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Abstract
Most of the buildings in Turkey constructed before 1999 Kocaeli and Duzce Earthquakes 
do not have sufficient seismic resistance due to construction errors and do not satisfy the 
recent Turkish Building Earthquake Code (2018) or its preceding versions. In Istanbul, 
the building stock consists of 1,116,300 buildings.  Clearly, seismic safety assessment 
of this amount of buildings is not practically possible by code-based detailed assessment 
approaches, which generally assess the seismic performance of buildings in terms of pass 
or fail, rather than rank and classify/prioritize these buildings considering their seismic 
safety. Moreover, the probability of a catastrophic earthquake that could hit Istanbul is high. 
Therefore, to minimize casualties and economic losses, it is important to determine the 
most vulnerable existing buildings effectively in terms of cost and duration. Accordingly, 
Istanbul Metropolitan Municipality has started to evaluate the seismic safety of existing 
reinforced concrete buildings using the PERA2019 method considering the actual struc-
tural data collected on site. The buildings are then divided into 5 seismic risk classes from 
low-risk to very high-risk according to the computed seismic safety ratio. In this study, 
the reliability of the PERA2019 is evaluated by considering the predicted risk classes of 
another large group of actual buildings that have been subjected to actual earthquakes and 
experienced earthquake-induced damages in different extents. The comparative evaluation 
of actual seismic damages and predictions of PERA2019 showed clearly that the methodol-
ogy has a sound ability to estimate the structural seismic performance of the investigated 
buildings.
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1  Introduction

Turkey has suffered from devastating earthquakes in the past. The experience of previous 
earthquakes shows that the buildings in seismically active regions in Turkey are extremely 
prone to heavy damage or collapse (Bibbee et al. 2000; Holzer et al. 2000; Scawthorn and 
Johnson 2000; Ozmen 2000; Erdik 2001; Bruneau 2001; Celep et  al. 2011; Tapan et  al. 
2013). After the heavy losses of the 1999 Marmara Earthquakes, a common seismic aware-
ness has arisen in Turkey, and the year 2000 has been accepted as a milestone (Ilki and 
Kumbasar 2000; Ozdemir et al. 2002). Although there has always been an up-to-date seis-
mic design code in force in Turkey since 1940s, most of the existing buildings built before 
the year 2000 have been constructed improperly without complying with the seismic code 
regulations and original design projects, with poor quality materials and workmanship, 
and incorrect structural details. Deterioration of these poorly constructed buildings over 
time, mostly because of damages due to corrosion of reinforcing bars, further magnifies the 
problem (Inci et al. 2013).

These relatively old, sub-standard and deteriorated buildings must be assessed urgently in 
terms of their potential seismic performance in order to take necessary measures in a ration-
ally prioritized approach to minimize losses against future earthquakes. On the other hand, 
conducting a widespread code-based detailed evaluation for such a high number of buildings 
is inefficient both in terms of cost and time, if not impossible. To reduce this huge problem 
to a manageable scale, a simplified and economical, yet reliable and realistic rapid seismic 
assessment method is needed for planning intervention strategies in a rational and prioritized 
way. However, current seismic regulations such as Provisions for the Seismic Risk Evaluation 
of Existing RC Buildings under Urban Renewal Law (2019) and Turkish Building Earthquake 
Code (2018) do not involve a building-based ranking/prioritization system, but they rather 
lead decisions as pass or fail (i.e. risky or not, providing life safety or not). A usual structural 
engineering investigation of the existing buildings in Istanbul according to the current seismic 
regulations will probably end up with the fact that almost every ordinary building constructed 
before the year 2000 is risky (or they will not satisfy life safety-controlled damage perfor-
mance target). Therefore, making use of a reliable and rapid seismic performance ranking pro-
cedure for individual buildings is a key issue for prioritizing buildings with respect to their 
seismic risks. Sorting the buildings by their seismic capacity to demand ratios is a reasonable 
way to fill this gap. Actually, in some countries that are in active seismic regions, important 
steps have recently been taken towards such a categorization. In New Zealand, SLaMA, a 
new risk-based methodology for intervening earthquake-prone buildings has been published 
(NZSEE 2017). The procedure divides buildings into six risk classes in terms of the New 
Building Standard% (NBS%). D and E Class buildings with a NBS% less than 1/3, have to be 
intervened to reach at least 2/3 NBS level. The allowed time window to mitigate the seismic 
risk of the building changes with the seismicity of the region and the importance/function of 
the building. Gentile et. al. (2019) performed a validation study to investigate the accuracy of 
the SLaMA procedure via comparison with pushover analysis on 40 RC frames. As the prob-
ability of a catastrophic earthquake that could hit Istanbul is very high in the near future (Par-
sons et al. 2000), it is gravely important to identify the most vulnerable existing buildings and 
prioritize them according to their seismic risks to minimize losses. The evaluation and pri-
oritization of earthquake-prone buildings according to their seismic performance were stud-
ied by various researchers. Sextos et al. (2007) proposed a combined pre and post-earthquake 
assessment approach with a GIS-integrated system. The pre-earthquake assessment method is 
based on street survey applications. Marasco et al. (2021) introduced a simplified procedure 
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with a surrogated model for large-scale building stocks, and the authors performed a valida-
tion study through nonlinear finite element models.

