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Abstract 

It is very important and necessary to know the depth of the bedrock in determining the soil behavior. However, 

determining the depth of bedrock spatially is a very difficult and costly process. The depth of the bedrock can 

be obtained by using the dominant vibration frequency obtained by the microtremor data. The bedrock depth 

map was created with the correlation produced from the dominant vibration frequencies obtained from 

microtremor measurements made in Antakya (Turkey). In bedrock calculations at low frequencies, the value 

range shows scattering. In the vulnerability analysis for Antakya soils, a low level of vulnerability Index (Kg = 

6) was obtained in the east and northeast of the area. It has been observed that the S-wave velocity (Vs) in this 

area is lower than 406 ms-1. In this case, this value has been accepted as the vulnerability threshold value in 

Antakya soils. Peak Ground Acceleration (PGA) and Peak Ground Velocity (PGV) were obtained for each 

location by using earthquake ground motion levels with 2%, 10%, 50%, and 68% probability of exceedance in 

50-year periods. The PGA values in the region range from 0.43 to 0.47 g for earthquakes with a return period 

of 475 years. 
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Havza Etkisi Altında Antakya'da (Türkiye) Alan Karakterizasyonu ve Hasar 

Görebilirliğin İncelenmesi 
Öz 

Zemin davranışının belirlenmesinde anakaya derinliğinin bilinmesi çok önemli ve gereklidir. Ancak anakayanın 

derinliğini belirlemek çok zor ve maliyetli bir süreçtir. Anakayanın derinliği, mikrotremor verilerinden elde 

edilen baskın titreşim frekansı kullanılarak saptanabilir. Anakaya derinlik haritası, Antakya'da (Türkiye) yapılan 

mikrotremor ölçümlerinden elde edilen baskın titreşim frekanslarından üretilen korelasyon ile oluşturulmuştur. 

Düşük frekanslarda anakaya hesaplamalarında değer aralığı saçılma göstermektedir. Antakya zemini için 

yapılan hasar görebilirlik analizinde alanın doğu ve kuzeydoğusunda düşük seviyede (Kg = 6) hassasiyet elde 

edilmiştir. Bu alandaki S dalgası hızının (Vs) 406 ms-1'den daha düşük olduğu gözlemlenmiştir. Böylece, bu 

değer Antakya zemini için hassasiyet eşik değeri olarak kabul edilmiştir. Her bir lokasyon için 50 yıllık 

periyotlarda %2, %10, %50 ve %68 aşılma olasılıklı deprem yer hareketi seviyeleri kullanılarak En Büyük Yer 

İvmesi (PGA) ve En Büyük Yer Hızı (PGV) elde edilmiştir. Tekrarlanma periyodu 475 yıl olan depremler için 

bölgedeki PGA değerleri 0,43 ile 0,47 g arasında değişmektedir. 
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1. Introduction 

Determining the seismic risk of any region is an integral part of modern pre-earthquake disaster 

management. Factors such as local ground conditions, earthquake history, fault and fault groups 

in the region, characteristics of faults and earthquake characteristics directly affect seismic 

hazard analysis. Briefly, local soil conditions and seismicity elements of the region will directly 

change the spectrum and its characteristics [1-7].     

When the soft soil layer is defined on the hard bedrock, the horizontal movement reveals 

amplification properties in the ground. Thus, the high value of the horizontal-to-vertical spectral 

ratio (HVSR) will be possible if the horizontal spectrum (H) gets a strong frequency value and 

the frequency of the vertical spectrum (V) remains lower. Considering the dynamic conditions, 

while there are body waves that usually damage and have high energy during an earthquake, 

the slow motion of the body waves in this area is likely to transfer more energy to surface waves 

due to repeated reflections. Thus, especially Rayleigh waves are transformed from non-

destructive to destructive. Rayleigh waves will propagate most effectively in which frequency 

range is defined as the dominant frequency (fo) [8]. This technique, have been extensively 

studied by many researchers to measure the site effects such as amplification, ambient noise 

produced by soft ground layers in certain frequency bands [9-26]. Soil behavior analysis 

depends not only on the geomorphology and properties of the subterranean soil layers, but also 

on the bedrock type and location. The bedrock location greatly influences the seismic response 

and the bedrock type influences the one-dimensional ground response analysis. As the depth of 

the sole increases, the amplification at high frequency decreases, for the lower frequency the 

amplification increases. Peak ground acceleration (PGA) increases with increasing bedrock 

velocity, ie bedrock with higher shear wave velocity.     

In order to fully define the behavior in a site, the surface and deep morphology of that site must 

be well known. The seismic response at the surface of soil deposits is dependent mainly on the 

frequency content and amplitude of ground motion at the bedrock. In particular, the distance of 

soils from bedrock is one of the most important factors determining earthquake ground behavior 

[27]. This situation, as explained above, should be determined by the harmony between the 

bedrock and soft soil layers. The seismic response on the surface of soft soils mainly depends 

on the frequency content and amplitude of the ground motion in the bedrock [27- 29]. Thus, it 

is important to define the engineering bedrock, soil, soil transfer function, dynamic loads on the 

site and the possible stress-strain relationships that may occur due to these loads in order to 

define the soil behaviors that occur under dynamic loads [30]. Many researchers have conducted 

experimental approaches to calculate deep structure, especially bedrock depth, using nonlinear 

regression relationships from surface data [27]. However, derived relationships often yield field 

specific results. Most of these studies aimed to obtain bedrock depth from the dominant 

frequency values. 

