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ABSTRACT 
 

The non-linear behavior in soft to moderately stiff soils modifies the linear site response, generally by 
shifting the resonance frequencies towards lower values, and reducing the high-frequency motion in 
relation to shear modulus decrease and damping increase with increasing loading. The resulting 
“modulation” of the site response may be quantified by the nonlinear to linear site response ratio, 
RSRNL-L, comparing the Fourier transfer function for strong events and for weak events. As shown by 
Régnier et al., 2016 who performed such an analysis for 174 sites of the Japanese KiK-net network, 
and 3 "strong motion thresholds" [surface PGA ≥ 1, 2 and 3 m/s2], this ratio exhibits a "typical shape"; 
with a low frequency part above 1 and a high frequency part generally below 1, separated by a 
transition zone around a site-dependent frequency labelled fNL (characterized by RSRNL-L = 1). The 
present work intends to compare these observations with the results of extensive non-linear numerical 
simulation, using about 820 different shear wave velocity profiles from real sites, and non-linear 
characteristics adapted from the EPRI and Imperial Valley models for cohesionless and cohesive soils, 
respectively. The response of each soil column to 60 realistic input motion with PGA in the range 
from 0.01 to 4 m/s2 was computed with the NOAH code developed by F. Bonilla. The analysis was 
performed in the same way as in Régnier et al., 2016, using different surface PGA ranges to classify 
the results: [1, 2 m/s2], [2, 3 m/s2], [3, 4 m/s2], [4, 5 m/s2], [5, 6 m/s2], and [6, 7 m/s2]. Non-linear soil 
behavior results in significant site response modifications even for moderate PGA values of 100 
cm/s2, in that case mainly for soft soils with low VS30 value. The resulting RSRNL-L functions exhibit a 
qualitatively similar shape compared to instrumental data. fNL values exhibit a satisfactory correlation 
with site classifications based on either VS30 or f0: the lower VS30 or f0, the lower fNL. It is also found 
that for high-frequency or stiff sites, the ratio fNL/f0 is very close to 1, while it exhibits a large scatter 
for low frequency sites, with values in the range [1, 10], indicating the concentration of non-
linearities in relatively shallow layers. The amount of low-frequency amplification (i.e., for f < fNL) 
increases with increasing non-linearity, i.e., with increasing PGA and/or strain, and the same for the 
high-frequency (i.e., f > fNL) reduction. However, from a quantitative viewpoint, the present 
numerical simulations seem to overestimate the non-linearity for deep sites with low fundamental 
frequency. The final aim to propose a model allowing to apply a frequency-dependent “NL 
modulation” to the measured or computed linear transfer functions, as a function of PGA level and 
site characteristics, including VS30 and f0, therefore requires further investigations on the actual 
behavior of such deep deposits. 
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INTRODUCTION 
 
Lithological site effects have long been recognized as significantly impacting the surface ground 
motion. Besides resonance and geometrical effects, the non-linear behavior of soft soils is one 
important component that should be taken into consideration in determining the site response. The 
early works of Seed and Idriss (1969) and Hardin and Drnevich (1972a, 1972b), convinced the 
geotechnical engineering community that soft soils exhibit strong nonlinearities during earthquakes, 
with an onset of degradation of soil mechanical properties starting as very low strain levels. As 
outlined for instance in Erdik (1987) of Finn (1991), the high levels of shear strains generated in soft 
(low velocity) soils by strong shaking draw them into highly hysteretic stress strain loops and induce a 
significantly, or even completely modified site response. The deficiency of direct evidence in early 
(and scarce) strong motion observations (Aki & Richards, 1980) together with an over-prediction of 
non-linear effects in the 1985 Michoacan, Mexico and the 1989 Loma Prieta, California, earthquakes 
by the early degradation curves, led some delay (1-2 decades) for the seismological community to 
endorse the importance of such non-linear effects. Nonetheless the multiplication of accelerometric 
stations in the recent decades provided numerous strong motion recordings especially in vertical arrays, 
which now present very solid evidence of significant NL effects, with reduction of amplification and 
shift of resonant frequencies under strong loading (Beresnev & Wen, 1996). It is  therefore highly 
important to try and quantify the impact of this non-linear behavior on the site response. This may be 
done either on a site-specific basis, with detailed information on the soil characteristics (velocity 
profile, non-linear properties), or on a more statistical basis, trying to estimate the average effects for 
different classes of soil, as implemented in recent GMPEs, see for instance Choi and Stewart (2005), 
Walling et al. (2008), Sandikkaya et al. (2013), and Kamai et al. (2014). The present work lies in the 
latter category, with a long-term objective to propose stand-alone "SAPEs" (Site Amplification 
Prediction Equations) taking into account NL effects in a new way and in the Fourier domain instead 
of the response spectra domain  
 
