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Abstract Seismic wave amplification study is conducted for the town of Avcilar, Istanbul, located at about

120 kilometers west of the epicenter of the Kocaeli earthquake of August 17, 1999. The soil data is obtained

from the literature published earlier by various researchers. It is determined, through the use of well known

computer program Shake 2000, that the three major predominant periods of the ground are, 1.60, 1.00 and 0.70

s, respectively. Thus, the reasons of extensive damages occurred to 6 to 8 storey high residential buildings in the

region, may be attributed to both the long distance effects of the high period waves of the earthquake and soil

amplification.
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1 Introduction

While propagating upward through a layared soil

medium, the frequency content and the amplitudes of

the earthquake motion may be greatly modified. Den-

sity, rigidity, thickness and other physical properties of

the soil strata as well as the intensity of seismic motion

are the prime factors affecting the characteristics of the

seismic waves. A soil amplification study may be per-

formed following one of the three methods of analysis,

lumped mass idealization, solution of differential wave

equations, and finite element idealization.

The first two methods are used for horizontal-

ly layared soils idealized into one dimensional mathe-

matical models, while the finite element procedure is

preferred for two or three dimensional problems. In ad-

dition, there are several studies representing the case,

when layering is not horizontal but inclined (Yokohoma,

1992), and also the effect of incident angle on the surface

wave generation, thus on soil amplification (Zheng and

Tamura, 1992). Details of different methods of analy-

ses as mentioned above, are available in the literature

(Schnabel et al. 1972; Idriss and Seed, 1974; Tezcan
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and Ipek, 1977; Tezcan and Cekirge, 1977). Wave prop-

agation technique has been successfully employed by

Schnabel et al. (1972) to study the earthquake response

of horizontally layared soils. The computer program

Shake 2000 developed by these authors is a sophisticat-

ed and versatile tool to determine the effects of local soil

conditions on ground response of eight different types

of soil profiles at Avcilar, Istanbul.

2 Comparison with previous cases

The existence of soil amplification was amply

demonstrated in many past destructive earthquakes,

but a definite understanding of the factors involed e-

merged only recently. For example, it seems clear from

studies of recent earthquakes that the relationship be-

tween the periods of vibrations of a structure and the

predominant periods of the supporting soil is profoundly

important regarding the seismic response of a structure.

In some instances, such as, Gediz earthquake, Turkey

(1971), the Romanian earthquake (1979), the Mexico

City earthquake (1985), the surface accelerations may

be as large as 4 to 5 times those of the base rock accel-

erations (Tezcan and Ipek , 1973; Tezcan et al., 1973,

1977, 1978; Whitman et al., 1974; Cassaro and Romeo,

1987).

During the 1971 earthquake at Gediz, Turkey,

for instance, the paint workshop building of the To-

RETRACTED A
RTIC

LE



486 Earthq Sci (2011)24: 485–491

fas/Fiat automobile factory was demolished in Bursa,

(135 km away from the epicenter), while no other build-

ings in Bursa were damaged. Subsequent investigations

revealed that the fundamental period of vibration,

T=1.2 s, of the paint workshop building was approxi-

mately equal to that of the underlying soil (Tezcan et

al., 1977).

Further evidence about the importance of predom-

inant periods of vibration of soils was derived from

the medium size earthquake of Caracas (Venezuella)

in 1967, which completely destroyed four buildings and

caused extensive damages to many others. The pattern

of structural damage has been directly related to depth

of soft alluvium overlying the bedrock. Extensive dam-

age to medium-rise buildings (5–9 storeys) was reported

in areas, where depth to bedrock was less than 100 m,

while in areas where the alluvium exceeded 150 m, the

damage was greater in taller buildings (over 14 storeys).

