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Introduction

It is well established that soil properties significantly influence the surface ground motion in terms of amplitude, frequency content and ground motion duration. Numerous case histories have shown an apparent aggravation of the earthquake damage associated with unfavorable local site conditions [START_REF] Ferrari | On the role of stiff soil deposits on seismic ground shaking in western Liguria, Italy: Evidences from past earthquakes and site response[END_REF][START_REF] Farrugia | Sensitivity of ground motion parameters to local shear-wave velocity models: The case of buried low-velocity layers[END_REF]. Hence, the accurate prediction of the potential seismic actions for a safe seismic design and analysis is of great importance. When using equivalent-linear or nonlinear seismic site response analyses, the shear-wave velocity ( ) profile is one of the necessary input parameters. However, the soil profile of a site is difficult to be quantified accurately. This results in a range of possible ground response estimates.

Two different sources of uncertainty in the soil profiles can be listed (1) aleatory variability, and (2) epistemic uncertainty [START_REF] Griffiths | Mapping dispersion misfit and uncertainty in Vs profiles to variability in site response estimates[END_REF][START_REF] Griffiths | Surface-wave dispersion approach for evaluating statistical models that account for shear-wave velocity uncertainty[END_REF][START_REF] Li | Site-and motion-dependent parametric uncertainty of site-response analyses in earthquake simulations[END_REF][START_REF] Vinicius | Probabilistic analysis of numerical simulated railway track global stiffness[END_REF]. The former results from the inherent heterogeneity and randomness of soils due to the geological process. The latter results from the scarcity of geotechnical information and measurement errors related to the data analysis method and interpretation. Both aleatory variability and epistemic uncertainties of the shear-wave velocity can be considered through different methods. Epistemic uncertainty, which was already studied by many works [START_REF] Garofalo | InterPACIFIC project: Comparison of invasive and non-invasive methods for seismic site characterization. Part II: Inter-comparison between surface-wave and borehole methods[END_REF][START_REF] Griffiths | Mapping dispersion misfit and uncertainty in Vs profiles to variability in site response estimates[END_REF][START_REF] Teague | Site response implications associated with using non-unique Vs profiles from surface wave inversion in comparison with other commonly used methods of accounting for Vs uncertainty[END_REF], is generally considered by a probabilistic site response analysis through a bounding-type profile (i.e., a mean or median profile along with upper-and lower-bound profile) while the aleatory variability of the seismic site response is considered by a randomization process or random field model. In practice, separating clearly two types of uncertainty sources is difficult, and to some extent, is not really important [START_REF] Garofalo | InterPACIFIC project: Comparison of invasive and non-invasive methods for seismic site characterization. Part II: Inter-comparison between surface-wave and borehole methods[END_REF].

The effects on the seismic ground response due to the soil shear-wave velocity uncertainty cannot be properly assessed using a deterministic seismic site response analysis or even a parametric analysis [22,[START_REF] Manica | Assessment of damping models in FLAC[END_REF][START_REF] Astroza | Site response analysis using one-dimensional equivalent-linear method and Bayesian filtering[END_REF][START_REF] Rapti | Liquefaction analysis and damage evaluation of embankment-type structures[END_REF][START_REF] Sun | Numerical study on the effect of a subway station on the surface ground motion[END_REF][START_REF] Sun | Comparative study of viscous damping formulation in time-domain site response analysis[END_REF]. To this end, many stochastic analyses have been performed to investigate the influence of the uncertainties in soil properties on the seismic ground response in a probabilistic framework. Field and Jacob [START_REF] Field | Monte-Carlo simulation of the theoretical site response variability at Turkey Flat, California, given the uncertainty in the geotechnically derived input parameters[END_REF] performed a Monte Carlo simulation of the linear elastic response analysis of a site subjected to a weak motion. They concluded that the first layer velocity, thickness and damping uncertainties significantly affected the site amplification predictions, while the variability of the deeper layer had a lower contribution. By using a stochastic finite-fault model, Roblee et al. [START_REF] Roblee | Variability in site-specific seismic ground-motion design predictions[END_REF] showed that the subsurface velocity profile and non-linear material parameters were the predominant variability sources in the spectral acceleration ( ) of the soft soil site when subjected to moderate-to-strong ground motions. Additionally, the ground response variability in a short period range can be reduced by increasing the site characterization depth. The variability of both the input ground motion and soil parameters on the frequency-dependent nonlinear amplification function ( ) was assessed in Buzzurro and Cornell [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF] via a Monte Carlo simulation. The study revealed that the soil parameters uncertainty on was of secondary importance compared to the one from record-to-record variability. Andrade and Borja [START_REF] Andrade | Quantifying sensitivity of local site response models to statistical variations in soil properties[END_REF] showed that the equivalent-linear analysis (using SHAKE) and a fully nonlinear model (SPECTRA) exhibit comparable sensitivities to the soil parameter variations in terms of Arias intensity.

Kwok et al. [START_REF] Kwok | Nonlinear ground-response analysis of Turkey Flat shallow stiff-soil site to strong ground motion[END_REF] performed the first order second moment method (FOSM) to investigate the sensitivity of to the variability of both the material and model variability for a Turkey Flat site. They found that the most significant source of variation below the site period was the velocity profile uncertainty. Li and Assimaki [START_REF] Li | Site-and motion-dependent parametric uncertainty of site-response analyses in earthquake simulations[END_REF] revealed that the effect of the velocity profile uncertainty on was more sensitive to the velocity impedance at the near-surface.

