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Summary 
 
 
 
 
 
 
The principal and ultimate goal of program SIGMA WP3 is to provide one (or several) operational method(s) 
to account for site effects. These methods have to be relevant and must produce robust estimations and 
should be flexible enough to be adapted to site complexity. 
 
A first step toward this target is to dispose of a general overview of the existing approaches to account for 
site effects in both 1/ methodologies for the evaluation of amplification and 2/ regulations. The present report 
aims to do this overview. 
 
In the first section of the present report, experimental and numerical techniques are presented that are 
available to estimate the amplification due to site effects with a final synthesis of all described 
methodologies, with comparison criteria. This section presents the most well-known and used methodologies 
for site effects evaluation throughout the world. They are presented in three categories: experimental, 
numerical and empirical or semi-empirical methods. The presentation is not exhaustive at all. Indeed, it has 
not been possible to describe all available methods throughout the world, in the framework of the present 
compilation. The different categories of methods are described with, in most cases, some examples which 
are presented in more details. 
 
The second section is devoted to the taking into account for site effects in seismic regulations. It deals with 
building codes from different countries (USA, Europe, NewZeland). It also addresses the issue of site effects 
in regulation for nuclear facilities (IAEA recommendations, practices in France, Germany, Japan, 
Switzerland, UK and USA). Since soil classification is often a central issues in these practice, a discussion 
on research for “improved soil classification” is also proposed. 
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1. Introduction and objectives 

It is now well known, and widely accepted amongst the earthquake engineering 

community, that the effects of surface geology on seismic motion exist and can be 

large. Nearly all destructive earthquakes bring evidences of the dramatic 

importance of site effects. Accounting for such "site effects" in seismic regulations, 

land use planning or design of critical facilities thus became one goal of 

earthquake hazard reduction programs (Bard, 1997). 

 

The main goal of the French research programme "Sigma" (funded by EdF, CEA, 

AREVA and Enel) is to establish stable and robust seismic hazard estimations. This 

implies a better characterisation of uncertainties, which will probably contribute to 

future regulations. One of the five work packages of this program is devoted to the 

account for site effects. In this framework, Résonance Ingénieurs-Conseils SA 

(Carouge, Switzerland) was asked to compile an inventory of existing method-

ologies available to account for site effects. 

 

In the first section of the present report, experimental and numerical techniques 

are presented that are available to estimate site effects, with a final synthesis of all 

described methodologies, with comparison criteria. The second section is devoted 

to the account for site effects in seismic regulations. 

 

 

 

2. Methods for estimating site effects 

This section presents the most well-known and used methodologies for site effects 

evaluation throughout the world. They are presented in three categories: 

experimental, numerical and empirical or semi-empirical methods. The following 

presentation is not exhaustive at all. Indeed, it has not been possible to describe all 

available methods throughout the world, in the framework of the present 

compilation. The different categories of methods are described with, in most cases, 

some examples which are presented in more details. 

 

 

2.1 Experimental methods 

Experimental methods to estimate site effects are based either on weak and strong 

motion earthquake recordings or on ambient vibration recordings. Particularly in 

low and moderate seismicity areas, the use of ambient vibrations has become 

increasingly popular. Nevertheless, it should be kept in mind that methods based 

on real recordings are much more reliable if recordings of several events are 

available. That's why, for critical facilities, it is strongly recommended to install high 

quality broad-band seismographs in order to evaluate site effects with better 

reliability. Such seismographs allow to significantly reduce the uncertainties of site 

effect evaluations.  

 

A concise overview on the different experimental methods to investigate site 

effects, with an extensive reference list, is given by Parolai (2012). An interesting 

comparison of the quality of the principal experimental methods in a specific case 

study can be found in Drouet et al. (2008-b).  
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More and more recordings throughout the world are available nowadays. This 

allows more and more sophisticated experimental evaluations of site effects. 

However, data of very dense arrays that capture the spatial variability of ground 

motion at the scale of typical foundations are still extremely sparse – although this 

variability should be known in order to elaborate how much of the high frequency 

content of ground motion is filtered out by typical massive foundations of critical 

facilities.  

 

2.1.1 H/V noise spectral ratio 

Among the empirical methods, the H/V spectral ratio technique on ambient 

vibrations has become the probably most popular approach – in spite of its limit-

ations – at least in Japan and Europe. The H/V ratio, i.e. the ratio between the 

Fourier spectra of the horizontal and vertical components of ambient vibrations 

(often called "microtremors" or "ambient noise"), was introduced in the early seven-

ties by several Japanese scientists (Nogoshi and Igarashi, 1971; Shiono et al., 1979; 

Kobayashi, 1980; Nakamura, 1989). Since then, many investigators in different parts 

of the world have conducted a large number of applications (see SESAME, 2004, 

for example). 

 

An important requirement for the implementation of the H/V method is a good 

knowledge of engineering seismology combined with background information on 

local geological conditions supported by geophysical and geotechnical data. The 

method is typically applied in microzonation studies and in the investigation of the 

local response of specific sites.  

 

In general, due to the experimental character of the H/V method, the absolute 

values obtained for a given site require careful examination. In this respect visual 

inspection of the data both during data collection and processing is necessary. 

Especially during the interpretation of the results, there should be frequent 

interaction with regard to the choices of the parameters for processing. 

 

In the framework of the European research project SESAME (Site Effects Assessment 

Using Ambient Excitations), the use of ambient vibrations in understanding local site 

effects has been studied in detail. The SESAME guidelines (SESAME, 2004) outline 

the recommendations that should be taken into account in studies of local site 

effects using the H/V technique on ambient vibrations. The recommendations 

given apply basically for the case where the method is used alone in assessing the 

natural frequency of sites of interest and are therefore based on a rather strict set 

of criteria. The recommended use of the H/V method is, however, to combine 

several other geophysical and geotechnical approaches with sufficient 

understanding of the local geological conditions. In such a case, the interpretation 

of the H/V results can be improved significantly in the light of the complementary 

data. 

 

In spite of its limitations, the H/V technique is a very useful tool for microzonation 

and site response studies. This technique is most effective in estimating the natural 

frequency of soft soil sites when there is a large impedance contrast with the 

underlying bedrock. The method is especially recommended in areas of low and 

moderate seismicity, due to the lack of significant earthquake recordings, as 

compared to high seismicity areas. 

 

SIGMA-2012-D3-39 - Ver. 1.



Inventory of approaches to account for site effects 25/04/2012 Page 4 

 

Although Nakamura's qualitative physical explanation of the method looked at 

least questionable (as indicated in Lachet and Bard, 1994, and again in Kudo, 

1995), various sets of experimental data confirmed that these ratios are much more 

stable than the raw noise spectra. In addition, on soft soil sites, they usually exhibit a 

clear peak that is well correlated with the fundamental resonant frequency. These 

observations are supported by several theoretical investigations (Field and Jacob, 

1993b; Lachet and Bard, 1994; Lermo and Chavez-Garcia, 1994; Cornou, 1998; Fäh 

et al., 2001; SESAME, 2004), showing that synthetics obtained with randomly 

distributed, near surface sources lead to horizontal-to-vertical ratios sharply peaked 

around the fundamental S-wave frequency (Figure 1a), whenever the surface 

layers exhibit a sharp impedance contrast with the underlying stiffer formations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Theoretical checks of the H/V ratio technique. Numerical horizontal to 

vertical spectral ratios were computed from noise models in various 

soil profiles. a) Comparison between the S-wave resonance 

frequency (fs, computed for vertically incident S-waves) and the 

peak frequency "observed" in theoretical H/V ratios (fn): the 

agreement is very satisfactory. b) Same thing for the spectral 

amplitude at the resonant frequency (As is the amplification for 

vertically incident S waves, An is the amplitude of the H/V peak 

obtained from noise modeling): the agreement is very poor... 

(Reproduced from Lachet and Bard, 1994). 

 

 

However, the first three studies mentioned above also conclude that the 

amplitude of this peak is not well correlated with the S wave amplification at the 

site's resonant frequency (Figure 1b). Instead, it is highly sensitive to some 

parameters such as Poisson's ratio near the surface. Furthermore, Lachet and Bard 

(1994) proposed that the good match at the fundamental frequency is due to the 

horizontal-vertical polarisation of the Rayleigh waves, an interpretation that is in 

agreement with the early Japanese studies (Kudo, 1995). According to this view, 

no straightforward relation exists between the H/V peak amplitude and the site 

amplification. However, this opinion is not shared unanimously. For instance, a one 

to one average correlation is claimed by Konno and Ohmachi (1998) on the basis 

of a comparison between observed H/V peaks and numerical estimates of 1D 

transfer functions.  
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Furthermore, an empirical relationship between H/V peak amplitude and local 

intensity increment (MM scale) was argued in Toshinawa et al. (1997) from a strictly 

experimental viewpoint. A thorough comparison (Bard et al., 1997; Bard, 1999; 

SESAME, 2004) between observed amplifications derived from earthquake record-

ings and observed H/V peak amplitudes at more than 30 sites demonstrates that 

the H/V peak amplitude is almost always smaller than the observed amplification 

(Figure 2). Such an experimental result, although not yet explained by theoretical 

or numerical work, despite the computations performed by Cornou (1998), could 

be very useful indeed. It would mean that the H/V ratio technique could provide a 

lower-bound estimate to the actual weak motion amplification. This view needs to 

be confirmed, however, by a larger set of experimental data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Comparison between H/V ratio of ambient vibrations and standard 

spectral ratio of earthquakes. Top: comparison of the frequencies f0, 

bottom: comparison of the amplitudes A0. From SESAME (2004). 
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Other examples of estimates obtained with this technique are also displayed in 

Figure 3, for comparison with the results of other estimates, presented later. They 

show that the H/V ratio technique allows obtaining, very simply, the fundamental 

resonant frequency, but fails for higher harmonics, and that peak amplitude is 

often different from amplification measured on standard spectral ratios. 

 

The interpretation of the H/V spectral ratio is intimately related to the composition 

of the seismic wave-field responsible for the ambient vibrations, which in turn is 

dependent both on the sources of these vibrations, and on the underground 

structure. It is also related to the effects of the different kinds of seismic waves on 

the H/V ratio. See Bonnefoy-Claudet et al. (2006) and SESAME (2004) for a com-

prehensive review, and Kawase et al. (2011) for recent theoretical developments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Comparison between various techniques for the estimation of site 

response transfer function, for two sites in Oakland (California). 

Adapted from Field and Jacob (1995). a) Traditional spectral ratios; b) 

Generalized Inversion spectral ratios whatever the noise ratio); c) 

Generalized Inversion spectral ratios obtained when only data with 

signal to noise ratio larger than 3 are kept (and then given an equal 

weight). d) Parameterized inversion estimates; e) Average Horizontal-

to-vertical component spectral ratios for S wave part of earthquake 

records. f) Nakamura's estimates (average horizontal-to-vertical 

spectral ratio of ambient vibrations) Curves a) to c) correspond to 

site-reference techniques, while curves d) to f) correspond to non-

reference site techniques. The dashed-lines represent 95 % 

confidence limits of the mean. 

 

 

Theoretical investigations on the nature and use of H/V ratios of ambient vibrations 

are still going on. De Rubeis et al. (2011), for instance, proposed a strategy based 

on statistical methods to reconstruct the standard spectral ratios (SSR) at a target 

site using the spectral ratios on ambient vibration measurements at the same site. 

From a practical point of view, this method seems to be highly promising. However, 
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further research efforts are necessary before it is ready to be applied for practical 

purposes. 

 

2.1.2 Standard spectral ratio (SSR) 

The most obvious procedure (the principle of which is illustrated in Figure 4) consists 

in comparing recordings at nearby sites (where source and path effects are 

believed to be identical) through spectral ratios. These spectral ratios constitute a 

reliable estimate of site response if the "reference site" is free of any site effect, 

which means that it should fulfil the two following conditions: First, it should be 

located near enough to the examined station to ensure that differences between 

each site are only due to site conditions, and not to differences in source radiation 

or travel path. Secondly, it should also be unaffected by any kind of site effect, 

which is the case when the reference site is located on an unweathered, 

horizontal bedrock (Steidl et al., 1996). These two conditions prove to be rather 

restrictive in practice. The SSR technique, introduced first by Borcherdt (1970), is still 

widely used, often without enough critical check of the reference site.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: An example of use of the standard spectral ratio technique, for the 

evaluation of site effects and topographic effects.  
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From a practical point of view, two main difficulties linked with the SSR method can 

be identified: 

– Measurements are usually available only for events weaker – much weaker in-

deed – than the events engineers are interested in. Therefore, due to non-

linearity, the site effects estimated by SSR techniques may be considered as an 

overestimation or upper limit of the actual site effects at high frequencies, and, 

correlatively, a slight underestimation at frequencies below the "elastic" 

fundamental frequency. 

– Even if the reference site is an "ideal" flat and unweathered rock site, the site 

response resulting of the SSR technique is obviously only valid with respect to the 

specific rock characteristics of this reference site. Therefore, this site response 

can only be convolved with rock hazard values that have been elaborated 

with GMPEs valid for rock of the same characteristics – which is rarely the case. 

Otherwise, corrections have to be taken into account for the differences in 

shear wave velocities and kappa values (different frequency contents of the 

rock ground motion: see, for instance, Silva & Darragh, 1995, or Van Houtte et 

al., 2011).  

 

2.1.3 Generalised Inversion Technique (GIT) 

The ground motion at a given site can be understood as a product of a source, 

path and site term. If several events have been recorded by a relatively dense 

array, the source, path and site terms can be found for all stations with the aid of a 

simultaneous inversion. Some simplifying assumption, however, have to be made 

with respect to the path term, accounting for attenuation (intrinsic and scattering). 

For a very concise description as well as further references, see Parolai (2012). In 

the inversion, either a specific rock site or the average of several rock sites within 

the array may be considered as a reference, free of site effects.  

