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ABSTRACT ARTICLE HISTORY
The reliability of V 3, and the performance of alternative time averaged shear Received 25 May 2023
wave velocities (Vs,) and shear wave travel times (T;,) at various depths, z, Accepted 25 October 2023

were investigated for the estimation of site amplification and fundamental KEYWORDS

frequency (fo) characterization by considering the linear and nonlinear soil Site amplification;
behavior. The study revealed that alternative parameters performed better fundamental soil frequency;
than Vi3 and the best performing z parameters changed by switching from nonlinear soil behavior; time
convex to concave theoretical profiles and by increasing ground motions. For averaged shear wave

a practical usage in site investigations, guidelines to estimate nonlinear soil velocity; shear wave travel
amplification factor and fundamental frequency from the linear ones were time; impedance ratio
presented.

1. Introduction

The seismic regulations on geotechnical and structural design require the consideration of site effects
and soil amplification. Since the engineering practice needs fast and useful methods, time averaged
shear wave velocity for the top 30 m, Vo, has been the most commonly used and practical method for
characterizing soil amplification. However, if two different soil profiles with the same V3, values, but
with different geologic units, number of horizontal soil layers, and depth to bedrock are considered, it
is found that they do not alter the ground motion in the same way. Therefore, it is justified to further
investigate the validity of V3, for site amplification characterization in this study by constructing
various shear wave velocity distributions. Also, a parametric investigation of alternative parameters,
mainly averaged velocities and travel times at different depths (i.e. V;, and T}, at 5, 10, 20, 30, 40, 50,
and 100 m), was performed for site amplification and fundamental frequency characterization by
considering a layered soil media lying on elastic bedrock. Moreover, since the estimation of nonlinear
soil amplification has always been a difficult issue, the possibility of predicting nonlinear soil
amplification factor and nonlinear fundamental frequency from the linear ones was investigated,
which can easily be identified from ambient ground noise measurements.

In seismic design codes such as the NEHRP Provisions (BSSC 1997), Uniform Building Code
(ICBO 1997), Eurocode 8 (CEN 2004), and Turkish Building Seismic Code (TBSC 2018), the site
classification method is based on V3, due to its cost effectiveness and simplicity. Many researchers,
however, stated that V3, alone is not enough to reflect the properties of soil layers and proposed
alternative and complimentary parameters. Steidl (2000) investigated the relation between V3, and
site amplification factors. The importance of depth-to-basement value was emphasized since the
deeper sites showed higher site amplification factors. Stewart et al. (2003) mentioned that in long
periods, neither V3 nor detailed surface geology can correlate well with site amplification. Park and
Hashash (2004) stated that site coefficients are highly dependent on the sediment thickness pointing
out the insufficiency of V3 for site classification. Mucciarelli and Gallipoli (2006) mentioned that
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V30 is not a good proxy of site amplification and the fundamental frequency, if the velocity profile is
not increasing with depth monotonically and if there is not a strong impedance contrast in the
velocity profile. Castellaro et al. (2008) reanalyzed the data set used by Boore (2004) and mentioned
that site amplification is too complex to be defined with a single parameter. Lee and Trifunac (2010)
stated that time averaged shear wave velocity is a weak proxy for site amplification. Regnier et al.
(2011) suggested that V3, alone does not represent soil stiffness accurately. Cadet et al. (2008)
revealed that site parameters and site amplification factors are correlated well with fundamental
frequency (fo, Vi30) couple at most. Luzi et al. (2011) stated that the highest correlation with site
amplification was achieved by (fo, Vi30) couple, and as a single parameter f, performs better than
Vsso. Similarly, Cadet et al. (2012) investigated the relation between site amplification, Vg, (i.e.
z equal to 5, 10, 20, and 30 m) and the couples of (V,, f,) alternative to V3o and it was detected that
the couple of (fy, V30) shows the highest performance. Besides, as a single proxy for site amplifica-
tion characterization, f, shows the highest correlation and provides lower misfits than V, para-
meters. Laurendeau et al. (2013) stated that site amplification depends on both V3, and site Kappa,
the high-frequency attenuation (x,). Zhao and Xu (2013) studied the correlation of site amplifica-
tion ratios with V39 and the parameter of site period (T, four times the shear-wave travel time from
the bedrock to the ground surface) on a large ground-motion dataset (KiK-net data) which revealed
T, as a better proxy than Vg, for sites with T; >0.6 s. Moreover, their performance was compared on
ground motion prediction equations for site effect modelling, and T; is defined as a better site
parameter for all site classes again since it shows more reasonable median amplification ratios
especially for soft soil sites at long spectral periods. Regnier et al. (2014) proposed a complimentary
parameter to V39, B3y which is defined as the slope of V; profile with depth and may help for the
evaluation of site response. Hassani and Atkinson (2016) suggested replacing Vs, with f in the
ground-motion prediction equations. Derras et al. (2017) defined the best proxy as V3, at short
periods (T <0.6 s), while f, and Hgyy (Where V is higher than 800 m/s) showed better performance at
longer periods. Kwak and Seyhan (2020) studied the prediction of site effect parameter in ground
motion modelling by capturing the shallow soil stiffness and impedance contrast by V3, and deep
sediment amplification by site fundamental period T, which characterizes the whole V| profile
down to bedrock. By using the V profiles and ground motion records of KiK-net database, this
study focuses on the site effect modelling by investigating the performance of T, and deep
sediment depth parameter (i.e. z; ,=depth to V;=1.4km/s) as a complementary to V3. They
pick T, as the secondary site parameter which gives a better estimation. Also, these researchers
revealed the nonlinear site effects by analyzing fundamental frequency shift and decrease in
amplitude of soil amplification factor by gradually increasing ground motion intensities and
implemented this finding as a nonlinear site effect model modification to linear site amplifica-
tion model in ground motion models by empirical functions. Zhu et al. (2020) proposed site
fundamental period (T)) as the best performing single proxy and complementary to V3o Tsai
et al. (2021) also stated that V3, alone does not reflect the site effects if the site is not shallow
and studied on a depth parameter (e.g. Z;,) which reflects deep site effects as a complementary
parameter to Vs for implementation in the seismic codes. They investigated the characteriza-
tion of site factors at short and long periods obtained by both numerical 1D methods and
empirical observations from the downhole arrays installed at Taipei basin for various bedrock
depths. Hence, the study presents a depth correction factor which is derived with reference to
the depth parameter (e.g. Z; ) for site factors obtained only by V.

