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Abstract— The pilot areas were divided into cells by a
grid system of 500 m x 500 m for estimating the effects of site
conditions at a scale of 1:5000 by assigning representative
soil profiles at the centre of each grid. These soil profiles
were classified according to the Turkish Earthquake Code,
NEHRP site classification, equivalent shear wave velocity
and used for site response analyses. The zonation maps in-
volve the division of the area into three zones as (A, B, and
C). In all cases, the variations of the calculated parameters
are considered separately and their frequency distributions
were determined. Thus the zone A shows the most unsuit-
able 33 percentile, zone B the medium 34 percentile and zone
C shows the most favorable 33 percentile. A suitable pa-
rameter is considered to be the average spectral acceleration
between 0.5-1.5 sec periods obtained from site response
analysis. Even though more empirical, the spectral amplifi-
cations calculated using equivalent shear wave velocities gave
consistent values that appear to be realistic when compared
with the selected soil profiles. Thus microzonation maps
with respect to ground shaking were based on the average of
spectral accelerations and spectral amplifications obtained
from equivalent shear wave velocities.
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INTRODUCTION

Seismic microzonation requires multi-disciplinary
contributions as well as comprehensive understanding of
the effects of earthquake generated ground motions on
man-made structures. It can be considered as the process
for estimating the response of soil layers under earthquake
excitations and thus the variation of earthquake ground
motion characteristics on the ground surface. The key
issue affecting the applicability and thus feasibility of any
microzonation study is the suitability and reliability of the
parameters selected for zonation.

Microzonation studies were conducted in two pilot
areas (1) Adapazari and (2) Golciik for testing the appli-
cability of the proposed procedure developed mainly for
land use and urban planning in Turkey [1, 2]. Researchers
from Bogazici, Middle East Technical, and Sakarya Uni-
versities and Directorate of Disaster Affairs from Turkey,
Institute of Geophysics and Institute of Geotechnical En-
gineering (IGT) of the Swiss Federal Institute of Technol-
ogy in Zurich, Structural Engineering Institute of the
Swiss Federal Institute of Technology in Lausanne, Studer
Engineering from Switzerland, and World Institute of

Disaster Risk Management participated in the project that
was carried out in several partly simultaneous and partly
consecutive phases.

The first phase involved the compilation of the avail-
able seismological, geological and geotechnical data that
was previously obtained for different purposes.

The second phase of the study was the evaluation of
the earthquake hazard for the microzonation study [3].
Both pilot areas were divided into 0.005° x 0.005° grid
system to evaluate earthquake hazard parameters for each
grid in terms of spectral acceleration ordinates. Since the
major purpose for the microzonation study is to provide
input for land use and urban planning it was decided to
determine the required earthquake hazard parameters
based on the Poisson model for a return period of 100
years that corresponds approximately to 40% probability
of exceedance in 50 years.

The third phase of the study involved microtremor
measurements in the pilot areas and interpretation of the
results obtained [4].

The fourth phase of the study was the evaluation and
analysis of the available geotechnical data to determine
the necessary parameters for conducting the microzona-
tion study. Both pilot areas were divided into grids to
evaluate the representative soil profiles for each grid. Site
response analyses were conducted for each grid using the
acceleration spectra compatible simulated earthquake time
histories obtained for each grid separately based on the
seismic hazard study [5].

The fifth phase involved the evaluation of the lique-
faction susceptibility [6] and landslide hazard [7] based on
the results obtained in the fourth phase of the study.

The last phase involved the final evaluation of all the
findings obtained from the studies conducted for specify-
ing the microzonation maps with respect to ground shak-
ing, liquefaction susceptibility and landslide hazard.

SITE CHARACTERIZATION

Both pilot areas were divided into 500 m x 500 m
grids to evaluate the representative parameters for each
grid by defining hypothetical boreholes located at the cen-
tre of the grids. A hypothetical borehole should be an ide-
alized borehole, which will be the most representative for
the soil conditions in the specific grid. In an ideal project,
new site investigations might be conducted, almost in the
centre of each of the grids.