 

On the one hand, the GIT has the appealing advantage over the SSR technique 

that site effects can be extracted for sites without any nearby reference rock 

station. On the other hand, recordings of a whole array and non-negligible analysis 

efforts are necessary.   

 

The difficulties mentioned with respect of the SSR technique, namely the non linear 

soil behaviour for strong motion of engineering interest and the reference rock 

characteristics (Vs
30

 and kappa), remain the same.   

 

As early as 2000, Parolai et al. (2000), applied the GIT to a microzonation study for 

stations of a small urban network. In the French context, Drouet et al. (2008-a), 

applied the GIT with success to the French Accelerometric Network.  

 

2.1.4 Vertical Array data analysis 

The probably most reliable determination of site effects is possible if at least one 

accelerometer is located within the base rock below the site of interest. However, 

when calculating spectral ratios between the surface and the base rock 

recordings, some corrections have to be applied since ground motions at depth 

and at the surface are not identical, even for identical rock conditions. This is due 

to the reflection at the free surface; the interference between incoming and 

reflected wave trains is not the same at the free surface and at depth. Cadet et al. 

(2012-a) propose some correction for the transformation of a surface to depth 
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spectral ratio into a classical surface (soil) to surface (rock) ratio, corresponding to 

what would result from the SSR technique.  

 

Again, the problems of non linear soil behaviour for strong motion of engineering 

interest and different reference rock characteristics (Vs
30

 and kappa) remain the 

same as for the SSR technique and the GIT. 

 

From a practical point of view, it has to be mentioned that the budgets to install 

borehole instruments will rarely be available, except – hopefully – for critical 

facilities. In fact, many Japanese NPPs have installed vertical arrays on their sites.  

 

2.1.5 H/V spectral ratio of weak motion 

Another simple technique consists in taking the spectral ratio between the 

horizontal and the vertical components of the shear wave part of weak 

earthquake recordings. This technique is in fact a combination of Langston's (1979) 

"receiver-function" method for determining the velocity structure of the crust from 

the horizontal to vertical spectral ratio (HVSR) of teleseismic P waves, and the H/V 

ratio on recordings of ambient vibrations (H/V noise spectral ratios). 

 

This method is obviously interesting, since it does not need any reference station. It 

was first applied to the S wave portion of the earthquake recordings obtained at 

three different sites in Mexico by Lermo and Chavez-Garcia (1993). These 

recordings exhibit very encouraging similarities between the classical spectral 

ratios and these HVSR, with a good fit in both, the frequencies and amplitudes of 

the resonant peaks. The same technique was also checked on various sets of weak 

and strong motion data (see Chavez-Garcia et al., 1996; Lachet et al., 1996; Riepl 

et al., 1998; Theodulidis et al., 1996; Bonilla et al., 1997; Yamazaki and Ansary, 1997; 

Zaré et al., 1999, Kawase et al., 2011), from which several conclusions appear well 

established: 

– The HVSR shape exhibits a very good experimental stability. 

– It is also well correlated with surface geology, and much less sensitive to source 

and path effects (a warning should be issued however for near field recordings 

of large events, because of the strong directivity of the near-source "fling" or 

"killer pulse"). 

– However, comparisons with classical spectral ratios (including surface / down-

hole recordings), as well as with theoretical 1D computations (see also Lachet 

and Bard, 1994), also agree on the fact that the absolute level of HVSR depends 

on the type of incident waves. It follows that the determination of the absolute 

level of amplification from only HVSR is not straightforward. 

 

Field and Jacob (1995) also applied this technique in their systematic comparisons, 

and found that the method reproduces very well the shape of the site response, 

but underestimates the amplification level (see Figure 3e). They also found very 

different results when applying this technique to the P-wave part of the recordings. 

They therefore conclude that HVSR, when applied to the S-wave signals, reveals 

the overall frequency dependence. Based on our own investigations, we agree 

only partly with this conclusion, since in some cases we did find a good similarity in 

"spectral shapes", but in a few other HVSR we were only able to identify the 

fundamental resonance frequency. Furthermore, it should be pointed out that this 

technique has been applied and checked for soft soil sites only, and might not be 

valid for other kinds of sites. 
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2.1.6 Use of the coda wave for site effect estimation 

During the last decades, the signal processing community has developed, for 

digital communication, different methods of blind deconvolution making it possible 

to retrieve the unknown convolutive components of one known signal. Sèbe (2003) 

applied these techniques to the codas of seismic recordings in order to retrieve 

seismic source time functions and site effects. His work has the character of a 

feasibility study and should be further developed before it might one day be 

applied in a practical context.  

 

 

2.2 Numerical methods 

When the geotechnical characteristics of the site or of the area are known, site 

effects can be, in principle, estimated through numerical analysis. The prerequisite 

of a sufficient geotechnical knowledge generally implies that such ground 

response analyses be made on a site by site basis, but the density of boreholes and 

geotechnical information in some large cities may be sufficient to allow a 

numerically-based zoning. Such an approach, however, requires an in-depth 

understanding both of the analytical models and of the numerical schemes that 

are used. When the required expertise is lacking, it may occur that sophisticated 

numerical analyses lead to less reliable results than simpler and cruder, but more 

robust approximations.  

 

Methods presented in the following sections are given one after the other as they 

are, most of the time, a combination of different aspects: 

– dimension of the problem (1D, 2D, 3D); 

– type of seismic solicitation (in plane or out of plane wave, point or extended 

source, inside model or far source, etc.); 

– account for material behaviour (linear, equivalent-linear, non linear). 

 

Douglas and Aochi (2008) present an article that summarises existing methods and 

the most important references, provides a family tree showing the connections 

between different methods (Figure 5) and, most importantly, discuss the 

advantages and disadvantages of each method. This paper by Douglas and 

Aochi (2008) contains a comprehensive comparison of most available methods, 

pointing out the advantages, limitations, inputs, outputs, references, type of usage, 

available codes, etc.  

 

As concluding remarks from this wide comparison review, Douglas and Aochi 

(2008) state that, over time, the preferred techniques will tend to move to the top 

of Figure 5 (more physically based approaches requiring greater numbers of input 

parameters) since knowledge of faults, travel paths and sites will become sufficient 

to constrain input parameters. Such predictions will be site-specific as opposed to 

the generic estimations commonly used at present. However, Douglas and Aochi 

(2008) say that, due to the relatively high cost and difficulty of ground 

investigations, detailed knowledge of the ground subsurface is likely to continue to 

be insufficient for fully numerical simulations for high-frequency ground motions, 

which require data on 3D velocity variations at a scale of tens of metres. The 

authors state that, in the distant future, when vast observational strong-motion 

databanks exist including records from many well studied sites and earthquakes, 

more sophisticated versions of the simplest empirical technique, that of 

representative accelerograms, could be used where selections are made not just 
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using a handful of scenario parameters but many, in order to select ground 

motions from scenarios close to that expected for a study area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Summary of the approximate date when a method was developed 

on the x-axis, links to other approaches and the level of detail of the 

scenario modelled on the y-axis. Boxes indicate those methods that 

are often used in research and/or practice (Douglas and Aochi, 

2008). 

 

 

2.2.1 1D response of soil columns 

There exist a number of simple analytical methods which allow computation of the 

seismic response of a given site with only the help of a small personal computer. 

Amongst these, the most widely used make use of the multiple reflection theory of 

S waves in horizontally layered deposits, very often referred to as "1D analysis of soil 

columns". 

 

Such a soil column is excited by an incoming plane S wave, generally considered 

as vertically incident, and corresponding to a surface bedrock motion repres-

entative of what is likely to occur in the area. The specific parameters required for 

such an analysis are shear wave velocity, density, damping and thickness of each 

layer. These parameters may be obtained either through direct in situ meas-

urements, or from drillings and subsequent laboratory measurements, or from 

known approximate relationships with other, more usual geotechnical parameters 

such as the results of cone penetration tests (CPT) or standard penetration tests 

(SPT). 

 

These analyses may be performed considering either a linear or a non-linear 

behaviour for the soil. The non-linearity is very often approximated by a 

"equivalent-linear" method that uses an iterative procedure to adapt the soil 

parameters (i.e., rigidity and damping) to the actual strain it undergoes, according 

to the curves depicted in Figure 6. The SHAKE program is one of the most widely 

used for such calculations (Schnabel et al., 1972). 

 

 

SIGMA-2012-D3-39 - Ver. 1.



Inventory of approaches to account for site effects 25/04/2012 Page 12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: An example of strain dependency of normalized shear modulus (top) 

and damping (bottom), for soft soils with varying plasticity index PI 

(after Dobry and Vucetic, 1987). 

 

 

Recently developed packages incorporating true non-linear constitutive models 

are now available, that also allow accounting for liquefaction phenomena 

(example: CyberQuake program, 1998). However, these non-linear analyses 

require a quantitative knowledge of the actual nonlinear material behaviour, 

which can only be obtained by means of sophisicated laboratory tests. Some 

generic average curves have been proposed for different types of material, as 

sand or clay, but the actual behaviour of a given soil at a given site may strongly 

depart from these averages. This was precisely the case in Mexico City where the 

clays, with high plasticity index, proved indeed to behave almost linearly despite of 

the large strains experienced during the 1985 event, while they were previously 

believed to be highly non-linear because of their very low rigidity. 

 

Random vibration theory (RVT) equivalent-linear site response analyses, along with 

profile randomization, was developed by Walt Silva to provide a method for 

accommodating random variability in dynamic material properties that occur 

across a site (or within a generic site category) in developing site specific motions 

(EPRI, 1993). The fully probabilistic approach leads to unbiased estimates of mean 

(linear or log) amplification or site response along with the associated aleatory 

variability in site effects due to site-specific parametric aleatory variability. The 

motivation for the development of equivalent-linear RVT was to eliminate the use 

of multiple time histories. Pacific Engineering has extended the RVT approach to 
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vertical motions using incident inclined P-SV wave motions (EPRI, 1993, Silva, 1997). 

The approach has been validated with recorded motions (EPRI, 1993). 

 

Rathje and Kottke (2008) present a report that focuses on the RVT approach for 

equivalent-linear site response analysis. Figure 7 shows the advantages and 

disadvantages of different methods of site response analysis. RVT-based site 

response analysis is an extension of stochastic ground motion simulation 

procedures developed by seismologists to predict peak ground motion 

parameters as a function of earthquake magnitude and site-to-source distance 

(e.g. Hanks and McGuire 1981, Boore 1983). The RVT procedure consists of 

characterizing the Fourier Amplitude Spectrum (FAS) of a motion and using RVT to 

compute peak time domain values of ground motion from the FAS. When site 

response is included in the calculation, the FAS developed for rock is modified to 

account for the soil response before RVT is applied.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Advantages and disadvantages of different methods of site response 

analysis (Rathje and Kottke, 2008). 

 

 

As reported in details by Rathje and Kottke (2008), Random Vibration Theory 

represents an alternative to selecting a suite of motions for equivalent-linear 

analysis. In the RVT approach, the input to the site response analysis is a single 

Fourier Amplitude Spectrum (FAS) that represents the input rock motion. This 

spectrum contains only the Fourier amplitudes, without the accompanying phase 

angles, and thus cannot be used to compute directly an acceleration-time history. 

However, RVT can be used to estimate peak time domain values (e.g., peak 

acceleration) from the Fourier amplitude information. A schematic of RVT-based 

site response analysis is shown in Figure 8 (b). Transfer functions (the same 

frequency domain transfer functions used in equivalent-linear analysis with time 

history input motions) are used to propagate the rock FAS through the soil column 

to obtain the FAS of the motion at the ground surface, and RVT is utilized to 

calculate peak time domain parameters, such as peak ground acceleration and 

spectral acceleration, from the FAS. The RVT calculation requires an estimate of 
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the ground motion duration, a parameter that is not required in traditional 

equivalent-linear analysis with time domain input motions. The product of an RVT-

based site response analysis is an acceleration response spectrum calculated from 

the surface FAS, rather than an acceleration time history. 

 

As described by Rathje and Kottke (2008), the key to RVT analysis is the prediction 

of peak time domain motions from only a Fourier amplitude spectrum 

representation of the motion and its duration. Parseval’s theorem and extreme 

value statistics (EVS) are used to relate the frequency domain motion with the 

peak time domain motion. EVS was first used in seismology by Hanks and McGuire 

(1981) to predict peak ground acceleration (PGA) from the rms (root-mean-

square) acceleration, a
rms

. Parseval’s theorem is used to compute a
rms

 from the FAS, 

and a peak factor is used to relate a
rms

 to the peak ground acceleration. More 

details on the RVT theory can be found in Rathje and Kottke (2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: (a) Time History Seismic Site Response Analysis, and (b) Random 

Vibration Theory Based Seismic Site Response Analysis (Rathje and 

Kottke, 2008). 

 

 

Kottke and Rathje (2008) developed the computer program Strata which performs 

equivalent-linear site response analysis in the frequency domain using time domain 

input motions or random vibration theory (RVT) methods, and allows for 

randomization of the site properties. However, the randomization of soil velocity 

profiles addresses the question of the real representativeness of such a procedure: 

are there enough borehole data to propose appropriate models for vertical spatial 

correlations? Strata is distributed under the GNU General Public License which can 

be found here: http://www.gnu.org/licenses/. The manual can be found in Kottke 

and Rathje (2008). 