The town of Avcilar of the City of Istanbul, is

located at a distance of 120 kilometers to the epicen-

ter of the August 17, 1999 Kocaeli earthquake. Despite

such a long distance, surprisingly heavy and extensive

damages occurred to many buildings at Avcilar. The

casualties to life have been 273 dead and 630 wound-

ed. A total of 158 apartment buildings either collepsed

or heavily damaged beyond repair. About 526 build-

ings suffered medium and 800 buildings suffered minor

damages. Such an extensive damage toll, at such a long

distance to epicenter, has been a great surprise to all

concerned, since there were practically no heavily dam-

aged or moderately damaged building in the entire City

of Istanbul, which is 20 kilometers closer than Avcilar

to the epicenter. A few examples of collepsed buildings

at Avcilar are shown in Figure 1.

Figure 1 Damaged buildings at Avcilar, Istanbul in M7.4 Kocaeli earthquake of August 17, 1999.

It is also a strange phenomenon that the maxi-

mum ground acceleration recorded at the Ambarli Ther-

mal Power Plant, near Avcilar is 0.24 g, while the peak

ground acceleration is only 0.04 g at the Public Works

Building, Barbaros Boulevard, Besiktas, at the heart of

the City of Istanbul. It is seen that the seismic waves at

Avcilar must have been amplified greatly by at least 5 to

6 times. The peak acceleration values recorded at var-

ious stations, during the Kocaeli earthquake of August

17, 1999, are shown in Figure 2.
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Figure 2 Peak ground accelerations in Kocaeli earthquake of August 17, 1999 (Courtesy of U.S. Geoligical

Survey, Circular 1193).
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3 Effects of soil conditions

The depth of alluvium is directly related to the pe-

riods of vibration of the soil. Considering shear waves

traveling vertically upward predominant through a sin-

gle soil layer of depth H above the bedrock, the pre-

dominant period of horizontal vibration of the soil is

given the soil is given by

Tn =
4H

(2n− 1)vS
(1)

where n is an integer, 1, 2, 3, ... representing the various

modes of vibration, and vS is the velocity of the shear

wave. The nature of the sub-soil may influence the seis-

mic response of structures by way of soil amplification

in which the seismic excitation at bedrock is modified

during transmission through the overlying soils to the

foundation. This may cause attenuation or amplifica-

tion effects. It follows that the soil amplification will be

influenced by the presence of the structure, as the effect

of soil-structure interaction is to procedure a difference

between the motion at the base of the structure and the

free-field motion which would have occurred at the same

point in the absence of the structure. In practice howev-

er, this refinement in determining the soil amplification

is seldom taken into account, the free-field motion gen-

erally being that which is applied to the soil-structure

model. The scope of this study is restricted to determin-

ing the soil amplification at free surface for the town of

Avcilar in Istanbul.

4 Physical and dynamic proper-

ties of soil

The physical and mechanical properties of the

subsoil layers play an important role in the dynam-

ic response of the surficial layers. All pertinent data

about the subsoil conditions should be determined by

means of both in-situ and laboratory testing. The fol-

lowing information about the subsoil layers is consid-

ered to be most essential; layer thickness, angles of in-

clination and general stratigraphy, strength properties,

grain size distribution, consolidation data, mineralogy,

natural moisture content, Atterberg limits, unitweights,

shear strength, relative density, overconsolidation ratio,

ion exchange capacity, sensitivity, swelling, shear modu-

lus, damping, Poisson’s ratio, bulk modulus, cyclic shear

strength, seismic wave velocities, intensity of cracks,

permeability, etc. It is always advisable to determine

most of these parameters by more than one measuring

technique for the purpose of correlation and realistic

evaluation.

The shear modulus of soil may be estimated eas-

ily from shear wave velocity test. An explosive charge

or a hammer is used to produce waves in the soil. The

velocity is measured by applying the excitation at one

borehole and measuring the velocity at another bore-

hole or by applying an excitation on the ground and

measuring the velocity at a borehole (Duke, 1969). The

fundamental period of soils is an important property for

the earthquake resistant design of structures. It can be

estimated by means of an analytic study or from mea-

surement of small earthquake disturbances.

