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1 Introduction

Surface geology plays an important role in the spatial variability over short distance (also less
than 1 km) of ground shaking during an earthquake. Recent earthquakes have shown that this
aspect, generally referred to as site effects, plays an important role in defining the amount
and spatial distribution of damage within urban areas. The identification of such factors
(termed site effects) has been of interest in Central Asia, in particular the Kyrgyz Republic, and
is a critical aspect of seismic hazard assessment, especially in urban areas (e.g., Pilz et al.,
2015).

Figure 1 shows, in a schematic way, for the case of a shallow event over distances where the
greatest amount of damage can be observed, the waves propagating through the crust and
that due to the near surface geology results in the ground motion recordings at two stations
(S1 and S2) being very different both in terms of duration and amplitude. In this case, S1 is
placed on a rock site while S2, experiencing the highest level of ground motion, is located on
soft unconsolidated sediments.
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Figure 1: Simplified representation showing seismic wave propagation after an earthquake. Blue triangles indi-
cate stations located over different near-surface geological material (S1 on a rock site and S2 on soft Quater-
nary material), hence experiencing different ground motion. (Bormann, 2012).

The modification of ground motion (i.e., amplification, de-amplification at certain frequencies)
depends on many factors, the most important of these being the depth of the sediments, the
shear wave velocity of the sediments and the impedance contrast between the sediments and
the underlying bedrock. The impedance contrast ¢ = (V2 p2)/(v1 p1), where p1 and p2 are the
density and vi and V1 are the wave propagation velocities in the sedimentary cover and bed-
rock, respectively, determines how strongly the waves at particular frequencies (especially the
fundamental resonance frequency and the higher harmonics) are multi-reflected within the
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soft layer, thus trapping the wave energy within the layer (1D effect). Quantitatively, and un-
der the simplified assumption of vertical propagation of S-waves, the modulus of the 1D site
amplification function H(f) can be described by the following relation:

|H(f)|=[ (L+r) )m}z (1)

1+ 2r cos(4rfr

where T is the travel time of the S-waves in the soft sedimentary layer and r=(pave-
p1v1)/(p2va+p1va) is the reflection coefficient that is clearly related to the impedance contrast
c. The maximum of H(f) is obtained when cos(4fr) is equal to -1, that is when

f=1/(4r). This value of f is defined as the fundamental resonance frequency fo. From Equation
1 we obtain the well-known relationship fo=v1/(4h1), where hl is the thickness of the soft sed-
imentary layer.

Site effects can be estimated using numerical and empirical methods. Numerical methods re-
quire a detailed knowledge of properties of the sub-surface geology. The empirical methods
are generally divided into two categories: 1) reference site methods, and 2) non-reference site
methods. In reference site methods, i.e., standard spectral ratios (SSR), the ground motion
recorded at two nearby sites is compared in the frequency domain. One site, which is consid-
ered as the reference site, is usually located on outcropping hard rock, and is assumed to have
the same source and path effects as the other site. Hence the difference between the two
sites is considered to be the local site effects. However, the disadvantage of this method is
that a suitable reference site may not be easily available everywhere, while an inappropriate
reference site may have its own site effects. To overcome this problem, non-reference site
methods, i.e., horizontal to vertical spectral ratios (HV) are used, in which the horizontal com-
ponent of ground motion is compared with vertical component for the same site in the fre-
guency domain. Although non-reference site methods provide good estimates of the S-wave
resonance frequency of sediments, they might underestimate the level of amplification with
respect to reference site methods.

This report presents some results of site effects studies carried out in the Kyrgyz Republic by
the Helmholtz Centre Potsdam German Research Centre for Geosciences, Potsdam, Germany
(GFZ) and the Central Asian Institute for Applied Geosciences, Bishkek, Kyrgyz Republic
(CAIAG). This work was carried out within the context of a number of projects, such as the
Central Asian component of the Global Earthquake Model (GEM?) initiative (Earthquake
Model Central Asia, EMCA?). Several papers related to this theme are included in an annex.