Available existing data were taken into account for
the identification of the local site conditions. Data were
available from different sources for the two project areas,
with varying degrees of reliability and quality. Thus this
information should be treated with great care and a plausi-
bility check of the available data is essential prior to carry-
ing out the microzonation procedure. Nonetheless data
from different sources should be taken into account if the
quality appears to be acceptable so that it is possible to
benefit from an independent view of the soil conditions in
overall terms.

Several resources of site investigations were avail-
able. Additionally, some site investigations, mainly con-
ducted after the earthquake of 1999, are reported in the
literature or are published [8, 9, 10] or are available on the
Internet [11]. The use of these data in terms of a defini-
tion of the representative boreholes, however promising,
has not been possible because significant necessary infor-
mation such as exact coordinates of the location of the site
investigations, topographical conditions, depth of ground
water table, information about the site investigation tech-
niques, etc. has not been available. These data have al-
ready been interpreted, and only the essence of the results
of the original soundings is given in the publications.
Thus, they can be used for comparison and for checking
plausibility only but they cannot be used as basic data for
the microzonation study.

Mainly two sources of data have been used for the pi-
lot study. The first, the most reliable source were data
sheets of existing and new boreholes based on drilling
work, SPT and CPT data, and some additional laboratory
tests summarized by Prof. A.Onalp from Sakarya Univer-
sity. The second source was the data files of the General
Directorate of Disaster Affairs (GDDA), which were
transformed into a database at the DRM local office by
Dr. Koksal. The second source included some of the data
available from the first source, but also soundings, which
have been used as a base for other publications, and of
other origins. The reliability, the density and the quality
of the information when compared with the first source
were somewhat variable. Thus the overall quality of this
database was difficult to judge and sometimes it would
have been easier to conduct new soundings.

In total there were 120 sets of data for Adapazar1 and
97 sets for Golciik, which were available from Sakarya
University. Additionally 22 (Adapazar1) and 6 (Golciik)
CPT loggings were available, but without further drilling
information. Not all of these data sets cover a single
500m x 500m grid point.

Locations of all the boreholes are shown on the geo-
logical map in Fig. 1 for the Adapazar region. Almost all
of the area was classified as an alluvium deposit. As can
be observed from this figure in some cases, there is more
than one borehole available for each grid. Other grids of
the original pilot study area were not covered.

306 data sets were available in the database of GDDA
in total for Adapazari, while 66 turned out to be similar
sets of boreholes, which already have been received from
Sakarya University but with reduced information. 260
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sets were included for the Golciik area. The variation of
the information was crucial. For some of the boreholes, a
similar amount of data to that given by Sakarya University
was available. For other locations, only limited and very
simplified information was given.
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Fig. 1: Locations of available boreholes in Adapazari

Data consistency and choice of representative boreholes

All of the available data about the borehole informa-
tion available for each location has been checked first for
consistency. Secondly data from each grid has been com-
pared. Thirdly, a representative borehole has been chosen.

Representative boreholes have been chosen for each
grid close to the available existing data. Layer simplifica-
tion and choice of the representative borehole has been
carried out based on engineering judgment. It should not
be forgotten that these representative boreholes have been
chosen for the microzonation study and not for any other
purpose (e.g. replacing site investigation for new build-
ings).

All representative data has been transmitted in graphi-
cal format, which can be transferred into the database.
The graphical format allows an easy overview of the data
to be used in the next steps of the microzonation project.
In addition, a graphical sheet forces further users to be
confronted with comments on reliability and the details of
the background of data. Also, further users of the hypo-
thetical boreholes are directed to the original borehole
numbers and the respective database.

Fig. 2 shows an example where good correlation
could be found among the existing boreholes and Fig. 3



shows the opposite. Here, three different boreholes could
be established within one grid. A river valley could be
identified crossing the grid. The slopes on both sides
show different topsoil layers. In such cases, the represen-
tative borehole has been chosen by means of topographic
maps as well as the distribution of soils in the neighboring
grids.

