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ABSTRACT: Seismic microzonation is conducted to assess the seismic hazard on the ground
surface with respect to ground shaking intensity. A probabilistic seismic hazard study is con-
ducted to define earthquake characteristics on the rock outcrop. A grid system is generated to
divide the investigation area into cells according to geological and geotechnical data. Site char-
acterizations are based on available information to define soil profiles for each cell with soil
stratifications and shear wave velocities extending down to the engineering bedrock. Site-specific
1D site response analyses are carried out for all soil profiles, based on the engineering properties
of encountered soil layers, selection and scaling of the sufficient number of input acceleration
time histories compatible with the regional seismicity and earthquake source characteristics. The
microzonation study carried out for Zeytinburnu town on the European side of Istanbul with
respect to ground shaking intensity is presented. The importance of the selection of the microzo-
nation parameters for assessing ground shaking intensity is discussed.

1 INTRODUCTION

Earthquake loss estimation scenarios based on seismic microzonation are essential for city
planning, disaster preparedness, risk reduction and hazard mitigation decisions, and urban
rehabilitation actions in earthquake prone areas. Loss estimation due to earthquakes in an
urban environment is a very complex process that requires detailed building inventories, real-
istic estimation of earthquake characteristics on the ground surface and comprehensive assess-
ment of building vulnerabilities. Seismic microzonation is a methodology for evaluating
ground motion characteristics during earthquakes on the ground surface based on the local
soil profiles. The purpose is to enable assessment of the vulnerability of the building stock for
different hazard levels. Microzonation with respect to ground shaking intensity and the assess-
ment of the vulnerability of the urban environment would require site specific free field earth-
quake characteristics on the ground surface based on a grid system. The earthquake
characteristics on rock outcrop for each cell are determined from the probabilistic regional
seismic hazard analyses. The representative site profiles are modelled utilizing all borings and
in-situ tests and equivalent linear 1D site response analyses are conducted for estimating the
earthquake characteristics on the ground surface (Ansal et al., 2010).
A comprehensive microzonation project was carried out on the European side of Istanbul

for the Istanbul Metropolitan Municipality (OYO, 2007). 2912 borings (mostly down to 30m
depth with approximately 250m spacing) were conducted within an area of 182 km2 to investi-
gate local soil conditions. Standard Penetration tests (SPT), Cone Penetration tests (CPT),
PS-Logging, Refraction Microtremor (ReMi), seismic reflection and refraction measurements
were carried out at each cell. Samples collected in the field were tested in the laboratory to
determine index and engineering properties of local soils.
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Detailed microzonation studies are conducted over the years for Zeytinburnu town within
the microzonation area based on available soil data and probabilistic seismic hazard studies
(Erdik et al., 2004) to demonstrate their use and applicability for the urban planning and
rehabilitation projects in the city. In this perspective, a very important issue of defining the
microzonation parameters for ground shaking intensity is evaluated based on parametric
studies.

2 SEISMIC HAZARD AND EARTHQUAKE MOTION

It is preferable to adopt a probabilistic earthquake hazard assessment for microzonation since
urban planning is for long time and different earthquakes may be experienced. For estimating
possible damage distribution during a probable specific earthquake, deterministic scenarios
may be more suitable (Ansal et al., 2009). The probabilistic hazard study (Erdik et al., 2004)
was adopted for the present microzonation study.
Independent of the methodology for the earthquake hazard analysis, hazard compatible

recorded acceleration time histories are needed for site response analyses. It was demonstrated
by Ansal and Tönük (2007) that if limited number of acceleration time histories is used even
with scaling to the same PGA for site response analysis, the results may be scattered. Later
Ansal et al. (2018) observed that input acceleration time histories in the order of 20-22 records
are required to account for the variability due to the earthquake characteristics as also
observed by Papaspiliou and Kontoe, 2013.

