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Summary
When studying seismic hazard in the Marmara Sea region, local site effects are an important issue due to the geological characteristics. As part of the RELIEF project, workpackages 9 and especially 6, a detailed study of the local site effects in Istanbul, with special emphasis on the Ataköy area, has been initiated. During this study, several approaches are followed in order to estimate the site effects. These can be grouped into two categories; one empirical and the other synthetic. 

Regarding the empirical data, both microtremors and local earthquakes of moderate magnitudes (weak motion) have been used. Microtremor data have been collected and H/V spectral ratios have been calculated for a number of sites covering mainly two geological formations. Weak motion data have been collected on a temporary network of three broadband seismic stations, and spectral ratios relative to a bedrock site have been calculated in order to find information about frequencies where significant amplification occur. In addition, synthetic models for the area have been developed both in 1D and in 3D and the results are compared to the empirical data.

Regarding the frequency content of the site effects, the clear peaks observed in the microtremor data around 1 Hz are comparable to 1D and 3D synthetic results. 3D synthetic results give an insight in the complexity of the site response, especially for higher frequencies where lateral variations become more visible. In this respect the response of alluvial deposits is clearly visible at frequencies higher than 2 Hz. Regarding the amplification factors, the different methodologies predict different values. The empirical data (microtremor and weak motion) have significantly higher amplification levels when compared to the synthetic data (1D and 3D).  Increasing the ground motion level from weak to strong motion causes a general decrease in the amplification levels due to non-linearity. Our results on the amplification factors show increasing levels from microtremors to weak motion and decreasing levels from weak to strong motion.

In combination, the applied methods complement each other and provide reliable information about the local site effects in Ataköy. These results have also implications for the southwestern parts of the city of Istanbul built on similar formations.

1. Introduction

This report gives a description of the work carried out as part of the RELIEF project regarding local site effects in the Marmara Sea region with special emphasis on the city of Istanbul. Target area of the studies has been Ataköy located in southwestern Istanbul. The geology of this area is representative of a larger part of the southwestern area of the city. Several approaches have been performed to estimate the local site effects. Microtremor data have been collected at a number of sites and analyzed for the H/V spectral ratio in order to estimate frequencies for large amplification. Based on geological, geotechnical and geomorphological data, 1D models have been built and seismic noise recorded in these models has been simulated. The simulated noise has been processed as the recorded microtremors and a comparison is made. 

A temporary network of three broadband seismic stations has been installed and operated for a two month period and recorded weak motion data are analyzed for site amplification using one station as a bedrock reference site. 

Finally, a 3D velocity model of the Ataköy area has been built based on available geological, geomorphological and geotechnical data. Ground motions caused by a scenario earthquake in the Marmara Sea are then simulated, applying a hybrid method calculating first bedrock motions and then surface motion including local site effects using a 3D finite difference scheme with bedrock motions as input.

2. Site selection

Our study of local site effects for the Istanbul area is concentrated in the Ataköy area, which is located adjacent to the Atatürk international airport in the western part of the city. This area has been selected for several reasons. 

Figure 2.1 shows the geology of Istanbul. As it is seen from this figure, the city is dominated by a number of different geological formations. Roughly speaking the city can be divided into two parts by drawing a line diagonally from Northwest to Southeast. North of this line the geology is dominated by relatively firm bedrock with some alluvial systems running through. In the southwestern part of the city, the bedrock is much weaker, sedimentary rocks are dominating and there are more alluvial and delta systems. For this reason, the strongest site effects are expected in the southern part of town, and we have chosen our study area here. Also, ground motion simulations performed for a M = 7.5 scenario earthquake in the Marmara Sea (Pulido et al., 2004), predict the strongest ground motions from such an earthquake to be in the southern part of the city.

