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Abstract. Istanbul city has experienced many strong earth-ential settlements from squeezing due to tremors and result
quakes throughout its history and suffered extensive damagén major structural damage to buildings. It has been observed
The old Istanbul (Fatih and Eminonu districts), one of the that during earthquakes the dynamic stresses and pore water
most densely populated locations of Istanbul city, is a com-pressures on soft clay and sand layers cause massive land-
mercial centre and has many significant historical buildings.slides. In general, the soil conditions which contribute to the
In this study, the data pertaining to the damage sustained bgamage caused by earthquakes are; soil amplification, soil
historical artifacts and structures from past earthquakes, arkquefaction, landslides and ground settlement.

examined along with the soil amplification of the region, the In this study, the possible changes (in terms of soil ampli-
liguefaction and slope stability risk in relation to the seismic fication, soil liquefaction, slope stability) that can occur fol-
microzonation maps which were prepared using geographifowing an earthquake were analysed in a selected study area
information system techniques. The relationship betweerand the results presented with micro-zoning maps. By suc-
soil behaviour and the damage resulting from previous eartheessively running comparisons on the damage information on
quakes. The structural damage observed in the region walsistorical monuments located in the study area with ground
in accordance with the microzonation maps. Since the areaicro-zoning maps, the impact of the ground changes on the
does not have a high risk in terms of slope stability, this doesdamage to historical monuments were investigated and anal-
not have much impact on the level of damage. However, itysed.

was found that soil amplification and partial liquefaction con-  The study was undertaken in the district of Fatih and Emi-
tributed to the damage to historical artifacts and structures. nonu, Istanbul, Turkey as shown in Fig. 1. This area is also
known as the historical peninsula. Istanbul has experienced
many strong earthquakes in its history and suffered exten-
sive damage. The district of Fatih and Eminonu is one of the
most densely populated locations of Istanbul city. Itis a com-

It is known that the extent of the damage to buildings causednercial centre and has many significant historical buildings.
by earthquakes is related to local soil conditions. Therefore|n this study, we examined the data pertaining to the dam-
in the ground surveys performed before the construction ofig€ sustained by historical artifacts and structures from past
a building, it is necessary to examine how the layers, whichearthquakes, the soil amplification of the region, assessed the

constitute the ground under and around the proposed buildiquefaction and slope stability risk in relation to the seis-
ing, would behave during an earthquake. mic microzonation maps and investigated the relationship

If the structural damage during an earthquake is the rebetween soil behaviour and damage resulting from previous
sult of complete ground subsidence that leads to large scalg@rthquakes.
displacement, the relationship between the structural dam- Although geological structure is important, local soil con-
age and local soil conditions can obviously be seen. Foditions are known to have a great influence on the potential

example, loose-grained ground may cause total and differdamage resulting from earthquakes (Seed and Idriss, 1969;
Seed et al., 1972; Chang and Chang, 1994). Since the re-

. sponse of soils under dynamic and static loading is different
Correspondence td5. C.Ince from other civil engineering materials and their geotechnical
BY (gokcecicekince@gmail.com) properties tend to change locally from one point to another,
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STUDY AREA

Fig. 1. Location of the study area.

there is a need to evaluate the regions with respect to the suit- The site response analysis under earthquake loadings was
ability for settlement and to determine the effects of future performed using the Equivalent-Linear Earthquake Site Re-
earthquakes on existing residential areas. sponse Analysis Programme (EERA) developed by Bardet et

Seismic microzonation studies are considered to be an effial. (2000) which is based on the propagation of waves in a
cient tool for the assessment of seismic hazard in urban areagscous elastic half space. For the simulation of earthquake
in terms of the assessment of soil amplification, risks of lig- motion, the Target Acceleration Response Spectra Compati-
uefaction potential, slope failure and differential settlements.ble Time Histories (TARSCTHS) computer programme (Pa-
Seismic microzonation studies generally involve the follow- pageorgiou et al., 2000) was used. This programme is capa-
ing three stages: assessment of seismicity and regional seible of producing spectrum compatible earthquake time his-
mic hazard, identification of geological structure and fault tories. As a result of the dynamic site response analysis,
features and the determination of the effects of local geotechthe spectral accelerations, spectral velocities and amplifica-
nical conditions in the region. The local geotechnical effectstions were computed. Additional soil amplification values
are evaluated with respect to soil amplification, slope sta-were determined for each cell based on equivalent shear wave
bility and liquefaction potential. The seismic hazard of the velocity using the empirical relationship proposed by (Mi-
Fatih and Eminonu districts study area was assessed with redorikawa, 1987).

spect to the probability of it exceeding 10% in S0yr with @ |, the preparation of microzonation maps, with respect to
probabilistic approach at 250 m intervals utilizing the stud- ;) amplification, the procedure recommended in the man-
ies performed within the scope of the Globgl Seismic Hazard, 5| Microzonation for Earthquake Risk Mitigation, (MERM,
Assessment Program (GSHAP, 1999) project and the SEIS;403) prepared by Worldnstitute for Disaster Risk Man-
RISK Il computer programme (Bender and Perkins, 1987). agement (DRM) was used. DRM is a network for applied