The velocity profile uncertainty had a limited effect on the seismic ground response analysis for high impedance contrasts while the effect was very pronounced for low impedance contrasts [5-7, 21, 38, 39]. However, this conclusion was questioned by other works [START_REF] Comina | Discussion on "Implications of surface wave data measurement uncertainty on seismic ground response analysis[END_REF][START_REF] Pettiti | Comment on "Effect of surface wave inversion non-uniqueness on 1D seismic ground response analysis" by Roy et al[END_REF][START_REF] Socco | Comment on "Shear wave profiles from surface wave inversion: the impact of uncertainty on seismic site response analysis[END_REF]. Rathje et al. [START_REF] Rathje | Influence of input motion and site property variabilities on seismic site response analysis[END_REF] concluded that modeling the shear wave velocity variability generally reduces the predicted median and , most significantly at periods lower than the site period. Moreover, the standard deviation of the amplification function ( ) was significantly increased while was less affected. In addition, the effect of the interlayer correlation on the predicted or was studied. Barani et al. [START_REF] Barani | Influence of soil modeling uncertainties on site response[END_REF] performed stochastic site response analysis of three soil columns subjected to scaled and unscaled input motions. Their results indicated that the impact of the record-to-record variability on was of secondary importance compared to the effect of the uncertainty in the profiles. This, however, contradicted the findings presented by Buzzurro and Cornell [START_REF] Bazzurro | Ground-motion amplification in nonlinear soil sites with uncertain properties[END_REF]. By using the equivalent-linear site response analysis and a Monte Carlo simulation, Farrugia et al. [START_REF] Farrugia | Sensitivity of ground motion parameters to local shear-wave velocity models: The case of buried low-velocity layers[END_REF] and De Ferrari et al. [START_REF] Ferrari | On the role of stiff soil deposits on seismic ground shaking in western Liguria, Italy: Evidences from past earthquakes and site response[END_REF] respectively underlined the significant influences of both the soft and stiff soil layers on the ground motion amplification in a probabilistic framework.

Most previous works on the seismic site response variability have focused on the influence of the uncertainty on the maximum acceleration at the ground surface and the frequency-dependent parameters such as the spectral acceleration ( ) and amplification function (i.e, transfer function, ). The frequency-independent parameters of the predicted ground motions such as acceleration spectrum intensity and site fundamental frequency, were seldom evaluated. When a statistical model is used for randomly generating profiles [START_REF] Toro | Probabilistic models of sire velocity profiles for generic and site-specific ground-motion amplification studies[END_REF],

it is also interesting to consider the variations of the layer thickness, interlayer correlation, and bedrock depth. However, none of these studies, including Rathje et al. [START_REF] Rathje | Influence of input motion and site property variabilities on seismic site response analysis[END_REF] as mentioned above, presented a comprehensive sensitivity analysis which permits to qualify the influence of these stratigraphic uncertainties in randomized profiles for both frequency-independent ground motion amplification ( ) and soil fundamental frequency ( ). The definitions of these two parameters will be presented later.

Succeeding to the Rathje et al. [START_REF] Rathje | Influence of input motion and site property variabilities on seismic site response analysis[END_REF] study, this work attempts to assess the effect of randomized profiles on ground motions. It also permits to address several limitations previously described, through 1-D equivalent-linear site response analyses and Monte Carlo simulations. All stochastic analyses are performed for a shallow site (Sassa) in northern Italy.

In this place, boreholes and geophysical data, as well as rock site-specific real accelerograms are well documented. The statistical model proposed by Toro [START_REF] Toro | Probabilistic models of sire velocity profiles for generic and site-specific ground-motion amplification studies[END_REF] is adopted to randomly generate the profiles. Besides two frequency-dependent predictors ( and ), the resulting profiles are also evaluated quantitatively via two additional parameters: the frequency-independent amplification and site fundamental frequency . The statistical moment (mean and standard deviation) of the four parameters are quantified for a wide range of standard deviations of the logarithm of ( ), interlayer correlation coefficients ( ), and input motion intensities ( ). Furthermore, the possible influences of arbitrarily selected shear-wave velocity truncated bounds (i.e., upper and lower bounds) and layer thickness randomness on the predicted ground motions are discussed.

Site description and ground motion selection

A site located at Sassa (Latitude of 42.366 and Longitude of 13.316) in northern Italy is used as a reference case to explain how shear-wave velocity uncertainties can influence the surface ground motion. A detailed geotechnical investigation is available (Table 1) including the soil layering, the shear wave velocity measurements by a down-hole test, as well as the non-linear dynamic properties (Fig. 1) measured by resonance column and cyclic torsional shear apparatus tests. As can be seen, the profile of the Sassa site increases with increasing the depth, but it is composed of a thin relatively soft soil layer at the depth of ~ (velocity inversion, gravel in fine-sandy matrix layer), then underlain by soft rock ( = /!). The water table is located approximately at a depth of 7.5 m. For a seismic site response analysis, it is important to select appropriately the input motions that reflect the bedrock conditions and frequency contents. Seven real ground motions are recommended for obtaining the average results of the site response analysis, as indicated by Eurocode 8 [START_REF]Eurocode 8: Design of Structures for Earthquake Resistance-Part 1: General Rules, Seismic Actions and Results for Buildings[END_REF]. The ground motion registered at an epicenter distance of 25 km, during the Campano Lucano earthquake is chosen as the seismic input motion (Fig. 2). It is randomly selected from a pair of seven real bedrock records which the mean response spectrum matches well with the EC8 code spectrum for the 475 years return period (reference peak acceleration '() = *. , -) at this site. While it is a simplification of the stochastic site response analysis, this simplification is acceptable because the objective of this work is to quantify the variability of the ground motion caused by the uncertainties associated with the profiles and, not the record-to-record variability. This means that the true ground motion estimate for this site is not so important, while the ground motion variability caused by uncertainty is. The amplitude of the ground motion is scaled to 0.07 g, 0.13 g, and 0.52 g to consider the variability in the ground motion prediction results from the uncertainty for site experiences from weak to strong ground motions.