2.1 Selection and scaling of input acceleration records

In the previous microzonation study conducted for the town of Zeytinburnu (Ansal, et al.,
2010), 22 acceleration time histories compatible with the earthquake hazard analysis for mag-
nitude range (Mw=7.0-7.4) and distance range (20-30 km) for strike slip fault, recorded on
sites with average shear wave velocity of Vs30 ≥ 600m/s were used as input motion from PEER
(PEER, 2010). These acceleration time histories were all scaled with respect to PGA on the
bedrock calculated for each cell based on the hazard study.
Bazzurro and Cornell (2004a, 2004b) observed that the most effective predictor for the site

amplification function is the spectral acceleration at the bedrock level. In the present study,
the same 22 input acceleration time histories are scaled with respect to the target acceleration
uniform hazard spectrum on the rock outcrop calculated from the hazard analysis for each
cell. The site response program package is modified to include an optimization scheme to
determine the best scaling parameter for each input record and for each cell separately. This
process involves minimization of the difference between the target uniform hazard spectrum
on the engineering bedrock and the acceleration response spectrum of the input acceleration
time history by modifying the peak ground acceleration without changing the frequency.

Figure 1. Comparison of spectral accelerations for PGA and spectrum scaled input acceleration records
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The comparison of PGA and spectrum scaling results for one cell are shown in Figure 1
with respect to target uniform hazard spectrum. The observed differences between PGA and
spectrum scaling is not very significant. However, the fit of mean spectra is better and the scat-
ter of the acceleration spectra for input acceleration records is reduced in the case of spectrum
scaling. It is important to decrease the scatter in the input level since it would decrease the
scatter on the ground surface in site response analyses.
Microzonation for Zeytinburnu town has been carried out several times over the last two dec-

ades depending on the availability of the in-situ geotechnical data as well as on the revisions in
the site-specific response analysis approach. In all these versions of microzonation studies, 1D
equivalent linear site response analyses were conducted by slightly modified version of Shake91
(Idriss and Sun, 1992, Ansal et.al. 2007). The site response analysis scheme used in this study is
also slightly modified to account for larger number of modulus reduction and damping ratio
relationships and larger number of soil layers to enable stress dependent (Darendeli, 2001) ana-
lysis, as well as larger number of acceleration values as input to enable use of recent records.

3 SITE CHARACTERIZATIONS

The microzonation area for Zeytinburnu town is divided into cells by a grid system of
250m×250m and site characterization is performed for each cell based on borings and seismic
in-hole or surface shear wave velocity measurements for defining representative soil profiles.
Shear wave velocity profiles are established down to the engineering bedrock with shear wave
velocity (Vs≥750m/s) as shown for few of the 209 cells in Figure 2.

3.1 Microzonation with respect to site conditions

An initial output of the microzonation study are microzonation maps with respect to engineer-
ing bedrock depth and equivalent shear wave velocity (Vs30) as given in Figure 3

The thickness of soil layers varies between 52-234m indicating significant differences in the
thickness of the soil layers. The microzonation with respect to Vs30 is useful in evaluating the
effects of site conditions. However, it only reflects the effects of site conditions in the top 30m.
In developing seismic microzonation maps, it is also necessary to include probable earthquake

characteristics in the analysis to achieve a more realistic and reliable results because the main

Figure 2. Few different soil profiles in Zeytinburnu
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controlling factors is the earthquake input. The purpose is to assess the ground shaking intensity
and ground motion characteristics on the ground surface. Thus, site characterisation with
respect to equivalent (average) shear wave velocity (Vs30) as well as results of site response ana-
lyses conducted for each cell should be evaluated together to achieve realistic results.