For microzonation studies to be successful, the geologicalgsearch, implementation and dissemination in the field of
and fault structure of the region should be correctly evalu-gisaster risk management. The Fatih and Eminonu districts
ated. Therefore, geologlce_ll maps of the s_tudy area, mcludmgtudy area was mapped ass, Bss andCgs in descending
fault systems and geological cross sections, were preparegger of seismic shaking intensity with respect to an earth-

in detail utilizing the data from 125 borings, surface geol- quake event corresponding to probability of exceedance of
ogy observations and topographical information. The study;q o4 in 50 yr.

area was divided into 250 s 250 m cells and representative ) o

soil profiles were created for each cell compatible with the " ©rder to evaluate the study area in terms of seismic

geological maps and cross sections. §I0pe stability hazard, the KoeriSlope V1._O_ programme (Fah-
jan et al., 2003), based on the slope stability analysis method
proposed by Siyahi and Ansal (1993), was used and the
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Table 1. Disastrous earthquakes around Istanbul from 325 to 1894
(Istanbul Earthquake Symposium, 1991). - ;k:béfi\
Date MSK M9k 1
1754 1878 1943
325 IX =
427 IX
478 IX
553 X
865 IX
986 IX
1344 IX
1462 IX
1509 IX Fig. 2. Historical Earthquake Map of the Marmara Region (Barka,
1659 IX 1991).
1766 IX
1894 X

other authors (Eginitis, 1899ztin and Bajilke, 1990) state
that the highest intensity was VIII. After this earthquake, the
director of the Athens Observatory, Dr. Eginitis was invited
microzonation map was prepared in accordance with thedy Abdulhamit the sultan at that time) to undertake research
computed factor of safety values. about the earthquake and Eginitis prepared an iso intensity
The microzonation map regarding the liquefaction poten-map from the data obtained. Figure 3 presents the map pre-
tial was based on the assessment of liquefaction potential ag2ared by Eginitis. Figures 4 and 5 show the damage caused
cording to the simplified procedure recommended by Seedy this earthquake.
et al. (1984, 1985) for the coast lines of the Golden Horn, Most of the damage caused by the 1894 earthquake is ob-
Yenikap and Kumkap and along Vatan street (see Fig. 6)served on the edges of Fatih and Beyazit districts of Istanbul
where liquefaction is thought likely to occur due to the char- (Barka, 1991) with subsidence occurring in the filling mate-
acteristics of the soil layers. rials in Emirdni (Eginitis, 1894).Oztin and Balke (1990)
reported that the Kapali¢cars! (Grand Bazaar) in Eminonu was
significantly damaged as a result of this subsidence and 135
of the total 280 deaths from this earthquake were caused by
The 12 massive earthquakes that have affected the city othe collapse of the Kapalicarsi. Thus, it can be seen that
Istanbul between in the period 325 to 1894 are given withearthquakes present a significant risk to historical artifacts
the year and intensity in Table 1. The shortest time intervaland structures in Istanbul, particularly in the historical penin-
between two earthquakes was 47 yr and the longest intervadula in which the Eminonu district is located.
was 358 yr and the average time interval between two earth-
quakes is 143 yr. The most significant earthquakes are thosg  Geology of the historical peninsula
that occurred in 1509, 1766, and 1894. The 1509 earthquake
is remembered as the “small doomsday” since its epicentrerhe geology and soil profile of the historical peninsula have
was close to Istanbul where significant damage was causedbeen investigated through surface geological investigations.
A further study was undertaken by Barka (1991) of the 125 borings have been drilled for various purposes and sev-
earthquakes that occurred in the Marmara region. Figure 2ral trial pits for further investigation have been opened by
shows the distribution of earthquakes in the Marmara regionistanbul Metropolitan Municipality, Fatih and Engin(i Mu-
from 1719 to 1999. In this figure, source areas for each in-nicipality, General Directorate for State Hydraulic Works and
dividual earthquake are schematically shown as gray-shadedICA in and around the peninsula. The study area was di-
ellipses based on the maximum damage area and the presenided into 250 mx 250 m cells (U12, K14, etc.) and rep-
day understanding of the fault segments along the NAFZ. resentative soil profiles were created for each cell compati-
In 1766, a major earthquake affected historical recordsble with the geological maps and cross sections. The studies
these records state that the earthquake extended |t showed that two distinct formations outcrop on the penin-
to Gelibolu and broke the Marmara fault line. There was asula (Fig. 6). The older one comprising the bedrock in the
tsunamis and great damage to the historical buildings includarea is known as the Trakya formation, it is Lower Car-
ing mosques and the Topkapi Palace. The documentatioboniferous and represented by interbedded claystone, silt-
concerning the 1894 reports that the macro seismic epicenstone and sandstone (graywacke) (Kaya, 1971; Vardar and
tre was 40.8 north latitude and 29.0 east longitude and théayraktar, 1993). The other formation, unconformably over-
largest intensity was X (dajdu et al., 1991). However, lying the Trakya formation, is a continuous sequence of

1.1 Historical earthquakes in Istanbul
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Fig. 3. The iso intensity curves of the 1894 earthquake in the Mar-
mara Region (Eginitis, 1895).

