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Abstract

Kermanshah province experienced the most recent destructive earthquake in Iran on 12
November 2017 with Mw 7.3. Although this event was recorded by most Iran Strong
Motion Network (ISMN) stations in the province, unfortunately, the site conditions of most
of these stations were not properly identified. This study investigates seventeen ISMN sta-
tions operational in Kermanshah province to characterize them using available geological
maps and by analyzing ambient noise recorded at these stations. Ambient noise analyses
are efficient and cost-effective methods for identifying resonance frequency and shear wave
velocity profiles. Horizontal to vertical spectral ratio of microtremors (mHVSR), time—
frequency analysis of horizontal to vertical components (HVTFA), and Random Decre-
ment technique (RayDec) were used in this study. Given the geological lateral variability
of ground structure, these ambient noise analyses, along with 1D-linear elastic seismic site
response analyses, provide a clearer understanding of site conditions at these stations than
the available PS-logs. This study presents site proxies describing the geometry of subsur-
face layers, mechanical characteristics, and resonance frequencies at these stations.
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1 Introduction

Strong ground motion networks are essential for many seismological and earthquake engi-
neering investigations on local, regional, and global scales. However, knowing the geo-
logical settings, seismic characteristics, and geotechnical specifications of the stations are
just as important as recording seismological events. For example, useful geological and
geotechnical specifications are available from the Japanese strong motion network (K-NET
and KiK-net) operated by the National Research Institute for Earth Science and Disaster
Prevention (NIED) (https://www.kyoshin.bosai.go.jp/). More recently, Zhu et al. (2021)
investigated 1742 K-NET and KiK-net earthquake recording stations to present an open-
source site database comprising topographic and geological proxies inferred from regional
models or maps. This database contains site characterization parameters such as aver-
age P and S-wave velocities, bedrock depths, and velocity contrast, as well as parameters
obtained from earthquake horizontal to vertical spectral ratio (¢éHVSR) including peak fre-
quency, amplitude, width, and prominence.

Although obtaining complete site information can be costly for governments and organ-
izations operating seismological or strong motion networks, recent studies have revealed
that it is crucial for each station, the site proxies to be available (Zhu et al. 2020). Applied
more increasingly across the globe since the past decade, ambient noise analyses are very
suitable and cost-efficient procedures for insight into the seismic characteristics of sta-
tions. Pilz et al. (2009) analyzed ambient noise at eight temporary seismological stations
deployed in the northern part of Santiago, Chile, to investigate the resonance frequency and
site amplification of the ground at these stations. Foti et al. (2011) investigated 37 stations
of the Italian Accelerometric Archive (http://itaca.mi.ingv.it) using surface wave methods
to identify the shear wave velocity profiles at these stations. They expressed the impor-
tance of seismic characterization of strong motion stations, and through their experimental
results, they criticized the seismic classification at several stations of the Italian National
Network. Di Giulio et al. (2012) explored surface wave dispersion inversion at 14 European
strong motion stations within the NERIES EC-Project. Hobiger et al. (2013) applied inver-
sions of Rayleigh wave ellipticity of ambient noise recorded at single stations during the
NERIES EC-Project. They presented helpful guidelines for the reasonable identification
of shear wave velocity structure from the joint inversion of Rayleigh wave ellipticity and
other methods like multichannel analysis of surface waves and the spatial autocorrelation
curve of ambient noise measurements. Through the InterPACIFIC project, Garofalo et al.
(20164, b) compared invasive and non-invasive methods for seismic site characterization.
They compared surface wave methods as non-invasive methods with invasive methods of
Vg and Vp measurements in boreholes. They concluded that a priori information, such as
local geology, helps deal with the non-uniqueness of the solution of the inverse problem
in surface wave methods and found that the variability of the results for both invasive and
non-invasive methods was generally comparable.

Ashayeri et al. (2019, 2020) showed that a single site proxy that is time-averaged shear
wave velocity to 30 m, namely Vg 3 is insufficient to characterize the local site effects of
the Mw 7.3 earthquake on 12 November 2017 in Kermanshah, Iran. Ashayeri et al. (2020)
applied various analyses on the ambient noise records at Sarpol-e-zahab city, Iran, after the
Mw 7.3 earthquake. Their analyses identified the resonance frequency of the ground, com-
petent bedrock depth, thickness of the top soil over engineering bedrock, Vg 3, and time-
averaged shear wave velocity of soil layers above the engineering bedrock of the city. These
findings were directly used by Ashayeri et al. (2021) to provide seismic microzonation of
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Sarpol-e-zahab as well as urban scale offline shakemaps of the city related to the earth-
quake event. Recently, Cultrera et al. (2021) and Di Giulio et al. (2021) have expressed
the importance of site characterization of seismic stations, considering seven indicators for
characterizing site conditions, specifically fundamental resonance frequency, shear wave
velocity profile, Vg 30, depth to both seismological and engineering bedrock, surface geol-
ogy, and soil class.

The Iran Strong Motion Network (ISMN), operated by the Iranian Road, Housing, and
Urban Development Research Center (BHRC, https://ismn.bhrc.ac.ir/) with about 1000
digital accelerograph stations, has been in service since 1992. Figure 1 shows the current
geographic distribution of the stations over the country (Shahvar et al. 2021). This study
focuses on the ISMN stations located in Kermanshah province in the west of Iran (see
Fig. 2). The goal is to use ambient noise analysis to provide more information about the
seismic characteristics and ground structure at some of these stations. With this aim, firstly,
the geological setting of each station is discussed based on geological maps. Secondly, the
Vs logs for each station from the seismic refraction tests of the ISMN database are pre-
sented. Thirdly, ambient noise recordings are analyzed using horizontal to vertical spectral
ratio of microtremors (mHVSR), time—frequency analysis of horizontal to vertical com-
ponents (HVTFA, Fih et al. 2009), and Random Decrement technique (RayDec, Hobiger
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Fig.1 The Iran Strong Motion Network (ISMN) (after Shahvar et al. 2021), yellow circle shows Kerman-
shah province
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Fig.2 ISMN stations in Kermanshah province and active faults of the region

et al. 2009) to present resonance frequency and ellipticity of Rayleigh waves, followed by
applying velocity inversion of the ellipticity curve to obtain the shear wave velocity profile
at each station. The analyses are followed by 1D-linear site response analysis of the shear
wave velocity profiles at the stations. Finally, the results are discussed in terms of the site
proxies of the stations.