Using existing data offers a good opportunity to start
a microzonation project without spending too much
money on additional data derivation. Nevertheless, this
has to be done with great care and knowledge of the local
soil conditions. Thus some of the decisions taken by IGT
for the two project areas, in terms of the choice of the hy-
pothetical boreholes and their interpretation, might be
questionable for local geotechnical engineers, but will be
exact enough to fit the purpose of the microzonation study
for the project areas and to give examples for future users.
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Fig. 2: Two different available boreholes for grid P4 Golciik
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Site Classification

The site classification is based on the use of the Turk-
ish Code [12] and the NEHRP [13] approach. The bound-
ary information needed for both procedures are the local
soil conditions and, in particular the distribution of shear
wave velocities in the topmost 30m. To conduct this part
in a structured manner, firstly the shear wave distribution
in the upper layers has been established.

Several procedures can be used to establish the shear
wave velocity (vs) distribution with depth. Aside from
measurements in the borehole, which were only available
very rarely, several empirical correlations between SPT
and CPT data and shear wave velocity can be used. Dif-
ferent methods have been studied in comparison. This
comparison included mainly correlation with CPT results,
measured data from, linear extrapolation of known data,
and SPT correlations [14]. As a result, the correlation of
the shear wave velocity with the SPT values seemed to
offer the best fit and it has been decided to choose one of
these methods. The results of this comparison are not
shown and nor are they discussed here in detail due to
space restrictions. Fig. 4 gives an example of the differ-
ences in the resulting velocities. The lyisan method [14],
developed based on local data sets and local testing meth-
ods, was used for the pilot study. This relationship is
valid for all soil types to estimate shear wave velocity
from SPT tests:

vs=51.5N""° (1)

where N is uncorrected SPT blow counts for 30 cm.

The shear wave velocity profiles for the hypothetical
boreholes were estimated from borehole measurements for
shear wave velocity (Seismic Profile or SCPTU) if avail-
able. If no shear wave measurements were available,
Eq. (1) is used to estimate the shear wave velocities based
on SPT blow counts. Usually, the test results were avail-
able only for the upper layers so that the deeper layers had
to be correlated with the SPT values.

As further procedure requires constant shear wave ve-
locity for layer of predefined thickness, a medium value
has been chosen for each layer. Idealizations and assump-
tion have to be made for certain situations.

If the SPT profile is not available for the last layer, it
was linearly extrapolated for this last layer up to a depth
of 30m below surface. In most cases, this extrapolation
was constant for fine-grained soils. A slightly increasing
shear wave velocity distribution was chosen for coarse-
grained material. The soil type of the unknown layer was
adopted from the last known layer of the borehole profile.

If the SPT profile is not available for the top layer (i.e.
fill or topsoil layer), an assumption of the shear wave ve-
locity of 100 m/s was made.

If no SPT results were available only in one interme-
diate layer, a correlation with the existing measurement
data seemed appropriate.

If no SPT test results are available, which is always
the case for interpolated boreholes, a correlation between



the soil type and the existing vy measurements with depth
was used. This correlation works well for the soil types
clay, silt and sand. No measurements have been available
for gravel so that an assumption has to be made.

The shear wave distribution has to be determined for
the topmost 30m or up to bedrock or competent layer.
The value of the shear wave velocity for the competent
layer was chosen to be vg = 700 m/s. Therefore shear
wave velocities were interpolated to define the depth of
the competent layer.

Site classification according to the Turkish Code is
based on a two-step procedure. The Code subdivides the
classification in two areas. Initially the soil group A-D
has to be determined so that a local site class can be de-
rived. It is clear that there are 4 different possibilities for
identifying the soil group, which are all equivalent. In
terms of comparability of the results of the classification,
it has to be decided before the beginning of the classifica-
tion to follow a certain sequence of decisions. For the
pilot studies, it has been decided to focus on SPT — values
first and use the shear wave velocities only if there are no
SPT values available. The second classification of the
Turkish Code “site class” correlates the soil group with
the expansion of the different layers in the topmost 30m.