Typically, the main, first order, effects of non-linearity may be summarized as follows for the simple 
example of a homogeneous layer lying on a half-space. The decrease of the shear modulus G with 
increasing strain will result in a decrease of the shear wave velocity VS= !/!, where ! is the mass 
density, which in turn will result in a decrease of the fundamental frequency f0 = VS/4H. On the other 
hand, the hysteresis loops induce a larger and larger damping as strain increases, which in turn results 
in a reduction of the corresponding amplification as damping effects override effects of increased 
impedance contrast (A0 = C / (1 + 0.5 π ς C), where C is the mechanical impedance contrat between 
the underlying bedrock and the soft layer). Of course, this example is oversimplified with respect to 
the real Earth, presenting at least multi-layered soil columns, very often water saturated beyond some 
depth. However, it is fully consistent with the empirical evidences and observations for non-linear soil 
behavior reported in the literature, which are: first, an increase in the site response amplitude at 
relatively low frequencies, because of the frequency shift (Frankel et al., 2002; Régnier et al., 2013); 
second, a de-amplification in the high frequency for sites that do not exhibit pore pressure effects 
(Bonilla et al., 2005; Frankel et al, 2002; Roten et al., 2013). 
It therefore allows the concept of the nonlinear to linear site response ratio, RSRNL-L, first proposed by 
Régnier et al (2013) to investigate the modulation of weak motion, linear site response by non-linear 
soil behavior. As expected from the simple 1-layer over half-space case, this ratio exhibits a "typical 
shape", with a low frequency part above 1 and a high frequency part generally below 1, separated by a 
transition zone around a site-dependent frequency labelled fNL, characterized by a unit value of the 
RSRNL-L ratio. The present work intends to confront the outcomes of a comprehensive set of numerical 
simulations with the actual observations presented by Régnier et al. (2016) from the analysis of a large 
set of KiK-net data and sites. The next paragraphs will present successively the set of numerical 
simulations (soil profiles, input accelerograms, non-linear parameters and computation code), an 
outline of the corresponding results and some indications of the comparison with actual observations. 
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COMPUTATIONAL SET AND CALCULATION METHOD 
 
Soil Profiles 
 
For this work, a set of 820 multilayered soil profiles corresponding to real sites was considered. It was 
originally compiled by C. Cornou and consists of 593 Japanese KiK-net sites, 205 sites from the US 
and made available by D. Boore (http://www.daveboore.com/data_online.html), and 22 European sites 
measured during the NERIES project (Bard et al., 2010). The KiKnet velocity profiles were directly 
collected at http://www.kyoshin.bosai.go.jp, and consist of surface-to-downhole measurements of S- 
and P-wave velocities. Some of these profiles were modified as explained in Salameh (2016) in order 
to have a minimum velocity of 800 m/s in the underlying half-space (= bedrock). The main 
characteristics of the set of resulting profiles are summarized in Figure 1 with the distribution of Vs30 
(m/s), f0 (Hz), thickness (m), and bedrock shear wave velocity (m/s). This set is thus mainly consisting 
of usual to stiff soils, with shallow to intermediate thickness (smaller than 200 m in most cases, with 
only few sites with fundamental frequency below 1 Hz), and "normally hard" to very hard bedrock. 
 

 
 

Figure 1. Overview of main site characteristics for the considered  soil profiles : Distribution of a) 
Vs30 values, b) f0 values, c) total thickness values and d) bedrock shear wave velocity. 

