In the present application, the retained Engineering Demand Parameters (EDPs) are the maximum displacement at the top of the structure and the maximum interstory drift. These EDPs are plotted against the previous mentioned controlling parameters: the normalized shear wave velocity and the fundamental period of the structure . The fundamental period of the structure is normalized by the central period , of RAYLEIGH waves. This central period corresponds to the period with the maximum amplitude in a time-frequency domain (Method 2 cf. 2.2.1, based on displacement time-histories of vertical seismic component) and can be found in [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF]. Displacement at the top of the structure and inter-story drift are respectively normalized by the peak ground vertical velocity multiplied by the central frequency of surface waves and the peak ground rocking.

A global trend is observable on Figure 14 (A) and(C) with both EDPs increasing with the fundamental period of the structure and tending to a maximum value when the normalized period is close to 1. Figure 14(B (source: MEZA FAJARDO and PAPAGEORGIOU [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF]).

NONLINEAR CASE

The results presented in the previous paragraph highlighted the influence of RAYLEIGH waves in the linear response of high-rise buildings, with the main controlling parameters being the fundamental frequency of the fixed-base superstructure normalized by the central period of the RAYLEIGH waves / , and the normalized shear wave velocity . The response of high-rise buildings subjected to seismic ground motion with RAYLEIGH waves can be several times higher than the response without RAYLEIGH waves. This amplification in structural response is even larger for taller buildings.

The study taking into account structural nonlinearity can represent the behavior of the structure in a wider range, getting closer to critical damage states as the overturning of the building.

Building codes define drift criteria as a critical damage measure (DM) for the seismic response of highrise buildings. Drifts of 1% or 2% are commonly used as design limits under seismic ground motion, while a drift of 3% is described as the drift leading to overturning collapse. This part of the study is focused on the evaluation of ductility demand (post-elastic demand) developed on the basis of drift or roof displacement (eq. (3.50)). An upper limit, fixed to 3%, provides a good approximation for global collapse of the building and remains in agreement with the large displacement limitations that need to be taken into account in the analyses.

= max { , } = max { ̅̅̅̅ } ̅̅̅̅ , max { ̅̅̅̅ } (3.50)
Global procedure used in the nonlinear study is similar to the one used in the linear study: computation of the response for the 40 selected structures is performed under the 10 selected signals, treated with and without RAYLEIGH waves. The calculations are performed for varying post-elastic parameters such as the yield drift ratio ̅̅̅̅ and the post-elastic stiffness ratio . By plotting the results (ductility demand ) against the controlling parameters of elastic response ( / , and ) analyses can be made on the influence of the previously identified controlling parameters, and also the post-elastic parameters on the ductility demand of high-rise buildings.

For the nonlinear case, equations of motion are solved in time-domain, following the equations presented in paragraph 3.2, and with the implementation of a time integration algorithm (for more details, see [START_REF] Fajardo | Ductility demands of tall buildings subjected to base rocking induced by Rayleigh waves[END_REF]). Parameter values, used for this study, are the ones mentioned in paragraph 3.3.

First, the ductility demand is plotted as a function of the controlling parameters identified for the linear study (Figure 16): the fundamental frequency of the structure divided by the central frequency of the RAYLEIGH waves ( / , ) and the normalized shear wave velocity (). Yield drift ratio is fixed to 0.3% and post-elastic stiffness ratio to 0.1. Results show that some of the buildings have a ductility demand >1 which implies that they exceed the yield point, and some of them have already reached the collapse, characterized here by a 3% drift ratio. Figure 16 also shows that there is no strong correlation between the ductility demand and the ratio / , , because yielding is not dependent on the central frequency of RAYLEIGH waves [START_REF] Fajardo | Ductility demands of tall buildings subjected to base rocking induced by Rayleigh waves[END_REF]. A peak in ductility demand can also be observed for parameters in the range 10-20.

(A) (B)

Figure 16 -Ductility demand (A) against the fundamental period of the superstructure normalized by the central period of the RAYLEIGH waves (B) and against the normalized shear wave velocity (source: MEZA FAJARDO and PAPAGEORGIOU [START_REF] Fajardo | Ductility demands of tall buildings subjected to base rocking induced by Rayleigh waves[END_REF]).

Because the correlation between the central period of RAYLEIGH waves (computed with Method 2, cf. 2.2.1, applied on vertical displacement time-histories) and the ductility demand is judged insignificant, only figures of ductility demand against normalized shear wave velocity are plotted hereafter.

Figure 17 is the extension of Figure 16, but this time for different values of yield drift ratio ̅̅̅̅ (0.2%, 0.3%, 0.5%) and signals with/without RAYLEIGH waves. It can be observed that the number of structures reaching collapse is higher when the structures are subjected to signals with RAYLEIGH waves. It can also be observed that there are more structures which reach collapse when the yield drift ratio is small. 17). It can be seen that ductility demand of the structure subjected to "complete" signals (with RAYLEIGH waves) can be 15 times higher than the ductility demand for structures subjected to signals without RAYLEIGH waves. This increase in ductility demand is even more significant when the yield drift ratio is small and the structure reaches rapidly the yield point. Previous analyses are confirmed by Figure 19 which only displays the values of ductility demand >1: i.e. for structures which go beyond the yield point. It is shown that ductility demand of structures with the smallest post-yielding stiffness ratio are higher than the ones obtained for larger post-yielding stiffness ratio.

A final analysis on the contribution of the first mode on the "global" structural response is presented on Figure 20 assuming that 5 modes are sufficient to represent the global behavior of the structure. This analysis is clear: the first mode is sufficient to estimate the ductility demand of these structures, independently of material parameters. The nonlinear study confirms the points already highlighted for the linear study: the normalized shear wave velocity is a controlling parameter of the response (including post-elastic response) of the selected structures. However, it is also shown that the central frequency of RAYLEIGH waves, when this one corresponds to the frequency with the highest amplitude of signal vertical component in time-frequency domain, is not a controlling parameter of the post-elastic behavior for high-rise buildings.

This study also highlights the influence of RAYLEIGH waves in the amplification of structural response with amplifications even more important for the inelastic cases than for the elastic cases. Influence of post-elastic material properties was studied and confirmed the expected influence of these parameters. It is also shown that the fundamental mode of the structure is here sufficient to describe, with a good accuracy, the response of the structure.

IN BRIEF…

High rise buildings are sensible constructions to surface waves, known for being characterized by low fundamental frequencies. Past events, as the 1985 Michoacán earthquake, highlighted this vulnerability.

Use of a surrogate model is proposed in the present section for studying a large number of high-rise building configurations and overcome computational cost issues.

The proposed surrogate model is based on a coupled flexural and shear beam model. A presentation of this model is provided and references for more detailed information are also given. The equations for dynamic response are derived as analytical expressions, with an implementation in a programming tool for solving system's equations of motion.

The study presented in this section is primarily focused on the effect of Soil Structure Interaction (SSI) and the controlling parameters of the amplification of free-field ground motion at the base of the foundation. The second part of the study is focused on the response of the superstructure in the linear case; a third part is dedicated to the study of the nonlinear case.

Analyses are led in a parametric way with the selection of a database of 40 existing high-rise building configurations together with all associated parameters (soil, foundation, earthquake motions) required for running the calculations. This approach allows to study the effects of one/multiple parameters varying and looking for the main influencing parameters of the dynamic behavior of high-rise buildings subjected to RAYLEIGH waves.

The surrogate model, the associated equations of motion, the parametrization and the results of analyses are presented in this section. It has mainly be observed that the fundamental period of the structure, normalized by the central period of the RAYLEIGH waves, and the normalized shear wave velocity (parameter presented in this section) appear as strong controlling parameters of the linear response of the structure and the Soil Structure Interaction. For the yielding response of the structure, these dependences are strongly reduced.

BRIDGE PYLONS 4.

Studies on high-rise building have shown a tendency between the response amplification due to RAYLEIGH waves and a ratio between the fundamental period of the structure and a characteristic period of the RAYLEIGH waves signal (computed following Method 2, cf. 2.2.1). Since bridges are critical infrastructures to manage risks in a city/country and add greatly to economic resilience in case of natural disasters, the effect of RAYLEIGH waves, characterized by low frequency content, on bridge pylons, also characterized by long period vibrations, is studied in the present section. Effects of rocking seismic component are also studied herein.

SURROGATE MODEL

Surrogate model presented in section 3 is an "analytical" model. Equations of motion are solved analytically and a coding environment such as Python, Matlab, etc is used for numerical computations and post-processing of the results. For the study of bridge pylons, a different approach is adopted: the proposed surrogate model makes use of the Finite Element Method (FEM), and the resolution of transient analyses is performed within with open-source FEM plateform Code_ASTER [START_REF]Code_ASTER -Analyse des Structures et Thermo-Mécanique pour des Etudes et des Recherches[END_REF].

The model used for the study of RAYLEIGH wave effects and rocking seismic component on bridge pylons is the one developed by CHATZIGOGOS et al. [START_REF] Chatzigogos | Nonlinear response of bridge pylons to surface wave passage[END_REF], [START_REF] Chatzigogos | Incremental dynamic analyses of bridge pylons with consideration of the effect of surface waves[END_REF]. This model is schematically represented on Figure 21 

SUPERSTRUCTURE -MULTI-FIBER BEAM ELEMENTS

Pylon superstructure is represented in this model as a uniform, continuous, circular bridge pier, geometrically characterized by its diameter and its height . This pier is modeled with 2-noded multifiber beam elements (Figure 21) which carry a discretization of the pier section in fibers (Figure 22). Each fiber is characterized by a simple nonlinear elastoplastic constitutive law, defined by its initial elastic YOUNG modulus , its yield stress , a post-yielding stiffness ratio and a post-yielding reduced modulus ′ = . This model is studied in 2D kinematics, with three degrees-of-freedom (dofs) associated to each node: , , . Additional material parameters are necessary to define the studied problem: density , POISSON ratio and the damping ratio of the bridge pier material. Material constitutive law does not include damage: the elastic and post-elastic modulus remains the same during the loading-unloading cycles.

Thanks to the adopted modeling, a progressive yielding can appear in the pier cross-section. The choice of multi-fiber beam elements and nonlinear 1D constitutive law is made to represent at best the behavior of reinforced concrete bridge pylons under seismic ground motion, without using a more detailed representation of reinforced concrete material which could be computationally-expensive.

Figure 22 -Bridge pylons multi-fiber mesh (source: CHATZIGOGOS et al. [START_REF] Chatzigogos | Nonlinear response of bridge pylons to surface wave passage[END_REF]).

Because this model is formulated in 2D kinematics (Y as the gravity axis and X as the horizontal axis), and the deck of the bridge is not modelled, masses associated to the deck are included in the model as nodal masses ( for the translational component and for the rotational component) at the top of the pylon. The surrogate model incorporates a spring-dashpot element at the top of the pylon, linking the pylon itself and the masses associated to the deck, to represent potential bearing or deck isolation elements. Spring and dashpot elements are described by a stiffness matrix and a damping matrix .

The above parameters are sufficient to provide an initial description of the dynamic response of the superstructure but other useful parameters are also introduced to characterize mechanical properties of the pylon in the nonlinear range. These are the yield moment of the bridge pylon , and the corresponding yield curvature of the pylon . These quantities can be derived from YOUNG modulus and yield stress .

SOIL/FOUNDATION SYSTEM -FOUNDATION NONLINEAR MACROELEMENT

The superstructure of the surrogate model is quite simplified but remains representative of real behavior of concrete bridge pylons. The principle complexity introduced in this model is in the consideration of Soil Structure Interaction and nonlinearity in the soil or at the soil-foundation interface. The foundation nonlinear behavior is taken into account using the nonlinear foundation macroelement developed by CHATZIGOGOS and presented in [START_REF] Chatzigogos | Comportement sismique des fondations superficielles: vers la prise en compte d'un critère de performance dans la conception[END_REF] [START_REF] Chatzigogos | A macroelement formulation for shallow foundations on cohesive and frictional soils[END_REF].

The nonlinear foundation macroelement is introduced at the base of the model as a 2-noded element linking a fixed base point (named "Control point" on Figure 21) and the lowest node of the pylon. A mass matrix M (composed of lumped mass and rotational inertia of the foundation is attributed to this node. Description of foundation macroelement applications for dynamic studies, and the main features of overall dynamic response are presented hereafter.

Macroelement, overall principles/objectives

Basic principle of foundation macroelement, in case of structural dynamic analyses, is to model the nonlinear behavior occurring in soil/foundation system (assuming that the nonlinear behavior in soil only occurred in the near-field while the soil in the far-field still exhibits linear behavior) with an advanced link element expressed in term of generalized forces ( , , ) and generalized kinematic variables ( , , ) at the gravity center of the foundation (Figure 23). A first assumption is commonly made, in case of shallow foundations, that the kinematic interaction (effect of rigidity difference between the soil and the structure which induces a modification of the freefield motion transferred at the base of the foundation) is negligible. A second basic assumption (cited in previous paragraph) is the clear separation of the near-field soil domain (where all nonlinearities are concentrated) and the far-field soil domain, which remains linear (Figure 24). Assuming this, inertial interaction (effect of mass difference between the soil and the structure) can be represented with impedance functions at the boundary of the near-field soil. For the near-field, macroelement represents nonlinearities via the nonlinear mechanisms that are modeled within the macroelement. Different types of macroelements exist depending on the nonlinear behavior represented in the nearfield soil (uplift, soil bearing capacity, etc.), the constitutive law chosen to represent these nonlinear behavior, and even sometimes the way the inertial interaction is taken into account with, for example, "hybrid formulation" which couple macroelement and soil FE model for the consideration of SSI effects [START_REF] Abboud | Développement d'un macroélément pour l'étude des fondations superficielles sous charge sismique[END_REF].

More information on existing foundation macroelements can be found in the following references: [START_REF] Montrasio | Settlements of shallow foundations on sand[END_REF] [44] [START_REF] Chatzigogos | A macroelement formulation for shallow foundations on cohesive and frictional soils[END_REF] [45] [START_REF] Wood | Macroelement for study of dynamic response of gravity retaining walls[END_REF] [47] [START_REF] Grange | A macro-element to simulate 3D soil-structure interaction considering plasticity and uplift[END_REF] [START_REF] Abboud | Développement d'un macroélément pour l'étude des fondations superficielles sous charge sismique[END_REF].

CHATZIGOGOS macroelement

Formulation of foundation macroelements, for the consideration of nonlinear behavior, is mainly based on plasticity theory with the definition of an ultimate surface. In the case of CHATZIGOGOS macroelement, nonlinear mechanisms taken into account are: the uplift, the sliding, and the soil bearing capacity. Each mechanism is associated to a well-defined constitutive law, and these mechanisms are coupled in an appropriate way. The chosen constitutive laws are expressed in the space of generalized forces/displacements and can be activated or deactivated at will within the model.

A basic presentation of CHATZIGOGOS macroelement formulation, adapted for this study case (foundation geometry, type of soil, etc.), is provided hereafter. For a complete description of this model, see [START_REF] Chatzigogos | Comportement sismique des fondations superficielles: vers la prise en compte d'un critère de performance dans la conception[END_REF] [START_REF] Chatzigogos | A macroelement formulation for shallow foundations on cohesive and frictional soils[END_REF].

Macroelement general formulation

In the context of earthquake loading (cyclic loading), the overall objective of this macroelement is to link generalized force increment ( = { } ) to generalized displacement increment ( = { }) of the foundation, while taking into account uplift, sliding or/and soil bearing capacity.

The followings equations are at the base of CHATZIGOGOS macroelement (for practical purposes, equations are normalized):

̃ = ̃ ̃ ̃ = ̃ + ̃ up + ̃ s + ̃ sp (4.1) (4.2) 
With ̃ and ̃ respectively the generalized force and displacement increment vectors, normalized as follows: corresponds to the maximum centered vertical force that can be supported by the foundation without concomitant horizontal force/moment applied on it, and is the characteristic dimension of the foundation (diameter or width depending if the foundation is circular or square).

̃ = ̃ ̃ ̃ = ( ⁄ ⁄ ⁄ ) , ̃ = ̃ ̃ ̃ = ( ⁄ ⁄ ) ( 4 
Previous equations assume that foundations are rigid and their motion can entirely be described by the displacement of their gravity center.

Linear response

For the linear part of the response the stiffness matrix ̃ is equal to the impedance matrix of a shallow foundation without embedment. Impedance terms are frequency-dependent, but only the impedances for the fundamental frequency of the structures are retained in the generalized stiffness matrix. For this study case, only the static component of impedance term is kept. It is also assumed that off-diagonal terms are negligible.

= ̅ + (4.5)

̅ = (4.6) 
With corresponding to the foundation static stiffness and ̅ to the dynamic foundation stiffness. = + (4.7)

̃ → ̃ = ( ) (4.8) 
Values retained for K and C can be found in [START_REF] Chatzigogos | Nonlinear response of bridge pylons to surface wave passage[END_REF] for the case of square surface foundation on homogenized linear viscoelastic soil domain. These parameters are expressed as functions of soil parameters (shear modulus s , Poisson ratio s , density ρ s , shear wave velocity s , and Lysmer analog velocity ) and foundation geometrical properties (dimension B, area A , rotational inertia I ).

Uplift mechanism

Partial uplift of foundation occurs when the bending moment applied on the foundation reaches a certain value (proportional to the gravity loads applied on the foundation) which leads to a reduction of the contact-surface between the foundation and the soil. This mechanism is taken into account by reducing the rotational elastic stiffness of foundation macroelement.

The stiffness matrix ̃ remains equal to ̃ until the uplift is initiated. After this initiation, the stiffness decreases as a function of elastic displacement and the initial, static, impedances ̃ .