L http://www.globalquakemodel.org/
2 http://www.emca-gem.org/
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2 Site effects assessment

2.1 Bishkek

Site effects studies were carried out in Bishkek using reference and non-reference site tech-
niques and combining earthquake and noise recording analysis results. Figure 2 shows the
locations of 19 seismic stations that formed a temporary seismic network installed in 2008 to
collect earthquake and seismic noise data, as well as the surface geology of the city, including
the location of the main fault in the area. However, in order to obtain a more resolved under-
standing of the spatial variability in the site affects, seismic noise was recorded at about 200
locations (represented by solid circles in Figure 2) over short periods of about 30 minutes.
Furthermore, seismic noise array measurements were carried out to estimate the S-wave ve-
locity profile in different locations in the urban area. Station BI04, located in the Kyrgyz Range
in the south, and was considered to be the reference site in the SSR analyses, although its H/V
results depicted some amplifications at frequencies higher than 3-4 HZ (Parolai et al., 2010).
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Figure 2: Seismic network set-up in Bishkek, consisting of temporary seismic network (solid triangles and squares)
and single station measuring points (solid circle) (Parolai et al., 2010).

Figure 3 shows examples of the large amplification observed using different analysis methods
at stations located in different positions within Bishkek. A complete and exhaustive analysis
of the results is presented in Parolai et al. (2010), where the methods and data analysis are
explained in details. Since the results are similar for both horizontal components of ground
motion (east west and north south), the results are presented here only for the east-west
components of the recordings. From the main results of the analysis carried (Parolai et al.,
2010), it is worth highlighting:
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1. The HVSR for the stations installed in the northern part of the town over the older
Quaternary material clearly show a first resonant peak at ~0.2 Hz. After a narrow
trough at around 0.3 Hz, the HVSR is almost flat and then shows a bump starting from
between 2-3 Hz up to 10 Hz. The stations located in the central part of the urban area
show a smaller-amplitude low-frequency peak (between 0.1 and 0.2 Hz) followed by a
very large trough and then by a nearly flat HVSR. The stations located at the southern
margin of the study area, where the Tertiary material makes a tectonic contact with
the Quaternary sediments, show a peculiar behavior strongly dependent on small scale
changes in the surface geology. Finally, it is worth noting that the HVSR at station BI04,
which was supposed to be the reference station, can be considered flat only up to
around 2 Hz. At higher frequencies, large amplifications are observed, with a promi-
nent peak at ~ 5 Hz.

2. Although station BI04 was found to be not an ideal reference site, it was still used as a
reference station for the frequency range lower than 2 Hz. In fact, over this range, the
HVSR results show values of nearly one. Furthermore, the distance between this sta-
tion and the other stations of the network is short enough to assume that only minor
propagation effects are affecting the SSR results over this frequency range. Results ob-
tained for the East-West (EW) and vertical (Z) components of ground motion are
shown in Figure 3 (third column). Differently from the HVSR, results of all the stations
in the basin show very similar behavior for the horizontal component SSR. In particular,
a broad amplification is observed with clearly distinct peaks between 0.2 and 0.1 Hz
(decreasing from North to South), 0.4 Hz and between 1 and 2 Hz. Occasionally, some
stations also show distinct amplification peaks at 0.6-0.7 Hz. Above 2 Hz, the large de-
amplification effect is due to the amplification occurring at the reference site. Stations
located at the southern margin of the basin show different behaviors. In some cases,
the site response was found to be nearly flat with a small amplification at around 1.5
Hz. In other cases, only moderate amplification was observed, increasing nearly line-
arly from the lower frequencies up to 1-2Hz. The following decaying trend is not relia-
ble due to the amplification affecting the reference station over that frequency range.
The differences between the HVSR and SSR results can be easily explained by consid-
ering the SSR results obtained by analyzing the vertical component of ground motion.
In fact, the vertical component SSR of the stations within the basin (Figure 3, fourth
column) are showing large amplifications with peaks at frequencies (~0.3-0.5 Hz) sys-
tematically larger than those observed on the horizontal component results. These
peaks are particularly large, even occasionally becoming predominant, for the stations
BI13, BIOS8, BI09, BI11 located on the younger Quaternary sediments outcropping in
the southern part of the urban area. The positions of these peaks coincide with the
spectral troughs in the HVSR. Considering that the HVSR of the reference station is not
affected by the narrow spectral troughs at 0.3-0.5 Hz (indicating that no amplification
of the vertical component in that frequency range take place outside of the basin), and
that the role of surface waves might be ruled out since the amplitude peaks in the
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lower frequency range are occurring at different frequencies on the vertical and hori-
zontal components, the results might be interpreted by considering the effect of con-
verted waves on the recorded ground motion. In fact, previous studies (e.g., Takahashi
et al., 1992; Parolai and Richwalski, 2004) showed that at the boundaries between
shallow geological layers, significant P-to-S and S-to-P conversion can take place and,
therefore affect the HVSR results.

