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Keywords Abstract: Seismic hazard in city center of Kayseri is evaluated with probabilistic
Probabilistic seismic hazard, approach in this study. Earthquakes happened between 1900 and 2018 around the
Seismic hazard curve, city are considered for the evaluation, and magnitude-recurrence relation of these
Seismic hazard events is obtained. Using a ground motion prediction equation, peak ground
deaggregation, acceleration, spectral accelerations at period of 0.2 and 1 sec with different return
Kayseri periods are calculated and corresponding seismic hazard curves are demonstrated.

Uniform hazard spectra are constructed and compared with those spectra
obtained from Turkish seismic design code. Also, seismic hazard is deaggregated to
distinguish how different magnitude and distances contribute expected hazard in
the city center. Seismic hazard curves obtained in this study can be used to
construct earthquake spectra for different return period earthquake events, and
for the selection of ground motions to be used in dynamic analysis of structures.
Results of seismic hazard deaggregation show that mean magnitudes contributing
the hazard at the site considered are around 6.3 for peak ground acceleration and
spectral acceleration at 0.2 sec, and 6.7 for the spectral acceleration at 1 sec period
for both probability of exceedance of 2% and 10% in 50 years and soil types that
have shear wave velocity of 760 m/s or higher.

Kayseri ili Sehir Merkezinin Olasiliksal Sismik Tehlike Degerlendirmesi

Anahtar Kelimeler 0z: Bu calismada Kayseri ili sehir merkezindeki sismik tehlike olasiliksal yaklasim
Olasiliksal sismik tehlike, ile degerlendirilmistir. 1900 ve 2018 arasi sehir cevresinde meydana gelen
Sismik tehlike egrileri, depremler degerlendirme icin dikkate alinmis ve bu depremlerin magnitiid-
Sismik tehlike frekans iliskisi elde edilmistir. Yer hareketi tahmin denklemi kullanarak farkh
ayristirilmasi, tekerrir periyotlarina sahip maksimum yer ivmesi, 0.2 ve 1 saniyeye karsilik gelen
Kayseri spektral ivmeler hesaplanmis ve bunlara ait sismik tehlike egrileri gosterilmistir.

Uniform tehlike spektrumlari elde edilmis ve Tiirkiye deprem yonetmeliginden
elde edilen spektrumlarla karsilastirilmistir. Ayrica, sismik tehlike, farkli magnitiid
ve mesafelerin beklenen tehlikeye nasil katki yaptigini belirlemek igin
ayristirilmistir. Bu ¢alismada elde edilen sismik tehlike egrileri, farkli tekerriir
periyotlu depremler icin spektrumlarin olusturulmasinda ve yapilarin dinamik
analizinde kullanilacak yer hareketlerinin se¢iminde kullanilabilir. Sismik tehlike
ayristirmasinin sonugclar1 gostermektedir ki belirlenen alan i¢in tehlikeye katkida
bulunan ortalama magnitiid degeri, ortalama kayma hiz1 760 m/s ya da daha fazla
olan zeminlerde, 50 yilda asilma olasilig1 %2 ve %10 olan maximum yer ivmesi ve
0.2 saniye periotlu spectral ivme icin 6.3 civarinda, 1 saniye periyotlu spectral
ivme i¢in 6.7 civarindadir.

*lgili Yazar, email: huseyin.cilsalar@bozok.edu.tr
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1. Introduction

Structural analysis is critical to evaluate collapse performance, which requires having a model that can capture
all failure modes and deterioration mechanisms properly, especially near collapse of the building. In addition,
estimation of loads is also significant to the structural design. One of the most complicated load types that may
act on a structure during the service life is earthquake load. Because it is dynamic and there is no clue
beforehand where and when it may occur. These properties of earthquakes, along with many others, determine
ground motions to be used in collapse or fragility analysis and this significant issue needs to be addressed before
any structural analysis is performed. Also, earthquake spectra which form base for these analyses are mainly
related with the expected earthquake.