The previous studies interrogating the reliability of V3, for site amplification and fundamental
frequency characterization suggest using (V3o, fo) couples as the best performing parameter or some
other alternative parameters related to depth, Kappa, soil profile, etc. Most of the studies investigated
the performance of these correlations on the databases of seismically instrumented sites which enabled
to use huge number of borehole logs including stiff to soft sites recorded various strong and weak
motions by mostly analyzing the site amplification factors by response spectral ratios. Though the
diversity of these soil profiles and the complex properties of recorded ground motions due to source,
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path, and site effects present realistic results for practice, the studies on these subjects repeat itself by
means of methodology and suggested alternative parameters. As a novelty, in this study, theoretical
shear wave velocity profiles distributed with depth in concave, linear, and convex shapes, were
constructed to reveal if the optimal averaging depths of alternative parameters (i.e. V,, and T},)
correlating with site amplification ratio (i.e. maximum value in the surface-to-bedrock spectral ratio
of Fourier amplitude spectra [FAS]) and fundamental frequency are changing by changing velocity
distributions and by changing soil nonlinearity due to ground motion level. These constructed profiles
were analyzed by considering two layering models for understanding the effect of layer number, layer
thickness, and bedrock depth on soil response. A new parameter, T,,, which can be obtained by
geophysical field measurements, is proposed for the characterization of site amplification and funda-
mental frequency. In contrast to the studies just analyzed linear soil behavior by weak motions and
proposed V., parameters for linear site amplification characterization (i.e. Cadet et al. 2012; Regnier
et al. 2011), the nonlinear soil behavior is considered as well by gradually increasing bedrock
accelerations in this study; hence, the proposed best correlating V,, and T, parameters with soil
amplification and fundamental frequency, represent both linear and nonlinear soil behavior. This
study includes a detailed investigation of linear to nonlinear soil response which is figured out by
analyzing the transfer functions of soils (i.e. surface-to-bedrock ratio of the FAS), modulus degrada-
tion, shear strains, and surface PGAs. Moreover, guidelines were constituted as a practical method for
the estimation of nonlinear fundamental frequency and soil amplification from the linear ones which
can be easily calculated by field measurements.

2. Soil Models of Equal Thickness and Equal Travel Time for Each Layer

In this study, 17 shear wave velocity profiles were constructed for the bedrock depth of 100 m,
changing from convex (i.e. the velocities changing faster near the surface and slower near the bedrock)
to concave (i.e. the velocities changing slower near the surface and faster near the bedrock). For
analysis, the soil media was divided into layers, first with equal thickness, and then with equal wave
travel times. It was intended to observe the effect of layering type (i.e. equal thickness, and equal wave
travel times) on soil response, hence soil response characterizing parameters.

The soil model with equal layer thickness has 50 layers and the thickness of each layer is defined as
2 m. All shear wave velocity profiles begin with V=50 m/s at the first layer ending with V= 1000 m/s
at the last layer which overlies an elastic bedrock with V; =2000 m/s. The shear wave velocity profiles
were divided into three groups according to the geometric shapes of them as concave, linear, and
convex (Fig. 1). For the concave profile, the velocities increase slower near the surface and faster near
the bedrock, whereas for the convex profile, the velocities increase faster near the surface and slower
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Figure 1. Geometric shapes of concave, linear, and convex type shear wave velocity profiles.
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near the bedrock. The linear profile represents the transition from concave to convex. Among the
shear wave velocity profiles used, ten are concave type, one is linear type, and six are convex type.

In order to investigate the variation of soil amplification for softer profiles in more detail, higher
number of concave profiles was used. The profiles are numbered from 1 to 10 representing decreasing
stiffness for concave type and 1 to 6 representing increasing stiffness for convex type (Fig. 2a). The
velocities increase rapidly near the surface as the soil profile turns from concave to convex. Therefore,
Convex-6 type profile shows a higher stiffness than Concave-10.

The velocity profiles were generated by using a single equation by changing the coefficients of a and

¢ and constant of #;
. 1/c
i—n
vy = { ] )
a

in which v; represents mean shear wave velocity of each soil layer, and i represents the layer number
from the surface. The values of coefficients a and ¢, and the constant n are given in Table 1.

For the soil model with equal wave travel time, the number of layers and the bedrock
depths vary according to each velocity profile. The equal travel time of each layer is defined as
0.04 s, since it corresponds to the lowest V, and layer thickness, 50 m/s (i.e. for the first layer)
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Figure 2. a Shear wave velocity profiles changing from concave to convex (i.e. from left to right) for equal layer thickness model; (b)
incremental shear wave travel times for the velocity profiles of equal layer thickness model.

Table 1. Coefficients and constants of general equation for soil profiles.

Soil Profile Type a n 4
Convex-1 0.01270 —0.38 1.20
Convex-2 0.00445 0.12 135
Convex-3 0.00157 0.44 1.50
Convex-4 0.00055 0.64 1.65
Convex-5 0.00019 0.77 1.80
Convex-6 0.00006 0.85 1.95
Linear 0.05158 -1.57 1.00
Concave-1 0.14984 -3.16 0.85
Concave-2 0.30812 —4.79 0.75
Concave-3 0.64128 -7.15 0.65
Concave-4 1.35848 -10.6 0.55
Concave-5 2.95672 -16.2 0.45
Concave-6 6.72342 —-254 0.35
Concave-7 16.5302 -42.9 0.25
Concave-8 48.0320 —85.3 0.15
Concave-9 249.369 -302.2 0.05

Concave-10 —428.342 353.2 —-0.05
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Figure 3. Soil profiles with equal shear wave travel time (t = 0.04 s) for each layer.

and 2m, respectively. The layer thickness of equal wave travel time model was obtained by
using the velocity profiles of equal layer thickness model. First, incremental wave travel times
were calculated for each velocity profile (Fig. 2b), and the depth of each layer was extracted,
corresponding to a wave travel time of 0.04s. Shear wave velocities corresponding to the
identified depths were obtained by using the velocity profiles of equal layer thickness model
by Fig. 2a.

Then, the soil profiles with equal wave travel times (i.e. 0.04 s for each layer) changing from
concave to convex were obtained (Fig. 3). In Fig. 3, the top layer of all profiles has V=50 m/s, and
the layer thickness increases near the bedrock as the wave velocity increases with depth. The
thicknesses of the soil layers are different for all profiles, because of the requirement of equal wave
travel times in each layer. It was aimed to observe the dynamic soil response due to these two
layering models: first by holding layer thickness, layer number, and bedrock depth constant and
then holding wave travel times constant for each layer leading to variation in layer thickness, layer
number, and bedrock depth.

3. Impulsive and White-Noise Bedrock Motions

Soils behave linearly or nonlinearly due to the amplitude level and frequency content of the ground
motion which causes a variation in soil amplification factors, and the fundamental frequencies. To
investigate this variation independent from the source, path, directivity effects, and instrument
distortions leading to complex properties in earthquake records (i.e. amplitude, frequency content,
and duration), impulsive, and white-noise motions were used for the analyses. They are considered as
the boundaries of variations in the frequency content and amplitude of bedrock motions. The
impulsive bedrock motion is modeled as a Delta function which gives constant Fourier amplitudes
for all frequencies. The PGA levels of the impulsive bedrock accelerations varied between 0.005¢ and
1.0¢ (Fig. 4a).