According to Cakti et al. (2019), the building stock in Istanbul consists of 1,116,300 build-
ings, and 194,000 of them will be subjected to moderate, heavy or very heavy damage after 
a Mw = 7.5 scenario earthquake. The code-based detailed evaluation of over 1 million build-
ings cannot respond to the urgency of risk mitigation studies in Istanbul. Thus, the aim of 
the rapid seismic methodology that is assessed in this study is to find those buildings with a 
cost and time-effective yet sufficiently accurate approach. Istanbul Metropolitan Municipal-
ity has started a rapid and cost/time-efficient seismic assessment campaign in Istanbul. In the 
scope of this project, the Municipality evaluated nearly 25,000 sub-standard reinforced con-
crete buildings using PERA2019 method (Ilki et al. 2021a) and ranked them by their seismic 
risk level from low risk to very high risk (Aydogdu et al. 2023b). Detailed performance-based 
assessment efforts are saved for high and very-high risky buildings to reduce the scale of risk 
mitigation studies and increase the feasibility of the process. Currently, the Municipality has 
also started a campaign aiming to retrofit thousands of buildings starting from very high risky 
ones determined through the PERA2019 methodology.The good agreement of the used rapid 
assessment methodology with the detailed seismic safety assessment results obtained based 
on the Provisions for the Seismic Risk Evaluation of Existing RC Buildings under Urban 
Renewal Law (2019) and Turkish Building Earthquake Code (2018) through three-dimen-
sional structural analyses was already presented by Aydogdu et al. (2023a) before. In the same 
study, the reliability of 5 s stage assessment and 3 street survey methods were compared too, 
and the results showed that the PERA2019 method yielded the most compliant outputs with 
the code-based detailed assessment assessments, which is the consequence of the code-com-
pliant algorithm of PERA2019.

The seismic performance of the buildings that were constructed before 2000 during the 
2023 Kahramanmaraş earthquakes was investigated thoroughly in the disaster area by the 
authors several times. Most of the buildings that caused life losses were not built according 
to their codes and did not meet the minimum requirements of their era’s seismic design codes. 
The lessons that were learned from the 2023 Kahramanmaraş earthquakes dictate that there is 
an urgency of implementing seismic performance assessment on the country scale in Turkey. 
Computing the seismic safety of the buildings and classifying them through an economical 
and time-effective yet sufficiently accurate rapid performance based analysis approach can 
respond to the urgency of the risk mitigation studies, so interventions can start from the build-
ings containing the highest seismic risk. The proposed approach takes the deficiencies that the 
building stock has and the probable effects of these weaknesses into consideration. Moreover, 
the PERA2019 methodology has demonstrated its success on buildings that were subjected to 
different earthquakes, as well as code-based assessment comparisons. In this study, the reli-
ability of the rapid seismic safety assessment methodology used in Istanbul (PERA2019) is 
evaluated through a database of actual structural seismic damages of actual buildings estab-
lished based on damage survey reports prepared after earthquakes that affected different 
regions of Turkey (Afyon 2002; Bingöl 2003; Aegean Sea 2020).

