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The current spectral shapes in the Turkish Seismic Code (TSC) are based
on broadly described geological conditions, ignoring fault distance or mag-
nitude dependencies on spectral ordinates. To address this deficiency, a data
set created from a suite of 112 strong ground motion records from 57 earth-
quakes that occurred between 1976 and 2003 has been used to develop hori-
zontal attenuation relationships for Turkey. This way it is possible to construct
hazard-consistent design spectra for any national seismic region. The results
are compared with the site-dependent spectral shapes of the Uniform Build-
ing Code (UBC) and the current TSC. It is shown that corner periods are con-
sistent with those of UBC. TSC yields wider constant spectral acceleration
plateau. Design spectra in both of these documents are conservative if the
ground motion library that we used in deriving the spectral shapes is taken as
representative. The results of this study enable site-distance–magnitude-
specific design spectra suitable as a tool both for deterministic (scenario
earthquakes) and probabilistic seismic hazard assessments.
[DOI: 10.1193/1.1812555]

INTRODUCTION

In 1999, two earthquakes occurred about three months apart on the North Anatolian
Fault (NAF), and struck the Kocaeli and Düzce provinces in Turkey with magnitudes
(MW) 7.4 and 7.2, respectively. These earthquakes have once again emphasized the phe-
nomenological influence of local geological conditions on levels of damage and resultant
loss of life. In the aftermath of these events, most of their detrimental effects were con-
centrated in areas underlain by soft soil deposits. These concentrations of damage have
accentuated the need to modify the current design provisions in Turkey to account better
for the effects of local site conditions.

In general, achievement of adequate earthquake-resistant design of structures and
consequent minimization of losses and damages from such devastating earthquakes re-
quire a reliable ground motion prediction either through the use of special earthquake
maps and seismic provisions or, more specifically, from site-specific investigations.
However, there is rarely a sufficient number of ground-motion recordings near a site to
allow a direct empirical confirmation of motions expected for a design earthquake. For
that reason, it is essential to develop design spectra expressed in the form of curves for
estimating ground motions in terms of magnitude, distance, and local site conditions.
This in turn makes design spectra the pivotal instrument for both site-specific design and
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regional earthquake hazard mapping. With the increasing number of records now avail-
able in Turkey, it appears possible to explore the relationship between the general char-
acteristics of spectral shapes derived from strong ground motion records and the param-
eters affecting them. These relations and the values of their predictor parameters were
developed through an extensive analysis of strong ground motion data and its relevant
information as the extension of our previous study, related to attenuation modeling of
horizontal and vertical ground motion in Turkey (Gülkan and Kalkan 2002, Kalkan and
Gülkan 2004a). The updated database, analyses, and the results of the empirical study
complementing this work are summarized in the remaining sections of this article. With
all this information, the present study provides a general framework for developing es-
timates of site-dependent design spectra based on specific parameters characterizing the
earthquake magnitude, geology of the site, and the distance between source and site with
associated measures of uncertainty. This study also includes comparisons between de-
sign spectra developed elsewhere and those tailored for Turkey, and examines their dif-
ferences. It is anticipated that future revisions of the seismic code will consider the spec-
trum shapes described herein. The results of this article are a first step toward developing
vernacular spectral shapes for earthquake engineering applications in Turkey.

DATABASE

A data set from 223 horizontal components from 112 strong ground motion records
of 57 earthquakes that occurred between 1976 and 2003 in Turkey has been created as
the expanded and updated version of the previously compiled database by Gülkan and
Kalkan (2002). The former data set consisted of 47 horizontal components of 19 earth-
quakes between 1976 and 1999, and in this new rendition several post-1999 events have
been added. The current database includes data recorded within 250 km of the causative
fault from earthquakes in the magnitude range of 4.0 to 7.4. Its latest entry is the
Buldan-Denizli earthquake of 26 July 2003. All of the earthquakes occurred in the shal-
low crustal tectonic environment of Turkey. The list of these events and the number of
recordings for each of their site categories are presented in Table 1. A more comprehen-
sive description of the strong motion database is presented in Table A1 in the Appendix,
where station names and their abbreviations have been reproduced exactly as they were
originally reported so that independent checks may be made. The epicenters of earth-
quakes and locations of the recording stations are marked on an active faulting map of
Turkey, and exhibited in Figure 1. That figure is a reminder that the records used are
mostly representative for the active tectonic environment of Turkey during the last quar-
ter century.