The second type of bedrock motion used for the analysis is zero-mean Gaussian white-noise with
PGA values varying from 0.005¢ to 1.0g (Fig. 5a). The sampling rate of the simulated impulsive and
white-noise bedrock accelerations is 200 sps, corresponding to a Nyquist frequency of 100 Hz. The
wide and random range of frequency content of white-noise presents higher Fourier amplitudes than
the impulsive motions have, even if they have the same PGA level (Fig. 4b and 5b)
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Figure 4. Impulsive accelerations with different amplitudes (gradually increasing PGAs: 0.005g, 0.05g, 0.1g, 0.2g, 0.4g, 0.6g, and 1.0g):
(a) acceleration—time history; (b) Fourier amplitude spectra.
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Figure 5. White-noise motions with gradually increasing PGAs: (a) acceleration—-time history; (b) Fourier amplitude spectrum.

4. Soil Properties for Site Response Analysis

Site response of each soil profile was computed by both linear and equivalent-linear analyses for the
given bedrock motions by using DEEPSOIL (Hashash et al. 2008). The site amplification factors and
fundamental frequencies were obtained for each soil profile and layering method (i.e. equal thickness
and equal travel time) by gradually increasing bedrock accelerations.

In DEEPSOIL, the initial shear modulus (i.e. G,,,,,) is computed from the shear wave velocity and
the density, p, by the equation of V,=1/Gpax/p automatically. For equivalent-linear analysis, which is
an approximation of a nonlinear model, the unit weight and initial damping ratio of each layer above
the bedrock were assigned as y = 18 kN/m” and & = 0.48% respectively. For the bedrock, the following
properties were assigned; V= 2000 m/s, y = 22 kN/m’ and & = 2%. Equivalent-linear model requires
the determination of modulus reduction and damping ratio curves at discrete points since the method
chooses appropriate shear modulus and damping ratio value corresponding to induced strains due to
soil response by an iterative procedure. For the whole soil profile, the soil modelling parameters were
kept constant to observe the soil response just by changing velocity profiles. The same modulus
reduction, G/Gy,.x, and damping ratio curve of Seed and Idriss (1970) were used for all soil layers
(Fig. 6). Seed and Idriss (1970) suggest three types of curves for sands, based on their stiffness. It was
chosen as “mean sand,” which presents a moderate stiffness and damping ratio.

5. Site Amplification Characterization Parameters

The averaged shear wave velocities, V,, and the shear wave travel times, T,,, for different depths, z,
were calculated to investigate the correlation with site amplification factors and fundamental frequen-
cies. V,, was defined for z=5, 10, 20, 30, 40, 50, and 100 m by the following equation:
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o
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where h; is the thickness of the i’th layer. It is clear that V., is indirectly related to the shear wave travel
time, as it is seen by the term in the denominator of the equation. Shear wave travel times were
generated for 5, 10, 20, 30, 40, 50, and 100 m by the following equation:

Ty = Z% (3)

Shear wave travel time at a specific depth, z, is obtained by the sum of wave travel times [i.e., (sum of
the layer thickness/shear wave velocity ratios)]. Vi, and Ty, are presented in Tables 2 and 3 for equal
layer thickness model. As the velocity profiles change from concave to convex, the stiffness of soil
increases, and the wave travel times decrease due to increasing wave velocity. V9 and T} reflect the
averaged shear wave velocity and wave travel time for the bedrock depth 100 m, respectively.

V. =

6. Evaluation Method of Site Amplification and Fundamental Frequency
Characterization Parameters

Soil response in this numerical study was evaluated by soil amplification factors and fundamental
frequencies that were obtained from the surface-to-bedrock transfer functions. In this study, the soil
amplification factor, AF, is defined as the maximum value in the surface-to-bedrock spectral ratio of
FAS and the corresponding frequency as the fundamental frequency, f,. Although it is not presented in
the paper, we have also checked the ratios of secondary peaks, as well as the ratio of the average

Table 2. V;, of the soil profiles with equal layer thickness.

Profile No. Soil Type Vsos (M/s) V10 (M/s) V20 (M/s) V30 (M/s) Va0 (M/s) Viso (m/s) V100 (M/5)
1 Convex-6 85 127 188 236 277 314 459
2 Convex-5 82 120 177 222 261 297 439
3 Convex-4 78 112 165 207 244 278 416
4 Convex-3 74 104 152 191 226 258 392
5 Convex-2 70 96 139 175 207 237 366
6 Convex-1 67 89 126 159 189 217 338
7 Linear 62 80 1M 139 165 190 302
8 Concave-1 60 74 100 125 148 170 275
9 Concave-2 58 70 94 116 138 159 258
10 Concave-3 57 67 88 108 128 147 241
1 Concave-4 56 65 83 101 119 137 225
12 Concave-5 55 63 79 95 m 127 210
13 Concave-6 54 61 75 89 104 119 196
14 Concave-7 54 59 71 84 97 m 183
15 Concave-8 53 58 68 80 91 104 171
16 Concave-9 53 57 66 76 86 98 161

17 Concave-10 52 56 64 73 82 92 151




8 N. . FERCAN ET AL.

Table 3. T, of the soil profiles with equal layer thickness.

Profile No. Soil Type Tros (5) Tt10 (5) Tiz0 (5) Ti30 (5) Trao (5) Tiso (5) Tt100 (5)
1 Convex-6 0.059 0.079 0.106 0.127 0.144 0.159 0.218
2 Convex-5 0.061 0.084 0.113 0.135 0.153 0.169 0.228
3 Convex-4 0.064 0.089 0.122 0.145 0.164 0.180 0.240
4 Convex-3 0.067 0.096 0.132 0.157 0.177 0.194 0.255
5 Convex-2 0.071 0.104 0.144 0.171 0.193 0.211 0.274
6 Convex-1 0.075 0.113 0.158 0.189 0.212 0.231 0.295
7 Linear 0.080 0.126 0.181 0.216 0.243 0.264 0.331
8 Concave-1 0.084 0.136 0.200 0.241 0.270 0.293 0.364
9 Concave-2 0.086 0.142 0.213 0.258 0.291 0.315 0.388
10 Concave-3 0.088 0.148 0.227 0.277 0.313 0.339 0.415
11 Concave-4 0.089 0.154 0.241 0.297 0.336 0.365 0.444
12 Concave-5 0.091 0.160 0.254 0317 0.360 0.393 0.476
13 Concave-6 0.092 0.165 0.268 0.337 0.386 0.421 0.510
14 Concave-7 0.093 0.169 0.281 0.357 0.412 0.451 0.545
15 Concave-8 0.094 0.173 0.292 0.377 0.438 0.482 0.583
16 Concave-9 0.095 0.176 0.303 0.396 0.463 0.513 0.623
17 Concave-10 0.096 0.179 0.313 0.414 0.488 0.544 0.663

spectral amplitudes over a narrow frequency band centered at the fundamental frequency. The
amplitudes were sometimes different, but the input-to-output ratios were not much different both
for the convex and concave profiles. We chose the peak spectral ratio amplitudes as the site
amplification value both for its simplicity and for mostly representing an upper bound. The optimal
(i.e. those with the highest correlations) V., and T;, parameters for site amplification have been
decided by plotting AF/V, [or, (AF/T,.)] values for each velocity profile and finding the one that is
closest to a horizontal straight line [i.e. the mean of data set (AF/V,)] (Fig. 7).