2 � PERA2019: general information on the methodology

The PERA method was initially introduced by Ilki et al. (2014) to determine the seismic 
performance of reinforced concrete (RC) frame buildings rapidly and reliably based on the 
criteria provided by Turkish Seismic Design Code (2018). The method was modified in 
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2019 to assure conformity with the up-to-date seismic provisions (Provisions for the Seis-
mic Risk Evaluation of Existing RC Buildings under Urban Renewal Law 2019). The use 
of the modified version of the methodology is not limited to frames, but can also be applied 
for RC buildings with shear walls. The overall flow and background of the method have 
recently been summarized by Ilki et al. (2021a) and Aydogdu et al. (2023b). The method 
is developed for buildings up to 10-story high, for which the first mode of vibration is 
generally dominant. In the first step, the critical story is identified based on engineering 
judgment; typically the ground floor. The number of stories, plan dimensions of the sto-
ries, story heights, cross-section dimensions of the critical story columns and shear walls, 
locations of the columns and shear walls in the building plan, slab type and common beam 
cross-section dimensions, compressive strength of concrete, reinforcement type (plain/
deformed) and details in terms of spacing of transverse reinforcement and the ratio of lon-
gitudinal reinforcement, irregularities in plan and elevation, reinforcement diameter loss 
due to corrosion and seismic demand parameters determined considering ground condi-
tions are required to perform the analysis. A typical team consisting of a civil engineer and 
a technician or an architect can evaluate and finalize data collection for an ordinary build-
ing in 1.5 h on average.

The seismic capacity is determined by an incremental approach repeating the simplified 
structural analyses and assessment procedures at each increment of seismic demand begin-
ning from very small seismic actions until the seismic capacity of the building is reached 
(Fig. 1). The incremental analysis begins with the first step, which is corresponding to 1% 
of the acceleration demand spectrum. If the building is not determined critical (this pro-
cess is explained below), the spectral acceleration values of the spectrum are increased 
by 1% (such as 2%, 3%…) until the step that the building is determined critical which is 
the iteration step i + 1. Then, step i is determined as the last step for which the building is 
not critical, and the PGA value of the spectrum applied at iteration i is defined as the PGA 
capacity of the building. Seismic Safety Ratio (SSR), determined through this incremental 
procedure is the ratio of PGA capacity to PGA demand (Eq.  1). For example, the SSR 
value of 50% means that the PGA capacity of the considered building is 50% of the PGA 
demand. If the building satisfies the PGA demand, the SSR value of that building is equal 
to or greater than 100%.

Fig. 1   Typical elastic acceleration spectra scaled at various levels for iterations
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In the computation phase of the method, the reference limits for deciding if the build-
ing satisfies the performance target are in parallel with the Provisions for the Seismic Risk 
Evaluation of Existing Buildings-2019 (RBTE 2019). A validation study for the previous 
version of this seismic document, Provisions for the Seismic Risk Evaluation of Existing 
Buildings-2013 (RBTE 2013), was presented by Binici et al. (2013). The ratio of the sum 
of the shear forces that are carried by risky columns and shear walls (Vrisky) to the total 
base shear force (Vstory) must be calculated to determine whether the building can sustain 
the seismic demands considered. To determine if a vertical element is risky, these members 
are classified into member categories based on their confinement conditions and flexural 
shear loading ratios as given in Table 1. Afterwards, the columns and shear walls, which 
exceed either the demand/capacity or interstory drift ratio limits defined in Table 2 accord-
ing to their member categories, are classified as risky members. It should be noted that 
the interstory drift ratio is the lateral displacement divided by the height of the consid-
ered column. The demand/capacity or interstory drift ratio limit approaches adapted from 
RBTE (2019) are similar to the acceptance criteria for reinforced concrete columns and 
shear walls defined by ASCE 41–17 (2017).

Figure 2 illustrates the computation of the global performance of the structural system. 
If the average axial load ratio is less than 10% at the critical story, the total shear force of 
the risky columns and shear walls (Vunsafe) are allowed up to 35% of the story shear force 
(Vstory), while none of the columns and shear walls is allowed to exceed their demand/
capacity ratio limits for the buildings that have average axial load ratio greater than 65%. 
For the cases where the average axial stress is between 10 and 65% at the critical story, 
interpolation should be made in order to calculate the allowed story shear limit. The nor-
malised average axial load ratio is computed by Eq. (2).