Southwestern Istanbul is a densely populated part of town housing critical facilities such as the Atatürk international airport and several industrial areas. The main geological units in the area are shown in Figure 2.2. The area is covered mainly by the Bakirköy formation, which consists of alternating layers of limestone, marl and clay of Upper Miocene age. This formation is quite fragmented and altered at the surface. It overlies the Güngören formation of green colored plastic clay, marl and clayey siltstone of Upper Miocene age. Kusdili formation of Quaternary age outcrops only in a small areal extent and is composed of clay with molluscs, silt and mud. The overlying alluvium (Quaternary) is the result of fluvial activity and consists of unconsolidated sediments composed of gravel, sand, silt and clay. In some parts of the area, construction material is dumped over the alluvium and is overlain by a thin layer of gravel (20-30cm) and filled with soil on top (40-50 cm). The total thickness of these deposits is approximately 2-3 meters (Figure 2.3).

Ataköy is a relatively recent residential area dominated by three categories of buildings having ca. 15 stories, 5-6 stories or 1-2 stories, respectively (Figure 2.4). The area is quiet during daytime, it is relatively flat and has large open areas such as parks and parking lots making it suitable for performing field measurements. 

3. Microtremor study in Ataköy

In October 2003, a field campaign was carried out in the Ataköy area. In order to asses the predominant frequencies where local site amplifications occur, an experiment was set up to collect microtremor data with the digital portable seismograph stations of the UiB. 

Microtremor measurements were performed on 30 sites approximately placed on a grid of 150 to 200-500 meters. Figure 3.1 shows some examples of the sites. At each point a minimum of 3 x 10 min of microtremor data were collected continuously using the GBV-316 (GeoSIG) portable digital seismographs. Each seismograph contains a 16-bit digitizer and a 4.5 Hz 3-compopnent built-in sensor (Figure 3.2). The technical specifications of the instruments used were tested extensively through previous studies (Atakan et al., 2004a) and has a resolution down to 0.5 Hz (also down to 0.3 Hz under specific conditions). Communication was done using the Seislog program for Pocket PC (Ojeda et al., 2004). The exact locations of the microtremor measurement sites are shown in Figure 3.3. It is seen that the majority of the sites are located on alluvium or Bakirköy formation, and only these two formations have been studied in detail.

The method used in assessing the fundamental frequencies at each site is based on the H/V (Horizontal to vertical component of the recorded signal) spectral ratio technique (also known as ”Nakamura method”) (Nakamura, 1989). The method is extensively used in microtremor studies throughout the world. The limitations of the methodology are studied in detail in previous review papers. General consensus is that when the method is applied under careful experimental conditions (i.e. type of the instruments used, measurement details with regard to the sensor coupling, surface conditions, external factors such as wind, rain etc., and the processing techniques used for analysis), fundamental frequencies on which the amplifications occur can be reliably assessed. However, the method is less reliable when it concerns the actual amplification factors.

The processing is done using the recently available software developed in another EU-supported project SESAME. The software J-SESAME (Atakan et al., 2004b) takes into account the noisy windows and applies an anti-trigger algorithm based on the STA/LTA ratio (short term average divided by the long term average of the signal amplitudes) (Figure 3.4). The data are organized according to the recording sites and average H/V spectral ratios are computed using standard processing techniques (Atakan et al., 2004b). 

The results of processing are presented in Figures 3.5 and 3.6. For the alluvial sites (Figure 3.5), a peak is observed around 1 Hz. An aditional, more diffuse peak is indicated around 3-6 Hz. For the Bakirköy formation (Figure 3.6), there is again a clear peak around 1 Hz whereas no peak is observed for higher frequencies. This indicates that the 3-6 Hz peak observed for the alluvium is an effect of the alluvial layer wereas the 1 Hz peak is caused by deeper lying formations.

In order to check these results further, recorded noise for a 1D model has been simulated and H/V spectral ratios are calculated for comparison. This is described in the following section.