Methodology

Randomization of the profiles

Different methods have been used to account for the uncertainty for seismic site response analyses. The profiles can be determined from [START_REF] Griffiths | Surface-wave dispersion approach for evaluating statistical models that account for shear-wave velocity uncertainty[END_REF]: (1) surface-wave inversion;

(2) simple statistical profiles (including bounding-type, median, and other percentile profiles); and (3) statistically-based randomization model. The geotechnical investigation campaigns at the Sassa site are not sufficient to obtain statistically reliable data. Hence, the statistical model proposed by Toro [START_REF] Toro | Probabilistic models of sire velocity profiles for generic and site-specific ground-motion amplification studies[END_REF] is adopted to describe the uncertainty of the profiles. The Toro model is a common tool used to generate randomly profiles in previous studies [START_REF] Barani | Influence of soil modeling uncertainties on site response[END_REF][START_REF] Li | Probabilistic seismic hazard analysis considering site-specific soil effects[END_REF][START_REF] Li | Effects of soil parameter variabilities on the estimation of ground-motion amplification factors[END_REF][START_REF] Li | Site-and motion-dependent parametric uncertainty of site-response analyses in earthquake simulations[END_REF][START_REF] Rathje | Influence of input motion and site property variabilities on seismic site response analysis[END_REF].

Toro [START_REF] Toro | Probabilistic models of sire velocity profiles for generic and site-specific ground-motion amplification studies[END_REF] assumes that follows a lognormal distribution at any given depth. The (/) of soil layer / is expressed using 12 (/) = 12 , (/) + 5 6 • (/)

where , (/) and (/) are respectively the baseline value and the standard deviation of the shear-wave velocity of soil layer /. 5 6 is the number of standard deviations from the mean value of 12 , (/) in log space.

Using a first-order autoregressive model, the interlayer correlation of 5 6 is expressed as

5 8 = 9 8 (2) 5 6 = • 5 6:8 + 9 6 • ;1 -> (3) 
where 9 6 is the independent normal variable with zero mean and unit standard deviation for the layer / (/ ≥ 1). represents the interlayer correlation coefficient between layer / and layer / -1. is a function of depth (@) and layer thickness (A), expressed as

(@, A) = B1 -C (@)D E (A) + C (@) (4) 
C (@) = F > G CHC I > HC I J K @ ≤ 200 O > @ > 200 O (5) 
E (A) = exp ( :E ∆ ) (6) 
where C (@) and E (A) are respectively depth and thickness dependent correlation coefficients. > , @ , U, , and ∆ are interlayer correlation parameters. Layer thickness randomness is also accounted for in Toro's model by introducing a nonhomogeneous Poisson process with a depth-dependent rate to describe the soil layering, as follows:

λ(@) = V(@ + W) X (7) 
where V , W , Y are respectively site-specific coefficients. Toro [START_REF] Toro | Probabilistic models of sire velocity profiles for generic and site-specific ground-motion amplification studies[END_REF] developed the default model parameters of above equations for different generalized site classes according to the average velocity at upper 30 m (V [% ) using approximately 560 measured profiles taken from locations throughout the United States. Note that if more detailed and sufficient geotechnical data were available for this site, the model parameters could have been calibrated based on the site-specific information.

In the current study, all the soil layers are assumed to have the same standard deviation ( ) and interlayer correlation coefficient ( ). For evaluating the effect of the uncertainty on ground motion estimates considering various scenarios, three interlayer correlation coefficients ( = 0.2, 0.5, 0.8) and four standard deviations ( = 0.1, 0.2, 0.3, 0.4) are selected. A larger means a strong correlation of between adjacent soil layers, while two extreme cases: perfect correlation ( = 1) and statistical independence ( = 0) are not considered here due to the fact that they are unrealistic assumptions compared to the real site conditions. The default value of in the Toro [START_REF] Toro | Probabilistic models of sire velocity profiles for generic and site-specific ground-motion amplification studies[END_REF] model equals to 0.557. Similarly, a larger indicates a higher uncertainty and the standard deviations of are determined according to previous works and field investigations [START_REF] Li | Probabilistic seismic hazard analysis considering site-specific soil effects[END_REF][START_REF] Rathje | Influence of input motion and site property variabilities on seismic site response analysis[END_REF][START_REF] Toro | Probabilistic models of sire velocity profiles for generic and site-specific ground-motion amplification studies[END_REF]. The maximum default value of is 0.37. For all the above analyses, the layer thickness randomness is discarded, and its influence on the predicted ground motions will be discussed later.

Equivalent-linear seismic site response analysis

One-dimensional seismic site response analysis is performed using the computer code STRATA [START_REF] Kottke | Technical manual for Strata[END_REF]. It uses an equivalent-linear soil model to simulate approximately the true nonlinear behavior of soils under cyclic loading. The soil deposit is idealized as a system of homogeneous visco-elastic layers overlying a uniform half-space subjected to vertically propagating shear waves. The advantages of equivalent-linear modeling include a small computational effort and few input parameters. This makes it easier to implement the stochastic seismic site response analysis. The necessary input parameters during calculations are the soil layer thickness, density, shear-wave velocity ( ), shear modulus reduction ( ` a ⁄ versus shear strain), and damping curves (5 versus shear strain).