Fig. 4. A photograph of the damage to the towers

in Topkapi following the 1894 earthquake in Istanbul
deposits from the Upper Oligocene to the Upper Miocene,(http://www.tarihimiz.net/v3/haberler/genel/tarihte-istanbul-
composed of loosely cemented and interbedded sand andepremleri.html).
clay with increased carbonate content in the upper levels
resulting in intercalations of limestone and marl. This is a g
depositional sequence that continued uninterrupted until th
end of the Miocene period (Yildirnm and Savaskan, 2002,
2003). The sequence, which has been described as a serie
formations called “@rpinar”, “Cukurcesme”, “@ngoren”
and “Bakirloy” in the literature (Sayar, 1976), starts with
widespread sand and gravel layers and continues with over:
consolidated green clay layers. The clays, interbedded with§
sands, continued intense deposition throughout Sarmatia
and, in the upper levels, due to increased carbonate con
tentin lacustrine environment, became interbedded with marl
and argillaceous limestone (Figs. 6 and 7). The uppermo
level of the sequence is represented by carbonaceous clay
sand layers of the Upper Miocene (Pontian) (Baykal, 1974
Yildinm and Savaskan, 2003). '

Grayish brown graywackes belonging to the Trakya for- Fig. 5. Another example of damage caused by the 1894

mation outcrop near Aksaray, between Kumkapl and Sarayéarthquake in Istanbuhttp://www.tarihimiz.net/v3/haberler/genel/
burnu, and on the steep slopes descending towards thginte-istanbul-depremieri.htjnl

Golden Horn are characterised by normal faults strik-

ing northwest-southeast and northeast-southwest. This se-

quence, consisting of sandstone, siltstone and claystone layg  Amplification properties of the local ground

ers with lenses of gray limestone, dips westward, and is un-  conditions

conformably overlaid by Upper Oligocene — Upper Miocene

deposits, which increase in thickness as they extend toward8.1  Site response analysis

the west. The Kirklareli formation of Middle Eocene —

Lower Oligocene, which does not outcrop in the historical The behaviour of soil layers in the study area under earth-

peninsula, has been encountered in some deep water weltpuake effects is investigated by the EERA programme

in the southwest corner of the peninsula, at the location(Bardet et al., 2000) prepared in Excel routines and based
where the historical city walls reach the Marmara Sea, neapn the equivalent linear analysis programme SHAKE (Schn-

Yedikule. The relevant borehole records indicate a 5-15 mabel et al., 1972) which is widely used in geotechnical earth-

thick clayey and sandy basal layer followed by marl and quake engineering. The nonlinear behaviour of the soil lay-

limestone belonging to the Kirklareli formation. The loca- ers are approximately represented with a damped linear elas-
tion is significant in that it is the easternmost point where thetic model and equivalent linear analysis. The stress-strain

Kirklareli formation has ever been encountered. properties of the soils are defined taking into consideration
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Fig. 6. Engineering Geological Map of the Historical Peninsiadydin et al., 2005).

the change of the shear modulus and damping with the sheat Seismic microzonation with respect to ground motion

strain level.
In microzoning, with respect to ground shaking intensity,

3.2 Earthquake input file both the spectral accelerations found from site response anal-
ysis and the amplification values calculated with the Mi-
Regional earthquake risk analysis for the study area wasjorikawa empirical relationships are taken into considera-
performed with respect to the probability of exceedance oftion. The values of the parameters are used in this type of
10% within the scope of the GSHAP (1999) project by microzonation merely to differentiate three zones with rel-
Bogazici University and the base rock spectral acceleratioratively different hazard levels with respect to ground shak-
parameters were determined using SEISRISK Il (Bendering intensity (MERM, 2003). A ground shaking intensity
and Perkins, 1987). According to the defined spectral acmap for the probability of exceedance of 10% in 50 yr, was
celeration values for each cell, synthetic earthquake moproduced, taking into consideration both the average spectral
tions compatible with National Earthquake Hazards Reducacceleration values calculated from the site response analysis
tion Programme (NEHRP) acceleration response spectrurand spectral amplification values calculated from the equiva-
are produced with TARCSTHS (Papageorgiou et al., 2000)ent shear wave velocity. Considering the zoning from av-

programme. erage spectral acceleration values calculated from the site
) ) ) response analysisAg, Bs and Cs zones) and spectral am-
3.3 Soil profile and material parameters plification values calculated from the equivalent shear wave

velocity (Ay, By andCy zones) according to MERM (2003),
the final microzonation maps were prepared (TableA)s
corresponds to the high risk zone&gs corresponds to the
with the strain level relationship was chosen from Iiterature'mermedl"jlte risk Zones aI(Cb_s corresppnd; o the low ”Sk.
zones. The resulting map is shown in Fig. 11 along with

corresponding to the soil type to be used in the EERA .
(Bardet et al., 2000) as shown in Table 2. For the clayey soilsthe damage _cau_sed b)_/ the 1894. earthquake. Compa_rlng the
the relationships proposed by Vucetic and Dobry (1991)ground shaking intensity map with the geology map, it can
for the G/G and damping relationships taking into be seen that areas covered with artificial fill and alluvium
max H
consideration soil plasticity were used, whereas for theo < mapped ads and Bgs and areas covered with Upper

Cukurcesme and @pinar sands the Seed and Idriss (1970) S:dg(écengéugﬁﬁirangﬁefgectgrespgigi ere drg?grﬁé,frgrisfault
relations and for the Bakiiky Formation limestone those Gs aep g

proposed by Idriss (1990) were also used. zone and local soil conditions.