 
Seismic Loading 
 
As this work was part of a more comprehensive endeavour on damage increase linked with site 
response (Salameh, 2016; Salameh et al., 2016), it was decided for simplicity purposes to use a set of 
synthetic input accelerograms. A set of 60 time histories was generated using the approach proposed 
by Sabetta and Pugliese (1996), which allow to obtain realistic waveforms presenting both frequency 
and non-stationary characteristics representative of real accelerograms. They correspond to scenario 
earthquakes with a magnitude range from 3 to 7, recorded at distances from 2 to 100 km, and PGA 
peak ground acceleration (PGA) ranging between 0.02 m/s2 and 4.2 m/s2. Such synthetics exhibit 
average characteristics and relatively smooth spectra : a test was therefore performed for a few sites to 
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investigate the sensitivity of the non-linear modulation of site response to the details of input 
accelerograms by replacing, for a small number of representative sites, the set of 60 synthetic 
accelerograms by a set of 60 real waveforms covering the same magnitude, distance and PGA ranges. 
The overall results remain unchanged, despite some slight changes in the response to individual 
waveforms. 
 
Non-Linear Models 

 
Only velocity profiles are available for the 820 sites considered, without any indication on their non-
linear parameters. It was thus necessary to make arbitrary decisions on the way to assign non-linear 
characteristics to each layer of each velocity profile. As a first step, simple attempt, we followed the 
procedure proposed in Kamai et al. (2014), who use two sets of "generic", depth dependent NL 
degradation curves (see Figure 2) depending on the soil cohesion: the EPRI curves are assigned to 
cohesionless soils, while "IV" (Imperial valley) curves are assigned to cohesive soils. The PEER study 
mentioned above decided that  all soil profiles having a Vs30 value lower than 190 m/s would be 
considered as cohesive ("IV") from the surface down to the bedrock, while sites with Vs30 higher than 
190 m/s should be considered as cohesionless again from the surface down to the bedrock. Although 
this assignment procedure is very crude, we think it provides a first set of results that is worth being 
analyzed in a statistical sense, which is the only purpose of the present work. 
 

 

 
 

Figure 2. Degradation Curves: a) IV Model; b) EPRI Model. 
 

Non-Linear Code 
 
In this work, the non-linear wave propagation is computed using the NOAH code (Bonilla L. , 2001). 
This NOnlinear Anelastic Hysteretic finite difference code computes the nonlinear site response for 
vertically incident plane SH waves, using the strain space multi-shear mechanism model developed by 
(Towhata & Ishihara, 1985) and Iai et al. (1990). For this preliminary study, we decided to start with 
the simplest possible case, i.e. without considering the pore pressure effects: all the present 
computations were performed following a total stress analysis. In the code implementation that we 
used, the non-linear soil properties are not specified through the degradation curves but through the 
strength of the soil, characterized by its cohesion and friction angles. The EPRI and IV curves were 
thus converted into depth-dependent friction angles, with cohesion values assumed to be 0 for 
cohesion-less soils, and 30 kPa for cohesive soils. The so obtained friction angles were found in some 
cases to have unrealistic (very low or very high) values, and were then bounded by the limiting values 
of 25° and 45°. 
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OVERVIEW OF NON-LINEAR EFFECTS  

 
Time domain : saturation of the surface PGA  
 
Under seismic loading, when the shear strain increases, the soil profile goes farther and farther into the 
non-linear domain especially in the weakest layer, the corresponding shear stress is getting nearer and 
nearer to its asymptotic value τmax, and cannot transmit accelerations higher than (approximately)  τmax 
/ ρ. z, where ρ is the unit mass and z the depth of the considered layer. As a consequence, at each site, 
the peak surface acceleration cannot exceed the threshold value corresponding to its weakest layer 
where the higher strains are developed. This "saturation" value of pga appears very clearly in Figure 3 
displaying the variation of surface pga with peak strain for the whole set of 820 sites and 60 input 
accelerograms. For a given site, low input pga values generate small peak strain within the soil profile, 
which remains well below the corresponding "reference strain" γref = τmax / Gmax (where Gmax is the 
low strain shear modulus at the depth of the peak strain). When the input pga increases, the peak strain 
γmax  keeps increasing, and when it gets comparable to or higher than γref, the soil goes far into the non-
linear domain, and the transmitted acceleration gets close to its saturation value. This explains the 
asymptotic shape of curves in Figure 3, which also indicates that the saturation pga is decreasing with 
decreasing soil stiffness : the lowest saturation pga (around 2 m/s2) correspond to red points, i.e. those 
with VS30 < 180 m/s, while the largest (around 7 m/s2) correspond to magenta points i.e. with VS30 > 
760 m/s. 
 