 

As underlined by Kottke and Rathje (2008), for the large magnitude events (Mw 7.5, 

R = 50 km), the point source Fourier Amplitude Spectrum (FAS) matches the Inverse 

RVT (IRVT) FAS over frequencies from 0.4 to 15 Hz, but it is significantly larger than 
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the IRVT FAS at lower frequencies. This difference results in significantly larger 

spectral accelerations at long periods. The discrepancies between the input rock 

response spectra and the FAS from the seismological point source model are 

certainly affected by the shortcomings of the point source model. A better fit to 

the target spectrum could be obtained from more sophisticated source models or 

finite fault simulations. Nonetheless, the differences obtained reveal that it is critical 

that the input rock FAS used in RVT site response calculations be converted to a 

rock response spectrum such that its match to a target spectrum can be assessed. 

 

2.2.2 Account for non-linear behaviour 

As stressed by Bonilla et al. (2011), most nonlinear studies are performed either by 

using equivalent-linear approximations or using complex constitutive models that 

require a detailed soil characterization. Indeed, the problem of estimating 

nonlinear site response is the number of parameters needed to describe the 

dynamic material properties. For this reason, the majority of "true" nonlinear 

analyses is limited to one-dimensional computations. 

 

For example, the program CyberQuake, (CyberQuake, 1998), allows two kinds of 

direct and one inverse analysis: 

1. Cyber Analysis (transient analysis), 

2. Equivalent-Linear Analysis, 

3. Deconvolution. 

 

In 1, soil layers may be considered as elastoplastic materials (with isotropic linear 

elasticity as a special case). True transient nonlinear analyses are carried out and, 

following the version, two or three-dimensional kinematics are assumed. In 2 and 3, 

soil layers are treated by equivalent-linear assumption and viscoelastic analyses 

are performed while the dependence of the shear modulus, as well as the 

damping, on distortion is incorporated. The computations are done in the 

frequency domain. It is also possible to perform direct linear (visco)elastic analyses 

in 2 and deconvolution in 3. The boundary conditions are defined by current 

engineering language (e.g. water table position, deformable / rigid bedrock, etc.) 

instead of using numerical modelling terminology. Therefore, standard boundary 

conditions are easily prescribed on the boundaries. The rigid bedrock assumption 

simplifies computational aspects, as no absorbing boundaries have to be taken 

into account. With this assumption, the calculation can be done in a moving 

reference frame that results in a fixed base. The seismic loading is modelled as a 

prescribed displacement time history of the rigid bedrock, which results from the 

double integration of the input acceleration with respect to time. 

 

DYNAFLOW (Prévost, 2002), is a finite element analysis program for the static and 

transient response of linear and nonlinear two- and three-dimensional systems. In 

particular, it offers transient analysis capabilities for both parabolic and hyperbolic 

initial value problems in solid, structural and fluid mechanics. There are no 

restrictions on the number of elements, the number of load cases, the number of 

load-time functions, and the number or bandwidth of the equations. Despite large 

system capacity, no loss of efficiency is encountered in solving small problems. In 

both static and transient analyses, an implicit-explicit predictor-(multi)corrector 

scheme is used. The nonlinear implicit solution algorithms available include: 

successive substitutions, Newton-Raphson, modified Newton and quasi-Newton 

(BFGS and Broyden updates) iterations, with selective line search options. Although 
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DYNAFLOW can be a very powerful analysis tool, it should be emphasized that its 

use requires a thorough understanding of the underlying field theories used, and of 

the integration techniques (both in space and time) employed. Furthermore, the 

main problem in accounting for soil full non-linearity, especially in more than 1D 

problems, is to obtain the input soil characteristics. 

 

Another example is SUMDES (Li et al, 1992), a computer program to perform 

dynamic response analyses of Sites Under Multi-Directional Earthquake Shaking. 

The basic assumptions made in deriving the formulations are as follows: 

– The site is horizontally layered and it extends infinitely in horizontal directions 

– Waves travel along the vertical direction only 

– The ground surface is free of stresses 

– The bottom boundary is impermeable 

– Soil below the water table is fully saturated 

 

As explained by Li et al. (1992), in practice, these assumptions conform to large 

free-field soil deposits that are water saturated, essentially levelled, and subjected 

to earthquake shaking originating primarily from their underlying rock formation. As 

for DYNAFLOW, the procedure is formulated on the basis of effective stress 

principle, vectored motion, transient pore fluid movement, and generalized 

material stiffness; therefore, it is capable of predicting three-directional motions 

and the pore water pressure build-up and dissipation within the soil deposits. Each 

soil layer can be individually modelled using either linear elasticity or other built-in 

nonlinear inelastic constitutive models. 

 

Bonilla et al. (2011) point out the fact that site characterization studies have 

different goals for seismologists and earthquake engineers. Traditionally, 

seismologists work on elastic and viscoelastic wave propagation in complex 

media. This means, that P and S wave speeds, density, Q
P
 and Q

S
 values 

characterize the media (e.g. Magistrale et al., 2000). In addition to these 

parameters, earthquake engineers also need information about the dynamic 

properties of the different materials. To name a few, lithology composition to see 

the type of material, water content, cohesion and friction angle, liquefaction 

resistance laboratory tests, shear modulus reduction and damping ratio curves 

(e.g. Heuze et al., 2004). The type and number of geotechnical parameters 

depend on the constitutive soil model used in the numerical simulations. 

 

Bonilla et al. (2011) studied the 2D response of a small basin with an inclined 

incident wavefield. In order to reduce the model’s size, they propagate a plane 

wave with three angles of incidence into a relatively small basin in Nice, France, 

which has a 3D velocity model and whose soil nonlinear dynamic parameters 

have been estimated from literature. They use a 2D P-SV finite differences scheme 

as proposed by Saenger et al. (2000). The nonlinear soil behaviour is the one 

proposed by Towhata and Ishihara (1985) and Iai et al. (1990). Figure 9 shows the 

basin response for the linear (left) and nonlinear (right) cases. Top panels 

correspond to the basin amplification for an incident plane wave at 35° to the 

right; the second panels show the results for an inclined wave at 35° to the left; the 

third panels correspond to the case of vertical incidence, and the bottom panels 

display the S wave velocity model. The first thing that can be observed is the 

deamplification of the ground motion for the nonlinear case. However, nonlinear 

basin responses for the inclined wavefield are not as much deamplified compared 
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to the vertical incidence. As explained by Bonilla et al. (2011), this is due to the fact 

that inclined waves do not traverse the nonlinear media as if they were impinging 

vertically.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: 2D linear (left) and nonlinear (right) basin response of Nice, France 

(Bonilla et al., 2011). 

 

 

Bonilla et al. (2011) show, on different examples, that soil nonlinearity has a 

broadband effect. Thus, there is a need of computing broadband time histories so 

that nonlinear effects can be triggered, which all seismologists know is not a trivial 

problem. On the contrary, their analysis of the 2011 Tohoku records at KiK-net 

stations suggests that nonlinear behaviour may be shallow. This is good news 

because there is no need for expensive material dynamic characterization down 

to the bedrock. Finally, since the resulting ground motion depends on the source 

and soil dynamic properties, there is a need to quantify the uncertainty of the 

numerical predictions. Finally, Bonilla et al. (2011) conclude that one-dimensional 

studies can be easily done, but 2D and 3D analyses present a challenge and there 

is still a lot of work to be done. 

 

Bard et al. (2011) show the main results of the "EuroseisTest Verification and 

Validation Project" (E2VP), employing a wide range of different 2D non-linear 

numerical methods (see Table 1). Even 2D linear modelling is not yet straight-

forward and needs iterations and cross-checks with other techniques. Bard et al. 

(2011) also show a key importance of damping in non-linear models: the classical 

"Seed like" curves yield strong non-linear effects at least in deep deposits which are 

already significant at 0.05 g (0.12 g surface). Results of the project also show large 

effects at high frequencies because of damping; are those realistic? Finally, they 

observe a large variability in the non-linear results: a) an identical G-ζ- curve 

implemented in different codes yields different results, with large differences in time 
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histories, strain / pga / pgv profiles; b) the effects on 5% response spectra are less 

apparent. 

 

Finally, it has to be noted here that non linear codes often become numerically 

unstable in the case of very high level seismic solicitations (for example with multi-

component excitation and vertical accelerations over 1 g). 

 

 

Table 1: Applied 2D non-linear methods used by the participants of the E2VP 

(from Bard et al., 2011). For cited references, see Bard et al. (2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The computation of the two-dimensional response of alluvial basins can be based 

on the discrete wavenumber method proposed by Aki and Larner (1970). The basis 

of this method lies on the transposition of the direct problem in space and time 

domain to the horizontal wavenumber and frequency domain, achieved by a 

double Fourier transform. To solve the problem numerically, a discretization in both 

space and time, and thus in wavenumber and frequency, is operated. 

 

The account for equivalent-linear behaviour is practically achieved by fitting the 

modulus and damping of the linear viscoelastic model to the effective modulus 

and damping of the non-linear material under loading. These effective values are 

generally given by experimental modulus and damping degradation curves 

obtained by laboratory tests. In Seed and Idriss' visco-elastic model, modulus and 

damping values are computed from these degradation curves by an iterative 

algorithm, until a convergence limit is reached, between the effective strain at two 

consecutive iterations. Seed and Idriss' equivalent-linear model, widely used in the 

well-known 1D SHAKE program (Schnabel et al., 1972), was implemented in the 

extended Aki and Larner method, for SH waves. In the 2D computation, it is 

assumed that the shear modulus and damping are constant inside each layer, with 

the strain amplitude being variable (2D computation). In the 2D equivalent-linear 
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frame, the mean strain amplitude, computed at several points across the valley 

within each layer, is used to compute the new shear modulus and damping at 

each iteration step. 

 

Some of the simplifying assumptions on which this method is based impose a 

frequency limitation which is approximately in the range between 4 × f0 and 8 × f0, 

f0 being the fundamental resonance frequency of the considered basin. The 

iterative equivalent-linear formulation forces to estimate the time domain response 

and associated peak and effective strains for each iteration. Thus, the response is 

needed over the whole frequency range covered by the input motion, which very 

often exceeds this 8 × f0 upper bound. To overcome this frequency limitation, the 

computation is combined with a classical 1D computation, for frequencies higher 

than 8 × f0. Between 4 × f0 and 8 × f0, a hybrid solution if linearly interpolated 

between the 1D and the 2D solutions, as shown on Figure 10. The hybrid transfer 

function can be written as: 

TFhybrid = α TF2D + (1 − α) TF1D, with: 

α =1 for f ≤ 4f0, 

α = 2 − f/4f0 for 4f0 < f ≤ 8f0, 

α =0 for f > 8f0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Approximation of the 2D basin response by the extended Aki and 

Larner’s method. 

 

 

2.2.3 Modelling of distant earthquakes 

In areas of low to moderate seismicity, it is necessary to account for distant 

sources. Few local earthquake recordings are available in such areas. Hybrid 

methods composed of two models with different scales are proposed to optimise 

the modelling of distant sources. 

 

As pointed out by Fäh and Suhadolc (1994), many of the numerical techniques 

used for seismic zonation studies treat one-dimensional structural models and/or 

the incidence of plane polarized body waves. These techniques are often not 

adequate for laterally heterogeneous structures and for sources that are not 

located beneath the site of interest. In such cases, a more rigorous treatment of 
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the combined effects of the source, the path and the site response is needed. This 

is the reason why Fäh and Suhadolc (1994) developed a hybrid approach 

combining modal summation and the finite-difference technique, as shown on 

Figure 11. Each of the two techniques is applied in that part of the structural model 

where it works most efficiently. Modal summation is applied to simulate wave 

propagation from the source position to the detailed two-dimensional structure of 

interest. The path is approximated by a one-dimensional structure composed of a 

series of flat, homogeneous, anelastic layers. The finite-difference method, applied 

to treat wave propagation in the two-dimensional part of the structural model, 

permits wave propagation modelling in complicated and rapidly varying velocity 

structures. The hybrid approach allows the simulation of the complete wavefield 

characterized by given frequency and phase-velocity bands, and, in these bands, 

it can automatically account for all surface waves and body waves characterized 

by any incidence angle consistent with the bands considered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Geometry used for the numerical modelling, both for the vertical 

incidence of plane polarized body waves in one- and two-

dimensional structural models, and for the application of the hybrid 

technique. In the right part of the Figure, the spatial representation of 

the used extended source is schematized (Fäh and Suhadolc, 1994). 

 

 

Fäh and Suhadolc (1994) compare the results obtained with one- and two-

dimensional structural models for vertical incidence of plane polarized body waves 

with those obtained with the hybrid approach for two-dimensional structural 

models. For the same site, these differences consist of strong variations in 

amplitude and in the shape of the spectral amplifications. For a seismic source 

which is not located beneath the site, vertical incidence of waves significantly 

overestimates the local hazard in a laterally homogeneous structure. For a laterally 

heterogeneous area, Fäh and Suhadolc (1994) can conclude that one-
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dimensional modelling fails to estimate the seismic hazard, whereas for a seismic 

source which is not located beneath the site of interest, two-dimensional modelling 

with vertical incidence of plane polarized body waves may not allow reliable 

estimates to be made of the frequency bands at which amplifications occur. 

 

Moczo et al. (2007) present a monograph providing tutorial and detailed 

introduction to the application of the finite-difference (FD), finite-element (FE), and 

hybrid FD-FE methods to the modelling of seismic wave propagation and 

earthquake motion. 

 

As described in details by Moczo et al. (2007), the application of the finite-

difference (FD) method to a particular differential problem includes: 

– construction of a discrete FD model of the problem (coverage of the 

computational domain by a space-time grid, FD approximations to derivatives, 

functions, initial and/or boundary conditions at all the grid points, construction 

of a system of the finite-difference),  

– analysis of the FD model (consistency and order of the approximation, stability, 

convergence),  

– numerical computations. 

 

The analysis of the FD model or numerical computations may lead to a redefinition 

of the grid and FD approximations, if numerical behaviour is not satisfactory. 