4 MICROZONATION WITH RESPECT TO GROUND MOTION INTENSITY

4.1 Selection of the microzonation parameter

The selection of the microzonation parameter is the critical step for the development of the
microzonation maps. There have been large number of suggestions concerning different
parameters such as; peak ground acceleration, peak ground velocity, peak ground displace-
ment, spectral accelerations, amplification ratios, Arias Intensity, Housner intensity and
response spectra ratio (Brax, et al., 2018; Mancini, et al., 2014; Pagliaroli, et al, 2014; Strollo,
et al., 2012; Lanzo, et al., 2011; Grasso and Maugeri, 2009; Singh et al., 2007; Parves et al.,
2003; Papadimitri et al., 2008; Alvarez et al., 2004, 2005; Pergalani et al., 1999).
In the previous microzonation studies conducted by the authors, the superposition of two

spectral acceleration parameters are used as the ground shaking intensity parameter because
of the general design procedure where most buildings are designed with respect to acceleration
spectra (Studer & Ansal, 2003, Ansal et al., 2004, 2005, 2009, 2010, Kılıc et al., 2006).

In assessing the ground shaking intensity, the first parameter considered was the peak spectral
accelerations for the short period (T=0.2s) calculated based on equivalent (average) shear wave
velocities (Vs30) for each soil profile using the relationships proposed by Borcherdt (1994);

Sa ¼ FaSS ð1Þ

where SS is the spectral acceleration at T=0.2s on the rock outcrop obtained from the seismic
hazard analysis. The spectral amplification factor, Fa was defined based on the average shear
wave velocity Vs30.

Figure 3. Bedrock depth and equivalent (average) shear wave velocity (Vs30) in Zeytinburnu
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with PGA as the peak ground acceleration at the rock outcrop based on the seismic hazard
analysis. As the second parameter, the average of spectral accelerations between 0.1 and 1s
was adopted as the microzonation parameter based on site response analyses using Shake91
(Idriss and Sun, 1992).
The proposed methodology for microzonation maps is based on the division of the investi-

gated urban area into three zones (as A, B, and C) with respect to the frequency distribution
of the selected ground shaking parameters as shown in Figure 5. The reason for such an
approach was to avoid using numerical values that may not be very meaningful for city plan-
ners, city officials and public. The superposition of zones is achieved based on the criteria
given below (Ansal et al., 2010).
AGS if Aavg and Aborch or Aavg and Bborch or Bavg and Aborch,
BGS if Bavg and Bborch or Aavg and Cborch or Cavg and Aborch,
CGS if Cavg and Cborch or Cavg and Bborch or Bavg and Cborch.
The microzonation with respect to average spectral accelerations (0.1-1.0s) based on site

response with PGA and Spectrum scaling are shown in Figure 5. The difference may be con-
sidered not very significant; however, the number of C cells is 75/209 while in the case of spec-
trum scaling it was 69/209. The difference decreases when ground shaking intensity (GS) is
plotted as the superposition of the microzonation maps with respect to short period (0.2s)
peak spectral accelerations by the Borcherdt procedure and average spectral accelerations for
the period range of (0.1-1.0 s) as given in Figure 6.
The major purpose of microzonation with respect to ground shaking intensity is to mitigate

the building damage in a city, therefore the most suitable parameter controlling building
damage need to be selected as the microzonation parameter. As shown in Figure 7, the results
of site response analyses for Zeytinburnu indicate that average spectral accelerations for (0.1-
1.0s) adopted as one of the microzonation parameters may not be very representative for
some cells specially with relatively deep soil profiles. In addition, the dominant building stock
types also need to be considered to assign the most suitable microzonation parameter. In Zey-
tinburnu most of the building stock was composed of not well engineered buildings that may
be flexible with longer predominant periods. Thus, the simplest modification may be to take
longer period range for the average spectral accelerations.

