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Abstract

:

On 6 February 2023, the Kahramanmaraş earthquakes clearly showed that the elastic spectrum curves in TBEC-2018 are insufficient to represent earthquake behavior. In this study, the effect of using a site-specific spectrum curve instead of the elastic spectrum given in TBEC-2018 on the earthquake safety of a building is investigated. For this purpose, the provinces in southwest Anatolia, Türkiye, which is one of the most tectonically complex regions with frequent seismic events, were selected. In the first stage of the study, spectrum curves were obtained for earthquakes with return periods of 2475, 475, and 72 years for each of the provinces in this region. These spectrum curves were obtained using probabilistic seismic hazard studies that take into account the active faults of the provinces and earthquake activity in both historical and instrumental periods. In the second stage of the study, analytical models of a selected model RC building were created according to each province, and static pushover analyses of these building models were performed both according to the elastic spectrum given in TBEC-2018 and according to the spectrum curve created specifically for the province. The results of the analyses show that the change in the spectrum changes the target displacement level of the buildings, and as a result, the cross-sectional damage zone of the structural elements under the earthquake effect is changed. So much so that using the site-specific instead of the elastic spectrum given in TBEC-2018 changed the damage zone of 43% of the beams and 26.4% of the columns in the İzmir model. The change in the section damage zones changed the performance level of some floors of the models and the performance level of the building. The study revealed the importance of using the most realistic elastic spectrum curves in order to determine the earthquake performance of buildings that is as close as possible to their behavior in a possible earthquake.
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1. Introduction


Türkiye is considered to be a nation characterized by a significant level of seismic activity. Türkiye, situated inside the Alp–Himalayan orogenic belt, encounters recurrent and devastating seismic events that lead to significant human casualties and property damage. Past occurrences of earthquakes in Türkiye serve as indicators of the potential occurrence of future seismic events. Regrettably, the magnitude, location, and temporal occurrence of these earthquakes cannot be accurately forecasted, rendering prevention efforts ineffective. In the given scenario, the most rational approach to mitigate potential loss of life and property damage caused by earthquakes is to implement the construction of earthquake-resistant buildings.



The recent seismic events that occurred in Kahramanmaraş, specifically the earthquakes with magnitudes of 7.7 and 7.6, have demonstrated the heightened importance of assessing the potential for seismic activity in populated areas and implementing measures to develop buildings that can withstand earthquakes. These events have resulted in significant human casualties and property damage, underscoring the urgent need for proactive measures to mitigate seismic risk. The occurrence of severe earthquakes in many regions of the globe presents a significant danger to human civilization. Consequently, it is imperative to consider the hazards associated with earthquakes while constructing buildings and infrastructure [1,2,3,4].



The necessity of updating and enhancing seismic hazard maps is paramount in regions characterized by high-risk seismic activity. The initiation of damage mitigation endeavors in Türkiye can be traced back to the seismic event that occurred in Erzincan in 1939. The initial authoritative delineation of seismic regions in Türkiye was established in 1945, and further revisions have been conducted on six occasions thereafter [5,6,7,8]. Turkish authorities updated their 1996 Earthquake Zones Map in 2018, and the updated version became official on 1 January 2019. Compared to its predecessors, the latest map was made with more precise information by utilizing the most recent earthquake catalogs, mathematical models, and source parameters. The utilization of the TBEC-2018 [9] code involves the incorporation of this map for the purpose of developing a design spectrum that accounts for various levels of seismic ground motion and site classifications [10,11,12,13].



The design spectra of earthquake codes, which are extensively employed in earthquake-resistant building design, are simple to implement but may not always match the actual behavior of an earthquake. These spectra were generated by enveloping the response spectra related to a set of seismic scenarios [14]. In several earthquake scenarios, the horizontal response spectra of earthquakes may exceed the design spectrum. The earthquakes that occurred on 6 February 2023 in Pazarcık (Mw = 7.7) and Elbistan (Mw = 7.6) resulted in horizontal response spectra that surpassed the TBEC-2018 design spectrum at numerous locations. According to the measurements obtained from Station 3126 and Station 4614 in Antakya (Hatay) and Pazarcık (Kahramanmaraş), the geometric mean of the two horizontal response spectra surpasses the TBEC-2018 design spectrum for a return period of 475 years across most periods. This was particularly the case in areas with high levels of destruction. According to the data presented in Figure 1, the geometric averages of both stations surpass the design spectrum for a return period of 2475 years when considering short periods of less than 0.5 s. These cases show how important it is to perform seismic hazard studies that use site-representative ground motion prediction equations (GMPEs), model the seismic sources in more detail, and calculate the seismicity parameters of these sources precisely.