 
 

Figure 3. Saturation of the surface PGA for different VS30 site classes. One point in this graph 
represents the surface pga as a function of peak "relative strain" (ratio γmax/γref where γmax is 
the peak strain value along the whole profile and γref is the reference strain at the 
corresponding depth). This plot gathers 49200 points corrsponding to 820 sites and 60 
input accelerograms, the different colors stand for different VS30 ranges. 

 
In order to better capture the relation between saturation PGA and the characteristics of velocity 
profiles, we have plotted in Figure 4 the distribution of the f0 (left) and VS30 (right) values for the 
different ranges of saturation pga, from [2-3 m/s2] to over 7 m/s2. Its appears very clearly that 
saturation pga increases a) with increasing f0, and b) with increasing VS30 (two site parameters which 
are indeed only weakly correlated for the whole set of 820 sites we considered, see Salameh, 2016). In 
other terms, as expected, transmittable acceleration is the highest for stiff, shallow sites, while it is the 
smallest for deep, soft sites. This information can also be derived from Tables 1 and 2, which list the 
number of sites reaching a given surface PGA range (left column) in various site classes (f0 classes in 
Table 1, VS30 classes in Table 2). Deep soft soils, with VS30 < 180 m/s or f0 < 1 Hz, exhibit a small 
value of saturation PGA, which never exceeds 4 m/s2 regardless of the seismic outcrop excitation. One 
may also notice a slightly better correlation of saturation pga with VS30 comapred to f0.  
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Table 1 : Number of sites involved in various f0 classes for several surface PGA ranges 
 

Surface PGA 
range (m/s2) 

f0 range (Hz)  
0.1 - 1 1 -  3.1 3.1 - 9.7 > 9.7  Total 

1 - 2 56 297 355 63 771 
2 - 3 52 (93%) 291 (98%) 350 (98.5%) 63  (100%) 756 (98%) 
3 - 4 19 (34%) 186 (63%) 322 (91%) 63  (100%) 590 (77%) 
4 - 5 1 (2%) 35 (12%) 90 (25%) 35  (56%) 161 (21%) 
5 - 6 - (0%) 15 (5%) 44 (12%) 14 (22%) 73 (9.5%) 
6 - 7 - (0%) - (0%) 1 (0,3%) 1 (1,6%) 2 (0,3%) 

 
Table 2 : Number of sites involved in various VS30 classes for several surface PGA ranges 

 
Surface PGA 
range (m/s2) 

VS30 range (m/s)  
< 180 180  -  360 360 - 760 760 - 1500 Total 

1 - 2 22 256 419 74 771 
2 - 3 19 (86%) 252 (98%) 411 (98.5%) 74 (100%) 756 (98%) 
3 - 4 - (0%) 135 (53%) 381 ( 91%) 74 (100%) 590 (77%) 
4 - 5 - (0%) 4 (1.6%) 107 (26%) 50 (68% ) 161 (21%) 
5 - 6 - (0%) - (0%) 47 (11%) 26 (35%) 73 (9.5%) 
6 - 7 - (0%) - (0%) 1 (0,3%) 1 (1,6%) 2 (0,3%) 

 
 

 
 

Figure 4. Cumulative Distribution Function of f0 (left) and VS30 (right) values for soil subsets grouped 
according to their saturation PGA. 