In this study, the depth values obtained from Refraction microtremor (ReMi) measurements 

were used to calculate the coefficients of the formula developed to calculate the bedrock depth. 

Since depth changes of up to 100 meters can be easily observed here, it has been appropriate to 

use it as an application technique for soils with less bedrock depth such as Antakya. Thus, it 
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provides convenience for the practitioners and the opportunity to check the accuracy of the 

results. On the other hand, the soil behavior of Antakya was also examined in terms of Vs30 

velocity distribution obtained from ReMi measurements. At the same time, Peak Ground 

Acceleration (PGA) and Peak Ground Velocity (PGV) were calculated using earthquake ground 

motion levels for each ReMi location for earthquakes with a 2%, 10%, 50% and 68% 

probability of exceedance over a 50-year period. 

2. Geological Information of Antakya 

Antakya is located in the western end of the Turkey-Syria border about 1000 km in length. The 

Asi River divides the city into two parts and poured out the Mediterranean. Antakya settlement 

is found on both sides of the Asi River in the lands tectonically formed by the Arab and 

Anatolian plates (Fig. 1). Antakya and a part of the Asi River lie towards the Northeast-

Southwest end of the Antakya-Samandağı sediments [31]. This sediment is covered with marine 

sediments of the Miocene period, Pliocene and Holocene period sediments and also surrounded 

by normal slip faults from the northeast-southwest margins [32]. Geologically, Antakya is 

located within the Karasu rift, which has a pre-Pliocene basement and developed in two rock 

series. The rock series forming the Karasu rift are Paleozoic terrestrial units and Mesozoic 

allochthonous ophiolitic rock complex [33, 34]. Plio-Quaternary sediments and Quaternary 

volcanics were emplaced on the Miocene basement. The main fault runs along the Amanos 

Mountains from Türkoğlu to Antakya [35, 36]. The NNE trending segment is approximately 

145 km long and is known as the Amanos fault [37, 38] or the Karasu fault [39]. This fault 

defines the western border of the Karasu valley and the 30 km wide edge of the Amik plain. 

This section is filled with Plio-quaternary sediments and is more than 1000 m thick [40]. K-Ar, 

Nd, Sr and Pb isotopic dating studies have revealed Quaternary age determinations for basaltic 

rocks along the Karasu valley [34]. Detailed knowledge of near-surface geological conditions 

is primary importance for understanding empirically measured ground amplifications. The 

sediments of the Antakya region are basically alluvial units composed of clay, sand and gravel. 
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Figure 1. Regional geology map of the study area. The darkblue area shows the Antakya 

central settlement [41]. EAF: East Anatolian Fault, AFZ: Amonos Fault Zone, DSFZ: Dead 

Sea Fault Zone, KF: Karasu Fault, YF: Yumurtalık Fault 

3. Seismicity and Seismotectonic 

Topographically, the urban settlement of Antakya varies. The old settlement was mostly built 

on the slopes of the Amanos Mountains, which are located to the west and reach 2200 m in 

height. However, today the development of the city is flatter and has shifted on the alluvium of 

the Asi River (Fig. 2). The tectonic activity of the region displays a complex tectonic behavior 

under the influence of faults extending to the Dead Sea, Eastern Anatolia and Cyprus. The study 

area is the northeast direction Dead Sea Fault Zone (DSFZ), Cyprus-Antakya Transformation 

Fault, which is the extension of the Cyprus arc coming from the southwest and reaching the 

Amik Plain through Antakya, and the NNE-SSW trending junction area. The Amanos (or 

Karasu) Fault is the southern extension of the EAFZ between Türkoğlu (Kahramanmaraş) and 

Antakya and is an area where tectonic activity takes place continuously. The above-mentioned 

faults constitute the African/Arabia, Anatolia/Africa and Arabia/Anatolian plate boundaries 

respectively, forming a triple joint point in the Amik Plain (Fig. 2) [36]. Antakya and its vicinity 

have been affected by earthquakes for about 2000 years [42- 47]. However, when the 

earthquake data in this process are examined, considering the frequency of occurrence, the 

earthquake history of Antakya shows a random distribution that does not show a periodic 

structure to a large extent [31]. Antakya has also been affected by major earthquakes in 

historical periods. Some of the severe earthquakes that occurred in the historical period are the 

earthquakes with intensity Io = X and instrumental magnitude M = 7.5 that occurred in 245 BC, 

and M = 7.5 and M = 7.2 magnitude earthquakes that occurred on 13 August 1822 and 3 April 
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1872, respectively [44] (Fig. 2). It has been reported that a total of 20,000 people lost their lives 

in and around Antakya during these earthquakes [48]. When the earthquakes that occurred in 

the instrumental period are examined, the most important earthquakes were the main shock of 

Mb = 5.5 on 22 January 1997 and the aftershocks of M = 5.2 and 5.3 magnitudes. The greatest 

intensity in these earthquakes was around Io = VI-VII. These earthquakes caused some 

buildings to collapse or damage. When the focal depths of earthquakes occurring in Antakya 

and its surroundings are examined, earthquakes occurring along a corridor extending in NNE-

SSW direction are generally shallow earthquakes (Fig. 2). 