3. A generally good agreement between the fundamental frequency of resonance ob-
tained from the HVSR (first column) and the NHVSR (second column) is observed. The
results presented in Figure 4 show that in the urban area of Bishkek, north of the out-
cropping Tertiary material, the fundamental resonance frequency of soil spans, con-
sistent with the SSR results, from nearly 0.3 Hz in the North to ~0.1 Hz in the South.
The general decrease of the fundamental resonance frequency from North to South is
consistent with the geological structure of the basin, which shows an increase in the
thickness of the Quaternary and Tertiary sedimentary cover towards the south (Bullen
et al., 2001, their Figures 4 and 5). Considering the high value of the S-wave velocity
characterizing the shallow Quaternary layers (Figure 8), the low value of the resonance
frequency might be indicative of a deep impedance contrast, likely to exist between
the Sharpyldak and Chu formations (Bullen et al., 2001). The lower-resonance frequen-
cies observed in the south-western part of the area are consistent with a thickening of
the sedimentary cover as proposed by Bullen et al. (2001) and in the references
therein.

The seismic noise recorded at about 200 single station noise measurement points (SSNP) were
also analyzed using HVSR technique. The fundamental resonance frequency estimate from the
SSNP and temporary seismic network are plotted in Figure 4 using natural neighbor interpo-
lation. Figure 4 shows the higher resonance frequency in the south towards the Kyrgyz Range,
starting from 0.28 to higher than 1 Hz. The central part of the city shows lower resonance
frequencies between 0.1 and 0.2 Hz, while the northern part towards Chu-Ili Mountain has
resonance frequencies between 0.2 and 0.3 Hz.
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Figure 3: Site amplification estimated at different stations using earthquake and seismic noise data. 1st column
from left side, horizontal to vertical spectral ratios for earthquakes, second column, horizontal to vertical spectral
ratios for the seismic noise, third column, standard spectral ratios for the horizontal component from earthquakes
and last column is for standard spectral ratios for the vertical components of earthquake recordings (Parolai et
al., 2010).
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Figure 4: Fundamental resonance frequency map of Bishkek (Kyrgyzstan). The crosses indicate sites where sin-
gle station noise measurements were carried out.

2.1.1 Improving the spatial resolution of ground motion variability in Bishkek us-
ing earthquake and seismic noise data

Using the K-means clustering algorithm, three clusters of site response types have been iden-
tified, based on their similarity of SSRs. The cluster’s site responses were adopted for sites
where only single station noise measurements were carried out, based on the results of cor-
relation analysis. The spatial variability of the site response correlates well with the main ge-
ological features in the area. In particular, variability is noted from south to north, consistent
with both the changes in the thickness of the sedimentary cover over the basin and in the
Quaternary material outcropping at the surface. For a detail discussion of this topic, the reader
is referred to Ullah et al. (2013).