A representative soil profile was defined for each
250mx 250m cell and for each soil stratum, a shear
wave velocity value is assigned and variation of €6G max

www.nat-hazards-earth-syst-sci.net/11/1745/2011/ Nat. Hazards Earth Syst. Sci., 11,76B48611
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Fig. 7. Stratigraphy of the Tertiary Deposits of Istanbul city and its Vicinity (Yildirnm and Savaskan, 2003).

5 Microzonation for landslide hazard

Shear sirength, ¢ Microzonation studies, with respect to seismic landslide haz-
ard, were carried out using the slope stability analysis tech-
nigue suggested by Siyahi and Ansal (1993). In this method,
the potential failure surface is assumed to be a circular arc
and the variation of shear strength with depth is assumed
to be linear, as shown in Fig. 8.

The safety factorfs against sliding is defined as follows

Depth, z

C=Cy+a,z ta
FS:a_OleJ/ rkz5N;|_=N;|_Xtal"lt,i> Q)
Fig. 8. A typical slope section and slope stability parameters 14
(MERM, 2003). where, @ is the slope of the linear variation of the shear

strength with depthi is angle of the shear strength; is
the unit weight of the soilN7 is the stability number. The

Nat. Hazards Earth Syst. Sci., 11, 174358 2011 www.nat-hazards-earth-syst-sci.net/11/1745/2011/
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Table 2. Strain dependent relationships used in the site response analysis.

Formation va (KNm=3)  Material  Strain dependent relationships

Fill 1 (Alluvial and artificial) 18 Matl G/Gmax Vucetic and Dobry (1991), Ip=%25
Damping: Vucetic and Dobry (1991), Ip=% 25

Fill 2 (The Golden Horn Deposits ) 18 Mat2 G/Gmax Vucetic and Dobry (1991), Ip=%30
Damping: Vucetic and Dobry (1991), Ip=% 30

Bakirkdy clay 19 Mat3 G/Gmax Vucetic and Dobry (1991), Ip=% 45
Damping: Vucetic and Dobry (1991), Ip=%45

Bakirkdy limestone 24 Mat4  Attenuation of rock average and damping in
rock Idriss (1990)

Gurpinar clay 20 Mat5 G/Gmax: Vucetic and Dobry (1991), Ip=% 40
Damping: Vucetic and Dobry (1991), Ip=%40

Cukurcesme and @pinar sand 20 Mat6 G/Gmax Seed and Idriss (1970), upper range
Damping: Idriss (1990)

Gurpinar base (sandy gravel) 21 Mat 7 G/Gmax: Seed and Idriss (1970), upper range
Damping: Seed and Idriss (1970), average

Trakya Limestone (Bedrock) 25 - -

Table 3. The combination of zones used to produce the groun
shaking zonation map (MERM, 2003).

Zone Combined zones

Ags Overlapping zones ods and Ay or As and By or Bs andAy
Bgs Overlapping zones als andCy or Cs and Ay or Bs and By
Cgs Overlapping zones aBs andCy or Cs and By or Cs andCy

N, (min)

25 35

Slope angle, 8

45 55 65

Fig. 9. Minimum N1 stability number change (Siyahi and Ansal,
1993).

gsite response analysis. The angle of shear strength values
used in the slope stability assessment is taken from Yildirim
and Savaskan (2002) as shown in Table 4.

5.2 Computer programme used for slope stability
analysis

KOERISLOPE V 1.0 programme, developed for seismic
slope stability analysis by Fahjan et al. (2003) and based on
the methodology proposed by Siyahi and Ansal (1993), was
used for seismic slope stability analysis for the assessment of
landslide hazard in the study area. It is a Map Basic applica-
tion with a standard interface which works with a Map Info
Programme on a geographic cell system. Input data include
slope angle, soil shear strength ange and peak ground
acceleration (PGA) values determined by the site response
analysis. As a result of analysié, stability number ands,
factor of safety values are determined.

5.3 Microzonation in relation to landslide hazard

According to the factor of safety values determined from the
seismic slope stability analysis for an earthquake probability
exceeding 10% in 50yr, three zone&;, Bs. andCs| are
defined corresponding to landslide hazard levals. repre-
sents areas where the factor of safety is smaller than one, in

graph in Fig. 9 presents the change of the stability numbeBsL, areas the factor is between 1 and 2, and’# areas,

due to the slope angle and peak surface acceleration.
5.1 Selection of slope stability parameters

The steepest slope angle in each cell of 250 250 m was

it is larger than 2. Figure 12 shows the slope stability hazard
map with the damage distribution of the 1894 earthquake for
the probability of exceedance of 10%. From the map which

was obtained, it was determined that the values of the slope
angle and peak surface acceleration are effective for the for-

determined from topographical maps and the peak grounanation of the risk zones and slope failure risk is high in the
surface accelerations were determined from one dimensionaones with a slope angle higher than 10 degrees and peak

www.nat-hazards-earth-syst-sci.net/11/1745/2011/
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Table 4. Residual shear strength angles for major formations con- i

sidered in the seismic slope stability assessment (Yildirnm and

Savaskan, 2002). E
Formation Yn Residual shear : \ e

(kNm=3)  strength angle =

Fill 1 (Alluvium and man-made ) 18 20 B
Fill 2 (The Golden Horn Sediments) 18 18 s0s
Bakirkdy Clay 19 17 ] ces
Bakirkdy Limestone 24 23 SN ey Danaze
Gurpinar clay 20 20 S AR
Cukurcesme and @pinar sand 20 25 i
Gurpinar base (sandy gravel) 21 25 R
Trakya Limestone (Bedrock) 25 25