Seismic risk analysis plays a pivotal role in contemporary pre-earthquake catastrophe management, serving as a vital instrument for informed decision-making. For this purpose, many scholars have undertaken seismic hazard investigations for various geographical areas [15,16,17,18,19,20]. One of these regions is the SW Türkiye region. Due to its increasing population and growing significance as a cultural, agricultural, commercial, and tourism center, the southwest Türkiye region, which has a high earthquake risk, has received more attention for its seismic hazard assessments. Various academics have conducted studies to explore the seismic hazard analyses of some provinces in southwest Türkiye, owing to the significant seismic activity seen in the region [21,22,23,24,25]. Spectrum curves developed from previous seismic hazard analyses carried out in the region were developed by taking into account only the bedrock ground and the earthquake level that has a 10% probability of exceedance in 50 years. In this study, a comprehensive seismic hazard analysis was carried out, taking into account local site effects. Spectrum curves were created for the provinces in the region, taking into account different earthquake levels and local site effects.



The performance-based assessment method was first included in earthquake codes in Türkiye with the Turkish Seismic Design Code (TEC-2007) [26], and this method has also found its place in TBEC-2018. One of the most important stages of the performance-based assessment method is the determination of the cross-sections’ damage levels of the structural elements. The damage level of the cross-sections is obtained by comparing the deformation value of the cross-sections of the structural elements in the building analyzed by the nonlinear evaluation method with the upper limit values of the deformation corresponding to the cross-sections’ damage levels in the regulation [27]. The performance level of the building is determined according to the damage occurring in the cross-sections. There are many studies in the literature on performance-based design [28,29,30,31].



The earthquake performance of buildings provides information on whether the building is safe to use in terms of life safety. Buildings that do not provide the target performance level should be strengthened or demolished. Therefore, it is very important to use the most realistic elastic spectrum curves in these analyses in order to obtain earthquake performance results of buildings that are as close as possible to the behavior of the buildings in a possible earthquake. However, the 6 February 2023 Kahramanmaraş earthquakes clearly showed that the elastic spectrum curves in TBEC-2018 are insufficient to represent the earthquake behavior [32,33,34,35]. This study presents site-specific spectrum curves that can be used in earthquake performance analyses in the provinces located in the southwestern Anatolia region of Türkiye.



Within the existing body of literature, there have been investigations conducted about the generation of spectrum curves. These studies have explored an alternative approach by taking into account the seismic activity specific to each place, as opposed to relying solely on regional earthquake spectrum curves [36,37]. However, there is no study for SW Türkiye that examines the effect of using a site-specific spectrum curve instead of the elastic spectrum in TBEC-2018 in building performance analysis on building earthquake safety. This study is comprehensive in terms of evaluating the results of seismic hazard analyses and building performance analyses for seven provinces with different tectonic characteristics in SW Türkiye, examining the changes in earthquake and structural parameters, and contributing to studies to be conducted for other regions of Türkiye.




2. Geology, Tectonics, and Seismicity of SW Türkiye


Türkiye is on the border of the Arabian and Eurasian tectonic plates. The collision of these plates has resulted in the formation of significant tectonic structures (Figure 2), including the North Anatolian Shear Zone (NASZ), the East Anatolian Shear Zone (EASZ), and the Hellenic and Cyprus Arcs [38,39]. The convergence of the Arabian and Eurasian plates on the Bitlis-Zagros Suture causes the Anatolian Block to escape west between the EASZ and the NASZ. The pull effect (back-arc spreading) of the Hellenic Subduction Zone in western Anatolia hastens this escape [40,41,42,43,44].



Western Türkiye is characterized by rapid extension, making it one of the most dynamic regions on the continents. Consequently, this area exhibits high levels of seismic activity and its landscape is predominantly shaped by active normal faulting [45]. GNSS investigations point to a north–south regional extension in western Türkiye, which is termed the Western Anatolian Extensional Province (WAEP). This extension is occurring at a rate of roughly 30–40 mm per year [46,47,48].



The southern part of the WAEP is governed by E-W-trending horst–graben systems (e.g., Büyük Menderes, Küçük Menderes, Edremit, Simav, Gediz, and Gökova) and NW-SE-oriented active faults (e.g., Fethiye-Burdur Fault Zone). E-W-trending horst–graben systems are the most distinctive neotectonic characteristics of SW Türkiye, while NNW-SSE-trending basin-bounding faults are the other significant characteristic elements of this area [49,50,51].
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Figure 2. (a) Active tectonic structures located in SW Türkiye adopted from Emre et al. [52], (b) the main tectonic structures of Türkiye [53]. 
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During the Miocene to Recent extension, two major tectonic structures, the Gediz Graben (GG) and the Büyük Menderes Graben (BMG), formed (Figure 3). Both grabens are 10–20 km wide and extend roughly 150 km inland from the Aegean coastline, having formed upon metamorphic rocks of the Menderes Massif [54]. The Menderes massif is a significant geological feature located in the southwestern region of Türkiye, encompassing an area of approximately 200 by 300 km2. It is characterized by a prominent assemblage of metamorphic rocks. The Menderes massif comprises three distinct submassifs, namely the northern, central, and southern submassifs, which are delineated by GG and BMG that extend in an east–west direction [55,56]. Along with the Menderes massif, two other important geological structures are the Bey Dağları platform and the west Anatolian Taurides. The west Anatolian Taurides, along with previously obducted ophiolites, exhibit overthrusting of the autochthonous Bey Dağları platform to the southeast. The Bey Dağları platform is composed of a carbonate platform spanning the Jurassic to Eocene periods, with some localized occurrences in the Oligocene epoch [57].