4. 1D-modelling in Ataköy

In order to be able to check the H/V spectral ratio results for the recorded microtremors, ambient noise was simulated using a 1D model representative of sites in Ataköy. H/V spectral ratios for the simulated noise were then calculated for comparison with the H/V spectral ratios of the recorded microtremors. This work was performed in collaboration with LGIT, Université Joseph Fourier, Grenoble, France. Models are based on available geological, geotechnical and geomorphological data. The noise simulations are performed as described in Bonnefoy-Claudet et al. (2004). For a given 1D structure, noise sources are modeled as point forces with delta-like source time functions located at fixed depths (4 and 8 m) and distributed randomly in space, direction, amplitude and time (see Figure 4.1 for an example). Green’s functions for the medium are calculated using the method of Hisada (1994). 

The simulations have been performed for three hypothetical sites, representing an average alluvial site, a site on the Bakirköy formation and a site on the Güngören formation. These sites are taken out of the 3D model used for hybrid modeling of site effects, and a detailed description of this model can be found in section 6. The sites in the 1D model are simplified from this model by using the average velocity of each layer. This was necessary to obtain reasonable computation times for the models. The 1D models are shown in Figures 4.2-4.4 and the velocities are given in Table 4.1.

The noise simulations from the three sites were processed in the same way as the recorded microtremors in order to be able to compare the results. The simulated H/V spectral ratios calculated for the three sites are shown in Figures 4.5-4.7. In general, it should be noted that the absolute amplification levels are lower than expected. This is probably due to the shallow depth of the topmost layer where the velocity contrast is highest with the underlying formations (Bonnefoy-Claudet et al., 2004). However, the peak observed around 1 Hz in the microtremor data is also present in the simulation results for all three sites. 

5. Weak-motion data with BB stations

During the Istanbul field campaign in October 2003, three broadband seismic stations from the University of Bergen were installed temporarily for a 3 month period. The station locations are shown in Figure 5.1. Two of the stations (Ataköy and Zeytinburnu) were located on the Bakirköy formation whereas the third (ITU) was located at the bedrock in the northern part of Istanbul. Data have been stored in a continuous database (effectively for two months) and large events in the area have been extracted as independent event files.

Five events have been recorded with a sufficient signal-to-noise ratio to study spectral ratios using records from the Bakirköy formation stations with respect to the bedrock station (hereafter referred to as standard spectral ratio, SSR). The locations of these events are shown in Figure 5.2. As it is seen in this figure, there is a large variability in azimuth and distance to the stations, which may cause uncertainties in the results.

The spectral ratios were calculated using the program SPEC which is included in the SEISAN package (Havskov and Ottemöller, 2003). Recordings of a given earthquake at all three stations were merged into an event file and S-wave arrival times were picked. North-south and east-west components were analyzed separately. Optimal values of input parameters such as window length for calculating the spectra and the degree of smoothing of the spectra were found after some initial tests. 

Despite the expected variability in path effects for the different events due to the differences in location, average spectral ratios were calculated for each of the horizontal components at each of the two studied stations. These spectral ratios are shown together with their standard deviations in Figure 5.3. As expected, the standard deviations are relatively large and some differences are seen between the plots, but some general trends are present. The NS component at the Ataköy station stands out, probably due to noise in the recordings. For the other three plots, peaks are seen for all components between 0.5-1 Hz, around 1.5 Hz and around 2.5 Hz. At higher frequencies there is higher variability, probably mainly due to differences in path effects. These peak frequencies are not in agreement with the microtremor and 1D modeling results. A possible explanation for this is the increased complexity introduced by studying earthquakes instead of microtremors. The amplification levels predicted by the SSR results are high, up to a factor of 10. In case of a large earthquake, lower amplification levels would be expected due to non-linearity effects.

In an attempt to reduce the differences in path effects, average spectra for events 2 and 4 in Figure 5.2 were calculated as well. These events are located very close to each other and are therefore expected to have been traveling along approximately the same path. The average spectral ratio results for these two events are shown in Figure 5.4. It is expected that using only two events will decrease the standard deviation, and this is also what is observed in the figure. Figure 5.5 shows an overlay of the SSR results for all events and for the events 2 and 4 only. The peak frequencies for events 2 and 4 are very similar to the peak frequencies obtained by averaging all events, indicating that the differences in path effect are not significant. There are, however, differences in amplification level.