 

For the finite-element (FE) method, the need is to develop a discrete approx-

imation to the equation of motion in its weak formulation. Moczo et al. (2007) 

present an alternative approach based on the idea of Michlin (1970), in directly 

deriving the semi-discrete weak form of the equation of motion from the strong 

(differential) form of the equation of motion. 

 

As pointed out by Moczo et al. (2007), in many wavefield-medium problem 

configurations, it is advantageous to combine two or even more computational 

methods in order to solve the problem with a reasonable level of accuracy and 

computational efficiency. In some cases, it is advantageous to solve time 

dependence of the displacement using one method and spatial dependence 

using some other method. In some other cases, it is reasonable to split the 

computational domain into two or more parts and solve each part by the best 

suited method. Several hybrid methods were developed in an effort to achieve 

reasonable computational efficiency in applications to relatively complex 

structural models. The FE method more easily incorporates boundary conditions at 

the free surface and material interfaces compared to the FD method. This is 

especially true about non-planar surfaces and interfaces. From this point of view, 

the FE method is better suited for simulation of the traction-free condition and 

rupture propagation. This is the reason why Moczo et al. (2007) developed a hybrid 

combination of the two methods (Figure 12), to comprise both the dynamic 

earthquake source and the wave propagation in the complex heterogeneous 

medium. 
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Figure 12: The FD-FE transition zone in the FD-FE hybrid modelling. For simplicity, 

only the vertical grid plane with the x- and z-components of the 

particle velocity is shown. h
FD

 is the spatial grid spacing in the FD grid, 

h
FE
 is the spatial grid spacing in the uniform part of the FE grid near the 

transition zone (the rest of the FE grid can be non-uniform). Each grid 

point in the FE region, that is, each intersection of the grid lines in the 

FE region, is a position of all components of the displacement vector 

(Moczo et al., 2007). 

 

 

Bielak et al. (2003) developed a modular two-step, finite-element methodology for 

modelling earthquake ground motion in highly heterogeneous localized regions 

with large contrasts in wavelengths. Their aim is to model complex geological 

structures such as sedimentary basins, some distance away from the earthquake 

source. Bielak et al. (2003) overcome the problem of multiple physical scales by 

subdividing the original problem into two simpler ones. The first is an auxiliary 

problem that simulates the earthquake source and propagation path effects with 

a model that encompasses the source and a background structure from which the 

localized feature has been removed. The second problem models local site 

effects. Its input is a set of equivalent localized forces derived from the first step. 

These forces act only within a single layer of elements adjacent to the interface 

between the exterior region and the geological feature of interest. This enables to 

reduce the domain size in the second step. If the background subsurface structure 

is simple, one can replace the finite-element method in the first step with an 

alternative efficient method. This methodology, called the Domain Reduction 

Method (DRM), is illustrated in Figure 13 and in the paper by Yoshimura et al. (2003) 

for several 3D problems of increasing physical and computational complexity. They 

consider first a flat-layered, stratigraphic system. For this simple case, the first step 

can be carried out by means of 3D Green's function evaluations. An extension to 

more general problems is illustrated by Bielak et al. (2003), with the same 
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background stratigraphy. Verifications and applications are presented in 

Yoshimura et al. (2003). The method can be applied in the elastic, anelastic and 

inelastic cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Summary of the two-step domain reduction method (DRM). (a) Step I 
defines the auxiliary problem over background geological model. 

Resulting nodal displacements within , 
e
 and the region between 

them are used to evaluate effective seismic forces P
eff 

required for 

step II. (b) Step II, defined over reduced region made up of  and 
+
 

(a truncated portion of +). The effective seismic forces P
eff

 are 

applied within  and 
e
. The unknowns are: the total displacement 

fields u
i
 in  and u

b
 on , and the residual displacements w

e
 in 

+
. 

(Bielak et al., 2003). 

 

 

2.2.4 Spectral elements modelling (2D and 3D) 

Smerzini et al. (2011) present a comparison of different numerical approaches 

using the Spectral Element Method (SEM) software package GeoELSE 

(GeoELastodynamics by Spectral Elements, http://geoelse.stru.polimi.it). GeoELSE is 

a Spectral Elements code for the study of wave propagation phenomena in 2D or 

3D complex domain, developed by CRS4 (Center for Advanced Research and 

Studies in Sardinia) and the Politecnico di Milano, DIS (Department of Structural 

Engineering). Some of the main features of the code are: 

–   naturally oriented to large scale applications (millions of grid points); 

–   dealing with externally created 3D unstructured meshes; 

–   native parallel implementation; 

– implementing of complex constitutive behaviour like visco-plasticity or non 

linear elasticity. 
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The spectral discretization of the spatial domain is performed as follows (Figure 14): 

1– The domain is split into quadrilaterals in 2D (or hexahedrals in 3D) 

2– Each subdomain is mapped onto a reference element 

3– Legendre Gauss Lobatto (LGL) nodes are introduced 

4– Spectral grid-points are mapped back onto the domain 

 

Comparisons performed by Smerzini et al. (2011) include: 

– a 3D model, including a kinematic model of the extended seismic source, a 

layered crustal structure, and a simplified homogeneous velocity profile; 

– a 2D model of a longitudinal and transversal cross-section of a basin, subject to 

vertical and oblique incidence of plane waves with time dependence at 

bedrock obtained by 3D simulations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: The spectral discretization of the spatial domain applied in GeoELSE 

code (Faccioli et al., 2007). 

 

 

As reported by Smerzini et al. (2011), 3D numerical simulations were successful to 

predict the observed large amplification of ground motion at periods beyond 

about 1 s, due to the predominant onset of surface waves originated at the 

southern edge of the 3D basin and propagating northwards. More specifically, the 

difference between 3D and 2D modelling results was remarkable, since the latter 

ones failed to approach such large amplification levels, even when an oblique 

incidence of plane waves was considered. 
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2.2.5 3D linear modelling 

Bard et al. (2011) and Chaljub et al. (2011) present the results of the "EuroseisTest 

Verification and Validation Project" (E2VP), employing a wide range of different 

numerical methods – finite-difference, finite-element, global pseudospectral, 

spectral-element, discrete-element and discontinuous Galerkin (see Table 2), in an 

unprecedented effort in assessing the reliability of 3D numerical simulation to 

model earthquake ground motion in realistic configurations. In the framework of 

this project, Chaljub et al. (2011) conclude that the results achieved show that a 

proper method and implementation of a continuous and discontinuous material 

heterogeneity, large Poisson's ratios, attenuation, non-reflecting boundary and 

free-surface condition are the key elements of a reasonable numerical simulation. 

The project confirms that still some important methodological questions remain to 

be addressed and answered before the 3D methods are confronted with data, 

and highlights the necessity of a continuing methodology development of the 

traditional and new methods in their application to the complex 3D realistic 

models. 

 

 

Table 2: Applied 3D methods used by the participants of the E2VP. All are 2
nd

 

order in time. GZB stands for Generalized Zener Body (from Chaljub et 

al., 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the framework of the E2VP project, results show a good match up to 4 Hz 

obtained between various simulation techniques, indicating a very encouraging 

level of maturity. 

 

Final conclusions from Bard et al. (2011) state that neither 3D, linear nor (2D) non 

linear numerical simulations are yet "press-button" procedures. Too fast applications 

may yield very wrong results (and large un-trust from end-users); there is still a need 

for improvements. However, very similar results are possible even with completely 

different numerical schemes (3D, linear). Recommendations proposed by Bard et 
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al. (2011) are to never use only one method, prefer at least two, use quantitative 

assessments of the mismatch between predictions, use only well-validated 

techniques and codes, by well trained users, with careful model implementation, 

external review and cross-check with data. 

 

 

2.3 Empirical and semi-empirical methods 

2.3.1 Ground motion prediction equations 

Many ground motion prediction equations (GMPEs) have been derived on the 

basis of available strong motion recordings. They all relate a given ground motion 

parameter (pga, pgv, Sa, duration, Arias intensity, etc.) to the magnitude and 

distance of the seismic event, and they also very often take into account a site 

parameter. A report by Douglas (2011) summarizes all empirical ground-motion 

prediction equations (GMPEs), to estimate earthquake peak ground acceleration 

(PGA) and elastic response spectral ordinates, published between 1964 and 2010 

(inclusive). This report summarizes, in total, the characteristics of 289 empirical 

GMPEs for the prediction of PGA and 188 empirical models for the prediction of 

elastic response spectral ordinates. In addition, many dozens of simulation-based 

models to estimate PGA and elastic response spectral ordinates are listed, but no 

details are given. 

 

Very often the site parameter is simply a binary descriptor, such as "rock" and "non-

rock". In some newer GMPEs, the site geology is characterized in a more refined 

manner, for instance with distinction between thin and thick deposits, or with S-

wave velocity values (Vs
30

): the reason is that detailed information on strong motion 

recording sites is generally missing. Significant efforts are presently made 

throughout the world, however, to fill this gap: the most striking example is the K-

NET network installed in Japan after the Kobe event, for which a 20 m deep 

borehole has been drilled at each of the 1000 sites, and the S and P wave velocity 

profile has been obtained. 

 

It is thus possible to modify the ground motion parameters according to the site 

geology. However, as these modifications are based on a very crude classification 

of soils, and on statistical studies which, in essence, smooth out the extreme values, 

such an approach may lead to a dangerous underestimation of amplifications at 

sensitive sites. Conversely, there is a significant probability of overestimating the 

motion at common sites. 

 

2.3.2 Empirical Green's functions technique (EGF) 

The empirical Green's functions (EGF) technique is known essentially in the 

seismological community, as a tool for studying the source process of past large 

earthquakes using records from both mainshock and aftershocks (e.g. Mueller, 

1985 ; Courboulex et al., 1998). It is far less known in the engineering community, 

where its potential to predict the expected strong ground motion during future 

large events has not yet been sufficiently exploited. A key feature of the EGF 

technique is its capability to synthesise physically realistic, site specific acceleration 

time histories. This is of particular interest for the seismic analysis of critical facilities. 

 

Since critical facilities should withstand strong earthquakes with long return periods, 

typically of the order of 10 000 years or more, it is common that no recording of 

such an event is available for the facility's site. This lack of appropriate time histories 
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can elegantly be overcome with the aid of the EGF technique. Its basic idea is to 

interpret recordings of small seismic events at the site of interest as reasonable 

approximations of Green's functions and to convolute them suitably, using 

earthquake scaling laws, in order to simulate time histories that correspond to 

larger earthquakes. The EGF technique was first put forward by Hartzell (1978) and 

has since been further developed by numerous scientists. Its main interest is that 

the true propagation and site effects are automatically accounted for; its main 

disadvantage is that it cannot, on its own, account for non-linear soil behaviour. If 

non-linear soil behaviour cannot be neglected, the EGF technique should be 

combined with geotechnical methods, as outlined by Heuze et al. (1995). 

 

There are, roughly speaking, two different "families" of EGF techniques. In both 

cases, the EGF is taken at several times and added up so that a larger earthquake, 

referred to as the "target" event, of the same focal mechanism is synthesized (see 

Figure 15). The difference lies in the way how the summing up of the EGF is 

performed: with or without kinematic modelling of the target event's rupture 

process. Irikura (1983, 1986), Hutchings (1994) and Irikura and Kamae (1994) are all 

representatives of the family of kinematic modelling techniques. The other family 

uses essentially statistical tools that allow to sum up the EGFs in a way that the 

relevant earthquake scaling laws will be respected. An overview on this family is 

given by Tumarkin and Archuleta (1994). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Schematic representation of the different sources of time delays in 

the summation of the EGF : path length, finite rupture velocity and 

dislocation rise time (after Bour, 1993). 

 

 

Kohrs-Sansorny et al. (2005) present a two-stage method to simulate the ground 

motions produced by an earthquake, using stochastic summation of small 

earthquakes. In this method, identical small earthquakes are multiplied by a 

scaling factor and summed together with time delays randomly distributed, during 

the two stages, over the source duration, as shown on Figure 16. The summation 

scheme is characterized by four fundamental parameters: the number of summed 

small earthquakes, the scaling factor, and both probability densities of time delays 

used in the first and second stages. By a proper choice of these parameters, this 

method generates a large number of synthetic time histories that, on average, 

agree exactly with the 
-2
 model in the whole frequency band. The produced time 

histories are sufficiently realistic and different from each other to be associated 
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with a multitude of rupture processes that could happen during an earthquake. 

However, because the extended target fault is approximated by a point source, 

this method does not take into account possible directivity effects and is not 

appropriate to simulate ground motions for near-source sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Schematic view of the EGF summation method. The EGF is the 

waveform recorded during a small event. The source is modelled by 

an ω
−2

 Brune spectra. 500 different ESTFs are constructed that 

account for different rupture processes, for a larger event. Each ESTF 

is convolved by the EGF to give the 500 simulated accelerograms 

(Salichon et al., 2010). 

 

 

Salichon et al. (2010) used the above described stochastic empirical Green’s 

functions (EGFs) summation method to produce a population of realistic 

accelerograms on rock and soil sites in the city of Nice (Southern France). The 

ground motion simulations are calibrated on a rock site with a set of ground 

motion prediction equations (GMPEs) in order to estimate a reasonable stress-drop 

ratio between the EGF and the target earthquake. Their results show that the 

combination of the GMPEs and EGF techniques is an interesting tool for site-

specific strong ground motion estimation. 

 

The EGF method is based on the assumption of soil response linearity. Therefore, the 

acceleration values found in the aforementioned study at sediment sites should be 

considered as upper bound estimations of expected ground motion related to the 

target earthquake. The method developed by Salichon et al. (2010) complements 

well the empirical ground motion prediction equations by accounting for the 

regional and 3D local site effects in the high frequency domain at any 

instrumented site and by providing statistically realistic waveform data sets. Finally, 
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some improvement should be addressed by considering the nonlinearity of the soil 

response in the method by accounting for the site dynamic properties. 