The optimal V,, and T;, parameters for fundamental frequency has been decided by plotting fo/V,
[or, (foxT},)] values for each velocity profile and finding the one that is closest to a horizontal straight
line [i.e. the mean of data set (f/V,)].

To quantify the performance of the parameters used, a two-stage methodology was followed. First,
the mean absolute error (MAE) of each data set [e.g. (AF/V,)] with respect to the mean value of the
data set was obtained for linear/concave and convex profiles separately. The mean error of each data
set was scored by the following equation:

.| I N
MAE = min [; > - yli] (4)

where y equals to data point among the data set,  equals to mean of the data set, n equals to the
number of data points in the data set and z represents each performing parameter. The smaller MAE
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0.055 //
005 b e e e e ___:/{:______
= 0.045 L —
I'<I' —
0.04
0.035 -
0.03 : T
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Soil Profile No

Figure 7. AF/V,, data set and the mean of the data set as the best fitting straight line.
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score represents the higher correlation with the relevant soil characterization parameter for each group
of soil profiles (e.g. convex profiles). After deciding the mean best performing z value (i.e. V,, T},) for
each profile group by the lowest MAE, the best performing z value should be defined for each specific
profile among the group as well by absolute error (AE).

The AE of each parameter was calculated for each profile with respect to the mean value of the
parameter. The error is quantified as the spread of the parameter around the mean by the following
equation:

AE = min|y — | (5)

where y equals to data point among the data set, y equals to mean of the data set and z represents each
performing parameter. The level of AE value denotes the correlation term; the smaller the AE the
higher the correlation for the soil response characterization. By this equation, AEs are calculated for
each z value (i.e. V,, T},) and the minimum value of AE revealing best performing parameter (e.g. Vs,
V10 Viao» etc.) is chosen for each profile. The AEs for the convex and linear/concave velocity profiles
were presented separately for each bedrock acceleration level. However, the best performing para-
meter should be defined by considering both MAE score of AF/V, [or (AF/T},), (fo/V.) and (fy x T},)]
correlations and AE graphs.

7. Site Response Analyses

Linear and nonlinear soil response for the constructed soil profiles were presented by explaining the
transfer functions of soils. First, linear analyses were carried out for equal layer thickness model by
using an impulse at the bedrock level with PGA amplitudes 0.1g, 0.4g, and 1.0g. Since the soil model is
linear, the soil amplification factors, and fundamental frequencies were the same for all bedrock
acceleration levels. Also, AF and f, were observed nearly the same as those obtained by equivalent-
linear analysis for 0.005¢ impulsive bedrock acceleration level. Thereby, for the profiles given, linear
site response analysis is only applicable for low bedrock accelerations inducing linear soil behavior
(Acc.<0.0059).

Equivalent-linear approach was used for each layering type and velocity profile by using impulsive
and white-noise bedrock accelerations. The approach is suitable for calculating linear and nonlinear
site response for a broad range of strain rates. The site response analyses were carried out by
equivalent-linear model for the following combinations: 1. Equal layer thickness (i.e. “h=2m”)
model by impulsive accelerations (i.e. “I”); 2. Equal layer thickness (i.e. “4 =2 m”) model by white-
noise accelerations (i.e. “W”); 3. Equal wave travel time (i.e. “¢ =0.04s”) model by impulsive accel-
erations (i.e. “I”).

The surface-to-bedrock transfer functions were studied for gradually increasing bedrock accelera-
tion levels to obtain soil amplification factors and fundamental frequencies. The transfer functions
were computed as the surface-to-bedrock ratio of the FAS of accelerations. In Fig. 8, the variation of
transfer functions is shown for increasing impulsive bedrock acceleration levels from 0.005g to 1.0g for
equal layer thickness model (i.e. h=2m). The maximum values of the FAS ratios (i.e. the soil
amplification factor, AF; y-axis) are marked by circles on the figures. The following observations
were revealed:

(1) The transfer functions at 0.005¢ impulse level were the same as those for linear analysis. The
shear strains were in linear elastic range (0.001% < y); hence, the stiffness of profiles did not
change (G/G,ax >0.96) at 0.005¢ impulse level.

(2) A sharp difference was observed between convex and linear/concave profiles in soil amplification
behavior. The soil amplification factors (i.e. AF, the maximum amplitudes here) were obtained
approximately in the range of 11-22 for 0.005¢ impulse type bedrock acceleration level and 5-9 for
1.0g impulse type bedrock acceleration level by the variation of soil profiles. This much higher soil
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Figure 8. Transfer functions for h =2 m model for increasing impulsive bedrock acceleration levels.

amplification factors at lower bedrock acceleration levels can be explained by the linear behavior of
soil which induced very small stiffness degradation and hence lower damping ratio. As the bedrock
acceleration level increased, the soil amplification level decreased due to increasing modulus
reduction and damping ratio for all profiles. At perfectly linear elastic strain range (i.e.
0.005g bedrock acceleration level here), the softer velocity profiles presented higher soil amplifica-
tions than stiffer velocity profiles, and vice versa at perfectly elasto-plastic strain range (i.e.

1.0g bedrock acceleration level here).

3)

Nonlinear soil response developed more rapidly for linear and concave type (i.e. E soil class
according to NEHRP (National Earthquake Hazards Reduction Program 1997), V3, <180 m/s)



(4)

(5)

(6)
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soil profiles by decreasing soil amplification factors, deamplified surface PGAs, and observed
maximum shear strains in the soil layers. Lower stiffness of these profiles induced higher and
faster modulus degradation compared to the convex type profiles (i.e. D soil class according to
NEHRP, 180<V 3, <360 m/s), resulting in lower surface PGAs and higher surface displace-
ments as a soft soil seismic demand.

The effect of soil stiffness and the impedance contrast between layers were tested by this study.
The linear and concave profiles were pronounced as softer soils compared to stiffer convex
profiles. As the profiles changed from concave to convex, rapid increase of the velocities near
surface caused higher impedance constrast (i.e. low impedance ratio) on the top layers
(Table 4). For convex profiles, even if the shear wave velocities are high on top layers, low
impedance ratio caused amplification of surface PGAs. According to the theory of the soil
response of uniform damped or undamped soil layer on the elastic rock due to ground motion
excitation by Kramer (1996), the amplitude of the soil amplification factor is inversely
proportional with the impedance ratio; the lower the impedance ratio, the higher the soil
amplification level. As compatible with this theory, this study showed the amplification of
surface PGAs in stiffer profiles which is caused by high impedance contrast mainly. In contrast
to the soft soil amplification concept, stiff soil amplification was observed as it is revealed in the
previous studies focused on seismically instrumented sites as well (Andreotti and Calvi 2021;
Calvi and Andreotti 2022; Mucciarelli and Gallipoli 2006; Xiao et al. 2022).