 
Frequency domain characterization of Non-Linear Site Response 
 
The site response determines how each frequency in the bedrock (input) motion is amplified, or de-
amplified by the soil deposit (Kramer, 1996). Thus, a site response may be viewed as a filter that acts 
upon some input signal to produce an output signal, in our case for vertically propagating SH waves. 
For the linear wave propagation case, the site transfer function (Fourier domain) is independent from 
the seismic excitation, with the first amplification peak (not necessarily the maximum one) occurring 
at the soil fundamental frequency f0. Therefore, if the site response of a soil is known, its response to 
any seismic excitation is known. This is no longer true in the non-linear domain, as frequencies are 
shifted, and amplification changes from one case to another, depending on the degree of non-linearity 
reached. The site response with respect to a reference rock is defined in Eq. 1: 
 

!!" = ! !"!(!""!"#$%&')!"(!""!"#$%&')
      (1) 
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Where, FT (AccSurface) and FT (AccOutcrop) are the Fourier Spectra of the acceleration time history at the 
site surface and at a nearby outcropping rock, respectively. Linear site response is estimated by 
considering only weak motions, i.e. corresponding to outcropping rock PGA values from 0.001 to 0.25 
m/s2; while non-linear site response was calculated using strong motions, associated to Surface PGA 
values greater than 100 cm/s2; and these site responses were averaged by classes of Surface PGA, 
namely [2-3 m/s2], [3-4 m/s2], [4-5 m/s2], [5-6 m/s2], and [6-7 m/s2]. Given the site-specific PGA 
saturation phenomenon, this average is not computed over the same number of input accelerograms 
for each PGA class for different sites. 
 
Figure 5 shows an example for one particular soil profile, "AKTH05", a stiff site from the KIK-net 
database with VS30 = 830 m/s and f0 = 8.7 Hz. In this figure, sixty different site responses, from sixty 
different seismic excitations, are plotted. For weak seismic incident excitations, the transfer function 
exhibits a very low variability and presents its first peak for the value of fundamental frequency. For 
stronger motions (i.e., non black curves), higher surface PGA correspond to higher strains and higher 
excursions in the non-linear domain, and larger and larger changes in the site response. 
 

 
 
Figure 5. Simulated site Response (Surface to Outcropping rock SSR) for the KiKnet site "AKTH05" 
impinged by sixty different input accelerograms. The various colors correspond to various ranges for 

surface PGA 
 
 
Ratio of Site Response (Non-Linear to Linear) 
 
In order to analyze the effect of non-linear soil behavior on site response, we study the ratio of site 
response, non-linear to linear, denoted hereafter by RSRNL-L. Accordingly, this ratio is calculated for 
each site by the logarithmic mean of the ratio between the geometrical average of non-linear response 
and the geometrical average of linear site responses,. The RSRNL-L is therefore given for a site by Eq. 2: 
  

!"#!" !"!!"!! = !!"#$
!!"#$%&!

!"#!" !!"! / ! !"#!"(!!"!)!!"#$
!!!

!!"#$%&
!!!    (2) 

 
Where Nstrong and Nweak are the number of accelerograms with a surface PGA falling in a given range 
larger than 100 cm/s2,  and lower than 25 cm/s2, respectively; and j and i are the indexes on strong and 
weak motions, respectively. SSR is the site response with respect to a reference that is in our case 
outcropping rock. This ratio has been calculated for each site for all available ranges of surface PGA, 
namely [2-3 m/s2], [3-4 m/s2], [4-5 m/s2], [5-6 m/s2], and [6-7 m/s2].  
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Figure 6 shows the ratio of simulated site response curves for the same (KiKnet) soil profile 
"AKTH05", with their corresponding standard deviation, and for each surface PGA range (the 
stauration PGA at this stiff site exceeds 6 m/s2). This curve exhibits a "typical shape" with a low 
frequency part above 1 and a high frequency part usually below 1, separated by a transition zone 
around a site-specific frequency labelled fNL. From this plot, we can observe one more time, the effect 
of surface PGA. When it increases, the non-linear amplification and de-amplification increase, at low 
frequency and high frequency, respectively. As for the standard deviation, it is smaller at low 
frequency, while it increases at high frequency. Moreover, it increases with increasing Surface PGA, 
which is due to the non-linear behavior that is sensitive to the actual pahse and frequency content of 
the input motion – in addition to its "level" approximated by the PGA proxy 
. 
 

 
 
Figure 6. Ratio of simulated site response (Non-Linear - Linear) for the same AKTH05 site; solid lines 

represent the mean curve for each surface PGA class, while the dashed lines represent the 
mean curve ± one standard deviation. 