̃= { ̃ ̃( , ̃ (4.9) 
Before uplift initiation After uplift initiation distance ratio between the image point and the force state, is introduced. The nonlinear (plastic) response becomes more pronounced when the force state is closer to the bounding surface ( is close to 1).

Expression of bounding surface and image point: ̃ , x and ̃V, x corresponds to the maximum horizontal force and moment supported by the foundation, normalized following equations (4.22) and (4.23), in case of zero vertical force. In the presented calculations, assumption is made that the soil is purely cohesive which is in good agreement with the study of surface waves, which mainly appear in sedimentary deposits.

̃ = ̃ + ̃ ̃ , + ̃ ̃ , -= ( 
̃ , = = (4.19)
According to [START_REF] Randolph | Upper bound limit analysis of circular foundations on clay under general loading[END_REF], ̃ , is computed as follows:

̃ , = = . (4.20)
With the undrained soil cohesion.

The nonlinear behavior of the foundation due to soil plasticity can be expressed via a plastic modulus , defined with a general hardening law ℎ for soil subjected to cyclic loading. This hardening rule is expressed in terms of scalar quantity (distance ratio between loading state and its image point on bounding surface). and designate respectively the unitary normal vectors of the bounding surface at the image point of ̃ and the surface of plastic potential. Assumption is made that vector is identical to vector, except for vertical direction, with a non-associative factor applied on vertical component.

= ( ̃| ) ‖ ̃| ‖ ⁄ (4.24) = { } (4.25)
Symbol ⊗ denotes the tensorial product of these 2 vectors, to obtain the direction of plastic displacement increment.

ℎ and are constants of hardening model. is the minimum value reached by the scalar during loading history.

Sliding mechanism

Sliding mechanism is irreversible, dissipative, and characterizes the rupture along the soil-foundation interface. CHATZIGOGOS macroelement uses the well-known MOHR-COULOMB criterion for general interface and for frictional soil. For cohesive soil and interface, TRESCA criterion applies.

These criteria are expressed either for the soil-foundation interface or deeper in the soil: if the friction angle of the interface is lower than the friction angle of the soil, the interface friction angle is taken in the following equations. The same holds when (interface cohesion) is lower than soil cohesion (eq. (4.26)).

In this study case, the soil/interface is supposed to be purely cohesive.

, = || - (4.26)
Or expressed in term of generalized forces:

= | | -, (4.27) 
With:

, = inf ( , ) (4.28) 
Sliding is in this model a perfectly plastic mechanism with no modification of tangent stiffness matrix while the path of the force state does not reach the MOHR-COULOMB (or TRESCA) criterion. Once the TRESCA branches are reached, a plastic flow is obtained.

Sliding and soil plasticity, when they are both taken into account (coupled), create some angular points on a "truncated" bounding surface. For more information on the treatment of angular points, plastic displacement directivity at these points and the method to couple different nonlinear mechanisms, see [40] [41]. Transient analyses are performed to compute this response at each time of the chosen timediscretization, without passing to frequency domain. The classical NEWMARK scheme (time integration scheme) is used to calculate this response. NEWMARK scheme has the advantage to be unconditionally stable and implicit which is well adapted to seismic problems for moderate nonlinearities.

Analyses are first started with an initialization phase with application of gravity loads in order to have the initial internal force regime and a "steady state" response under gravity. The seismic signals are then introduced at the base of the foundation (displacement signals) and analyses are carried out until the last time-step of seismic signals. The vertical component of structural response is here neglected to simplify analysis of results. The analyses are thus performed for the translational component and for some calculation scenarios also for the rotational component.

Equations of motion are solved under the assumption of small displacements. This assumption will be discussed in section 4.4.2.

STUDIED CONFIGURATIONS

In line with the works presented by MEZA-FAJARDO et al. on the effect of surface waves/rocking on high-rise buildings [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF] [23] (we inherit in particular the surface waves extraction procedure and rocking estimation procedure, both presented in section 2), the objective is to study the influence of previously extracted/estimated components on bridge pylon response and the effect of structural parameters on this response.

Parametrization of this study is divided into two parts: the parametrization of the superstructure and the parametrization of soil/foundation system. Study is parametrized for the height of the bridge pylons (Table 6). Five superstructure configurations are tested ranging from 21m high pylon to 60m high pylon.

Parameters as the diameter of bridge pylons, material properties, mass and rotational inertia of the deck, etc. are fixed. These parameters correspond to standard reinforced concrete circular piles.

The considered configurations also assumes a rigid (monolithic) connection of bridge pylon with the deck (cf. K , C in Table 6). The main objective of pylon height parametrization is to modify the fundamental frequency of the pylon and cover a range of fundamental frequencies large enough to study the influence of seismic signals frequency content on the structural response (as highlighted in section 3 with ⁄ parameter).

Table 7 provides a detailed list of the superstructure configurations tested, with additional parameters as the yield moment of pier section , , or the fundamental period of pylon with fixed base condition , useful to characterize the behavior of the structure. 

SOIL/FOUNDATION PARAMETERS

Bridge pylon foundation can be of various types. In this study, through the use of the macroelement, it is assumed that foundation system is a surface foundation.

Previous works of PECKER on the integration of soil-foundation system in a capacity design philosophy [START_REF] Pecker | Capacity design principles for shallow foundations in seismic areas[END_REF], applied later on the design of Rion-Antirion bridge pylon's foundations (Greece) [START_REF] Pecker | Pont de Rion-Antirion : fiabilité et conception parasismique des fondations. La sécurité des grands ouvrages[END_REF], highlighted that nonlinearity at soil level can be a useful tool to reduce seismic forces in the superstructure. The beneficial effects of soil failure for the protection of structures were also studied by PAOLUCCI, GAZETAS, ANASTASOPOULOS, etc. [START_REF] Paolucci | Simplified evaluation of earthquake induced permanent displacement of shallow foundations[END_REF] [54] [START_REF] Gazetas | 4th Ishihara lecure: Soil-foundation-structure systems beyond conventional seismic failure thresholds[END_REF].

Since the acceptance of some nonlinearity at the foundation level has been put forward and appears to be a promising design methodology (at least for situations of strong earthquake actions), the present study aims to answer the following question: is this type of "innovative" design more vulnerable to RAYLEIGH waves/rocking seismic component than the conventional design approach?

To study the impact of this type of foundation design, two configurations are examined: a small foundation configuration, with more nonlinearities occurring in the soil, and a large foundation configuration, in which the foundation is designed to remain linear and the nonlinearity is thus developed in the superstructure. The two considered foundations are studied for the same soil profile and they only differ with respect to their dimensions (and accordingly, to the other variables depending on the size: mass of the foundation, area, impedance functions, etc.). Foundation input parameters, needed for the definition of macroelement properties, are listed hereafter: ; ; . Foundation density is equal to 2.5t/m 3 and foundation height is equal to 2m. Foundations are squared and the two chosen values for their characteristic dimension (width) are 7.0m and 11.0m.

Soil parameters needed for the definition of macroelement properties are: ; ; ; ; ; ; ; ; . A single soil configuration is here tested: a purely cohesive soil of depth resting on a rigid substratum. This soil type, as mentioned earlier, is in good agreement with the mechanism of surface waves generation at the edge of a sedimentary deposits.

Additional parameters, specific to macroelement behavior, are needed to completely define the soil/foundation system These parameters are: ; g ; ; ; ; ; ; (cf. section 4.1.2). The definition of these parameters is provided in Table 9 Every parameter needed for the implementation of nonlinear foundation macroelement can be retrieved from formulas presented in 4.1.2 and from values given in Tables 8 and9. 

SUMMARY

The parametrization of tested bridge pylon configurations is made on the basis of pylon height, with values from 21m to 60m, and on the basis of foundation dimension, with 2 configurations to represent the different type of design that can be adopted. Of course, foundation dimensions and pylon heights are correlated to one another; this obliges to reject the small foundation configurations for the highest pylons (50m and 60m). In total, 8 bridge pylon configurations are tested (cf. Figure 27) to cover a wide range of fundamental frequencies and two possible foundation designs. An exhaustive list of the parameters needed for the definition of tested configurations can be found in Appendix III.

INCREMENTAL DYNAMIC ANALYSES (IDA)

This study intends to analyze the global response of the structure, including its nonlinear response. To study the nonlinear part of the response, multiple parametric approaches are possible:

-For given signals, in order to enter in nonlinear regime, parametrize the structure with respect to its dimensions, material properties (e.g. R-factor [START_REF] Chopra | Dynamics of structures: Theory and Appplications to Earthquake Engineering[END_REF]), or other. -For given structures, modify the signals to exceed the nonlinear threshold associated to the structure (e.g. nonlinear static pushover [START_REF] Atc | Seismic evaluation and retrofit of concrete buildings[END_REF], Incremental Dynamic Analyses [START_REF] Vamvatsikos | Incremental dynamic analysis[END_REF]).

The second approach is here selected and an Incremental Dynamic Analysis framework is setup to study the 8 structural configurations presented in 4.2. This section of the report treats the concept of IDA as adapted for the study of the effect of RAYLEIGH waves and of rocking seismic component on bridge pylon response.

IDA APPROACH -PRINCIPLES AND OBJECTIVES

Basic principles

The basic principle in IDA is the scaling of seismic signals (either naturally recorded or synthetic) with a scalar number, named Scaling Factor (SF). This Scaling Factor is applied on a signal time-history and is introduced into an incremental procedure to cover a wide range of signal intensities.

Analyses of structural response, under scaled seismic signals, are then realized (transient analyses) and IDA curves can be drawn. IDA curves plot the maximum response of the structure, obtained within the transient analyses, against an intensity parameter of the scaled signal.

The maximum response of the structure is called the Damage Measure (DM) or Engineering Demand Parameter (EDP) and can be a displacement, a force, a strain, a stress, etc., which is meaningful regarding the studied structure (e.g. for high rise buildings: horizontal displacement at the top).

The intensity parameter, also known as Intensity Measure (IM), is a physical property of a signal which grows monotonically with the scaling factor. Intensity measure can be the Peak Ground Acceleration, the spectral acceleration for the fundamental mode of the structure, ARIAS intensity, etc. The choice of welladapted IM and DMs will be discussed in sections 4.3.2 and 4.3.3.

Each signal, scaled multiple times, gives rise to a single IDA curve (Single-Record IDA study). When this procedure is applied for multiple signals, a statistic treatment is performed to compute the mean curves/median curves/etc. IDA approach is extremely helpful in a Performance-Based Earthquake Engineering (PBEE) framework, when the number of signals available and the covered intensities are reduced. IDA is for example used to build capacity-demand models for the construction of fragility curves (also well adapted to be integrated into probabilistic frameworks).

For a detailed description of IDA method see the works of VAMVATSIKOS, as in [START_REF] Vamvatsikos | Incremental dynamic analysis[END_REF] with a concise definition of the method and discussions about related subjects.

Procedure

The general procedure for developing IDA curves from signals can be decomposed according to the following steps.

Firstly, the selection of a set of time-history signals is performed, with a sufficient number of signals to take into account the variability of the seismic phenomenon.

Secondly, the most appropriate DMs and IMs are selected (cf. 4.3.2, 4.3.3) this allows to define the range of interest of the IMs we want to test and the discretization between each tested IM. It is also possible to define only the lower bound of the range and let the IM growing until the structure reaches a global instability (numerically observed with the non-convergence of the analyses or by defining a DM threshold value which characterizes global instability).

Then, by applying a first coefficient (named here the "basic scaling factor") the signals are scaled to the first or last value of the previously established range of tested IMs. Signals are subsequently multiplied by new factors to match the discretization of tested IMs. This discretization can be linearly distributed or not.

For each scaled signal the response of the structure is computed with a transient analysis and the maximum value obtained for each DM is stored. Then, IDA curves are plotted and statistical treatment is applied to compute the corresponding mean, median curves, etc.

The previously described procedure is implemented for the study of bridge pylons. A graphical flowchart of the procedure is presented on Figure 28. 

Application of IDA procedure in context of studies on RAYLEIGH waves and rocking seismic component effects

Signals selected for the study of bridge pylons are the ones used for the study of high-rise building (CHB026, CHB013, SIT011, TKY015, GVDA10, GVDA00, TCU140, TCU145, TCU118, and TCU112) enriched with two signals from Tohoku earthquake (TKY020 and TKY018). In total, 12 records are used.

Because the purpose is to study the effect of RAYLEIGH waves and rocking seismic component, the extraction/estimation procedures presented in 2.1.1 and 2.1.2 are applied on the 12 records to create 3 cases of seismic loading (Figure 29): -Case 1: Signals without RAYLEIGH waves / only the translational component is considered -Case 2: Signals with both body waves and RAYLEIGH waves / only the translational component is considered -Case 3: Signals with both body waves and RAYLEIGH waves / both the translational and the rotational components are considered 

SELECTION OF DAMAGE MEASURES (DMS)

The selection of Damage Measures (DMs), also called Engineering Demand Parameters (EDPs), needs to be consistent with the studied structure, the expected behavior of this structure under the considered loads and the critical parameter characterizing the damage patterns of this structure.

In the case of bridge pylons, according to the numerous works made on the construction of fragility curves (as in [START_REF] Pitilakis | SYNER-G: Typology Definition and Fragility Functions for Physical Elements at Seismic Risk[END_REF]) which do need to identify critical EDPs of the studied facilities, the following DMs are identified:

-The Maximum Moment at the base of the pylon (MM), -The Curvature Ductility Ratio at the base of the pylon (CDR), -The Maximum Total Drift of the deck (MTD), -The Maximum Structural Drift of the deck (MSD), -The accumulated Foundation Settlement (FS).

Maximum Moment at the base of the pylon is a parameter useful to characterize the damage in the pier due to bending. This quantity is well-adapted to characterize the linear behavior of the pier. When the objective is to study the nonlinear response of the structure, the maximum moment will be bounded because the chosen hardening ratio is reduced (0.001) and the maximum moment in the pile will hardly increase after the bending moment has reached the yield bending moment. Because of this limitation, the ductility demand is introduced as an important DM to study the nonlinear behavior of the pier, in this case ductility demand is expressed in terms of curvature giving rise to Curvature Ductility Ratio as follows:

CDR = max (4.29)
The drift at the top of the pylon is also a useful DM to quantify the damage in the deck, in the bearings elements and/or in the pylon itself. Drift is here decomposed into two parts: a part due to foundation displacement (translation/rotation of the foundation), and a part due to pier bending. The part due to pier bending is called structural drift. Both the Maximum Total Drift and the Maximum Structural Drift are used herein as DMs.

The difference between structural drift and total drift will highlight the quantity of displacement due to foundation rotation/displacement. This is a first indicator of soil behavior. A more common and useful DM used for the extent of nonlinear foundation response is Foundation Settlement at the end of the loading history. This DM will show the accumulated residual vertical settlement of the structure after earthquake.

Previous DMs aim at quantifying either the damage in the superstructure, in the soil, or in both.

SELECTION OF INTENSITY MEASURES (IMS)

The choice of Intensity Measures in an IDA procedure is probably one of the most important considerations for the overall study. Due to physical characteristics of seismic event, a large inherent variability is associated to the recorded signals. This variability in the properties of recorded signals creates variability in the damage measure observed in the structure: for a given structure subjected to multiple signals with a given Intensity Measure (i.e. constant) the damage measure observed will not be constant.

In addition to the inherent variability of fault slip phenomenon, geological properties, site conditions, etc. it is important to note that the scaling procedure of IDA introduces a bias in the results. This bias means that DM observed for a structure subjected to natural (unscaled) and scaled signals, for a given IM value (i.e. constant), will not be the same. The bias is dependent on the IMs chosen and it should be considered in the choice of IM. For more information on bias associated to scaling procedure, see [START_REF] Luco | Does amplitude scaling of ground motion records result in biased nonlinear structural drift responses ?[END_REF] [61].

The aforementioned variability and bias are dependent on IM choice but do not constitute the only criterion to be taken into account. MACKIE and STOJADINOVIC [START_REF] Mackie | Seismic demands for performance-based design of bridges[END_REF] [63] defined the optimal Intensity Measures in terms of practicality, efficiency, effectiveness, sufficiency and robustness. In this document, attention is focused on the efficiency and robustness of IMs.

Efficiency: ability of an IM to be well-correlated to a given DM. In other words, for a given IM, the DM values obtained show a reduced variability (dispersion).

Robustness: ability of an IM-DM couple to be efficient for a large number of structural configurations. On the basis of efficiency and robustness criteria, Incremental Dynamic Analyses are performed and IM-DM scatter graphs are plotted for different IMs. The efficiency of each IM tested is here visually observed but non-quantified (with standard deviation/coefficient of variation or by performing a regression and computing the determination coefficient/correlation coefficient).

IMs tested in this case study are listed hereafter and correspond to the most commonly used IMs, identified for being efficient in certain cases of this study. Attention is also paid on the selection of IMs to only keep those which can be easily implemented in the systematic process set up to realize the 1440 transient analyses. For a SDOF as : x t + ωx t + ω x t = u t (4.36)

Peak Ground Acceleration

The scaling process is here applied based on body waves Peak Ground Velocity with lower and upper bound of PGV tested equal respectively to 20cm/s and 100cm/s. The selection of PGV as the IM for the scaling process is the result of an iterative process: a first IM for the scaling is selected, IDA is realized, results (DMs) are plot against different IMs, the best-correlate IM is selected to realize the new scaling process, etc. The selection of body waves as the reference for the calibration of the defined PGV list (20cm/s, 40cm/s, 60cm/s , 80cm/s, 100 cm/s) is in agreement with current practice in seismic design (in the sense that surface waves are usually neglected in practice).