 

Figure 2. Seismotectonic map of the study area. Red stars show historical earthquakes M>7.0 

(Modified from [36]). EAF: East Anatolian Fault, AF: Amanos Fault, DSFZ: Dead Sea Fault 

Zone, KF: Karasu Fault, YF: Yumurtalık Fault, CAT: Cyprus-Antakya Transform Fault, ATJ: 

Antakya Triple Junction 

The characterization of ground seismic behavior of Antakya city center and its immediate 

surroundings has been tried to be defined with single station microtremor and refraction 

microtremor (ReMi) measurements [20]. The spectral analysis of microtremors is a very 

convenient tool to characterise earthquake site response since it is relatively fast and economic. 

Large regions can be surveyed in a relatively short period of time. The predominant frequency 

of horizontal spectra of microtremors is related to local geological conditions. During these 

studies, the microzonation methodology was applied. The city was divided into cells of 500 × 

500 m2 and 69 microtremor measurements were taken at the point corresponding to the 

midpoint of each cell. Predominant frequency and ground amplification variation are 

investigated [20]. Accordingly, the predominant frequency values vary between 1.25 – 7.96 Hz 

(average value is 3.21 Hz). Low frequency values are observed especially in the east-northeast 
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part outside the center of Antakya. While the amplification values fall below 1.0 in some areas 

in the city center, 3-3.5 times amplification values are seen outside the city center (Fig. 3a).  

The ReMi method is applied by using standard P-wave recording equipment and ambient noise 

to produce average one-dimensional shear-wave profiles. The source of ReMi measurement is 

composed of traffic and other vehicles, the wind responses of trees, buildings, etc. [49]. The 

ReMi interpretation and analysis was done using Seisimager/SW software. In the frame of 

ReMi analysis, there are three steps. The first step is velocity spectral analysis. The basis of the 

velocity spectral analysis is the p–f transformation. This transformation takes a record section 

of multiple seismograms, with seismogram amplitudes relative to distance and time (x–t) and 

converts it to amplitudes relative to the ray parameter p (the inverse of apparent velocity). The 

second step is Rayleigh Silent segments selection omitting the segments that are influenced by 

very near noise sources, The ReMi measurements were carried out independently of the 

microtremor measurements. However, observation points of ReMi measurements were selected 

around microtremor points to correlate with each other. The third step is shear-wave velocity 

modelling. The refraction microtremor method interactively forward-models the normal-mode 

dispersion data picked from the p–f images. The modelling iterates on phase velocity at each 

frequency, reports when a solution has not been found within the iteration parameters and can 

model velocity reversals with depth. Shallow and deep ground material information was 

obtained with the help of boreholes previously drilled [20]. Mainly clayey and sandy units are 

in the city center and its surroundings, where the effect of the alluvium of the Asi River is 

observed. It is known that these units turn into claystones in some areas, but continue to the 

depths, alternating with gravel in most places. Representative geotechnical profiles of the city 

were prepared and different areas of earthquake sensitivity were compared with each other. Vs 

velocity values up to 25 m depth were calculated from the records obtained from four strong 

ground motion recorders in the center of Antakya. In addition, it is understood that the ground 

period values obtained from microtremor and acceleration measurements are compatible with 

each other [50]. Considering the Vs values obtained from ReMi measurements, the average Vs 

velocity values for the first 30 m were calculated (Fig. 3b). These values are particularly 

structuring pre-shallow foundation design is very important in terms of defining the ground 

conditions the first 30 meters are important for, in 2019 enacted Turkey Earthquake is also used 

to define soil classes that are used in conjunction with Hazard Map. The obtained Vs30 values 

vary in the range of 324 ms-1 to 526 ms-1 throughout the study area and show mainly C class 

and a few points D class ground characteristics. These classifications overlap with the existing 

drilling information in the study area and are generally represented by medium-tight-very 

compact sand and solid-hard clay layers. 
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Figure 3. (a) Amplification and (b) Vs30 map of Antakya [50]. 