 

2.3.3 Hybrid 3D spectral elements and empirical Green's functions (EGF) technique 

Causse et al. (2009) present a new approach for performing broad-band ground 

motion time histories (0.1–30 Hz) of a future earthquake in a sedimentary basin. 

Synthetics are computed with an hybrid scheme combining reciprocity-based 3D-

spectral element method simulations at low frequencies and empirical Green’s 

functions (EGF) at high frequencies. The combination between both deterministic 

and empirical parts results in a set of hybrid Green’s functions, summed according 

to a new k
−2

 kinematic model algorithm. The summation technique enables to 

remove the high-frequency artefacts that appear above the EGF corner 

frequency. The ground motion variability is assessed by generating a variety of 

source parameter sets selected from a priori probability density functions. This leads 

to a population of response spectra, from which the median spectral acceleration 

and standard deviation values are derived. 

 

In particular, Causse et al. (2009) point out the fact that for deep sediment sites, 

the simulated response spectra significantly differ from one station to the other. At 

some sites simulations present large response spectra both at high-frequency  

(>1 Hz) and low-frequency (≈ 0.3 Hz) exceeding EC8 spectra. This points out the 

interest of coupling EGFs and 3D numerical simulations in such deep valleys. 

 

 

2.4 Synthesis and comparison 

Table 3 presents a synthesis and comparison of the main available approaches to 

evaluate site effects. Some information is also given about the main advantages 

and drawbacks of the considered methods. 
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Table 3: Synthesis and comparison of the main approaches available to evaluate site effects. 

 

Name Type Advantages Drawbacks Status (Research / Engineering practice) 

H/V noise spectral ratio Experimental Easy experimental work, even in low seismicity 
areas.  

Only valid for determination of site f
0
. To be combined with other 

technique for amplification determination. 
Standard engineering practice. 

Standard spectral ratio (SSR) Experimental Direct evaluation of site effect for weak and 
moderate events. 

Need for earthquake recordings. Time consuming in low and 
moderate seismicity areas. Non linear behaviour for strong motion 
not accounted for. 

Standard practice when available instruments and data. 
Rather used for comparison when possible. 

Generalised Inversion 
Technique (GIT) 

Experimental No need for a nearby reference site. Need of recordings on a whole array. Quite heavy analysis efforts 
necessary. 

Rather institutional practice. 

Vertical Array data analysis Experimental Reliable determination of site effects. Need for borehole instruments. Easily applicable when available instruments and data 

H/V spectral ratio of weak 
motion 

Experimental Easy, does not need any reference station. Need for earthquake recordings. Time consuming in law and 
moderate seismicity areas. Non linear behaviour for strong motion 
not accounted for. 

Only very little used, in research activities.  

Coda wave site effect 
estimation 

Experimental Of scientific interest. Heavy analysis efforts needed, not yet ready for practical 
purposes. 

Research work only. 

1D response of soil column 1D – Numerical – 
equivalent-linear 

Available computer codes (SHAKE, CyberQuake, 
etc.). Input data reasonably easily available. 

1D, no full non-linear behaviour computation. Standard engineering practice. 

Random vibration theory (RVT) 1D – Numerical – 
equivalent-linear 

No need for earthquake input motion. Site-specific 
parametric aleatory variability. Available 
computer code (Strata) 

1D, no full non-linear behaviour computation. Limitations in the low 
frequency domain. 

Can be applied in the framework of engineering 
practice; particularly popular in the US. 

1D non-linear response of soil 
column 

1D – Numerical – Non-linear Available computer codes (CyberQuake, 
DYNAFLOW, SUMDES, etc.). 

Difficult and expensive acquisition of input parameters. Standard engineering practice. 

2D non-linear computations 2D – Numerical – Non-linear Account for both 2D site configuration and non-
linear soil behaviour. 

Difficult and expensive acquisition of input parameters. 1D studies can be easily done, but 2D and 3D analyses 
present a challenge and there is still some work to be 
done. 

Equivalent-linear Aki-Larner 
approach 

2D – Numerical – 
Equivalent-linear 

Combination of 2D and equivalent-linear 
approach. 

Implemented only for plane layering. Can be applied in the framework of engineering 
practice. 

Combined mode summation 2D – Numerical – Anelastic 
layers 

No need for earthquake input motion. Flat homogeneous anelastic layers. Requires knowledge or 
estimates of parameters for the definition of the source-receiver 
path and source rupture process. 

Difficult for engineering practice where input motion is 
defined by a uniform hazard spectrum rather than 
specific source scenarios. 

Finite-difference and finite-
element modelling 

1D, 2D, 3D – Numerical – 
Viscoelastic 

Account for site geometry (1D, 2D or 3D). 
Accurate strong motion prediction. 

Complex input grids. Need for a high skills in numerical simulation. Too heavy to become standard engineering practice. 

Spectral elements modelling 
(2D and 3D) 

2D, 3D – Numerical - Visco-
plasticity or non linear 
elasticity 

Account for 2D or 3D effects in visco-plasticity or 
non linear elasticity domains. Available code 
(GeoELSE). 

Heavy parallel computing for the 3D code. 2D modelling fails to 
predict amplification levels in a 3D basin. 

Heavy 3D parallel computing. 

3D domain reduction method 3D – Numerical – Elastic, 
anelastic and inelastic 

Account for 3D basin geometry. Heavy programming and computing (duration and memory size). Too heavy to become standard engineering practice. 

3D linear modelling 3D – Numerical - Linear Account for 3D basin geometry. Difficult and expensive acquisition of input parameters. Code 
validation still needed. Linear computation. 

Still need for research and validation. Use only well-
validated techniques and codes, by well trained users, 
with careful model implementation. 

Ground motion prediction 
equations 

Empirical and semi-
empirical 

Many available GMPEs. Easy and fast use. Very rough site characterization. For rock sites, rock characteristics 
(Vs and kappa) often not sufficiently well known. 

Standard engineering practice. 

Empirical Green's functions 
technique (EGF) 

Empirical and semi-
empirical - Linear 

Site effect included in weak motion recordings. Need for earthquake recordings. Non linear behaviour for strong 
motion not accounted for. 

Remains in the research domain, but could be used in 
practice without major difficulties. 

Hybrid 3D spectral elements 
and EGF technique 

Hybrid empirical and 
numerical 

Site effect included in weak motion recordings. 
Wide frequency band. 

Need for earthquake recordings. Non linear behaviour for strong 
motion not accounted for. 

Mainly research work. 
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3. Account for site effects in regulations 

3.1 Account for site effects in present building codes 

3.1.1 Uniform Building Code - UBC 1997 (USA) 

The Uniform Building Code of 1997 (UBC, 1997) was the first code that used a soil 

classification based on the average shear wave velocity in the uppermost 100 feet 

as the key parameter. This concept was based on the publication of Borcherdt 

and Glassmoyer (1994). Today, this average shear wave velocity is commonly 

denoted by Vs
30

, 30 standing for the top 30 m.  

 

The UBC 1997 classifies all sites into six different Soil Profile Types S
A
 through S

F
. The 

essential parameter for the first five types is Vs
30

. For soils of unknown shear wave 

velocities, the classification can be made with the aid of standard penetration 

resistance or undrained soil shear strength. Different response spectra are 

determined depending on the Seismic Zone and the Soil Profile Type. The latter is 

taken into account with the aid of two Seismic Coefficients, C
a
 and C

v
, for the short 

(constant acceleration) and long (constant velocity) period range, respectively. In 

addition, the response spectra are multiplied by short and long period Near-Fault 

Factors for sites close to a seismic fault. 

 

At long periods, the spectral acceleration decreases for all Soil Profile Types with 

1/T, T being the period. This means that the spectral displacement increases with T 

without any limit, which is physically not satisfactory.  

 

The Soil Profile Type S
F
 groups all soils requiring a site-specific evaluation of the 

design ground motion. This type includes liquefiable soils, quick and highly sensitive 

clays, collapsible weakly cemented soils, peats, highly organic clays, high plasticity 

clays and soft/medium stiff clays.  

 

3.1.2 International Building Code - IBC 2003 (USA) 

The International Building Code 2003 (IBC, 2003) replaced the UBC 1997. The 

classification of the soils, however, is the same, with different notation. The response 

spectra are determined by means of mapped spectral acceleration values for 

short and medium periods and two Site Coefficients which depend on the Site 

Class. The acceleration spectra still decrease with 1/T. 

 

The present version of the IBC (IBC, 2012) refers to the ASME 7 (2010), for the 

definition of the seismic design motion. 

 

3.1.3 Eurocode 8 (Europe) 

Eurocode 8 (Eurocode 8, 2005) classifies seven "Ground Types", A trough E as well 

as S
1
 and S

2
., For the Ground Types A to E, the main parameter for the classification 

is Vs
30

. If the shear wave velocity is unknown, the values of the standard 

penetration resistance or the undrained soil shear strength can be used for the 

ground type classification. Different spectra, depending on the Ground Type, 

account for the influence of local ground conditions on seismic action. The 

response spectra are determined by means of the reference peak ground 

acceleration on rock soil and the Soil Factor, which depends on the Ground Type. 

The specific periods of the spectra also depend on the Ground Type. 
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The Ground Types S
1
 and S

2
 group deposits of at least 10 m thick soft clays or silts 

with high plasticity and deposits of liquefiable soils and sensitive clays. These sites 

require special studies for the definition of the design seismic actions. 

 

Most European countries adopted or will adopt Eurocode 8 for the seismic design 

of structures. 

 

3.1.4 DIN 4149 (Germany) 

The building code DIN 4149 (DIN 4149, 2005) has a soil classification scheme that is 

based on both the deep geological structure and the superficial soil conditions. 

Three geological "subsoil classes", R, T and S, are mapped in the code, and three 

"groundsoil classes", A, B and C, are defined, mainly based on a geological 

description of the soil down to a depth of about 20 m. There are six combinations 

that are geologically meaningful, and for each such combination, a response 

spectrum is defined whose shape mathematically corresponds to an Eurocode 8 

spectrum.  

 

For loose sands or silts, soft clays, sea bed deposits etc., with "dominant" S wave 

velocities < 150 m/s in the uppermost 20 m, special studies for the definition of the 

seismic actions are required.  

 

3.1.5 NZS 1170.5:2004 (New Zealand) 

The Structural Design Code NZS 1170.5:2004 (2004) classifies five Site Subsoil Classes 

A trough E, which are used to account for the influence of local ground conditions 

on design seismic action.  

 

The classes A and B, "strong rock" and "rock", respectively, are distinguished based 

on Vs
30

. Class C, "shallow soil sites", and class D, "deep or soft soil sites", are 

distinguished with the aid of the low-amplitude natural period (C: ≤ 0.6 s; D: > 0.6 s) 

the soil depth or undrained shear strength or SPT-values. Finally, class E, "very soft 

soil sites", are defined by more than 10 m of soil with Vs < 150 m/s or with low 

undrained shear strength or low PST-values (< 6). Therefore, the Structural Design 

Code NZS 1170.5:2004 does not classify the soils solely based on V
S30

. 

 

The response spectra are determined by means of mapped value of the "hazard 

factor" and the "spectral shape factor" depending on the subsoil class. In addition 

the response spectra are multiplied by a "near-fault factor" for sites within 20 km of 

a seismic fault. 

 

 

3.2 Research for improved soil classifications 

According to Borcherdt and Glassmoyer (1994), Vs
30

 turned out to be a good proxy 

for the physical conditions governing site amplification in California, where weak 

base rock conditions dominate. However, Vs
30

 was not meant to be a sufficient 

physical parameter to capture site effects. Nevertheless, the Californian 

correlations of Borcherdt and Glassmoyer (1994) were taken up by the UBC 1997 

(UBC, 1997) for soil classification without any geographical or geological restriction. 

This can be explained, at least partly, by the fact that there was no better 

alternative to this classification scheme. It has to be remembered that at that time, 

most codes in the world, including PS 92 (PS 92, 1995) or the first drafts of Eurocode 

8, still had plateaus of spectral accelerations for soft soils that were not higher, 
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sometimes even lower, than those for rock sites. Therefore, the new spectra of UBC 

1997 represented a clear progress even for areas where the Vs
30

 concept was 

problematic.  

 

As can sometimes be observed in engineering practice, approximations start 

being applied outside their domain of validity, and once established, it may 

become extremely difficult to get rid of them. This is exactly what happened with 

the Vs
30

 concept. Today, two opposite trends can be observed. On the one hand, 

further developments towards either an improvement or a simplification of the Vs
30

 

concept for soil classification (see point 3.2.1), and on the other hand, 

developments to replace the Vs
30

 concept by similarly simple, but physically more 

satisfactory concepts (see points 3.2.2 to 3.2.4).  

 

3.2.1 Further developments based on Vs
30

 

As pointed out by Crouse (2011), a great amount of research has been conducted 

during the last 40 years on the effects of local geology on earthquake ground 

motion. During this period, analytical methods for computing site response have 

evolved from simple one-dimensional (1D) linear or equivalent-linear models to 2D 

and 3D nonlinear models. The empirical ground-motion database, consisting of 

motions recorded at a variety of soil and rock sites, has also grown tremendously. 

Studies of these data, supplemented with results from numerical modelling, have 

led to improvements in the way the effects of local geology are included in the 

seismic provisions of the International Building Code (IBC), which contains site-

coefficient tables (Fa and Fv) to account for local geological effects at short and 

long natural periods. However, Crouse (2011) points out the fact that the validity of 

the Fv table for long periods, greater than about 2 sec, is questionable because 

these longer period motions are influenced by the regional geology. One solution 

proposed by Crouse (2011) is to eliminate the IBC site-coefficient tables altogether 

and incorporate the effects of the local and regional geologies directly into a new 

generation of region-specific ground-motion equations for predicting response 

spectra to 10 s period. These equations, developed from simulations and available 

strong motion data, would be inputs to probabilistic and deterministic seismic 

hazard analysis (PSHA and DSHA) methods presently used to develop the ground 

motion maps in the IBC. Alternatively, Crouse (2011) suggests that simulations, 

directly modelling the 3D regional geology, could be used exclusively to develop 

the maps for periods greater than 2 s. The feasibility of either approach has been 

tested by Crouse (2011) in a pilot study for the Los Angeles region, where the 3D 

geology is well known and where a reasonable amount of ground motion data 

has been recorded. 