2 ISMN stations in Kermanshah province

The ISMN operates in Kermanshah province with 27 stations, covering an area of about
25,000 square kilometers with about 1 station per 1000 square kilometers. The stations are
located in cities of the province (Fig. 2). This study investigates the geological settings and
seismic characteristics of the 17 stations that are shown in red in Fig. 2. The region is influ-
enced by four active fault zones, namely Main Zagros Reverse Fault (MZRF), High Zagros
Fault (HZF), Mountain Front Fault (MFF), and Zagros Foredeep Fault (ZFF) as shown in
Fig. 2 (Hessami et al. 2003). Table 1 presents the approximate coordinates of these stations
along with the maximum peak ground acceleration recorded, V; 3, and the instrument type.
It should be noted that BHRC reported Vg 3, for most of these stations based on the Vp
and Vg measurements by seismic refraction tests, but mostly at far distance from the sta-
tions. Seismic refraction method is categorized as non-invasive seismic exploration that is
based on the principles of seismic wave travelling through solid medium and the interface
between two layers are identified by the refracted wave through the interface at different
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Table 1 Location, records, site, and instrument type at ISMN stations examined in this study

Station Urban area Lat Long Max. PGA (date, Vg3, (m/s)* Instrument type
Mw)
(Gal)

CHN  Chenar 33.928687° 47.120175° 32 (1998/10/04, 419 SSA-2
5.3)

DIN  Dinevar 34.583512° 47.447013° 81 (2017/11/12, 514 SSA-2
7.3)

ELA  Eslamabad-e-gharb 34.107891° 46.534968° 123 (2017/11/12, 266 SSA-2
7.3)

GGH  Gilan-e-gharb 34.137775° 45.933711° 56 (2013/11/22, 692 SSA-2
5.7)

HES  Hersin 34.270846° 47.558270° 5(2017/11/12,7.3) NA SSA-2

HML  Homeil 33.939623° 46.771787° 93 (2017/11/12, 261 SSA-2
7.3)

KRD  Kerend-e-gharb 34.280164° 46.240814° 261 (2017/11/12, 800 SSA-2
7.3)

KRM1 Kermanshah 34.335249° 47.087813° 55 (2017/11/12, NA SSA-2
7.3)

KRM2 Kermanshah 34.356459° 47.117347° 124 (2017/11/12, NA SSA-2
7.3)

MHD  Mahidasht 34.267110° 46.799196° 86 (2017/11/12, 304 SSA-2
7.3)

QSR Qasr-e-shirin 34.505893° 45.591186° NA 347 Guralp

RVN  Ravansar 34.714744° 46.663901° 120 (2017/11/12, 267 SSA-2
7.3)

SLS  Salas-e-babajani 34.733462° 46.151035° 799 (2018/08/25, 281 SSA-2
6)

SNI Sarab-e-niloofar 34.406971° 46.856411° 75 (2018/01/10, 323 SSA-2
4.7)

SON  Sonqor 34.785794° 47.598070° 50 (2002/04/24, 1477 SSA-2
5.3)

SPZ  Sarpol-e-zahab 34.455360 45.869850° 684 (2017/11/12, 619 SSA-2
7.3)

SUM  Sumar 33.876249° 45.644096° 406 (2018/01/11, 642 SSA-2
5.3)

“Reported by BHRC based on seismic refraction tests

velocity contrasts that is recorded by geophones at the ground surface. The measurements
were performed by an ABEM-MKG6 seismic system and 24 geophones laid out in a line.

3 Geological setting and ambient noise analysis

In this section, we present the geological settings, ground structure, and analysis of ambi-
ent noise recordings at each station. Geological maps with a scale of 1:100,000 from the
Geological Survey of Iran (GSI, https://www.gsi.ir/) and the National Iranian Oil Company
(NIOC, https://www.nioc.ir/) were used. Ambient noise was recorded with a broadband
seismometer (r-sensor’s CME-4111, frequency range of 0.033 to 50 Hz) and a 24-bit data
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acquisition system at a rate of 200 samples per second for at least one hour next to the
instrument of each station. The ambient noise records are preprocessed and analyzed by the
Geopsy software (Wathelet et al. 2020) for determination of mHVSR, and HVTFA (Fih
et al. 2009), as well as the independent code for RayDec technique (Hobiger et al. 2009,
and Github 2021), and the inversion of the ellipticity curve for determination of the shear
wave velocity profile are performed using the Dinver framework by Wathelet (2008). Both
HVTFA and RayDec methods try to extract ellipticity of Rayleigh wave from the three
components of ambient noise. However, the mHVSR curve retrieved from spectral ratio of
the horizontal components to the vertical component is contaminated by Love wave (Bon-
nefoy-Claudet et al. 2008). To deal with retrieving ellipticity from mHVSR, the HVTFA
method uses time—frequency representation of the vertical and the horizontal components
by applying continuous Wavelet transform (CWT), and searches for the time of all maxima
in the CWT of the vertical component and picks the CWT of horizontal components at
each maximum with a quarter of period time-shift, then the ratio between the horizon-
tal and vertical CWTs are calculated. The process is repeated for all frequencies to gener-
ate the ellipticity curve. Meanwhile, HVTFA may not be sufficiently effective when the
contribution of other waves than Rayleigh wave increases at the same frequency band and
time window (Fih et al. 2009). In order to retrieve a more reliable ellipticity curve from
mHVSR, the RayDec method applies random decrement technique to emphasize Rayleigh
waves with respect to other wave types (i.e., Love and body waves). The RayDec method
analyses the horizontal and vertical components in narrow frequency bands by applying
narrow-band Chebyshev filter. Then, time for any changes in the sign from negative to pos-
itive of the vertical component is searched, and signals are buffered for the vertical com-
ponent at the time of sign change and with a quarter of period time-shift for the horizontal
components with a same length. The horizontal components are projected onto an axis of
an azimuth. The algorithm searches for the azimuth angle at which the correlation between
the buffered vertical and projected buffered horizontal signals is maximum. The ratio of
the energies in the buffered signals weighted by the correlation factor is calculated as the
ellipticity at the center frequency of the filter. The process is repeated by shifting the center
frequency of the filter, covering the entire frequency range (Hobiger et al. 2009). In this
way, RayDec not only shifts a quarter of period the time for the horizontal components, but
also uses the maximum correlation factor between horizontal and vertical components to
retrieve the ellipticity curve that is less contaminated by other waves.