4. Materials and Methods 

4.1. Seismic vulnerability index (Kg) 

Seismic vulnerability (Kg) is an index that indicates the seismic vulnerability value of a 

deformed soil layer. Therefore, the Seismic Vulnerability Index is useful for detecting weak 

zones in unconsolidated sedimentary layers during an earthquake. In this way, it can be 

demonstrated that there is a good correlation between the seismic fragility of the ground and 

the distribution of damage caused by the earthquake [51]. Seismic vulnerability index (Kg), 

which is an important parameter in terms of ground amplification and dominant frequency and 

structure-ground interaction obtained from microtremor data, changes depending on the soil 

dynamic properties. In addition, a point-by-point evaluation of the strength or weakness of an 

area against strong ground motion can also be made with this parameter. The Seismic 

Vulnerability Index (Kg) can be determined using the amplification (Ao) and predominant 

frequency (fo) values at each microtremor measurement point. The formula [52] for calculating 

Kg can be written as: 

Kg =
A2

fo
        (1) 

Some destructive earthquakes have Kg values between 20-100 in areas exposed to major 

damage, and Kg values have 5 or less in areas with less damage [52]. Thus, this parameter (Kg), 

which is related to the predominant frequency and the amplification coefficient, is used in the 

estimation of the damage distribution, which can be calculated for both the location and the 

structure. High unit shear deformation will directly affect the damage. Since the shear wave 
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velocity of the bedrock is constant, the acceleration in the bedrock and the predominant 

frequency of the ground above it will determine the damage, in other words, the unit shear 

deformation that will occur [8, 52]. When we look at the Kg values calculated based on the 

microtremor measurements made in the city center of Antakya and its surroundings, the 

presence of vulnerability index exceeding 6 in the northeastern part of the city reveals the 

vulnerability in this area. The Kg index is higher at low frequency values as expected. It is 

understood that there is high vulnerability when the Kg index obtained as a result of the 

calculations made within the scope of this study are lower than 1.3 Hz (Fig. 4). 

 

Figure 4. Relationship between vulnerability index and resonant frequency in Antakya. The 

shaded area shows the vulnerable frequency levels. 

Since the average dominant frequency value is 3.21 Hz, the vulnerability expectation of 

Antakya soils is seen in the east-northeast part and the west border of the area. Especially in the 

old settlement area, it remains at a very low level. The most important factor for this is the 

consolidation of the ground over time depending on the density of the settlement Antakya is a 

very old settlement. 

4.2. Calculation of bedrock depth in Antakya 

Seismic waves spend a significant part of their travel from the source to the earth surface in the 

hard bedrock that forms the earth's crust. In the last stage of their travels, they take place within 

the surface layers called loosely attached soil, which are quite different from the bedrock, and 

the physical properties of these soil layers largely determine the characteristics of the vibration 

observed on the earth [53]. Therefore, determination of bedrock depth is one of the critical area 

investigation stages for seismic hazard analysis. One of the most used common approaches to 

find bedrock depth is based on the nonlinear regression relationships of bedrock depth with the 

fundamental resonance frequency [27]. However, these obtained regression relationships are 

specific to the region. This phenomenon is mainly due to the variation of the average shear 

velocity according to depth due to different components and different relationships in contrast 

to the degree of compression of sediments in different regions [54]. It was first demonstrated 

by [55] and [56] that the thickness of the upper soft sediment layers from another point of view 

can be determined directly from the predominant frequency obtained by the HVSR of 
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microtremors. However, the transformation of this relationship into a characteristic formula is 

described by [57, 58, 59, 60]. Accordingly, the following Eq. (2) was used to obtain bedrock 

depth (h) using the fundamental resonance frequency (fHVSR). 

h = afHVSR
−b         (2) 

where a and b are curve fit parameters. Vs values obtained from ReMi measurements made at 

15 points and corresponding depth values were obtained. From here, a relationship was 

established between the predominant frequency value and depth at the points corresponding to 

the microtremor measurement points. This resulting relationship has been used for other 

calculated predominant frequencies from microtremor measurement points. A formula that 

allows the calculation of bedrock depth based on the predominant frequency values obtained 

from single point station measurements made in the central settlement of Antakya and its 

vicinity was obtained. An exponential relationship between cover thickness to the bedrock and 

resonance frequency of site is found and a and b values in Eq. (3) were calculated as 

 H = 101ƒr-0.988        (3) 

Where H is depth of bedrock, fr is resonant frequency. Statistically the R2 value is 93.24%, 

indicating a strong relationship between the frequency and thickness. The depth to be 

considered as an engineering bedrock has been handled by different sources. [61] considered 

shear wave velocities of 700 ± 60 ms-1 with non-penetrating values for 100 impacts in the 

Standart Penetration Test (SPT) experiment, as the signature of the bedrock representing a 

stiffer soil column adopted in the design codes of different field classification approaches. 

According to the shear wave velocity values, the soil of Antakya can be ranged in category C 

of National Earthquake Hazard Reduction Programme (NEHRP) site classification. Site class 

C is defined as very dense soil and soft fill, where shear wave velocities are 360 ms-1 - 760 ms-

1 [62]. Nath (2007) [63]  defined the engineering bedrock as having a shear wave velocity 

between 400 ms-1 and 700 ms-1 for seismic microzonation. Miller et al. (1999) [64]  mapped 

the bedrock using the Multichannel Analysis of Surface Waves (MASW) research, using the 

shear wave velocity of 244 ms-1 as a value for the bedrock. Delgado et al. (2000b) [59], shear 

wave velocity for Triassic carbonate rocks 250 ms-1 and for Triassic - Cretaceous limestones is 

accepted as geotechnical bedrock. In the surface layer called the ground, the S wave velocity is 

considered to be less than 760 ms-1 and the places where the S wave velocity is greater than 760 

ms-1 are called engineering bedrock [62]. It is accepted that the dynamic structure of the ground 

does not change, that is, the S wave velocity values in the region called the engineering bedrock 