The moduli E and G of soils can be determined

by applying axial and torional vibrations to the cylin-

drical sample through the “resonant column” testing

procedure (Wakabayashi, 1986). There are various field

and laboratory methods available for finding the shear

modulus, G of soils. The values assumed in the comput-

er analyses are listed in Table 1. Although, the shear

modulus and damping of soils may be determined by

the above experiments, empirical expressions are also

essential for theoretical analysis purposes. In fact, very

extensive design equations and charts have been pro-

posed by Hardin and Drnevich (1972) and Pitilakis et

al. (1995).

Table 1 Variation of shear modulus and damping

Shear modulus

G/Gmax

Critical damping

ratio β
Shear strain

γ
Clay Sand Clay Sand

0.0001% 1 1 1.2 0.5

0.0002% 1 1 1.3 0.7

0.0005% 1 0.98 1.5 1.2

0.001% 1 0.96 2.0 1.8

0.002% 0.97 0.93 2.5 2.6

0.005% 0.92 0.84 3.5 4.0

0.01% 0.85 0.75 4.5 5.6

0.02% 0.75 0.60 6.4 8.0

0.05% 0.59 0.43 9.2 12

0.19% 0.46 0.30 12.0 15.5

0.29% 0.34 0.19 15.0 19.5

0.5% 0.25 0.11 18.2 22.8

1% 0.22 0.07 19.5 24.7

2% 0.18 0.06 21.0 26

5% 0.17 0.05 22.0 27

Note: Gmax=shear modulus at γ=10−3 percent; G=shear modu-

lus at shear strain γ.
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5 Soil conditions at Avcilar, Istan-

bul

The geological and geotechnical data of the soil

conditions under the urbanised section of the Avcilar

Municipality, have been extensively investigated by a

team of research at the Technical University of Istanbul

(Yuzer et al., 1997). The township of Avcilar is located

at about 25 km west of Istanbul, between the Kucukcek-

mece and Buyukcekmece Lakes, bounded by the sea of

Marmara on the South, and European Highway (E-5)

on the North, as shown in Figure 3.
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Figure 3 Distribution of damaged buildings at Avcilar, Istanbul in Kocaeli earthquake of August 17, 1999.

The typical geological formations existing in the

area are indicated in the soil profiles given in Figure

4. Since the thicknesses of especially the three upper-

most formations are variable, eight different combina-

tions of soil layers, with extreme values of layer thick-

nesses have been considered. The top soft clayey layer

is named Gungoren formation and has a thickness vary-

ing between zero and 10.00 m, within the area. There is

a relatively strong limestone (Bakirkoy) formation un-

derneath, with a thickness varying between 7.5 m and

15.0 m. The third typical layer from the above is again

the same clayey formation (Gungoren) with a thickness

varying between 4.0 m and 15.0 m. It is underlain by a

15.0 m thick fine dense sand formation (Cukurcesme),

which is partially saturated. The SPT values at this

sand layer averages at N60=25.

The grain size distrubition of some of the sand sam-

ples taken from the Cukurcesme formation, falls well

within the highly liquefiable fine sand category. Some

other sand examples however, do not exhibit such a

high liquefacation potential in their particle size dis-

trubition. Neverthless, for any future construction at

Avcilar, a proper liquefaction hazard risk analysis must

be performed, using both experimental and analytical

means, especially when the top of the sand layer is less

than 12 to 15 m below the surface. The ground water

table is 6.0 to 16.0 m below the surface where is a hard

clay layer (Gurpinar) of about 300 m thick overlain by

the Cukurcesme sand formation. Beneath the Gurpinar

hard clay layer, a strong tuffaceous bedrock formation

exists. The typical geotechnical parameters of these five

distinct soil soil layers are also summarized in Figure 4.

6 Amplification spectra

One dimensional shear wave propagation analyses
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Figure 4 Eight different soil profiles considered for analyses, at Avcilar, Istanbul.

have been conducted, from bedrock to surface, for al-

l eight different types of soil profiles using the Shake

2000 computer program. The time history motion as-

sumed at bedrock level is the NS-component of the El

Centro earthquake of 1940, except that the time spac-

ing reduced to Δt=0.005 s, in order to increase the pre-

dominant frequency content of the record. Further, the

amplitudes of the El Centro record are scaled down to a

small value to correspond to the estimated bedrock peak

acceleration of 0.03 g, at Avcilar, during the main shock

of the Kocaeli, Turkey earthquake of August 17, 1999.