Most of the events are located almost directly south of the stations and there is therefore not expected to be a large error in studying the recorded NS and EW components. However, to make sure this was not introducing errors, the seismograms were rotated to the great circle path and the radial (R) and transverse (T) components were studied. The results for these components are shown in Figure 5.6. Again, the peak frequencies are similar to what was found for the unrotated traces and there is a small effect on the results due to the rotation. 

It seems that the peak frequencies obtained from the SSR study are a real feature of the data. The difference from the H/V ratio results may be due to the differences in the distance between the recording sites, even if the azimuths are the same.

6. 3D simulations in Ataköy

Another approach used for estimating the local site effects in Ataköy was a full 3D hybrid modeling of the site effects due to a scenario earthquake source. This work was carried out in collaboration with ETH, Zurich, Switzerland. The methodology is based on the one described by Oprsal and Zaradnik (2002) and Oprsal et al. (2002). This is a two-step procedure, which is illustrated in Figure 6.1. In the first step, ground motion time series are calculated on a double planed excitation box. These calculations are performed for a regional geological model using the methodology of Pulido et al. (2004). In the second step, ground motions inside the excitation box are computed by a finite-difference method on a fine grid. Local topography and geological structures are added inside the box. By using this two-step procedure, source and path effects are separated from the site effects, and thereby the needed computer memory and computation time is reduced.

The method used in the first step of the computations is a hybrid procedure combining a deterministic simulation at low frequencies (0.1-1 Hz) with a semi-stochastic simulation at high frequencies. A finite scenario earthquake source is assumed, which is embedded in a flat layered velocity structure. The source consists of a number of asperities, which are divided into subfaults assumed to be point sources. The total ground motion at a given site is obtained by summing the contributions from the different subfaults. For the low frequencies, subfault contributions are calculated using discrete wave number theory (Bouchon, 1981) and summed assuming constant rupture velocity. At high frequencies, subfault contributions are calculated using the stochastic method of Boore (1983) and summed using the empirical Green’s function method of Irikura (1986). The radiation pattern is changed from a theoretical double couple radiation pattern at low frequencies to a uniform radiation pattern at high frequencies following Pulido and Kubo (2004).

The scenario earthquake used is the worst-case scenario determined by Pulido et al. (2004), which is combined rupture of the two segments of the North Anatolian Fault in the Marmara Sea (total fault length 150 km) with rupture initiation in the westernmost end. This event has Mw = 7.5. From this earthquake scenario, the ground motions are calculated on an excitation box surrounding the site of interest.

In the second step we use a 3D finite difference scheme on an irregular rectangular grid. The scheme uses the same finite difference approximation everywhere, making it easy to implement, thus the free surface is approximated by the vacuum formalism. As input in the modeling, a local geological model and the bedrock ground motions on the excitation box obtained in step 1 are used. As output, amplification of ground motion relative to a bedrock site is obtained.

The local 3D geological input model has been created based on available geological, geotechnical and geomorphological data. The data sources are microtremor measurements, standard penetration test (SPT) data, cone penetration test (CPT) data, geological and geomorphological maps and empirical relations for rock characteristics, mainly taken from Schön (1996). The geometry of the model is determined from the geological and geomorphological maps of the area, and a number of assumptions have been made. The surface geometry is shown in Figure 6.2. The alluvial layer is assumed to be maximum 5m thick in all places except under the sea where it reaches 10 m. The alluvium is assumed to be deposited on the depression caused by erosion of the Bakirköy formation due to fluvial activity (i.e. no change of the Bakirköy formation occurs under the alluvium). The Bakirköy formation is assumed to be 20 m thick, thinning northwards as it erodes away. In the eastern part of the model, the formation is slightly thicker in order to incorporate the increased elevation. The Güngören formation is assumed to be 80 m thick, thinning in places where erosion occurs. A number of EW cross-sections of the resulting model are shown in Figure 6.3, and in Figure 6.4 is shown elevation maps of the different layers in the model.