Figure 4. Relative microzonation approach adopted with respect to the statistical distribution
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Figure 5. Microzonation for Average Spectral Accelerations for PGA and Spectra Scaled input
motions

Figure 6. Ground Shaking Intensity Microzonation for PGA and Spectra Scaled input motions
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Figure 7. Acceleration spectra for different soil profiles with deeper bedrock depths

Figure 8. Ground Shaking Intensity Microzonation for Average Spectral Accelerations (0.1-1.0s) and
(0.1-2.5s)
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A parametric study was conducted to evaluate the differences in the microzonation maps
based on different parameters calculated for the acceleration time histories on the ground sur-
face. The first option was to compare the maps with average spectral accelerations for the
period ranges (0.1-1.0s) and (0.1-2.5s) to observe the effect of more representative average
spectral accelerations taking into consideration the longer period spectral accelerations shown
in Figure 8. The difference is not very significant, even though the number of C cell are same,
the number increased in south for soil cells with thicker profiles.
One of the most cited parameters in the literature with respect to building damage correl-

ation is the spectral intensity, SI (Housner Intensity) (Cabanas et al. 1997; Miyakoshi & Haya-
shi, 2000; Elenas, 2000; Elenas and Meskouris, 2001; Kramer and Mitchell, 2006; Perrault and
Gueguen, 2016). It was also observed that the Cumulative Absolute Velocity (CAV) has a
good correlation with the observed structural damage and it is also observed to be propor-
tional to the seismic intensity. In general, it was observed that PGA exhibits a poor correlation
while energy and spectral parameters have a good correlation with damage indices.
Riddel (2007) based on a comprehensive study for 23 ground motion parameters, concluded

that no index is found to be satisfactory over the entire frequency range. However, he sug-
gested Housner intensity (SI) as one the most appropriate. SI was observed to have the best
correlation and the least deviation with displacement demands for the considered RC building
stock, which makes it the best parameter to express the damage potential of earthquake
records (Ozmen & Inel, 2016). Similar observations have also been reported by Cao &
Ronagh (2014) for their case studies. It was also observed Wu et al. (2004, 2012) based on

Figure 9. Ground Shaking Intensity Microzonation for Average Spectral Accelerations (0.1-2.5s) and
Average Spectral Velocities (0.1-2.5s)
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damage distributions in 2011 Tohoku and 1995 Kobe earthquakes that structural damage is
better correlated with spectral Intensity, SI.
One other option is microzonation with respect to Average Spectral Velocities (0.1-2.5s)

instead of Average Spectral Accelerations (0.1-2.5s). Even though the number of C cells are
same in both, the distributions are different increasing in deeper soil profiles while decreasing
for shallow soil profiles in the case of average velocity spectra. In the case of ground shaking
intensity map as average velocity spectra as the second parameter (Figure 9) the difference
between the two alternatives decreases slightly.
The velocity spectral intensity and acceleration spectrum intensity may be other microzona-

tion parameters as suggested by some researchers. The microzonation procedure was modified
slightly to calculate spectral intensities for Zeytinburnu 209 cells for 22 acceleration time his-
tories and the average spectral intensities. The difference between microzonation maps with
respect to acceleration and velocity spectral areas are significantly different. However, as
shown in Figure 10, the difference in the case of ground shaking intensity microzonation maps
the difference is not very significant.
One other option is to adopt the second microzonation parameter as the Cumulative Abso-

lute Velocity (CAV) or as Housner Intensity that was observed to have good correlation with
the observed structural damage. The microzonation with respect only to CAV and Housner
Intensity is given in Figure 11. As can be observed the distribution of C cells are significantly
different dur to the different definition of these two parameters. However, as shown in the
ground shaking intensity microzonation maps in Figure 12 for ground shaking microzonation
maps for cumulative absolute acceleration and Housner Intensity the difference decreased sig-
nificantly. This indicates the advantages of double parameter microzonation. In engineering
applications, it is always preferable to analyze using all available methodologies to arrive to a
more comprehensive understanding of the solution to the investigated problem. In assessing
the ground shaking intensity, it appears preferable to merge the results obtained from site
response analysis with the empirical amplification scheme proposed by Borcherdt (1994)

Figure 10. Ground Shaking Intensity Microzonation for Acceleration and Velocity spectra
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Figure 11. Microzonation for Cumulative Absolute Velocity and Housner Intensity

Figure 12. Ground Shaking Intensity Microzonation for Cumulative Absolute Velocity and Housner
Intensity
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based on average shear wave velocity (Vs30) that has been widely adopted in major earthquake
codes in EU and USA.