[62, 65]. Nakamura (2008) [8] calculated the depth of foundation along the railway line in Japan 

and found it as 600 ms-1. Kuo vd. (2016) [66] suggested a value of 600 ms-1 as the Vs velocity 

of the engineering bedrock. In this case, in the formula fo = Vs / 4h proposed by [8], if the value 

of fo and the value of h are substituted, the Vs value can be calculated. The average velocity 

value reached during this study is around 409 ms-1 and ranges between 405-412 ms-1. However, 

these values are not high enough to be an engineering bedrock. In this case, h values can be 

obtained by keeping the Vs value constant at 760 ms-1 and 600 ms-1 velocity values. Vs velocity 

values can be also calculated for vulnerability situation in Antakya city (Fig. 5). If the soils 

have Vs velocity below 406 ms-1, they can be vulnerable according to other soils with higher 
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velocity values. In this case, since the average of the Vs30 values is 435 ms-1, it is once again 

understood that the vulnerability effect is quite limited when the first 30 m depth is considered 

in the study area. 

 

 

 

 

 

 

 

Figure 5. Vulnerability index (Kg) changes versus Vs velocity values in Antakya. The shaded 

line shows the vulnerability Vs value level. 

5. Results and Discussions 

Ten seismic design codes came into force in time such as 1940, 1944, 1949, 1953, 1962, 1968, 

1975, 1998, 2007, and 2018. The latest seismic code was updated in 2018 and has been put into 

force since January 2019. Four different earthquake ground motion levels (DD-1, DD-2, DD-

3, DD-4) identified in the Turkish Building Earthquake Code [67].  

Turkish Earthquake Hazard Map Interactive Web Application (TEHMIWA) has become 

available for the computation of earthquake parameters used in structural analyses for any 

geographic location since the beginning of 2019 [68-73]. The comparison of the peak ground 

acceleration (PGA) and peak ground velocity (PGV) values in fifteen ReMi measurement 

locations considered within the scope of the study for all earthquake ground motion levels are 

shown in Table 1 through the TEHMIWA. 

Table 1. Comparison of PGA and PGV for different probabilities of exceedance 

District 

Peak Ground Acceleration (g)-PGA Peak Ground Velocity (cm/s)-PGV 

Probability of Exceedance in 50 Years Probability of Exceedance in 50 Years 

2% 10% 50% 68% 2% 10% 50% 68% 

1 0.843 0.434 0.146 0.099 53.637 26.765 8.251 5.559 

2 0.849 0.435 0.146 0.099 53.707 26.765 8.224 5.542 

3 0.849 0.436 0.147 0.099 54.082 26.948 8.272 5.567 

4 0.849 0.436 0.146 0.098 53.983 26.811 8.215 5.535 

5 0.853 0.438 0.146 0.099 54.329 29.980 8.245 5.550 

6 0.852 0.438 0.147 0.099 54.303 27.034 8.280 5.570 

7 0.851 0.438 0.147 0.100 54.340 27.131 8.339 5.604 

8 0.860 0.440 0.147 0.099 54.847 27.186 8.264 5.558 

9 0.868 0.444 0.147 0.099 55.417 27.424 8.294 5.571 
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10 0.859 0.440 0.147 0.099 54.783 27.219 8.297 5.577 

11 0.873 0.445 0.147 0.099 55.761 27.525 8.285 5.564 

12 0.894 0.453 0.147 0.099 57.155 27.997 8.274 5.545 

13 0.895 0.454 0.148 0.099 57.460 28.151 8.326 5.577 

14 0.863 0.443 0.148 0.100 55.344 27.485 8.365 5.614 

15 0.933 0.468 0.148 0.099 60.055 29.066 8.332 5.560 

 

PGA values were obtained in the range of 0.84-0.93g for the ground motion levels with a 

probability of exceedance 2% in 50 years for the studied locations, and 0.43-0.47g for a 10% 

probability of exceedance. The highest PGA was obtained for the location 15, while the lowest 

PGA was obtained for location 1. Although the locations are closer to each other, there are 

differences between the values obtained because each location has its own seismic elements. 

Comparison of the short-period map spectral acceleration coefficient (SS), the map spectral 

acceleration coefficient (S1) for a period of 1.0 seconds, by using different probabilities of 

exceedance, is shown in Table 2. 