 

Pitilakis et al. (2012) present a study where the validity and accuracy of the elastic 

response spectra, defined in Eurocode 8 provisions, is checked against a large 

worldwide dataset of strong motion records, in terms of both PGA-normalized 

spectra and soil factors. 

 

Concerning the shape of normalized elastic response spectra, Pitilakis et al. (2012) 

found that for soil classes A, B and C the spectral shapes provided by EC8 are in 

good agreement with the derived empirical data for both seismicity types (1 and 

2) prescribed in EC8. For soil classes D and E, the sample of data is not as rich as for 

the other soil classes and hence the results may not be as convincing as for soil 

classes A, B and C. However, Pitilakis et al. (2012) found a clear tendency in soil 

class D spectral shapes to differ substantially from the EC8 shapes. Equally 
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important differences are found in soil class E where the EC8 spectra seem to be 

conservative enough for medium and high periods, but probably in short period 

the plateau should be somehow increased. In conclusion, considering all the 

above analyses, observations and comments, Pitilakis et al. (2012) believe that, on 

average, the EC8 spectral shapes are in good agreement with the empirical data 

and the proposition of improved shapes is not really justified for the moment. 

 

Concerning the amplification factors, Pitiliakis et al. (2012) found that EC8 factors 

for class B are in good comparison to the empirical data for both seismicity types, 

while for soil class C, the S factors are higher compared to EC8. For soil class D the 

estimated soil factors, which were derived from a limited dataset, are also higher 

than the EC8 factors for Type 2 seismicity but relatively close to the EC8 factors for 

Type 1 seismicity. For soil class E, the weighted average soil factors are found quite 

low for Type 1 seismicity, a result, which is attributed to both the limited data and 

the averaging process. Based on the results derived from this comprehensive study, 

Pitiliakis et al. (2012) propose improved soil factors S, for potential use in an EC8 

update, supposing that no further changes are made in the definition of soil classes 

and seismicity types and the shape of normalized design spectra. 

 

In the past few years, a series of articles have been published concerning the use 

of topographic slope from digital elevation models (DEMs) constructed through 

remote sensing (satellite imaging) to give first-order estimates of NEHRP site classes 

based on the average shear wave velocity in the top 30 m, Vs
30

 (Wald and Allen, 

2007). Lemoine et al. (2012) evaluate the potential applicability of these methods 

taking advantage of a large new database of measured and estimated Vs
30

 

values and their topographic slopes for locations in Europe and the Middle East. 

Novel statistical tests are performed to evaluate the predictive power of the 

procedure in this region. Lemoine et al. (2012) evaluate the percentage of sites 

correctly-classified / misclassified for each site class for active and stable regimes. 

Their results show that the method does a better job than blind chance for all site 

classes in active regions but only for class B (rock) and, to a lesser extent, class C 

(stiff soil) sites located in stable areas. Based on their findings, Lemoine et al. (2012) 

recommend that site classifications based on the Vs 
30

-slope correlations proposed 

by Wald and Allen (2007) are only used for regional or national (and not local or 

site-specific) first-order studies in active parts of Europe, and only in the absence of 

other more detailed information (e.g. microzonation studies), excluding small 

basins, special geological conditions that may affect results. The test case of the 

city of Thessaloniki, conducted by Lemoine et al. (2012), confirms that site 

classifications based on Vs
30

 slope correlations are not sufficiently accurate to 

replace actual field measurements and they should not be used for site-specific 

studies. 

 

3.2.2 Predominant-Period site classification 

Di Alessandro et al. (2012) propose a site classification scheme based on the 

predominant period of the site, as determined from the average horizontal-to-

vertical (H/V) spectral ratios of ground motion (Figure 14). This classification is 

investigated by using 5%-damped response spectra from Italian earthquake 

records. Di Alessandro et al. (2012) computed H/V ratios for a selected dataset 

and used these to classify each site into one of six classes. They then investigate 

the impact of this classification scheme on empirical ground motion prediction 

equations by comparing its performance with that of the conventional rock/soil 

classification. Although the adopted approach only results in a small reduction of 
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overall standard deviation, the use of H/V spectral ratios in site classification does 

capture the signature of sites with flat frequency response, as well as deep and 

shallow soil profiles, characterized by long- and short-period resonance, respect-

tively; in addition, the classification scheme is relatively quick and inexpensive, 

which is an advantage over schemes based on measurements of shear wave 

velocity.  

 

On the contrary, the disadvantage of this method is the need for instrumentation 

and earthquake recordings, which is difficult in low to moderate seismicity areas, 

as well as from a financial point of view. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Proposed classification criterion based on the predominant period 

identified from the average H/V spectral ratio (thick solid line) of the 

5%-damped response spectra recorded at each site (thin curves). The 

light shaded area indicates the interval of validity in which each class 

is defined. Tg is the site natural period (in seconds) as inferred from the 

H/V spectral ratios. (Di Alessandro et al., 2012). 

 

 

3.2.3 f
0
 and Vsz classification 

As stressed by Cadet et al. (2012-b), in an economically constrained context, the 

estimation of site effects is made through physical parameters used as proxies. The 

time-average shallow velocity parameter Vs
30

 is commonly accepted as a 

convenient such proxy in many European and American regulation codes. 

However, as this single parameter does not satisfactorily capture the physics of site 

amplification (especially for deep, stiff sites and thin, soft sites), the engineering 

seismology community has long faced the challenge to find alternative cost-

effective, simple and physically relevant proxies. Cadet et al. (2012-b) propose one 
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such possible alternative, consisting in a two-parameter characterization: the time-

averaged shear wave velocity Vs
Z
 of the first z meters, with z being equal to 5, 10, 

20 or 30 m, and the fundamental resonance frequency f
0
 of the studied site. This 

combination carries shallow information with Vs
Z
, depth and frequency content 

information with f
0
. 

 

Cadet et al. (2012-b) present empirical correlations between amplification factors 

and simple site parameters derived from a large subset of the KiK-net data. They 

estimate the amplification factor from ratios between surface and down-hole 

horizontal response spectra, corrected for varying depths and impedance of the 

down-hole sites (Cadet et al., 2012-a). The amplification factors are then 

correlated with each of the individual site parameters; four other ―twin-parameter‖ 

– couples (f
0
, Vs

Z
) – are also considered and the correlation with amplification 

factors is performed through a normalization of the frequencies by each site 

fundamental frequency. The largest variance reduction is obtained with twin-

parameter characterizations, out of which the couple (f
0
, Vs

30
) proves to provide 

the lowest misfit. The performance of single parameter correlations is relatively 

lower; however, the best single parameter proves to be the fundamental 

frequency, which provides smaller misfit than the Vs
Z
 parameters. Cadet et al. 

(2012-b) also perform a comparison with the amplification factors recommended 

in European regulations, showing that it is possible to significantly improve both site 

characterization criteria and associated amplification factors, for use in building 

codes and microzonation studies. 

 

Moreover, Cadet et al. (2012) point out the fact that this classification is not more 

expensive than the classical Vs
30

 classification, coming from the fact that the 

fundamental frequency is most generally provided by single point microtremor 

measurements and H/V processing. 

 

3.3.4 VFZ classification 

As underlined by Castellaro (2011), recently, several examples of highly detailed 

site response calculations have been proposed. In principle, these offer a superior 

accuracy. However, they require a knowledge of the relevant parameters which is 

hardly realised in daily practice. Acknowledging this, Castellaro (2011) looks for a 

simplified - yet as physically meaningful as possible - method, which has to be 

practically and widely applicable. The soil classification based on Vs
30

 was 

developed on a purely empirical basis, and has been shown to suffer from 

statistical and physical problems. In particular, Vs
30

 does not take into account 

impedance contrasts, which cause the amplification. Vs is an estimator of soil 

stiffness, however, SH stratigraphic amplification is ruled by impedance contrasts, Z, 

not simply by absolute stiffness. As pointed out by Castellaro (2011), the information 

on the impedance contrast is lost in all site classes but in the E site class (EC8 / 

Italian classification system). 30 m might be insufficient (or might be too much) to 

describe the amplification in the frequency range of engineering interest. Several 

combinations of stiffness‐thickness may result in different Vs
30

 (i.e. different soil 

classes) but substantially in the same amplification function and vice-versa. 

 

To investigate the relevance of the impedance contrasts, rather than the absolute 

velocity in the first 30 m depth, to the amplification function expected at a site, 

Castellaro (2011) studies a dataset of subsoils with the following properties: 

– Layer 1: Vs
0
 = [100, 600] m/s, thickness H = [3, 300] m, 

– Layer 2: Vs > Vs
0
, Vs = [200, 2000] m/s, 
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– Layer 3 to 30: Vs increases in an exponentially decaying way down to the 

bedrock, located at 2 km depth, 

– The maximum impedance contrast Z is between layer 1 and layer 2, 

– 45 different Vs profiles for each layer 1 thickness, 

– 585 subsoil models investigated. 

 

Castellaro (2011) runs a 1D equivalent-linear site response simulation for each of 

the 585 models. For each tested Vs
0
, she plots the maximum amplification as a 

function of the frequency at which it occurs, which depends on the bedrock 

depth, and obtains a plot like the ones shown in Figure 15. Each line in this plot 

connects the points characterized by the same impedance contrast between 

layer 1 and layer 2. These plots therefore represent a way to get a quick estimate 

of the expected SH amplification factor (Fa), from (Vs
0
, f

0
, Z). Vs

0
, f

0
 and Z are the 

basic parameters of the classification scheme (FaSH proxy) proposed by Castellaro 

(2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Plots of the maximum amplification as a function of the frequency at 

which it occurs, which depends on the bedrock depth. Each line in 

these plots connects the points characterized by the same 

impedance contrast between layer 1 and layer 2. These plots 

therefore represent a way to get a quick estimate of the expected SH 

amplification factor (Fa), from (Vs
0
, f

0
, Z). 

 

 

There is no need to fix any boundary between new site classes because this 

procedure – if rigidly instead of statistically interpreted – adds up problems at the 

class boundaries (Mulargia and Castellaro, 2009). However, just to discuss the 

benefits of a classification based on Vs
0
, f

0
 and Z, Castellaro (2011) groups the 585 

soil models as shown on Figure 16. As expected, f
0
 < 1 Hz classes are related to 

subsoils with strong impedance contrasts at larger depths. However, several 

different models give the same amplification factors and a description of the 

different classes in terms of subsoil profile is not straightforward. This confirms the 
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advantages of an alternative classification method that does not take into 

account only Vs depth but the VFZ matrix. 

 

The final goal of site effect assessment is to predict the behaviour of an oscillator 

(the structure) founded on another oscillator (the subsoil). Castellaro (2011) 

therefore proposes to shift the reasoning from a depth dependent approach (Vs
30

) 

to a frequency dependent approach (f
0
). By observing that the main cause for 

stratigraphic seismic amplification is the existence of impedance contrasts in the 

subsoil, Castellaro (2011) proposes a simplified seismic site classification scheme 

(the VFZ matrix) based on: Vs
0
, f

0
 and Z, which are measurable in the whole 

frequency range of engineering interest (0.1-20 Hz). In the VFZ matrix approach, 

there is no need to set threshold values to characterize what bedrock is. By 

numerically studying the 1D soil response on different soil models (all characterized 

by Vs increasing with depth), Castellaro (2011) creates the 4D function that relates 

the expected SH-wave amplification factor Fa to (Vs
0
, f

0
, Z).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Site classification based on the VFZ matrix as proposed by Castellaro 

(2011). Fa is the expected SH amplification factor. 
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Several methods exist to estimate (Vs
0
, f

0
, Z). However, the microtremor H/V 

technique is preferred by Castellaro (2011) to assess (f
0
, Z) because there are no 

techniques as easy as H/V to get a first order idea of the soil stiffness trends in the 

subsoil in the whole frequency domain of interest. Finally, Castellaro (2011) also 

suggests that the proposed classification scheme based on the VFZ matrix can be 

used also on sites where no specific resonances are measured (due to the ab-

sence of sharp impedance contrasts) and on soils presenting several resonances. 

 

 

3.3 Account for site effects for nuclear facilities 

3.3.1 IAEA recommendations 

The International Atomic Energy Agency (IAEA) has published safety standards of 

different categories: safety fundamentals, safety requirements and safety guides. 

These safety standards are not legally binding on Member States but may be 

adopted by them, at their own discretion, for use in national regulations in respect 

of their own activities. 

 

The former safety guide NS-G-3.3 (IAEA, 2002), entitled "Evaluation of Seismic 

Hazards for Nuclear Power Plants", described good practice for seismic hazard 

studies. No reference was given to explicit site resonse studies. This safety guide has 

been superseded by the specific safety guide SSG-9 (IAEA, 2010). 

 

The safety guide NS-G-3.6 (IAEA, 2004), entitled "Geotechnical Aspects of Site 

Evaluation and Foundations for Nuclear Power Plants", defines three site 

categories: 

– Type 1 sites: Vs > 1100 m/s; 

– Type 2 sites: 1100 m/s > Vs > 300 m/s; 

– Type 3 sites: 300 m/s > Vs; 

 

where Vs is the best estimate shear wave velocity just below the foundation level in 

the natural condition. The site categorization is valid on the assumption that the 

shear wave velocity does not decrease significantly with depth; otherwise, 

particular analyses should be carried out according to the best practices.  