The velocity model of the area is built on the geological model and gives Vp, Vs and density as a function of depth. Quantification of the velocities for the 3D grid is based on the formulae given in Table 6.1. For the alluvium, a low surface velocity and a low depth gradient is used. The chosen velocity is consistent with a NEHRP class E soil (soft soil) at the surface compacting to a class D soil (stiff soil) at 10 m depth. For the Bakirköy and Güngören formations, low surface velocities are chosen. For the upper 5 m there is a large velocity gradient for these formations whereas the gradient is much lower for depths larger than 5 m. The low surface velocities and high gradient for the uppermost meters are included to take into account the strong weathering taking place at the surface. For the bedrock, the velocity structure is chosen in order to be consistent with the velocity model used in step 1 of the modeling at depths larger than 150 m.

The above described velocity model has been used in the 3D finite difference scheme with the input ground motion computed in step 1. The resulting ground motion amplifications are shown for five frequency bands in Figure 6.5. This figure shows maximum amplification (left column) and average amplification (right column) for the five frequency bands 0-2 Hz, 2-4 Hz, 4-6 Hz, 6-8 Hz and 8-10 Hz. It is observed that amplification levels are relatively low, in most cases below a factor of 2. For the 0-2 Hz band, amplifications are low and highest amplification is in the central part of the model. This amplification is due to the thick layer of Güngören formation, which causes a low amplification of the ground motions. For higher frequencies, amplification is mainly seen for the alluvial systems. Figure 6.6 shows clear amplification between 0.8-1.2 Hz, which is distributed over most of the central parts of the area. This amplification around 1 Hz is in agreement with the microtremor data.

In Figure 6.5. it is clearly seen that numerical problems are present in the modeling. This is due to reflections from the transparent boundaries, which occurs because we are not modeling for a typical basin structure. Further efforts will be made to reduce this problem and the present results are of preliminary character, however, we do not expect to see any changes in the general trends of ground amplification predicted by the model.

7. Discussion, synthesis of results and concluding remarks

The study area is covered mainly by the Bakirköy formation, which consists of alternating layers of limestone, marl and clay of Upper Miocene age. This formation is quite fragmented and altered at the surface. The underlying Güngören formation has similar characteristics with respect to the lithology. The alluvium, on the other hand, represents the most critical unit in terms of site amplifications and is restricted to the fluvial depositional centres. The coastal location of the area influences the lithological characteristics of both the sediments and sedimentary rocks. The gentle topography of the area with shallow synclines and anticlines plunging towards the Marmara Sea in the south represents an environment which is significantly different from classical alluvial valleys or closed sedimentary basins. In this respect the expected site effects also differ significantly. Modeling such an environment in 3D presents several challenges with respect to the seismic velocities and their lateral variations. The 3D model outlined in the previous section therefore introduces significant constraints in seismic wave propagation. In many respects the model resembles to a simplified 2D approximation due to the open-ended architecture of the system.

Individual results obtained from the empirical data and their comparison to 1D and 3D synthetic modeling show the following common features: 

· Regarding the frequency content of the site effects, the clear peaks observed in the microtremor data around 1 Hz are comparable to 1D and 3D synthetic results.

· 3D synthetic results give an insight to the complexity of the site response, especially for higher frequencies where lateral variations become more visible. In this respect the response of the alluvium is clearly visible at frequencies higher than 2 Hz.

· Regarding the amplification factors, the different methodologies predict different values. The empirical data (microtremor and weak motion) have significantly higher amplification levels when compared to the synthetic data (1D and 3D). 

· It is generally expected that the ground motion levels will have a direct influence on the site amplifications. Increasing the ground motion level from weak to strong motion causes a general decrease in the amplification levels due to non-linearity. On the other hand amplification factors have a tendency of increasing levels from microtremors to weak motion due to the increased level of energy in the spectra. Our results on the amplification factors follow a similar trend with increasing levels from microtremors to weak motion and decreasing levels from weak to strong motion. 