Due to lower soil stiffness, fundamental frequencies of concave type profiles were observed less than
the fundamental frequencies of convex profiles. Moreover, as the nonlinearity increased, the f;
decreased for all profiles due to the fact that V; o \/Gg./p which is stated as the fundamental
frequency shift in the studies of Regnier et al. (2013) and Kwak and Seyhan (2020) as well. High-
order fy peaks (second and third) of convex profiles were shifted to the first order by gradually
increasing bedrock accelerations. Because, high frequency spectral amplitudes of convex profiles
were damped by increased stiffness degradation at the top layers due to high amplitude shear stress
transfer from bedrock.

It has been detected that the fast transition from high impedance ratio («;) to low impedance
ratio (i.e. high impedance contrast) at thin layers (i.e. 2 m here) near surface caused high-order
fo peaks in convex profiles (Table 4).

The trends of transfer functions for the other combinations of layering and bedrock accelera-
tion types were detected nearly the same as the presented combination (i.e. h=2m, I) except
the range of the soil amplification factors and fundamental frequencies. The same velocity
profiles with different layering discretization (i.e. t=0.04s) resulted in closer cyclic behavior
of soil, which reveals that different layer number, layer thickness and bedrock depth do not
make a big difference in the site amplification behavior of soils if the wave travel time of each

layer

is the same, corresponding to the same velocity distribution with h=2m model

(Table 5).

Table 4. Impedance ratio and shear wave velocities for h =2 m model.

Concave-10 Linear Convex-6

Layer No. Vs (m/s) a; Vs (m/s) a, Vs (m/s) a,

1 50.0 0.9447 50.0 0.721 50.0 0.3441
2 52.9 0.9446 69.4 0.782 145.3 0.7244
3 56.0 0.9444 88.8 0.821 200.6 0.8217
4 59.3 0.9443 108.2 0.848 2441 0.8679
48 876.8 0.9365 961.2 0.980 978.9 0.9893
49 936.3 0.9363 980.6 0.981 989.5 0.9895
50 1000 0.5000 1000 0.500 1000 0.5000
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Table 5. Impedance ratio and shear wave velocities of t = 0.04 s model.

Concave-10 Linear Convex-6
Layer No. Vs (m/s) Depth (m) a, Vs (m/s) Depth (m) a, Vs (m/s) Depth (m) a,
1 50.0 2.0 0.941 50.0 2.0 0.633 50.0 2.0 0.175
2 53.1 4.1 0.937 79.0 5.0 0.654 286.3 103 0.582
3 56.7 6.4 0.933 120.7 9.3 0.662 492.2 26.4 0.705
4 60.7 8.8 0.928 182.2 15.6 0.667 698.6 50.5 0.770
5 65.4 1.4 0.923 273.2 25.0 0.671 906.6 829 0.453
6 70.9 14.2 0.915 407.1 38.8 0.673 -
7 77.5 17.2 0.907 604.4 59.2 0.675
8 85.4 20.6 0.897 895.2 89.2 0.448
9 95.2 24.3 0.885 -
10 107.6 28.5 0.869
11 123.8 33.2 0.848
12 146.0 38.7 0.819
13 178.3 454 0.777
14 229.6 53.7 0.707
15 324.7 64.9 0.578
16 562.3 82.3 0.281

7.1. Site Amplification Characterization by Surface PGA

The correlations between soil amplification factors and surface PGAs were investigated by the
ratio of AF to surface PGAs for increasing bedrock accelerations and different layering schemes
(Fig. 9). The surface PGAs were amplified and soil amplification factors were observed higher for
0.005¢ bedrock acceleration level than those for higher bedrock accelerations by the effect of
linearity. Since the amplified surface PGAs were in quite lower ranges (i.e. 0.0071g-0.0105g), the
ratio of soil amplification factors to surface PGAs was observed higher for 0.005¢ bedrock
acceleration level. Besides, the surface PGAs were found to be higher for convex types (i.e. profile
no. 1 to 6) than the concave types (i.e. profile no. 8 to 17) due to low impedance ratio between top
layers, though the stiffness of layers was high along the profile for convex types. Soil amplification
characterization by surface PGAs was studied for each layering (i.e. h=2m and t=0.04s) and
bedrock motion type (i.e. I and W). It is determined that the surface PGA can characterize soil
amplification only for convex profiles for bedrock acceleration levels >0.1g (i.e. nonlinear elastic
and elasto-plastic strain range) based on lower MAE values for all layering and bedrock accelera-
tion types (Table 6). The MAE values lower than 4.5 present a correlation for soil amplification
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Figure 9. The correlation of AF with surface PGAs: (a) h=2m, |; (b) h=2m, W; (c) t=0.04s, I.
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Table 6. MAE values for the correlation of AF/surface PGA for convex profiles.

Bedrock PGA h=2m,]I h=2m,W t=0.04s, |
0.005g 65.3 47.1 189.6
0.05g 5.4 9.1 16.7
0.1g 2.5 44 39
0.2g 2.2 2.0 2.0
0.4g 14 2.2 1.9
0.6g 1.6 1.8 1.7
1.0g9 1.2 13 13

Note: I= impulsive motion; W= white-noise motion; “h = 2 m” = equal layer thickness
model; “t = 0.04 s” = equal wave travel time model.

factor and surface PGA. For concave and linear profiles, there is not a constant ratio between the
amplification factor and the surface PGA.

7.2. Site Amplification Characterization by Fundamental Soil Frequency, f,

The correlation between soil amplification factors and fundamental frequencies was investigated by
the ratio (soil amplification/fundamental frequency) with profile numbers (Fig. 10). A constant ratio
was observed between these parameters at linear elastic and nonlinear elastic strain range triggered by
the acceleration levels below 0.4¢ for convex profiles. f, performed well only for convex profiles for
Acc.<0.4g based on MAE score <1.2 for each layering and bedrock acceleration type.