 

Paragraph 3.7 states:  

 "A computation of site response under free field conditions should be carried 

out for sites other than Type 1 sites. This computation of site response may be 

needed for the assessment of settlement or liquefaction as well as for soil-

structure interaction analyses. The site response computation may also be 

required for developing specific site response spectra. ..." 

 

Therefore, according to this paragraph, site response computations "should" be 

carried out for Type 2 and Type 3 sites, whereas their results only "may" be required 

for developing specific site response spectra.  

 

Paragraph 3.14 is formulated more stringently, but applies only to Type 3 sites. It 

states:  
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 "In the case of a Type 3 site, site specific response spectra should be 

determined; they should be at least representative of the response of the profile 

at the surface level." 

 

Paragraph 3.11 explicitly states that SHAKE type 1D-models and computations with 

vertically propagating body waves is an acceptable model. 

 

The specific safety guide SSG-9 (IAEA, 2010), entitled "Seismic Hazards in Site 

Evaluation for Nuclear Installations", is less stringent than (or even in contradiction 

to) the safety guide NS-G-3.6. Paragraph 9.3 states: 

 A number of approaches can be taken, in order to take into account the 

geological and geotechnical conditions at a site as part of the estimation of 

ground motion. The first approach is to utilize ground motion attenuation 

relationships appropriate for the site conditions (i.e. attenuation relationships 

that have been developed for subsurface conditions of the type that prevails at 

the site). The second approach is to conduct a site response analysis 

compatible with the geotechnical and dynamic characteristics of the soil and 

rock layers beneath the site. This also includes incorporating site response into 

the calculations for seismic hazard analysis (in the case of a probabilistic 

analysis). In both of these approaches, uncertainties should be taken into 

account. However, site profile related uncertainty contributions that are already 

inherent in the ground motion attenuation relationships used in the seismic 

hazard analysis should be identified and disregarded so as not to be included 

more than once." 

 

Since attenuation relationships depend at best on Vs
30

 (many relationships only 

distinguish between rock, stiff soil and soft soil), this leaves the door open for crude 

ways of taking into account site effects, without any site response analyses, for 

nuclear installations – in contradiction to the safety guide NS-G-3.6.  

 

3.3.2 Practice in France 

 RFS 2001-01 

Seismic hazard assessment for nuclear facilities in France is guided by the French 

regulation RFS2001-01 (ASN, 2001), based on a deterministic approach. The 

RFS2001-01 is presented and discussed in detail in Berge-Thierry et al. (2004). 

 

The seismic design input is represented by an acceleration response spectrum. The 

regulation differentiates the site situation according Vs
30

 but also the geometry. In 

case of 1D geometry (―plane geometry‖) and for site with Vs
30

 >300 m/s,  this 

spectrum is computed with the aid of the mean motion prediction of a single 

empirical GMPE, given in the RFS2001-01, distinguishing only between two site 

classes, rock (Vs
30

 > 800 m/s) and soil (300 m/s < Vs
30

 < 800 m/s) conditions. 

 

However, for sites exhibiting shear wave velocities lower than 300 m/s, or for sites 

associated with particular geometries (sedimentary basins that could lead to so-

called 2D amplification affects, or steep hills that could lead to so-called 

topographical amplifications), "specific studies are necessary". For this case, 

introduced as the concept of "particular site effect", the RFS2001-01 stipulates: 

 

 "In these situations, the use of the response spectrum calculated according to 

the relationship 2 [the above mentioned GMPE] can be usefully completed by 
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other indicators of the seismic movement that are specific at the site con-

sidered."  

 Original text in French: "Dans ces situations, l'utilisation du spectre de réponse 

calculé avec la loi 2 peut être complété utilement par d'autres indicateurs du 

mouvement sismique spécifique au site considéré." 

 

In practice, this extremely vague formulation seems to be interpreted more 

stringently, since specific site response analysis can be asked for, although the term 

"site response analysis", or similar, does nowhere appear in the RFS2001-01.  

 

 "Cashima" approach 

In 2003, the French nuclear regulation authority (ASN) asked the CEA to develop a 

methodology to account for site effects for the Cadarache site. The "Cashima" 

program was launched to work in this framework (among other subjects).  

 

The CEA proposed in 2008 a methodology to identify, on the one hand, the sites for 

which the "standard" response spectra of RFS 2001-01 could be used without 

modification and, on the other hand, the sites where site-specific spectra have to 

be considered. This methodology proposed the computation of a so-called 

"aggravation" factor, which is the ratio between the transfer function of all site 

effects (empirically estimated or computed with 2D or 3D models depending on 

the geometry of the site) and the 1D soil response (computed using the 

geotechnical property profile beneath the studied location). If this ratio – a 

function of frequency – is not significantly higher than 1, then the standard 

response spectra can be used. 

 

The ASN proposed to CEA in 2011 to use the aggravation factor as an increase 

factor of response spectra and specified that this aggravation factor should be 

computed using response spectra, taking into account the uncertainties.  

 

3.3.3 Practice in Germany 

The German nuclear safety rule KTA 2201.1 (2010), "Design of nuclear power plants 

against seismic actions: principles", describes how a design earthquake has to be 

defined. The only article that refers to local site effects, article 3.5 (3), states 

(translated): "... The corresponding soil profile of the geological underground and 

of the construction ground has to be taken into account with the dynamical soil 

parameters and their variation." Nothing is said about how this has to be done. In 

particular, KTA rule 2020.1 does not mention at all specific site amplification studies. 

Nevertheless, the KTA rules state in their introductions that state of the art methods 

should be applied. 

 

Leydecker et al. (2005) of the Federal Institute for Geosciences and Natural 

Resources presented a study in which the seismic design action was determined 

for 13 temporary waste disposals on German NPP sites. This study was carried out 

for the German safety authorities, the Federal Office for Radiation Protection.  

 

Deterministic and probabilistic studies were carried out, both types of studies 

exclusively with the aid of GMPE's formulated in intensities. Response spectra were 

then associated with the resulting intensities; these response spectra depended not 

only on the intensities, but also on three underground classes: class A (loose 

sediments) with Vs < 400 m/s, class M (overconsolidated or cemented sediments) 

with Vs between 400 m/s and 1100 m/s and class R (rock) with Vs > 1100 m/s. 
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Leydecker et al. (2005) do not mention the possibility of specific site amplification 

studies.  

 

The nuclear safety rule KTA 2020.2 (1990), "Design of nuclear power plants against 

seismic actions: construction ground", gives a list of methods that can be used to 

determine dynamic soil parameters. However, nothing is explicitly said about the 

use of these parameters; it seems that they have to be determined to enable the 

design of foundations. Furthermore, some indications are given with respect to soil 

liquefaction. Specific site amplification studies are not mentioned in the KTA rule 

2020.2 neither. 

 

3.3.4 Practice in Japan 

The Japanese Nuclear Safety Commission (NSC, 1981) published a safety guide in 

July 1981: "Regulatory Guide for Aseismic Design of Nuclear Power Reactor 

Facilities". It gives general principles for seismic design in about 30 pages. 

Concerning soil properties, it is mentioned:  

"Important (nuclear) buildings and structures shall be supported on bedrock..." 

 

In the Commentary, it is written that the 

"Base stratum is firm bedrock which was formed in general in the Tertiary or 

earlier era and which is not significantly weathered."  

 

In a paragraph related to static analysis, an equivalent acceleration is proposed; it 

depends on soil conditions, with three types. Type I is bedrock, Type II is "soft and 

humid" alluvial soil and Type II is in between. In addition to this text, the use of the 

so-called "Oshaki" response spectrum is often mentioned, which is defined for soils 

with Vs > ~700m/s. 

 

In parallel, industry under the impulsion of NISA (regulator) published so-called 

application guides: JAEG4601-XXXX – "Technical Guidelines for Aseismic Design of 

NPP by Japan Electric Association", XXXX being the year of revision. After the 1981 

safety guide, the revision is : JAEG4601-1987, which was translated in English by 

USNRC as NUREG/CR-6241 (Park & Hofmayer, 1994). In this document, it is clearly 

stated that the input is defined at the "free surface of the base stratum (rock 

outcrop)… the base stratum has a Vs higher than 700m/s…"  

 

In September 2006, NSC (2006) issued a new version of the safety guide: the 

"Regulatory Guide for Reviewing Seismic Design of Nuclear Power Reactor 

Facilities" with the companion JAEG issued in 2010 in Japanese, not (yet?) 

translated in English. In this safety guide, there is no mention of rock properties or 

site effects. 

 

As far as we know, soil characteristics of the different plants are in general 

corresponding to rock, with Vs > 1200 m/s. Some exceptions are (the list may not 

be exhaustive): 

– Kashiwazaki-Kariwa where Vs is about 450 m/s under the reactor and turbine 

buildings. The first unit started commercial operation in 1985, with construction 

starting before 1981, 

– Fukushima Diichi, with Vs of 500 to 600m/s (started in the 70ties), 

– Hamaoka 1 and 2, with Vs of about 630m/s (started in the 70ties). 
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3.3.5 Practice in Switzerland 

The Swiss licence practice is primarily based on USNRC regulations, and to a minor 

extent on German KTA rules.  

 

Since the 70ties, shortly after the release of the computer code SHAKE, 1D site 

response analysis with SHAKE became the standard practice – although all Swiss 

NPP sites exhibit Vs
30

 values > 300 m/s. At first, nonlinear soil behaviour was 

modelled based on published nonlinearity curves, suitable for equivalent-linear 

calculations. In the 80ties, extensive laboratory testing (resonant column tests, etc.) 

was undertaken in view of seismic requalifications of the older NPPs. 

 

In 2001, the PEGASOS project was launched with the objective of redefining the 

seismic hazard at the four Swiss NPP sites according to the highest standards of 

science, the SSHAC level 4 requirements (SSHAC, 1997). More than 20 internation-

ally renowned European and US-American experts were involved during four years.  

 

Extensive soil response analyses were carried out, taking into account all kinds of 

uncertainties. The main calculations were done with SHAKE and an equivalent-

linear 1D-RVT code. For the strongest ground motions considered, true nonlinear 

1D-calculations in effective stresses were performed as well. Furthermore, for one 

of the sites, linear viscoelastic 2D-calculations were carried out in order to estimate 

the importance of "2D-effects" on site amplification. The methodology of integrat-

ing soil hazard into the PSHA corresponded to approach 3A of table X.1 of the 

present report, taken from McGuire et al. (2001).  

 

At the 10
-4
/a probability of exceedence level, the hazard resulting from PEGASOS 

was nearly twice as large as what was found in earlier PSHAs, for all NPP sites. This 

difference is mainly due to the fact that the earlier studies had not included the 

aleatory variability of the GMPEs in the hazard integral, a methodical error that was 

widespread before the end of the 20tiest century (Bommer and Abrahamson, 

2006). For lower probabilities of exceedence, the differences in hazard became 

even larger than a factor of 2. 

 

It was recognised that aleatory variability and epistemic uncertainty drive the 

hazard the more the lower the probability of exceedence. In fact, at extremely low 

probabilities, ground motion corresponding to the median plus 2 or 3 standard 

deviations become more and more "possible". Therefore, the so-called PEGASOS 

Refinement Project (PRP) was launched in 2008 with the objective of reducing the 

variabilities and uncertainties, particularly in the GMPEs, but also in the soil 

amplification. This project is scheduled to finish by the end of 2012.  

 

During the PRP, many more site investigations were undertaken, applying about all 

possible methods of measuring shear wave velocities in order to reduce the 

uncertainties in the soil profiles. Subsequently, the soil response calculations were 

repeated, taking care of not taking into account uncertainties that are already 

included in the rock ground motion. 

 

3.3.6 Practice in the United Kingdom 

In the UK, the Health and Safety Executive's Nuclear Installations Inspectorate 

(abbreviations HSE and NII, respectively) assesses the safety of nuclear facilities by 

examination against a series of rather general Safety Assessment Principles (SAPs) 

(HSE, 2006). How the SAPs are respected is up to the licensees. The very open UK 
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practice is well described in a brochure of the HES (HES, 2008) discussing the safety 

assessments in an international context. It states: 

 "We believe that reactors built in the UK should be at least as safe as modern 

reactors anywhere else in the world. … Unlike other countries we do not 

prescribe which standards must be used – we leave that choice to the 

designers. The standards may be from UK or elsewhere. We just expect to see 

their choice of codes and standards justified to convince us that they are 

relevant and represent modern good practice." 

 

Therefore, there are no UK regulations on how local site effects have to be 

considered neither. However, in practice, reference is made to the IAEA safety 

guides as well as to foreign national standards, and particularly to US standards. 

According to I. Tromans, with respect to earthquake ground motion, reference 

would certainly be made to the USNRC Regulatory Guide (RG) 1.208 (USNRC, 

2007). RG 1.208 contains precise requirements with respect to local site 

amplification studies (see point 3.3.7, Practice in the USA). 

 

3.3.7 Practice in the USA 

The Code of Federal Regulations, 10 CFR Part 100 (USNRC, 1996), Section 100.23, 

"Geologic and Seismic Siting Criteria", defines the so-called "Safe Shutdown 

Earthquake Ground Motion (SSE)" which is used for the design of nuclear facilities. 

10 CFR 100.23 requires that "uncertainty inherent in estimates of the SSE be 

addressed through an appropriate analysis, such as probabilistic seismic hazard 

analysis or suitable sensitivity analysis".  

 

There were two "Regulatory Guides (RG)" that provide general guidance to satisfy 

the requirements of 10 CFR 100.23: RG 1.165 (USNRC, 1997), and RG 1.208 (USNRC, 

2007). Although RG 1.165 was withdrawn in 2010, it is interesting to discuss it. 