 
Selection of fNL 

 
The expected shape of the site response ratio RSRNL-L is presented in Figure 7, with an amplification 
and a de-amplification for frequencies lower and beyond a certain value called fNL, respectively. The 
next step is to pick this frequency fNL for each site from results and plots similar to Figure 6, and to 
investigate how it varies with different site parameters. For the site studied above, on may detect a 
slight reduction from one class of PGA to the next one, from 8 to 7 Hz, but nevertheless this reduction 
is very slight. The dependency of  fNL on PGA was systematically analyzed for the whole set of sites, 
and it was concluded that the PGA dependence was only marginal – at least for the NL parameters 
considered here -. 
 

 
Figure 7. Typical shape of RSRNL-L and selection of the site specific frequency fNL. 
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AVERAGE RESULTS FOR SITE CLASSES 
 
One of the original objectives of this work is to propose a way to modify the linear site response by a 
"NL modulation", since linear site response is much easier both to measure and to predict than the NL 
response. In that aim, it is therefore interesting to investigate whether the "modulation functions", i.e., 
the RSRNL-L curves, can be grouped according to the usual site classification schemes, in addition to 
the PGA level. Several site condition proxies have been proposed in the literature to classify the soils: 
the harmonic average shear wave velocity VS30 (by far the most widely used), the fundamental 
frequency f0, the thickness down to a given velocity threshold (H800 for a 800 m/s threshlod, Z1 or Z2.5 
for the so-called "basin effects" and thresholds of 1 and 2.5 km/s, respectively), the velocity gradient 
B30, etc. … This turned out to be a good approach to characterize either the linear site response (Cadet 
et al., 2012; Régnier et al., 2014), or the non-linear site response (Assimaki and Li, 2012; Bonilla et al., 
2011; Régnier et al., 2013; Kamai et al., 2014). In the present work we investigated the first two 
classifications, i.e. those based on VS30 and f0. 
 
VS30 classification 
 
We use the "classical" NEHRP (National Earthquake Hazard Reduction Program) classification to 
group sites according to their VS30 values, through the grouping intervals [100-180 m/s, NEHRP E], 
[180-360 m/s, NEHRP D], [360-760 m/s, NEHRP C]  and [760-1500 m/s, NEHRP B]. For each site i 
belonging to a given site class cl, the average RSRNL-L,ia was computed for a given surface PGA range 
a, and then a "class / PGA" average was derived as a geometrical average with equation (3) 
 

!"#!" !"!!"!!,!",! = !
!!",!!

!"#!" !"!!"!!,!"
!!",!
!!!    (3) 

 
where Ncl,a is the number of sites in site class cl having surface pga in the considered range a. Thus, for 
each VS30 class and range of surface PGA, we have a single curve that represents the average non-
linear modulation for sites in this group and for the corresponding surface pga. The corresponding 
results are displayed in Figure 8 with a comparison of the four VS30 classes for each of the 6 surface 
PGA ranges, from [1 – 2] m/s2 to [6 – 7] m/s2. We can notice at first that the average non-linear 
frequency fNL is almost independent of the surface pga range and increases with site stiffness: fNL 
values are 0.7 Hz, 1.5 Hz, 5 Hz and 12 Hz, for the VS30 soil classes E to B, respectively. As a matter of 
fact, a stiff soil of NEHRP site category C or B, having a high VS30 value, can usually generate strong 
non-linearities only at shallow depth, and therefore its fNL value is expected to be large. Moreover, we 
can see that the modulation amplitude is larger for soft sites than for stiff ones. For instance, 
considering the second class of surface PGA [2 – 3] m/s2, the values of the maximum low frequency 
amplification (f < fNL) are 1.18, 1.06, 1.04, 1.03, for the four VS30 classes, respectively.  
 