Based on the above discussions it is clear that site effects in the Ataköy area will have significant consequences in case of future large earthquakes in the Marmara Sea. However, other factors such as construction practices, density of building stock and proximity to alluvial sediments will play an important role, especially when taking into account the frequency variations of the site effects. These results are naturally valid only for Ataköy area, however the similarity of the geological formations in the neighboring Bakirköy and Zeytinburnu districts may give an insight to possible concequences in these highly populated areas in Istanbul.
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	Figure 2.1. Geology of Istanbul. From Istanbul Metropolitan Municipality 

(www.ibb.gov.tr) .
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	Figure 2.2. Geological map of Ataköy area. From I.T.Ü. Gelistirme Vakfi Iktisadi Isletmesi. Ataköy is located within the rectangle, to the east is Bakirköy. The Ataköy area is ca. 3 kilometers from North to South.
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	Figure 2.3. The artificial fill consists of a 2-3 m thick gravel layer (loosely cemented construction material such as bricks etc. mixed with pieces of bedrock), which is overlain by a tightly packed industrial gravel of 20-30 cm (the grey horizon on the pictures). The topmost soil layer is approximately 40-50 cm.
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	Figure 2.4. The typical building types in the Ataköy area. All buildings are well designed reinforced concrete constructions, where mainly three heights are present: 15 floor and 5-6 floor apartment blocks and 1-2 floor residential houses.
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	Figure 3.1. Some of the sites used for collecting the microtremor data. Sensor coupling is variable as is shown in the different examples above.
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	Figure 3.2. Instruments used in the microtremor study. The GBV-316 (GeoSIG) digital portable seismograph is shown on the right hand side. The data acquisition is done through the connected pocket-PC. Timing is through the GPS (the small black box on the left hand side).
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	Figure 3.3. The location of the 30 sites where microtremor data were collected (black dots). The study area is indicated by the street map overlain on the geological map. The scale of the street map is 1km on the horizontal and 2km on the vertical direction.
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	Figure 3.4. J-SESAME software used for processing of the microtremor data.
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	Figure 3.5. Average H/V spectral ratios for sites located on alluvium. 
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	Figure 3.6. Average H/V spectral ratios for sites located at Bakirköy formation.
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	Figure 4.1. Example of source distribution (black dots) relative to the receiver (red star) for 1D modeling.
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	Figure 4.2. 1D model used for simulating microtremors at an alluvial site. Yellow: 5 m alluvial layer, blue: 8 m Bakirköy formation, green: 80 m Güngören formation, gray: bedrock (half space). Velocities of the different layers are given in Table 4.1.


	[image: image45.jpg]



Project No: EVG1-CT-2002-00069

	
	Deliverable no. 17 (Partner # 6: UiB)
	

	[image: image46.jpg]





	[image: image47.png]




	Figure 4.3. 1D model used for simulating microtremors at a Bakirköy formation site. Blue: 11 m Bakirköy formation, green: 80 m Güngören formation, gray: bedrock (half space). Velocities of the different layers are given in Table 4.1.
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	Figure 4.4. 1D model used for simulating microtremors at a Güngören formation site. Green: 77 m Güngören formation, gray: bedrock (half space). Velocities of the different layers are given in Table 4.1.
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	Figure 4.5. H/V spectral ratio calculated for simulated ambient noise at 1D site 1 (Alluvium).
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	Figure 4.6. H/V spectral ratio calculated for simulated ambient noise at 1D site 2 (Bakirköy formation).
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	Figure 4.7. H/V spectral ratio calculated for simulated ambient noise at 1D site 3 (Güngören formation).
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	Thickness (m)

Vs (m/s)

Vp (m/s)

Density (kg/m^3)