In the database, earthquake size was characterized by moment magnitude MW
(Hanks and Kanamori 1979). When original magnitudes were listed in other scales, con-
version was done according to Wells and Coppersmith (1994) and Kramer (1996). The
magnitudes were restricted to about MW!4.0 to limit the analysis to more reliably re-
corded events. Several parameters in the former data set, including the closest distance,
magnitude, and site geology, were revised based on the collection of supplemental in-
formation after 1999. This revision was considered necessary since the data comes from
a variety of sources of different accuracy and reliability. The sources of information are
also referenced in Table A1 in the Appendix for each of their corresponding data points.
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Table 1. Earthquakes used in the analysis

* Data source: Earthquake Research Department (ERD), General Directorate of Disaster Affairs
N/A: Information is not available
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Particularly, based on the information disseminated by USGS, PEER, and COSMOS,
some correction and fine-tuning were done on the distance and local site condition pa-
rameters of the Kocaeli and Düzce events. Some of the station coordinates (e.g., Çerkeş
Meteroloji İst.) were corrected by ERD (Earthquake Research Department of General
Directorate of Disaster Affairs), causing distance revisions as large as 16.1 km in this
new rendition.

As the source distance (rcl), we adopted the closest horizontal distance (or Joyner
and Boore distance) between the recording station and a point on the vertical projection
of the rupture zone on the earth’s surface (Boore et al. 1997). However, for some of the
smaller events, rupture surfaces have not been defined clearly, so epicentral distances
have been used instead. We believe that use of epicentral distance does not introduce
significant bias because the dimensions of the rupture area for small earthquakes are
usually much smaller than the distance to the recording stations. The distribution of the
earthquakes in the data set in terms of PGA, magnitude, site geology, and source dis-
tance is demonstrated in Figure 2. Paucity of data from the small number of normal-
faulting (14 recordings) and reverse-faulting earthquakes (5 recordings) in the data set
did not permit us to treat the faulting mechanism as a parameter, as this would give un-
due weight to particular faulting categories. Therefore, normal, reverse, and strike-slip
earthquakes were combined into a single faulting category. Until additional data be-
comes available this will constitute a constraint for the presented results in this article.

The data used in the analysis represents main shocks recorded mostly in small or
medium-sized state-owned buildings up to three stories tall because the strong motion

Figure 1. Epicenters of earthquakes and locations of strong motion recording stations on active
fault map of Turkey.
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stations in Turkey are colocated with institutional facilities for ease of access, phone
hook-up, and security. This proximity contaminates the seismograms and causes modi-
fied acceleration records (e.g., Anderson et al. 2001). This is one of the unavoidable
causes of uncertainties in our study, but there are other attributes that must be men-
tioned. The first is our omission of aftershock data. Most of these come from the two
major 1999 events, and this small number of data was ignored due to the high nonlinear
soil behavior observed in the close vicinity of their recording stations during the main
shock of the Kocaeli earthquake (Safak et al. 2000, Bakir et al. 2002).

When we consider the effects of geological conditions on the ground motion and re-
sponse spectra, the widely accepted method of reflecting these effects is to classify the
recording stations according to the shear-wave velocity (VS) profiles of their substrata in
the upper 30 m (Boore et al. 1997). Recently, VS measurements were conducted in sev-
eral stations where records were made during the Kocaeli and Düzce events, and re-
ported by Rathje et al. (2003). We have considered them in the updated database, yet for
most stations in Turkey, reliable VS values and detailed site descriptions are not available.
For that reason we estimated the site classification for those stations roughly by analogy
with information in similar geologic materials. The type of geologic material underlying
each recording site was obtained in a number of ways: consultation with geologists at
ERD, various local geologic maps, past earthquake reports, and geological references
prepared for Turkey. Based on this collected qualitative data, we used a general classi-
fication of site geology that we could apply uniformly and that would be broadly appli-
cable. We divided soil groups for recording stations in Turkey into three categories: rock
(with average VS!700 m/sec), soil (VS!400 m/sec), and soft soil (VS!200 m/sec). The
correspondence between these values and more widely accepted soil categories is obvi-
ously tenuous. If ground motion estimates were to be done for a site in Turkey, then it
should be assigned to the likeliest of these three velocities depending on the site geology
reports.

Figure 2. Distribution of records in the database in terms of (a) moment magnitude and closest
distance, and (b) larger maximum horizontal acceleration of either component and closest dis-
tance.
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ATTENUATION RELATIONSHIP

The attenuation equation in this study was developed in the same general form of the
equation proposed by Boore et al. (1997). The general form of the ground motion pa-
rameter estimation equation is

lnY!b1"b2"M#6#"b3"M#6#2"b5 ln r"bV ln"VS /VA# (1)

r!"rcl
2 "h2#1/2 (2)

where Y is the ground motion parameter (peak ground acceleration [PGA] or pseudo-
spectral acceleration [PSA] in g), M is the (moment) magnitude; rcl is the closest hori-
zontal distance (or Joyner-Boore distance) from the station to a site of interest in km; VS
is the characteristic shear-wave velocity for the station in m/sec; and b1 , b2 , b3 , b5 , h,
bV , and VA are the parameters to be determined. In the expression, h is a fictitious depth,
and VA is a fictitious velocity that is determined by regression. The coefficients in the
median attenuation equation were determined by using one-stage nonlinear regression
analysis. The larger value of the two horizontal components for each record was pro-
cessed in the regression. This exercise was performed separately on PGA and absolute
acceleration spectral ordinates individually. The spectral ordinates at 5 percent of critical
damping were kept in the range of 0.1 to 2.0 sec (total of 46 periods) at the same period
intervals as in the Caltech (1972) volumes. The form of Equation 1 ignores possible de-
pendence of site shear-wave velocity on magnitude (or PGA). The coefficients for esti-
mating the maximum horizontal component pseudo-acceleration response by Equation 1
are listed in Table 2. The resulting parameters can be used to produce attenuation rela-
tions that predict response spectra over the full range of magnitudes (MW 4 to 7.5) and
distances (rcl) up to 250 km. The calculated attenuation curves for PGA for rock, soil,
and soft soil sites are shown in Figure 3 for magnitude 5.0 and 7.0 earthquakes.