SITE RESPONSE ANALYSIS

The site response analysis determines the main fre-
quencies and amplification that the surface of the ground
will experience. There are several ways of achieving this,
including simple empirical methods using analogies given
in Codes. A more sophisticated method has been chosen
for this project, based on a one dimensional analysis, in
which an earthquake input motion is introduced at a com-
petent soil or rock outcrop from where the waves are per-
mitted to travel vertically up through the soil column [16].

Some assumptions have to be made for the analysis.
As described previously, only a few of the grids show a
competent layer in the topmost 30m. Thus, data from the
literature had to be taken into account to derive the soil
strata up to the competent layer. It was only necessary to
represent the soil profile between 30 m and the competent
layer with the selected shear wave velocity distribution.

When no site-specific soundings are available to iden-
tify the competent layers, geophysical methods have to be
used. Results of array measurements conducted and de-
scribed in [17] were used here where average shear wave
velocities over larger areas of soil up to bedrock were
given. Two stations reported for both of the pilot areas
are in the area of interest. In Golciik, the stations GLF
and GLH are the stations located in the pilot area, where
the stations are ADC and ADU in Adapazari. The shear
wave velocities were given in average value for these sta-
tions. After the depth at which a value of vg= 700 m/s has
been reached, a linear increase of vg was assumed in order
to derive the depth of the competent layer, so that the
shear wave velocity profile with depth could be linearly
interpolated between two layers to reach the competent
layer.
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The allocation of the two stations to each grid in the
pilot areas has been done based on the results of the mi-
crotremor measurements [5].

The zones determined where relatively constant fun-
damental frequencies may be found, could be correlated
with one of the stations previously described by [17], so
that each grid could be related to one of the stations. Thus
a shear wave velocity profile could be established up to
the competent layer.

Spectrum compatible simulated acceleration time his-
tories that were generated for each grid [3] based the pro-
cedure suggested by [18, 19] were used for conducting
site response analysis. The Microzonation Manual [2] is
recommending using a minimum of three different simu-
lated acceleration time histories for each grid for site re-
sponse analyses so that the average of the calculated re-
sponse parameters can be used for microzonation. Since
the main purpose of the study was to demonstrate the pro-
posed procedure, only one simulated acceleration time
history calculated separately for each grid was used for
site response analyses.

The hypothetical borehole was introduced for each
grid as the soil profile, including the extension up to com-
petent layer. In case of mixed layers, the softer layer has
been chosen as the representative one.

The shear wave velocity distribution has to be in-
cluded for each of the materials. In addition, the strain
dependency of the material properties has to be allocated
to each soil. 8 different material types were used in the
site response analysis with different dynamic shear
modulus and damping ratio degradation with the shear
strain amplitude as given by [20, 21].

SEISMIC MICROZONATION FOR GROUND SHAKING

The final stage of the microzonation involved inter-
pretation and assessment of all the available results ob-
tained from the different phases of the study to finalize the
microzonation maps in the selected pilot areas. There
were basically two reasons behind the grid approach
adopted for evaluating and interpreting the effects of site
conditions on the ground motion at the free field. (1) to
utilize all the available data in each grid in order to have
more comprehensive and reliable information about the
soil profile; (2) to eliminate the effects of different dis-
tances among boreholes or site investigation points during
the GIS mapping. The results obtained were mapped us-
ing GIS techniques by applying linear interpolation among
the grid points, thus enabling a smooth transition of the
selected parameters. Soft transition boundaries are pre-
ferred to show the variation of the mapped parameters.
More defined clear boundaries were not used and are not
recommended due to the accuracy of the study. This al-
lows some flexibility to the urban planners and avoids
misinterpretation by the end users that may consider the
clear boundaries as accurate estimations of the different
zones.

The initial boundaries of the pilot areas were the offi-
cial boundaries of the cities considered in the pilot areas.



However, since there were no boreholes or in-situ tests
mostly in the outer grids, it was decided to modify the
boundaries of the both regions as shown in the following
maps for microzonation study to avoid the need for addi-
tional extrapolation that may not be very reliable.

