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I ntroduction

To evauate the seismic hazard of Istanbul, Turkey, it is necessary to know the Site
response of the city and its environs and to estimate how the resulting ground motions
might interact with the built environment. Approximately one thousand people were
killed by the collapse of buildingsin Istanbul during the 17 August 1999 Kocadli
Earthquake whose epicenter is roughly 90 km east of the city. Mogt of the fatdities and
damage occurred in the suburb of Avcilar that is 20 km further west of the epicenter than
the city proper. Shortly after the first damage reports arrived at the National Earthquake
Information Center (NEIC), the striking resemblance between ground motion and
damage patternsin the Avcilar district and Istanbul in 1999 and the Marina digtrict and
San Francisco during the Loma Prieta Earthquake in 1989 was noted (Wesson, personal
communication, 1999; see Hough et al., 1990, for discusson of abuilding/site-response
investigation using Loma Prieta aftershocks). Avcilar was aso aSte of earthquake
damage in 1894 (Holzer, persona communication, 1999). The mechanism responsible for
this locdization of damage is both intriguing and important.

Commencing within five days of the earthquake, ateam from the U.S. Geologica Survey
(USGYS) in cooperation with colleagues from the Earthquake Engineering Department of
the Kandilli Observatory (KOERI) began an aftershock investigation (see also Mudller et
al., in review). The main objectives were to Sudy Ste effects by comparing aftershock
ground motions recorded at Sitesinside and outside the damage areas, and to study
propagation of the seilsmic wavefield recorded on small arrays. The USGS team brought
16 portable digital seismographs and supporting equipment to Turkey. Each unit is
cgpable of recording many hours of digitized, three-component ground acceleration
and/or velocity time series, the data can be transferred to portable computers and




andyzed in the fidd. Datafrom the initid deployment, lagting from August 24 to
September 2, is discussed here. (Mogt of the instruments were till in Turkey and had
been redeployed severd times at the time of thiswriting in late October 1999).

Figure 1A is amagp showing instrument locations and epicenters of aftershocks recorded
by at least one tation during the initial deployment. From west to east, the map shows
ingrument deploymentsin Avcilar, West Istanbul, Dilovas, Korfez, and Adapazari.

Figure 1B shows the three-component records produced at these Sites by a magnitude-5.2
(M5.2) aftershock (August 31 08:10) that has aimost the same epicenter as the mainshock

(see Figure 1A).

Based on the instrument characteristics of their equipment, the USGSKOERI team
divided into two groups. one investigated strong ground motions in the epicentra areato
the east, and the other investigated the rdatively weak ground motions of Avcilar in the
west. The portable digital seismographs, RefTek PASSCALs-, that we (Meremonte et al.,
1999) had available were equipped with only weak-motion sensors, Marks Products 2-Hz
L-22 geophones, that could not record strong ground motions on-scale. Therefore, these
instruments could not be effectively deployed in the epicentral area during the early part

of the aftershock sequence. However, a dteslike Avcilar and Istanbul, far from the
epicentral areawhere the aftershocks produced weak motions, we could use these
instruments to document both the site response and the building response, and corrdate
these observations with the geologic structure and the building damage.

Site Response and Damage in Avcilar and West 1stanbul

To investigate the pattern of damage produced by the mainshock, i.e., little damage to the
Istanbul proper but greater damage to its western suburbs, we deployed seven portable
saismographs at stesin Avcilar and West Istanbul to record aftershocks. These included
agmadl-aperture (~200 m), tripartite array in the damaged neighborhood of Avcilar (AB1,
AC1, AD1), and an instrument (AT1) co-sted with adigita strong-motion accel erograph
~1 km west of town that recorded the mainshock (KOERI Station ATS; 0.24% g).
Avdlar and vidnity is underlain by as much as 200 m of poorly lithified calcareous sand,
marl, and oalitic limestone (Upper Miocene) and unconsolidated Pliocene sand and

gravel (Kapp et al., 1969). For the purpose of this study, we will refer to this strataas
"soft rock™. To acquire a representative sample of ground motion from the soft rock
dtrata, we deployed two other stations: a Y eslkoy (Y S1) where there was some damage
and near the Istanbul airport (AR1) where there was no damage. We aso deployed a
dation at areference rock site (HL1; underlain by Devonian limestones and greywackes)
that we selected as being representative of strata beneath the undamaged areas of 1stanbul
proper. Figure 2A shows the locations of these stations with respect to the geotechnical
properties of the underlying strata. The radid components of ground ve ocity of the M5.2
aftershock recorded at these sites, low-passfiltered at 0.25 Hz (4.0-s period), are shown
in the W-E pseudo-recordsection of Figure 2B. Station AT1 was equipped with aGurap
broadband seismometer, and its records have been high- pass filtered with a 2-pole
Butterworth at 2 Hz to give them the same response characteristics as those of the other
gtations equipped with L-22 geophones. Station AT1 and the three Saionsin the




damaged neighborhood, particularly AB1, exhibit large amplitude and very prominent
Raeigh waves that begin approximately 8 s after the corresponding S-waves. Figure 3 is
aphotograph of the remains of an apartment building that stood — before the earthquake —
less than 30 m from Station ABL.