Fig. 11. Comparison of the Regional Damage Map of the 1894
earthquake (Lav, 1994) and the ground-shaking microzonation map
prepared for probability of exceedance of 10% in 50 yrcé,
2005).
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] ] prepared for the probability of exceedance of 10 % in 50ycé,
surface accelerations between 0.21 and 0.68 g, in accordanggs),

with probabilities exceeding 10 % in 50 yr. The microzona-

tion map for landslide hazard indicates that landslide hazard
during a probable earthquake is quite low and consistent with
the geological, morphological and topographical features of

the study area. In the assessment of the study area for liquefaction haz-

ard, areas covered with artificial fill and alluvium such as
Vatan Street (Yenibahce brook) and The Golden Horn coast,
6 Liquefaction potential of the region as well as Kumkapi and Yenikapi coast line along Marmara
Sea were investigated. Other areas which are covered with
In this study, the microzonation map in terms of liquefac- Bakirkdy formation, Girpinar formation and Thrace forma-
tion susceptibility, was developed for the areas covered withtion comprise of soils with low sand and silt content which
artificial fill and alluvial deposits in the historical penin- are free from liquefaction risk. The liquefaction assessment
sula study area based on the method developed by Youd etas carried out in 108 cells identified as potential risk areas
al. (2001) and Iwasaki et al. (1982a, b) as recommended irtonsidering the top 20 m of the soil profile and the liquefac-
the Microzonation Manual Part 21l (MERM, 2003). This tion potential index was determined for each cell based on
widely accepted procedure is an extended version of thehe procedure developed by Iwasaki et al. (1982a, b). This
Standard Penetration Test (SPT) based method proposed Iprocedure predicts the liquefaction performance of the soil
Seed et al. (1984, 1985). profile at a specific site to a depth of 20 m by employing a

Nat. Hazards Earth Syst. Sci., 11, 174358 2011 www.nat-hazards-earth-syst-sci.net/11/1745/2011/
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T S Tom e T 7 Regional structure damage data from the 1894
' Begogis Town > earthquake
: o) y Is'““"“‘B”P“““Sr/ Prior to the Kocaeli earthquake on 17 August 1999, the earth-
e A //’” ( el quake in 1894 on 10 July substantially affected the region.
T @ N The epicentre of the earthquake was located at°40.8nd

| r, ;egmd 29 E, approximately 60 km from the study area with an in-

‘ Liaustaion Suscepthilty (4010) tensity of X throughout the Marmara region according to
5 - the MSK scale. However, there are some ambiguities con-
] ctoow cerning the intensity values of the iso-intense regions num-

S Heavy Darmage bered one to four on iso-intense map produced by Egini-
e T o™ tis (1894). While the 1894 earthquake was reported as having

. w0 @i 1 Free of Damusee a 6.7 magnitude and with a VIII intensity in and around Is-

tanbul (Barka, 1991), a group of researchers noted that the
Fig. 13. Comparison of Regional Damage Map of the 1894 earth-intensity was X (Gndajdu, 1991). Despite this ambiguity
quake (Lav, 1994) and Liquefaction Susceptibility microzonation concerning the value of intensity, since values are determined
map prepared for the probability of exceedance of 10% in 50yrwith respect to observed damage, they include the effects of
(ince, 2005). local ground conditions as well. In the study area, the dam-

age data relevant to the 1894 earthquake (Lav, 1994) were
Table 5. Liquefaction potential according to the Liquefaction Po- compiled according to the work of several researCherS'_ The
tential Index @) (MERM, 2003). damaged structures were numbered from 1 to 19 gcgordlng to
the level of damage and Table 6 presents a description of the
damage to each structure, whereas the damage map is given

Liguefaction Potential P

in Fig. 10.
None 0 The definition of the damage in an area were given val-
Low 0<LPI<5 ues ranging from 0 to 1, these were added and then divided
L",e(:]'”m f;|LP1|5< 15 by the damage definition count, resulting in a damage value.
'9 - The classification of the degree of damage as heavy, mod-
erate and slight was conducted by collocating these values
(Lav, 1994). In Fig. 11, the 1894 earthquake damage dis-
tribution and the ground shaking prepared for probability of
liquefaction potential indexP_ defined as; exceedance of 10 % in 50 yr are presented. When this map is
evaluated, it is seen that the area containing the Fatih Mosque
20 and the heavily damaged areas in Beyazit are located in the
LPI :/F(z)w(z)dz (2) zones ofAgs and Bgs in the ground shaking microzonation
0 map.