The results were processed to compute uncertainties for PGA and PSA at each spec-
tral period. The standard deviation of the residuals ($ln Y), expressing the random vari-
ability of ground motions, is in the range of 0.6 to 0.9 with respect to PGA and spectral
accelerations. Residual plots of PGA estimation based on Equation 1 for the full data set
as functions of magnitude and closest distance are presented in Figures 4 and 5 together
with their linear best-fit relations. With respect to both magnitude and distance param-
eter, no significant trends are observed either for the full data set (Figures 4a and 5a) or
for any of the site categories (Figures 4b and 5b). This may serve as evidence for mag-
nitude and distance independency of the total residuals.

COMPARISON WITH RECENT ATTENUATION EQUATIONS

The attenuation relations given in Equation 1 with the coefficients in Table 2 were
compared to those recently developed by Ambraseys et al. (1996), Boore et al. (1997),
Campbell (1997), Sadigh et al. (1997), and finally Spudich et al. (1999). The equations
in Boore et al. (1997) and Ambraseys et al. (1996) divide site classes into four groups
according to their shear-wave velocities. The Campbell (1997) equations refer to allu-
vium (or firm soil), soft rock, and hard rock. Sadigh et al. (1997) and Spudich et al.
(1999) state that their equations are applicable for rock and soil sites. Since our equation
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Table 2. Coefficients for attenuation relation of mean horizontal PGA and 5-percent-damped
PSA

ln(Y)!b1"b2(M-6)"b3(M-6)2"b5 ln r"bV ln(VS /VA) with r!(rcl
2 "h2)1/2

Period (sec) b1 b2 b3 b5 bV VA h (km) $ln Y

PGA 0.393 0.576 #0.107 #0.899 #0.200 1112 6.91 0.612
0.10 1.796 0.441 #0.087 #1.023 #0.054 1112 10.07 0.658
0.11 1.627 0.498 #0.086 #1.030 #0.051 1290 10.31 0.643
0.12 1.109 0.721 #0.233 #0.939 #0.215 1452 6.91 0.650
0.13 1.474 0.500 #0.127 #1.070 #0.300 1953 10.00 0.670
0.14 0.987 0.509 #0.114 #1.026 #0.500 1717 9.00 0.620
0.15 1.530 0.511 #0.127 #1.070 #0.300 1953 10.00 0.623
0.16 1.471 0.517 #0.125 #1.052 #298 1954 9.59 0.634
0.17 1.500 0.530 #0.115 #1.060 #0.297 1955 9.65 0.651
0.18 1.496 0.547 #0.115 #1.060 #0.301 1957 9.40 0.646
0.19 1.468 0.575 #0.108 #1.055 #0.302 1958 9.23 0.657
0.20 1.419 0.597 #0.097 #1.050 #0.303 1959 8.96 0.671
0.22 0.989 0.628 #0.118 #0.951 #0.301 1959 6.04 0.683
0.24 0.736 0.654 #0.113 #0.892 #0.302 1960 5.16 0.680
0.26 0.604 0.696 #0.109 #0.860 #0.305 1961 4.70 0.682
0.28 0.727 0.733 #0.127 #0.891 #0.303 1963 5.74 0.674
0.30 0.799 0.751 #0.148 #0.909 #0.297 1964 6.49 0.720
0.32 0.749 0.744 #0.161 #0.897 #0.300 1954 7.18 0.714
0.34 0.798 0.741 #0.154 #0.891 #0.266 1968 8.10 0.720
0.36 0.589 0.752 #0.143 #0.867 #0.300 2100 7.90 0.650
0.38 0.490 0.763 #0.138 #0.852 #0.300 2103 8.00 0.779
0.40 0.530 0.775 #0.147 #0.855 #0.264 2104 8.32 0.772
0.42 0.353 0.784 #0.150 #0.816 #0.267 2104 7.69 0.812
0.44 0.053 0.782 #0.132 #0.756 #0.268 2103 7.00 0.790
0.46 0.049 0.780 #0.157 #0.747 #0.290 2059 7.30 0.781
0.48 #0.170 0.796 #0.153 #0.704 #0.275 2060 6.32 0.789
0.50 #0.146 0.828 #0.161 #0.710 #0.274 2064 6.22 0.762
0.55 #0.306 0.866 #0.156 #0.702 #0.292 2071 5.81 0.808
0.60 #0.383 0.881 #0.179 #0.697 #0.303 2075 6.13 0.834
0.65 #0.491 0.896 #0.182 #0.696 #0.300 2100 5.80 0.845
0.70 #0.576 0.914 #0.190 #0.681 #0.301 2102 5.70 0.840
0.75 #0.648 0.933 #0.185 #0.676 #0.300 2104 5.90 0.828
0.80 #0.713 0.968 #0.183 #0.676 #0.301 2090 5.89 0.839
0.85 #0.567 0.786 #0.214 #0.695 #0.333 1432 6.27 0.825
0.90 #0.522 1.019 #0.225 #0.708 #0.313 1431 6.69 0.826
0.95 #0.610 1.050 #0.229 #0.697 #0.303 1431 6.89 0.841
1.00 #0.662 1.070 #0.250 #0.696 #0.305 1405 6.89 0.874
1.10 #1.330 1.089 #0.255 #0.684 #0.500 2103 7.00 0.851
1.20 #1.370 1.120 #0.267 #0.690 #0.498 2103 6.64 0.841
1.30 #1.474 1.155 #0.269 #0.696 #0.496 2103 6.00 0.856
1.40 #1.665 1.170 #0.258 #0.674 #0.500 2104 5.44 0.845
1.50 #1.790 1.183 #0.262 #0.665 #0.501 2104 5.57 0.840
1.60 #1.889 1.189 #0.265 #0.662 #0.503 2102 5.50 0.834
1.70 #1.968 1.200 #0.272 #0.664 #0.502 2101 5.30 0.828
1.80 #2.037 1.210 #0.284 #0.666 #0.505 2098 5.10 0.849
1.90 #1.970 1.210 #0.295 #0.675 #0.501 1713 5.00 0.855
2.00 #2.110 1.200 #0.300 #0.663 #0.499 1794 4.86 0.878
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Figure 3. Curves of estimated PGA versus distance for magnitude 7.0 and 5.0 earthquakes at
rock (R), soil (S), and soft soil (SS) site conditions, respectively.