Figure 5 shows the spatial distribution of stations over the geological map of Bishkek. The
results from the stations are seen to mainly cluster into three groups. In the north towards
the Chun-Ili Mountains, the site amplifications are higher, followed by a transition area with
medium amplification and then lower amplification in the south towards the Kyrgyz Range.
This distribution also follows the geological pattern and the depth distribution of different
geological units as the spectral ratios reflect the deeper geological structure.
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Figure 5: Map of the Bishkek area showing locations of measurement sites and surficial geology (see also Figure
1). The bigger size shapes indicates the permanent stations of temporary network, while the smaller sizes repre-
sent the noise recording stations at dense grid. Different colors represent the different clusters or groups after
the clustering analyses. The stars with blue text show the location of array recordings with Vs30 values (Ullah et
al., 2015).

Figure 6 shows the site responses typically observed in each of the three identified cluster.
The bold continuous line in each cluster represents the logarithmic average of that cluster.
The grey area shows the frequency range where analyses are not considered because of the
spectra ratios being affected by the site response at the reference site (see Parolai et al.,
2010).

Figure 7 shows the spectral amplification over the study area from SSR at different frequen-
cies. This figure is obtained by plotting the spectral ratios from SSR assigned to each seismic
noise measurement location after the clustering and correlation analysis. The highest amplifi-
cation of ground motion is observed at 0.4 Hz in the north, reaching about a factor of 10.
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polation (Ullah et al., 2013).
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2.1.2 Seismic noise arrays

In Bishkek, seismic noise was also recorded using small arrays of stations in order to be able
to estimate the S-wave velocity profile of the subsurface. Three locations (Figure 5) have been
selected from south to north within the urban area. The results from the first one, at station
BIO8 (also indicated by the label CAIAG in Figure 5) are shown in Figure 8, which presents the
dispersion curve obtained using the Extended Spatial Auto-Correlation (ESAC) method, and
displays normal dispersive behavior between 3 and 13 Hz. This dispersion curve was inverted
using simplified linear inversion to estimate the underlying S-wave velocity profile. The ob-
tained profile shows a regular increase of velocity with the depth, starting from 600 m/s in the
shallowest layers (0-25 m depth) and increasing to 1380 m/s in the deepest parts.

Dispersion Curves S-wave Velocity Model
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Figure 8: Results of the array analysis over site BIO8 (CAIAG). Left side: observed (black line) and reconstructed
(grey circles) dispersion curve. Right side: S-wave velocity model obtained by inverting the dispersion curve (Pa-
rolai et al., 2010).
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Figure 9: Results of array analyses in Bishkek at different locations (Figure 5, Ullah et al., 2015).
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The results of all the array analyses are shown in Figure 9. The highest shear wave velocity
(about 862 m/s in the upper 30 meter) was observed in the southern-most array located close
to the Issyk Ata fault. The lowest shear wave velocity, with an average shear wave velocity in
the upper 30 meters of about 213 m/s, was estimated in the northern part of the city. These
profiles are providing useful information that need to be considered for the probabilistic seis-
mic hazard calculation.

2.2 Karakol

A temporary seismic network of 16 short period sensors, operating continuously from 10t of
July 2011 until October 2011, was installed in the city of Karakol, eastern Kyrgyzstan. A large
number of local, regional and tele-seismic events were recorded by the network, out of which
50 are used for site effects investigation since they had been recorded simultaneously by the
maximum number of stations. Furthermore, single station seismic noise measurements
(SSNM) were carried out at 34 sites across the city. Since the shear-wave velocity structure is
not known below the city, 3 seismic noise array measurements with 20 stations were carried
out in different areas of the city. Figure 10 shows the location of the stations composing the
temporary seismic network, the SSNM and the array measurements. Station KAO8 in the
south-east of the city was used as a reference site.