Figure 32 represents scatter graphs of Maximum Structural Drift against the Peak Ground Displacement obtained with the IDA procedure, for 4 pylons configurations. Blue circle, green circle and red circle respectively corresponds to the loading cases 1, 2 and 3, defined in paragraph 4.3.1. The four configurations tested have the same properties (material, dimensions, etc.) except for the height: 30m, 40m, 50m, 60m. This figure highlights that the efficiency of PGD on Maximum Structural Drift increases with the height of the pylon (the variability decreases and a better correlation can be noticed). This observation highlights the fact that the efficiency of a given IM is "frequency-dependent" (depends on the natural frequencies of the structure studied). In this case, PGD shows a better efficiency for low range of frequencies.

It can also be observed that IM efficiency is dependent on the structural behavior under the seismic loading. Figure 33 displays the Maximum Structural Drift against the Cumulative Absolute Velocity for 2 structural configurations: P21S (small foundation) and P21L (large foundation). Efficiency of CAV for the small foundation configuration (P21S) is more important than the large foundation configurations (P30L). Behavior of large and small foundations configurations (compared in section 4.4.1) are completely different. We attribute the IM efficiency difference to the behavior of the structures under earthquake loading. In line with the previous observations on the dependence of IM efficiency on structural behavior under earthquake loading, a similar observation can be made on the dependence of IM efficiency on the DM considered for a given structure. Figure 34 Several research works (e.g. [START_REF] Luco | Structure-specific, scalar intensity measures for near-source and ordinary earthquake ground motions[END_REF], [START_REF] Burrati | A comparison of the performance of various ground-motion intensity measures[END_REF], [START_REF] Biaso | Ground motion intensity measures for seismic probabilistic risk analysis[END_REF], etc.) treat the question of the most adapted IM on specific cases. A global state of the art on the subject of IM efficiency, sufficiency, etc., and previous results, highlights that up to now there is no IM which is proved to be the most efficient for every structures and DM observed. The "quality" of IMs is dependent on the structure studied, its properties, its behavior, and the DM of interest.

Although there is no globally optimal IM, it is possible to organize IMs into categories and define some areas of applications. Figure 35 displays a simplified arborescence of IMs per broad categories. A first distinction is made between the IMs directly obtained from time-history signals and IMs which need a preliminary post-processing. Most of the times, this post-processing has for objective to pass from timehistories signal to response spectra. Because values on response spectra depend on the eigenfrequency(ies) of the structure, their efficiency is less sensitive to structural parameters variation for a given type of structure. A second distinction is also made between the "peak" IMs (which are single values directly read on the signals/spectra), and the cumulative IMs (which need an integration). Cumulative IMs are more adapted to cumulative damages (e.g. foundations settlements). For the present study, following the results obtained for the IM-DM scatter graphs of every tested pylon configuration, it is the PGV that all in all appears as the most efficient IM. This observation is in agreement with works of PEJOVIC et al. [START_REF] Pejovic | Selection of Ground Motion Intensity Measure for Reinforced Concrete Structure[END_REF] on the subject of IMs efficiency and works of WEN et al. [START_REF] Wen | Effects of ground motion scaling on the response of structures considering interdependency between intensity measures and scale factors[END_REF] on the bias associated to scaling process which highlight PGV as a pertinent IM for similar case studies.

RESULTS

LARGE FOUNDATION CONFIGURATIONS VS. SMALL FOUNDATION CONFIGURATIONS

As mentioned in section 4.2.2 two different types of foundation configurations are used in IDA procedure to study the pylon design, concentrating the nonlinearities of the system either at the foundation or at the base of the pier. The behavior of the structures as obtained with the two foundations designs is presented in this section.

Large foundation configurations

Objective of large foundation configurations is to study the behavior of the system pier-foundationsoil when the nonlinearities are developed in the pier, due to bending.

Figure 36 displays the behavior of P30L subjected to TCU112 signals with body waves signals scaledup to a PGV of 100cm/s. Each column corresponds to a loading case defined previously: Case 1, Case 2, and Case 3 (without surface waves, with surface waves, with rocking), and each row corresponds to a characteristic curve of the system behavior.

The behavior of large foundation configurations tested can be described as follows: first, in the elastic range of structural response, the pier is subjected to strong loading cycles and significant horizontal displacements are associated. Once the pier "homogenized" material reaches the yield point, bending moments in the pier will not increase a lot because of low post-yielding stiffness ratio ( but the displacement will become even more important, with the development of residual displacements. Figure 36 highlights this important post-elastic response of the pier with clear hysteretic loops in the first row of the figure (bending moment against curvature at the base of the pylon).

The second row of the figure displays the time-history displacement at the top of the pylon. This horizontal displacement is decomposed into a component due to foundation rotation, a component due to foundation horizontal displacement: and a component due to structural drift (i.e. bending of the pier). The red line represents the total displacement at the top of the pylon. It can be noticed on this row that the total displacement is essentially due to pier bending with the superposition of red and cyan lines (it can also be observed with amplitude of displacement due to foundation rotation/horizontal displacement, which remain negligible).

Third and fourth rows represent exclusively the soil behavior with the curves of moment against foundation rotation and the curves of foundation rotation against foundation settlement. Momentrotation curves show the typical "S-curve" shape, characteristic of foundation uplift. However, no dissipation in the soil is observed and foundation settlements are very small, less than 2cm. Principle nonlinearities appearing in large foundation configurations are thus located in the pier, while the soil hardly behaves in a nonlinear way.

Small foundation configurations

Thanks to the use of nonlinear foundation macroelement, it is possible to have an advanced representation of nonlinearities appearing at foundation level. Figure 37 displays the equivalent representation of Figure 36 but for the small foundation configuration P30S. These two configurations are identical (seismic loading history, geometry, material properties, etc.) except for the design of the foundation. The modification of foundation design completely changes the overall behavior of the structure. As a first results, the response of the superstructure is linear as highlighted by the bending moment in the pier, which follows a linear path with respect with curvature. As the pier is excited and loads the foundation, global overturning moment leading to soil yielding (loss of bearing capacity) is reached first, before the yield moment of the pier is reached.

Once soil yielding is reached and the loading continues, the soil displacement becomes important with important permanent deformation which can be observed in the third row of Figure 37 with large hysteretic loops in the overturning moment-foundation rotation diagrams and in fourth row with important accumulation of settlement.

The second row of Figure 37 shows important displacement of the deck, but this time, the component due to foundation rotation is the leading one, while drift of the deck due to pier bending is very limited. This foundation design is used to concentrate the nonlinearities in the soil while preserving the superstructure. Bending moment vs curvature at the base of the pier (linear response) clearly highlights this "isolation" effect in the superstructure arising from the foundation nonlinear response.

SINGLE CONFIGURATION IDA CURVES

Figure 36 and Figure 37 are obtained for a given structural configuration, and a given signal (TCU112), at a given IM (PGV of body waves equal to 100cm/s). Following the IDA scaling procedure, studies are realized for each IM of the predefined IM list (PGV of body waves signals: 20cm/s; 40cm/s; 60cm/s; 80cm/s; 100cm/s) and each signal within the set of retained signals (cf. 4.3.1). Each figure gives a single point on IDA graphs. IDA curves are the lines linking these discrete points obtained for a given IM-DM couple.

Once the 180 transient analyses per structural configurations are completed (5 scaling factors × 12 signals × 3 loading cases) IDA curves are plotted. Figure 38 to 36 plot IDA curves for the selected DMs, for a small foundation configuration (P40S) and a large foundation configuration (P40L). IDA curves are all composed of Peak Ground Velocity of body waves signals on Y-axis, the Damage Measures on X-axis, and 3 sets of curves (defined by a separate color), relative to the three considered loading cases, cf. 4.3.1. The continuous lines represent the median of the computed values, and the dotted lines represent the 16% and 84% percentiles (i.e. median plus or less the Gaussian standard deviation). The difference between the blue lines, green lines and red lines highlights a difference of structural response when either the RAYLEIGH waves and/or the rocking seismic component are taken into account.

The analyses on the evolution of maximum moment at pylon base against the Peak Ground Velocity of body waves (Figure 38) show that the piers rapidly reach a threshold value. This threshold value is either the yield moment at the foundation (for the small foundation configuration) or the pier yield moment for the large foundation configuration. A small slope is observed after this threshold, characterizing the small hardening of the materials. Because the studied configuration reaches rapidly this threshold moment, blue lines, green lines and red lines cannot be well-distinguished. Blue lines and red lines can be distinguished for the large foundation configuration because the structure remains elastic for a largest range of PGV. On the other hand, green lines and red lines are superimposed which means that the rocking component does not affect the rapidity to which the moment will reach the threshold moment (onset of nonlinear behavior).

Because the RAYLEIGH waves component has an impact on how quickly the maximum moment at pylon base reaches the yield moment (difference between blue and red lines), maximum moment at pylon base is a critical DM for large foundations configurations (essentially in elastic domain). Because the maximum moment at the base of the pier is essentially an interesting DM for elastic part of the structural behavior, and because the structure rapidly reaches the yield limit (of the soil or of the pier), the curvature ductility ratio at the base of the pier appears as a second relevant DM to be studied. Figure 39 thus displays IDA curves obtained for the configurations P40S and P40L when the DM plot is the curvature ductility ratio.

Results observed in (A) are similar to the ones obtained for the maximum moment. The curvature ductility ratio is an interesting DM for the pier and not for the soil. The threshold value of the maximum moment obtained for the small foundation configuration is below the yield bending moment so the ductility ratio is below 1 and the response of the pier remains elastic. Because of this, there is a linear relation between the curvature and the moment which explains the exact correspondence of these graphs (Figure 39 (A) and Figure 40 (A)). This DM takes all its meaning for the large foundation configuration where the pier rapidly behaves in a nonlinear way. A significant increase can be noticed between the blue line and the red line. The green line is superimposed to the red line. These observations highlight the fact that the RAYLEIGH waves increase in a non-negligible way the response of the pier but the rocking component has no effects. This figure also highlights that curvature ductility ratio is a critical DM to characterize the damages in the pier for large foundation configurations. It also highlights the influence that the surface waves can have on a structural configuration, with an important variability in the results obtained.

In relation to the previous critical DMs for bridge piers, the structural drift is also a relevant EDP to characterize the damage in the pier. Figure 40 displays IDA curves for the maximum structural drift of small and large foundation configurations.

The small foundation configuration shows a quasi-linear relation between the PGV of body waves and the maximum structural drift at the top of the pylon. Influence of RAYLEIGH waves is perceptible but reduced. For the rocking seismic component, its effects are way below the effects of surface waves, with red lines and green lines practically superimposed. Values of maximum structural drift on X-axis highlight the difference between the order of magnitude obtained for the large (MSD is of the order of meter) and small foundation configuration (MSD is of the order of 10-20cm): Maximum Structural Drift is clearly a critical DM for the large foundation configuration with values of several meters for the highest PGV.

Contrary to the small foundation configuration, influence of surface waves is significant (difference between the green curves and blue curves) with important increase in structural drift when these waves are taken into account. A negligible effect of rocking seismic component on the response of the pier can still be observed. Figure 38 to 34 show how the design of the foundation, for identical superstructures, can affect the response of the system. For this pylon (P40) the small foundation configuration reduced considerably forces and displacements and the pylon remains elastic for all the values of PGV tested (until a PGV of 100cm/s).

Case1 Case2 Case3

Case1 Case2 Case3

This design is not without compensation in the system. A first counterpart for this preservation of the pier can be noticed on Figure 41 with the accumulated settlement of the foundation against the Peak Ground Velocity. An important difference in the orders of magnitude of the settlement computed for the small and large foundations configurations can be observed.

Surface waves show again that they have an influence on the response of the structure, mostly for the small foundation configuration (P40S). For the large foundation configuration this effect also exists but it is reduced with less than a centimeter of difference between the median curves when this component is taken into account. Again, the effect of rocking seismic component appears as negligible with a clear superposition of red curves and green curves.

Variability of results increase with the PGV. The 84% line obtained for the loading case 2 on the small foundation configuration is more important than the 84% line for the loading case 3. This incoherence leads to an important conclusion: when the behavior of a component of the structure (the soil or the pier) is highly nonlinear and the system is close to collapse, the response of the surrogate model can lead to an increased variability in structural response for high intensity signals when the DMs observed are highly nonlinear. Foundation settlement is the translational, vertical, component of soil plasticity mechanism and via the coupling of dofs achieved within the macroelement, it is accumulated even when the system is excited by horizontal force and moment. Due to these horizontal forces and overturning moments generated by earthquake loading the foundation also slides/rotates. These displacements lead to large drift at the top the pylon.

Figure 42 displays the total drift of the pylon. This total drift can be decomposed in a structural component (cf. Figure 40) and in a "foundation component" due to foundation sliding and rotation. The comparison of Figure 40 and Figure 42 shows that the total drift of the tested large foundation configuration (P40L) is uniquely due to pier bending. The opposite observation can be made for the small foundation configuration: the majority of total drift is associated to foundation displacement. For the small foundation configuration, the RAYLEIGH waves lead to an amplification of maximum structural drift. However, it is difficult to interpret the effect of rocking component for this configuration (P40S). A slight difference can be observed between red and green lines for high intensity seismic loading. As it was noted for foundation settlement, the response of the soil is highly nonlinear and for highintensity ground motions the confidence to exactness of results is reduced. This probably explains the evolution of red curves between 60cm/s and 100cm/s. For large foundation configurations, analyses on the effects of RAYLEIGH waves and rocking seismic component are similar to the analyses made for the maximum structural drift.

Equations of motion were solved under the assumption of small displacements. Previous curves have shown some important drifts which are not in agreement with this assumption. Although these analyses have not been performed in large displacements (P-Δ effects) results are still meaningful for the analysis of RAYLEIGH waves / rocking seismic component effect on structural response. The main objective of the study is the difference between the 3 loading cases and not so much the study of the transition from small to large displacements.

Performing the analyses under large displacement assumption would have required more computational time and would eventually raise the technical problem of non-convergence when a global instability mechanism (infinite DM value) is reached. This would create the need of taking an arbitrary, finite DM value for these cases. For the treatment of global instabilities in IDA procedure, see VAMVATSIKOS et al. [START_REF] Vamvatsikos | Incremental dynamic analysis[END_REF] A significant amplification of settlement and total drift is observed when surface waves are taken into account, for every tested configuration. For the effect of rocking seismic component, a slight effect can be observed but this amplification mainly appears for high intensity ground motions (i.e. the response of the soil is highly nonlinear and the dispersion in structural response is pronounced) which prevents to conclude on the effect of rocking on these specific DMs/configurations. Analyses made for P21S, P30S are thus in agreement with the analyses made on P40S. Results displayed on Figure 43 do not directly lead to a configuration more vulnerable than the others. Configuration P40S exhibits the maximum total drift and the maximum settlement but the difference with P21S and P30S is not significant, except for the maximum total drift when the surface waves and the rocking seismic component are taken into account (C). For the reason mentioned above (important dispersion for small foundations configuration when the intensity of ground motion is high) we cannot conclude that P40S is more vulnerable to RAYLEIGH waves and/or rocking seismic component than P21S and P30S. Furthermore, it is expected that the tallest configuration has an absolute displacement more important than the shorter ones (except when strong resonance phenomenon appears at a given configuration), which is verified for low to medium intensity ground motions.

(A) (B) (C) (D) (E) (F)
Large foundation configurations Critical DMs identified for the large foundation configurations are the maximum moment at the base of the pylon, the curvature ductility ratio and the maximum structural drift. Figure 44 displays the results obtained for the large foundations configurations tested: P21L, P30L, P40L, P50L, P60L.

Maximum moment at pylon base highlights the elastic behavior of the pier. First row of Figure 44 confirmed the analyses presented in 4.4.2 on the behavior of P40L configuration: the structure rapidly reaches the yield moment of the pier (PGV of body waves equal to 40cm/s); in the case of surface waves yield moment in the pier is attained more quickly; the rocking seismic component has negligible effect. This analysis is verified for every configuration.

By examining the first row, it is not evident to identify a configuration more vulnerable than others to the effect of RAYLEIGH waves and/or rocking seismic component because the structure attains too quickly the yield moment and the discretization of IM values tested before this threshold moment is insufficient. Despite this, it can be noticed that the maximum moment of tested configurations, at a PGV of 0.2m/s, increase in a non-monotonic way comparing to the height of the pylons (i.e. some configurations have larger amplifications than others and this amplification is non-monotonically linked to pylon height). This analysis probably highlights the effect of surface waves frequency content and potential resonance phenomena.

A similar observation can be made on the second row of Figure 44 with P40L on (D) and (E) which has the most important curvature ductility ratio while exhibiting the less important curvature ductility ratio when the signals do not contain surface waves (C). This particular effect which is reflected by a nonmonotonic increase of EDPs against the height of the pylon highlights once again the effect of RAYLEIGH waves frequency content.

Because the frequency content seems to play an important role in the response of the structure and in the identification of the critical configurations, a focus on the effect of signal frequency content is presented in the following section. 

(A) (B) (C) (D) (E) (F) (G) (H) (I)

EFFECT OF RAYLEIGH WAVES FREQUENCY CONTENT ON STRUCTURAL RESPONSE

Previous works by MEZA-FAJARDO and PAPAGEORGIOU show a correlation between the ratio / , and the amplification of the response due to surface waves. represents the fundamental period of the structure with fixed base conditions and , the central period of RAYLEIGH waves signal. The method used to compute the central period of RAYLEIGH waves signals in their work is method [START_REF] Pelties | Verification of an ADER-DG method for complex dynamic rupture problems[END_REF] presented in section 2.2.1. This method uses a time-frequency procedure (S-transform) because of the dispersive nature of RAYLEIGH waves (propagation in wave packets, with a frequency-dependent velocity) which is applied on the displacement time-histories of extracted RAYLEIGH waves.