Formation

Alluvial site

5

163

260

1.169

Alluvium

8

784

1406

2.691

Bakirköy

80

1028

1850

2.500

Güngören

Half space

1473

2799

2.700

Bedrock

Bakirköy formation site

11

533

960

2.078

Bakirköy

80

1006

1811

2.500

Güngören

Half space

1451

2757

2.700

Bedrock

Güngören formation site

77

748

1346

1.878

Güngören

Half space

1297

2464

2.700

Bedrock
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	Table 4.1. Velocity model used for 1D modeling for alluvium, Bakirköy formation and Güngören formation sites. The sites are taken out from the model used for 3D site effect modeling (section 6), and average velocities have been taken for each layer.
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	Figure 5.1. Location of three temporary Broadband stations in Istanbul.
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	Figure 5.2. Events used for SSR analysis.
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	Figure 5.3. Average S-wave spectral ratios calculated for the Ataköy and Zeytinburnu stations, EW and NS components for all the events shown in Figure 5.2. Black line is average spectral ratio, blue lines are +/- one standard deviation.
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	Figure 5.4. Average S-wave spectral ratios calculated for the Ataköy and Zeytinburnu stations, EW and NS components for events 2 and 4 shown in Figure 5.2. Black line is average spectral ratio, blue lines are +/- one standard deviation.
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	Figure 5.5. Overlay of average spectral ratios calculated using all events (solid line) and events 2 and 4 only (dotted line).
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	Figure 5.6. Average S-wave spectral ratios for the rotated seismograms, calculated for the Ataköy and Zeytinburnu stations, R and T components for all events shown in Figure 5.2. Black line is average spectral ratio, blue lines are +/- one standard deviation.
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	Figure 6.1. Schematic illustration of hybrid procedure. In the first step, ground motions are calculated on the excitation box using a regional model. In the second step, surface ground motions are calculated using a finite difference scheme and a local model.
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	Figure 6.2. Surface geometry of geological model of Ataköy, used in 3D finite difference model. The red square in the uppermost plot shows the extent and location of the lowermost map.
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	Figure 6.3. EW cross-sections of geological model of the Ataköy area, used in 3D finite difference model. The lowermost plot is in the southernmost part of the model, going northwards. Note the thinning of the Bakirköy formation towards north in most of the model due to erosion.
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	Figure 6.4. Elevation plots of top of the layers of the geological model of Ataköy, used in 3D finite difference model.


	[image: image92.jpg]



Project No: EVG1-CT-2002-00069

	
	Deliverable no. 17 (Partner # 6: UiB)
	

	[image: image93.jpg]O:\RELIEF\Zurich\november01\specamplif_complete_bands_01-05.asc

25
‘5
1
0.5
0
0

N






	[image: image94.png]




	Figure 6.5. Ground motion amplification for 3D velocity model. The five frequency bands are, from below, 0-2Hz, 2-4Hz, 4-6Hz, 6-8Hz and 8-10Hz. Left column shows maximum amplification, right column is average amplification.
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	Figure 6.6. Ground motion amplification for 3D velocity model. The frequency band is 0.8-1.2 Hz. Left figure shows maximum amplification, right figure is average amplification.
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	Formation

Vs (m/s)

Vp/Vs

( (km/m3)

Alluvium

150 + 5 ( Z’

1.732

1.7 - 1.224 ( exp(-0.846 ( Z’)

Bakirköy

260 + 96 ( Z’  for Z’ < 5 m

685 + 11 ( Z’  for Z’ > 5 m
1.8

2.2 - 1.224 ( exp(-0.846 ( Z’)

Güngören

200 + 60 ( Z’ for Z’ < 5 m

445 + 11 ( Z’ for Z’ > 5 m
1.8

2.0 - 1.224 ( exp(-0.846 ( Z’)

Bedrock

450 + 11 ( Z’
1.8

2.3 - 1.224 ( exp(-0.846 ( Z’)
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	Table 6.1. Formulae used for quantification of velocities for different formations in the 3D model. Vs is S-wave velocity, Vp is P-wave velocity and ( is density. Z’ = Z – Zfree surface is the depth relative to the free surface.
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