Results from the SSR method (see the example depicted in Figure 11) show that in Karakol the
amplification of ground motion (ranging from 2 to 9) occurs over a broad frequency range.
Higher amplifications are found in the northern part of the city near the Lake Issyk-Kul. Note
that the amplification also affects frequencies as low as 0.2 and 0.3 Hz.

In general, the frequency of the peaks of amplification was found to be consistent when com-
paring the results from earthquake H/V and SSR, however, at some sites, the earthquake H/V
provides lower amplification than the SSR.

Figure 11 shows SSR and the noise H/V results spectral ratios for a station, KA0O2, in the middle
of the city. A broad but moderate amplification is observed on the SSR results of station KAQ7,
affecting also the vertical component of ground motion. The noise H/V ratio show always
lower amplification levels, but with a clear peak around 4 Hz. This peak is also observed in the
SSR, and might indicate the existence of a vertical heterogeneity in the shallow layers. It should
be noted that the observed difference in amplification between the two horizontal compo-
nents of ground motion may, together with the broad band amplification and the differences
between SSR and H/V, suggest a very complex subsoil geometry, leading to 2D and 3D site
effects.
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Figure 10: Location of the temporary seismic network in Karakol. Different objects are shown in the legend.

10 s SSR EW
(a) —— SSR Vert

Amplitude

0.1 1.0
Frequency [Hz]

-SSR NS

|
ical |

10.0

Amplitude

10

0.1

(h)

1.0
Frequency [Hz]

—— Noise NS
| wwee Noise EW

10.0

Figure 11: Spectral ratios for station KAO2 using different components and methods. (a) Site amplification using
SSR method for the S-wave window of earthquake records. (b) Site amplification using H/V spectral ratio method.

The grey color indicates + 1 standard deviation.
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Figure 12 shows the spectral ratios for different components using SSR for earthquakes and
H/V for noise recordings for station KAO7 in the northern part of the city near Lake Issyk-Kul.
This station shows the largest amplification from earthquake records with values as large as a
factor of 10. Also, the amplification starts from frequencies as low as 0.1 Hz up to 10 Hz, with
an average amplification about 5. The different components show different amplification be-
tween 0.5 and 2 Hz. However, the H/V for noise shows very low amplification in the lower
frequencies and a de-amplification over the higher frequencies, suggesting amplification of
the vertical component. Also, there is no observation of a clear peak, which might be indicative
of low impedance contrasts between the bedrock and overlying sediments.

Figure 13 shows the results of the array analyses for different location in the city. Array 1,
which is located in the northern part of the city near Lake Issyk-Kul shows the lowest shear
wave velocity, with values as low as 200 m/s near the surface. Arrays 2 and 3, which are lo-
cated near the center of the city, show almost the same shear wave velocity, about 300 m/s,
near the surface. This is consistent with the amplification observed from the SSR and H/V.

Figure 14 shows the resonance frequency map of Karakol obtained from the analyses of single
station noise measurement points in the city. It is seen that across the city there is a very low
resonance frequency. The southern part shows a frequency about 0.4 Hz with the highest
about 0.67 Hz near the center of the city.
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Figure 12: Site amplification for station KAQ7 in the northern part of the city near Lake Issyk-Kul, using different
components and methods. (a) Site amplification from using SSR method. (b) Site amplification using H/V spectral
ratio method. The grey color indicates + 1 standard deviation.

The analysis of site effects using different methods show the largest site amplification in Ka-
rakol in the north near Lake Issyk-Kul. The difference in amplification using different compo-
nents of ground motion suggests a strong lateral heterogeneity of the deeper structure. Based
on the resonance frequency obtained by the single station noise measurements and the shear
wave velocity structure obtained by the array analyses, it is expected that the bedrock is lo-
cated deeper than 500 meters.
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Figure 13: Results of array analyses in Karakol at different locations as shown in Figure 10.
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Figure 14: Resonance frequency map of Karakol estimated from the H/V spectral ratios of noise.
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3 Integration of site effects into PSHA for Bishkek

Although the variability in the surface geology potentially leads to the modification of earth-
guake-induced ground motion over short distances, it is very often not appropriately ac-
counted for when considering seismic hazard assessment at the urban level. For Bishkek, the
influence of geological structure on the seismic hazard assessment is considered using differ-
ent proxies for the site effects. This includes the shear wave velocity and the response spectral
ratios.