_ _ In Yenikapi and Kumkapi that are located in the southern
wherez is the depth below the ground water surface in me-coast of the study area, it is again seen that the heavily dam-

tres, aged areas are iAgs and Bgs zones, but only a few areas
are located ifCgs zone. The heavily damaged area near Top-
FL=1-FSFS<1 3) kapi is located withirCgs zone and this area is not in accor-
dance with the ground shaking microzonation map. Itis seen
FL=0FS>1 (4)  that the heavy damage that occurred in Yedikule it
and Bgs zones with very few areas placed in tigs zone.
w; =10-0,5z7 (5) The other heavily damaged region in the Fatih district is lo-

cated in theAgs and Bgs zones. The heavily damaged area

Table 5 shows the assessment of liquefaction hazard aalong Emirdni shore is located in th8gs and Cgs zones
cording to Liquefaction Potential Index. For each of the threein the ground shaking microzonation map. The areas which
hazard level zoned, , B. andC. define in the study area, were moderately damaged in the 1894 earthquake within the
AL represents areas where Rl15, B, where 5> PL> 15 boundaries of the Fatih district and these regions arkds
and where Pl<5. Figure 13, combines the liquefaction andBgszones in the ground shaking microzonation map. In
hazard map and damage distribution map showing that théhe study area, slightly damaged areas can be seen in all the
shores of Marmara Sea and Golden Horn and a narrow bandgs, Bgs, Cgs ZOnes.
along the Vatan Street are the most susceptible areas for lig- In Fig. 12, the distribution of the damage caused by the
uefaction in the historical peninsula. 1894 earthquake is presented with the landslide hazard map
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Table 6. Building damage reports from the 1894 earthquake (Lav, 1994).

1 The domes and walls of Bali Pasa Mosque in Fatih collapsed. The caravanserais and mosques in Fatih and he walls of
Darussafaka collapsed.

2 The dome and walls of a public bath in Laleli and a large part of the Vezirhan in Cemberlitas collapsed. Part of the Grand
Bazaar collapsed and large part was completely ruined. The public baths around the Grand Bazaar werditeymean S
Pasa Public Bath in Divanyolu was completely demolished. Many places in the Chicken Bazaar were demolished and the
Yemenciler Bazaar was completely demolished. Some caravanserai in the Grand Bazaar collapsed and caravanserai in Beyazit
was completely demolished. In Koska the top part of the minaret of the Rglpaletmsque and the roof of the Pap&ho
Mosque madrasa in Koska collapsed. The minaret of the Ugagidin Mosque in Sultanahmet Peykhane was demolished.

3 The top parts of the minarets of the Mimar Ayas Mosque and tligédgjlu Mosque both in Saraghanebasi collapsed. The
domes of some rooms in the Amcazade Madrasa also collapsed, the school was partially demolished.

4 Many houses in Gedikpasa, Kadirga, Kumkapi, Yenikapi, Langa collapsed and in Samatya many houses and shops were
demolished.

5 The minaret of the Mihrimah Sultan Mosque in Edirnekapi collapsed, The Edirnekapi ramparts fell down. The door of the
Mihrimah Sultan Public Bath in Edirnekapi was demolished and half of the Kariye Mosque collapsed.

The minaret of the Kardgnrik Mosque collapsed.
The Ahmet Pasa Mosque in Topkap! was ruined.

The mescid and Islamic monastery in Silivrikap! were devastated.

© 00 N O

The dome of the Koca Mustafa Pasa Mosque collapsed.

10 The dome of the Haseki Sultan Mosque in Haseki collapsed, The furnace of the Horhor Public Bath was demolished.

11 Some of the domes of the Cerrah Pasa Mosque collapsed.

12 The Abid Celebi Mosque and its monastery were demolishedirti@hor Mosque was devastated and closed for many years.
13 The Sokulu Mehmet Pasa Mosque in Azapkapi was demolished and remained closed for a long time.

14  The minaret of the Yeraltt Mosque in Galata partially collapsed.

15 The Haci Mustafa Pasa Mosque in Zindankapi was demolished, The Ahi ¢elebi Mosque in Zindankap! was ruined, the Uzun
Carsl, Tahtakale, Kutucular, and Kantarcilar were completely devastated.

16 The furnace of the Yeni Mosque was demolished and the minaret tizteMehmet Pasa Mosque in Eraiii collapsed.

17  The minaret of the mosque arouistasyon in Sirkeci completely collapsed and there was a 42 m long crack in the ground in
front of Sirkeci seaport.

18 Trees were uprooted in Balat.

19 The minaret of the Hoca Kasim Mosque in Draman was demolished.

for the probability of exceedance of %10 in 50yr. In gen- A_ and B regions on the liquefaction hazard map. Except
eral, it can be said that the area does not carry a large riskor the part of the Fatih district that is on the coast throughout
according to the slope stability hazard and, when assessed tthe areas with high risk of liquefaction, generally there was
gether with the regional damage map, it has no effect on theno severe to mild damage. Of the weakly damaged areas,
earthquake damage. However, more detailed studies shoulthose on the Golden Horn coastline were located inand

be conducted in certain zones which are known to be at riskB_ regions, whereas the other weakly damaged areas were
according to slope stability. In Fig. 13, the liquefaction haz- located in the”|_ region which has low risk potential in terms
ard map and damage distribution map have been combinedf liquefaction. In the study area, it was observed that the lig-
for the probability of exceedance of 10% in 50yr. Along uefaction might have had an effect on the level of damage in
the Yenikapi and Kumkapi coastline and around Yedikulethe 1894 earthquake throughout the Marmara Sea region and
where the hazard of liqguefaction is high, severe damage wasn the Golden Horn coast. However, around Vatan Street
observed. The severely damaged region in the part of thevhere there was a liquefaction hazard, no damage occurred.
Emindni district on the Golden Horn coast is placed in the
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Table 7. The construction dates of the historical structures in Old Istanbul (Fatihdsbnigistricts) and their damage levels during several
earthquakes (Erdik et al., 2001).