In the present study, the shear-wave velocities of each layer and of the bedrock are considered as uncertain soil parameters, while the other parameters are assumed as constants and their deterministic values are presented in Table 1 and Fig. 1. To prevent generating unrealistic parameter values, the random realizations of profiles are truncated at twice the standard deviation. This is a common hypothesis adopted in previous studies, which will be discussed later. Fig. 3 shows some illustrative realizations of randomized profiles generated for the Sassa site using the statistical model with constant layer thickness. 

Ground response estimates

The impact of the uncertainty on the seismic ground response estimates is evaluated in terms of spectral acceleration ( ), ground motion amplification, and soil fundamental frequency ( ). The ground motion amplification here is defined by both the frequency-dependent amplification function ( ), and by a frequency-independent amplification factor ( ), expressed respectively as

= (c) d (c) (8) = d (9) 
where is the generic oscillator frequency, ( ) , and e ( ) are respectively the 5%-damped spectral acceleration at the soil surface and bedrock. f and f e indicate respectively the acceleration spectrum intensity at the soil surface and at the bedrock. The acceleration spectrum intensity is given by the integral of the spectral period (g) which ranges from 0.05 s to 2.5 s f = h (g)@g >.i . i [START_REF] Ferrari | On the role of stiff soil deposits on seismic ground shaking in western Liguria, Italy: Evidences from past earthquakes and site response[END_REF] Note that is directly derived from the curve, defined as the frequency corresponding to the first peak with an amplitude greater than 1 [START_REF] Barani | Influence of soil modeling uncertainties on site response[END_REF].

Monte Carlo simulation (MCs)

To estimate the variability of the ground response analysis caused by the uncertain soil parameters, a statistical analysis of Monte Carlo type is performed. Although MCs is an inefficient approach for stochastic analyses [START_REF] Guo | Probabilistic assessment of an earth dam stability design under pseudo-static conditions[END_REF][START_REF] Li | An efficient uniform design for Kriging-based response surface method and its application[END_REF][START_REF] Mollon | Probabilistic analyses of tunneling-induced ground movements[END_REF][START_REF] Badaoui | Soil height randomness influence on seismic response: Case of an Algiers site[END_REF], it is justified for obtaining accurate ground response estimates since each run only requires several seconds in frequency-domain.

In the present study, the profiles are randomly generated until the stop condition is reached. The stop condition focuses on the stability of the mean maximum acceleration at the soil surface estimated by the MCs at the current iteration, defined as j k l :k lmn k lmn j ≤ 9 [START_REF]Eurocode 8: Design of Structures for Earthquake Resistance-Part 1: General Rules, Seismic Actions and Results for Buildings[END_REF] where 9 corresponds to an acceptance threshold with a value fixed equal to 0.01 here, o 6

and o 6:8 are respectively the mean maximum acceleration at the iteration / th and at / -1 th one. In this study, the iteration process stops when the Eq. 11 can be continuously satisfied for 100 times. To assess the variability of the predicted ground response, seismic input motions with four amplitudes are applied respectively at the base of soil columns which contain various profiles (combination of and ). Around 13000 equivalent-linear seismic site response analyses have been performed in sections 4 and 5. 

Results

Representative results of the stochastic seismic site response analyses, including: (1) amplification function , (2) spectral acceleration , (3) site fundamental frequency , and (4) amplification factor , for a wide range of shear-wave velocity variations, interlayer correlations and input motion intensities are presented and discussed in the following sections. and6d). In the longer periods, the randomized and baseline cases show a slight difference. Increasing the input motion intensity results in an increase of both the mean and variability of the spectral acceleration. Similarly to , the variability of the profile also has a pronounced effect on the standard deviation of near the site fundamental period.

Amplification function and spectral acceleration

The effect disappears progressively as the period increases. Note that the site fundamental period shifts towards longer periods as the input intensity increases due to soil soften. Fig. 7 compares the mean and standard deviation of the amplification functions for different levels of shear-wave velocity variation ( ). As can be found, the increase in always leads to a reduction of the mean and an increase of over the whole frequency range. Similar to the influence of the input motion intensity, a large shear-wave velocity variation tends to reduce the multiple resonant peaks at high frequency. Note that the amplitudes of the mean at high frequency for various are relatively small and show an insignificant difference compared to the ones at short frequency. The corresponding standard deviations calculated by various are larger and show significant differences at high frequency, particularly for strong intensities (Fig. 7d).

Fig. 7 Influence of on the mean and standard deviation of .

Fig. 8 Influence of on the mean and standard deviation of .

The mean and standard deviation of are plotted in Fig. 8. The variability of the profile reduces the mean amplitude of and increases the standard deviation over the whole period range. Figs. 8a and8c show that the significant reduction in the amplitude at the vicinity of the site fundamental period leads to a modification of the spectral acceleration shape from "tall and narrow" (single-peak) to "low and wide" (dual-peak). Smaller values induce profiles in a narrow range. It then results in a lower variability for the spectral acceleration (Fig. 8b and8d). For larger , the higher variability of the is predicted since it increases the probability of generating more softer or stiffer soil columns.

This leads to distinct ground responses in the short-to-moderate period range particularly for high input motion intensities (the influenced period range increases, Fig. 8d). After the site fundamental period, a rapid decline of the variability occurs. The variability in the long period fall-off appears as wavelengths become significantly longer than the depth of the soil column [START_REF] Roblee | Variability in site-specific seismic ground-motion design predictions[END_REF].