In the equation, Sav is the normalised average axial load ratio, Nk,i is the axial load act-
ing on vertical structural members (i.e. column or shear wall) at the critical story, Ai is 
the cross-sectional area of vertical member, fcm is the compressive strength of the existing 

(1)Seismic Safety Ratio(SSR,%) = 100 ×
PGACapacity

PGADemand

(2)Sav =

∑n

i=1

Nk,i

Aifcm

n

Table 1   Categorization of columns and shear walls

s: stirrup spacing, Ash: cross-sectional area of transverse reinforcement, Hw: wall height, lw: wall length
Ve: flexural shear demand, Vr: shear strength, fcm: the compressive strength of the existing concrete,
fywm: the yield stress of transverse reinforcement, bk: width of the core concrete

Columns Shear walls

Ve/Vr s ≤ 100 mm, 135° hooks, 
Ash ≥ 0.06sbk (fcm/fywm)*

All other 
cases

Ve/Vr ≤ 1.0 1.0 ≤ Ve/Vr

Ve/Vr ≤ 0.7 A B 2.0 ≤ Hw/lw A B
0.7 < Ve/Vr ≤ 1.1 B B Hw/lw > 2.0 B B
1.1 < Ve/Vr B C
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concrete and n is the total number of columns and shear walls. The axial loads on the col-
umns and shear walls are calculated considering the tributary area of these vertical mem-
bers with an assumption of 10 kN/m2 and 13 kn/m2 unit gravity loads for residential and 
public buildings respectively. The assumed gravity loads are determined by taking into 
account dead loads and reduced live loads. It should be noted that the definition of Nk is 
slightly different with respect to the definition of Nk in RBTE (2019).

Finally, the buildings in the examined region can be prioritized concerning their seismic 
risk levels depending on their SSR values. Building risk classes defined by Ilki et al. (2021a) 
are given in Table 3. As the SSR value is lower, the seismic risk of the building is higher. 
A similar classification approach in the SLaMa procedure (NZSEE 2017) divides buildings 
into six risk classes in terms of the New Building Standard% (NBS%). The buildings with 
an NBS% less than 1/3 have to be intervened to reach at least 2/3 NBS level according to 
SLaMa. A similar classification approach to New Zealand is in force In Italy. In addition, 
the expected annual economic loss is also a key parameter that is taken into consideration in 
Italy. Further information on this classification approach can be found in Di Ludovico et al. 
(2017), Polese et al. (2018) and Cosenza et al. (2018).

A brief summary of the general flow of PERA2019 to compute SSR value is given in 
Fig. 3. In this figure, the Performance Reduction Coefficient (PRC) corresponds to the cumu-
lative multiplication of 0.9 for each structural irregularity and weakness. A more comprehen-
sive summary of the PERA2019 methodology was explained by Ilki et al. (2021a).

Fig. 2   The total allowed shear 
force ratio of columns exceed-
ing their demand/capacity ratio 
limits. The ratio is dependent 
on the average axial load ratio 
at the critical story (Vunsafe: The 
total shear force that is carried by 
risky elements, Vstory: The total 
shear force of the story)

Table 3   Building risk classes 
and risk levels corresponding 
to various SSR intervals for the 
global structural system

SSR (%) Building risk class Risk level

 ≥ 100 A Low risk
75- < 100 B Low risk
50- < 75 C Medium risk
25- < 50 D High risk
 < 25 E Very high risk
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In addition to the validation study of the initial version of the PERA method (limited 
to frame structures), which was based on detailed analyses of 672 buildings by Ilki et al. 
(2014) as well as real earthquake damages of 21 buildings after the 1995 Dinar, 1999 
Kocaeli, 2002 Afyon, and 2011 Van earthquakes, the reliability of the PERA2019 method 
(applicable for the frame and frame-shear wall buildings) has studied through a numerical 
study focusing on 73 existing reinforced concrete buildings by Aydogdu et al. (2023a). In 
that study, a good agreement was demonstrated between the SSR values of the buildings 
and detailed code-based (TSDC  2007; TBEC  2018; and RBTE  2019) structural seismic 
assessment results. The results of the numerical study presented by Aydogdu et al. (2023a) 

Fig. 3   A brief flowchart of the algorithm for the PERA2019 method (Aydogdu et al. 2023b). The informa-
tion about input data is given in the first paragraph of this section
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have demonstrated that contents of D and E risk classes of buildings as determined by the 
PERA2019 method capture 95% of the buildings that were found to be in collapse limit 
state according to detailed code-based assessment procedure (TSDC  2007; TBEC  2018; 
and RBTE 2019). Most of the buildings in collapse prevention or controlled damage per-
formance according to the code-based assessment procedure were found to be in C, B or A 
risk classes according to predictions of the PERA2019 method (Fig. 4). Further details on 
the PERA2019 method can be found elsewhere (Ilki et al. 2021a).