The main purpose of this section is to describe the frequency content with a single parameter, which is sufficiently representative of the entire frequency content (broadband signals). Of course, representing the frequency content of a ground motion signal with a single parameter is an oversimplification by default: a large quantity of information on frequency content is lost by using a single parameter; but it is a simplified way to study the possible correlation between the response of a structure (also not-characterized by a single eigenfrequency) and a characteristic measure of the frequency content.

This part intends to study the effect of signal frequency content, in particular the influence of RAYLEIGH waves frequency content, described with the four methods defined in section 2.2.1, on the response of bridge pylons. The efficiency of these methods to represent the frequency content of a ground motion signal is discussed herein. Figure 45 and Figure 46 display the foundation settlement and the maximum structural drift of bridge pylons against the parameter / , , introduced in section 3. The central period of RAYLEIGH waves , is computed following the 4 methods presented in section 2.2.1: -Method 1: the period which carries most energy, computed in frequency domain, -Method 2: the period which carries most energy, computed in time-frequency domain, -Method 3: the average duration between each instant the signal crosses a zero value with a positive trend, -Method 4: the "barycenter" period of the PSD. Each of these 4 methods is applied on acceleration time-histories and displacement time-histories (i.e. 8 ratios / , ). The first column in Figure 45 and in Figure 46 corresponds to the results obtained when , is computed on the basis of acceleration time-histories; the second column corresponds to the results obtained when , is computed on the basis of displacement time-histories.

Analysis of Figure 45 and Figure 46 primarily highlights the difference between the results obtained when the techniques used to compute the central frequencies of RAYLEIGH waves are based on ground motion signals in acceleration or in displacement (difference between the firsts and the seconds columns): a visual difference between the results obtained for the "displacement based methods" and the "acceleration based methods" can be observed (trend, variability, range, etc.) The 4 methods have different physical meanings and this explains the difference between the results obtained for the 4 methods, but the results obtained between the "displacement-based methods" are quite similar while these differences appear to be more important for the "acceleration-based methods". This observation expresses the stability of the frequency content based on displacement time-histories.

(A) (B) (C) (D) (E) (F) (G) (H)
Notwithstanding the stability of the frequency content computed on the basis of displacement timehistories, no clear trend can be observed between the foundation settlement and the ratio / , computed with "displacement-based methods". A slight tendency can be observed between / , computed with "Method 1 -Acc.", "Method3 -Acc.", "Method4 -Acc." and the foundation settlement: the majority of large settlement observed for the small foundation configurations appear for values of / , below 1 and tend to decrease beyond this value. Each point on Figure 45 corresponds to a bridge pylon analysis. In total 180 blue points, corresponding to small foundations configurations, are represented on each graph (3 configurations, 5 scaling factors, 12 signals, 1 loading cases). The few points on (A) (E) (G) for values of / , between 4 and 8 hide a little bit the tendency previously described but are not representative of the large amount of data plotted. However the ratio / , is less stable when it is based on accelerations signals it is better-correlated to foundation settlement.

Figure 46 display the maximum structural drift (logarithmic scale) against ratio / , An analysis, similar to the one made for foundation settlement, can be made related to the stability of ratio / , between the different methods: results obtained when they are plotted against displacement-based ratio are more stable than the ones plotted against acceleration-based ratio.

As for the results of high-rise building drift (cf. paragraph 3.4.2 and 3.4.3), which were plotted against ratio / , computed following method 2 (based on displacement time-histories, equivalent to (D) on Figure 46), a global trend can be noticed for the displacement-based graph with a progressive increase of the maximum structural drift before reaching a sort of threshold/maximum value. This peak/threshold is located at values of / , comprised between 0.5 and 0.8 (depending on the method used). Previous analyses on displacement-based curves lead to the conclusion that: first there is a link between the period ratio computed on the basis of displacement signals and the maximum structural drift, secondly there is a range of this ratio (around the peak) for which the maximum structural drift is particularly sensitive.

For the acceleration-based ratios, the results obtained on Figure 46 show a more scattered trend and a clear difference is observable between graphs (A)(C) and graphs (E)(G). A peak can be observed for values around 1 on graphs (A) and (C) while the peaks on graphs (E) and (G) are more diffused and appear for higher ratios / , (around 2). As mentioned for Figure 45, the number of points on the graphs is significant (300 for the large foundation configurations, i.e. red points) and the "out of trend" points need to be put into this perspective. Figure 45 and Figure 46 focused on previously identified critical DMs for the large foundation configurations (maximum structural drift) and for the small foundation configurations (foundation settlement). These curves highlighted that the global response of bridge pylons on critical DMs is affected by ratio / , but in totally different ways depending on the method used to compute the period and according to whether the method is applied on displacement signals or acceleration signals. A global tendency with a localized peak may however be observed in the global response of the structure. This peak appears for a certain range of fundamental periods, closed to the central period of the considered waves ( / , is comprised between 0.5 and 2 depending on the method used to compute the central period). The above results emphasize on the influence of the method chosen to compute the central frequency of a signal before being able to quantify the link between structural demand and ratio / , can be established.

(A) (B) (C) (D) (E) (F) (G) (H)
Figure 45 and Figure 46 show the results obtained when the bridge pylons are subjected to the third loading case (signals with surface waves and body waves, both translational and rocking component). Section 4.4.3 highlighted that rocking seismic component has negligible effects on the response of bridge pylons while RAYLEIGH waves (translational component) can induce important increase in structural response. Figure 47 displays the amplification due to RAYLEIGH waves by plotting the Curvature Ductility Ratio obtained for the loading case 2 (translational signal with RAYLEIGH waves) normalized by the curvature ductility ratio obtained for the loading case 1 (translational signal without RAYLEIGH waves). Graphs are parametrized with respect to ratio / , computed following the same methods presented in Figure 45 and Figure 46.

No clear trend can be observed between the amplification due to RAYLEIGH waves (curvature ductility ratio of loading case 2 divided by the curvature ductility ratio of loading case 1) and the ratio / , computed with the different methods. The amplification of curvature ductility ratio of bridge pylons seems to be independent of ratio / , and this can be generalized to every DM tested (by lack of space the results are not shown herein).

However, a slight trend can be observed between ratio / , computed with the 1 st method, applied on acceleration time-histories, and the amplification of curvature ductility ratio due to RAYLEIGH waves. The amplification seems to be more important for values of / , below 1, which is verified also on graphs (B)(D)(F) and (H), despite of the fact that a general trend is not visible on these graphs. This observation on the 1 st method, applied on acceleration time-histories, and on all the methods applied on displacement time-histories, can be generalized to every DM. The previous remarks can lead to the conclusion that the central period of the RAYLEIGH waves signals is not a strong controlling parameter of the response of the structure but indicates indeed an amplification of the structural response when the ratio / , is below 1 (computed with the above mentioned methods) ; may be attributed to the fact that the effective period of the foundation-structure system, once SSI and nonlinearity are activated will certainly increase with respect to , eventually leading to ratios close to 1. Again, attention is drawn on the different techniques used to compute , and their impact on the obtained results. It is essential to clearly define the method used for computing the central frequencies and on which type of signals (accelerations signals or displacement signals) the methods are applied to make sure that the conclusions are not misinterpreted.

A global analysis of the results indicates that there are ranges of bridge pylons more vulnerable to the presence of surface waves, and that the DMs estimated for their design without surface waves may underestimate the DMs obtained with the presence of surface waves. Although ratio / , does not appear as a strong controlling parameter of the response, it has been shown that the bridge pylons with fundamental period close or below the central period of the RAYLEIGH waves (computed with displacement based methods) are the more vulnerable ones. LABBÉ and NGUYEN [START_REF] Labbé | Frequency dependence of the seismically induced ductility demand in a SDOF system[END_REF] have highlighted a similar observation in a study on the effect of / , (equivalent in frequency) on the ductility demand of SDOF systems: the most important ductility demand of SDOF systems are obtained for values of / , below 1. For information: the method used to compute the central frequency of the signals in [START_REF] Labbé | Frequency dependence of the seismically induced ductility demand in a SDOF system[END_REF] is the equivalent of the method 3, presented in 2.2.1, applied on acceleration time-histories. 

(A) (B) (C) (D) (E) (F) (G) ( 

EFFECT OF RELATIVE SOIL-STRUCTURE STIFFNESS ON STRUCTURAL RESPONSE

Parameter , used in section 0, is a measure of the stiffness of the pylon (with fixed base conditions). In order to identify the controlling parameters of the system, and because this study accounts for Soil Structure Interaction effects and strong nonlinearity into the soil (mainly for the small foundations configurations), a characteristic measure of soil/structure stiffness contrast is used to parametrize the results.

Parameter , introduced in section 3.2, named normalized shear wave velocity, is the measure of the relative soil-structure stiffness.

=

(4.37)

Figure 48 displays the critical DMs obtained for large and small foundations configurations against parameter . These results correspond to the third loading case (i.e. translational and rotational signals with both body waves and surface waves).

Maximum structural drift of large foundation configurations is the most affected DM by the variation of . A clear tendency can be noticed between the logarithm of the structural drift and the parameter , with a linear increase of the logarithm of the maximum structural drift when increases. For the other DMs, no such correlation can be observed and ratio does not seem to have a strong effect on the DM values obtained. No clear trend can be observed on Figure 49 between the normalized shear wave velocity and the amplification of structural response due to RAYLEIGH waves. The amplification of the response due to RAYLEIGH waves seems to be non-related to the parameter which characterizes the relative soilstructure stiffness.

QUANTIFICATION OF RESPONSE AMPLIFICATION DUE TO RAYLEIGH WAVES AND ROCKING COMPONENTS

Sections 0 and 4.4.5 are dedicated to the analyses of the RAYLEIGH waves frequency content effects, and the normalized shear wave velocity effects, on the overall structural response (loading case 3) and on the amplification of structural response due to RAYLEIGH waves (loading case 2/loading case 1). The present section focus on the quantification of the (potential) amplification of the response when either RAYLEIGH waves or rocking are taken into account: loading case 3/loading case 2 and loading case 2/loading case 1 respectively. Globally, it can be observed that RAYLEIGH waves increase in a significant way the response of the bridge pylons studied and could amplify curvature ductility ratio of large foundation configurations, foundation settlement of small foundations configurations, maximum total drift, etc. (which represent the most critical identified DMs for bridge pylons) up to about 10 times. Amplification factor beyond 10 could be found (as for the Maximum Total Drift) but it correspond to a very punctual value which is not representative of the amount of analyses managed in this study and which is probably induced by the highly nonlinear behavior provided by the model. It can also be noticed that these factors of 10 are rather punctual, with more than 80% of amplification factors below 3 (cf. Figure 51: normalized and cumulative representation of Figure 50).

It can be deducted that the maximum values obtained for the amplification due to RAYLEIGH waves on the critical DMs of both foundation designs are of the same order of magnitude which implies that there are not a configuration (among the configurations tested) more vulnerable than the other ones, but RAYLEIGH waves have significant effects on all of them. A similar approach is used for the rocking component. Histograms displayed in Figure 52 are equivalent to the ones displayed in Figure 50 for the amplification of the response due to RAYLEIGH waves. In a totally different way, it can be noticed that the rocking component, estimated thanks to the procedure presented in 2.1.2, has not a strong effect on the response of the pylons configurations tested. This could be anticipated by looking to the order of magnitude of Peak Ground Rotation associated to these signals (cf. As a comparison, the maximum amplification ratio obtained between the case 3 and the case 1 in the article [START_REF] Fajardo | Ductility demands of tall buildings subjected to base rocking induced by Rayleigh waves[END_REF] (cf. Figure 18), on the basis of high-rise buildings ductility demand, is about 10 but majority of amplification factors are below (between 1 and 3). These results are similar than the ones highlighted in this section for the bridge pylons configurations tested.

IN BRIEF…

As for high-rise buildings, bridge pylons are identified as vulnerable structures to surface wave effects because of their slenderness and their low fundamental frequencies associated.

A recently proposed surrogate model is used in this section to study the effect of RAYLEIGH waves and rocking seismic component. This model is a finite element model composed of multi-fiber beam elements for the representation of pylon behavior and a nonlinear foundation macroelement for the representation of Soil Structure Interaction and nonlinear behavior appearing in the soil and at the soil/foundation interface. A basic description of the nonlinear foundation macroelement is introduced in this section.

A basic objective in this section is to study a large number of configurations exploiting the computational efficiency of the proposed surrogate model. To this end, a parametric study is realized; this consists in performing Incremental Dynamic Analysis (IDA) on several bridge pylon configurations. The issue of Intensity Measure (IM) choice is discussed in this section with the test of several IMs.

Thanks to an advanced representation of nonlinear behavior in the soil and at the soil-foundation interface via the macroelement, two types of foundation designs are studied: "large foundation configurations" which allow slight to moderate displacement in the soil and place the nonlinearity in the pylon (this corresponds to conventional design), and "small foundation configurations" which consider the soil/foundation as the weak component in a global capacity design approach and thus place nonlinearity at foundation level.

The critical Engineering Demand Parameters (EDPs), regarding the effect of surface waves, of both types of foundations design, are identified and quantified through the IDA methodology. A comparison between the two types of design is thus provided.

The effect of RAYLEIGH waves frequency content and relative soil-structure stiffness on the overall response of the pylons and on the amplification of the response due to RAYLEIGH waves are discussed in this section. The study of RAYLEIGH waves frequency content effects is made with different approaches. The efficiency of these approaches and the ambiguity surrounding the concept of central frequency are also discussed.

A significant increase of the structural response is noticed when the RAYLEIGH waves component are taken into account. However, the rocking seismic component shows an insignificant impact. The nonlinear study led in this section shows that amplification of bridge pylons response due to RAYLEIGH waves is not strongly controlled by the fundamental frequency of the structure and by the normalized shear wave velocity. Nevertheless, maximum amplifications (in nonlinear range) appear for fundamental period of structures below the central period of RAYLEIGH waves. These amplifications can locally reach factors of 10 but, in most of study cases (80%), amplification factors due to RAYLEIGH waves are below 3. It can also be noticed that the amplification factors between the large and small foundation configurations, on the most meaningful EDP associated to each foundation configuration, are of the same order of magnitude.

LIQUID-STORAGE TANK 5.

Past seismic events such as the Tokachi-Oki earthquake (Japan, 2003, Mw 8.3) have led to non-direct, far from source and with important delay, damage on liquid-storage tanks in an oil refinery in Tomakomai [START_REF] Coffin | Large earthquake strikes Hokkaido, Japan[END_REF]. This city is located in a sedimentary basin (Yufutsu basin) and the earthquake motion recorded during this event was shown to be rich in surface waves (KOKETSU et al. [START_REF] Koketsu | Damaging Long-period Ground Motions from the 2003 Mw 8.3 Tokachi-oki, Japan Earthquake[END_REF]). Post-seismic analyses have shown that fire accidents were induced by damage on tank roofs caused by liquid sloshing. Since liquid sloshing modes inside the tank are characterized by low frequencies that can be excited by surface waves liquid-storage tanks appear as a type of structure particularly vulnerable to the incidence of surface waves. The present section is dedicated to the study of the effects of RAYLEIGH waves and rocking motion on the seismic response of rigid, cylindrical, ground-supported, liquid storage tanks.

SURROGATE MODEL

As for high-rise buildings, the surrogate model used to study the effects of RAYLEIGH waves and rocking on liquid storage tanks is an analytical model, based on the works of YANG [START_REF] Yang | Dynamic behavior of Fluid-Tank Systems[END_REF]. The model is based on the resolution of LAPLACE potential flow equation for rigid, cylindrical, laterally excited, liquidstorage-tanks. YANG approach uses the common decomposition of the global solution as the sum of two solutions: an impulsive one assuming that part of the liquid mass that moves in unison with the motion of the structure (JACOBSEN [START_REF] Jacobsen | Impulsive Hydrodynamics of Fluid Inside a Cylindrical Tank[END_REF]) and a convective one assuming that part of the fluid mass that vertically oscillates at the free surface of the liquid (HOUSNER [START_REF] Housner | Dynamic pressure on accelerated fluid container[END_REF]). This surrogate model uses also the subsequent developments by VELETSOS and TANG [START_REF] Veletsos | Rocking response of liquid storage tanks[END_REF] [START_REF] Veletsos | Soil-structure interaction effects for laterally excited liquid storage tanks[END_REF] to take into account the rocking and the soil structure interaction in the study of liquid-storage tanks.

Input parameters of the proposed surrogate model for liquid storage tanks are listed hereafter in vector , and schematically represented in Figure 53: = { ,,,ℓ ,,,,,,,,} (5.1)

These parameters respectively correspond to: Objective of this surrogate model it to be used in a parametric study (similar to the ones implemented in the previous sections) to reproduce the dynamic behavior of the studied structure while keeping a reasonable computational cost and also allowing to extract meaningful Engineering Demand Parameters (EDPs) to characterize the different damage states/failure modes of the structure. In the case of liquidstorage tanks, failure modes can be of several types: settlement, liquefaction, "diamond buckling" (elastic buckling), "elephant foot buckling" (post-elastic buckling), damage induced by sloshing waves (roof damage), anchoring failure or tear of tank base (depending on whether the tank is anchored or not). Soil liquefaction will not be considered hereafter. The proposed surrogate model is linear elastic so it does not allow to directly represent the failure mechanisms of the tank (e.g. buckling, settlement, etc.). However, the model does allow to calculate the intermediate force parameters that can be used for an a posteriori appraisal of the expected failure mechanisms. In particular, the surrogate model allows to calculate the hydrodynamic pressure at any point of fluid domain, the total base shear , the global overturning moment due to pressure on walls , the global overturning moment due to pressure on base Δ , the total overturning moment ′ = + Δ and the height of sloshing wave . = { , , , Δ , ′, } (5.2)

Equations used to compute the above Engineering Demand Parameters, which are encapsulated in vector , are presented in the following section.