The zonation map for site conditions with respect to
Turkish Earthquake Code is shown in Fig. 4. The major-
ity of the area is classified as Z3 or Z4 indicating the
dominance of loose and soft alluvial deposits in the area.

The approach adopted in the assessment of the calcu-
lated zonation maps involves the division of the area into
three zones as (A, B, and C). Since the site characteriza-
tions, as well as all the analysis performed, require various
approximations and assumptions, it was preferred not to
present the numerical values for any parameter. In all
cases, the variations of the calculated parameters are con-
sidered for each area separately and their frequency distri-
butions were calculated. Thus the zone A shows the most
unsuitable 33 percentile (e.g. low equivalent (average)
shear wave velocities, high spectral accelerations or high
spectral amplification), zone B the medium 34 percentile
and zone C shows the most favorable 33 percentile (e.g.
high average shear wave velocities, low spectral accelera-
tions or low spectral amplifications).
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Fig. 4: Site Classification according to the Turkish Earthquake
Code for Adapazari
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Fig. 5: Zonation with respect to equivalent shear wave velocity
for Adapazari

One alternative to determine the effects of soil layers
is to use the equivalent shear wave velocity that is defined
as the weighted average of shear wave velocities of soil
and rock layers in the upper 30 meters. Equivalent shear
wave velocities are being used in earthquake codes for the
purpose of evaluating the earthquake characteristics on the
ground surface [22, 23, 24].

The variation of equivalent shear wave velocity for
the Adapazar1 region is shown in Fig. 5 as described
above in terms of three zones. The zone A 4o shows the
lower 33, zone B .50 shows the medium 34, and zone C
vs30 Shows the higher 33 percentiles with respect to equiva-
lent shear wave velocities.

The basic intention in assessing the ground shaking
intensity is to estimate the effects of local site conditions.
Thus it would be logical to base this decision on all the
available results from site identifications based on equiva-
lent shear wave velocity, site response analysis as well as
from microtremor measurements conducted in the region.
In the case of site response analysis, a suitable parameter
is considered to be the average spectral acceleration be-
tween 0.5-1.5 second periods based on the consensus
reached among the project participants.

The zonation with respect to average spectral accel-
erations was mapped in accordance with the relative map-
ping in terms of three zones. Ay shows the regions with
higher 33, B, shows the regions with medium 34, and C;
shows the regions with lower 33 percentiles with respect
to average spectral accelerations (Fig. 6).
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Fig. 7: Zonation with respect to spectral amplification calcu-
lated from equivalent shear wave velocity for Adapazari

The peak spectral amplifications based on equivalent
shear wave velocity were calculated using the empirical
relationship given by [25];

Ag=68 vg'"° )
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where A is the spectral amplification and vy is the equiva-
lent shear wave velocity. The peak spectral amplifications
calculated from Eq. (2) were evaluated and the variations
were also mapped, as in the case of average spectral ac-
celerations obtained by site response analyses.

The zonation with respect to peak spectral amplifica-
tions calculated using equivalent shear wave velocities,
was mapped in accordance with the relative mapping in
terms of three zones. A, shows the regions with higher
33, B, shows the regions with medium 34, and C, shows
the regions with lower 33 percentiles with respect to peak
spectral amplifications (Fig. 7).

Even though it is generally accepted that H/V ratios
obtained from microtremor records would not lead to very
reliable spectral amplification values [26, 27], they can
still be taken into consideration when finalising the micro-
zonation with respect to site amplification. Therefore, the
results obtained from the microtremor study were utilised
to map the variation of the spectral amplifications only for
Adapazar1 region, since the number of microtremor meas-
urements were very limited in the Goélciik pilot area. The
results of the microtremor studies are plotted only for
comparison purposes, original measurement locations
were used at the mapping stage, neglecting the effects of
the spacing between the measurement points.