The response spectrum curves at the surface for soil

profiles Nos.1 and 2, for 5, 10 and 15 percent damping

values, are shown in Figure 5, together with the elastic

design spectrum curve of the 1998 Turkish earthquake

code.

It is seen that, for 5 percent damping case, there

is a marked exceedance beyond the maximum 2.5 mag-

nification of the 1998 Turkish Earthquake Code. The

amplification spectra of the surface motion, have been

also determined for the same soil profiles Nos.1 and 2

as shown in Figure 6.
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Figure 5 NS component response spectra at surface for soil profiles Nos.1 and 2 in El Centro earthquake of 1940.
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Figure 6 Amplification spectra of the surface motion for soil profile Nos.1 and 2.

It is seen that when the peak acceleration of the

bedrock motion is 0.03 g, there are distinct peaks at

periods T1=1.60 s, T2=1.00 s, and T3=0.70 s, with am-

plification factors as high as fa=3 to 7. Hence, buildings

with natural periods of vibrations close to these values

are very much susceptible to heavy damages. In fact,

158 apartment blocks 5 to 8-storey high with periods

falling into the range of T = 0.7 s to T=1.0 s, either

totally collapsed or heavily damaged beyond repair at

Avcilar, during the Kocaeli earthquake of August 17,

1999.

The existence of soil amplification at Avcilar, has

been also proven by Meremonte et al. (2000), through

an array of seven seismographs, installed to record the

aftershocks of the Kocaeli earthquake. During one par-

ticular aftershock of M5.2, the records taken at the

damaged neighborhood of Avcilar displayed unusually

large amplitudes, while other records taken at undam-

aged areas of Istanbul, showed very little or practically

no motion.

As an alternative study, mainly for the purpose of

investigating the changes in soil amplification, with in-

crease of intensity of shaking, the peak acceleration of

the El Centro record, assumed to exist at bedrock level,

is increased from 0.03g to 0.20 g. In this case, no soil

amplification is detected (Figure 6). In fact, the amount

of amplification is greatly reduced to normal levels of

fa=2 to 3. It can then be concluded that the amplifica-

tion occurs only when the intensity of shaking is very

small, that is only during distant strong earthquakes,

or during mild nearby earthquakes (Tezcan and Ipek,

1973).

7 Conclusions

1) The peak ground acceleration measured at Av-

cilar (actually at Ambarli Thermal Power Plant, only

two kilometers west of Avcilar) is 0.25 g. This is six to

seven times greater than the peak ground acceleration

recorded at bedrock right at the center of the City of

Istanbul during the August 17, 1999 Kocaeli, Turkey

earthquake. The reason for such a high value of amplifi-

cation is determined to be the shear wave amplification

through the soft soil layers above the bedrock.

2) The unusually high rate of soil amplification is

a consequence of not only the unfavourable existence of
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a variety of soft sandy and clayey layers, but also of the

intensity of shaking at bedrock level being very low, on

the order of 0.03 g.

3) It is shown that when the intensity of shaking at

bedrock becomes relatively large, on the order of 0.20 g

for example, during a future nearby earthquake, practi-

cally no soil amplification is expected.

4) For mild nearby earthquakes, or for long dis-

tance strong earthquakes occurring within an epicentral

distance of about 120 km, there are three distinct pre-

dominant periods of the ground as T=1.60 s, T=1.00 s

and T=0.70 s. Buildings at Avcilar, with natural peri-

ods of vibration close to anyone of these peak ground

periods, are expected to experience relatively heavier

damages due to soil amplification.

5) A proper liquefaction hazard analysis is recom-

mended for any new construction site at Avcilar since,

the Cukurcesme sand formation, from place to place, is

susceptible to liquefaction, especially when the depth of

sand is less than 12 m.
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