There have been a number of historical and instrumental earthquakes in southwest Türkiye. These earthquakes destroyed many ancient cities in the region of SW Türkiye, which has a rich historical heritage, in addition to causing many deaths and the destruction of civilian structures. Ancient sites such as Kibyra, Patara, Lagina, and Stratonikeia were destroyed by the seismic activity in the region. The 1957 Fethiye earthquake was the cause of significant property damage and fatalities [58]. The significant earthquakes that have occurred in the study area are listed in Table 1.




3. Probabilistic Seismic Hazard Assessment (PSHA) for SW Türkiye Region and Developing Site-Specific Earthquake Spectra for the Cities


The technique of PSHA considers various seismic factors that could impact a given area to evaluate the frequency at which specific levels of ground motion are surpassed. In order to evaluate the seismicity of the area in PSHA, it is necessary to compute the earthquake distribution and recurrence relationships for the region [60,61].



The precise determination of the location, magnitude, and temporal occurrence of forthcoming earthquakes remains uncertain. Numerous stochastic models have been developed to depict the probabilistic distribution of earthquakes over time. Using a probabilistic method, the seismic hazard for cities in southwestern Türkiye was assessed as part of this research. For this purpose, a new database of shallow crustal earthquakes from 1000 to 2023 was produced based on a unified moment magnitude scale. Depending on the space–time windows, foreshock and aftershock occurrences in the catalog were removed, and a catalog completeness analysis was undertaken. The epicentral distribution of the earthquakes in the study region is depicted in Figure 4. Uncertainty in determining magnitude was considered in the study. Seismic sources were characterized as homogenous area source zones, taking active fault zones into account. The seismic hazard analysis for SW Türkiye performed in this study utilized the conventional probabilistic methodology proposed by Cornell [62]. Using the Kijko–Smit [63] maximum likelihood estimation approach, the activity rate (  λ  ) and the Gutenberg–Richter “b” parameter as earthquake hazard parameters were assessed for every seismic source.



An “efficacy test” employing the average log likelihood value (LLH) was conducted to identify the best appropriate ground motion prediction equations (GMPEs) for southwestern Türkiye. Based on the regional rupture characteristics [64] and the Kijko–Sellevoll [65] methodology, the maximum magnitude (    M   m a x    ) of each seismic source was estimated. Using geographical information system (GIS) software (ArcGIS Pro v.3.1.1) seismic hazard maps for southwestern Türkiye for PGA, spectral acceleration (SA) with periods of 0.2 and 1 sec, and for bedrock with a hazard level of 10% probability of exceedance in 50 years were created. As part of the research, site-specific seismic hazard curves and uniform hazard spectra (UHS) were developed for the urban areas of southwestern Türkiye (Figure 5).



The seismic hazard curves were created for the urban areas of Antalya, Isparta, Burdur, Denizli, İzmir, Muğla, and Aydın located in the southwestern region of Türkiye. The curves obtained depict the annual frequency of exceeding certain levels of peak ground acceleration (PGA) and spectral accelerations at periods of T = 0.2 and T = 1.0 s specifically for ZD sites. The hazard curves presented in Figure 6 incorporate the combined effects of all seismic sources within the region. The municipalities of Aydın, İzmir, and Denizli have been shown to possess notably heightened levels of seismic hazard and demonstrate relatively greater vulnerability to seismic risk in comparison to other municipalities in the region.



Figure 6 displays the resulting hazard curves, which take into consideration the contributions of all seismic sources in the region. It has been determined that the municipalities of Aydın, İzmir, and Denizli exhibit significantly elevated levels of seismic hazard and are comparatively more susceptible to seismic risk when compared to other municipalities within the region.