Figure 4. (a) Residuals of natural logarithm of PGA from Equation 1 as a function of closest
distance; (b) linear regressions of residuals of natural logarithm of PGA on distance for three
different site categories.
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is similar to that of Boore et al. (1997), Figure 6 compares our results with that work for
soft-soil site condition. Three-dimensional (3-D) attenuation surfaces shown in this fig-
ure give greater insight by freeing the magnitude term. These figures exhibit the higher
estimates from Boore et al. (1997) at close distances and high magnitudes. There exists
generally good agreement for distances greater than 10 km. The attenuation of PGA for
MW!7.4 earthquake for rock and soil sites is next compared with those recent models in
Figure 7. The measured data points from the 1999 Kocaeli event are also marked on
these figures to show how predictions agree with the observations. As it is inferred from
the comparisons, ground motion amplitudes estimated by our attenuation model are gen-

Figure 5. (a) Residuals of natural logarithm of PGA from Equation 1 as a function of magni-
tude; (b) linear regressions of residuals of natural logarithm of PGA on magnitude for three
different site categories.

Figure 6. Comparison of our predictive model with that of Boore et al. (1997) on a 3-D plot for
magnitude range of 5 to 7.5 and distance range of 0 to 150 km for soft-soil site conditions.
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erally consistent with the measured data points. The best estimate curves in these figures
correspond to mean values. Plus and minus sigma curves of our model are also drawn to
show the 84-percentile prediction band. The peak acceleration estimate given here has a
standard deviation of 0.612. Comparing the predictions of different models, we observe
that our ground motion predictions are consistent with many recent models at both short
and longer distances, but have generally greater deviation from the mean.

DEVELOPMENT OF SITE-DEPENDENT SPECTRA

Engineers and seismologists have long recognized the importance of response spec-
tra as a means of characterizing ground motions produced by earthquakes and their ef-
fects on structures. Since the concept of a response spectrum was first introduced by
Biot (1932, 1933) and extended by Housner (1941) to engineering applications, it has

Figure 7. Curves of peak acceleration vs. distance for a magnitude 7.4 earthquake at rock and
soil sites.
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been widely used for purposes of recognizing the significant characteristics of accelera-
tion records and providing a simple way of evaluating the response of structures to
strong ground shaking. In this study, to provide an indication of the differences in site-
dependent spectra, response spectra for rock, soil, and soft-soil site classes were com-
puted for different magnitude (MW) and distance (rcl) values by substituting them into
Equation 1 with the coefficients listed in Table 2. This way, we have obtained more
stable and reliable spectra than those developed solely based on PGA estimation. Typical
examples of response spectra are compared with those obtained from predictive equa-
tions of Ambraseys et al. (1996) and Boore et al. (1997) in Figure 8 for MW 6.5 and 7.0
events at distances of 5 and 10 km, respectively.

There exists a significant similarity in our estimated response curves and those cho-
sen for comparison at low and high periods, yet our response curves fall below them at
the mid-period range.