As it was mentioned earlier, the ISMN has provided the shear wave velocity pro-
files for most of the stations, but they were measured at relatively large distance from
the station. Hereby, we process the data with respect to geological lateral variability
at the region, and then we use them to constrain the inversion of the ellipticity curve
where appropriate. Furthermore, we have compared the peak frequency of the mHVSR
curve with the first fundamental frequency of the theoretical horizontal spectral ratio of
surface to bedrock motion (HSR) from 1D-linear modeling of the shear wave velocity
profile elaborated in this study as well as the one provided by the ISMN database for
each station. The HSR curve is calculated from the one dimensional linear elastic site
response analysis of the Vg profile consisting of soil layers on top of an elastic half-
space with the mechanical specification of the bedrock where it was available. The site
response analyses were performed by DEEPSOIL v6.1, a well-known 1D wave propaga-
tion analysis program developed by Hashash et al. (2016). In this process, ambient noise
analyses are carefully utilized to fill the shortage in site proxies for the stations of this
study. Detailed analyses of each station are provided below.
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3.1 Station CHN

Figure 3a presents the location of this station on the geological map of the region.
The station is located on the edge of the Amiran and Taleh Zang Formations from the
Eocene—Paleocene era. The Amiran Formation is composed of dark mudstone-siltstone
layers (Homke et al. 2009). Observation of a geological section about 10 km southeast of
the station shows a thickness of less than 1 km for the Amiran Formation, which stretches
northeast beneath the Taleh Zang Formation. Therefore, it is inferred that the Amiran For-
mation best represents the geological setting of the CHN station. Figure 3c also presents
the Vg-profile provided by the ISMN database approximately 137 m east of the station’s
location. This is rather important because results could be affected by Quaternary era
deposits at the logging location. Nevertheless, the Vg-profile shows a relatively loose layer
(Vg=169 m/s, probably from Quaternary deposits) on top of two layers with clear velocity
contrasts at 4.2 m and 16.9 m with Vg=550 and 709 m/s, respectively. It is not clear how
deep the third layer extends, but based on its Vg, it is comparatively considered engineering
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bedrock (V¢=750 m/s). Figure 3b presents the mHVSR of the ambient noise recorded at
this station. The mHVSR curve does not show a clear peak with an amplitude of more
than 1. Hence, a reliable ellipticity curve cannot be calculated for this station. Even so, the
amplitude of the mHVSR curve shows a local maximum at 5.8 Hz (+0.6). Furthermore,
Fig. 3b shows the HSR curve calculated from the Vg-profile of Fig. 3c, which presents a
peak of amplitude at 9.5 Hz. The authors conclude that a more representative Vg-profile of
the station should be measured in the future by either direct borehole tests next to the sta-
tion or more complex ambient noise and strong motion inversion methods.

3.2 Station DIN

Figure 4a presents the location of this station on the geological map of the region. The
station is located on unconsolidated, texturally variable recent clastic deposits of the Qua-
ternary era. Figure 4d presents the Vg-profile provided by the ISMN database approxi-
mately 10 m west of the location of the station. The V¢-profile shows relatively stiff ground
(Vg=276 m/s) on top of two layers with clear velocity contrasts at 8.0 m and 21.7 m with
V¢=609 and 1193 m/s, respectively. It is unclear how deep the third layer extends, but its
Vg is considerably larger than that of engineering bedrock (Vg="750 m/s).

Figure 4b summarizes all ambient noise analyses of this station. The spectral ratio
of microtremors, mHVSR, at Station DIN is shown in Fig. 4b along with the HSR from
the ISMN Vg-profile (consisting of two layers resting over an elastic half-space with
V¢=1193 m/s). The frequency of the peak amplitude of the mHVSR is 1.4 Hz (+0.2),
while the peak amplitude of the HSR of the ISMN profile is 6.4 Hz. The ellipticity curve
of Rayleigh waves from ambient noise using HVTFA is presented in Fig. 4c along with
the result of the least misfit curve obtained from inversion of the ellipticity curve. The
initial models for inversion are constrained to the ISMN Vg-profile at the first and sec-
ond layers, while the third layer’s Vg and thickness are not constrained. As observed in
Fig. 4c, the ellipticity of the least misfit model (the red line in Fig. 4c) properly fits to the
observed ellipticity curve from ambient noise for a wide range of frequencies (i.e., 1 to
20 Hz). Moreover, the Vg-profile of the least misfit model is shown in Fig. 4d, and the HSR
of the least misfit model is plotted in Fig. 4b for comparison with the ISMN Vg¢-profile
and HSR, respectively. Figure 4b shows that the lowest frequency of the peak amplitude
of HSR for the least misfit model is 1.5 Hz, which is very close to the peak frequency of
mHVSR. Inspecting Fig. 4d reveals that the ISMN Vg-profile is relatively consistent with
the inverted profiles at the top 20 m but does not present reasonable depths for engineering
bedrock that is about 40 m. It should be noted that RayDec method was used to retrieve the
ellipticity curve at this station as is shown in Fig. 4c along with the other ellipticity curves,
but the length of the recorded signal was not adequately enough to retrieve a reliable ellip-
ticity curve by RayDec method. Hence, the retrieved ellipticity was not used for velocity
inversion analysis.

3.3 Station ELA

Figure 5a presents the location of this station on the geological map of the region on the
alluvial plain and terraces of the Quaternary era. Figure 5d presents the Vg-profile provided
in the ISMN database approximately 414 m southeast of the station’s location. Although it
is rather far away, there is no variation in the geological setting even at such a distance. The
V-profile shows a loose 4.6 m thick layer (Vg=104 m/s) on top of a stiffer layer down to a
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depth of 18.5 m (V¢=370 m/s), which overlays a layer with V¢=636 m/s. It is unclear how
deep the third layer extends, and the Vg resembles weathered rock or very stiff soil looser
than engineering bedrock (Vg=750 m/s). Figure 5b presents the ambient noise analyses
of the station. It shows that the frequency of the peak amplitude of mHVSR is at 1.1 Hz
(£0.2), which is consistent with the fact that the station is located on alluvial deposits
from the Quaternary era (Fig. 5a). However, the Vg-profile from the ISMN database at this
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station did not end in a layer suitably comparable with engineering bedrock. Nevertheless,
Fig. 5b plots the HSR curve of the ISMN profile by considering the first two layers rest-
ing on the third layer as an elastic half-space, and it presents the peak frequency at 4.6 Hz,
which is clearly inconsistent with the peak of mHVSR. The ellipticity of Rayleigh waves
calculated from HVTFA and RayDec methods are shown in Fig. Sc. There is a good agree-
ment between the ellipticity curves retrieved from the two methods. Figure Sc presents the
ellipticity of the least misfit model of inversion analysis, which appropriately matches with

@ Springer



Bulletin of Earthquake Engineering (2022) 20:3739-3773 3749

the both ellipticity curves, and more interestingly with the one of RayDec method. Fig-
ure 5d presents Vg-profiles of the least misfit model along with the ISMN profile, showing
that the profile is relatively consistent with the least misfit model at the top 20 m. However,
the least misfit model reveals that the competent bedrock could be located at a depth of
about 110 m with Vg=1138 m/s. Figure 5b plots the HSR curve for the least misfit model
that shows the lowest frequency of the peak amplitude at 1.4 Hz, clearly matching the peak
frequency from mHVSR.