EQUATIONS OF MOTION

The proposed surrogate model allows computing transient hydrodynamic forces generated by fluid motion due to horizontal and rotational (about horizontal axis) ground motions while taking into account soil-structure interaction. Effects of horizontal and rotational ground motions are separated and expressions used for these quantities are respectively designated with the exponents and . Same process is set up for the impulsive and convective components, which are designated with indexes and .

The ensuing equations follow from the works by YANG [START_REF] Yang | Dynamic behavior of Fluid-Tank Systems[END_REF] for the case of horizontally excited, rigid, cylindrical tanks, and the works by VELETSOS and TANG [74] [75] for the consideration of rocking and soil-structure interaction. For more details on the procedure, mathematical developments and validity domain, the reader may refer to the following documents: [START_REF] Yang | Dynamic behavior of Fluid-Tank Systems[END_REF] [74] [75] [START_REF] Bauer | Fluid Oscillations in the Containers of a Space Vehicle and Their Influence upon Stability[END_REF].

General procedure

Effect of fluid motion inside the tank can be represented through LAPLACE potential flow equation (it is assumed that the fluid itself and its flow are within the scope of application of this latter, i.e. homogeneous, incompressible, irrational flow, etc.).

=

(5.3)

Expressed in cylindrical coordinates ( , , ) the above equation reads:

+ + + = (5.4) 
By applying appropriate boundary conditions to the previous differential equation, the expression of potential can be found. A clear decomposition of the solution as a sum of two partial solutions (which individually respect the LAPLACE equation) is setup. These two partial solutions correspond to the wellknown impulsive and convective components. elastically connected to tank walls. By positioning these masses at the appropriate heights ℎ , ℎ , the horizontal force and the overturning moment previously mentioned can be obtained. The periods of sloshing modes (i.e. convective components) can also be obtained by calibrating the elastic springs , which connect the convective masses to tank walls. HOUSNER model is mainly dedicated for calculating in an efficient way, the global forces generated by fluid motion to the detriment of obtaining an exact representation of pressure distribution along walls and base. Normalized equivalent height to transmit moment due to pressure on walls:

ℎ ,ℓ = ∑ ( [ - -+ - ]) ∞ = ∑ ∞ = (5.45) 
Normalized equivalent height to transmit moment due to pressure on base:

∆ℎ ,ℓ = ∑ ∞ = ∑ ∞ = (5.46) 
Normalized equivalent height to transmit total moment:

( (ℎ ,ℓ ′ ) = ℎ ,ℓ + ∆ℎ ,ℓ (5.47) coefficients: 
,

, = ∑ -+ [ - ] ∞ = [ - ] ′ [ - ] cos [ - ] (5.48) 
̅ , = ∑ -+ [ - ] ∞ = [ - ] ′ [ - ] cos [ - ]
(5.49)

̿ , = ∑ -+ [ - ] ∞ = [ - ] ′ [ - ]
(5.50)

and ′ are respectively the modified BESSEL functions of first kind and its derivate.

ℓ is the total mass of the liquid in the tank.

Figure 56

-Scheme of general procedure for seismic analysis with liquid storage tank surrogate model.

PARAMETRIC STUDIES

We present in this section the tank, fluid and soil numerical values selected to parametrize the analyses, with their ranges and their discretization.

For the study of liquid storage tanks we use the synthetic signals generated with Specific Barrier Model. The generation of signals is also parametrized (cf. section 2.2.2).

FLUID -TANK INPUT PARAMETERS

The selected surrogate model for this study does not allow having a description of tank structural vibrating modes and does not take into account tank flexibility (tank is assumed to be rigid). Because the objective of this model is to represent the hydrodynamic effects generated by fluid mass, which is generally much larger than the mass of the tank itself, we decide not to study the effect of parameters related to tank structural mass (in this model):

= { , , , }. Consequently, these are either set to a constant value or they are defined so as to remain proportional to other parameters (cf. Table 11).

Hydrodynamic forces generated by fluid motion are mainly controlled by fluid geometry inside the tank. Tank inner radius, liquid height, tank height, liquid density and liquid damping ratio for sloshing modes are gathered in vector and are the main parameters of this parametric study: = { , , , ℓ , }.

Because the objective of this study is to identify potential critical configurations, we only study the most critical ones, i.e. the completely filled configurations: parameter is fixed to the total height of the tanks ( ). Also, in the following parts, we decide to normalize the hydrodynamic EDPs by parameters involving the density or the mass of the liquid inside the tank so it will have absolutely no effects on the results to parametrize the analysis on the basis of liquid density. Only one liquid density is kept: water density.

For the purpose of identifying the potential critical configurations regarding RAYLEIGH wave effects, it is convenient to use the following input parameter: tank liquid aspect ratio ( / ).

The tested ranges of parameters and , within this parametric study, are presented in Table 11, and are in agreement with the database compiled by the American Lifeline Alliance (ALA) in the context of post-seismic inspections on liquid storage tanks [START_REF] Ala) | Seismic fragility formulations for water systems. Part 2 -Appendices[END_REF]. As previously mentioned, the height of liquid inside the tank is considered to be equal to the height of the tanks , and the liquid density equal to 1. The damping ratio of sloshing mode is here fixed to a value of 0.75%, without considering the correlation with other parameters (such as radius, see for example [START_REF] Habenberger | Fluid damping of cylindrical liquid storage tanks[END_REF]).

The selected tank configurations are listed in Table 11. In total, 22 fluid-tank configurations are studied.

SOIL INPUT PARAMETERS

The surrogate model used for this study accounts for Soil-Structure Interaction effects by modifying the free-field ground motion following VELETSOS and TANG procedure [START_REF] Veletsos | Soil-structure interaction effects for laterally excited liquid storage tanks[END_REF]. A choice is made to parametrize the analyses also on the basis of soil parameters ( = { , , }) so as to induce SSI effects of varying importance. The values of the selected parameters are presented hereafter (4 soil configurations) and correspond to Eurocode soil classes C and D. These soil parameters are in agreement with the process of surface wave generation (i.e. basin-induced surface waves).

In total, the combination of tank/fluid/soil parameters leads to 88 configurations (22 fluid-tank configurations, 4 soil configurations). 

INPUT GROUND MOTIONS

Studies on high-rise buildings and bridge pylons were performed with a reduced number of recorded signals, processed in order to extract the RAYLEIGH waves component and estimate the rocking. In the case of liquid storage tanks, synthetic signals generated using the Specific Barrier Model (briefly introduced in section 2.2.2) will be used to substitute the recorded signals. 

Soil type EC soil class

Signals were generated in a parametric way, within a stochastic framework, to cover a wide range of signal characteristics (magnitude, soil type, epicentral distance, etc.). All the signals generated within the model that have been briefly presented in section 2.2.2 (a more thorough presentation is given in ANR Modulate deliverable 2.3. [START_REF]ANR Modulate -Synthesis and Modeling of Long Period Ground Motion[END_REF]), are used in this study.

For each signal, the 3 loading cases used in the study of bridge pylons are created to study respectively the effects of RAYLEIGH waves and rocking components:

- 

RESULTS

SINGLE TANK/FLUID/SOIL CONFIGURATION -DYNAMIC BEHAVIOR

Because the parametric analysis is "heavy", with an important volume of data to be processed (cf. 5.3), and in order to better understand the results of parametric studies highlighted in the following sections, a preliminary study is made on a single configuration (single set of tank, fluid and soil parameters). The present paragraph describes the different steps of one such single analysis with the results that can be obtained (cf. Figure 56).

The retained tank configuration has a height = 13.33m, a radius = 23m, and is founded on a class D soil according to the Eurocode (cf. parameters of soil 1, presented in Table 12).

 Equivalent masses and heights of HOUSNER model

Using only the geometrical parameters of the stored liquid inside the tank, the equivalent parameters of HOUSNER model can be calculated in the studied configuration. The equivalent heights and masses are listed hereafter. 61 (C) highlight an important feature of the model: to take into account soilstructure interaction following the procedure of VELETSOS and TANG [START_REF] Veletsos | Soil-structure interaction effects for laterally excited liquid storage tanks[END_REF], transfer matrix introduces a rocking component at foundation base (with non-zero non-diagonal terms) whether the considered input movements already takes into account the rocking or not. This mean that even for loading cases 1 and 2, which are devoid of rocking ground input motion, a foundation rotation will be generated by the free-field translational component when it is transferred to the foundation base.

We can also observed that matrix introduce important peak values. These peaks are related to the peak of superstructure transfer function, which is involved in the computation of matrix. These peaks, which represents the peaks of the 5 first sloshing modes considered herein and that can be seen on Figure 60, are "transferred" to the transfer matrix with low frequency amplification at the five fist sloshing frequencies (low frequencies). The main peak of this function is here located at 4Hz and is mainly associated to soil properties. This feature of the response can already be observed in equations (5.99) to (5.105).

 Input signals (free field)

In order to highlight the type of results that are obtained using the tank surrogate model, an arbitrary signal is selected from the set of synthetic signals used in the parametric study. Results presented in current paragraph 5.4.1 use uniquely this signal. Parameters characterizing this signal, within the Specific Barrier Model, are the following:

-Magnitude Mw: 7.0, -Eurocode soil class: D, -JOYNER-BOORE distance: 150km, -Basin edgesite distance: 20km, -Surface waves amplification factor: 2.0, -Surface waves central frequency: 0.15Hz.

In order to focus on the presentation of the analysis procedure and on the types of results that can be obtained within the model, the selected input signal corresponds to loading case 3: "total" signals (body waves and surface waves) with both rocking and translational components. Figure 62 displays the timehistories of the selected ground motion: translational component (A) and rocking component (B). Figure 63 displays the frequency representation of these signals.

Signals generated within the Specific Barrier model (cf. 2.2.2) are acceleration signals. To correct the potential bias included in these signals (velocity and displacement baseline drifts, …), a high pass filtering at 0.05Hz (second order BUTTERWORTH filter) combined with a baseline correction are applied. This correction is applied 2 times on time-histories: before and after applying the transfer matrix to the signal.

The difference between free-field ground motion and foundation motion is hardly visible on previous figures but well present.

 Instantaneous pseudoacceleration

Pseudoacceleration functions (instantaneous pseudoacceleration) of the SDOF oscillators with the vibrational properties (i.e. fundamental period and damping) of the fluid sloshing modes are also necessary to compute the transient response of the system. Making use of the fundamental period of the five first sloshing modes, highlighted in Table 14, the damping ratio , and the input motions (expressed in frequency domain), the frequency response of the SDOF system is computed and then transferred back to time domain through inverse FOURIER transform.

Figure 66 displays the instantaneous pseudoacceleration of SDOF system (elastic) with the vibrational properties of the second sloshing mode ( = . s , = .

), subjected respectively to the translational (A) and rocking (B) motion at the base of the foundation. The maximum values of each component are extracted and subsequently combined using a SRSS method for the components for which we do not know if their maximums will be obtained for the same instant and with the same direction.

The maximum pressure at the base of tank walls ( = ), the base shear, the overturning moments and the sloshing height, for this tank/fluid/soil configuration, can be found in Appendix IV. 

PARAMETRIC STUDY -HOUSNER MODEL -EQUIVALENT HEIGHTS AND MASSES

The first step of tank analysis procedure, according to the equations presented in section 5.2, concerns the estimation of the equivalent masses (impulsive and convective) and the associated heights/moments of inertia to generate the corresponding overturning moments. Recall that height ℎ generates moment due to hydrodynamic pressure on tank walls, height Δℎ generates moment due to hydrodynamic pressure on tank base and height ℎ′ generates global overturning moment. For the rocking ground motion Figure 68 primarily highlights that convective modes ( ) mostly influence the masses of the model for low / ratios. Convective modes are known for being characterized by low frequencies. When aspect ratio / is low (i.e. broad tanks), the sloshing frequencies associated to convective modes are also low (cf. Figure 71) and the masses associated to convective modes could be more important than the impulsive ones.

The difference observed for the case of equivalent masses is significantly reduced for the equivalent heights ℎ, ℎ, ℎ' (cf. Figure 69). Analysis that could be made on the height ℎ' is that convective heights are slightly higher than the impulsive heights along the whole range of tested values for / . This difference is almost canceled when / ratio is close to 0.7.

(A) (B)

Figure 71 -Fundamental period of first (A) and second (B) sloshing modes against aspect ratio / and liquid height .

A significant conclusion from works of YANG, VELETSOS, TANG, HOUSNER, HAROUN, etc. and the previously introduced figures, is that aspect ratio / is the controlling parameter of the sloshing modes and that broad tanks will have lower sloshing frequencies and more significant sloshing masses. As sloshing modes are low frequency modes, this component in broad tanks is expected to represent an important part of the global behavior of the system against surface waves.

PARAMETRIC STUDY -MAXIMUM RESPONSE

After having discussed typical results that can be obtained from the selected surrogate model (cf. section 5.4.1) and having shown that aspect ratio / is a controlling parameter of liquid vibrational properties especially for the broad tanks with significative convective components (cf. in section 5.4.2), the results can be now be synthetically presented for the studied soil-fluid-tank configurations (88) subjected to the considered set of seismic signals (1536 signals), and to the associated loading cases (3).

Tank response is examined through the EDPs introduced in section 5.2:

-Hydrodynamic pressure at the base of tank walls, -Tank base shear, -Tank overturning moment due to pressure on walls, -Tank overturning moment due to pressure on base, -Tank total overturning moment, -Height of sloshing wave.

Only the maximum values of these parameters are examined.

The chosen EDPs are plotted against the aspect ratio / to study the influence of this parameters on liquid storage tank response.

Because the objective is still to study the effects of long-period ground motions (mainly associated to surface waves) on identified critical structures, the considered tank EDPs are also plotted against parameters / , and as a continuation of what has been presented for high-rise buildings (cf. section 3) and bridge pylons (cf. section 4). It is recalled that parameter / , is studied for potential resonance phenomena between sloshing modes and RAYLEIGH waves content. Parameter on the other hand, is mainly studied for identifying any significant SSI effects. It is reminded that corresponds to the period of first sloshing mode, , corresponds to the central frequency of RAYLEIGH waves signals (computed following the method 1 of section 2.2.1, applied on acceleration signals) and = corresponds to the normalized shear wave velocity (measure of soil-structure stiffness ratio).

Due to the large volume of processed data, the obtained results are presented in detail in Appendix V. The most characteristic results are presented hereafter to highlight important points. Because the amount of data treated is important, and in order to make the results more visible, Figure 72 is plotted as 2D histograms with colorbars which represent the density of configurations yielding a particular result obtained for a given range of EDP values (plotted in logarithmic scale). The density of points is normalized (this definition is thus analogous to probability density function).

Maximum (spatial and temporal) hydrodynamic pressure at the base of tank walls

First, it can be observed that the maximum hydrodynamic pressure at the base of tank walls appear for low aspect ratios with a clear peak for tanks with / equal to 0.5. The maximum hydrodynamic pressure at tank base is significant for low aspect ratios and decrease gradually as the tanks aspect ratio increase. Also it could be observed that the pressure is systematically below the hydrostatic pressure at this point when the tank is completely filled (with values of normalized pressure below 0.5) and that there is no strong difference between these 3 histograms. However, a slight difference between the envelops of the two first histograms can be observed for broad tanks (low aspect ratio / : typically equal to 0.5) with, for the most important pressures (histograms envelopes), higher hydrodynamic pressures when RAYLEIGH waves are taken into account (ratio of about 1.6 between the extreme values of the hydrodynamic pressure when RAYLEIGH waves is taken into account). For loading case 3, no difference is observed. This does not mean that rocking component do not increase the hydrodynamic pressure at tank base but rather that the extreme values for these 2 loading cases (loading cases 2 and 3), and for the large amount of tank analyses (405,504) are of the same order of magnitude.

Maximum (spatial and temporal) base shear

For total base shear, an opposite trend is observed comparing to the one observed for the maximum pressure at the base of tank walls: more ratio / is high, more the base shear will be important with respect to the maximum fluid weight contained in the tank. Regarding the envelopes of the total base shear for the three loading cases, again, the difference is hardly visible. It is worth noting that there is still a slight difference between histogram envelopes of loading cases 1 and 2 with the most important base shear for low aspect ratios which are higher when RAYLEIGH waves are introduced into the input signals.

For the effect of rocking introduction on histogram envelopes (extreme values), we can also say that none difference is observed.

Maximum (spatial and temporal) overturning moments

An analysis similar to the one made for base shear is also relevant for normalized overturning moments: no significant difference between the envelope of the 3 loading cases histograms is visible but a slight increase can be noticed on the envelope of these moments for the broad tank configurations when RAYLEIGH waves component is taken into account.

The trend between the aspect ratio and the normalized overturning moment due to pressure on tank walls is similar to the trend observed between normalized base shear and aspect ratio, meanwhile the trend of overturning moment due to pressure on base is similar to the maximum pressure at the base of tank walls. For the total overturning moment, which corresponds to the sum of the moment due to pressure on tank walls, as expected, we can clearly see that for broad tanks the total overturning moment is controlled by the pressure on tank base meanwhile for slender tanks the total overturning moment is governed by the pressure on tank walls.

Because the difference between histograms of loading cases 1 and 2 appear for low aspect ratios, with reduced normalized base shear, and because Y-axis range is the same for every EDPs (in order to being able to have a global overview of these quantities), the difference between histograms envelops is even more reduced for the overturning moment due to pressure on walls. None difference between histogram envelops of the normalized overturning moment due to pressure on tank walls can be seen between the load case 2 and the load case 3 on Figure 72.

Maximum (spatial and temporal) heights of sloshing wave

The sloshing wave is known for being associated to low frequency vibrating modes at the free-surface of the fluid. As displayed in section 5.4.2, the frequencies of sloshing waves are controlled by ratio / , with the lowest frequencies for the lowest / ratios. Figure 72 indeed reveals that the largest heights of sloshing waves are obtained for the broad tanks.