For practical applications, design spectra are presented as smooth curves or straight
lines. Smoothing is justified because of the difficulties in determining the exact frequen-
cies and mode shapes of structures during severe earthquakes when the behavior is most
likely nonlinear. In this study, predicted horizontal response spectra were based on the

Figure 8. Expected mean spectra for rock, soil, and soft-soil site classes, for magnitude 6.5 and
7.0 earthquakes at a distance of 5 and 10 km (R!rock; S!soil; SS!soft soil).
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procedure prescribed in FEMA-356 (ASCE 2000). Accordingly, each smoothed response
spectrum was constructed by plotting the following three functions in the spectral accel-
eration vs. period domain as illustrated in Figure 9.

Sa!"SXS /BS#"0.4"3T/T0# for 0$T%0.2T0 (3)

Sa!SXS /BS for 0.2T0$T%T0 (4)

Sa!"SX1 /"B1T## for T%T0 (5)

where T0 is given by Equation 6 and the values of BS and B1 in this equation are equal
to unity for 5 percent of critical damping.

T0!"SX1 /BS#/"SXS /B1# (6)

As in FEMA-356, the value of design spectral acceleration at short periods, SXS , was
taken as the response acceleration level obtained from the predicted spectrum at a period
of 0.2 sec (based on Equation 1 and Table 2), with the exception that it should be taken
as not less than 90 percent of the peak response acceleration at any period. To obtain a
value for the design spectral response acceleration parameter SX1 , a curve of the form
Sa!SX1 /T was graphically overlain on the predicted spectrum such that at any period, the
value of Sa obtained from the curve was not less than 90 percent of that which would be
obtained directly from the predicted spectrum.

It is of interest to note that the value of SX1 is selected based on iteration, therefore
one can select a range of values as long as it satisfies the condition given above. The
decision for the value of SX1 (acceleration at 1 sec, since B is unity) was given here by
considering both 50- and 84-percentile site-specific design spectra simultaneously.
Therefore, the smooth spectra may seem to be more than the 50-percentile site-specific
response spectrum at longer periods. As a consequence of such a methodology, the
smooth spectra presented in Figure 10 were obtained. If we take a MW 7.5 earthquake as
a seismic design level for a site in Turkey, a general 5-percent-damped and normalized

Figure 9. Construction of general response spectrum based on FEMA-356.
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horizontal design spectrum can be constructed based on the recommended corner peri-
ods given in Table 4 for various distance and geological conditions (described in Table 3)
as in Figure 11.

Although the shear-wave velocities are taken as constant values during regression
analyses, their corresponding values are presented here within intervals to better con-
form to current applications. Until better site characterizations become available, this
lack of precision cannot be overcome. The procedure above for constructing the smooth
spectrum does not cap the statistically derived curves in a ‘‘best’’ way. It is intended only
that it should be used for design purposes, and be controlled only by SXS and SX1 . The

Figure 10. Smoothed spectra at 5 percent damping for a magnitude 7.5 earthquake for various
distances at rock, soil, and soft soil sites.
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Figure 11. Construction of site-dependent design spectrum according to the TSC.

Table 3. Generalized soil profile types

Soil Profile Name/Generic
Description

Shear Wave
Velocity, Vs (m/s)

Rock %700
Soil 200 to 700

Soft Soil $200

Table 4. Recommended corner periods (TA ,TB) for the construction of de-
sign spectrum

SOIL PROFILE TYPE
Rock Soil Soft Soil

Distance* TA TB TA TB TA TB

$2 km 0.10 0.51 0.12 0.61 0.14 0.71
5 km 0.10 0.49 0.12 0.60 0.14 0.71
10 km 0.09 0.47 0.12 0.58 0.13 0.64

%15 km 0.09 0.45 0.11 0.54 0.12 0.59

* The distance will be taken as the minimum distance between the site and the area
described by the vertical projection of the source on the surface (i.e., surface projec-
tion of fault plane).
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comparisons of the site-dependent response spectra developed in this article with the at-
tenuation formulas with the regulatory Turkish spectra and the UBC (ICBO 1997) are
presented in the following sections.

COMPARISON WITH THE REGULATORY TURKISH DESIGN SPECTRA

The current Turkish Seismic Code (Ministry of Public Works and Settlement 1998)
was last modified in 1998. We compare the spectra calculated for the strong motions