3.4 Station GGH

Figure 6a presents the location of this station on the geological map of the region on
the coarse and fine alluvium of the Quaternary era. Figure 6¢ presents the Vg-profile
provided in the ISMN database approximately 160 m east of the station’s location. The
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V¢-profile shows a relatively loose layer 2.3 m thick (Vg=150 m/s) on top of a layer with
sharp velocity contrast (Vg=986 m/s) down to a depth of 6.1 m, which overlays a layer
with Vg=1108 m/s. This profile reveals that the Quaternary alluvium is shallow, and the
shear wave velocity of the second layer sharply exceeds the value of engineering bedrock
(Vg=750 m/s). Figure 6b presents a flat mHVSR curve of the recorded ambient noise at
GGH. This clearly confirms that the high Vg layers are too shallow at this station. Fig-
ure 6b also presents the HSR curve of the ISMN Vg-profile, showing a peak amplitude of
16 Hz. The authors conclude that GGH is placed on a rock site, and the ISMN Vg-profile is
proportionally appropriate.

3.5 Station HES

Figure 7a presents the location of this station on the geological map of the region on the
low level and young terrace of the Quaternary era. Unfortunately, the ISMN database does
not provide a Vg-profile for this station. However, the geological map suggests that the
recent Quaternary deposits at this station should not be deep. Figure 7b presents the ambi-
ent noise analyses of this station. It shows that the frequency of the peak amplitude of
mHVSR is at 13.0 Hz (+0.7), which is consistent with the fact that this station is located
on thin alluvial deposits of the Quaternary era (Fig. 7a). Figure 7c shows the ellipticity
of Rayleigh waves from HVTFA and RayDec methods, which are similar at frequencies
higher than 10 Hz, but different at lower frequencies. Both ellipticity curves are used
for velocity inversion and the least misfit models of the inversion analyses are plotted in
Fig. 7c. The comparison of the ellipticity curves of the least misfit models reveals the peak
and right flank of the ellipticity curve are better modelled in the inversion of the elliptic-
ity curve of RayDec method. Figure 7b plots the HSR curves for the least misfit mod-
els, showing the lowest frequency of the peak amplitude at 11.8 and 14.3 Hz for the two
least misfit ellipticity curves of HVTFA and RayDec methods, respectively. Although both
HSR curves appropriately represent the peak frequency of mHVSR, the HSR curve of the
least misfit model of the ellipticity of RayDec method is more consistent with the peak fre-
quency of mHVSR. Figure 7d presents Vg-profiles of the least misfit models. They demon-
strate that the top layer is thin (1 to 3 m), covering relatively thin, very stiff soil or weath-
ered rock (thickness of about 10 m) with Vg=579 to 634 m/s. The third layer is identified
as competent bedrock with V¢=1100 to 1275 m/s.

3.6 Station HML

Figure 8 presents the location of this station on the geological map of the region. The sta-
tion is located on recent deposits from the Quaternary era. Figure 8d presents the Vg-profile
provided in the ISMN database approximately 161 m southwest of the station’s location.
The Vg-profile shows a relatively loose layer 6.1 m thick (Vg=170 m/s) on top of a rela-
tively stiff layer with Vg=302 m/s down to a depth of 23.1 m that overlays a sharp velocity
contrast with Vg=900 m/s. The shear wave velocity of the third layer resembles engineer-
ing bedrock. Figure 8b summarizes all ambient noise analyses of this station. The spectral
ratio of microtremors, mHVSR, for HML is shown in Fig. 8b along with the HSR from
ISMN’s V-profile (see Fig. 8d, consisting of two layers resting over an elastic half-space
with Vg=900 m/s). The frequency of the peak amplitude of mHVSR is 1.9 Hz (+0.3),
while the peak amplitude of the HSR of the ISMN profile is 3.2 Hz. The ellipticity curve
of Rayleigh waves from HVTFA of ambient noise is presented in Fig. 8c along with the
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result of the least misfit curve obtained from inversion of the ellipticity of ambient noise.
As observed in Fig. 8c the ellipticity of the least misfit model properly fits to the observed
ellipticity curve from ambient noise. The Vg-profile of the least misfit model is shown in
Fig. 8d, and the HSR of the least misfit model is plotted in Fig. 8b for comparison with the
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ISMN profile and the HSR, respectively. Figure 8b shows that the frequency of peak ampli-
tude of the HSR for the least misfit model is 1.9 Hz, almost identical to the mHVSR peak
frequency. Inspecting Fig. 8d reveals that the ISMN profile is relatively consistent with the
inverted profiles at the top 25 m but does not present a reasonable depth for the engineering
bedrock layer that is about 55 m in the least misfit model. It should be noted that RayDec
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method was used to retrieve the ellipticity curve at this station as is shown in Fig. 8c along
with the other ellipticity curves, but the retrieved ellipticity barely presents amplitudes
more than 1. Hence, the retrieved ellipticity was not used for velocity inversion analysis.

3.7 Station KRD

Figure 9a presents the location of this station on the geological map of the region on the
young alluvial terrace of the Quaternary era. Figure 9d presents the V-profile provided in
the ISMN database approximately 420 m northeast of the station’s location, which might
be affected by the Aghajary Formation. The V-profile shows relatively stiff ground 2.7 m
thick (Vg=307 m/s) on top of a sharp velocity contrast with V¢=948 m/s down to a depth
of 7.8 m that overlays a layer with V¢=1152 m/s. The close shear wave velocity of the
second layer to the third layer suggests that it might be weathered, while well representing
engineering bedrock. Figure 9b presents the ambient noise analyses of this station. It shows
that the frequency of the peak amplitude of mHVSR is at 4.7 Hz (+0.6). The V¢-profile of
the ISMN database at this station (Fig. 9d) shows shallow bedrock (V4=948 and 1152 m/s)
at depths of 2.7 and 7.8 m, respectively. Figure 9b plots the HSR curve of the ISMN pro-
file by considering two layers resting on an elastic half-space (Vg=1152 m/s), presenting
the frequency of the peak at 25.3 Hz, and clearly inconsistent with the peak of mHVSR.
The long distance between the station and logging location (i.e., 420 m) and the existence
of other geological settings like the Aghajary Formation may have influenced the ISMN
profile. The ellipticity of Rayleigh waves from HVTFA and RayDec methods are shown
in Fig. 9c, and it is observed that the ellipticity curves of the both methods are very simi-
lar around the peak. Furthermore, Fig. 9c presents the ellipticity curves of the least misfit
models of the inversion analysis. It is observed that the least misfit model for the inversion
of ellipticity curve of HVTFA represents better the peak, while the one for the inversion
of ellipticity curve of RayDec represents better the right flank of the ellipticity curve. Fig-
ure 9d presents Vg-profiles of the least misfit models along with the ISMN profile. It is
observed that the ISMN profile is only consistent with the least misfit models at the top
3 m. Meanwhile, the least misfit models reveal that the young alluvium from the Quater-
nary era properly covers the bedrock beneath the station down to a depth of about 23 to
27 m. It is also shown that the least misfit models for the inversion of ellipticity curves of
HVTFA and RayDec methods are reasonably consistent. Figure 9b plots the HSR curves
for the least misfit models, showing the frequency of peak amplitude at 4.4 and 5.5 Hz for
the least misfit ellipticity curves of HVTFA and RayDec methods, respectively, and clearly
are matching with the frequency of peak from mHVSR.