Second, in order to investigate the effect of the PGA, we consider one particular VS30 class, and 
investigate how the modulation function RSRNL-L evolves with the surface PGA range. Actually the 
low frequency (f < fNL) over-amplification increases, the high-frequency (f > fNL) de-amplification 
increases as well, while the switch between these two phenomena remains at the same frequency fNL. 
For instance, taking the soft soils (i.e. NEHRP E VS30 lower than 180 m/s), the maximum low-
frequency over- amplification increases from 1.09 to 1.19, for surface PGA range increasing [1 – 2] to 
[2 – 3] m/s2, while the corresponding maximum high-frequency de-amplification values goes from 
0.75 to 0.55; meanwhile, as indicated before, the corresponding fNL value of 0.7 Hz does not change.  
Finally, a last interesting result is that, for a given surface PGA range, the NL modulations are larger 
for soft sites, but as surface PGA increases, only stiffer and stiffer sites are concerned (saturation PGA 
is lower for softer sites), and the amplitude of the corresponding non-linear modulation increases and 
finally reaches higher values for stiff sites and high PGAs, than for soft soils and moderate surface 
PGAs.  
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Figure 8. Average RSRNL-L modulation functions for the different VS30 site classes (red: NEHRP E; 
green : NEHRP D; purple : NEHRP C; magenta : NEHRP B) for increasing surface PGA 
ranges (from left to right, and top to bottom). The number of sites for each set of (NEHRP 
class, surface pga range) is indicated in each frame. 

 
f0 classification 
 
The same analysis was done by classing the sites according to their fundamental frequency f0. Four 
classes are considered : f0 < 1 Hz, [1, 3.1 Hz], [3.1, 9.7 Hz], [> 9.7 Hz], the results of which are 
displayed on Figure 9. A similar behavior is observed: when the PGA increases, the non-linear 
modulation is accentuated; fNL increases with increasing f0. 
 

 
Figure 9. Average RSRNL-L modulation functions for the different f0 site classes (red, green, purple and 

magenta for fNL < 1 Hz, 1-3.1 Hz, 3.1-9.7 Hz and > 9.7 Hz, respectively) for increasing 
surface PGA ranges (from left to right, and top to bottom). The number of sites for each set 
of (NEHRP class, surface pga range) is indicated in each frame. 
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COMPARISON WITH EXPERIMENTAL DATA  
 
The analysis performed here on results of numerical simulation has been already performed by 
Régnier et al. (2016) on instrumental recordings from 174 KiKnet sites. Before proposing the use of 
the statistical results of numerical simulation in terms of non-linear modulation functions, a 
prerequisite is to compare them from both qualitative and quantitative viewpoints. In particular, some 
of the KiKnet soil profiles considered for the numerical simulations correspond to sites which have 
recorded strong enough motion to allow Régnier et al. (2016) to derive instrumental RSRNL-L 
modulation functions. This comparison, still in a preliminary stage, is presented here only along two 
main items: the general shape of the RSRNL-L curves, and some statistics on the fNL/f0 ratio. It may be 
biased by the fact that only a subset of all KiKnet sites did record very strong motion, nevertheless we 
consider a statistical comparison on several tens of sites is more meaningful than a comparison on a 
few sites.  
 
Qualitative comparison : RSRNL-L 
 
First, from a qualitative viewpoint, the overall shapes of both experimental and numerical RSRNL-L 
curves are very similar, and their behavior with increasing pga as well : fNL does not change with pga 
(except for about 10% of available observations: 3 sites out of a total of 35 exhibit a significant 
decrease of fNL from a surface pga of 1 m/s2 to 3 m/s2), while the modulation amplitude increases both 
at low-fequency (f<fNL) and high frequency (f > fNL) (see Régnier et al., 2016, for more details). 
 