7.3. Site Amplification Characterization by V;,

The correlation of soil amplification factors with time averaged shear wave velocities at various depths,
Vs, was investigated by checking both if AF/V, ratios were close to a constant due to MAE score close
to 0 and by checking the lowest AE values to decide on the best performing z parameter. AF/V, ratios
were presented for i =2 m, I model (Fig. 11). At 0.005¢ and 0.1¢ bedrock acceleration levels, all AF/V,
ratios showed nearly constant lines and hence low MAE score < 0.007 for convex profiles, while there
was not any correlation for linear and concave profiles (Fig. 12). As the nonlinearity increased by 0.2¢,
0.4¢, 0.6¢, and then 1.0g bedrock accelerations, the constant ratio between AF and V, for convex
profiles deteriorated for the shallow averaging depths indicated by high MAE scores, while V,
presented a better performance of site amplification characterization for linear and concave profiles.
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Figure 10. The correlation of AF with fy: (@) h=2m, |; (b) h=2m, W; (c) t=0.04s, I.
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In Fig. 12, the shaded area presents the lowest MAE values pointing out the best performing
z parameter for each profile group due to increasing bedrock acceleration levels and the dashed
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The AE performance levels (i.e. scattering level from a horizontal straight line) with respect to
increasing impulsive bedrock PGAs are shown for convex and linear/concave profiles in Fig. 13. Linear
and concave profiles presented lower AE at 0.2g, 0.4g, 0.6g, and 1.0g bedrock accelerations leading to
a good V, performance for soil amplification characterization at nonlinear elastic and elasto-plastic
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Table 7. The best performing V,, parameters for soil amplification characterization.

AF/V,,
Profile Type Linear/Concave Convex
Bedrock PGA h=2m,]I h=2m, W t=0.04s, | h=2m,]I h=2m,W t=0.04s, |
0.005g - - - Vs100 OF Viso V100 OF Vsso Viso
0.05g - Vios - V100 O Vsso V100 O Vso Viso
0.1g - Vsto - Vs100 OF Viso V100 OF Vsso Viso
0.2g Vos Vsto Vos V100 O Vsso V100 O Vso Veso or Vi,
0.4g Vs1o 0r Vips Vsio Vsos - V100 OF Vsso -
0.69 Vsto Vsio Vsto - V100 O Viso -
1.0g Vs1o Vsio Vs1o - V100 OF Vsso -

Note: AF=soil amplification factor; V,,= averaged shear wave velocity at depth z; I= impulsive motion; W= white-noise motion; “h = 2
m”= equal layer thickness model; “t = 0.04 s"= equal wave travel time model.

strain ranges. V00 had the best performance for all convex profiles at bedrock accelerations>0.005g.
This finding supports the study by Luzi et al. (2011) in which the best performing parameter
representing the complete impedance contrast for the whole soil profile is the V49 parameter,
averaged wave velocity depth to bedrock. However, since it is hard to obtain and impractical to use
Vs100» the averaged shear wave velocity at 100 m which is depth to bedrock, Visy can be used instead
which is the next best performing parameter after V4 as it is presented by MAE score in Fig. 12.
Based on the same evaluation method, the optimal V, parameters for the characterization of soil
amplification factors are presented in Table 7.
According to Table 7, the optimal V, parameters are:

e For linear and concave profiles: Vi;p or Vs for impulsive Acc.>0.2¢ and white-noise
Acc.>0.05g.

e For convex profiles: Vg9 or Viso for impulsive Acc.<0.2g and for all white-noise accelerations.
The performance of different V,, parameters is changing due to nonlinearity of the soil profiles
for increasing bedrock accelerations which vary in frequency content. Here, the correlations and
the best performing parameters for the model ¢t = 0.04 s were observed similar with the ones for 4
=2 m model. Besides, the correlations for white-noise motions were observed for a wider range
of bedrock accelerations. However, for a conservative and inclusive approach in practice, Vy; is
more reflective of the soil profile than Vyys; hence, it can be used for the ground accelerations
>0.2¢g for linear and concave type soil profiles and Vs, can be used for the ground accelerations
<0.2¢ for convex profiles.

7.4. Site Amplification Characterization by T,,

Alternative to V,, the wave travel times were investigated for various depths, T},, as a parameter to
characterize soil amplification for all layering and bedrock acceleration types. By the application of
geophysical methods on site, direct measurement of T, parameter is possible practically. In Fig. 14,
AF/T,, ratios were presented for gradually increasing impulsive bedrock accelerations for equal layer
thickness model. At bedrock acceleration level 0.005¢, linear and concave profiles give a very good
correlation for depths z>20 m, while convex profiles present a linear relation (i.e. a poor correlation
according to MAE method, scattering from a horizontal straight line. As the bedrock acceleration level
increased to 0.1g, 0.2g, and 0.4g, the correlations for all profiles became closer to a linear straight line
(i.e. not a constant line). Also, there is a very distinct transition point between convex and concave
profiles. This is true for all bedrock input levels. As the bedrock acceleration level increases, the
transition from convex to concave becomes softer. At 0.6¢ and 1.0g, constant relations were observed
just for convex profiles.
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Figure 16. The variation of AE for AF/T,, forh=2m, I.

The correlation of soil amplification parameter T,, is quantified in terms of MAE presenting the
best performing parameters for each soil profile group by the shaded area in Fig. 15. For each soil
profile type, AE levels were given in Fig. 16 revealing various z parameters based on profile type. Linear
and concave profiles presented a good correlation of AF and T, just at 0.005¢ and 0.05g¢ bedrock
acceleration levels pointing out linear elastic and nonlinear elastic strain ranges. The optimal para-
meter for convex profiles was T};oo for Acc.>0.4g, and T;y for 0.005¢ and T,ys for 0.05¢ for linear/
concave profiles.
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Table 8. The best performing T, parameters for soil amplification characterization.

AF/T,,

Profile Type Linear/Concave Convex

Bedrock PGA h=2m,I h=2m,W t=0.04s, | h=2m,]I h=2m,W t=0.04s, |
0.005g Ti20 Tt1o Tt20 - - -
0.05g Tros - Tros - - -
0.1g9 - - - B - -
0.2g - Tt100 - - Tt100 -
0.4g - Tt100 - Tt100 Tt100 Ter
0.69 - Tt100 - Tt100 Tt100 Tz or Tisp
1.0g - Tt100 - Tt100 Tt100 Ttz

Note: AF = soil amplification factor; T,, = shear wave travel time at depth z; | = impulsive motion; W= white-noise motion; “h =2 m"=
equal layer thickness model; “t = 0.04 s"= equal wave travel time model.

According to Table 8, the optimal parameters for all layering models and bedrock acceleration types
are identified as follows:

e For linear and concave profiles: T,y or Tygs for impulsive Acc. <0.05¢ and T;¢o for white-noise
Acc.>0.2g.
e For convex profiles: T};9p for impulsive Acc. >0.4¢ and for white-noise Acc. >0.2g.

It is observed that the correlations by T,, parameters are so changeable for the increasing frequency
content of the ground motion that triggers the nonlinearity in soil, for linear and concave profiles.
Hence, by considering only the correlations for impulsive bedrock accelerations since they present
equal amplitudes of each frequency content (i.e. lower boundary of frequency content), T,y or T;ys can
be used for the ground accelerations <0.05¢ for linear and concave profiles. For convex profiles, T;;90
and if it is not available, T}sy, which is the next best performing parameter for soil amplification
characterization, can be used for the ground accelerations >0.4¢ in practice.