However, there is no any information available at the time of design of a structure about future earthquakes. So,
best estimation should be made based on the past events so that structures withstand against ground shaking.
This estimation of future earthquakes are carried out using two different methods; deterministic and
probabilistic seismic hazard analysis (PSHA). Former method is about to determine the worst-case earthquake
scenario. This may seem simple at first. However, making a decision on just one event that has highest intensity
on site is not an easy task. High magnitude events further away from the site can be more intense than nearby
events with low magnitude. Hence, all different possible scenarios, occurring at different magnitude and
locations, should be taken into account and decision should be made out of all these events.

Probabilistic seismic hazard analysis, on the other hand, is a tool that was developed to evaluate seismic hazard
at a site considering magnitude and location uncertainties of future earthquakes based on probabilistic method,
using earthquakes in the past. It was first introduced by C. Allin Cornell in 1968 [1], and instead of just one event,
all earthquakes that may occur around the site are considered for the calculation, with different magnitude and
locations. Its history, early and recent developments are summarized in [2]. In addition to earthquake magnitude
and location, using a ground motion prediction relation, ground motion intensity and related statistics are
computed such as probability of exceedance of acceleration at different structural periods. Combining all these
results, seismic hazard for the considered site is calculated.

In this study, probabilistic seismic hazard analysis approach is used to evaluate seismic hazard of city center of
Kayseri. Some similar studies are available in literature for different parts of Turkey [3-8]. Magnitude-
recurrence relation is calculated using past events around city center, which happened between 1900 and 2018.
These earthquakes are obtained from Disaster and Emergency Management Presidency (AFAD) [9]. All
earthquakes occurred within radius of 150 km around the site are considered for calculation. Annual rate of
exceedance of different ground motion intensities are also calculated and seismic hazard curves are illustrated
for 43, 72, 475, and 2475-year return periods. Uniform hazard spectrum (UHS) is constructed using these
seismic hazard curves and compared with those obtained from Turkish seismic design code (TSDC) [10] for
different types of soils. Seismic hazard deaggregation procedure [11] is employed to have an idea of how
different magnitudes and distance parameters are contributing hazard at city center and mean values of
magnitudes and distances, contributing to hazard, are obtained.

2. Material and Method
Probabilistic seismic hazard analysis is performed considering five steps following;

1- First step is to identify each possible earthquakes source or sources that can produce earthquake which
has possible damage to structure at site. These source or sources might be point, line and area, or
combination of these three, in plane. However, more complex source models can also be assumed such
as three dimensional sources which are computationally expensive.

2- All earthquakes happened in a time frame on the source, determined at first step, are obtained, and
occurrence of each event, greater than a specific magnitude, per year is computed.

3- Depending on the source type, probability of location of an earthquake is calculated in this step.

4- Probability distribution of ground motion intensity such as peak ground acceleration (PGA), peak
ground velocity (PGV) or spectral acceleration at a structural period of T, S;(T), should be determined
at this step. A ground motion prediction equation (GMPE) is needed for this calculation and it should be
applicable to the site considered.

5- Last step is to combine all statistics obtained through Steps 1-4, and to compute mean annual rate of
exceedance or seismic hazard curve of a ground motion intensity parameter considered at Step 4.
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2.1 Seismic sources around the city and identification of the source

Kayseri and its vicinity in the Central Anatolia Region are under the influence of important fault zones. One of the
most important fault zones is the NE-SW trending Central Anatolian Fault Zone with a left lateral strike slip
within the continent that controls Kayseri and its vicinity and the eastern part of Central Anatolia (CAFZ) [12], as
shown in Figure 1a. NE trending fault, which is approximately 730 km long and 2 to 80 km wide, consists of 24
segments while covering the Anatolian plate [13]. This fault zone is bending in the region of Kayseri and forms
Erciyes pull-apart basin and Erciyes volcanic complex [13]. The Erciyes pull-apart basin is defined as an S-
shaped active-growing depression area of approximately 35 km wide, 120 km long and 1.2 km deep [13], as
illustrated in Figure 1b. It is controlled by important fault segments that control the western and eastern borders
of this depression area in which Kayseri is located. The Kizilirmak-Erkilet and Yesilhisar fault segments of the
OAFZ are bounded by the western part of the Erciyes pull-apart basin. Kizilirmak-Erkilet segment is 2-10 km
wide, 170 km long and has a N50°E extension. The Yesilhisar fault segment is a normal strike component with an
N-S extension and step morphology with a width of 8 km, length of 60 km from several hundred meters. The
eastern part of the basin is bordered by Dundarli-Erciyes and Develi subfault segments, which are found under
the Dometmetas fault segment and lower branches. Dundarli-Erciyes fault segment is a left lateral strike fault
with normal strike component is 83 km long and N17°E trend. The Develi fault segment is an oblique-slip with
normal fault, its extension is NNE and has a length of approximately 104 km [13] Figure 1b.