5 COMPARISONS WITH PREVIOUS MICROZONATION STUDIES

In the present microzonation study for the town of Zeytinburnu, 22 new and different acceler-
ation time histories compatible with the earthquake hazard analysis for magnitude range
(Mw=6.0-8.0) and distance range (20-40km) for strike slip fault, recorded on sites with average
shear wave velocity of Vs30≥600m/s were selected as input motion from PEER (PEER, 2018).
Spectrum fitting procedure was adopted for scaling the input acceleration time histories and
average spectral acceleration (0.1-1.0s) intensity is used as the second microzonation parameter.
No significant difference between the two sets was observed indicating the suitability of using 22
input acceleration time histories to account for the variability of input acceleration time histories.
One last alternative for ground shaking intensity microzonation, considering all the differ-

ence in the correlations with different parameters with respect to building damage, would be
superposition of three or more acceleration time history parameters. Ground shaking intensity
microzonation conducted with respect to peak spectral acceleration calculated by Borcherdt
procedure (SA(0.2)), average spectral accelerations for the period range of 0.1-2.5s (SAavg(0.1-

2.5s)), average spectral velocities for the period range of 0.1-2.5s (SVavg(0.1-2.5s)) is given in
Figure 14a. A second option is the superposition of SA(0.2), the area of acceleration spectra
(SAsum), and the area of velocity spectra (SVsum) calculated for period range of 0.1-2.5s is
given in Figure 14b. The purpose may be expressed as an attempt to account for larger portion
of building damage, taking into consideration both acceleration and velocity spectra calcu-
lated on the ground surface. Thus, microzonation with respect to ground shaking may be
more comprehensive. Even though this approach may lead to slightly conservative results, it is

Figure 13. Microzonation with respect to ground shaking intensity for two input data set
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also interesting to observe that in the distribution of C cells, there are more similarities than
differences in comparison to previous microzonations shown in Figure 9, Figure 10, and
Figure 13. However, it is also important to accept that there can be no single perfect param-
eter for ground shaking intensity microzonation. The building damage is controlled mostly by
structural properties, the ground motion characteristics contribute to the building damage,
depending on the properties of the building stock. Thus, the microzonation parameter should
be selected taking into consideration the properties of building stock in the microzonation
area. Thus, it may be worthwhile to study more superposition of three or four ground motion
parameter to cover the whole period range for buildings.

6 CONCLUSIONS

Seismic microzonation is an important input and essentially required for city planning, disas-
ter preparedness, risk reduction and hazard mitigation decisions, and urban rehabilitation
actions in earthquake prone areas. Loss estimation due to earthquakes in an urban environ-
ment is a very complex process that requires detailed building inventories, realistic estimation
of earthquake characteristics on the ground surface and comprehensive assessment of building
vulnerabilities.
The earthquake hazard is spatially distributed in relation to earthquake sources that need

to be assessed based on the regional seismotectonic scale and local site conditions. Mapping
the variation in earthquake hazard at an urban scale makes it possible to select relatively less

Figure 14. Ground Shaking Intensity Microzonation as the superposition of (a) SAborc(0.2), SAavg,
SVavg (b)) SAborc(0.2), SAsum, SVsum
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affected zones for the allocation of appropriate land use. Urban development patterns can be
oriented toward these relatively less affected zones to minimize possible earthquake damages.
The three principal factors controlling earthquake loss are earthquake source characteris-

tics, site response and structural features. The seismic microzonation maps would indicate the
distribution of site response with respect to ground shaking intensity, liquefaction and land-
slide susceptibility; thus, providing an input for urban planning and earthquake mitigation
priorities at an urban scale.
It is also necessary to consider the major uncertainties in site-specific response analysis that