Figure 12. Comparison of mean predicted spectra from Equation 1 and Table 2 (for 5 percent
damping) with computed response spectra for the NS and EW components of (a) Erzincan
record, Erzincan earthquake of 1992, (MW!6.9, Soil) and with TSC site class, Z3; (b) Dinar
record, Dinar earthquake of 1995, (MW!6.4, Soft soil) and with TSC site class, Z4; and (c)
Izmit record, Kocaeli earthquake of 1999, (MW!7.4, Rock) and with TSC site class, Z2.
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records of MW 6.9 Erzincan (1992), MW 6.4 Dinar (1995), and MW 7.4 Kocaeli (1999)
earthquakes with the regulatory spectra given in this reference and with our estimated
response spectra (via Equation 1 and Table 2) in Figure 12 where Z1, Z2, Z3, and Z4
denote the TSC site classifications, and the summary of their definitions is given in Table
5. As a rough conversion, it may be considered that Z1 is equivalent to NEHRP class SB ,
Z2 to SC , Z3 to SD , and Z4 to SE . The same correspondence is also valid for our site
categorization such that rock, soil, and soft soil refer to Z2, Z3, and Z4, respectively. In
this figure, near-field records (rcl$10 km) have been intentionally selected to emphasize
those ground motions that are generally of engineering significance. It should be also
noted that the calculation of the code-basis spectra for rock sites does not have an in-
fluence on the acceleration at zero period. It changes only the length of the constant ac-
celeration plateau (longer for soil and soft-soil site categories). The comparisons of
curves reveal that the spectra computed from the recorded accelerations are usually close
to regulatory elastic spectra for short periods and lie below the regulatory elastic spectra
for longer periods, whereas the estimated response curves generally agree with the com-
puted responses of recorded accelerations at different magnitude, distance, and site cat-
egories.

The smoothed and normalized spectra with respect to PGA are further compared
with the normalized regulatory elastic spectra as shown in Figure 13 for various site
classes and distances. The comparisons for magnitude 7.5 earthquake show that code-
basis spectra significantly overestimate the spectral accelerations in the mid- and long-
period range (i.e., T%0.7 sec).

COMPARISON WITH 1997 UBC DESIGN SPECTRA

The smooth design spectra are next compared with those given in the 1997 UBC
(ICBO 1997). The comparison for corner periods of design spectra and corresponding
shear-wave velocities for each site category is presented in Table 6. In the interest of
consistency, only equivalent geological conditions classified according to their shear-

Table 5. Turkish Seismic Code soil and site classifications

Soil
Group Generic Description

Shear Wave
Velocity (m/sec)

Site
Class

Soil Group and Top Layer
Thickness

(A) 1. Rock (Unweathered or Stiff) %1000 Z1 Group (A) soils, h%15 m
2. Very dense sand, gravel %700 Group (B) soils, h%15 m
3. Hard clay, silt clay %700

(B) 1. Soft rock (weathered) 700–1000 Z2 Group (B) soils, h%15 m
2. Dense sand, gravel 400–700 Group (C) soils, h$15 m
3. Very stiff clay, silty clay 300–700

(C) 1. Highly weathered soft rock 400–700 Z3 Group (C) soils, h!15–50 m
2. Medium dense sand and gravel 200–400 Group (D) soils, h%10 m
3. Stiff clay, silty clay 200–300

(D) 1. Soft deep aluvial layers $200 Z4 Group (C) soils, h%50 m
2. Loose sand $200 Group (D) soils, h%10 m
3. Soft clay, silty clay $200
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wave velocities by UBC are compared with those used in this study. In Figure 14, the
normalized 5-percent-damped spectra are compared for various site conditions at 5- and
15-km distances. The normalized comparisons show that there exists considerable over-
lapping of the possible ranges of spectral shapes for different site categories. The non-
normalized proposed smooth spectra are subsequently compared with those of the UBC
in Figure 15. In this figure, UBC spectra display conservatism compared to smooth spec-
tra based on Equation 1. In fact, the values for construction of spectra given in the UBC
and this study were obtained from different sources, models and site classifications, the
generally good agreement between them tends to support estimated corner periods and
spectrum shapes for soft soil, soil, and rock site categories as described in Table 4.

UNCERTAINTY IN GROUND MOTION RELATIONS

The uncertainty in ground motion relations, both modeling (uncertainty in the simu-
lation process) and parametric (uncertainty in the parameters of future earthquakes), is a
pivotal component of probabilistic hazard analysis for prescribing accuracy and quality
of the procedures. The former can be described by the standard error and the bias,
whereas the parameters in the second set include the slip distribution, the location of

Figure 13. Comparison of 5-percent-damped normalized smooth spectra for magnitude 7.5 and
distances of 5 and 15 km with current Turkish Seismic Code (1998) at various site categories
(SS: soft soil; S: soil; R: rock).
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hypocenter, slip, and rupture velocity (Somerville 2000). We did not pay attention to
parametric uncertainty in this study, only focusing on the modeling uncertainty. In gen-
eral, ground motion models yield estimates of the probability distribution of ground mo-
tion amplitude for a given event. For most ground motion models, including the one pre-
sented here, this distribution is assumed to be lognormal and is characterized by a mean
and a (logarithmic) standard deviation ($ln Y). The uncertainties causing these standard
deviations, partly stemming from the lack and/or poor reliability of the specific support-
ing data, affect all analytical methods and procedures for the derivation of parameter es-
timates (Kalkan and Gülkan 2004b). Data exist that show that little reduction in $ may
result even when site conditions are well established (Field and Petersen 2000). The at-
tenuation relationships presented in this study cannot, and do not, eliminate these un-
certainties. The results we have presented in tabular and graphical form become mean-
ingful only in the context of the error distributions that are associated with each variable.
In general, our results have larger deviations from the mean in comparison with, e.g.,
Boore et al. (1997). This is partly because of the sheer dearth of our data and sparseness
of strong-motion recording stations in the national seismic network.