DES : Diindarli - Erciyes Segment
DVS : Develi Segment
KES : Kizilirmak-Erkilet Segment
YS : Yesilhisar Segment
-39
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Figure 1. a) Simplified neotectonics map of Turkey and the environment (DSFZ: Dead Sea Fault Zone, SLFZ: Salt Lake Fault
Zone, NAFZ: North Anatolian Fault Zone (modified from [12]), b) Neotectonic map of the Erciyes pull-apart basin included in
the Central Anatolian Fault Zone modified from [13]).
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Although the exact location and magnitude of the outer center is not known in Kayseri and its vicinity, 10
historical earthquakes were recorded, and these are given in Table 1 [14]. These earthquakes occurred in the
vicinity of Nigde, Develi, Kayseri, and Sivas.

Table 1. Historical earthquakes in Central Anatolia between the years 240-1900 [14]

Date Coordinates Location Intensity

(year/month/day)
240 Kayseri-Sivas IX
1104 Nigde IX
1205 38.70-35.50 Kayseri VIII
1695.01.01 Sivas
1704.06.09 Kayseri
1714 Kayseri VII
1717.05.09 38.70-35.50 Kayseri VIII
1754.09.16 39.75-37.00 Kangal (Sivas) VII
1779.03.14 Divrigi (Sivas)
1835.08.23 38.30-35.50 Develi (Kayseri) | VIII

A catalogue is formed using the data obtained from [9], for the seismic hazard evaluation of city center. This
catalogue includes events between 1900 and 2018, and magnitude of these earthquakes are higher than 4. It is
observed that all earthquakes are scattered all around the city center, and there is not an accumulation of events
on a fault segment dominantly. So, it is reasonable to assume an area source model for the earthquakes. Hence,
line source is omitted. A circle with a radius of 150 km is defined as area source. Occurrence of each magnitude
of earthquakes in the area per year is key parameter for the PSHA calculation.

Earthquake catalogue includes different types of magnitude definition and they are needed to be converted a
single type that can be used in ground motion prediction equation. So, all magnitudes are converted to the
moment magnitude, Mw. Conversion relations proposed by [15] are used in this study as given in Equation 1.

M,, = 2.25M, — 6.14
M, =1.27M,; — 1.12 (1)
M,, = 1.57M, — 2.66
M,, = 0.54M, + 2.81

After conversion of magnitudes, they range approximately from 3 to 6.5 within the area source that is previously
defined. All these data are ranked to obtain annual occurrence of events within the time frame considered in the
catalogue. Recurrence relation is calculated by Gutenberg-Richter recurrence law [16], as given in Equation 2.

log10(A4n) = a — bM (2)

In this equation M is the magnitude of an earthquake, a and b are regression coefficients and 4,, is the rate of
earthquakes with magnitude M. Cumulative distribution function of a magnitude can be estimated based on a
and b coefficients in Equation 2. However, it is unrealistic to assume that a source can produce any magnitude.
Therefore, event magnitudes are needed to be limited so that reasonable estimation can be made with the data.
In this study, only magnitudes between 4 and 7 are considered. Earthquakes which have magnitudes less than 4
are not expected to damage a structure. So, magnitudes below this omitted for the sake of computational
convenience. On the other hand, upper value is limited to be 7 due to lack of data at high magnitudes.
Considering this bounding, cumulative distribution function of can be expressed depending on the coefficients in
Equation 2.
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1 — 10~bm-mmin )

m = 1 — 10~ 2(Mmax—mmin) Mmin < M < Mmax (3)

F,, is cumulative distribution function of magnitude, m, m,,,, and m,,;, are the maximum and minimum
magnitudes that source can produce, respectively. Figure 2 shows annual rate of exceedance of earthquakes
magnitudes as result of the computation.