The reason for the spectrum differences is the different methods used in the analyses in this study and TBEC-2018. While preparing TBEC-2018, the Weichert [66] method was preferred in calculating earthquake magnitude recurrence parameters. “b” values calculated with the Weichert method were used to create recurrence models of seismic sources. In this study, the Kijko–Smit method was preferred to calculate earthquake magnitude recurrence parameters. In this method, the main catalog is divided into subcatalogs according to their completion periods, and the b and   λ   values calculated for each subcatalog are combined, taking into account the number of earthquakes in each subcatalog and their completion times. The cumulative visual inspection (CUVI) method, developed by Tinti and Mulargia [67], was used in this study to determine the complete parts of the catalog. b and   λ   values calculated using the Matlab code prepared by Kijko [68] were used to create recurrence models of seismic sources. Another difference is that the maximum magnitude (Mmax) of each seismic source was calculated based on the unique regional rupture characteristics, and Kijko–Sellevoll used statistical methods. As a result of a detailed examination of the earthquakes that occurred in SW Türkiye, the ground motion prediction equations that provided the best prediction for the region were selected. The equations used in this study are different from TBEC-2018.




4. Structural Analyses


In TBEC-2018, building performance levels are defined for building structural systems under earthquake effects as the basis for the definition of building performance targets. These are continuous use performance level (CUPL), limited damage performance level (LDPL), controlled damage performance level (CDPL), and collapse prevention performance level (CPPL). Buildings that cannot provide any of the four performance levels are in Collapse Condition (CC). The performance level of the building is determined by the conditions given in Table 2 by considering the damage zones where the elements are located.



At the cross-section level, TBEC-2018 sets out three damage states and damage limits for ductile elements. These are limited damage (LD), controlled damage (CD), and pre-collapse damage (PCD) and their limit values. Elements whose critical section damage does not reach LD are in the limited damage zone (LDZ), elements between LD and CD are in the significant damage zone (SDZ), elements between CD and PCD are in the advanced damage zone (ADZ), and elements exceeding PCD are in the collapse zone (CZ) (Figure 7).



Cross-section damage is determined by comparing the deformations occurring in the sections as a result of the nonlinear analysis with the unit strain upper limits given in Table 3. Brittle damaged elements are not included in the conditions given in Table 3. Brittle damaged elements need to be strengthened.



If the earthquake safety of the building is to be determined by using one of the static pushover methods, the roof story of the building should be pushed up to the target displacement level. Thus, the amount of plastic rotation that will occur in the structural element cross-sections is determined. In order to obtain the target displacement level, the intersection of the modal capacity spectrum and the spectrum curve is required. The modal capacity spectrum is obtained by axis transformation of the capacity curve obtained as a result of pushover analysis. With axis transformation, the modal capacity curve whose axes are spectral acceleration (Sa)–spectral displacement (Sd) is obtained from the capacity curve whose axes are base shear force–displacement. The purpose of the axis transformation is to bring the capacity curve and spectrum curve together on the same graph. Plotting the modal capacity curve and spectrum curve on the same graph is shown in Figure 8. The target displacement is obtained by multiplying the modal participation multiplier by the modal displacement demand (    d   i   ( p )    ) obtained in Figure 8. According to TBEC-2018, the elastic spectrum to be used in determining the earthquake safety of buildings under the earthquake effect is created according to a 5% damping ratio.



The use of a site-specific spectrum instead of the elastic spectrum given in TBEC-2018 may cause the target displacement level of the building to change. In this study, the effect of this change on the earthquake safety of buildings used for residential purposes in the southwestern Anatolia region of Türkiye was investigated. For this purpose, the model building with the formwork plan given in Figure 9 was selected.



The model building selected as an example was modeled with a height of 3 m for each floor and a total of 5 floors. C15 concrete and B420C reinforcement class are used in all structural elements of the building to represent the existing medium-quality buildings in the region. The slab dead load (g) and live load (q) of the building were taken as 4.5 kN/m2 and 2 kN/m2, respectively. The purpose of use of the building is residential, and the cross-sections of the structural elements of the building are given in Figure 10. The structural system and material properties of the building (concrete and reinforcement class, number of stories, structural system properties, etc.) were selected to represent the majority of the existing building stock in the study region.



Static pushover analysis of the selected model building was performed in the SAP2000 [70] program. The plastic hinge properties of the sections used in the analysis were determined by moment curvature analysis performed in the section designer interface of the SAP2000 program. A lumped plastic hinge model was used as the nonlinear behavior model of columns and beams. The length of the plastic deformation zone (Lp), called the plastic hinge length, was taken as equal to half of the section dimension in the calculation direction. Plastic hinges are assigned to both ends of the columns and beams. The building capacity curve was obtained by static pushover analysis.