Again, the differences between the normalized sloshing waves obtained with loading case 1 and loading case 2 are hardly visible but there are some. The differences are here more diffused along the range of aspect ratio / with differences between histograms envelopes until / equal to 4. For the differences between the loading case 3 and 2, these are not visible on Figure 72.

Globally, it can be noticed that the differences observed between the envelopes of loading cases 1 and 2 are rather limited but present for low aspect ratios (typically / < 1 for the hydrodynamic pressure, the base shear and the overturning moment, and / < 1 for the sloshing waves). In comparison, the differences between the envelops of loading cases 2 and 3 on Figure 72 is no visible. This does not necessarily mean that there is no amplification related to rocking component waves but rather that the adopted method to plot the results (2D histograms with logarithmic scale on color density) does not show any differences on the envelopes of these histograms. For the reason that we cannot statute on the amplification associated to rocking from Figure 72, the amplification associated to rocking is not straightforward from Figure 72. to the loading case without rocking, 3 rd column corresponds to the "total" loading case. Each row corresponds to one EDP of liquid storage tank (maximum response obtained during time-history analysis), normalized, respectively: maximum pressure at the base of tank walls, total base shear, overturning moment due to pressure on walls, overturning moment due to pressure on base, total overturning moment, and height of sloshing wave when the tank is completely fill. Attention is now focused on the amplification when RAYLEIGH waves and rocking are introduced in the analyses. For each signal and for each tank configuration, the amplification ratios between the maximum EDPs obtained for loading case 2 and 1, for loading cases 3 and 2, and for loading cases 3 and 1, are computed. Figure 73 displays, with a similar representation as Figure 72 and the figures in Appendix V, the amplification factors of tank response against aspect ratio / .

The amplification related to the introduction of RAYLEIGH waves corresponds to the first column of Figure 73. The amplifications factors obtained are comprised between about 2.5 and 0.8 for the different EDPs computed. Ratios below 1 are obtained which is explained by the fact that the addition of RAYLEIGH waves to the initial signals devoid of RAYLEIGH waves does not systematically lead to an amplification of signal amplitude (peaks not systematically "in phase"). This also explains why the envelopes of 2D histograms observed for cases 1 and 2 on Figure 72 were similar (for certain range of aspect ratio) and did not clearly reveal the amplification occurring for each configuration. In fact, addition of RAYLEIGH waves component into the signal may or may not increase the maximum response and this is why the amplifications are not easily identified in the envelopes of 2D histograms.

Maximum amplification factors (around 2.5) of EDPs as pressure at the base of tank walls, total base shear, overturning moment due to pressure on tank walls, due to pressure on tank base and due to the total pressure, are generally obtained for low / ratios ( / < 1). For the height of sloshing wave, the amplification factors seem to be nearly insensitive to aspect ratio / with constant distribution along the aspect ratio.

The amplification ratios of the response when the rocking is taken into account are plotted in the second column of Figure 73. This amplification is reduced comparing to the amplification associated to RAYLEIGH waves component. The maximum pressure at the base of tank walls, the total base shear, the overturning moment due to pressure on tank walls and the height of sloshing wave are almost insensitive to the rocking ground motions used in this study with amplification factor equal to 1 along the range of tank configurations tested. For the moment due to the pressure on tank base, and by result the total moment of the system, a slight amplification can be observed (most important amplification factors reach 1.5), and this one mainly occurred for broad tank. This amplification associated to rocking component is reduced but mainly affect tank foundation because the amplifications appeared for the moment due to pressure on tank base. The 2D histograms of tank response amplification factors against the normalized shear wave velocity and against period ratio / , are presented in Appendix V.

The amplification associated to RAYLEIGH wave component seems to be independent of for all considered EDPs. This parameter, which appears as a governing factor for SSI effects (cf. 5.4.3) on tank response does not really appear as governing the amplifications of tank response when RAYLEIGH waves are added to the signal. This trend can also be observed for the amplification factors related to the rocking component: no strong trend is observed between parameter and the amplification factors on the second columns.

A more visible trend is observable on the graphs parametrized on the basis of period ratio / , . A slight peak on RAYLEIGH waves amplification ratios of the normalized pressure, the total base shear and the overturning moment can be seen for period ratios around 1. This peak is actually expected within the model as it highlights a resonance phenomenon between RAYLEIGH waves frequency content and the first sloshing mode. For the height of sloshing wave, the trend of RAYLEIGH waves amplification factor is more diffused and less illustrate one peak (which could be interpreted as a resonance peak). The amplification associated to rocking component is here again more diffused and seems to be noncharacterized by a resonance phenomenon between RAYLEIGH waves central period and the period of 1 st sloshing mode.

The previously displayed histograms contain a very large number of data points (405,504) and a 2D representation as these results can hardly be used to have a clear idea of the order of magnitude of maximum amplification ratios obtained for each component, and if these amplification ratios correspond to rather isolated values or are more generalized. The distribution of the amplification ratios due to RAYLEIGH wave shows that for the pressure at the base of tank walls, the total base shear, and the overturning moments, the amplification factors of the response can reach values comprised between 2 and 2.5 but for majority of the analyses the amplification is comprised between 0.9 and 1.1. For the height of the sloshing wave, the distribution is different with maximum values around 3 and a more distributed distribution with an important part of the amplification factors beyond 1.5 (more than 30% of the results).

As displayed on Figure 73, the amplification factors obtained for the rocking components are significantly lower with values that can reach up to 1.5 at certain cases. Figure 74 highlights that these results represent a really small proportion, with almost 90% of the results that are equal to 1 (even bigger proportion for the height of sloshing wave).

The results obtained for this study are, for the RAYLEIGH waves component, similar to the ones obtained for the case of study of high rise buildings (the elastic study case) with RAYLEIGH waves amplification factors up to 3, and this using another way of getting signals rich in surface waves (stochastically generated within the Specific Barrier Model). For the amplification associated to rocking, results are similar to the ones obtained for bridge pylons and high rise buildings: majority of structural configurations are unaffected by rocking component, and when they are the amplification is reduced. corresponds to the amplification due to RAYLEIGH waves, 2 nd column corresponds to the amplification due to rocking, 3 rd column corresponds to the "total" amplification. Each row corresponds to one EDP, respectively, the maximum pressure at the base of tank walls, the total base shear, the overturning moment due to pressure on walls, the overturning moment due to pressure on base, the total overturning moment, and the height of sloshing wave. The convective components are characterized by long periods and accordingly liquid storage tanks appear as potential critical infrastructure when excited by long period ground motions that can appear on sedimentary sites due to the presence of strong surface wave components.

The surrogate model used in this study is an analytical model based on LAPLACE potential flow equation and HOUSNER equivalent representation of liquid storage tank system. Although the surrogate model is much simpler as compared to possible FEM modeling of tank and fluid domains, interesting intermediate Engineering Demand Parameters (EDPs) such as hydrodynamic pressure at the base of tank walls, total base shear, overturning moments due to pressure on tank walls and tank base, and the height of sloshing wave, can be readily computed within the model. These EDPs are useful to characterize tank failure modes as elastic buckling, post-elastic buckling, uplifting, height of sloshing wave, etc.

An important parametric study is performed to characterize the effects of RAYLEIGH waves and rocking component on liquid storage tank response. The study is primarily parametrized on the basis of tank-fluid-soil parameters with different tank geometry, soil types, liquids, etc. and is conducted for a large number of synthetic signals (generated within the Specific Barrier Model) corresponding to a large range of seismic scenarios. Three loading cases are defined after that to study separately the effects of each component.

Main controlling parameter of the response of the structure is the ratio tank liquid height divided by tank radius. This parameter controls the sloshing frequencies, the division of impulsive/convective components, and consequently the hydrodynamic forces on the tank. The correlation between aspect ratio and tank response/amplification associated to RAYLEIGH waves/rocking component is investigated. The results of this study are also parametrized following other parameters such as fill ratio, liquid density, parameters controlling SSI effects and potential resonance phenomena between RAYLEIGH frequency content and the sloshing frequencies. Results highlight that broad tanks (exhibiting low aspect ratio), on most of the EDPs computed, are the most impacted by the RAYLEIGH waves and by the rocking component.

A quantification of the additional demand associated to each component (RAYLEIGH waves and rocking) and the distribution of this additional demand is also studied through the large number of results generated in this study. Results displayed amplification factors that can reach 2.5/3 when RAYLEIGH waves are taken into account and rocking amplification factors that are close to 1 for a large part of tank configurations and that can really punctually reach values of 1.5.

CONCLUSIONS 6.

The present research work is focused on the study of the effects of long period ground motions, often composed of strong surface waves components (mainly generated at the edges of sedimentary basins), on the seismic response of three types of structures identified as potentially vulnerable to this kind of seismic ground motions: high-rise buildings, bridge pylons and liquid storage tanks (long period vibrating structures). This study is realized with simplified surrogate models in order to manage large parametric studies aiming at identifying critical configurations and trends between the response of these structures subjected to long period ground motion and potential controlling parameters.

The first section of the report (2) introduces the input signals used in the study. Two types of signals are used: a) site-recorded signals (recorded on sedimentary sites and known for having a strong surface waves component) and b) synthetically generated signals (generated within the Specific Barrier Model, adapted to generate strong surface waves components). On the basis of these signals, different loading cases are defined to study the response of the structures when signals contain or not a strong surface waves content. This loading case definition implies that the signals can be devoid of their surface waves component, which has herein been made possible for the site-recorded signals thanks to an extraction procedure of RAYLEIGH waves (characterized by an elliptical polarization). Because RAYLEIGH waves are elliptically polarized, it was also decided to study the effects of rocking motion, often associated to the presence of RAYLEIGH waves.

In section 3 of the report, we study the effects of RAYLEIGH waves and rocking component on the dynamic behavior of high-rise buildings. The proposed surrogate is a semi-analytical model and the analyses are decomposed in two steps: a) an elastic (i.e. linear) analysis and b) an inelastic analysis. Two loading cases are used: one with high rise buildings subjected to translational, site-recorded signals devoid of RAYLEIGH waves and another one with the same signal but containing RAYLEIGH waves and the associated rocking components. A set of 10 signals are used and the study is parametrized on the basis of superstructure properties. Results highlight non-negligible additional demand between the two loading cases. Two parameters are introduced in this section: a) the ratio between the superstructure fundamental period with fixed base conditions and the central period of extracted RAYLEIGH wave signal and b) the normalized shear wave velocity, which is a characteristic measure of relative soil-structure stiffness. Some correlations between these parameters and the response of the high-rise buildings are observed (one potentially characterizing resonance phenomenon and the other characterizing strong SSI effects). However, the additional demand associated to RAYLEIGH waves is not strongly correlated with these parameters. This additional demand due to RAYLEIGH waves can reach values up to 2/3 for weakly nonlinear cases and values up to 10 for strongly nonlinear ones.

Following the investigations on high-rise buildings, an analysis of bridge pylons response subjected to RAYLEIGH waves and rocking is presented in section 4. The proposed surrogate model for bridge pylons is a reduced FE nonlinear model with an advanced representation of nonlinear soil-structure interaction using a nonlinear foundation macroelement. Two signals are added to the signals database used in the study for high-rise buildings and an additional loading case is added in order to study separately the effects of RAYLEIGH waves and rocking component. The analyses are managed through an Incremental Dynamic Analyses procedure to cover a wider range of signals intensity and to take advantage of the advanced representation of nonlinearities within the model. Pylon configurations are parametrized on the basis of their height (to cover a wide range of fundamental periods) and on the basis of their foundation dimensions (to study either conventional foundation design which places majority of the nonlinearity in the superstructure or an "innovative" foundation design which uses soil nonlinearities to reduce seismic forces in the superstructure). The results display an amplification of the response associated to RAYLEIGH waves translational component, with orders of magnitude similar to the ones obtained for the strongly nonlinear high-rise buildings (amplification factors up to 10 for the most important Engineering Demand Parameters of the structure, but these are local values, majority of the results are around 3). No strong correlation of the amplification due to RAYLEIGH waves is observed with respect to the period ratio and the relative soil-structure stiffness parameter. We draw attention to the period elongation associated to post-elastic stiffness reduction which could lead to a resonance phenomenon between pylons which originally have short-moderate vibrating periods and RAYLEIGH waves frequency content. For the rocking component estimated following the process presented in section 2.1.2, the additional demand was here negligible. Additionally, it was observed that the results obtained for the two foundation designs tested with respect to the most important EDPs associated to each foundation design were of the same order of magnitude (ductility demand in pylon base for conventional foundation design, and cumulative foundation settlement for innovative foundation design).

Section 5 of the report focuses on the response of liquid storage tanks subjected to synthetic signals generated within the Specific Barrier Model (in a stochastic framework). The same three loading cases as defined in the study of bridge pylons are considered. The proposed surrogate is a semi-analytical elastic model based on the LAPLACE potential flow equation and the HOUSNER equivalent model. A large parametric study is performed for studying the influence of commonly varying tank parameters such as tank aspect ratio (liquid height divided by tank radius), fill ratio, liquid density, soil properties etc. Tank response is evaluated within the model for the three loading cases and the results are analyzed to identify the potential controlling parameters for additional demand associated to RAYLEIGH waves and rocking components. The tank aspect ratio is identified as the most important parameter whereas tank fill ratio and liquid density appear as less relevant parameters. The amplification factors of tank response when RAYLEIGH waves are introduced into the input signal reach values up to 2.5/3, which is comparable to the amplification factors of the high-rise buildings maximum drifts / roof displacements for the linear case. As for bridge pylons and high-rise buildings the RAYLEIGH waves amplification factors of tank response seems uncorrelated with respect to the relative soil-structure stiffness, and slightly correlated to the period ratio (here the fundamental period of the fixed base superstructure is replaced by the period of the first sloshing mode) in particular for the height of the sloshing wave inside the tank. The graphs parametrized against the tank aspect ratio highlight broad tanks as the most vulnerable ones to RAYLEIGH waves. For the rocking, amplification obtained are negligible for most of tank configurations tested but can punctually affect the moment applied on foundation system with amplification factors around 1.5 for broad tank configurations. 
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  , different techniques are available to obtain seismic signals: -Directly record the ground motion with seismometers: recorded signals, -Model, numerically, the source and the seismic wave propagation: numerically generatedwave propagation model, -Generate, based on the physical properties of the phenomenon, synthetic signals using a stochastic framework: numerically simulatedstochastic process.

  6.51E-02 6.51E-02 6.69E-02 6.69E-02 5.04E-02 5.04E-02 3.51E-02 3.51E-02 3.14E-02 3.14E-02 4.00E-02 4.00E-02 Nyquist frequency [Hz]

Figure 1 -

 1 Figure 1 -Record TKY018 -Translational time-histories (column 1: total motions; column 2: motion resulting from RAYLEIGH waves).

Figure 2 -

 2 Figure 2 -Record TKY018 -Estimated rocking time-histories (column 1: total rotation; column 2: rotation from RAYLEIGH waves).

Figure 3 -

 3 Figure 3 -Records response spectra of total translational ground motions of unscaled records

Figure 4 -

 4 Figure 4 -Amplitude of FOURIER transform (A) and discrete STOCKWELL transform (B) of CHB026 total horizontal acceleration signal (C). Respectively: , , , .

Figure 5 -

 5 Figure 5 -Specific Barrier Model schematic representation (source: HALLDORSSON and PAPAGEORGIOU [27]).

Figure 6 -

 6 Figure 6 -Translational time histories of synthetic signal generated within the Specific Barrier Model: Mw=7.0, EC soil class: D, J-B distance: 150km, basin edge-site distance: 20km, surface waves amplification factor: 3.0, surface waves central frequency: 0.15Hz).

Figure 7 -

 7 Figure 7 -Translational response spectra of synthetic signal generated within the Specific Barrier Model: Mw=7.0, EC soil class: D, J-B distance: 150km, basin edge-site distance: 20km, surface waves amplification factor: 3.0, surface waves central frequency: 0.15Hz).

Figure 8 -

 8 Figure 8 -Rocking time histories of synthetic signal generated within the Specific Barrier Model: Mw=7.0, EC soil class: D, J-B distance: 150km, basin edge-site distance: 20km, surface waves amplification factor: 3.0, surface waves central frequency: 0.15Hz).

Figure 9 -

 9 Figure 9 -Rocking response spectra of synthetic signal generated within the Specific Barrier Model: Mw=7.0, EC soil class: D, J-B distance: 150km, basin edge-site distance: 20km, surface waves amplification factor: 3.0, surface waves central frequency: 0.15Hz).

Figure 10 -

 10 Figure 10 -High-rise building surrogate model (source: MEZA FAJARDO and PAPAGEORGIOU [23]).

Figure 11 -

 11 Figure 11 -Distribution of soil structure parameters for the selected buildings configurations (source:MEZA FAJARDO and PAPAGEORGIOU[START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF]).

= ( 3 . 49 )

 349 Both translational and rocking seismic components are taken into account: transfer function is a 2×2 matrix with terms , , , . Input parameters for the definition of transfer function are: ⁄ ; ⁄ ; ⁄ ; ⁄ ; ; ; ; ; ; ; and ̃, which designates the normalized circular frequency of the excitation ( ̃= / ). Parametric studies introduce for each parameter a variation along a well-established range and compute the associated transfer functions. Recognizing that the normalized circular frequency of the excitation ̃ and the normalized shear wave velocity are fundamental parameters in the transfer function, various 3D surfaces of the transfer function (the diagonal terms) are plotted against ̃ and .