10° ; .

Annual rate of exceedance

4 4.5 5 5.5 6 6.5 7
Magnitude (Mw)

Figure 2. Magnitude recurrence relation based on bounded Gutenberg-Richter law

2.2. Ground Motion Prediction Equation

After distribution of earthquake magnitudes and locations are determined, next step is to evaluate statistics of
specific ground motion intensities. This requires a ground motion prediction equation (GMPE) which can be used
for the site under consideration for seismic hazard. GMPE is a formulation to calculate different intensities of
ground motion depending on some parameters such as, magnitude, distance, fault type, soil type etc.

There are some ground motion prediction equations available, proposed for Turkey, [17-20] in horizontal
direction. A prediction relation for vertical ground motions in Turkey is proposed by Kalkan and Giilkan [21],
and other studies are also investigated vertical ground motion in Turkey [22-23]. In this study, proposed method
by Kale et al. [20] in horizontal direction is used. General form of this prediction relation is given in Equation 4.
This model have controlling parameters of magnitude scaling, (fqg), geometric decay, (fus), type of fault
mechanism on site (f;,¢), site effects (fs;;.) and elastic attenuation (f,,) to calculate logarithmic mean value of a
ground motion intensity. Here, Y can be any of peak ground acceleration (PGA, g), peak ground velocity (PGV,
cm/s) or spectral accelerations at different structural period. This model can predict ground motion parameter
of an earthquake that have moment magnitude (M,,) between 4 to 8 and Joyner-Boore (R]B) distance up to 200
km. So, in this study all distances are calculated as Joyner-Boore distance to be consistent with the prediction
relation used. Soil type is also another input parameter for this prediction relation and shear wave velocity at
upper 30 m part, (V;)s,, of the soil is considered for calculation. Change in PGA value with respect to distance
and magnitude is illustrated in Figure 3 for (V;);, value of 760 m/s.

Iny = fmag + fais + fsof + faat T fsite (4)

There are six different types of soils defined in TSDC, from ZA to ZF, and classification depends on (V})5, and
other soil properties. In this study, values for ()3, are selected to be 1500 m/s, 760 m/s, 360 m/s and 180 m/s.
These values represent transition between soil types of ZA-ZB, ZB-ZC, ZC-ZD and ZD-ZE, respectively. Seismic
hazard curves and uniform hazard spectra for each types of soil are constructed and compared with the TSDC.
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Figure 3. PGA change depending on magnitude and distance for used ground motion prediction equation

Standard deviation of ground motion intensity is also calculated with this proposed GMPE by [20], which is also
used to determine probability of exceedance of ground motion parameters for the PSHA calculation.

2.2. Seismic hazard curves

Last part of probabilistic seismic hazard analysis is to combine all information obtained in the previous steps.
Probability density functions of magnitude, f,,,(m), distance,f, (r) and a ground motion parameter for a distinct
value of m and r, P(IM > x|m,r), which is calculated from a GMPE, are combined all together to obtain
probability of an intensity measure, IM, being greater than an arbitrary value of X, as shown in Equation 5.

P(IM > X) = fmmaxfrmaxP(IM > x|m, ) fr, (M) f,.(r) drdm )
0

Mmin

However, this equation does not include any information about frequency of an event or annual rate of
exceedance. Including magnitude-recurrence relation of the source in the equation, Equation 5 can be written
as;

AUM > X) = AM > my.,) J e J " DU > xlm, P () () drdm ©)

Mmin 0

In this equation A(M > m,,;,,) is the rate of occurrence of earthquakes in a source with magnitudes greater than
Myin and it is calculated as given in Equation 7.