3.8 Stations KRM1 & KRM2

Figures 10a and 11a present the locations of these stations on the geological map of the
region. The two stations are about 3.5 km away from each other, and both are located on
recent alluvium from the Quaternary era. A geological section is available about 2500 m
and 900 m southeast of KRM1 and KRM2, respectively. This section shows that the Qua-
ternary alluvium is thicker near KRM2 than KRMI1. Unfortunately, no Vg-profiles were
provided by the ISMN for these stations. However, inspecting Table 1 for the PGAs
recorded at the 12 November 2017 earthquake event at these stations reveals the signifi-
cantly different site effects at these stations (see also Ashayeri et al. 2019). Figure 10b,
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presenting ambient noise analyses of KRM1, shows that the frequency of the peak ampli-
tude of mHVSR is 4.0 Hz (+0.5) at KRM1.

The ellipticity of Rayleigh waves from HVTFA and RayDec methods are shown in
Fig. 10c. The ellipticity curves of both methods are identical at frequencies higher than
3 Hz, which covers the peak frequency and the right flank of the ellipticity curve. The
ellipticity of the least misfit models of inversion analysis are plotted in Fig. 10c, which
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are perfectly matched with their targets at a wide range of frequencies. Figure 10b plots
the HSR curves for the least misfit models, showing the frequency of the peak ampli-
tude at 4.4 and 3.7 Hz for the least misfit models of ellipticity curves of HVTFA and
RayDec methods, respectively. It is clearly observed that both match with the frequency
of the peak from mHVSR. Figure 10d presents Vg-profiles of the least misfit models. It
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demonstrates that the thickness of the top layer is about 3 m with Vg=247 to 271 m/s,
covering thick and stiff soil with V¢=438 to 471 m/s down to a depth of 28 to 32 m.
Figure 11b presents the ambient noise analyses of KRM2. It shows that the frequency
of the peak amplitude of mHVSR is 3.7 Hz (£0.5) at KRM2. It is worth noting that a
lower frequency with a lower peak amplitude is observed at 0.94 Hz (+0.13) on the
mHVSR curve. The ellipticity of Rayleigh waves from HVTFA and RayDec methods
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are shown in Fig. 11c. The ellipticity curves of both methods are identical at frequencies
higher than 3 Hz but, there are differences in the amplitude of the ellipticity curves at
lower frequencies. Furthermore, the peak frequency at about 1 Hz is represented better
by the ellipticity curve of RayDec method. The ellipticity of the least misfit models of
inversion analysis are shown in Fig. 11c, which are appropriately matched with their tar-
gets. Figure 11b plots the HSR curves for the least misfit models, showing the frequency
of peak amplitude at 3.1 Hz for the both least misfit models, appropriately matching the
peak frequency from mHVSR. Furthermore, the HSR curves for the least misfit mod-
els also show a lower frequency with a lower peak amplitude at 1.1 Hz, correspond-
ingly matching the lower frequency peak of mHVSR. Figure 11d presents Vg-profiles
of the least misfit models. It demonstrates that the two least misfit models have similar
Vg-profiles down to a depth of 40 m, but the least misfit model of ellipticity of RayDec
method presents deeper engineering bedrock at a depth of about 140 m. It is interpreted
due to better representation of the ellipticity curve at lower frequencies than 3 Hz by the
RayDec method.

3.9 Station MHD

Figure 12a presents the location of this station on the geological map of the region on a
vast alluvial plain from the Quaternary era. A geological Sect. 2.9 km northwest of the sta-
tion shows that the Quaternary alluvial plain is about 100 m thick and overlays the Amiran
Formation. Figure 12d presents the Vg-profile provided by the ISMN database approxi-
mately 400 m south of the station’s location. Although it is rather far away, there is no
variation in the geological setting even at such a distance. The Vg-profile shows a relatively
loose layer 3.6 m thick (Vg=140 m/s) on top of a stiffer layer down to a depth of 15.6 m
(Vg=361 m/s), which overlays a layer with Vg=460 m/s. It is unclear how deep the third
layer extends, and its Vg resembles stiff soil that is much looser than engineering bedrock
(Vg=750 m/s). Figure 12b presents the ambient noise analyses of this station. It shows
that the frequency of the peak amplitude of mHVSR is at 1.1 Hz (+0.2), which is consist-
ent with the fact that this station is located on loose and thick alluvial deposits from the
Quaternary era (Fig. 12a). The Vg-profile from the ISMN database at this station did not
end in a Vg comparable to engineering bedrock (see Fig. 12d), and therefore, it is not pos-
sible to calculate a reasonable HSR curve from the ISMN profile at MHD. The ellipticity
of Rayleigh waves from HVTFA and RayDec methods are shown in Fig. 12c. It is observed
that the two ellipticity curves are similar at frequencies lower than 1.5 Hz, but the elliptic-
ity at higher frequencies are different in amplitude. With respect to the better performance
of RayDec method, it is concluded that the right flank of the ellipticity curve is better rep-
resented by this method. The ellipticity of the least misfit models of inversion analysis are
plotted in Fig. 12c, which are appropriately matched with their targets at a wide range of
frequencies. However, the better representation of the right flank of ellipticity is observed
in the least misfit model of RayDec method. Figure 12d presents Vg-profiles of the least
misfit models along with the ISMN profile, which shows the ISMN profile is relatively
consistent with the least misfit models at the top 16 m. However, the least misfit models
reveal that engineering bedrock could be located at a depth of about 125 to 136 m with
V=886 to 905 m/s. Figure 12b plots the HSR curve for the least misfit models, showing
the frequency of the peak amplitude at 1.1 Hz, which is almost identical to the frequency of
the peak from mHVSR.
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Fig. 12 Summary of MHD Station: a Geological map, b mHVSR and HSR curves, c ellipticity curves of
ambient noise by RayDec & HVTFA as well as the least misfit models, d V-profiles

3.10 Station QSR

Figure 13a presents the location of this station on the geological map of the region. The sta-
tion is located on the Aghajary Formation. Figure 13c presents the V-profile provided in the
ISMN database approximately 385 m south of the station’s location, which is rather far. The
V,-profile shows a loose layer 5.1 m thick (V=110 m/s) on top of a sharp velocity contrast
down to a depth of 18.9 m (V=622 m/s), which overlays a layer with V4g=970 m/s. It is not
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Fig. 13 Summary of QSR Station: a Geological map, b mHVSR and HSR curves, ¢ Vg-profile

clear how deep the third layer extends, and its Vg resembles that of weathered rock, larger
than the Vg of engineering bedrock (V¢=750 m/s). Figure 13b presents the mHVSR curve
of the ambient noise records at QSR and shows no clear peak. Therefore, it is not possible to
calculate the ellipticity curve of the ambient noise at this station. Figure 13b presents the HSR
curve of the ISMN profile, showing a peak amplitude at 5.1 Hz. The authors conclude that the
ISMN profile should be used with caution for Station QSR, and a more accurate profile should
be measured by either direct borehole tests next to the station or more complex ambient noise
and strong motion inversion methods in the future.