Historical Earthquakes

Historical Building Name  Year of 10.09.1509 10.05.1556 25.05.1719 02.09.1754 22.05.1766 10.07.1894 17.08.1999
Construction (7.6) r(7.0) (7.6) (7.0) (7.2) (7.0) (7.4)
Ayasofya 360 3 2 2 3 2 1 0
Bali Pasha Mosque 1504 0 0 3 0 4 4 0
Beyazit Mosque 1506 4 0 2 2 3 3 0
Davut Pasha Mosque 1485 4 0 0 0 4 3 0
Fatih Mosque 1463-1470 3 3 2 3 4 3 1
Mihrimah Sultan Mosque  16th century 0 0 2 0 3 4 2
(at the end of the century)
Nur-u Osmaniye Mosque 1755 0 0 0 0 2 2 0
Sultan Ahmet Mosque 1609-1616 0 0 0 0 3 4 0
Sultan Selim Mosque 1522 0 0 0 0 2 3 0
Suleymaniye Mosque 1550-1557 0 0 0 0 2 2 0
Sekerciler Caravanserai - 0 0 0 4 4 4 0
Topkapi Palace 1461-1468 2 0 0 3 3 2 1
Valide Public house - 0 0 0 0 3 4 0
Valide Mosque 1871 0 0 0 0 2
Vizier Public House 1661 0 0 0 3 4

Damage Levels

Generally, areas which were severely damaged are locate(’
in the high risk regions on the liquefaction maps and, in
terms of geological formation, they are seen in regions with
thick clay layers (@rpinar formation) and around the Mar-
mara Sea coastline where thick fillings are present and where
Bakirkdy formation has surfaced.

The areas of mild damage are located where thep@®ar
formation and certain regions of Bakirk formation exist. In
some regions along the Golden Horn coastline where there -
are thick fillings and in Edirnekap! where thick clay layers ﬁ,&& & oo
(Gurpinar formation) only slight damage occurred and in ar- \q&”}*‘ TS e

10.09.1508 (7.6)
10.06.1556 (7.0)
25.051719 (76)
02.09.1754 (7.0)
22.05.1766 (7.2)
10.07.1894 (7.0)

Damage Level

. e * &
eas where the Trakya formation surfaces there was no dam & O&e‘q %@ ﬁ@;@@@\@“ a;rl@ 17.08.1999 7.4)
age. Overall, the damage distribution and liquefaction risk g 7 S TS

. et ¥ R
map and geology maps are in accordance except for some & T &

regions. Throughout the region local ground conditions and

liquefaction generally affect the level of damage following Fig. 14. Earthquake damage in historical structures in Btenbul

an earthquake. area | (Fatih-Emian( districts) (Erdik et al., 2001)

When the 1894 damage map in Fig. 10 and the ground

shaking map in Fig. 11 are compared, the area where there

was a high level of damage is labelled as Zone 1 and contain8 Details of the damage to significant historical

the risk areagl gsandBgs, and Zone 3 contains tiéssarea structures in the study area

which is relatively less risk. However, in parts of zones 2 and

3 that lie within the boundaries of Fatih district the damageThe study area of the Fatih and Eminonu district is his-

levels are not in accordance with the earthquake maps. torically rich containing the following important build-
ings; Santa Sophia, Topkap! Palace, Beyazit Mosque, Fatih
Mosque, Nur-u Osmaniye Mosque, Sultan Ahmet Mosque,
Suleymaniye Mosque, Mihrimah Sultan Mosque, Sekerciler
Caravanserai, Valide Caravanserai, Valide Mosque, Bali Pasa
Mosque and the Vezir Caravanserai. Information about the
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Fig. 15. Comparison of damage levels in various earthquakes and-ig. 16. Comparison of damage levels in various earthquakes and
Ground shaking microzonation map prepared for probability of ex-the landslide hazard microzonation map prepared for probability of
ceedance of 10 % in 50 yrince, 2005) exceedance of 10 % in 50 yince, 2005).

damage caused to various historical structures from differ- ‘*‘ E
ent earthquakes was evaluated by Erdik et al. (2001). In thig *, b N
study, the damage to these structures during earthquakes s, 1 A 1,
illustrated via a three dimensional matrix shown in Fig. 14 iy &=
and Table 7 that gives the date of construction and the leve I 1
of damage related to seven earthquakes from 1509 to 199¢ : [} ' TIPS
In line with the European macro seismic scale (ESM, 1998)} ¢ I
the damage is defined by the codes, D1, D2, D3, D4 and D5} * 3}
which indicate slight, moderate, severe, very severe damag|
and collapse, respectively. This study reveals that Fatih an
Edirnekapi Mihrimah Sultan Mosques are adversely affecteqf = MARMARA SEA =

by all the earthquakes listed. Information on the damage or w0 w0 e — ==y
historical structures has been evaluated on earthquake micro

zoning maps by being displayed on the ArcView 3.1 pro- Fig. 17. Comparison of damage levels in various earthquakes and

gramme [nce, 2005). the liquefaction hazard microzonation map prepared for probability
In Fig. 15, the damage to the historical structures is showrof exceedance of 10 % in 50 yinge, 2005).

on the earthquake map which is prepared for probability of

exceedance of 10% in 50yr. It is seen that the zone (includ-

ing Fatih Mosque) which was damaged in all earthquakes i$ompared the damage to historical structures with the lique-

found in theAgs area of highest risk on the earthquake map. faction map (Fig. 17) it emerges that the mosques are located

Furthermore, on the geology maps this zone is placed in thé" general within regions which have no or minimum risk of

area with thick clay ground (55—-60 m). Similarly, the Davut liquefaction.