In summary, Figs. 5~8 highlight that the mean results of both and are reduced when the uncertainty is considered. The decreases in the mean ground response ( and ) result from the site profiles generated by the Toro [START_REF] Toro | Probabilistic models of sire velocity profiles for generic and site-specific ground-motion amplification studies[END_REF] model that include large velocity contrasts (softer soil layers). For such a soil structure, it is well established that the ground motion tends to be less amplified or de-amplified due to the large accumulated strains and more damping experienced [START_REF] Griffiths | Mapping dispersion misfit and uncertainty in Vs profiles to variability in site response estimates[END_REF][START_REF] Griffiths | Surface-wave dispersion approach for evaluating statistical models that account for shear-wave velocity uncertainty[END_REF][START_REF] Sun | Impact of an underlying soft soil layer on tunnel lining in seismic conditions[END_REF].

In general, the amplification effect goes down with increasing the average shear-wave velocity of a site (i.e, V [% ) as indicated in other works [START_REF] Finn | Amplification effects of thin soft-surface layers[END_REF]. This probably leads to a "larger amplification" caused by some softer sites (excluding velocity contrasts) is not large enough to counteract the "less amplification" caused by stiffer sites and to counteract the significant "de-amplification" caused by the presence of velocity contrasts, resulting in the mean outputs of the randomized case less than baseline case. The significant underestimation of the randomized case for large and is attributed to the strong soil nonlinearity and to a certain number of realizations including velocity contrasts. In this scenario, the effects of velocity contrasts on the high frequency filtering and amplitude reduction are increased.

Therefore, the ground response predicted shows a high variability when the generated profiles represent a large uncertainty. The realization shows that some layers have larger than the ones in the baseline case while other layers have a smaller value. This means that the velocity contrasts are frequently encountered, thus reducing the mean outputs as mentioned above. A certain number of realizations including velocity contrasts also enlarge the variability in the longer periods (Fig. 10d). As increases, the generated soil profiles tend to maintain the profile of the baseline case and the shear-wave velocity of each soil layer tends to increase or decrease simultaneously when larger is employed. As previously shown in Table 2, larger is also favorable to the convergence of MC simulations. Fig. 11 presents the typical histograms of the site fundamental frequency and frequency-independent amplification . The normal distribution fitted curve (Fig. 12) is also plotted (green solid line). It can be seen that the mean corresponded counts decrease and the data becomes more spread with increasing levels of variation and input motion intensity.

Site fundamental frequency and amplification factor

This indicates a variability increase for both and . More specifically, when and are small (e.g., = 0.1, = 0.07g), two parameters are mainly concentrated in a narrow range. For larger and (e.g., = 0.4, = 0.52g), the values are distributed over a wider range due to the increased shear-wave velocity uncertainty and soil strong nonlinearity. This is more evident for (in the range between 0 and 6.5 Hz) rather than (range between 0.4 and1.8). In addition, the distribution of gradually changes from symmetric to non-symmetric, as the uncertainty or input motion intensity increases.

As depicted in Figs. 11c and11d, half of the calculated values are distributed on the left part. This could be attributed to soft soil profiles generated in these scenarios.

Figs. 12a and 12b respectively show the normal tests of and for different cases plotted in Fig. 11. Comparing the raw data and fitted curve of the normal distribution [START_REF] Hamidpour | Probabilistic assessment of ground motions intensity considering soil properties uncertainty[END_REF], a good agreement is observed with the exception of a mismatch at the distribution tails for high variability due to presence of a small number of extreme values. It depicts that both and can be generally described with a normal distribution, particularly when the variability is not so high. In all considered cases, the mean decreases linearly with increasing the input motion intensity due to soil soften as expected. It is observed that the resulting is influenced by both the interlayer correlation ( ) and shear-wave velocity variation ( ).

When the interlayer correlation is weak ( = 0.2), the mean tends to decrease as the level of the variation increases. For a further increase of the interlayer correlation ( = 0.5), the mean is not sensitive to changes in . However, when a strong interlayer correlation exists ( = 0.8), the variation leads to an increase in the mean site fundamental frequency. Figs. 13d to 13g depict that a strong interlayer correlation results in a large mean . This effect becomes progressively larger as the variation of ( ) increases. At larger intensities, a reduction of the mean when increasing the input motion intensity occurs and is more evident for high variations and weak interlayer correlations. The critical intensity which corresponds to the maximum tends to decrease with increasing and is less influenced by . Moreover, Fig. 14 depicts that contributes much to rather than . That is because the spectral acceleration in the period ranges from 0.05 to 2.5s is significantly reduced by the variation (Fig. 8) while the interlayer correlation plays a secondary role (Fig. 10). The variability of and is quantified here in terms of standard deviation, as presented in Fig. 15. The variation of the soil shear-wave velocity causes a consistent increase for both c I and . The variability of the site fundamental frequency ( c I ) is not sensitive to the input motion intensity (Fig. 15a). This is different for the frequency-dependent parameter for which a larger intensity leads to a higher variability (Fig. 5). It could be attributed to the fact that is directly determined from the transfer function (related to the soil profile) which is less affected by the input motion character ( ). However, the input motion intensity has a relatively large effect on the variability of ( ) due to its influence on the spectral acceleration in terms of amplitude and shape (Fig. 6). In general, is relatively small at lower intensities (lower than 0.26g) and has the tendency of decreasing with the input motion intensity within this range, particularly for a large variation. The maximum variability of appears at = 0.52g for all examined cases.

Concerning

, a strong interlayer correlation increases the variability of the site fundamental frequency ( c I ) since a simultaneous increase or decrease of for each layer causes the average to vary in a wide range. While for small , although the randomly generated of each layer is very different, the average probably show less difference.