 

Table 2. Comparison of SS and S1 obtained for different probabilities of exceedance 

District 

Ss S1 

Probability of Exceedance in 50 Years Probability of Exceedance in 50 Years 

2% 10% 50% 68% 2% 10% 50% 68% 

1 2.060 1.023 0.329 0.223 0.557 0.266 0.084 0.057 

2 2.066 1.024 0.329 0.222 0.558 0.266 0.084 0.057 

3 2.074 1.028 0.330 0.223 0.562 0.268 0.084 0.057 

4 2.072 1.026 0.328 0.222 0.560 0.266 0.083 0.056 

5 2.083 1.031 0.329 0.223 0.564 0.268 0.084 0.057 

6 2.081 1.031 0.330 0.223 0.564 0.269 0.084 0.057 

7 2.078 1.033 0.332 0.224 0.566 0.270 0.084 0.057 

8 2.100 1.058 0.330 0.223 0.569 0.270 0.084 0.057 

9 2.117 1.045 0.331 0.223 0.576 0.272 0.084 0.057 

10 2.096 1.037 0.331 0.224 0.569 0.270 0.084 0.057 

11 2.129 1.049 0.331 0.223 0.579 0.273 0.084 0.057 

12 2.178 1.067 0.331 0.223 0.592 0.276 0.084 0.057 

13 2.181 1.069 0.332 0.224 0.597 0.278 0.084 0.057 

14 2.107 1.045 0.333 0.225 0.577 0.273 0.085 0.057 

15 2.269 1.101 0.333 0.224 0.622 0.286 0.085 0.057 

 

Also, within the scope of the study, earthquake parameters were calculated for different 

probabilities of exceedance. In this context, local ground coefficients (FS and F1), short period 

design spectral acceleration coefficient (SDS) for 0.2 s and design spectral acceleration 

coefficient (SD1) for 1.0 s, horizontal design spectrum corner periods (TA and TB) and vertical 

design spectrum corner periods (TAD and TBD) were obtained separately for each location. The 

earthquake parameter obtained for the earthquake ground motion level with a probability of 
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exceedance 2% in 50 years for fifteen different points determined by local soil class land 

measurements are shown in Table 3. 

Table 3. Earthquake parameter values according to the probability of exceedance 2%. 

No FS F1 SDS SD1 TA TB TAD TBD 

1 1.200 1.443 2.472 0.804 0.065 0.325 0.022 0.108 

2 1.000 1.742 2.066 0.972 0.094 0.470 0.031 0.157 

3 1.000 1.738 2.074 0.977 0.094 0.471 0.031 0.157 

4 1.200 1.440 2.486 0.806 0.065 0.324 0.022 0.108 

5 1.200 1.436 2.500 0.810 0.065 0.324 0.022 0.108 

6 1.200 1.436 2.497 0.810 0.065 0.324 0.022 0.108 

7 1.200 1.434 2.494 0.812 0.065 0.325 0.022 0.108 

8 1.200 1.431 2.520 0.814 0.065 0.323 0.022 0.108 

9 1.200 1.424 2.540 0.820 0.065 0.323 0.022 0.108 

10 1.000 1.731 2.096 0.985 0.094 0.470 0.031 0.157 

11 1.200 1.421 2.555 0.823 0.064 0.322 0.021 0.107 

12 1.200 1.408 2.614 0.834 0.064 0.319 0.021 0.106 

13 1.200 1.403 2.617 0.838 0.064 0.320 0.021 0.107 

14 1.200 1.423 2.528 0.821 0.065 0.325 0.022 0.108 

15 1.200 1.400 2.723 0.871 0.064 0.320 0.021 0.107 

 

The earthquake parameter obtained for the earthquake ground motion level with a probability 
of exceedance 10% in 50 years are shown in Table 4. 

Table 4. Earthquake parameter values according to the probability of exceedance 10%. 

No FS F1 SDS SD1 TA TB TAD TBD 

1 1.200 1.500 1.228 0.399 0.065 0.325 0.022 0.108 

2 1.090 2.068 1.117 0.550 0.099 0.493 0.033 0.164 

3 1.089 2.064 1.119 0.553 0.099 0.494 0.033 0.165 

4 1.200 1.500 1.271 0.399 0.065 0.324 0.022 0.108 

5 1.200 1.500 1.237 0.402 0.065 0.325 0.022 0.108 

6 1.200 1.500 1.237 0.403 0.065 0.326 0.022 0.109 

7 1.200 1.500 1.240 0.405 0.065 0.327 0.022 0.109 

8 1.200 1.500 1.246 0.405 0.065 0.325 0.022 0.108 

9 1.200 1.500 1.254 0.408 0.065 0.325 0.022 0.108 

10 1.085 2.060 1.125 0.556 0.099 0.494 0.033 0.165 

11 1.200 1.500 1.259 0.410 0.065 0.325 0.022 0.108 

12 1.200 1.500 1.280 0.424 0.065 0.323 0.022 0.108 

13 1.200 1.500 1.283 0.417 0.065 0.325 0.022 0.108 

14 1.200 1.500 1.254 0.410 0.065 0.327 0.022 0.109 

15 1.200 1.500 1.321 0.429 0.065 0.325 0.022 0.108 

 

The earthquake parameter values obtained for the earthquake ground motion level with a 
probability of exceedance 50% in 50 years are shown in Table 5. 

Table 5. Earthquake parameter values according to the probability of exceedance 50%. 