The minimum target performance level of reinforced concrete buildings differs according to the purpose of use of the building. According to TBEC-2018, residential buildings must meet the target performance level of controlled damage performance level (CDPL) for earthquakes with a return period of 475 years. Therefore, the spectrum to be used in determining the target displacement of the building should be the spectrum determined for earthquakes with a return period of 475 years. The determination of the target displacements for each province according to both the TBEC-2018 and the site-spectrum curves obtained on a province basis is given in Figure 11 on the same graph. The slope of the initial tangent shown in green in the graphs was calculated as the square of the dominant angular frequency of the model building (⍵2). The initial tangent drawn from the modal capacity curve is intersected by both spectrum curves. Thus, the modal displacement according to TBEC-2018 (    d   T B E C − 2018   ( p )    ) and the modal displacement according to the site-specific spectrum (    d   s i t e − s p e c i f i c   ( p )    ) were found for each province separately (Figure 11).



Target displacements were obtained by multiplying the modal participation multiplier and the modal displacement demands (    d   s i t e − s p e c i f i c   ( p )    ,     d   T B E C − 2018   ( p )    ) obtained in Figure 11. The target displacement values obtained for both spectra for all cities are shown in Figure 12 and compared with each other.



When Figure 12 is analyzed, it is seen that the target displacements obtained by using the site-specific spectra in Isparta, Denizli, İzmir, and Aydın provinces are higher than the target displacements obtained according to TBEC-2018. This shows that the deformations (plastic rotation) that will occur in the structural elements as a result of the pushover analysis to be performed with the site-specific spectra obtained for these provinces will be higher than for TBEC-2018. In Antalya, Burdur, and Muğla, it is seen that the target displacements obtained according to TBEC-2018 are higher than the target displacements obtained by using the site-specific spectra obtained for the provinces. This situation shows that the deformations (plastic rotation) that will occur in the structural elements as a result of the pushover analysis to be performed with the site-specific spectra obtained for these provinces will be less than for TBEC-2018.



The model building was subjected to static pushover analysis up to the target displacement values obtained according to both TBEC-2018 and site-specific spectra for each province within the scope of the study, and the damage occurring in the structural elements was obtained (Figure 13). The pink-colored plastic hinge in the structural elements in this figure shows that the damage in the cross-section remains in the limited damage zone (LDZ), the blue-colored plastic hinge shows that the damage in the cross-section remains in the significant damage zone (SDZ), the turquoise-colored plastic hinge shows that the damage in the cross-section remains in the advanced damage zone (ADZ), and the green-colored plastic hinge shows that the damage in the cross-section remains in the collapse zone (CZ).



When the performance analyses were performed according to the site-specific spectra instead of the elastic spectrum given in TBEC-2018, it caused the damage zone of some structural elements to change. The number of structural elements with changed damage zone is given in Figure 14.



Figure 14 shows that the number of structural elements whose damage zone changed due to spectrum change was the highest in İzmir and the lowest in Aydın. Damage zones of 33 columns and 43 beams changed due to spectrum changes in İzmir.



In order to examine the effect of structural element damage zone change on the performance level of the floors and the building, the performance level of each floor of the model building and the performance level of the building were determined separately for all provinces according to both spectra. The most unfavorable performance level among the performance levels of the floors was determined as the building performance level. The performance levels obtained for the floors and the building according to the damage occurring only in the beams (considering the conditions given in Table 2 regarding only the beams) are given in Table 4. The floors whose performance level changed due to spectrum changes are shown in italic red.



Table 4 shows that all floors and building performance levels in Antalya, Isparta, Muğla, and Aydın provinces remain unchanged when the site-specific spectrum is used instead of the spectrum given in TBEC-2018 when only damage to beams is taken into account. In Burdur, while the performance level of the 1st floor, 2nd floor, and building was CPPL according to TBEC-2018, these performance levels became CDPL when the site-specific spectra were used. In Denizli, while 1st floor, 2nd floor, and building performance levels are CPPL according to TBEC-2018, these performance levels are CC if site-specific spectra are used. In İzmir, the use of a site-specific spectrum instead of the spectrum given in TBEC-2018 changed the performance level of the 2nd floor from CPPL to CC, the performance level of the 3rd floor from CDPL to CPPL, and the building performance level from CPPL to CC.



The performance levels obtained for the floors and the building according to the damage occurring only in the columns (considering the conditions given in Table 2 for columns only) are given in Table 5.



As seen in Table 5, when only column damage is taken into consideration, it is seen that no floors or building performance levels are affected by the spectrum change in Antalya, Isparta, Muğla, and Aydın. In İzmir and Denizli, while the 3rd floor performance level was LDPL according to TBEC-2018, this performance level became CDPL when a site-specific spectrum was used. In Burdur, while the 1st floor and building performance levels are CPPL according to TBEC-2018, these performance levels became CDPL when a site-specific spectrum was used.



Considering both beam and column damage (considering all conditions in Table 2), the building performance levels obtained for provinces are given in Table 6.