The variability of ( ) appears to decrease with increasing the interlayer correlation, as expected. Comparing Fig. 15 with Figs. 9 and 10, the interlayer correlation has a more pronounced influence on the frequency-independent amplification ( ) and site fundamental frequency ( ) rather than the frequency-dependent parameters ( and ).

Comparison with amplification factors in EC8

The local site effects are accounted for in EC8 [START_REF]Eurocode 8: Design of Structures for Earthquake Resistance-Part 1: General Rules, Seismic Actions and Results for Buildings[END_REF] through the suggestion of an appropriate elastic design spectra and amplification factors ( in this study). It represents the ground motion amplification with respect to the outcrop conditions. A comparison of the numerically predicted amplification factors from uncertain profiles to the ones estimated by a baseline case and the EC 8 recommendations is conducted, as illustrated in Fig. 16. Note that the amplification factors estimated from three interlayer correlation coefficients ( ) are not distinguished since their influence is secondary (see Fig. 14 in the paper).

Based on the shear-wave velocity in the upper 30m, the investigated site in this study is classified as a ground of class C. The results indicate that for all the investigated levels of shear-wave velocity variation, the EC8 code underestimates the amplification factors for the entity of examined intensity range. The probabilistic case predicts an increase of the mean amplification factors for weak ground motions (i.e., ≤0.13g) and a decrease one for strong ground motions (i.e., ≥0.26g) compared to the deterministic predictions. The variability of the predicted ground motions induces the need to account for shear-wave velocity uncertainties in a seismic code. Finally, similar to the basin and topography effects considered in EC8, a modification factor α is introduced to consider the uncertainty effects, as follows:

α = _v w _x _v w _y (12) 
where _` a _z and _` a _{ are respectively the design and predicted maximum amplification factors. The predicted maximum soil factors can be obtained from the deterministic site response analyses. Fig. 17 illustrates the modification factor values for various cases considering three percentiles. The results indicate that a large modification factor is in general required for high variation levels and weak ground motions, since probabilistic analyses predict larger mean amplification factors than deterministically estimated ones (Fig. 16). The influence of the variation level on the required modification factor becomes progressively of lower importance with the increasing ground motion intensity.

A factor of 1.1 is sufficient to ensure a safety level of 99% for strong ground motions (Figs. 17c andd).

Furthermore, once the amplification factor statistical moment of a specific site is properly assessed in practice, the percentile used here can also be linked with the importance index and damage limitation requirement of buildings considered in EC8. For example, a vital important structure (like an hospital) with a strict seismic requirement theoretically requires a larger percentile value (e.g., 99%) than an agricultural building of minor importance (e.g., 90%) to get a higher modification factor (α). This will permit to fully consider the uncertainties of a site characterization.

Discussion

Layer thickness randomness

The stochastic site response analyses performed in the above section assumes a constant layer thickness. This is a reasonable assumption particularly if the layer boundaries are well identified and similar stratigraphic conditions are obtained in each borehole test (which is the case in this study). However, in some cases the layer thickness (boundary) cannot be accurately determined and can exhibit a large spatial variability especially when noninvasive techniques are applied to obtain the profiles. Therefore, it is worth modeling the layer thickness variations to present realistic site conditions.

The layer thickness (|A) variation is considered here using the default model and parameters of the statistical model proposed by Toro [START_REF] Toro | Probabilistic models of sire velocity profiles for generic and site-specific ground-motion amplification studies[END_REF] (see Eq. 7). In summary, the layer thickness variation affects the stochastic site response analysis, and its effects depend on the variation level of the shear-wave velocity and ground motion intensity. When both the layer thickness and velocity vary, the mean responses continue to decrease and the standard deviations continue to increase. The reduction of the mean responses could be attributed to the number of soil the layers (i.e., Layered profiles tend to be more variable at the near surface, based on Eq. 7). The comparison also highlights the additive nature of including different sources of site properties variability [START_REF] Rathje | Influence of input motion and site property variabilities on seismic site response analysis[END_REF]. When σ is smaller, the layer thickness variation significantly affects the generated velocity profile. It then contributes more to the variability of the estimated ground motions. The soil velocity and dynamic properties gradually dominate the site response analysis as the levels of the ground motion intensity and shear-wave velocity variation increase, reducing the effect of the layer thickness variation.

Truncated bounds

This section evaluates the upper and lower bounds of the generated on the accuracy of the proposed stochastic analysis. In practice, is usually assumed to follow a normal or lognormal distribution. Extreme and unrealistic values of are naturally generated at the distribution tails which thus need to be truncated to describe the uncertainty in a meaningful way. If enough in-site or lab tests are performed, the upper and lower bounds of will probably be determined accordingly. Nevertheless, in most cases truncated bounds have to be selected based on the literature or experience since insufficient data exist.

Truncated bounds commonly adopted in the previous studies including 1.65σ [START_REF] Boaga | Soil damping influence on seismic ground response: A parametric analysis for weak to moderate ground motion[END_REF], 2σ [1, 3, 24-26, 34, 37] and 3σ [START_REF] Tarque | Expected ground motion at the historical site of Poggio Picenze, Central Italy, with reference to current Italian building code[END_REF]. Besides these three values, truncated at 4σ is also compared here to illustrate how the truncated bounds influence the predicted ground response. The stochastic analysis procedure is the same as section 4, except for the upper and lower bounds, which are parametrically changed. Fig. 20 displays the relative difference of the mean and standard deviation of and , corresponding to = 0.5, = 0.2 and = 0.26g. The ground response of truncated bounds at 4σ is set as a reference value. As can be found, smaller truncated bounds lead to slight larger mean values of and but with lower variability. For the cases considered here, the relative differences of the mean and are very limited (lower than 5% over all frequency/period ranges) while the standard deviation is significantly influenced by the truncated bounds (more than 20% for some frequency/period ranges). The reduction of the variability is due to the fact that the small truncated bounds tend to decrease the shear-wave velocity uncertainty thus the randomized profiles are generated in a narrow range.