Evolution of fNL/f0 as a function of f0 
 
The use of such a "non-linear modulation function" requires the knowledge of the frequency fNL and of 
the amplitude modulation. Comparing the numerical and experimental results for the same site classes, 
i.e. NEHRP B, C and D, indicates a slight underestimation of fNL values for the former, together with 
with a slight underestimation of the amplitude of the modulation function (smaller increase at low 
frequency, and smaller decrease at high frequency). The reasons of such differences are not clear yet, 
and require further investigations, amongst which the test of different NL parameters, especially 
regarding their depth dependency: there exist indeed consistent indications that the NL parameters 
used in the present set of numerical simulations underestimate the impact of NL behavior at shallow 
depth, and overestimate it for thick deposits. 
As a support to the latter statement, Figure 10 displays the evolution of the ratio fNL/f0 as a function of 
the fundamental frequency f0 for both the present numerical results and the Régnier et al. (2016) 
instrumental results. The two plots exhibit the same general trends. First, this ratio is almost 
systematically exceeding 0.7: the NL behavior never affects thicker soils than those which are 
involved in the fundamental resonance. Second, the fNL/f0 may reach values much higher than 1, up to 
10 and over: for such sites, the non-linear behavior is mainly affecting much shallower deposits than 
those involved in the fundamental resonance, especially for thick sites having a low fundamental 
frequency. There however exist some significant differences between the two plots, i.e., between 
numerical and instrumental results, especially for low frequency sites : while most of thick sites with f0 
< 1 Hz exhibit an observed fNL/f0 ratio between 2-3 and about 30, the numerical simulations predict 
values ranging from 0.7 to 10. This strongly suggests an overestimation of non-linear effects at large 
depth in the model we used. 
 
The next step is thus to investigate the non-linear response of thick deposits with other sets of 
degradation cruves, exhibiting a more pronounced depth dependence, with larger effects of the 
confining pressure (i.e. shifting of the degradation curves towards higher strains as the depth 
increases). Actually, a few tests along this direction were already performed for about 10 thick sites, 
but the first results do not indicate any major shift of fNL towards higher values which would 
correspond to a localization of the non-linear behavior only in the shallow layers. Further tests will be 
performed in the coming months 
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Figure 10. Evolution of fNL/f0 as a function of f0 for numerical simulation results (left), 
and instrumental results (right). The color code corresponds to the surface pga 

 
CONCLUSIONS 

 
A comprehensive set of numerical simulations has been performed to investigate the non-linear site 
response for a large number (820) of realistic soil columns covering NEHRP site categories B to E, 
impinged by a set of 60 realistic strong motion, coresponding to magnitudes between 3 and 7, 
distances 2 to 100 km, and to outcropping rock pga ranging from 0.02 to 4 m/s2. The loading was 
considered only as vertically incident plane S waves, the soil was assumed dry to avoid the pore 
pressure effects, and the NL properties were arbitrarily assigned to each soil column as recently done 
for the NGAW2 background calculations (Kamai et al., 2014). The quantification of the NL response 
was performed through the "RSRNL-L" ratio comparing the NL site response to the linear site response 
in the Fourier domain, for different ranges of surface pga, in order to allow a direct comparison with 
the instrumental results obatiend by Régnier et al. (2016) on a subset of KiKnet data.  
 
Alike the instrumental observations, this RSRNL-L "non-linear modulation function" presents almost 
systematically a typical shape including a low-frequency "over-amplification" and a high-frequency 
reduction of amplification; the transition between these two behaviors is characterized by a site-
specific "non-linear frequency" fNL. fNL is found, as in the instrumental observations, to be site-specific, 
pga independent, systematically larger than 0.7 f0, and to increase with increasing f0 and Vs30: in other 
terms, the stiffer or thinner the surface deposits, the larger the fNL value. In addition, the fNL/f0 ratio is 
found to be around 1 for thin deposits with high fundamental frequency f0, and to exhibit a trend to 
increase and to be much more variable for thicker and/or softer sites. Finally, the amplitude of the 
modulation (low-frequency increase and high-frequency decrease) is found to increase with increasing 
surface pga level, with over-amplifications reaching up to 50% in some cases, and reduction levels 
down to 50%. Average RSRNL-L curves are provided for different site classes and different surface pga 
ranges. 
 
There are however some differences with respect to the instrumental results: the simulated fNL value 
has a trend to be smaller and the amount of modulation seems slightly smaller, especially for soft sites. 
It is likely that such differences are related with the strong assumptions about the NL characteristics of 
the soil columns, indicating that new series of extensive computations should be performed with other 
parameterizations, including in particular more non-linearity for shallow, soft soils, and less non-
linearity for deep deposits (i.e., with depth laregr than 30-50 m), for which the actual effect of 
confining pressure is not well constrained by actual measurements. Such new simulations should also 
include other non-linear codes with other constitutive laws (including in the long run effective stress 
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analysis with pore pressure effects), and probably also a linear equivalent approach, to check the 
robustness of this RSRNL-L ratio with respect to the NL model. 
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