Pasa, Beyazit, and Nur-u Osmaniye Mosques are in the Generally it can be said that, ground motion amplification,

zone in the earthquake map. Bali Pasa Mosque, Sekercile®n impact generated from ground conditions is related to the

Hani, Vezir Hani, Sultan Ahmet Mosque, and Ayasofya extent of damage to the historical structures. Increasing lev-

Mosque are found in th&gs zones in the earthquake map. els of damage was observed in the thick clay Iayers which

Although the Sultan Selim Mosquei®ymaniye Mosque have the property of enlarging the earthquake motion, in the

and Topkap! Palace are in tit&s zone, small to medium filling layers, and in some areas with Bakigkformations.

level damage was observed in these areas in some of th&ccording to the slope failure hazard, it is thought that the

earthquakes. slope motions might have had an effect on the earthquake
When the damage to the historical structures was assessét@mage in the past in some limited areas of the research zone.

together with the landslide hazard map (Fig. 16), it is seen

that the Davut Pasa, Beyazit, and Nur-u Osmaniye Mosques

are in theBg| zone which presents medium level risk due to

the slope. The other mosques in the study area are in the non-

risk zones determined in terms of landslide hazard. Having
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9 Conclusions Erdik, M., Durukal, E., Albay, Y., and Birgren, G.: The Concrete
Proposal for Seismic Risk and Risk Reduction for Buildings in

In this study, the damage to historical structures in the Fatih Istanbul, Chamber of Civil Engineers, Vol: 52, Istanbul, 2001 (in

and Eminonu districts caused by the major earthquake in Turkish).

1894 in Istanbul was assessed using damage records and thahjan, Y. M., Siyahi, B. G., and Ansal, A.: KoeriSlope V1.0:

seismic micro zoning maps. Slope Stability_CaI_cuIa’Fions Software for Micro-zoning Pur-

Generally the damage in the Marmara region and the mi- %Zse;ér?é)ﬁ?ﬂ%;’g“feggé ?ﬁ‘}ar:?sr?)t of Barthquake Engineer-
cro zoning maps corresponded with each other and the dam- "9 anc. ul, £402 1N TUrKIsn).
age was (?onfinped to th‘ec?s andBas zones of the earthquake mGundQ:]du, 0., Altinok, Y.,0zer, N., and Kolgak, D.: Earthquake

. - . . . . in 1894 and Istanbul, Turkey, Proceedings of 12th General As-
intensity maps which are denoted as high risk and medium sembly of Geophysics, 41, 1991 (in Turkish).

risk zones, respectively. When the damage records of thgsohal Seismic Hazard Assessment Programme (GSHAP): avail-
historical structures in the study area were examined, it Was aple at: http://www.seismo.ethz.ch/static/GSHARdst access:
found that except for a few mosques, the damage was con- 11 March 2011), 1999.

fined to theAgs and Bgs zones. It was observed from the Idriss, I. M.: Response of soft soil sites during earthquakes, Pro-
geological maps, that the areas containing damage are the ceedings of the Symposium to Honor Professor Harry Bolton
zones with thick clay layers and fillings. The region does not, Seed, Berkeley California, I, 273-289, 1990.

include much risk due to the slope stability, therefore, it doesNce, G. ¢.: Seismic Zonation and Earthquake Damage Prediction
not have much effect on the damage. The liquefaction risk is o Istanbul, Yildiz Technical University, Ph.D. Thesistanbul,
seen on the Vatan Street which follows the route of an olderlegglf’i ($ T#;fs'i?ka £ Tokida. K.. and Yasuda. S.: Microzona.
river bed, in the Kumkapi and Yenikapi and The Golden Horn P L o o

. . ) . tion of soil liquefaction potential using simplified methods, Proc.
coastlines. When the damage maps and liquefaction risk map 3rd Int. Conf. on microzonation, Seattle, 3, 1319-1330, 1982a.

are compared, it appears that liquefaction might have had aRyasaki, T., Tokida, K., Tatsuoka, F., Watanabe, S., Yasuda, S., and
effect on the extent of the damage in some areas. Finally, it sato, H.: A Practical Method for Assessing Soil Liquefaction
is seen that the damage observed in the area generally cor- Potential Based on Case Studies at Various Sites in Japan, Proc.
responds to the micro zoning maps and the ground motion 2nd. Int. Conf. On Microzonation, San Francisco, Vol. 2, 885—
amplification, and partial liquefaction does contribute to the 896, 1982b.

damage incurred as a result of the 1894 earthquake. Istanbul Rrovinciql Disaster and Emergency Directorate: Governor-
ship oflIstanbullstanbul Earthquake Symposium, Publication of
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