3.11 Station RVN

Figure 14a presents the location of this station on the geological map of the region on
the alluvium of the Quaternary era. Figure 14c presents the Vg-profile provided by the
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ISMN database approximately 500 m southeast of the station’s location, which is far.
The Vg-profile shows a loose layer 4.5 m thick (Vg=105 m/s) on top of a stiffer layer
down to a depth of 16.5 m (Vg=368 m/s), which overlays a layer with Vg=714 m/s. It
is unclear how deep the third layer extends, but its Vg resembles that of weathered rock
comparable with the Vg of engineering bedrock (Vg=750 m/s). Figure 14b presents the
mHVSR curve of the ambient noise records at RVN, showing no clear peak. Therefore,
it is not possible to calculate the ellipticity curve of the ambient noise at this station.
Furthermore, Fig. 14b presents the HSR curve of the ISMN profile for RVN, show-
ing a peak amplitude at 4.7 Hz. The authors conclude that the ISMN profile should be
used with caution for RVN, and a more representative profile should be measured by
either direct borehole tests next to the station or more complex ambient noise and strong
motion inversion methods in the future.
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3.12 Station SLS

Figure 15a presents the location of this station on the geological map of the region. The
station is located on the alluvial plain of the Quaternary era. Figure 15d presents the
V-profile provided by the ISMN database approximately 700 m northwest of the station’s
location. The Vg-profile shows a loose layer 4.7 m thick (Vg=112 m/s) on top of a stiff
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layer down to a depth of 14.3 m (Vg=390 m/s), which overlays a layer with V=447 m/s.
It is unclear how deep the third layer extends, and its Vg resembles stiff soil that is much
looser than engineering bedrock (Vg=750 m/s). Figure 15b presents the ambient noise
analyses of this station. It shows that the peak amplitude of mHVSR is 3.1 Hz (+0.1),
which is consistent with the fact that this station is located on relatively thick and loose
alluvial deposits of the Quaternary era (Fig. 15a). The Vg-profile of the ISMN database at
this station did not end in the Vg of engineering bedrock (Fig. 15d), and therefore it is not
possible to calculate a reasonable HSR curve from the ISMN profile at SLS. The elliptic-
ity of Rayleigh waves from HVTFA and RayDec methods are shown in Fig. 15c. The two
ellipticity curves are very similar at entire frequency range. The ellipticity of the least mis-
fit model of inversion analysis, which is appropriately matched with the targets are shown
in Fig. 15c. Figure 15d presents Vg-profiles of the least misfit model along with the ISMN
profile, showing that the ISMN profile is properly consistent with the least misfit model at
the top 16 m. However, the least misfit model reveals that engineering bedrock could be
located at a depth of about 32 m with Vg=994 m/s. Figure 15b plots the HSR curve for the
least misfit model, showing the frequency of the peak amplitude at 3.4 Hz, clearly match-
ing with the peak frequency from mHVSR.

3.13 Station SNI

Figure 16a presents the location of this station on the geological map of the region on
the alluvial plain of the Quaternary era. A geological section about 1250 m southwest of
the station shows that the Quaternary alluvium is about 100 m thick. Figure 16d presents
the Vg-profile provided by the ISMN database approximately 188 m west of the station’s
location. The Vg-profile shows a relatively loose layer 3.0 m thick (Vg=180 m/s) on top
of a stiffer layer down to a depth of 18.0 m (Vg=357 m/s), which overlays a layer with
V¢=420 m/s. It is unclear how deep the third layer extends, and its Vg resembles stiff
soil that is much looser than engineering bedrock (V=750 m/s). Figure 16b presents the
ambient noise analyses of the station. It shows that the frequency of the peak amplitude of
mHVSR is at 4.1 Hz (+0.7). The ISMN Vg-profile at this station did not end in the Vg of
engineering bedrock (see Fig. 16d), and therefore it is not possible to calculate a reasonable
HSR curve from the ISMN profile at SNI. The ellipticity of Rayleigh waves from HVTFA
and RayDec methods are shown in Fig. 16c. It is observed that the two ellipticity curves
are similar around the peaks of the ellipticity. However, the RayDec method presents better
the left and right flanks of the ellipticity. The ellipticity curves of the least misfit models
of inversion analysis are shown in Fig. 16c, which are appropriately matched with their
targets. Figure 16d presents Vg-profiles of the least misfit models along with the ISMN
profile, which shows the ISMN profile is perfectly identical to the least misfit models at the
top 18 m. However, the least misfit models reveal that engineering bedrock may be located
at a depth of about 23 m with Vg=800 m/s. Figure 16b plots the HSR curve for the least
misfit models, showing the frequency of the peak amplitude at about 4.4 Hz, clearly match-
ing with the frequency of the peak from mHVSR.

3.14 Station SON

Figure 17a presents the location of this station on the geological map of the region. The
station is located on the lowest alluvial deposits of the Quaternary era. A geological sec-
tion about 4 km northwest of the station shows that Eocene era rocks (EY setting) underlie
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the thin Quaternary alluvium. Figure 17d presents the Vg-profile provided by the ISMN
database about 400 m south of the station. The Vg-profile shows stiff ground 3.1 m thick
(Vg=655 m/s) on top of a stiffer layer down to a depth of 9.1 m (Vg=1671 m/s), which
overlays a layer with Vg=1747 m/s. It is unclear how deep the third layer extends, but
the shear wave velocity of the first layer resembles that of weathered rock, and the Vg
of the second layer is adequately larger than that of engineering bedrock (Vg=750 m/s).
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Figure 17b presents the station’s ambient noise analyses, showing the frequency of the
peak amplitude of mHVSR at 8.8 Hz (+0.4). The ISMN Vg-profile at this station shows
stiff ground on shallow competent bedrock (Vg=1671 to 1747 m/s, see Fig. 17d). Hence,
the calculated HSR curve from the ISMN profile in Fig. 17b shows no peak frequency
less than 50 Hz. The ellipticity of Rayleigh waves from HVTFA and RayDec methods are
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shown in Fig. 17c. The two ellipticity curve are very similar at frequencies higher than
7 Hz. The ellipticity curves of the least misfit models of inversion analysis are shown in
Fig, 17c. It is observed that the least misfit model of ellipticity curve of RayDec method
modelled better the peak amplitude and right flank of the ellipticity curve. Figure 17d pre-
sents Vg-profiles of the least misfit models along with the ISMN profile, which shows the
ISMN profile presents larger velocities at all depths. With respect to better performance of
the RayDec method, the least misfit model reveals that competent bedrock can be located
at a depth of about 13 m with Vg=1194 m/s. Figure 17b plots the HSR curve for the least
misfit model that shows the frequency of the peak amplitude at 8.8 Hz, clearly matching
with the frequency of the peak from mHVSR.