7.5. Fundamental Frequency Characterization by V,

The correlation of fundamental soil frequency with time averaged shear wave velocities were inves-
tigated at various depths (i.e. V39, Vo0, Vs, and Vi;p) for gradually increasing bedrock accelerations.
The fundamental soil frequencies were observed at the first peaks of transfer functions for linear/
concave profiles at all impulsive bedrock accelerations, while they were observed at the third, second,
and first peaks as the impulsive bedrock accelerations increased for convex profiles (Table 9). The
order of peaks affected the correlations between f, and V., as given in Fig. 17 for equal layer thickness
model. At 0.005¢ bedrock acceleration level, the f, was at second peak for Convex-1, at third peak for
other convex profiles and at first peak for linear and concave profiles; hence, a sharp transition
occurred from profile no. 5 to 6. By gradually increasing the bedrock acceleration level, the higher
order peaks (e.g. second and third peaks) are damped and they are shifted towards the first peak.
Different order of maximum peaks causes sharp changes in fy/V, correlations.

Table 9. The order of maximum peaks at transfer functions for f, for h=2m, I.

Profile No. Soil Type 0.005g 0.05g 0.1g 0.2g 0.4g 0.6g 1.0g9
1 Convex-6 3 ond 2nd 2nd 2nd 2nd 1%t
2 Convex-5 3¢ 2nd 2nd 2nd 2nd 2 1%t
3 Convex-4 3 ond 2nd 2nd 2nd 2nd 1%t
4 Convex-3 31 ond 2nd 2nd ond 1nd 1nd
5 Convex-2 3 ond 2nd 2nd 2nd 1%t 1%t
6 Convex-1 2nd 2nd 2nd 1%t 1%t 1%t 1%t
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Figure 17. The correlation of f, with V;, for impulsive bedrock accelerations for equal layer thickness model.

Table 10. The best performing V., parameters for f, characterization.

fO/VSZ
Profile Type Linear/Concave Convex
Bedrock PGA h=2m,]I h=2m,W t=0.04s, | h=2m,]1 h=2m, W t=0.04s, |
0.005g Vsi00 Vsi00 Vs or Vesp
005_(] VSIOO VSIOO Vsz or V550 V550 V550
0.1g Vs100 V100 Vsz or Veso Vsso Viso
0.29 V100 V100 Viz or Vsso
0.4g Vsi00 Vsi00 Vsz or Vsso V100
0.69 Vs100 Vs100 Vs or Viso V100
1.0g Vs100 Vs100 Vsz or Viso Vizo of Viao Vs100 Viso or Vigg OF V3o

Note: f, = fundamental soil frequency; V,,= averaged shear wave velocity at depth z; |= impulsive motion; W= white-noise motion;
“h=2m"= equal layer thickness model; “t = 0.04 s"= equal wave travel time model.

Table 10 presents the best performing averaged velocities defined by the lowest AE and
MAE score at various depths for f, characterization. The smallest AEs were observed at 0.05g,
0.1g, and 1.0g bedrock accelerations for convex profiles, where f, was at the same order peaks
for all profiles. The correlations for linear and concave profiles were nearly the same; they
presented relations closer to a linear line instead of a constant one. The optimal parameters
are identified as follows:

e For linear and concave profiles: V99 or V5o as the next best performing parameter for all
acceleration types and levels.

e For convex profiles: Vs, for impulsive acceleration levels of 0.05¢, 0.1¢, and 1.0g, and V;4 for
white-noise Acc. >0.4g. It can be generalized that Vy;o or Vs can be used for bedrock
accelerations>0.05g¢.
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Figure 18. The correlation of f, with T,, for h=2m, I.

7.6. Fundamental Frequency Characterization by T,,

The correlation of f, with T,, at various depths were investigated by multiplying f, with T, to
check if a constant line can be obtained. The correlations were presented for 4 =2 m model for
impulsive bedrock accelerations in Fig. 18. As in the correlation between f; and V,, the order of f,
peaks in the transfer functions affected the correlation between f, and T, as well. A distinct
transition point was observed for fyxT,, correlations between convex and linear/concave profiles
because all fundamental frequencies for linear/concave profiles were at the first peak, and for
convex profiles at the second/third peaks. As shown in Table 9, the sharp transitions between
convex profiles were observed from profile no. 5 to 6 at 0.005g, 0.2g, and 0.4g bedrock acceleration
levels and from no. 3 to 4 at 0.6g where the order of f; is different for the mentioned profiles. As
the bedrock acceleration increased, the transition point was softened between convex and linear/
concave profile types since the f, values of convex profiles were shifted to lower peaks (i.e. from
the third to second, and from the second to first peaks). It is observed more constant relations for
convex profiles at specific bedrock accelerations where f, values were observed at the same order
peaks. For linear/concave profiles, the correlations were close to a linear line, rather than

Table 11. The best performing T;, parameters for f, characterization.

fox Ty,
Profile Type Linear/Concave Convex
Bedrock PGA h=2m,]I h=2m,W t=0.04s, | h=2m,]I h=2m,W t=0.04s, |
0.005g Tros Tros Tiso Of Tros - - -
0.05g Tros Tios Tros Ttso - Tros
0.1g Tros Tios Tros Tiso - Tios OF Tizo
0.29 Tros Tros Tros - - -
0.4g Tros Tios Tros - Ti20 -
0.69 Tios Tios Tros - Tios -
1.0g Tros Tios Tros Ti20 Tios Tios O Ttio

Note: fp= fundamental soil frequency; T,,= shear wave travel time at depth z; I= impulsive motion; W= white-noise motion; “h =2
m”"= equal layer thickness model; “t = 0.04 s"= equal wave travel time model.
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a constant line for all acceleration levels, even so Ty, can be used as a characterizing parameter for
fo

T}, performed well for convex profiles at nonlinear elastic (0.05¢ and 0.1g) and elasto-plastic (1.0g)
strain levels; the most common parameter was 15y among all profiles. Tyys had the best performance
for linear/concave profiles at all bedrock acceleration levels.

Table 11 shows the performance of T, at various depths for the characterization of fundamental

soil frequency according to MAE and AE scores. The best performing parameters are identified as
follows:

e For linear and concave profiles: T;ys for all acceleration types and levels.
e For convex profiles: T;so or Tys for impulsive acceleration levels of 0.05g, 0.1¢ and 1.0g; and Tos

for white-noise Acc. 20.4¢. It can be generalized that T}s can be used for bedrock accelerations >
0.05g.

As a general comment, averaged travel time for the top 5m, Tyys, is a good proxy for the f,
characterization for all type of soil profiles.