AM > M) = 10%7PMmin (7
(IM > X) gives rate of an intensity measure greater than X. Considering all sources and discrete distribution of

magnitude and distance Equation 6 is written for the discretized values of magnitude and distance as given in
Equation 8.

Nsources Nm Npr
i=1 Jj=1 k=1

Ngources 1S number sources considered, Ny, and Ny denote number of magnitudes and distances discreteized at
M; and Ry. Summation of these quantities in Equation 8 yields mean annual rate of exceedance of a ground
motion intensity, A(IM > X). Repetitive calculation of this step gives seismic hazard curve for considered IM.
Detailed explanation for introduction to PSHA and related calculations, and extension of the method to
deaggregate seismic hazard can be found in [24].
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3. Results

Probabilistic Seismic Hazard Assessment of City Center of Kayseri

Seismic hazard curves for four different soil types are computed. Moreover, uniform hazard spectrum (UHS) for
these soil types is given. In TSDC, four different earthquake levels are defined from DD-1 to DD-4. DD-1 is the
highest earthquake level, defined in the code, with 2% probability of exceedance in 50 years. Other levels DD-2,
DD-3 and DD-4 have 10%, 50% and 68% of probability of exceedance with return periods of 475, 72 and 43
years, respectively. So, these time values are used for return period of the earthquakes to compute UHS.

Figure 4 shows seismic hazard curves for four different types of soil and three different ground motion
intensities. Horizontal lines are added in the figures to show time horizons determined to construct UHS.
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Figure 4. Seismic hazard curves for different ground motion intensities and soil types
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Design spectra are based on short and long period spectral acceleration coefficients, which are given as spectral
accelerations at 0.2 and 1 sec as per TSDC. So, seismic hazard curves are calculated for S, (T = 0.2 sec), and
S,(T = 1sec), in addition to PGA. Seismic hazard curves for these three different ground motions with
different soil parameters in hand, spectra for any return period event can be constructed without any
sophisticated calculations.

Uniform hazard spectrum (UHS) is obtained based on a target return period or rate of exceedance. Accelerations
values on different seismic hazard curves corresponding to distinct return period are selected and plotted
against structural period. So, each point on a UHS has the same annual rate of exceedance. Following Figures 5-8
show uniform hazard spectra, each one of these correspond to different earthquake levels defined in TSDC, and
soil types. Observed uniform hazard spectra are also compared by the design spectra from TSDC. In these figures
P, is the probability of exceedance of each point on the spectrum.

Pex=68% in 50 years (43-year return period) Pex=50% in 50 years (72-year return period)
0.25 w \ \ 0.25 ‘ T . T T :
——PSHA-(V ), =1500 m/s ——PSHA-(V_),,=1500 m/s
S 02l - - -TSDC-ZB ° 02t - - -TSDC-ZB
~ - = =TSDC-ZA ~ - ==TSDC-ZA
c c
) 2
© ®
§ 0.15 E 0.15
[V] ]
Q Q
[¢] %)
S 04 S 04
g g
©° 0
2 a
& 0.05 & 0.05
0 0 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4
T (sec)
(b)
Pex=10% in 50 years (475-year return period) Pex=2% in 50 years (2475-year return period)
0.5 T T 1 T T T T T T T
——PSHA-(V ), =1500 m/s 09/- - ——PSHA-(V ), =1500 m/s |
S04t = =/-TSDC-ZB S0l - - -TSDC-zB
& . - - -TSDC-ZA - i - ==TSDC-ZA
c c I
2 007}
® ® ol
E 0.3 E’ 0.6
] 05
(%] o
So0.2 S04
g g
5 5037
2 2
0.1
0 Il Il Il Il Il Il Il 0 Il 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4 0 0.5 1 1.5 2 25 3 3.5 4
T (sec) T (sec)
(0)