Table 3 shows the mean and standard deviations of the frequency-independent amplification and site fundamental frequency , as well as the corresponded relative difference. The mean values of and seem to be slightly influenced by the truncated bounds with the maximum relative difference is less than 1.0%. Similar to the variability of and , the variability of and decreases when small truncated bounds are aspects:

(1) The equivalent-linear (EQL) method is adopted to conduct the seismic site response analysis. A fully nonlinear soil constitutive model will be more appropriate to simulate the soil cyclic behavior. This is due to the shortcomings of EQL related to the over-damping at high frequencies and over-amplification at the site period for strong ground motions (i.e., =0.52g). However, a fully nonlinear constitutive model will also necessitate a large number of model parameters. Some of them are often difficult to accurately characterize. This will tend to increase the variability of the numerical predictions obtained and will limit its application for a seismic site response analysis.

(2) The statistical model proposed by Toro [START_REF] Toro | Probabilistic models of sire velocity profiles for generic and site-specific ground-motion amplification studies[END_REF] inevitably generates some profiles that are far from the true profile, which cannot represent realistic site conditions [START_REF] Tarque | Expected ground motion at the historical site of Poggio Picenze, Central Italy, with reference to current Italian building code[END_REF][START_REF] Teague | Site response implications associated with using non-unique Vs profiles from surface wave inversion in comparison with other commonly used methods of accounting for Vs uncertainty[END_REF].

It then magnifies the variability of the predicted ground motions. This can be improved if a large number of spatially distributed profiles are collected, through invasive or noninvasive methods using shear-wave velocity measurements. For example, by comparing theoretical dispersion curves for the generated profiles (through the statistical model) with the measured dispersion data for a site (through the surface-wave dispersion approach), some unrealistic statistical profiles can be discarded. Thus, the variability of the site response analyses caused by uncertainties of the shear-wave velocity profile will be evaluated in a more rational way.

(3) The current study presents a framework to perform stochastic site seismic response analysis, on the basis of a real site. In addition, a possible method for making connection between the results of the given analysis and the seismic codes is suggested. Obviously, more complex and comprehensive studies are necessary for the designs in practice.

Conclusions

A stochastic seismic site response analysis for evaluating the uncertainty associated with the soil shear-wave velocity ( ) effect on the predicted ground motions based on a real site is performed. The randomized profiles are generated based on a statistical model that considers the different variations ( ) and interlayer correlations ( ). The equivalent-linear method combined with the direct Monte Carlo simulation is employed to perform the stochastic analysis for various scenarios. The results are presented in terms of the mean and standard deviation of the amplification function ( ), spectral acceleration ( ), site fundamental frequency ( ) and amplification factor ( ).

(1) For mean response, the results reveal that modeling the uncertainty reduces the mean curve of and , particularly for the increased levels of velocity variation and ground motion intensity. The site fundamental frequency and frequency-independent amplification can be well described by a normal distribution. A reduction in the calculated occurs for strong ground motions with weak interlayer correlation while an increase in with increasing is observed when a strong interlayer correlation exists. The rather than contributes more to the reduction in the mean .

(2) For variability of response, the ground motion intensity has a more pronounced effect on the variability of and rather than on and . An increase in the variation also increases the variability of the calculated ground motions. However, the variability of is amplified for a high interlayer correlation, it is attributed to the wider average range.

The variability of appears to decrease with increasing the interlayer correlation, as expected.

(3) When both the layer thickness and velocity are varied, the mean responses continue to decrease and the standard deviations continue to increase, particularly for small σ . The soil velocity and dynamic properties gradually dominate the site response analysis as the levels of ground motion intensity and shear-wave velocity variation increase, weakening the effect of layer thickness variation. Smaller truncated bounds pronouncedly reduce the standard deviation of predicted ground motions, while the mean response seems to be less influenced.

(4) The uncertainties in shear-wave velocity can be properly accounted for in design practice by introducing a modification factor. As such, it is possible to circumvent the trouble of conducting stochastic seismic site response analysis.
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 1 Fig. 1 Modulus reduction and damping ratio curves for the Sassa site.
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 2 Fig. 2 Acceleration time history and Fourier amplitude of the selected real bedrock record.
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 4 Fig. 4 shows the evaluation of o 6 and 9 with the realization number for the most unfavorable situation, corresponding to = 0.4, = 0.2, and = 0.52 g. As can be seen, using 250 random profiles (i.e., 250 simulations) can meet the stop condition described above since the mean value remains almost stable after the 150 th simulation corresponding to an error 9 smaller than 0.01 for 100 iterations. The minimum number of calculation for different input motion intensities and interlayer correlation coefficients are shown inTable 2. It depicts that high soil nonlinearity (large ) and weak interlayer
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 4 Fig. 4 Convergence of mean PGA and corresponding error with increasing the number of realizations.
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 12 Fig. 12 Normal tests of and for increasing levels of velocity variation and input motion intensity.
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 13 Fig. 13 Mean versus for various (a)~(c) and (d)~(g) . The mean values of versus for all cases are shown in Fig. 13. Figs. 13a to 13c present the influence of on the mean while Figs. 13d to 13g present the influence of . In all considered cases, the mean decreases linearly with increasing the input

  Fig. 13 can be explained by the fact that larger variations of the shear-wave velocity always results in profiles containing velocity contrasts while a strong interlayer correlation significantly reduces the possibility of velocity contrasts happening.
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 14 Fig. 14 versus PGA for various (a)~(c) and (d)~(g) .
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 14 Fig. 14 compares the effect of the shear-wave velocity variation and interlayer correlation on the frequency-independent amplification for various input motion
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 16 Fig.[START_REF] Garofalo | InterPACIFIC project: Comparison of invasive and non-invasive methods for seismic site characterization. Part II: Inter-comparison between surface-wave and borehole methods[END_REF] Comparison of amplification factors calculated using random velocity profiles, considering the EC8 recommendations.
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 17 Fig. 17 Values of modification factor for various cases.