In order to carry out the seismic hazard assessment for Bishkek, the areal sources are taken
from the regional hazard model for Central Asia (Ullah et al., 2015), including those that are
only partly within a buffer distance of 200 km from the center of the city. These sources are
designed mainly based on the crustal seismicity distribution, considering events with hypo-
central depths less than 50 km. The earthquake catalog used was compiled after having con-
verted the original magnitudes of the events to a common Moment magnitude Mw. Figure 15
shows the location of the area source model for Bishkek along with a buffer distance around
the city.

Site effects are accounted for in the PSHA by considering them directly in the ground motion
prediction equation (GMPE) via the Vs30 values estimated at each site (based on the array
measurements presented in section 2.1.2) and the response spectra amplification factors, es-
timated by considering the empirical site responses derived for Bishkek (section 2.1). Please
note that Vs30 refers to the average S-wave velocity in the uppermost 30 m. More details are
reported in Ullah et al. (2015). The Boore and Atkinson (2008) GMPE is used in this study, since
1) no data are available for an ad-hoc calibration or selection of any existing relationships and
2) it is recommended by GEM for active shallow crust conditions.
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Figure 15: Area source model for Bishkek. The area sources are taken from the EMCA model for the region (UI-
lah et al., 2015).
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Figure 16: Estimated seismic hazard variation within the city of Bishkek for rock-site conditions (Vs30=900m/s),
for a 10% probability of exceedance over 50 years.

Figure 16 shows the maximum and minimum values of the Spectral Acceleration (SA) with a
10% probability of exceedance over 50 years, obtained in different localities when considering
a uniform rock site conditions for the area of Bishkek. The values are very close, showing that
when site effects are not accounted for, the level of hazard shows little small spatial variability.
Furthermore, in this case only a slight increase in the expected ground motion from north to
south is observed (Figure 17), very likely related to the dominance of the shaking produced by
the larger number of earthquake sources in the south. The largest hazard observed for this
model is represented by a SA of 0.45 g at 0.1s (10 Hz) and a PGA reaching 0.21 g in the southern
outskirts of the city.

Figure 18 again shows the maximum and minimum values of SA with 10% probability of ex-
ceedance over 50 years, but this time including the variability associated with Vs30. The max-
imum hazard values found in this case are 0.64 g for the SA at 0.3 s and 0.31 g for the PGA.
Note that differently from what was obtained when only rock-site conditions are considered,
the largest values are found in the northernmost area of the city (Figure 19). This is the area
where, due to the low S-wave velocities, the highest amplification of ground motion is esti-
mated to occur.

Similar trends in the results are observed when site effects are accounted for through the
response spectra ratio coefficients calculated using the estimated empirical site responses.
That is, the minimum and maximum SA curves show (Figure 20) larger values than those cal-
culated for rock site conditions (Figure 16) and the area affected by the largest hazard be-
comes the northernmost one (Figure 21). However, in this case, the maximum hazard calcu-
lated for SA at 0.5s reaches values up to 1.13g, much larger than that obtained by considering
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Vs30 only. It should be noted that, owing to the amplification at the reference station above
2 Hz, calculations for shorter periods below 5s (above 2 Hz) are not carried out. In any case,
based on these results, it should be remarked that these values, when extrapolated to a first
order for the PGA are of the same order of magnitude to what could be estimated by convert-
ing the intensities of the old Bishkek micro-zonation maps in PGA using empirical regressions
such as those of Ulomov (1999).
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Figure 17: Seismic hazard in terms of 10% probability of exceedance over 50 years for rock-site conditions. The
hazard is shown for PGA and spectral acceleration at different selected periods in terms of g.