3 � Case study

One of the effective ways to examine the reliability of a seismic evaluation method is to 
compare the results of the method with actual earthquake-induced damages. Within the 
scope of this comparative study, SSR values and risk classes of 42 buildings, which were 
subjected to earthquake excitations in real life, are computed to examine the reliability of 
the methodology. Then, the damage states of the buildings are compared with the assigned 
risk classes through the PERA2019 method.

3.1 � Buildings

The structural characteristics and damages of 18 buildings that experienced 2002 Afyon 
and 22 buildings that experienced 2003  Bingöl  earthquakes were taken from the SERU 
database (METU 2003). Besides these 40 buildings with different extents of seismic dam-
age, two buildings, which experienced the 2020  Aegean Sea Earthquake and were also 
investigated in this study. The structural information for the buildings located in Izmir was 
collected from the site directly, while the others are gathered from the SERU database of 
Middle East Technical University (METU 2003). The buildings in Afyon are located in 6 
different districts, while the ones in Bingöl are divided into 4 regions according to their 
location and soil parameters. In addition, 2 buildings in Izmir are located near Karşıyaka 

Fig. 4   Comparison of detailed assessment results with estimations of PERA2019: score scatter with risk 
limits (adopted from Aydogdu et al. 2023a). The horizontal axis illustrates the buildings in a random order
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and Izmir stations. Figure 5 demonstrates the distribution of the number of floors, com-
pressive strength of the existing concrete, reinforcement type and axial load ratio acting on 
vertical structural members of the buildings. The average compressive strength of concrete 
is 10 MPa and the frequency of smooth S220 type rebar is more than 90%. These distri-
butions reflect the overall characteristics of the Turkish building stock, which have been 
presented by Aydogdu et al. (2023b) for Istanbul, comprehensively. The number of build-
ings that were built before the publication of TSDC (1998) is 29, while 13 of the evaluated 
buildings were built after 1998, but before the publication of the two most recent seismic 
design codes in Turkey, which have been published in 2007 and 2018, respectively.

Minimum requirements in various Turkish Seismic Design Codes for high-seismicity 
regions are given in Table 4, which demonstrates that seismic design codes in Turkey have 
involved most of the crucial structural details since 1975. Apparently, 98% of the evalu-
ated buildings fail to comply with the minimum compressive strength of concrete require-
ments of all seismic design codes given in Table 4, and 64% of them have at least 1 verti-
cal structural member that cannot satisfy the maximum axial stress limit of TBEC (2018). 
The damage photos given in subsequent parts of this study demonstrate that most of the 
examined buildings do not comply with the confinement provisions of the up-to-date seis-
mic design codes. This observation is also supported by Aydogdu et al. (2023b) and oth-
ers (i.e. Tapan et al. (2013) and Gurbuz et al. (2022)) stating that the columns of almost 
all pre-2000 building stock in Turkey have transverse reinforcement spacing between 200 

Fig. 5   Distribution of the structural parameters of the buildings: a number of floors, b equivalent cylindri-
cal compressive strength of concrete (fcm, from concrete hammer), c reinforcement steel class, where S420 
is deformed and S220 is plain reinforcement bars, d average and maximum axial load ratio acting on verti-
cal structural members



1975Bulletin of Earthquake Engineering (2024) 22:1965–1999	

1 3

and 300 mm at the confinement zones. It can be inferred that these buildings, like many 
buildings constructed in the same period, are far from meeting the design and construction 
regulations of their era. This case may stem from the lack of control mechanism, seismic 
awareness and economic resources as narrated by Aydinoglu (2007), Ilki and Celep (2012), 
Makra et al. (2021), Gurbuz et al. (2022), Aydogdu et al. (2023b).

The most recent three seismic zoning maps in Turkey are given in Fig. 6a–c. Accord-
ing to the 1972 Seismic Zoning Map (Turkish Ministry of Public Works and Settlement), 
Bingöl and Afyon are in the second degree seismic zone, and Izmir is in the first degree 
seismic zone. By the 1996 Seismic Zoning Map (Turkish Ministry of Public Works and 
Settlement), the city center of Bingöl became a first degree seismic zone, and the rest of the 
cities stayed in the same seismic zone assigned by the previous map. In 2018, the zonation 
map concept was abandoned and a new coordinate-based earthquake hazard map was pub-
lished (Turkish Ministry of Interior Affairs Disaster and Emergency Management Presi-
dency, 2018). Change in the base shear coefficient for a representative building (5-story 
building with Vs30 = 300 m/s soil condition) in Izmir, Afyon and Izmir districts according 
to various seismic design codes in Turkey is given in Fig. 6d. The base shear is the maxi-
mum shear force demand estimated, which is correlated with the effective seismic weight 
of the building, seismicity, soil parameters, the importance of the building and ductility 
of the system. The graph states that base shear demands for the representative buildings 
increased remarkably according to updated seismic design provisions in 1998, whereas the 
base shear demand slightly decreased for Afyon and Izmir in 2018. The evolution of the 
seismic design codes and seismic hazard maps in Turkey are summarized in the timeline 
given in Appendix 1 as well as the devastating earthquakes that happened in Turkey.