(d)
Figure 5. Comparison of UHS and design spectra for different return period event, (V;)30 = 1500 m/s
(a) 43-year event (b) 72-year event (c) 475-year event (d) 2475-year event
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It is observed that PSHA predicts higher values of accelerations for 43 and 72-year return period event for
almost all structural periods and soil types, although, it is converging to the design spectra at periods around 4
sec. Constant acceleration range for the spectra obtained by PSHA is observed to be wider for these earthquake
levels, as well. For earthquakes level of DD-1 and DD-2, PSHA results fall between two spectra at low periods,
and almost same with them in large periods. Here please note that shear wave velocity shown in the graphs are
the transition value between two soil types given in the same figure, and these soil types are defined in TSDC.
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Pex=68% in 50 years (43-year return period)
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Figure 7. Comparison of UHS and design spectra for different return period event, (V;)3, = 360 m/s
(a) 43-year event (b) 72-year event (c) 475-year event (d) 2475-year event
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Figure 8. Comparison of UHS and design spectra for different return period event, (V;)3, = 180 m/s
(a) 43-year event (b) 72-year event (c) 475-year event (d) 2475-year event

Seismic hazard at the site is deaggregated for the events that have 2% and 10% probability of exceedance in 50
years for the soil types with shear wave velocity of 760 m/s and 150 m/s. Contribution of magnitude-distance
pairs to the hazard is calculated, and mean values of these are given in Table 2 for peak ground acceleration, and
spectral accelerations at structural period of 0.2 and 1 second. For PGA, mean magnitude values are about 6.3,
for short and long period spectral accelerations, it is around 6.25 and 6.70, respectively. Mean values of distances
for PGA and short period spectral acceleration are around 14 km in 2475-year event and it is higher for 475-year
event as expected. Distance values contributing to hazard, spectral acceleration at 1 sec structural period, is
observed to be around 41 km and 53 km for 2475 and 475-year events, respectively.
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Table 2. Mean values of magnitude-distance contributing to hazard

Probability of exceedance in 50 years
0, 0,
Vs (m/s) M Parameter 2% 10%
M, 6.32 6.29
PGA R (km) 14.34 20.19
M 6.27 6.23
760 | So(T = 0.2 sec) R (km;n) 14.24 19.75
B M, 6.70 6.69
Sa(T =1 sec) R (km) 4157 53.28
M, 6.32 6.28
PGA R (km) 14.30 20.44
M 6.28 6.24
1500 | S, (T = 0.2 sec) R (km;n) 13.95 19.45
— M, 6.70 6.69
Sa(T = 1sec) R (km) 41.56 53.10

4., Discussion and Conclusion

Seismic hazard evaluation of city center of Kayseri is performed in the paper using probabilistic seismic hazard
analysis approach. An earthquake catalogue is formed within a time frame and area source with radius of 150
km is defined for potential earthquakes around the city. Annual occurrence of each magnitude in the data and
probability distribution of location of earthquakes are calculated.

Seismic hazard curves for PGA and spectral accelerations at period of 0.2 and 1 sec are illustrated for different
soil types depending on shear wave velocities, which represent boundary between different soil types. Also,
UHSs are constructed and compared with the design spectrum given in TSDC. Results of PSHA tend to yield
higher values for low return period event for almost all structural periods, although it is relatively closer to code
spectra for high periods. It is also observed that constant acceleration period region in UHS obtained from PSHA
tend to be wider. In addition to seismic hazard curves and UHSs, seismic hazard at the site considered is
deaggregated and mean values of magnitude-distance pairs contributing the hazard are calculated. Mean values
of magnitude contributing the hazard at the site for two different soil types are around 6.3 for PGA and
S4(T = 0.2 sec), and 6.7 for S,(T = 1 sec) . These values of magnitudes are valid for events with 475 and 2475
years return period. In addition, another deaggregation parameter, R, is also calculated to evaluate how different
distance values are contributing the hazard. Mean values of R parameter are around 14 km and 20 km for PGA
values that have 2% and 10% of probability of exceedance in 50 years in those soil types which have 760 m/s or
higher shear wave velocity.

Results of this paper can be used to compute seismic hazard of peak ground acceleration, spectral accelerations
at 0.2 and 1 sec for different soil types and return periods. Uniform hazard spectrum can also be constructed for
different level of earthquakes, and ground motions to be used for collapse evaluation can be selected accordingly.
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