3.15 Station SPZ

Figure 18a presents the location of this station on the geological map of the region on the
edge of Quaternary alluvium and consolidated conglomerate of the Bakhtyari Formation.
Figure 18d presents the Vg-profile provided by the ISMN database approximately 500 m
southeast of the station’s location. This is important because the profile is relatively far
from the station and may not represent the actual geological settings beneath the station.
Nevertheless, the Vg-profile shows a relatively stiff layer 4.7 m thick (Vg=294 m/s) on top
of a sharp velocity contrast down to a depth of 14.1 m (Vg=779 m/s), which overlays a
layer with Vg=960 m/s. It is unclear how deep the third layer extends, but the shear wave
velocity of the second layer resembles weathered rock and is comparable with the Vg of
engineering bedrock (Vg=750 m/s). Figure 18b presents the ambient noise analyses of the
station. It shows that the frequency of the peak amplitude of mHVSR is at 4.9 Hz (+0.4).
The ISMN Vg-profile at this station shows the engineering bedrock with V=779 m/s
(Fig. 18d). Hence, Fig. 18b presents the calculated HSR curve from the ISMN profile
with the frequency of the peak amplitude at 13.5 Hz, clearly inconsistent with that of
mHVSR. The ellipticity of Rayleigh waves from HVTFA and RayDec methods are shown
in Fig. 18c. The two ellipticity curves are similar around the peak, but the RayDec method
presents better curve at left and right flanks of the peak. The ellipticity curves of the least
misfit models of inversion analysis are shown in Fig. 18c. Figure 18d presents Vg-profiles
of the least misfit models along with the ISMN profile, which shows the ISMN profile
presents larger velocities below a depth of 5 m. However, the least misfit models reveal
that the engineering bedrock can be located at a depth of about 24 to 29 m with V=725 to
810 m/s. Figure 18b plots the HSR curves for the least misfit models that show the frequen-
cies of the peak amplitude at 4.7 and 6.3 Hz for the least misfit models of the ellipticity of
HVTFA and RayDec, respectively that represent properly the peak from mHVSR.

3.16 Station SUM

Figure 19a presents the location of this station on the geological map of the region. The
station is located on the plain of Quaternary alluvium. Figure 19d presents the Vg-profile
provided by the ISMN database approximately 172 m east of the station’s location. The
V¢-profile shows relatively stiff ground 2.3 m thick (Vg=228 m/s) on top of a sharp
velocity contrast down to a depth of 15.0 m (Vg=754 m/s), which overlays a layer with
V=970 m/s. It is unclear how deep the third layer extends, but the shear wave veloc-
ity of the second layer resembles weathered rock and is close to the Vg of engineering
bedrock (Vg=750 m/s). Figure 19b presents the ambient noise analyses of the station and
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shows that the frequency of the peak amplitude of mHVSR is at 4.1 Hz (+0.7). The ISMN
V,-profile at this station shows engineering bedrock with Vg=754 m/s (see Fig. 19d). Fig-
ure 19b presents the calculated HSR curve from the ISMN profile with the frequency of
the peak amplitude at 25.5 Hz, clearly inconsistent with that of mHVSR. The ellipticity of
Rayleigh waves from HVTFA and RayDec methods are shown in Fig. 19c. It is observed
that the peak and right flank of the ellipticity are represented better by the RayDec method.
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However, the ellipticity curves of the least misfit models of inversion analysis are plotted in
Fig. 19c¢ for the both methods. It is also observed that the least misfit model of the elliptic-
ity of RayDec method is relatively more appropriate than the one of the HVTFA method.
Figure 19d presents Vg-profiles of the least misfit models along with the ISMN profile,
which shows the ISMN profile presents larger velocities below a depth of 3 m. However,
with respect to better performance of the RayDec method, the least misfit model reveals
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that the engineering bedrock may be located at a depth of about 20 m with V¢=726 m/s.
Figure 19b plots the HSR curves for the least misfit models, showing the frequency of
the peak amplitude at about 5 Hz, properly matching with the frequency of the peak from
mHVSR.

4 Discussion

This section presents some site proxies from the characteristics of Vg-profiles for the ISMN
stations examined in this study (the V-profiles are available as electronic supplementary
information). The site proxies are categorized into (i) geometry of layers, (ii) mechanical
characteristics, and (iii) resonance frequencies. The geometry of layers is introduced by a
group of parameters that describe the depth of layers in which V¢>v m/s, namely Zg,. The
mechanical characteristics are introduced by a group of parameters that describe the time-
averaged shear wave velocity down to a depth in which Vg>v m/s, namely Vg, and the
time-averaged shear wave velocity of the top 30 m, i.e., Vg 3. Finally, the resonance fre-
quencies are introduced by three parameters: (i) the lowest peak frequency in the mHVSR
curve, i.e., Fy ngysr, (ii) the peak frequency in the mHVSR curve, i.e., Fp yysg, and (iii)
the first peak in the HSR curve, i.e., Fp ygr. Obviously, Fy ,yysg and Fp  gysg may be iden-
tical for some of the stations. Table 2 presents these site proxies for the stations examined
in this study. Note that at four stations (i.e., GGH, CHN, RVN, and QSR), it was not possi-
ble to retrieve the subsurface structure from ambient noise analyses. Hence, some or all site
proxies were measured using the ISMN’s subsurface profiles.

As seen in Table 2, Zg,,, and Zg, are reported for all stations, representing the start-
ing depth of stiff soil and engineering bedrock, respectively. However, in some stations, it
is not possible to report Zg 5, Which represents the starting depth of competent bedrock.
Table 2 presents a categorization of stations in terms of Zg,, for the depth of engineering
bedrock as: (a) shallow, i.e., Zg;00 <5 m, (b) intermediate, i.e., 5 <Zg;,, <30 m, (c) deep,
i.e., 30<Zg750 <100 m, (d) very deep, i.e., Zgyy,> 100 m. It is worth noting that Vg, rep-
resents the time-averaged shear wave velocity of layers above the engineering bedrock at
each station. It is observed that for sites with shallow engineering bedrock, Vg is closer
to Vgyg0 and smaller than Vg 34, but Vg, is closer to Vg 34 and larger than Vg, in sites
with intermediate engineering bedrock. Furthermore, in deep and very deep engineering
bedrock, Vg7 is larger than Vg4, and Vg 34 and the two latter velocities are closer to each
other.