No FS F1 SDS SD1 TA TB TAD TBD 
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1 1.300 1.500 0.428 0.126 0.059 0.295 0.020 0.098 

2 1.537 2.400 0.506 0.202 0.080 0.399 0.027 0.133 

3 1.536 2.400 0.507 0.202 0.080 0.398 0.027 0.133 

4 1.300 1.500 0.426 0.124 0.058 0.292 0.019 0.097 

5 1.300 1.500 0.428 0.126 0.059 0.295 0.020 0.098 

6 1.300 1.500 0.429 0.126 0.059 0.294 0.020 0.098 

7 1.300 1.500 0.432 0.126 0.058 0.292 0.019 0.097 

8 1.300 1.500 0.429 0.126 0.059 0.294 0.020 0.098 

9 1.300 1.500 0.430 0.126 0.059 0.293 0.020 0.098 

10 1.535 2.400 0.508 0.202 0.079 0.397 0.026 0.132 

11 1.300 1.500 0.430 0.126 0.059 0.293 0.020 0.098 

12 1.300 1.500 0.430 0.126 0.059 0.293 0.020 0.098 

13 1.300 1.500 0.432 0.126 0.058 0.292 0.019 0.097 

14 1.300 1.500 0.433 0.127 0.059 0.295 0.020 0.098 

15 1.300 1.500 0.433 0.127 0.059 0.295 0.020 0.098 

 

The earthquake parameter values obtained for the earthquake ground motion level with a 
probability of exceedance 50% in 50 years are shown in Table 6. 

 

Table 6. Earthquake parameter values according to probability of exceedance 68% 

No FS F1 SDS SD1 TA TB TAD TBD 

1 1.300 1.500 0.290 0.086 0.059 0.295 0.020 0.098 

2 1.600 2.400 0.355 0.137 0.077 0.385 0.026 0.128 

3 1.600 2.400 0.357 0.137 0.077 0.383 0.026 0.128 

4 1.300 1.500 0.289 0.084 0.058 0.291 0.019 0.097 

5 1.300 1.500 0.290 0.086 0.059 0.295 0.020 0.098 

6 1.300 1.500 0.290 0.086 0.059 0.295 0.020 0.098 

7 1.300 1.500 0.291 0.086 0.059 0.294 0.020 0.098 

8 1.300 1.500 0.290 0.086 0.059 0.295 0.020 0.098 

9 1.300 1.500 0.290 0.086 0.059 0.295 0.020 0.098 

10 1.600 2.400 0.358 0.137 0.076 0.382 0.025 0.127 

11 1.300 1.500 0.290 0.086 0.059 0.295 0.020 0.098 

12 1.300 1.500 0.290 0.086 0.059 0.295 0.020 0.098 

13 1.300 1.500 0.291 0.086 0.059 0.294 0.020 0.098 

14 1.300 1.500 0.292 0.086 0.058 0.292 0.019 0.097 

15 1.300 1.500 0.291 0.086 0.059 0.294 0.020 0.098 

 

The comparison of the elastic design spectra obtained for the earthquake ground motion level 

with a probability of exceeding 10% in 50 years for fifteen different locations considered within 

the scope of the study is shown in Fig. 6. 
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Figure 6. Comparison of spectra obtained for DD-2 and DD-3 ground motion level. (a) DD-2 

Vertical (b) DD-2 Horizontal (c) DD-3 Vertical (d) DD-3 Horizontal 

There are differences between the design spectra obtained according to different geographic 

locations with the same local ground conditions. In addition, these differences appear more 

clearly when local ground conditions change. The change in design spectra will affect the target 

displacement values expected from the structures. In this context, analysis and evaluation of the 

structures are more realistic by using site-specific design spectra [74]. The maximum shear 

strain is obtained by proportioning PGV and mean Vs value [75] Eq. 4. In this study, the value 

of Vs30 was taken as the average value of Vs. 

γmax= PGV/ Vs-Average        (4) 

While the PGA value represents shear stress, the PGV value represents the maximum shear 

strain. When the Vs30 distribution of the ground properties of Antakya central settlement is 

examined and when we calculate the γmax value from the Eq. 4, the results in Table 8 are 

obtained. In addition, the average strain (Iγ) calculation has been made according to [76] (Eq. 

5). 

Iγ=(
M−1

10
) × (

PGV

Vs30
) ×100%       (5) 

Here Iγ is the average strain, M: Moment magnitude, Vs30: the average distribution of 30 m of 

Vs. With the help of this relation, the Iγ distribution was calculated with an alternation of 0.5 

for earthquakes in the range of 5.0-7.5 (Table 7). According to the Turkish Building Earthquake 

Code [67], considering the Earthquake Ground Motion levels, the earthquake ground motion 

level DD-3, where the probability of exceedance, the spectral magnitudes in 50 years is 50% 

and the corresponding recurrence period is 72 years statistically, is for Antakya earthquakes. 

Therefore, the screenings were made according to DD-3. 

Table 7. Calculation of Iγ % depending on the γmax change of earthquakes between 5.0 - 7.5 

Magnitudes. 