Another commonly used parameter to address the uncertainties in predictive equa-
tions is the bias, indicating on average how close the attenuation relation estimates the
recorded motions. Figure 16 demonstrates the residuals of natural logarithm of the ob-
served acceleration values produced by Equation 1 with its coefficients given in Table 2
for four different response periods (0.1, 0.3, 0.5, and 1.0 sec). It is shown that differ-

Table 6. Comparison of corner periods given in the UBC (ICBO 1997) and
this study at corresponding site categories

SOIL PROFILE TYPE

Rock Soil Soft Soil

Shear Wave
Vel. (m/sec) %700 200–700 $200

Distance TA TB TA TB TA TB

This Study $2 km 0.10 0.51 0.12 0.61 0.14 0.71
5 km 0.10 0.49 0.12 0.60 0.14 0.71

10 km 0.09 0.47 0.12 0.58 0.13 0.64
%15 km 0.09 0.45 0.11 0.54 0.12 0.59

SB SC SD

Shear Wave
Vel. (m/sec) 760–1500 360–760 180–360

Distance TO TS TO TS TO TS

UBC (1997) $2 km 0.11 0.53 0.15 0.74 0.16 0.78
5 km 0.11 0.53 0.15 0.74 0.16 0.78

10 km 0.10 0.48 0.13 0.67 0.14 0.70
%15 km 0.10 0.40 0.11 0.56 0.12 0.58
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ences between the mean of residuals for the different site classifications are close to
zero. Therefore, there is no significant bias observed in these predictions in the period
range of 0 to 2.0 sec.

DISCUSSION

The elastic design spectrum currently used for earthquake-resistant design practice
in Turkey is obtained by anchoring a standard smooth shape to effective peak ground
acceleration. These shapes are based on broadly described geological conditions, ignor-
ing fault distance or magnitude range dependency on spectral ordinates. In this article,
we provide as an alternative hazard-consistent design spectra based on a set of attenua-
tion relationships to estimate peak ground and spectral accelerations. In general, our
equations predict lower values at distances closer than 10 km and at magnitudes greater
than 7.0 when compared to other common attenuation models. This is consistent with
our previous observation regarding attenuation characteristics of national earthquakes
(Gülkan and Kalkan 2002). The database for this article has been broadened to enable
more representative predictions of ground motion in future earthquakes. Inclusion of a
larger number of strong motion seismograms has changed the parameters of the predic-

Figure 14. Comparison of 5-percent-damped normalized smooth spectra for magnitude 7.5 and
distances of 2 and 10 km with UBC (ICBO 1997) design spectra at various site categories (SS:
soft soil; S: soil; R: rock).
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tive equation listed in Table 2, but this is a trend that has befallen other ground motion
prediction models. Each new earthquake will cause further subtle modifications in those
parameters.

We have explored the influence of the site geology on the amplitude of peak ground
and spectral accelerations, and compared the site-dependent predictions with equations
proposed for Europe and North Western America (NWA). The logarithmic ratios of the
soft soil to rock data, and soil to rock data for PGA and spectral accelerations at periods
of 0.2, 0.5, 1.0, 1.5, and 2.0 sec are marked on Figure 17. The data points that are com-
parable to ours come from the predictive model of Ambraseys et al. (1996) for European
earthquakes and from Boore et al. (1997), Campbell (1997), Sadigh et al. (1997), and
Spudich et al. (1999) for NWA earthquakes. It can be noted that for PGA and short-

Figure 15. Comparison of smooth spectra for 5 percent of critical damping for rock, soil, and
soft-soil site conditions at various distances (UBC site classes are SB , SC , and SD correspond-
ing to rock, soil, and soft soil).
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period (T$0.3 sec) spectral ordinates, the effects of geological conditions on the ampli-
tude of response are in agreement and lie between our model and both European and
NWA models. For soil sites, the amplification values of Sadigh et al. (1997) at 0.5 sec
are less than our data but dissimilar to the rest that give higher estimates. We also note
that Sadigh et al. (1997) show de-amplification on soil sites at short periods up to about
0.3 sec, a feature not found by others or by our study.

It is also noteworthy that we find smaller amplifications at T!0.5 and 1.0 sec com-
pared to NWA and European attenuation models, whereas at long periods our predic-

Figure 16. Distribution of residual of the natural logarithm of actual spectral amplitude with
respect to estimated values from Equation 1 and Table 2 at periods of 0.1, 0.3, 0.5, and 1.0 sec
for three site categories. The horizontal bars denote mean of residuals for each site class.