A comparison between the engineering bedrock depth and the resonance frequency at
each site reveals that the resonance frequency is lower as the engineering bedrock gets
deeper. It should be noted that Fy ;iysgr, Or Fpygg in cases in which Fy ysg Was not avail-
able, is considered as the resonance frequency. Figure 20 presents the equivalent site reso-
nance frequencies, F., ,, in terms of the resonance frequency from ambient noise analysis.
The equivalent site resonance frequencies are simply calculated from the site proxies and
considering a homogeneous layer with the time-averaged shear wave velocity on a homo-
geneous half-space as Eq. 1.

LSv [530
F =2 or—2"_
oy 4ZSV0r4 % 30 M

Therefore, two equivalent site resonance frequencies are calculated for soil layers with
V¢ <400 and 700 m/s, and the third equivalent site resonance frequency is calculated from

@ Springer



3769

Bulletin of Earthquake Engineering (2022) 20:3739-3773

0087 uo paseq Sutuoseay,

S301-Sd S.NINSI woij paytodar a1e sarxoxd 2)1s [[e 1o owos,,

I'1 L'e 60 0S¢ 60S 9¢s¢ VN 6¢l 91 TN

I'1 'l 'l 0ce 9S¥ (433 VN 9¢l €S dHN

doop K1oA 7'l 'l 'l cey 8¢S CLE 6LE [41! €C v1d

6'1 6’1 6’1 89¢ 14174 11e VN 9 91 TAH

Sl ! V'l 20s (489 0re 94! 6¢ 4 NId

Le 6'¢ 6'¢ 1824 (424 1LT VN [43 € TN

doa(g ¥'e I'e I'e 6¢ £6¢ ¥61 Il I¢ € SIS

€9 6% 6% LIS YLy 98¢ VN ¥C 4! ZdS

a4 S'LI 'y Iy 09¢ 181 VN €C € INS

Y Ly Ly 1454 LOY 6¢ VN €C L ay

S I'v I'v vy 0s¢ 0S¢ VN 0¢ 0T NS

s VN VN 304 9Lt 01T VN 61 S 4SO

LY VN VN L9¢ 61¢ 61¢ VN L1 L1 NAY

$6 8¢ 8¢ 61% £6¢ 691 VN L1 ¥ «NHD

88 88 88 965 9¢ (394 Ly €l ¥ NOS

SeIpauLIau] €yl €l €l 6£6 YLS |43 [4¢ I I SdH

MO[[BYS 91 VN VN 69 0ST 0ST VN (4 [4 «HDD
qudep
¥001paq Jur

-1eaurug (zh) ¥SHd (zp) ¥SAHWH g (zp) ¥SAHWO4 (s/um) OE'Sp (s/u) 00LS 7 (s/ux) 00¥S 7 () 008187 () 00LS7 () 00¥S7 uonelg

suorne)s 3y Jo sarxoxd ay1s o Jo Arewring g ajqel

pringer

As



3770 Bulletin of Earthquake Engineering (2022) 20:3739-3773

50 %
7
17 O Vsso00
7
Pd
d
o ¢
A Vsioo
2 ° *]
) o e} (o] 7z
X y v
S
g ol o L 530
4 7’
%) o 7z
> , < A - - R>=1
s rd
7
S 5 o -
N o © ~&
E 7 “ A
- A g @
& P4
> 7
I 4 2
N
g o) A
. >
A,
&
A
0.5
0.5 5 50

Fomuvsr oF Fppsg

Fig.20 Comparison between resonance frequencies from ambient noise analysis and equivalent site reso-
nance frequencies

a column of 30 m depth at each site. It is observed that the equivalent site resonance fre-
quency of the soil layers with Vg <700, i.e., Fg 790, shows the best consistency (R*=0.94)
with the resonance frequency of the ambient noise analysis. Meanwhile, it should be
noted that there is no physical principle that the velocity contrast at Zg,,, will make the
resonance frequency of the ground. Furthermore, Fig. 20 shows the variation of the reso-
nance frequency at each site by a gradient gray color as follows: (a) very low frequency
where F<1 Hz, (b) low frequency where 1 <F<2 Hz, (c) intermediate frequency where
2<F<5 Hz, (d) high frequency where 5 <F<10 Hz, and (e) very high frequency where
F>10 Hz. In this categorization, all stations located on shallow engineering bedrock fall
into very high resonance frequency class, all stations that are located on intermediate engi-
neering bedrock fall into the intermediate to very high resonance frequency classes, and
all stations that are located on deep and very deep engineering bedrock fall into the very
low to intermediate resonance frequency classes. The comparison demonstrated in Fig. 20,
basically shows that the single site proxy of Vg 5, (that is the only parameter in Iranian seis-
mic code for the site classification), should be used with serious caution, and the authors
like to encourage future investigations of the application of more site proxies like Table 2
as well as other research like Zhu et al. (2021) in the Iranian seismic code of practice.

5 Conclusions

This study provides a database for the site conditions of seventeen ISMN stations located in
Kermanshah province based on geological surveys and ambient noise analyses. Ambient noise
analyses of mHVSR, HVTFA, and RayDec were performed to obtain the resonance frequency

@ Springer



Bulletin of Earthquake Engineering (2022) 20:3739-3773 3771

and ellipticity of Rayleigh waves at these sites. Furthermore, joint inversion of the ellipticity
curve and resonance frequency for shear wave velocity profiles, and 1D-linear elastic mod-
eling of Vg-profiles were carried out. Finally, the site proxies at these stations were reported
in the three categories of (i) geometry of layers, (ii) mechanical characteristics, and (iii) reso-
nance frequency. The authors draw the following conclusions from this study.

(1) The ISMN database provided PS-logs of surface layers at 14 stations, but the logging
location at these sites ranged from 137 to 700 m (except for DIN that was 10 m) away
from the stations’ location. These distances are rather large and, in some cases, mis-
leading because of the geological lateral variability of the ground structure.

(2) Ambient noise analyses successfully and suitably retrieved the site conditions in 13
stations but failed in 4 stations. The authors recommend direct borehole tests next to
the stations or more complex ambient noise and strong motion inversion methods for
these four stations.

(3) Except for three stations (i.e., ELA, and SNI), the calculated Vg-profiles for the other
stations from the inversion of ellipticity curves and resonance frequencies showed
that the depths of engineering bedrock and/or competent bedrock were not reasonably
represented in the ISMN Vg-profiles.

(4) A set of useful and more representative site proxies, which are also introduced in recent
investigations, were presented for the sites of the stations. In this way, the stations were
categorized in terms of the depth of engineering bedrock and resonance frequency, and
it was observed that Zg;40, Vg700, and resonance frequency had better correlations with
each other at the sites of these stations.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10518-022-01370-7.
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