may be due to the variability of (a) local seismic hazard assessment, (b) selection and scaling
of the hazard compatible input earthquake time histories, (c) soil stratification and corres-
ponding engineering properties of encountered soil and rock layers, and (d) method of site
response analysis.
The procedures for the selection of design ground motions are specified in codes. For

example, ASCE 7-05 requires at least five recorded or simulated rock outcrop horizontal
ground motion acceleration time histories are selected from events having magnitudes and
fault distances that are compatible with those that control the MCE (Maximum Considered
Earthquake).
The option that is adopted by the authors is to select, as much as possible, large number of

acceleration records compatible with the local earthquake hazard in terms of fault mechanism,
magnitude and distance range recorded on stiff site conditions to account for the variability in
earthquake source and path effects. In addition, these records would require scaling with
respect to uniform hazard acceleration response spectrum estimated on the bedrock outcrop.
It is also important to realize that site-specific response analyses are deterministic computa-

tions of site response given certain input parameters, thus microzonation maps presented are
all deterministic maps to a certain extent even though the hazard level selected on the engin-
eering rock out crop was probabilistic corresponding to 475 year return period. The results of
these calculations need to be merged with the probabilistically derived ground motion hazard
for rock outcrop site conditions. Bazzurro and Cornell (2004a) recommended a convolution
method for combining a nonlinear site amplification function with a rock hazard curve to esti-
mate a soil hazard curve. The principal advantage of this approach relative to the hybrid
approach is that uncertainties in the site amplification function are directly incorporated into
the analysis. Another more simplified approach may be to evaluate site response analyses
output adopting a probabilistic approach as suggested by Ansal, et al. (2011, 2015b).
The observed variability and level of uncertainty in site conditions and engineering proper-

ties of soil layers was observed to play in important role in modelling site response (Thompson
et al., 2009; Li & Assimaki, 2010). In the case of detailed geotechnical investigations are con-
ducted for the microzonation project as in the case of Istanbul microzonation, similar to the
selection of large number hazard compatible acceleration records, site response analyses are
conducted for large number of soil profiles for the investigated site to assess the ground
motion characteristics on the ground surface. However, they may still be considered as deter-
ministic analysis. One option that requires further studies to access the variability and uncer-
tainty in the site conditions is to conduct sufficient number of Monte Carlo simulations for
each soil profile to have more reliable probabilistic microzonation compatible with the uni-
form hazard spectrum on the engineering bedrock outcrop (Ansal et al. 2015a).
It is also possible to estimate building damage and causalities based on microzonation maps

used as an input to earthquake damage scenarios. These estimates may be very approximate
and may not always be on the conservative side based on the accuracy of the input data and
methods of analyses. However, they can also be more realistic and more accurate when more
comprehensive data and more sophisticated analysis methods are implemented. Thus, one of
the important issues is the estimation of the needed accuracy and corresponding level of com-
plexity in the analytical studies.
The major issues identified for seismic microzonation with respect to site amplification may

be expressed as: (1) probabilistic regional earthquake hazard analyses is needed to determine
the uniform hazard acceleration target spectra for each cell; (2) detailed site characterizations
are important in site response analysis; (3) selection of sufficient number (20-25) of hazard
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compatible acceleration records for site response analysis; (4) scaling (preferably using an opti-
mization scheme) the selected acceleration time histories with respect to target acceleration
spectra; (5) adopting two or three microzonation parameters, one based on empirical site amp-
lification function (peak spectral acceleration), the other average spectral accelerations (0.1-
2.5s), and the third one average spectral velocities (0.1-2.5s) from 1D equivalent site response
analysis may be used. (6) the microzonation parameter should be defined depending on the
properties of the building stock and site properties in the investigated area; (7) recommended
microzonation procedure is based on three relative levels of hazard (high, medium, low) with
flexible boundaries to make it more understandable for all interested parties.
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