According to TBEC-2018, residential buildings should meet the CDPL target performance for earthquake level with a return period of 475 years. The use of buildings that do not meet this performance level is not suitable for life safety. When Table 6 is analyzed, the building performance level of Burdur according to TBEC-2018 is CPPL, but this performance level is obtained as CDPL when a site-specific spectrum is used. Therefore, while the use of the building in Burdur according to TBEC-2018 is unsafe in terms of life safety, its use according to the site-specific spectrum is safe. Antalya, Isparta, Denizli, İzmir, Muğla, and Aydın are not affected by the change in the building performance level spectrum curve. According to both spectrum curves, the building is suitable for use in Antalya and Isparta in terms of life safety, while it is not suitable for use in Denizli, İzmir, Muğla, and Aydın in terms of life safety.




5. Conclusions and Discussion


This study examines the effect of using the site-specific spectrum instead of the elastic spectrum given in TBEC-2018 on building performance. In order to achieve this objective, spectrum curves were generated for earthquake levels with return periods of 2475, 475, and 72 years, corresponding to 2%, 10%, and 50% probability of exceedance in 50 years, respectively, for each urban center of provinces located in the southwest Anatolia region of Türkiye. The site-specific spectra were developed through the utilization of a detailed and comprehensive PSHA, which takes into account the seismotectonic characteristics of the region. Analytical models of a selected model RC building were created according to each province, and static pushover analyses of these building models were performed both according to the elastic spectra given in TBEC-2018 and the site-specific spectra for the province.



The results of the analyses show that the change in the spectrum changes the target displacement level of the buildings, and as a result, the cross-sectional damage zone of the structural elements under the earthquake effect is changed. So much so that using the site-specific instead of the elastic spectrum given in TBEC-2018 changed the damage zone of 43% of the beams and 26.4% of the columns in the İzmir model. The performance levels of some floors of the models and the building performance levels have changed due to the changes in the section damage zones. The biggest change in the building performance level due to the change in the spectrum curve was in the Burdur model. While the building performance level in Burdur was collapse prevention performance level according to TBEC-2018, this performance level became controlled damage performance level when the site-specific spectrum was used.



This study has revealed the importance of using the most realistic spectrum curves to obtain earthquake performance results of buildings that are as close as possible to the behavior of the buildings in a possible earthquake. The analyses in this study were performed considering a single building model whose purpose of use is residential. The change in the purpose of use of the building will require the use of different earthquake level elastic spectra (spectrum created using earthquakes with different return periods) in the performance analysis. It is planned to develop the study with building models with different structural characteristics and purposes of use in different site conditions. The use of spectrum curves obtained for different regions in the literature for the effects on building performance analysis will make these studies more meaningful. It is thought that conducting more studies on this subject will enable the comparison of studies similar to this study with each other.
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Figure 1. Response spectra compared with TBEC-2018 at stations (a) 3126 and (b) 4614, in relation to the Pazarcık earthquake (Mw = 7.7). 
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Figure 3. Geological map of the West Anatolian region [57]. 
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Figure 4. The distribution of shallow crustal earthquakes in SW Türkiye. 
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Figure 5. The developed site-specific uniform hazard response spectra for 10% probability of exceedance in 50 years and for ZD sites with 5% damping for the provinces and comparisons with TBEC-2018 elastic spectra. 
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Figure 6. The developed seismic hazard curves for (a) PGA, (b) T = 0.2 s, and (c) T = 1 s spectral periods for ZD sites for the provinces. 
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Figure 7. Section damage limits and damage zones (TBEC-2018). 
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Figure 8. Modal capacity curve and elastic spectrum for (a) flexible structures (b) rigid structures shown on the same graph [69]. 
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Figure 9. The formwork plan of the RC building selected as an example (units in cm). 
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Figure 10. Beam and column cross-sections (unit of cross-sectional dimensions in cm). 
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Figure 11. Determination of target displacement demands for the provinces according to both TBEC-2018 and site-specific earthquake spectra. 
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Figure 12. Comparison of target displacement values for the provinces. 
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Figure 13. Comparison of structural element damage for the provinces. 
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Figure 14. Number of structural elements with changed damage zone for the provinces. 
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Table 1. Significant earthquakes (    M   w   ≥ 6.5  ) of which took place in SW Türkiye [59].
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	Date (dd/mm/yyyy)
	Latitude

(°N)

(WGS 84)
	Longitude

(°E)

(WGS 84)
	Magnitude (     M   w     )
	Date (dd/mm/yyyy)
	Latitude

(°N)

(WGS 84)
	Longitude

(°E)

(WGS 84)
	Magnitude (     M   w     )