Figure 12 Figure 12 -

 1212 Figure 12 displays the results obtained when the varying input parameter is the fundamental period of the structure . Transfer function | | is related to translational movement while | | is related to rocking seismic component. Amplitude of transfer function | | shows clearly the different structural modes. It can be seen that | | amplitude is higher for the first modes. This is a significant indication on the rocking component, which seems to have more influence in the low-frequency content. Another analysis can be made on the rocking seismic component: the transfer function | | only increases with the fundamental period of the structure for very low values of ̃ and a certain range of .

Figure 13 -

 13 Figure 13 -Transfer function of free field movement against the normalized circular frequency of the excitation movement ̃ and the normalized shear wave velocity σ. Surfaces are parametrized on: (A) the mass ratio s/ ; (B) the structural parameter α; (C) the structural damping ratio ; (D) the soil damping ratio tanζ; (E) the stiffness ratio δ (Source: MEZA FAJARDO and PAPAGEORGIOU [22]).

Figure 14 -

 14 Figure 14 -Maximum roof displacement (A)(B) and maximum drift (C)(D) for the 40 selected building configurations, subjected to 10 recorded input ground motions, not treated. Results are plotted over the ratio of fundamental period of the structure by central period of RAYLEIGH waves 1/ ,and over the stiffness ratio (source: MEZA FAJARDO and PAPAGEORGIOU[START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF]).

Figure 15 Figure 15 -

 1515 Figure 15 shows a comparison of the EDPs between the signals without RAYLEIGH waves and the signals with RAYLEIGH waves. This comparison is simply made by dividing the results obtained for the first excitation scenario (total records) by the results obtained from the second excitation scenario (records devoid of surface wave component). Values larger than 1 indicate a more pronounced structural response when surface waves are taken into account.It is clear on Figure15that RAYLEIGH waves can considerably increase the structural response. The more sensitive structural configurations are the tallest ones. The displacement at the top of the building, with the RAYLEIGH waves, can be 4 times higher than the same displacement, without RAYLEIGH waves. By not taking this component into account, the structural response could be strongly underestimated.(A) (B)

Figure 17 -

 17 Figure 17 -Ductility demand against the normalized shear wave velocity, subjected to signals with and without RAYLEIGH waves, for different material parameters ̅̅̅̅ y and k. (source: MEZA FAJARDO and PAPAGEORGIOU [23]).

Figure 18

 18 Figure 18 displays the ductility demand with structures subjected to signals with RAYLEIGH waves divided by the ductility demand of the structures subjected to signals without RAYLEIGH waves (presented on Figure17). It can be seen that ductility demand of the structure subjected to "complete" signals (with RAYLEIGH waves) can be 15 times higher than the ductility demand for structures subjected to signals without RAYLEIGH waves. This increase in ductility demand is even more significant when the yield drift ratio is small and the structure reaches rapidly the yield point.

Figure 18 -

 18 Figure 18 -Ductility demand of structures subjected to "complete" signal, normalized by the ductility demand obtained for signals without RAYLEIGH waves, against the normalized shear wave velocity, for different material parameters ̅̅̅̅ y and k. (source: MEZA FAJARDO and PAPAGEORGIOU [23]).

Figure 19 -

 19 Figure 19 -Ductility demand above 1 against the normalized shear wave velocity for different yield drift ratios and different post yielding stiffness ratios (source: MEZA FAJARDO and PAPAGEORGIOU [23]).

Figure 20 -

 20 Figure 20 -Ductility demand obtained with the first mode of the structures, normalized with the ductility demand obtained with the 5 first mode of the structure, against the normalized shear wave velocity, for different yield drift ratios (source: MEZA FAJARDO and PAPAGEORGIOU [23]).

  and technically described in the following paragraphs 4.1.1 and 4.1.2.

Figure 21 -

 21 Figure 21 -Surrogate model for bridge pylons (source: CHATZIGOGOS et al. [39]).

Figure 23 -

 23 Generalized forces (A) and kinematic variables (B) of square foundation.

Figure 24 -

 24 Figure 24 -Near-field/Far-field soil decomposition assumption.

. 3 )

 3 And ̃ the generalized tangent stiffness matrix, normalized as follows:̃= ) (4.4)̃ , ̃ up , ̃ s , ̃ sp are the different components of total normalized displacement increment, respectively: linear part, uplift component, sliding component, soil plasticity component.

Figure 25 -

 25 Figure 25 -Soil bounding surface for hypoplastic formulation (source: CHATZIGOGOS [40]).

Figure 26 -

 26 Figure 26 -Sliding criterion for purely cohesive interface (source: CHATZIGOGOS [41]).

4. 1 . 3 FEM

 13 -NUMERICAL MODELLING As for the high-rise buildings calculations, the surrogate model has for objective to compute the response of the structure subjected to seismic signals (time-history signals).

4. 2

 2 .1 SUPERSTRUCTURE PARAMETERS Superstructure of surrogate model proposed by CHATZIGOGOS et al. is fully characterized by the following input parameters (defined in paragraph 4.1.1): ; ; ; ; ; ; ; ; ; ; K ; C .

Figure 27 -

 27 Figure 27 -Diagram of tested bridge pylon configurations.

Figure 28 -

 28 Figure 28 -Example of multisignal IDA procedure.

Figure 29 -

 29 Figure 29 -Loading configurations for the study of RAYLEIGH waves and rocking effects on bridge pylons.

Figure 30 -

 30 Figure 30 -IDA tree view of structural configurations tested.

Figure 31 -

 31 Figure 31 -Schematical representation of IM efficiency.

  Spectral acceleration for the fundamental mode and 5% arbitrary damping:

Figure 32 -Figure 33 -

 3233 Figure 32 -Peak Ground Displacement against Maximum Structural Drift scatter graph. (A) P30L (B) P40L (C) P50L (D) P60L.

Figure 34 -

 34 Figure 34 -Scatter graphs of Peak Ground Acceleration against Curvature Ductility Ratio of P30L (A) Maximum Structural Drift of P30L (B) Foundation Settlement of P30L (C).

Figure 35 -

 35 Figure 35 -Intensity Measure diagram.

Figure 36 -

 36 Figure 36 -Structural behavior of P30L subjected to TCU112 signal, scaled up to a PGV of its body waves component equal to 100cm/s.

Figure 37 -

 37 Figure 37 -Structural behavior of P30S subjected to TCU112 signal, scaled up to a PGV of its body waves component equal to 100cm/s.

Figure 38 -

 38 IDA Curves: PGV of body waves signals against Maximum Moment at pylon base (A)P40S (B)P40L.

Figure 39 -

 39 IDA Curves: PGV of body waves signals against Curvature ductility ratio at pylon base (A)P40S (B)P40L.

Figure 40 -

 40 Figure 40 -IDA Curves: PGV of body waves signals against Maximum Structural Drift at the top of the pylon (A)P40S (B)P40L.

Figure 41 -

 41 Figure 41 -IDA Curves: PGV of body waves signals against Foundation Settlement (A)P40S (B)P40L.

Figure 42 -

 42 Figure 42 -IDA Curves: PGV of body waves signals against Maximum Total Drift (A)P40S (B)P40L.

  .

4. 4 . 3

 43 MULTIPLE CONFIGURATION IDA CURVES Paragraph 4.4.2, with the analyses of the results obtained for IDA procedure on P40S and P40L, allows to identify the critical DMs for the two foundation designs herein studied. Paragraph 4.4.2 also highlights the effects of surface waves and rocking seismic component on P40S and P40L. Present section intends to generalize the previous analyses to the entire range of tested pylons configurations by focusing only on the critical DMs associated to these configurations. This section also studies the effect of pylon height on the results. Small foundation configurations Previously identified critical DMs for small foundation configurations are the foundation settlement and the maximum total drift. Analyses made in paragraph 4.4.2 on the effect of RAYLEIGH waves and rocking seismic component (on P40S), are consistent with Figure 43 which displays the results obtained for the small foundation configurations: P21S, P30S, P40S. Each column of the figure corresponds to a loading case (without surface waves, with surface waves, with rocking) and each row to a DM identified as critical.

Figure 43 -

 43 Figure 43 -IDA curves: PGV of body waves signals against (A)(B)(C) the Maximum Total drift (D)(E)(F) the Foundation Settlement.

Figure 44 -

 44 Figure 44 -IDA curves: PGV of body waves signals against (A)(B)(C) the maximum moment at pylon base (D)(E)(F) the Curvature Ductility Ratio (G)(H)(I) the Maximum Structural Drift.

Figure 45 -

 45 Foundation Settlement against the fundamental period of the fixed base pylon normalized by the central period of the RAYLEIGH waves signals (computed with different methods).

Figure 46 -

 46 Figure 46 -Maximum Structural Drift against the fundamental period of the fixed base pylon normalized by the central period of the RAYLEIGH waves signals (computed with different methods).

H) Figure 47 -

 47 Curvature Ductility Ratio obtained for loading case 2 normalized by the Curvature Ductility Ratio obtained for loading case 1 against the fundamental period of the fixed base pylon normalized by the central period of the RAYLEIGH waves signals (computed with different methods).

Figure 48 -

 48 Bridge pylons critical DMs obtained for loading case 3 against the normalized shear wave velocity.

Figure 48 Figure 49 -

 4849 Figure 48 is given for the loading case 3 and presents the dependence of maximum structural drift on the normalized shear wave velocity. Concerning the amplification of the response due to RAYLEIGH waves, Figure49presents the results obtained for loading case 2 normalized by the results obtained for loading case 1.

Figure 50 Figure 50 -Figure 51 -

 505051 Figure 50 displays the amplification of the response when RAYLEIGH waves are taken into account by normalizing the results obtained for the loading case 2 by the results obtained for the loading case 1. Graphics on Figure 50 corresponds to the distribution (histogram) of this amplification obtained for the study cases and for each given Engineering Demand Parameter: horizontal axis corresponds to

Figure 2 )Figure 52 -

 252 : rotations are below 1‰, which cannot induce "significant" amplification. Majority of amplification factors are below 1.05. Distribution of response amplification due to rocking.

-:

  The radius of the tank, -: The height of the liquid inside the tank, -: The height of the tank, ℓ : The density of the liquid inside the tank, -: The liquid damping ratio, -: The thickness of the tank walls, -: The density of tank wall material, -: The thickness of foundation, -: The density of foundation material, -: The density of soil material, -: The soil shear wave velocity, -: The soil POISSON ratio.

Figure 53 -

 53 Figure 53 -Liquid-storage tank input parameters.

5 ) 9 )

 59 Then the hydrodynamic pressure is expressed using the following relation:, , , = ℓ (5.6)The global horizontal forces (i.e. global base shear ) and overturning moment generated by the hydrodynamic pressure on walls ( ) and on tank base (Δ ) can be obtained by spatially integrating this pressure along the tank walls:The height of the sloshing wave, , can also be obtained by integrating the vertical velocity component of the fluid, , at the free surface: the model, introduced by HOUSNER [73][START_REF] Housner | The Dynamic Behavior of Water Tanks[END_REF] for the case of rigid tank, consists in replacing the fluid inside the tank by an impulsive mass rigidly connected to tank walls and multiple convective masses = , … ,

Figure 54 -

 54 Figure 54 -HOUSNER equivalent model for rigid tanks.

N°1

  

Figure 58 and

 58 Figure58and Figure59display the terms ℎ , ℎ , , (cf. eq. (5.90) (5.91)) against normalized frequency . These terms are then multiplied by the associated static stiffness to find the frequencydependent impedances matrix. As a simplification measure, it is assumed that foundations are surface foundations and their diameters are equal to tank diameters.

Figure 58 -Figure 59 -

 5859 Horizontal stiffness (A) and damping (B) coefficients against normalized frequency . Rotational stiffness (A) and damping (B) coefficients against normalized frequency .Thanks equations (5.102) to (5.105) matrix is computed. The combination of matrix and impedances matrix allow to compute the transfer matrix between free-field ground motion and foundation base motion.

Figure 60 andFigure 60 -Figure 61 -

 606061 Figure 61 display the evolution of and terms, obtained for the selected tank/fluid/soil configuration. Variation of matrix terms with frequency. Evolution of matrix terms against frequency.

Figure 61 (

 61 Figure 61 (B) and Figure61(C) highlight an important feature of the model: to take into account soilstructure interaction following the procedure of VELETSOS and TANG[START_REF] Veletsos | Soil-structure interaction effects for laterally excited liquid storage tanks[END_REF], transfer matrix introduces a rocking component at foundation base (with non-zero non-diagonal terms) whether the considered input movements already takes into account the rocking or not. This mean that even for loading cases 1 and 2, which are devoid of rocking ground input motion, a foundation rotation will be generated by the free-field translational component when it is transferred to the foundation base.

Figure 66 -

 66 Figure 66 -Pseudoacceleration functions associated to second sloshing mode: (A) in translation and (B) in rocking.

Figure 67

 67 Figure 67 displays the transient base shear at the base of the tank. As for each selected EDP, each component (impulsive component, convective component, tank inertia component, due to translational motion, due to rocking) is computed separately.The maximum values of each component are extracted and subsequently combined using a SRSS method for the components for which we do not know if their maximums will be obtained for the same instant and with the same direction.

Figure 67 -

 67 Figure 67 -Transient base shear due to hydrodynamic pressure on tank walls.

Figure 70 -

 70 Figure 70 -Impulsive moment of inertia to transmit the moment due to rocking ground motion. (A) moment of inertia due to pressure on walls (B) moment of inertia due to pressure on base (C) global moment of inertia.

Figure 72

 72 Figure 72 primarily displays the trends of tank response against aspect ratio / . Each column corresponds to one loading case (column 1: translational signals without RAYLEIGH waves, column 2: translational signals with RAYLEIGH waves, column 3: translational and rotational signals with RAYLEIGH waves). Each row corresponds to one EDP among the EDP list cited above. These EDPs are normalized, respectively by the hydrostatic pressure, the liquid weight, the product of liquid height times liquid weight and the height of liquid inside the tank for the height of the sloshing wave.

Figure 72 -

 72 Figure[START_REF] Jacobsen | Impulsive Hydrodynamics of Fluid Inside a Cylindrical Tank[END_REF] -2D histograms of liquid storage tank response against aspect ratio / . 1 st column corresponds to the loading case without rocking and without RAYLEIGH waves, 2 nd column corresponds to the loading case without rocking, 3 rd column corresponds to the "total" loading case. Each row corresponds to one EDP of liquid storage tank (maximum response obtained during time-history analysis), normalized, respectively: maximum pressure at the base of tank walls, total base shear, overturning moment due to pressure on walls, overturning moment due to pressure on base, total overturning moment, and height of sloshing wave when the tank is completely fill.

5. 4 . 4

 44 PARAMETRIC STUDY -RESPONSE AMPLIFICATION DUE TO RAYLEIGH WAVES AND ROCKING COMPONENT Section 5.4.3 displays tank maximum response for each loading case and has for objective to visualize the global trends of tank response against commonly varying parameters when the signals either contain or not RAYLEIGH waves/rocking components.

Figure 74

 74 Figure 74 displays the distribution of the amplification factors (that have been displayed on Figure 73 as 2D histograms) as cumulative, normalized 1D histograms. Each row of this figure corresponds to one of the previously defined EDP. Column one corresponds to the normalization of the results obtained for the loading case 2 by the results obtained for the loading case 1: amplification associated to RAYLEIGH waves. The second and third columns display the amplification associated respectively to rocking component and both RAYLEIGH waves and rocking components.

Figure 73 -

 73 Figure[START_REF] Housner | Dynamic pressure on accelerated fluid container[END_REF] -2D histograms of liquid storage tank amplification ratios against aspect ratio / . 1 st column corresponds to the amplification due to RAYLEIGH waves, 2 nd column corresponds to the amplification due to rocking, 3 rd column corresponds to the "total" amplification. Each row corresponds to one EDP, respectively, the maximum pressure at the base of tank walls, the total base shear, the overturning moment due to pressure on walls, the overturning moment due to pressure on base, the total overturning moment, and the height of sloshing wave.

Figure 74 -

 74 Figure 74 -Normalized cumulative distribution of response amplification due to RAYLEIGH waves and rocking component.
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 - Earthquakes -General data -Records Intensity Measures. ............................................................... 5
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 - Input parameters of surrogate model proposed by MEZA FAJARDO and PAPAGEORGIOU. ......21Table -Soil-structures parameters retained for high-rise buildings studies (source: MEZA

  Two different ways for obtaining seismic signals with surface waves are used in this document: -Extract surface waves from recorded signals, known for containing surface waves (seismic record station on sedimentary basins, etc.), -Extract surface waves from "numerically generated" signals: synthetic signals generated with Specific Barrier Model (within a stochastic framework).

	Τhe

methodology for surface wave extraction from recorded signals is presented in the following paragraphs. The methodology employed to "numerically generate" seismic signals with surface waves is briefly presented in section 2.2.

Table 1 -

 1 Earthquakes

	-Records Intensity Measures.
	-General data

Niigata-ken Chuetsu Chi-Chi aftershock 1803 Tohoku

  

	2011	9	29	12.50 12.50	1.1494 1.7348	0.2516 0.3572	0.1004 0.1032	0.9748 2.0134	23.282 32.197	103.3 95.4
				15.92	0.3559	0.1169	0.0891	0.0613	3.630	43.3
	1999	6.2	60	14.26 15.92	0.3970 0.4547	0.1419 0.1470	0.1203 0.1030	0.0853 0.0912	5.438 4.631	62.0 47.8
				14.26	0.3624	0.1630	0.1322	0.1097	6.349	58.3
	2010	7.2	206.7	9.92 9.92	0.1789 0.1732	0.0349 0.0326	0.0570 0.0410	0.0094 0.0103	1.717 1.666	46.0 40.8
				7.48	0.1477	0.0279	0.0227	0.0134	3.170	157.7
	2004	6.8	300	7.68 7.48	0.0743 0.2566	0.0136 0.0320	0.0103 0.0199	0.0019 0.0175	0.830 2.686	87.9 70.2
				7.68	[m/s2] 0.0600	[m/s] 0.0131	[m] 0.0123	[m/s] 0.0022	[m/s] 1.556	[s] 243.3
					Maximum Acceleration	Maximum Velocity	Maximum Displacement	Arias Intensity	CAV	Effective Duration

Table 2 -

 2 Characteristic frequencies of extracted RAYLEIGH waves signals with different methods.

Acceleration signals Displacement signals propagation

  . Parameters of this model are calibrated on the basis of strong motion databases specific to a geographical area. An important preliminary step is necessary, before generating signals adapted to a specific geographical area: this is to consider the numerous variables associated to wave generation, propagation, etc.