Figure 4 displays the pseudo-recordsections of three other large aftershocks (M4.1, 4.6,
4.8) recorded by the stations shown in Figure 2. In genera, ground motions <0.25 Hz in
the damaged area are 2-4 times greater than those of the less damaged and undamaged
areas underlain by smilar geology, i.e., Yeslkoy and the "soft-rock” site, and an order of
magnitude greater than those at the rock site. The congstency of the ground motion
amplification of the damaged stes rdative to that of the undamaged sites over arange of
epicentral distances that spans 200 km (50, 100, 207 km) suggests that regional focusing
effects, such asthose that produce SmS phases, do not contribute sgnificantly to the
amplitude differences. In the frequency band >1.0 Hz, the ground velocities of more than
50 aftershocks are consgtently higher at Y esilkoy than at the other Sites, and this may be
dueto alocdized surficid layer of low-velocity unconsolidated sediments at Y esilkoy.
Station AT1 regularly recorded ground motions that were smdler but comparable to
those of Station AB1, and that station is colocated with a permanent station that recorded
the largest pesk accderationsin Istanbul during the mainshock. However, the mainshock
caused little damage here, presumably because the plant consists of buildings and
gructures that are less fragile than the surrounding apartments.

Building Response

We evauated the response characteritics of a building located within the area of the
amdl-aperture array in the damaged neighborhood of Avcilar (Figure 5). Other than some
minor cosmetic cracking of stucco, plaster and tiles, the building is apparently

undamaged, even though at least four buildings adjacent or in close proximity to, i.e.,
within the damage array, collgpsed during the earthquake. The building was instrumented
with an L-22 geophone in the basement and another L-22 resting on the concrete celling
above the 6" floor, below the tile roof . The signal's from both sensors were recorded by
one 6-channel RefTek PASSCAL 72-08 DAS in both trigger mode at 100/200 sps and
continuous mode at 25 sps. Figure 6 displays both the basement and roof records (plotted
on the same time and amplitude axes) of a M 3.9 aftershock (October 11 02:47, near the
M4.1 aftershock near Yaova; see Figure 1A). Note that the verticas have smilar
amplitudes but the amplitudes of the horizonta components in the roof are much larger
than those in the basement, reflecting the amplification of ground motion produced by the
building response.

Discussion and Conclusions

Assuming that there is no systematic differencein building design or congtruction
practice between Avcilar and Istanbul, the question is: what difference in ground motion
caused the difference in damage? Hence, what is the difference in Site response between
these two areas? Or more precisely, is there a correlation between site response and
building response that makes buildings in Avcilar more susceptible to failure than those



in Istanbul? To estimate this correlation, we calculated the NS and EW horizontdl

building responses and the radid and tangentia horizontal Site responses. The building
responses are the ratios of the spectra of the horizonta roof records to the spectra of the
corresponding basement records of the M 3.9 aftershock (see Figure 6). The Site responses
are the ratios of the spectra of the horizonta Station AB1 records to the spectra of the
corresponding Station HL 1 (reference rock site) records of the M5.2 aftershock. All
records are ~80-slong at 25 sps. Figure 7 is alog-frequency/log-amplitude plot of the
two horizonta components of both of these spectrd ratios, i.e., the building responses

and the Site responses. Both the NS and EW components of the building response exhibit
the peaks between 2-3 Hz that would be expected of the fundamenta mode of a 5-6 story
building (assuming a period of ~0.1 s per floor), and these peaks have amplitudes —
factors of roof/basement amplification — of 8-13. The radia component of Site response
peaks at 0.3-0.4 Hz with an amplitude — afactor of Avdcilar/Istanbul amplification — of

13, and this corresponds to the timeseries amplitudes of Station ABL1 relative to other
stations as seenin Figure 2B and Figure 4. The tangential component peaks at about 2

Hz, i.e., a nearly the same frequency as the building response, but it only has an
amplification factor of 4. It is not clear why the building responses of both NS and EW
components keep increasing a low frequencies.