	30.10.2020
	37.89
	26.71
	6.9
	22.4.1863
	36.40
	27.60
	7.5



	20.7.2017
	36.97
	27.41
	6.6
	3.11.1862
	38.50
	27.71
	6.5



	9.10.1996
	34.44
	32.13
	6.8
	2.12.1860
	39.30
	29.70
	6.6



	25.4.1957
	36.42
	28.68
	6.7
	28.2.1851
	36.57
	29.21
	6.8



	24.4.1957
	36.43
	28.63
	6.5
	23.6.1845
	38.60
	27.50
	6.7



	16.7.1955
	37.65
	27.26
	6.5
	3.7.1778
	38.42
	27.14
	6.5



	9.2.1948
	35.41
	27.20
	6.8
	1.9.1771
	38.44
	27.59
	6.6



	6.10.1944
	39.48
	26.56
	6.5
	13.2.1756
	36.30
	27.50
	7.5



	26.6.1926
	36.54
	27.33
	7.2
	24.2.1755
	39.10
	26.55
	6.8



	18.3.1926
	35.84
	29.50
	6.5
	18.6.1751
	37.71
	27.01
	6.7



	18.03.1926
	35.99
	30.13
	6.7
	31.1.1741
	36.16
	28.50
	7.5



	13.08.1922
	35.51
	27.98
	6.6
	4.4.1739
	38.58
	26.89
	6.8



	3.10.1914
	37.70
	30.40
	6.6
	25.2.1702
	37.78
	29.08
	6.8



	20.9.1899
	37.88
	28.08
	6.7
	10.7.1688
	38.37
	27.13
	6.8



	29.1.1898
	39.42
	28.06
	6.9
	10.9.1688
	39.65
	27.88
	6.6



	19.8.1895
	37.87
	27.93
	6.5
	22.2.1653
	37.88
	28.17
	6.7



	15.10.1883
	38.30
	26.43
	6.7
	00.00.1609
	36.20
	29.00
	7.2



	13.5.1876
	38.80
	30.50
	6.8
	00.00.1528
	39.10
	26.55
	6.9



	3.5.1875
	38.10
	30.10
	6.8
	18.10.1493
	36.65
	27.21
	6.9



	16.11.1874
	36.50
	27.90
	7.0
	20.3.1389
	38.26
	26.54
	6.6



	18.4.1869
	36.50
	27.60
	6.8
	6.8.1384
	39.10
	26.55
	6.6



	1.12.1869
	37.03
	28.33
	6.8
	30.4.1366
	36.43
	28.23
	6.7



	7.3.1867
	39.24
	26.26
	6.8
	17.7.1296
	39.09
	27.43
	6.9



	23.7.1865
	39.43
	26.25
	6.6
	2.2.1040
	38.42
	27.14
	6.5










 





Table 2. Conditions to be met by structural elements according to performance level.
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Performance Level

	
Structural Element Type

	
Condition






	
CUPL

	
Beam

	
All beams are in the limited damage zone.




	
Column

	
All columns are in the limited damage zone.




	
LDPL

	
Beam

	
Maximum of 20% of the beams in the direction of calculation may pass into the significant damage zone.




	
Column

	
All columns are in the limited damage zone.




	
CDPL

	
Beam

	
Maximum of 35% of the beams in the direction of calculation may pass into the significant damage zone.




	
Column

	
The ratio of the sum of the shear forces of the vertical elements in the advanced damage zone at each floor to the sum of the shear forces of all vertical elements at that floor should be less than 20%. At the top story, this ratio can be at maximum 40%.




	
The ratio of the shear forces carried by the vertical members whose upper and lower sections both exceed the significant damage limit at any story to the ratio of the shear forces carried by all vertical members at that story should not exceed 30%.




	
There should be no column passing into the collapse zone.




	
CPPL

	
Beam

	
In the calculation direction, a maximum of 20% of the beams may pass into the collapse zone.




	
Column

	
The ratio of the shear forces carried by the vertical members whose upper and lower sections both exceed the significant damage limit at any story to the ratio of the shear forces carried by all vertical members at that story should not exceed 30%.




	
There should be no column passing into the collapse zone.











 





Table 3. Upper limits of allowable strain according to section damage limits.
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	Section Damage Limit
	Plastic Rotation Upper Limits (     θ   p     )





	PCD
	     θ   p   ( P C D )   =   2   3         ϕ   u   −   ϕ   y       L   p     1 − 0.5     L   p       L   s         + 4.5 ϕ   u       d   b       



	CD
	       θ   p   ( C D )   = 0.75 θ   p   ( P C D )     



	LD
	     θ   p   ( L D )   = 0   










 





Table 4. Comparison of performance levels according to the damage to beams.
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Province