 

RG 1.165 states that  

 "Past licensing experience ... has demonstrated the need to formulate 

procedures that quantitatively incorporate uncertainty (including alternative 

scientific interpretations) in the evaluation of seismic hazards. A single deter-

ministic representation of seismic sources and ground motions at a site may not 

explicitly provide a quantitative representation of the uncertainties in geolog-

ical, seismological, and geophysical data and alternative scientific inter-

pretations."  

 

As a consequence, the regulatory position 3, "Probabilistic Seismic Hazard Analysis 

Procedures" (PSHA), states: 

 "A PSHA should be performed for the site as it allows the use of multiple models 

to estimate the likelihood of earthquake ground motions occurring at a site, and 

a PSHA systematically takes into account uncertainties that exist in various 

parameters (such as seismic sources, maximum earthquakes, and ground 

motion attenuation). Alternative hypotheses are considered in a quantitative 

fashion in a PSHA. Alternative hypotheses can also be used to evaluate the 

sensitivity of the hazard to the uncertainties in the significant parameters and to 

identify the relative contribution of each seismic source to the hazard. ..." 

 

Within the regulatory position 4, "Procedures for Determining the SSE", it is stated 

that after completing the PSHA for reference rock site conditions and determining 
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the controlling earthquakes by deaggregation of the median probabilistic hazard, 

a site study has to be performed: 

 "For nonrock sites, perform a site-specific soil amplification analysis considering 

uncertainties in site-specific geotechnical properties and parameters to 

determine response spectra at the free ground surface in the free field for the 

actual site conditions." 

 

RG 1.208 (USNRC, 2007) was first an alternative to RG 1.165 and finally superseded 

it, the latter being withdrawn in 2010. RG 1.208 regulates a performance-based 

approach to define the site specific earthquake ground motion. The desired 

performance is the onset of significant inelastic deformation for a mean annual 

probability of exceedence of 10
-5
/a. This guide explicitly asks for "a site response 

analysis to incorporate the effects of local geology and topography":  

 "Seismic wave transmission (site amplification) procedures are necessary to 

obtain appropriate UHRS at the free-field ground surface if the shear wave 

velocity of the surficial material is less than the generic rock conditions 

appropriate for the rock-based attenuation relationships used in the PSHA." 

 

Appendix E of RG 1.208 describes the requirements for such a site study. Among 

other prescriptions, it states:  

 "Due to the non-linear nature of the analyses and the heterogeneity of the soil, 

sufficiently capturing the variability of the soil response at the site requires that at 

least 60 randomized shear velocity profiles are paired with 60 sets of randomized 

shear modulus and damping curves (i.e., one shear velocity profile with one set 

of modulus reduction and damping curves). The use of 60 profiles is generally 

adequate to determine a reliable estimate of the standard deviation of the site 

response. To determine the UHRS at the free-field ground surface, the site 

amplification functions (spectral ratios) for each input earthquake are 

computed. The mean site amplification function is obtained for each input 

earthquake scenario by dividing the response spectrum from the computed 

surface motion by the response spectrum from the input hard-rock surface 

motion, and computing the arithmetic mean of these 60 individual response 

spectral ratios." 

 

It is somewhat astonishing that the arithmetic mean has to be used. In fact, site 

amplification functions are more or less lognormally distributed. Hence, the 

geometric or logarithmic mean would be more appropriate, and indeed, it seems 

that nowadays, the geometric mean is used rather than the arithmentic one.  

 

It is important to know that the NRC regulatory guides are not applied in a rigid 

manner. With adequate justification, it is possible to deviate from these guides. The 

RG 1.165, for instance, states at the end: 

 "Except in those cases in which the applicant proposes an acceptable alter-

native method for complying with the specified portions of the Commission's 

regulations, this guide will be used in the evaluation of applications for 

construction permits, operating licenses, early site permits, or combined licenses 

..." 

A similar formulation is included at the end of RG 1.208. 
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Table 4: Overview of the essentially four levels of approaches to produce soil 

motions consistent with uniform rock hazard spectra, taken from 

McGuire et al. (2001), table 6-1. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the early 2000, new states of best practice for the definition of design spectra for 

the evaluation of nuclear facilities were developed (McGuire et al., 2001) and 

tested (McGuire et al., 2002) for the USNRC, documented in the reports NUREG-CR-

6728 and NUREG-CR-6769, respectively. In particular, McGuire et al. (2002) 

developed recommendations for conducting site response analyses to produce 

uniform hazard spectra (UHS) for soil motions consistent with rock outcrop hazard 

results from PSHA. They distinguished approaches of essentially 4 levels, level 4 to 

level 1, with decreasing accuracy from 4 to 1. A rough overview, without further 

explanations, is given in table 4. It would be far beyond the scope of the present 

report to go into the details of these approaches, inherently linked to the PSHA 

methodology. Essential in the present context is that site response analyses 

according to best practice are carried out in all cases.  

In conclusion, since the 90ties at least, detailed site response analyses, for virtually 

all site classes, represent the state of practice in the context of US nuclear facilities.  

 

 

 

4. Conclusions 

One of the main points of this overview is that the instrumental approach based on 

analyses of earthquake recordings is principally a reliable technique. However, the 

existence of non-linear soil effects – a firmly established reality – compromises the 

validity of amplification factors obtained from weak motion measurements to a 

certain extent. Whenever non-linear effects must be taken into account in 

numerical approaches, however, the computations are significantly impaired by 

the uncertainties in the measurement or estimation of the non-linear constitutive 

characteristics of the soil. These uncertainties are at least as large as those that 
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affect the measurement or estimation of the soil characteristics at small 

deformations. The need for seismic recordings also constitutes a strong limitation to 

experimental techniques in areas of low to moderate seismicity. 

 

Numerical approaches remain of primary importance to help understand the 

physics of site effects. Their advantages for practical estimations of amplification 

factors at specific sites must not be overlooked, since the instrumental approach 

may not always be applicable, for instance in urban areas with weak seismicity. 

However, sensitivity studies (see Field and Jacob, 1993a) draw attention to the 

need for multiple, redundant geotechnical measurements (which increases the 

actual cost of numerical estimations). 

 

Ambient vibration methods are clearly important because of their low expense, as 

the H/V ratio technique based on horizontal to vertical spectral ratios, for example. 

However, they should be used with lots of care, as they are able to provide only 

limited information. 

 

The main lessons learned on the physics of site effects are i) the growing 

reconciliation of seismologists' and engineers' viewpoints on non-linear soil effects 

and ii) the accumulating experimental and numerical evidence on the 

engineering importance of 2D or 3D effects (wave diffraction by surface or 

subsurface topography). 

 

Much work, both in research and of regulatory character, remains to be done in 

order to transfer the accumulated knowledge about site effects to the engineering 

practice. 

 

In summary, although significant advances have been achieved in recent years, 

some issues regarding the physics of site effects as well as the manner in which to 

consider them in engineering practice remain unresolved (Bard, 1997): 

– Basic research is needed, with both theoretical and experimental approaches, 

in order to better understand some particular aspects of site effects: surface 

topography effects, effects of strong lateral discontinuities, actual importance 

of non-linearity in soil response, actual level and effects of differential motion on 

structures, site-city interaction effects in densely urbanized areas. 

– Methodological work is required to better assess and compare the reliability, 

cost and usefulness of the various methods available for the prediction of site 

effects. 

– Last, but not least, some regulatory work is needed to better account for site 

effects in seismic codes. 

 

Recommendations proposed by Bard et al. (2011) are to never use only one meth-

od, prefer at least two, use quantitative assessments of the mismatch between 

predictions, use only well-validated techniques and codes, by well trained users, 

with careful model implementation, external review and cross-check with data. 

 

The extreme importance of site effects in recent damaging earthquakes calls for 

special efforts to apply right now what we already know regarding site effects – 

without waiting for results of further research. The state of the art is such that it is 

now possible to perform "present day" site amplification studies. 
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1. Scope of the work reviewed 

The object of the report is to present methodologies that can be used to account for site effects and to 
review existing regulations, both in building codes and in the nuclear field, which give consideration 
to such effects. Methodologies include experimental field measurements, numerical simulations and 
semi empirical methods. This report is part of Work Package WP4, "Improving Seismic Hazard 
Models". 
 

2. General comments 
 
It is obvious that the identification of all possible methods and their critical assessment is a formidable 
task that nobody can pretend to cover in an exhaustive manner. Nevertheless, the report could be more 
useful if some specific techniques were described more in depth.  
 
For all experimental techniques it would have been interested for a non-specialist, to avoid going 
through the numerous literature, to have more details on the authors' preferred or recommended one(s). 
More specific recommendations would have been appreciated.  
 
For numerical models, it is suggested when referring to equivalent linear models not to use the word 
"nonlinear models". Equivalent linear models are indeed linear models. Along the same lines, 
characterization of nonlinear models with G/Gmax curves is not sufficient; volume change 
characteristics under cyclic loading are also needed and essential; G/Gmax curves are only sufficient for 
incompressible materials like saturated clays under undrained conditions.  

 

3. Specific comments along the text 
 

• In the introductory paragraph to the experimental methods, it is noted that dense arrays are 
essential to characterize the spatial variability of the ground motion. It is advocated that these 
data are needed to elaborate on the filtering of high frequencies by massive foundations. In 



order to prevent misunderstanding, it is advisable to make clear that filtering is not directly 
derived from measurements but, possibly, arises from soil-structure interaction, which needs 
to be assessed, is structure specific, and requires the spatial definition of the ground motion as 
input parameter. 
 

• When describing the H/V technique it is indicated that Konno and Ohmachi obtained a good 
prediction of the measured H/V peak amplitudes with 1D linear simulations. More details 
would be appreciated because at the resonant frequency of the profile the peak amplitude 
depends on the damping ratio of the soil. It is well known that damping is one of the most 
difficult parameter to measure, or to estimate; it might be suspected that Konno and Ohmachi 
simply tuned the damping values to fit the data. The same comment applies to the result of 
figure 2 for which no details are given on the numerical calculations of the H/V peak 
amplitudes. 
 

• In my opinion the use of 1D-RVT calculations (paragraph 2.2.1), in which randomization of 
the soil parameters is implemented, is not realistic. The calculation model is equivalent to 
assuming an infinite correlation distance in the horizontal direction; 2D numerical simulations 
(see for instance Assimaki et al, Journal of Earthquake Engineering, Vol. 7, Special issue 1, 
2003) clearly demonstrates that realistic 2D randomization only impacts the high frequency 
content of the surface motion while 1D-RVT calculations show a strong effect even at low 
frequency. This can be physically understood since horizontal variations of the soil properties 
produce lenses of finite dimensions that can only be "sampled" by high frequency waves. 
Another evidence that results from 1D-RVT calculations overestimate the variability of the 
surface motion is provided in the paper by Pierre Labbé at the last AFPS national conference 
(2011) "Incertitude épistémique versus variabilité spatiale dans le calcul de la réponse 
sismique d’un profil de sol" (also to be published at the 15th World Conference on Earthquake 
Engineering in Lisbon "Epistemic Uncertainty versus Aleatory Variability in Seismic 
Response of Soil Profiles"). 
 

• In the paragraph on nonlinear calculations (§2.2.2) it is mentioned that calculations become 
numerically unstable for vertical accelerations in excess of 1g. This phenomenon is not, truly 
speaking, a numerical instability but arises in cohesionless materials that are unable to sustain 
tensile stresses; this is indeed a physical limitation of a continuum model in which soil 
particles would like to fly up. It is very likely that discrete element models would be more 
efficient for such situations. 
 

• In the 2D equivalent linear calculations what is the definition of the equivalent shear strain 
used to compute the shear modulus and damping ratio: maximum shear strain, shear strain on 
a horizontal plane…? 
 

• To be complete, in paragraph 3.1.3 describing Eurocode 8, the spectral shapes do not depend 
only on the soil classification but also on the ground motion type (I or II) characterized by its 
magnitude. One essential difference between IBC, or UBC, codes and Eurocode 8 is the 
existence of a constant spectral displacement branch in the latter code.  
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This report  is divided  in two parts.  In the first one, methods for estimating site effects are summarized, 
based on  (i) experimental,  (ii) numerical and  (iii) empirical approaches.  In  the  second part, a  review of 
guidelines  to  account  for  site  effects  in  some  recent  seismic  codes  and  regulations  is  provided, with 
emphasis on the site classification issues and on the recommendations for design of nuclear power plants. 

I  have  no  specific  remark  on  this  compilation, which  I  found  sufficiently  clear  and  exhaustive  for  the 
purpose of an  inventory of methods and code recommendations. The main concern that I have  is about 
how this report is placed, and its main indications are harmonized, within the objectives of SIGMA project. 
In my opinion, there is probably a missing section of the work to complete the previous ones, where the 
introduction of site effects, and of the associated uncertainty related to the estimation of soil conditions 
and to the variety of experimental and numerical approaches, should be put in the proper perspective in 
the framework of seismic hazard assessment. 

As a matter of fact, especially when dealing with site‐specific probabilistic seismic hazard analyses, there 
are several approaches to account for site conditions and for the related uncertainties, having different 
levels of accuracy within a probabilistic framework. This topic is only marginally addressed in this report, 
when  briefly  introducing  the  different  approaches  in  Table  4  of  section  3,  to  produce  soil  motions 
consistent with uniform hazard rock spectra, according to US practice.  

I suggest the authors to go into deeper detail on this topic, which is often overlooked by researchers, but 
which  in  my  opinion  is  of  key  relevance  for  SIGMA  project,  where  one  of  the  main  issues  is  the 
assessment  of  uncertainty  of  ground motion  prediction  at  a  specific  site,  either  by  probabilistic  or  by 
deterministic SHA approaches. Reference to the recent research contributions by Cramer (2003), Bazzurro 
and Cornell (2004), Perez et al. (2009) is recommended.  
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