Scientific Technical Report STR 16/02. GFZ German Research Centre for Geosciences.

http://doi.org/10.2312/GFZ.b103-1602en

17


http://doi.org/10.2312/GFZ.b103-1602en

0.7 T T T T T T T T T
max within the city
min within the city

SA [a]

0 0.5 1 1.5 2 25 3 3.5 4 45 5
Period [Sec]

Figure 18: Estimated seismic hazard variations within the city of Bishkek considering site effects based on Vs30
variations, for a 10% probability of exceedance over 50 years.

43 : - - 43
42.95" 42,95

429 42.9

42.85 42.85
4281 428+
42.75 42,751
427+ 427+
42.65 42.65 L 3. i i i i i i
7445 745 7455 746 7465 747 7475 7438
43

43 T . T
4295 4295

42.9 42.9

42.85 42.85

4281 428¢

42.75; 42.75;

427 42.7+

i i i i i 1 I 0‘02‘ 4.
7445 745 7455 746 7465 747 7475 748

42.65 7445 745 7455 746 7485 747 7475 748
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values. The level of hazard is shown for PGA and spectral acceleration at diff. selected periods of g.
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Figure 20: Estimated seismic hazard variations within the city of Bishkek considering site effects estimated from
response spectrum ratios, for a 10% probability of exceedance over 50 years.
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Figure 21: Estimated hazard for 10% probability of exceedance over 50 years considering site effects in terms of
response spectrum ratios for different spectral periods.
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4 Conclusions and final comments

With regards to the different methodologies used for site assessment in Bishkek, we find that
although the NHVSR (Noise Horizontal to Vertical Spectral Ratio) shape, especially at interme-
diate frequencies, might be different from the SSR (Standard Spectral Ratio) gained from the
same station, their variability is consistent with that of the SSR. Therefore, although seismic
noise cannot be used to estimate directly the site response of the site, it is a useful tool, when
combined with a limited number of temporary station earthquake recordings, to improve the
spatial resolution of the site response variability.

Introducing site effects into the seismic hazard assessment of Bishkek changes the orientation
of the estimated hazard trend with respect to rock site conditions, which assumed homoge-
neous Vs30 values over the whole urban area. For the rock site condition, the southern part
of Bishkek has the highest hazard, with a slight decrease of hazard towards northern part of
the city. The maximum hazard observed for Bishkek considering rock site conditions is 0.21 g
PGA, with 0.45 g spectral acceleration at 0.1 s in the southern part of the city for a return
period of 475 years. However, including site effects into the hazard analysis inverts the trend
of hazard in the city. Using the Vs30 values, the maximum hazard is observed at 0.3 s, having
0.64 g spectral acceleration with 0.31 g PGA in the northern part of the city for a 475 years
return period. For the response spectral ratios, the maximum hazard is calculated for spectral
acceleration at 0.5 s reaching up to 1.13 g for a 475 years return period. Using response spec-
tral ratios and Vs30 as proxies for site effect shows not only the importance of including site
effects in hazard studies, but also shows the importance of selecting the proper proxy. In par-
ticular, the Vs30 might not be the most appropriate proxy for large basins, like the Chu one,
where the effect of intermediate to long-period waves become more important, which might
lead to the underestimation of ground motion. On the other hand, considering response spec-
tral ratios as a proxy for site effects estimated from weak motion data might not be an appro-
priate for sites having large seismicity, potentially leading to an overestimation of the ground
motion since it is not accounting for the soil’s nonlinear behavior. While this might be a rela-
tively minor problem in the southern parts of the city where the soil mainly consists of boul-
ders and pebbles grading slowly to gravel toward the center of the urban area, it can be a
problem for the northernmost part of Bishkek where silty deposit and loess prevail.

Further studies should also be carried out to account for possible nonlinear soil behavior and
liguefaction.
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