	
Used Spectrum Curve

	
Floor Performance Levels

	
Building Performance Level




	
1. Floor

	
2. Floor

	
3. Floor

	
4. Floor

	
5. Floor






	
Antalya

	
Site-specific

	
CDPL

	
CDPL

	
CDPL

	
CDPL

	
LDPL

	
CDPL




	
TBEC-2018

	
CDPL

	
CDPL

	
CDPL

	
CDPL

	
LDPL

	
CDPL




	
Isparta

	
Site-specific

	
CDPL

	
CDPL

	
CDPL

	
CDPL

	
LDPL

	
CDPL




	
TBEC-2018

	
CDPL

	
CDPL

	
CDPL

	
CDPL

	
LDPL

	
CDPL




	
Burdur

	
Site-specific

	
CDPL

	
CDPL

	
CDPL

	
CDPL

	
LDPL

	
CDPL




	
TBEC-2018

	
CPPL

	
CPPL

	
CDPL

	
CDPL

	
LDPL

	
CPPL




	
Denizli

	
Site-specific

	
CC

	
CC

	
CDPL

	
CDPL

	
LDPL

	
CC




	
TBEC-2018

	
CPPL

	
CPPL

	
CDPL

	
CDPL

	
LDPL

	
CPPL




	
İzmir

	
Site-specific

	
CC

	
CC

	
CPPL

	
CDPL

	
LDPL

	
CC




	
TBEC-2018

	
CC

	
CPPL

	
CDPL

	
CDPL

	
LDPL

	
CPPL




	
Muğla

	
Site-specific

	
CPPL

	
CPPL

	
CDPL

	
CDPL

	
LDPL

	
CPPL




	
TBEC-2018

	
CPPL

	
CPPL

	
CDPL

	
CDPL

	
LDPL

	
CPPL




	
Aydın

	
Site-specific

	
CC

	
CC

	
CPPL

	
CDPL

	
LDPL

	
CC




	
TBEC-2018

	
CC

	
CC

	
CPPL

	
CDPL

	
LDPL

	
CC











 





Table 5. Comparison of performance levels according to the damage to columns.






Table 5. Comparison of performance levels according to the damage to columns.





	
Province

	
Used Spectrum Curve

	
Floor Performance Levels

	
Building Performance Level




	
1. Floor

	
2. Floor

	
3. Floor

	
4. Floor

	
5. Floor






	
Antalya

	
Site-specific

	
CDPL

	
LDPL

	
LDPL

	
LDPL

	
LDPL

	
CDPL




	
TBEC-2018

	
CDPL

	
LDPL

	
LDPL

	
LDPL

	
LDPL

	
CDPL




	
Isparta

	
Site-specific

	
CDPL

	
LDPL

	
LDPL

	
LDPL

	
LDPL

	
CDPL




	
TBEC-2018

	
CDPL

	
LDPL

	
LDPL

	
LDPL

	
LDPL

	
CDPL




	
Burdur

	
Site-specific

	
CDPL

	
LDPL

	
LDPL

	
LDPL

	
LDPL

	
CDPL




	
TBEC-2018

	
CPPL

	
LDPL

	
LDPL

	
LDPL

	
LDPL

	
CPPL




	
Denizli

	
Site-specific

	
CC

	
LDPL

	
CDPL

	
CDPL

	
LDPL

	
CC




	
TBEC-2018

	
CC

	
LDPL

	
LDPL

	
CDPL

	
LDPL

	
CC




	
İzmir

	
Site-specific

	
CC

	
LDPL

	
CDPL

	
CDPL

	
LDPL

	
CC




	
TBEC-2018

	
CC

	
LDPL

	
LDPL

	
CDPL

	
LDPL

	
CC




	
Muğla

	
Site-specific

	
CDPL

	
LDPL

	
LDPL

	
LDPL

	
LDPL

	
CDPL




	
TBEC-2018

	
CDPL

	
LDPL

	
LDPL

	
LDPL

	
LDPL

	
CDPL




	
Aydın

	
Site-specific

	
CC

	
LDPL

	
CDPL

	
CDPL

	
LDPL

	
CC




	
TBEC-2018

	
CC

	
LDPL

	
CDPL

	
CDPL

	
CDPL

	
CC











 





Table 6. Comparison of building performance levels.
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Province

	
Used Spectrum Curve

	
Building Performance Level

	
Building Earthquake Safety






	
Antalya

	
Site-specific

	
CDPL

	
Safe




	
TBEC-2018

	
CDPL

	
Safe




	
Isparta

	
Site-specific

	
CDPL

	
Safe




	
TBEC-2018

	
CDPL

	
Safe




	
Burdur

	
Site-specific

	
CDPL

	
Safe




	
TBEC-2018

	
CPPL

	
Unsafe




	
Denizli

	
Site-specific

	
CC

	
Unsafe




	
TBEC-2018

	
CC

	
Unsafe




	
İzmir

	
Site-specific

	
CC

	
Unsafe




	
TBEC-2018

	
CC

	
Unsafe




	
Muğla

	
Site-specific

	
CPPL

	
Unsafe




	
TBEC-2018

	
CPPL

	
Unsafe




	
Aydın

	
Site-specific

	
CC

	
Unsafe




	
TBEC-2018

	
CC

	
Unsafe
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