Figure 17. Logarithmic ratio of peak ground and spectral accelerations for soil and soft soil
sites to rock motions for magnitude 7.4 and distance of 10 km (SS: soft soil; S: soil; R: rock).
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tions are close to the European model for soil amplification and increases for soft soil
amplification. However, they still fall below the NWA amplifications. In general, the
lack of amplification with respect to high rock-motion amplitudes is directly related to
the nonlinear stress-strain behavior of the soil as the bedrock acceleration increases dur-
ing high-magnitude shaking (Idriss 1990, 1991; Dobry et al. 2000). The results that we
have presented in this article seem to advocate this fact partly because of the undue pres-
ence of high-magnitude earthquakes in our data set. In fact, many stations in our data-
base are located on soil and soft-soil site geology, and most of them were triggered dur-
ing the (MW 7.4) Kocaeli and the (MW 7.2) Düzce earthquakes, and some of the stations
were triggered during both events. Apparent nonlinear soil behavior was suspected to
have occurred in the close vicinity of many stations (Bakir et al. 2002, Safak et al.
2000). The saturation of high-amplitude motions at the velocity-sensitive regions of the
site response spectra may be attributed to this fact.

The findings showed that the current design spectra reflected by the Turkish Seismic
Code are conservative for structures. The results in this article provide a framework for
improving estimates of site-dependent response spectra for design, site-dependent build-
ing code provisions, and predictive maps of strong ground-motion shaking for purposes
of earthquake hazard mitigation. A logical extension would be the construction of Sa
maps for 0.2 and 1.0 sec as an improvement of the current seismic zones map in Turkey.

The design spectra curves presented in this article are consistent with the expectation
of increasing amplification for decreasing soil stiffness for a given acceleration level.
The corner periods are also consistent with those from the UBC (ICBO 1997), and in no
case are they more than 18 percent different than the UBC values. Depending on the
parameters used to express the quantity of interest in the estimating equation, the physi-
cal parameters can serve as proxies for one another, and the vagaries involved in esti-
mating future occurrences of ground motion from past observations are likely to be di-
minished only when the physics of the phenomena is better understood.
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APPENDIX

Table A1 is a comprehensive description of strong ground motion records of 57
earthquakes that occurred between 1976 and 2003 in Turkey. This is an expanded and
updated version of the previously compiled database by Gülkan and Kalkan (2002),
which included records of 19 earthquakes occurring in Turkey between 1976 and 1999.
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Table A1. Database of strong motion records in Turkey (August 1976–July 2003)
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Table A1. (cont.). Database of strong motion records in Turkey (August 1976–July 2003)
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Table A1. (cont.). Database of strong motion records in Turkey (August 1976–July 2003)

* Data source: ERD-General Directorate of Disaster Affairs, Earthquake Research Dept. (www.deprem.gov.tr); KOERI-Bogazici University, Kandilli Observatory and
Earthquake Research Institute, (www.koeri.boun.edu.tr); ITU-Istanbul Technical University, (www.ins.itu.edu.tr).

** Rathje et al. (2003)
*** Information sources: ADA-Adalier et al.(2000); AKK-Akkar et al. (2002); AMB-Ambraseys et al. (1988); AMB2000-Ambraseys et al. (2000); AND-Anderson

et al. (2001); COS-Cosmos, (http://db.cosmos-eq.org); DEM1-Demirtas et al. (2000a); DEM2-Demirtas et al. (2000b); DEM3-Demirtas et al. (2003); GUL-Gülkan
et al. (2002a); NEI-CNSS Catalogue, U.S. Council of National Seismic System, (http://quake.geo.berkeley.edu/cnss/catalog-search.html); PEER-Pacific Earthquake
Engineering Research Ctr., (http://peer.berkeley.edu/smcat); RATH-Rathje et al. (2003); SUC-Sucuoglu et al. (2001); USGS-Celebi et al. (2001).
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ERRATUM

Erratum: ‘‘Site-Dependent Spectra

Derived from Ground Motion Records

in Turkey’’ [Earthquake Spectra

20, 1111–1138 (2004)]

Erol Kalkan, S.M.EERI, and Polat Gülkan, M.EERI

[DOI: 10.1193/1.1872875]

1) Page 1117-In Table 2 showing regression coefficient, bv for 0.16 sec spectral pe-
riod should be −0.298, not −298.

2) In the same table, regression coefficient, b2 for 0.85 sec spectral period should be
0.986, not 0.786. The corrected lines in Table 2 for 0.16 sec and 0.85 sec spectral periods
are shown underlined below.

(Received 24 January 2005; accepted 24 January 2005)

Table 2. Coefficients for attenuation relation of mean horizontal PGA and 5-percent-damped
PSA

Period (sec)

In(Y)!b1"b 2(M#6)"b3 (M#6)2"b5 In r"bV In (VS /VA) with r!(rcl
2"h2)1/2

b1 b2 b3 b5 bV VA h (km) !InY

0.16 1.471 0.517 −0.125 −1.052 −0.298 1954 9.59 0.634

0.85 −0.567 0.986 −0.214 −0.695 −0.333 1432 6.27 0.825
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