The four largest recorded aftershocks constitute a good sample of the three or four main
source regions of the Kocadli Earthquake (see Figure 1A), and in the frequency band
<0.25 Hz (>4-s period), their records exhibit large-amplitude phases after the S-waves at
gationsin the damaged area of Avcilar that do not appear a sationsin less damaged or
undamaged areas further to the east. The damaged area of Avcilar islocated on an east-
and south-dipping hillsde that rises fairly steeply, relaive to adjacent topography, from
the shores of the Sea of Marmara to the south and Kucuk Cekmece to the east. The large-
amplitude phase may be related to body-wave/surface-wave conversion at these
topographic boundaries and/or to higher-mode surface-wave amplification from the loca
thickening of low-veocity layers. Thereis no question that both the building and site
regoonses have spectra complexities that overlgp. This may explain why Avcilar, which

is even further from the epicenter than Istanbul proper, suffered more damage during the
Kocadi Earthquake.

The problem of site response in the areas aready stricken by the Kocadli Earthquake and
the 12 November 1999 Duzce Earthquake in the eastern epicentra area have been
resolved for the time being; the earthquake whose thregt to Istanbul we fear has yet to
occur. Given the potentid threat to Istanbul from the westward trend of destructive
earthquakes on the North Anatolian fault system in the 20th century (Barka, 1996; Stein
et al., 1996), it iscrucia for usto understand the reasons for the damagein Avcilar in
1999. Thereisalarge body of data and many anaytic techniques (e.g., Franke et al.
1991) that promise to shed further light on this phenomenon.

" The use of trade names s for the purpose of identification only and does not corsitute
an endorsement by the U.S. Geologica Survey.
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Figure 1: A) Map of Kocadli Earthquake aftershock zone. The black concentric circles
centered on the mainshock epicenter are in 20-km increments. The red circles are
aftershock locations (from Seismologica Observatory, KOERI:
<http://Aww.koeri.boun.edu.tr/geophy/anasayfaleanafr.html> | Sesmology | Recent
Earthquakes Text) and their radii are proportional to Brune-source radii, the magnitudes
of the four largest events are annotated. The blue diamonds are the locations of individua
seismographs and/or small-aperture seismic arrays, and they are connected by dotted
lines to the town names of the recording sites. B) The corresponding three-components
(Z, N, E) of ground motion recorded at these Sites are shown as a pseudo- recordsection of
40-s duration. The amplitudes of each trace are normalized to the pesk vaue of that trace,
i.e., amplitudes cannot be compared. Strong-motion records are plotted as acceleration in
the eastern epicentra region, weak-motion records are plotted as velocity in Avcilar and
West Istanbul.
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Fgure 2: A) Geotechnicd surficid geology map of Avcilar and West Istanbul
(Municipdity of Istanbul): [1-3] dluvium with low-loading capacities where load

capacity increases from 1 to 3; [4] dluvium with good loading capacity with weak zones
locdly; [5] dluvium with low-loading capacity with increase probability of landdides on
dopes reaching 14- 15 degrees; [6] dluvium with high-loading capacity but landdides
may occur where ground water accumulates a bottom of dopes, [7] dluvium with low-
loading capacities with known damage to structures; [13] rock with high-loading
capacities except on dopes. B) Theradia components that have been low-pass filtered at
0.25 Hz (4.0 ) exhibit Rayleigh waves that are sgnificantly amplified a gtesin the
damaged area of Avcilar.



Figure 3: Collgpsed 6-story apartment building adjacent to Station AB1 of the small-
gperture seismic array in the damaged area of Avcilar.
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Figure 4: Radid (R) and tangentid (T) ground-velocity components of three of the larger
aftershocks; see annotated eventsin Figure 1A. All records have been low-pass filtered at
0.25 Hz and plotted &t the same time scale with a 70-s duration. The records of each
event are plotted a the same amplitude scale and the peak amplitude is annotated with

the magnitude and epicentra distance on the left.



Figure 5: Building in the damaged area of Avcilar that we tested in this study. Note that
the building has six gtoriesin the front and less than that on the Sde with the gairs. This
building is gpproximately 100 m south of the building that collgpsed adjacent to Sation

AB1.
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Figure 6: Response of 6-story gpartment building to aM3.9 aftershock at a distance of
~40 km. All traces are plotted on the same amplitude and time scales.
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Figure 7. Spectrd ratios that have been smoothed over octave-wide intervas and plotted
on the same amplitude and frequency axes.