	N/N	[-]	1	2	3	4	5	6	7	8	9	10	11	12
	Record Name	[-]	CHB026 CHB013 SIT011 TKY015 GVDA10 GVDA00 TCU140 TCU145 TCU118 TCU112 TKY020 TKY018
	Method 1	[Hz]	0.218	0.208	0.188	0.173	1.836	0.125	0.220	0.202	0.197	0.189	0.969	0.780
	Method 2	[Hz]	0.203	0.208	1.104	0.184	1.953	3.335	0.206	2.501	3.355	0.803	3.505	0.784
	Method 3	[Hz]	0.384	0.350	0.926	0.531	1.907	2.438	0.553	0.963	1.049	1.054	1.707	1.320
	Method 4	[Hz]	0.311	0.296	0.731	0.360	1.746	2.046	0.306	0.530	0.585	0.631	1.415	1.091
	Method 1	[Hz]	0.210	0.207	0.184	0.169	0.085	0.085	0.136	0.126	0.197	0.181	0.145	0.146
	Method 2	[Hz]	0.148	0.169	0.179	0.173	0.115	0.120	0.185	0.185	0.189	0.173	0.139	0.145
	Method 3	[Hz]	0.187	0.203	0.194	0.175	0.112	0.115	0.173	0.168	0.196	0.191	0.228	0.300
	Method 4	[Hz]	0.181	0.197	0.188	0.173	0.107	0.110	0.169	0.162	0.193	0.186	0.190	0.232

Table 3 -

 3 Input parameters of surrogate model proposed by MEZA FAJARDO and PAPAGEORGIOU.

Table 4 -

 4 Soil-structures parameters retained for high-rise buildings studies (source: MEZA FAJARDO and PAPAGEORGIOU[START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF]).

	N°Name	Direction	Height (m)	R x (m)	R ψ (m)	Period (s)	Structural System	c s (m/s)	ξ j α	δ
	1	Eureka Silvercrest Apts,	1	9	17 23 0.22	Shear wall	214 3 0.5
	2	Eureka Silvercrest Apts,	2	9	17 13 0.15	Shear wall	214 3 0.5
	3	Hollister 1-St,	1	9	30 23 0.71	Shear wall	153 3 0.5
	4	LA6-St, Pkg, Garage	1	12	48 47 0.52	Shear wall	265 3 0.4
	5	LA6-St, Pkg, Garage	2	12	16 14 0.28	Shear wall	195 3 0.4
	6 Sylmar Olive View Med, Cen	1	19	38 40 0.37	Shear wall	341 3 0.29
	7 Sylmar Olive View Med, Cen	2	19	38 40 0.26	Shear wall	341 3 0.29
	8	Ventura 12-St	1	21	19 14 0.53	Shear wall	270 3 0.25
	9	San Bruno 9-St	1	20	22 18 0.97	Shear wall	279 3 0.25
	10	La 17-St,	1 347 3 0.2 28 23 11 0.9 Shear wall 17 21 26 0.64 Dual wall/frame 212 5 0.29
	17	Hayward City Hall	1	26	20 16 1.11	Concrete frame	674 30 0.2
	18	Hayward City Hall	2	26	20 25 0.85	Concrete frame	674 30 0.2
	19	LA 9-St	1	27	15 12 1.25	Concrete frame	268 30 0.2
	20	LA 9-St	2	27	20 20 1.04	Concrete frame	268 30 0.2
	21	LA 32-St,	1	91	28 28 1.84	Concrete frame	408 30 0.1
	22	San Jose 3-St, Offc, Bldg,	1	11	26 21 0.67	Steel frame	805 30 0.5
	23	San Jose 3-St, Offc, Bldg,	2	11	26 34 0.66	Steel frame	805 30 0.5
	24	Lancaster 5-St, Hospital	1	12	30 25 0.69	Steel frame	305 30 0.4
	25	Lancaster 5-St, Hospital	2	12	30 37 0.71	Steel frame	305 30 0.4
	26	LA 6-St, Offc,	1	17	7	6	0.82	Steel frame	192 30 0.29
	27	LA 15-St, Offc, Bldg,	1	53	40 34	3.2	Steel frame	354 30 0.11
	28	LA 15-St, Offc, Bldg,	2	53	40 49	3.1	Steel frame	354 30 0.11
	29	LA 19-St, Offc, Bldg,	1	67	28 23 3.45	Steel frame	299 30 0.1
	30	LA 19-St, Offc, Bldg,	2	67	28 34 3.89	Steel frame	299 30 0.1
	31 LA Wadsworth VA Hospital	1	24	58 61 0.92	Steel frame	299 30 0.22
	32	Norwalk 12400	2	21	28 32 1.54	Steel frame	223 30 0.25
	33 Norwalk 12440 Imp, Hwy,	1	22	43 32 1.32	Steel frame	242 30 0.25
	34 Norwalk 12440 Imp, Hwy,	2	22	43 59 1.22	Steel frame	242 30 0.25
	35 San Bernardino Vanir Tower	1	23	17 16 2.01	Steel frame	258 30 0.22
	36 San Bernardino Vanir Tower	2	23	17 18 2.08	Steel frame	258 30 0.22
	37	San Francisco 47 St,	1	126	26 24 5.03	Steel frame	146 30 0.1
	38	San Jose 13 st,	1	33	25 26 2.13	Steel frame	221 30 0.17
	39	San Jose 13 st,	2	33	25 26 2.17	Steel frame	221 30 0.17
	40	LA-54-St,	1	126	29 27	5.7	Steel frame	401 30 0.1

2 11 Emeryville Pacific Pk, Plaza 1 66 27 29 2.45 Dual wall/frame 137 5 0.1 12 Emeryville Pacific Pk, Plaza 2 66 27 29 2.65 Dual wall/frame 137 5 0.1 13 El Centro Imp, Co, Ser, Bldg, 1 16 19 17 0.5 Dual wall/frame 141 5 0.33 14 El Centro Imp, Co, Ser, Bldg, 2 16 19 21 1.25 Dual wall/frame 141 5 0.33 15 Indio 4-St, Gov't Offc, Bldg, 1 17 21 18 0.66 Dual wall/frame 212 5 0.29 16 Indio 4-St, Gov't Offc, Bldg, 3.3.2 STRUCTURAL PARAMETERS AND

Table 6 -

 6 Lower and upper limits of bridge pylons structural input parameters.

Table 7 -

 7 Tested superstructure configurations.

	Parameter Lower limit Upper limit
	3.00m	
	21.0m	60.0m
	2.5t/m	3
	30 000MPa
	16.22MPa
	0,001	
	0.20	
	5,00%	
	1 200t	
	23 400tm²
	∞	
	∞	

Table 8 -

 8 Considered soil parameters.

Table 9 -

 9 Foundation macroelement additional parameters.

	Parameter	Symbol	Unit	Soil
	Soil mass density		[t/m 3 ]	1.60
	Soil YOUNG modulus (effective)		[MPa]	270.0
	Soil POISSON ratio		[-]	0.30
	Soil COULOMB modulus (effective)		[MPa]	103.85
	Soil shear wave velocity (effective)		[m/s]	254.76
	Soil P-wave velocity (effective)		[m/s]	476.62
	Basic damping ratio of soil		[%]	5.0
	LYSMER analog velocity		[m/s]	393.88
	Soil layer depth	s	[m]	25.0
	Soil cohesion		[MPa]	0.15
	Parameter	Symbol	Unit	Macroelement
	Plastic parameter for virgin loading	h 0 / K NN	[-]	4.0
	Plastic parameter for reloading		[-]	0.5
	Non-associative parameter		[-]	5.0
	Uplift initiation parameter		[-]	4.0
	Uplift parameter		[-]	2.0
	Uplift parameter		[-]	1.0
	Uplift -plasticity coupling parameter		[-]	1.5
	Cohesion of soil-foundation interface		[kPa]	500.0
	Friction angle of soil-foundation interface		[°]	0.0

Table 11 -

 11 Fluid-tank input parameters.

Table 12 -

 12 Soil input parameters.

  Case 1: Signals without RAYLEIGH waves / only the translational component is considered, -Case 2: Signals with both body waves and RAYLEIGH waves / only the translational component is considered, -Case 3: Signals with both body waves and RAYLEIGH waves / both the translational and the rotational components are considered.N.B.: RAYLEIGH waves and rocking signals are generated simultaneously with "total" signals within the Specific Barrier Model. No need for an extraction/estimation procedure is thus required. A total number of 4608 signals (1536 signals, 3 loading cases) is applied to 88 tank configurations: this then leads to a total number of 405,504 linear transient analyses conducted with the surrogate model for liquid storage tanks.

Table 13 -

 13 Normalized HOUSNER equivalent masses, heights and rotational inertia of selected tank/fluid/soil configuration.

	0.347	0.400	0.543	0.158
	0.430	0.839	0.731	0.638
	0.618	1.238	1.274	0.796
	0.787			

Normalized equivalent masses, heights and rotational inertia of HOUSNER model
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, , , are uplift parameters, and , e represents the elastic rotation angle at uplift initiation:

In the above equation, is the so-called uplift-plasticity coupling parameter.

Previous developments do not cover the case of entirely uplifted foundation and assume that uplift has negligible effects under horizontal loading.

Soil plasticity mechanism

Soil plasticity is represented in CHATZIGOGOS macroelement with a hypoplastic formulation. Soil rapidly behaves in a nonlinear way and the hypoplastic law allows obtaining a continuous plastic response, which makes this formulation convenient for cyclic loading.

Principle of this hypoplastic law is to define a bounding surface in space of generalized forces, analogous to the yield surface in perfect plasticity theory. The loading path inside this bounding surface is probed and the image point (projection) of the loading path on the bounding surface can be determined following a specified projection rule. The plastic modulus (which provides a measure for the extent of plastic response) is defined as a function of the distance between the force state inside the bounding surface ̃ and its image point on the bounding surface ̃ . A scalar quantity , which represents the

-, ℎ and ∆ℎ the equivalent impulsive mass and corresponding heights, -, ℎ and ∆ℎ , the equivalent convective masses and corresponding heights, -the acceleration (horizontal) signal developed at the base of the tank, -the instantaneous pseudoacceleration of a SDOF system with the vibrational properties (fundamental period and damping) of the j-th convective mode.

Making use of equations (5.5) to (5.9) (with appropriate boundary conditions), equivalent masses and heights become the intermediate physical parameters for computing global hydrodynamic forces. The following paragraphs present the equations obtained for equivalent heights, masses, global forces and the height of sloshing wave when both rocking and horizontal soil movement are taken into account. Convective masses ( th mode):

Equivalent height ( th mode) to transmit moment due to hydrodynamic pressure on walls:

Equivalent height ( th mode) to transmit moment due to hydrodynamic pressure on base: ∆ℎ ,ℓ = sinh (5.54)

Equivalent height ( th mode) to transmit total moment: Normalized impulsive mass:

Normalized rotational inertia to transmit moment due to hydrodynamic pressure on walls:

Normalized rotational inertia to transmit moment due to hydrodynamic pressure on base:

(5.66) coefficients: Equivalent height ( th mode) to transmit total moment: 

Soil-Structure Interaction

Figure 55 -Soil structure interaction model (source: notes by PAPAGEORGIOU [START_REF] Papageorgiou | Dynamic response of liquid storage tanks, including soil-structure interaction effects[END_REF]).

Following approach is similar to the method used in section 3 for high-rise building [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF]. with the estimation of a transfer matrix between free-field motion and motion at the base of the foundation (these movements are expressed in frequency domain):

Dynamic equilibrium of foundation expressed in time domain reads for horizontal translation:

Equilibrium equation for rotational degree-of-freedom of the foundation reads:

In the above equations, , are the resisting force and moment exerted by the soil on foundation, , the force and moment exerted by the superstructure on the foundation, and , the foundation inertial force.

Input free-field motion expressed in frequency domain reads:

Dynamic equilibrium of foundation in frequency domain is written as follows:

Considering the relations between the actions and deformations on a massless circular foundation, and neglecting the coupling between translational and rotational components, base shear and overturning moment transmitted to the soil can be expressed as follows:

With the following translational and rotational impedances of a circular foundation, according to the works of VELETSOS and VERBIC [START_REF] Veletsos | Vibration of viscoelastic foundations[END_REF]:

With:

Values of ℎ , , ℎ and can be found in [START_REF] Veletsos | Vibration of viscoelastic foundations[END_REF]. Constant hysteretic model is here selected for soil damping (material damping).

The forces transmitted by the superstructure to the foundation can be expressed as the sum of the impulsive/convective and translational/rocking components generated by the liquid ( ,ℓ and the inertial forces generated by the tank ( :

The expressions providing the force components due to the liquid can be found in Table 10. Tank inertial forces can be expressed as follows:

Where and are respectively the mass of the tank walls and the mass of the tank roof.

Equations (5.86) and ( 5.87) can be written as follows:

With:

Where is the superstructure transfer function, equivalent to in [START_REF] Veletsos | Soil-structure interaction effects for laterally excited liquid storage tanks[END_REF].

the circular frequency of the -th mode.

A schematical representation of the analysis process is displayed on Figure 56. This process is primarily applied on a single tank/fluid/soil configuration. Section 5.4.1 displays intermediate results obtained for this configuration.

 Characteristic frequencies of sloshing modes

The surrogate model, used in this study accounts for the first five sloshing modes. According to equation (5.62), the vibrating frequencies of the sloshing modes (of the selected tank/fluid/soil configuration) are listed in Table 14. Table 14 -Characteristic vibrational parameters of first five sloshing modes of selected tank/fluid/soil configuration.

 Superstructure transfer function

The named "transfer function of the superstructure", necessary to consider SSI following VELETSOS and TANG procedure, is computed within the model for the considered sloshing frequencies. Transfer function against the normalized circular frequency ̃ is displayed in Figure 57. Peak amplitude uniquely depends on the damping considered. Here, the damping is really low (0.75%) which led to important peak amplitude. The consideration of SSI effects within this model is based on the transition from free-field motion to foundation base motion. This method requires to define the impedance matrix of the foundation system and a second matrix, , coming from the dynamic equilibrium of the system. Each matrix is frequency dependent. Appendix V also provides figures displaying the influence of parameter , which is a measure of soilstructure stiffness ratio and has been introduced by VERBIČ [START_REF] Verbic | Analysis of certain structure-foundation interaction systems[END_REF] as a "dimensionless wave velocity parameter" and as an indicator of SSI effects [START_REF] Fajardo | Response of tall buildings to base rocking induced by Rayleigh waves[END_REF], against tank response. This parameter is here adapted for the case of liquid storage tanks as follows:

[-] [-] [rad/s] [s] [Hz

=

(5.109)

with the shear wave velocity, the period of first sloshing mode and the height of liquid inside the tank.

Previous studies on liquid storage tanks including SSI effects, as in HAROUN and ABOU-IZZEDDINE [START_REF] Haroun | Parametric Study of Seismic Soil-Tank Interaction. I: Horizontal Excitation[END_REF] [83], CHATTERJEE and BASU [START_REF] Chatterjee | Non-stationary seismic response of tanks with soil interaction by wavelets[END_REF], LARKIN [START_REF] Larkin | Seismic Response of Liquid Storage Tanks Incorporating Soil Structure Interaction[END_REF] and TSIPIANITIS et al. [START_REF] Tsipianitis | Impact of Dynamic Soil-Structure Interaction on the Response of Liquid-Storage Tanks[END_REF], have shown that slender tanks and soft soil configurations could develop important amplifications related to SSI effects on liquid storage tank response or accelerations at foundation base. The case of soft soil is particularly important in this study because attention is focused herein on the effect of RAYLEIGH waves, which are mainly generated at the interfaces of soil layers with important mechanical properties contrasts and the edges of sedimentary basins implying presence of soft deposits. Parameter is interesting in the sense that it encapsulates consideration of soil stiffness and consideration of first sloshing mode via period , which is directly linked to tank aspect ratio / . When parameter is low, it means that either the soil stiffness is low or/and the period is low (slender tank, cf. Figure 71).

The highest base shear forces and moments due to pressure on tank walls (which are the EDPs the most influenced by parameter ) are here found for low values of , which is in agreement with the aforementioned observations: SSI effects mainly amplify the response of slender tanks and tanks built on soft soils. The presence of strong peaks for very low values, in agreement with the previously cited references, display the high level of seismic forces inside the slender tanks and tanks built on soft soils.

Figures of Appendix V plotted against period ratio / ,

display similar results as the ones obtained when results are parametrized with , namely: peaks for low / , values (slender tanks). The periods of sloshing modes, for brad tanks, can be very important and much higher than the periods of the signals. One interpretation of the peak of tank response for low / , ratios and for high / ratio is that slender tanks probably have sloshing frequencies closer to signals frequency content than broad tanks.

Each one of the aforementioned graphs contains a very large number of data points (405,504) which make the analysis relevant only on the envelop, and do not allow to judge the amplification associated to each tank configuration/signal/loading case. The following section focuses on the study of amplification related to each signal component. Fundamental period (fixed-base conditions)
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