 Iγ % 

γmax M=5.0 M=5.5 M=6.0 M=6.5 M=7.0 M=7.5 
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0.020525 0.820995 0.923619 1.026244 1.128868 1.231493 1.334117 

0.022972 0.918883 1.033743 1.148603 1.263464 1.378324 1.493184 

0.025531 1.021235 1.148889 1.276543 1.404198 1.531852 1.659506 

0.017743 0.709719 0.798434 0.887149 0.975864 1.064579 1.153294 

0.018121 0.724835 0.81544 0.906044 0.996648 1.087253 1.177857 

0.017322 0.692887 0.779498 0.866109 0.95272 1.039331 1.125941 

0.022003 0.880106 0.990119 1.100132 1.210145 1.320158 1.430172 

0.018529 0.741166 0.833812 0.926457 1.019103 1.111749 1.204395 

0.017101 0.684041 0.769546 0.855052 0.940557 1.026062 1.111567 

0.022424 0.896973 1.009095 1.121216 1.233338 1.345459 1.457581 

0.016056 0.642248 0.722529 0.80281 0.883091 0.963372 1.043653 

0.018805 0.752182 0.846205 0.940227 1.03425 1.128273 1.222295 

0.017603 0.704101 0.792114 0.880127 0.96814 1.056152 1.144165 

0.020012 0.800478 0.900538 1.000598 1.100658 1.200718 1.300778 

0.01584 0.633612 0.712814 0.792015 0.871217 0.950418 1.02962 

 

As the magnitude of the earthquake increases, lateral displacement will naturally increase. 

However, in areas where the Vs30 value is low, approximately 0.6% displacement increase is 

quite significant. When the Iγ distribution map, which was created considering the largest 

expected earthquake (M = 7.0) in the study area, is examined, a greater strain effect is observed 

in the east of the area compared to other areas (Fig. 7). This result overlaps with other 

information. 

 

Figure 7. Distribution of Iγ % in Antakya 

Determination of the bedrock depth is one of the critical field investigation stages of the 

underground behaviors that can be encountered especially during an earthquake, depending on 

the seismic hazard analysis and the differentiation of the bedrock depths. In this study, an 

experimental relationship was obtained between the resonance frequencies of the H/V spectra 
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based on single station microtremor measurements and the depth of the bedrock in Antakya. 

First of all, the fundamental variable in establishing this relationship is the resonance frequency. 

It is possible to have an idea about the ground according to the greatness of fundamental 

resonance frequency (fHVSR), as it reflects the ground behavior properties [77]. However, the 

values of the frequency depend not only on the character of the ground, but also on the depth 

of the ground. In conditions where the soil is thick, in other words, the depth of the bedrock is 

deep, this situation should also be considered during the evaluation. Thus, in an area with a low 

resonance frequency, it is not only possible to talk about the loose soil structure, but also to 

consider the bedrock depth information. In this sense, the coefficients should come into play as 

a factor of the depth while using the relation where the bedrock depth is obtained from the 

resonant frequency. The depth of bedrock for Antakya varies between 21-73 m. This 

information is in agreement with the values around the Amik Plain in the [78] publication 

obtained from the regional study. While a relatively shallow bedrock depth is obtained in the 

center of Antakya, it is seen that the depths outside Antakya increase.  

The findings obtained in this analysis are compatible with the Antakya microzonation map 

prepared by [20]. In the center of Antakya, this map shows that the predominant period is tiny, 

while the dominant period rises towards the peripheral areas of the city. The authors attributed 

this high value of the predominant period to the looser soil in the peripheral than the soil in the 

center of Antakya. This current study showed that the high value of the ground vibration period 

was due not only to the loose ground, but also to the loose ground thickness. In other words, it 

is seen that the bedrock around Antakya is deeper than the center and therefore the dominant 

frequency is lower at the peripheral than the center (Fig. 8). 

 

 

 

 

 

 

 

 

 

Figure 8. Presentation of predominant frequency, bedrock depth and vulnerability index. 

The vulnerability limit for Antakya soils should be considered as soils with Vs velocity lower 

than 406 ms-1. This situation reveals a threshold value definition, especially in defining lateral 

resistance (Fig. 8). The map in Figure 8, where the obtained results are shown together, shows 
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that the depth of the bedrock is reduced in high frequency areas and the vulnerability index is 

low. On the other hand, it is observed that the depth of bedrock increases and vulnerability 

index increases in soils away from the center where the dominant frequency drops. 

Contour values show the depth of bedrock. The prevailing frequency distribution varies from 

white to green. White-brown colors indicate high frequencies; green colors indicate low 

frequencies. Red circles indicate vulnerability.  

6. Conclusions 

The depth of bedrock for Antakya varies between 21-73 m. While a relatively shallow bedrock 

depth is obtained in the center of Antakya, it is seen that the depths outside Antakya increase. 

This study showed that the high value of the ground vibration period was due not only to the 

loose ground, but also to the loose ground thickness. In other words, it is seen that the bedrock 

around Antakya is deeper than the center and therefore the dominant frequency is lower at the 

peripheral than the center. The vulnerability limit for Antakya soils should be considered as 

soils with Vs velocity lower than 406 ms-1. This situation reveals a threshold value definition, 

especially in defining lateral resistance. It means, the depth of the bedrock is reduced in high 

frequency areas and the vulnerability index is low. On the other hand, it is observed that the 

depth of bedrock increases and vulnerability index increases in soils away from the center 

(northeastern part of the area) where the dominant frequency drops. Soil class was obtained as 

C for Antakya and D for loose areas.  
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