7.7. Correlation of Linear and Nonlinear Site Amplification Factors and Fundamental
Frequencies

The nonlinear soil response and its correlations with linear soil response were studied for each layering
type and increasing bedrock acceleration levels. The objective was to determine if the nonlinear
fundamental soil frequencies and soil amplification factors can be estimated from the linear ones by
simple means. Fundamental soil frequencies can easily be identified reliably from ambient noise
measurements (i.e. by spectral analysis), but not the amplification factors (Atakan 1995; Field and
Jacob 1995; Lachet and Bard 1994; Parolai 2012; Safak 1997). Other types of field measurements
including reference site methods (e.g. Standard Spectral Ratio and Cross Spectral Ratio) should be
used to identify site amplification (Safak 1997). Since ground noise measurements (by microtremors,
traffic noise, wind, etc.) correspond to weak motions, hence low shear stresses, the calculated
fundamental soil frequencies represent linear soil behavior.

In this study, the linear soil amplification factors and fundamental frequencies are assumed to
correspond to those at 0.005¢ bedrock acceleration level. For increasingly higher bedrock acceleration
levels, where the soil gradually becomes nonlinear, the correlation was investigated in terms of the
ratio of the linear parameters to the nonlinear ones. For both correlations, the ratios for linear/concave
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Figure 20. Relation between linear and nonlinear soil amplification for linear and concave profiles.

profiles increased linearly (i.e. increasing nonlinearity) with increasing bedrock PGAs in all three
cases, besides an irregular increasing trend was seen for each convex profile (Figs. 19 and 20).
Figure 19 shows the linear/nonlinear ratios of fundamental soil frequencies for each profile, layering
scheme, bedrock input type, and bedrock acceleration levels. The results of different layering type
models by impulse bedrock motion revealed so similar correlations. The degree of nonlinearity for
white-noise type accelerations was observed higher than the impulsive type accelerations. The
correlations showed that nonlinear fundamental soil frequencies can be estimated from the linear
ones only for linear and concave profiles.

The correlation of linear soil amplification factors with the nonlinear ones were presented in
Fig. 20. The correlations of amplification factors for both layering models under impulsive and white-
noise motion were very similar to those for the fundamental soil frequency. Similarly, the nonlinear
soil amplifications can be estimated from the linear ones only for linear and concave profiles.
Considering that the linear amplification and fundamental frequency can easily be calculated from
field measurements, these guidelines provide a useful tool to estimate the nonlinear ones.

8. Conclusions

A parametric study to investigate the reliability of V3, and some alternative parameters,
including time-averaged shear wave velocities, V,,, and wave travel times, T,, at various
depths was carried out to characterize site amplification factor (i.e. AF, peak value of spectral
ratio amplitudes in this study) and fundamental frequency by constructing convex, linear, and
concave profiles. Unlike the previous studies that analyzed seismically instrumented sites
including too much variation in data, this study presents a basic and effective approach to
investigate the effect of layering type, impedance ratio, and variation of velocity distribution
on soil response by constructing theoretical velocity profiles with a single equation. The
constructed velocity profiles that are continuously increasing with depth, are defined as
D soil class for convex type and E soil class for linear and concave type by V3, according
to NEHRP. The most important point distinguishing this study from the previous ones, is the
observation of soil response changing from linear to nonlinear and accordingly changing best
performed V,, and T,, parameters for soil characterization by gradually increasing bedrock
accelerations for various velocity profiles. The significant findings of this study are listed as
follows:

(1) The high impedance contrast between the top layers of relatively stiffer convex profiles caused
stiff soil amplification by means of increase in surface PGAs which was evaluated as
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a theoretical validation of the previous studies (Andreotti and Calvi 2021; Calvi and Andreotti
2022; Mucciarelli and Gallipoli 2006; Xiao et al. 2022) carried out in seismically instrumented
sites.

For bedrock accelerations <0.6¢ (i.e. linear elastic and nonlinear elastic strain ranges), convex
profiles have higher f), sometimes observed at the second and higher peaks of transfer
function, than the ones for linear/concave profiles. They would amplify high frequency
portion of ground motions more than the low frequency portions. For linear and concave
profiles, f, values were observed at the first peaks of transfer functions for all bedrock
acceleration levels.

The degradation of soil stiffness occurred more rapidly by white-noise type accelerations
compared to impulsive type resulting in lower soil amplification factors, lower fundamental
frequencies, higher shear strains, and higher surface PGAs. Thus, the frequency content of
bedrock motions is an important factor on nonlinear soil response.

There is a sharp change in the correlations of soil amplification and f, with V,, T,, and surface
PGA when switching from convex to concave profiles.

The correlations differ for each bedrock acceleration type (e.g. impulsive and white-noise) and
by gradually increasing acceleration levels. However, for different layering schemes under the
same bedrock acceleration type (i.e. impulsive), the correlations do not differ.

For convex profiles only, surface PGAs for all bedrock acceleration types >0.1¢, and funda-
mental soil frequencies for all bedrock acceleration types <0.4¢ can be used for the character-
ization of soil amplification.

Alternative Vi, and T,, parameters performed better than Vg3, to characterize soil
amplification.

The soil response varies by the frequency content and gradually increasing amplitude of
ground motion due to nonlinearity. It is revealed that whereas some parameters performed
well for all strain levels, some others performed well just at limited strains. Hence, this study
suggests using different V,, and T,, parameters for varying range of ground motion ampli-
tudes for the characterization of soil amplification and fundamental frequency.

By a conservative approach in practice on site, the optimal parameter to characterize soil
amplification is Vo for all bedrock accelerations >0.2¢ for linear/concave profiles. For
convex profiles, the optimal parameter is V99 and then V5, for bedrock accelerations <0.2g.
In terms of travel times, the optimal parameters to characterize soil amplification for linear/
concave profiles are Ty, or Tyys for all bedrock accelerations <0.05¢. For convex profiles, the
optimal parameter is Ty;90 and then T;s for all bedrock accelerations >0.4g. For convex profiles,
V100 performed well for bedrock accelerations <0.2g, while T;4 performed well for bedrock
accelerations > 0.2g to characterize soil amplification. For linear and concave profiles, V;, can be
used for bedrock accelerations >0.2¢g, while Tj5 or Ty can be used for bedrock accelerations
<0.05g.

For linear and concave profiles, fundamental soil frequency can be characterized by Vs, or
V.00 and Tyy5 for all bedrock accelerations (i.e. at linear and nonlinear strains). These
parameters can also be used for convex profiles for bedrock accelerations >0.05g.

For the profiles considered, nonlinear soil amplification factors and fundamental frequencies
can be estimated from the linear ones only for linear and concave profiles. This has a practical
significance, since the latter one can be identified from simple field measurements (e.g.
ambient noise measurements).

As a result of this study, the optimal parameters presented for linear, concave, and convex
profiles show that soil amplification and fundamental frequency characterization should be
carried out considering the shear wave velocity distribution with depth and level of earth-
quake ground motion.

For the utilization of the results of this study in practice, one can approximate any discretely-
changing velocity profiles by one of these smoothly changing profiles (i.e. linear, concave, and
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convex) constructed in this study and accordingly the best performing V, and T, parameter
can be chosen due to the shape of the velocity profile.
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