The zonation with respect to peak spectral amplifica-
tions calculated from H/V ratios obtained from the mi-
crotremor study was mapped in accordance with the rela-
tive mapping in terms of three zones. A, shows the re-
gions with higher 33, B,, shows the regions with medium
34, and C,, shows the regions with lower 33 percentiles
with respect to peak spectral amplifications as given in
Fig. 8.
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The final mapping with respect to ground shaking can
be accomplished by comparing the average spectral accel-
erations obtained by site response analyses with the peak
spectral amplifications calculated using equivalent shear
wave velocity. In order to make this comparison, the re-
sults obtained from both approaches are shown in a con-
secutive order for Adapazari area.

As can be seen from these maps, there are similarities
and differences. After studying the soil profiles and site
classifications, it was observed that the site amplifications
were relatively high and at others the peak ground accel-
erations were very low based on the site response analy-
ses. The site response analysis, whether it is conducted by
EERA [16] or Shake [28], would sometimes give unrealis-
tically high spectral amplifications or very low peak
ground acceleration values depending on the thickness of
the deposit, estimated initial shear moduli, and also on the
characteristics of the input acceleration time histories. On
the other hand, even though they are more empirical, the
spectral amplifications calculated using equivalent shear
wave velocities tend to give more consistent values that
appear to be more realistic when compared with the se-
lected soil profiles.

It was decided to establish the ground shaking micro-
zonation map taking into consideration both average spec-
tral accelerations obtained from site response analyses and
peak spectral amplifications calculated from equivalent
shear wave velocities.
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Fig. 9: Ground shaking microzonation map for Adapazari
when overlapping zones are determined for each grid from aver-
age spectral acceleration map obtained from site response analy-
sis and peak spectral amplification map calculated from equiva-

lent shear wave velocity
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Since both zonation maps (Fig. 6 and Fig.7) were di-
vided in to three zones, it was also essential to have three
zones again in the final ground shaking microzonation
map where Ags shows the areas with higher ground shak-
ing and Cgs shows the areas with lower ground shaking
potential. The zone Agg corresponds to overlapping zones
of Ag and Ay or Ag and By or Bs and Ay. The zone Bgg
corresponds to overlapping zones of Ag and Cy or Cg and
Ay or Bg and By. The zone Cgs corresponds to overlap-
ping zones of Bg and Cy or Cg and By or Cg and Cy ob-
tained from both approaches.

The assessment for each grid was performed numeri-
cally by adopting the above criteria to determine the three
zones and then perform the mapping using the new data.
The resulting map obtained is shown in Fig. 9.

CONCLUSIONS

In seismic microzonation the variation of earthquake
ground motion is studied taking into account the earth-
quake source and path characteristics as well as geological
and geotechnical site conditions in a probabilistic manner.
Due to the damage distributions observed during past
earthquakes, it became evident that earthquake zonation
maps prepared at small scales do not yield the necessary
information for risk mitigation at a city level. With the
increase in the analytical, in-situ and laboratory investiga-
tion capabilities, there has been significant increase in the
accumulated databases concerning the regional geological
formations, earthquake source mechanisms, seismic activ-
ity and earthquake ground motion records. In the light of
these scientific and technical advances, it became possible
and feasible to conduct seismic zonation studies at re-
gional and microzonation at local levels with continuously
increasing scales [29, 30]. The main objective is to esti-
mate more accurately the ground motion characteristics
during possible earthquakes taking into account all the
main controlling factors.

Within the framework of the pilot microzonation stud-
ies conducted for Adapazar and Golcuk regions, a meth-
odology is developed for adoption as a guideline for seis-
mic microzonation investigations in Turkey [30]. The
proposed methodology is based on the regional estimation
of the earthquake hazard, detailed investigation of geo-
logical and geotechnical site conditions and analysis of the
ground motion characteristics based on a grid layout.

The seismic microzonation for ground shaking was
conducted as a part of the case study for Adapazari region
based on the average of average spectral accelerations and
peak spectral amplifications calculated from site response
analyses and equivalent shear wave velocities. Even
though the peak spectral amplifications calculated from
microtremor H/V ratios are not considered very reliable,
they seem to agree with the ground shaking zonation map
in the case of Adapazari, thus supporting the decision to
use the average of average spectral accelerations and peak
spectral amplifications as the zonation criteria for the
ground shaking microzonation maps.
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