Fig. 18

 18 compares the mean and standard deviation of the calculated surface response spectra for shear-wave velocities generated with ρ =0.5 and different values of σ (case of =0.13g). Incorporating the layer thickness variation causes a significant reduction in the mean curve of and while it increases the corresponding standard deviations. The layer thickness variation has a significant effect on the variability of and . The effect becomes progressively smaller as the variation level of ( σ ) increases. Specifically, the maximum reduction of and mean is respectively equal to 23% and 19% for σ = 0.1 and to 7% and 9% for σ = 0.4 . The maximum increase of σ V2@ σ is respectively equal to 57% and 43% for σ = 0.1 and 5% and 8% for σ = 0.4.

Fig. 18

 18 Fig.[START_REF] Griffiths | Surface-wave dispersion approach for evaluating statistical models that account for shear-wave velocity uncertainty[END_REF] Influence of layer thickness variation on the calculated and .
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 19 Fig.[START_REF] Guo | Probabilistic assessment of an earth dam stability design under pseudo-static conditions[END_REF] Relative difference of the calculated and with and without considering layer thickness variation.

Fig. 19

 19 Fig. 19 displays the relative difference between the two considered scenarios (with and without layer thickness variation), in terms of the mean and standard deviation of the calculated and
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 20 Fig. 20 Relative difference of mean and deviation of and .

  

  

Table . 1

 . Soil properties at the Sassa site

	Depth (m)	Lithology	Density, γ, (kN/m % )	Average (m/s)	Material
	0-12	Sandy-silty alluvia	17.40	221	Mat 1
	12-20	Moderately stiff clayey silt	19.45	342	Mat 2
	20-25	Stiff clayey silt	19.45	690	Mat 3
	25-27	Gravel in fine-sandy matrix	19.45	530	Mat3
	>27	Soft rock	22.00	975	-

Table 2

 2 

	. It depicts that high soil nonlinearity (large	) and weak interlayer
	correlation (small	

) lead to more realization number to obtain reliable results. Once the velocity of the first soil layer is determined in the case of a strong interlayer correlation then the velocities of other soil layers can be determined accordingly (see Eqs. 1~3), reducing the overall uncertainty. For large intensities, strong soil nonlinearity induces more calculations for obtaining stable results. It is a consensus that large needs more realization calls

[START_REF] Guo | Probabilistic assessment of an earth dam stability design under pseudo-static conditions[END_REF][START_REF] Badaoui | Soil height randomness influence on seismic response: Case of an Algiers site[END_REF]

.

Table . 2

 . Convergence test (

	PGA (g) 0.07	= 0.2 142	= 0.5 133	= 0.4) = 0.8 130
	0.13	134	131	131
	0.26	155	155	149
	0.52	250	233	209
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employed. In general, the truncated bounds have a more pronounced effect on (maximum relative difference of -17.45%) rather than on c I (maximum relative difference of -8.52%). This effect is progressively vanished as the truncated bounds increase. The results of Fig. 20 and Table 3 illustrate that the truncated bounds have a more pronounced effect on the frequency-dependent amplification ( ) and spectral acceleration ( ) rather than on the frequency-independent amplification ( ) and site fundamental frequency ( ). This verifies that when the upper and lower bounds of the shear-wave velocity are accurately determined, the variability of the ground response can be significantly reduced. To this end, sufficient in-situ tests need to be performed. The non-invasive tests (i.e., multichannel analysis of surface waves) can be a good alternative [START_REF] Bergamo | Seismic characterization of shallow bedrock sites with multimodal Monte Carlo inversion of surface wave data[END_REF][START_REF] Chen | Impact of uncertainty in in-site shear-wave velocity on the judgment of site stiffness[END_REF][START_REF] Foti | Non-uniqueness in surface-wave inversion and consequences on seismic site response analyses[END_REF][START_REF] Passeri | Influence of epistemic uncertainty in shear wave velocity on seismic ground response analyses[END_REF] to obtain complementary data. It indicates that a pair of best-fit profiles could be obtained when the theoretical dispersion curve matches well with the experimental dispersion curve. The quality of the surface wave inversion can be improved using advanced inversion algorithms and/or combining with other tests [START_REF] Garofalo | InterPACIFIC project: Comparison of invasive and non-invasive methods for seismic site characterization. Part II: Inter-comparison between surface-wave and borehole methods[END_REF][START_REF] Griffiths | Mapping dispersion misfit and uncertainty in Vs profiles to variability in site response estimates[END_REF][START_REF] Teague | Site response implications associated with using non-unique Vs profiles from surface wave inversion in comparison with other commonly used methods of accounting for Vs uncertainty[END_REF] (applying horizontal-to-vertical spectral ratios for getting site fundamental frequency or limited boreholes to obtain stratigraphic conditions).

Therefore, unrealistic profiles will be excluded hence improving the accuracy of the seismic site response analysis.

Deficiencies of this study

The stochastic seismic site response analyses performed in this article permit to address several limitations of previous studies. Some deficiencies still remain in the three following