The building set consists of 35 reinforced concrete frame system buildings, while 7 of 
the buildings have dual reinforced concrete frame and wall structural systems. Dimensions 
of vertical structural members and structural system layouts of 8 representative build-
ings are given in Fig. 7. The rest of the layouts and structural information can be found 
in the SERU database (METU 2003). The compressive strength of the existing concrete 
is assigned based on the concrete hammer test results. A conversion equation of concrete 
hammer (Eq. 3), which is derived from the chart (Fig. 8a) provided by the manufacturer 
(Proceq 2002), is used to compute the equivalent of cubic (15 × 15 × 15 cm) compressive 
strength of concrete. The influence of the carbonation and the age of the concrete are also 
taken into consideration; a reduction factor depending on the age of the concrete, which is 

Table 4   Minimum requirements in various Turkish Seismic Design Codes

* from TS500—Requirements for design and construction of reinforced concrete structures

Seismic design code

1975 1998 2007 2018

Min. Longitudinal Reinforcement for Columns 1% 1% 1% 1%
Confinement Zone Max. Stirrup Spacing (cm) 10 10 10 10
135° Hook Ends Yes Yes Yes Yes
Min. Compressive Strength of the Concrete (MPa) 18 20 20 25
Compulsory Deformed Longitudinal Reinforcement No No Yes Yes
Max. Nd/Acfck allowed 0.6* 0.5 0.5 0.4
Shear Wall End Zones Yes Yes Yes Yes
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also provided by the producer of the test hammer, is used (Fig. 8b). The cylindrical equiva-
lent of the cubic compressive strength is determined through Eq. (4). To calculate the in-
situ compressive strength of the concrete for the structures, Eq. (5) is used as suggested by 
Turkish Building Earthquake Code (2018).

Note that n is the rebound number of the concrete test hammer, A is the age factor, fcc,i 
is the equivalent of cubic (15 × 15 × 15 cm) compressive strength of concrete, ∝ is the shape 
conversion factor to 15 × 15 × 15 cm cubic strength to 10 × 10 cylindrical strength, fc,i is the 
cylindrical compressive strength of concrete, the z is the number of points that the non-
destructive tests were performed, and fcm is the estimated in-situ cylindrical compressive 
strength of the building.

The type of reinforcement bars for each building is reported in the SERU database 
(METU 2003). However, the information on the longitudinal reinforcement ratio for 
columns and shear walls, transverse reinforcement diameter and spacing, which are key 
parameters to perform PERA2019, are not specified in the database. To overcome this 
obstacle, reinforcement information and spacing values are determined from damage pho-
tos, when the reinforcements are visible. Otherwise, these parameters are selected based 
on assumptions made (Table 5) considering the common practice of construction along the 

(3)fcc,i = (0.0108 ∗ n2 + 0.9021 ∗ n − 12.87) ∗ A

(4)fc,i =∝∗ fcc,i

(5)fcm = max(0.85 ∗

z
∑

i=1

fc,i

z
;

z
∑

i=1

fc,i

z
− std.dev

(

fc,i
)

)

Fig. 6   a 1972 Turkish Seismic Zoning Map (Turkish Ministry of Public Works and Settlement), b 1996 
Turkish Seismic Zoning Map (Turkish Ministry of Public Works and Settlement), c Earthquake Hazard 
Map of Turkey (Turkish Ministry of Interior Affairs Disaster and Emergency Management Presidency 
2018), d Change in the base shear coefficient for a representative building in Izmir, Afyon and Izmir dis-
tricts according to various seismic design codes in Turkey
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Fig. 7   Dimensions of vertical structural members and idealized layouts of representative buildings, a 
BNG-11-4-4, b BNG-6-4-3, c BNG-6-4-7, d AFY-Ç-06, e AFY-ÇO-05, f AFY-Y-01, g AFY-Ç-07, h AFY-
ÇO-02, i Karşıyaka01 (units of column dimensions are cm). Building IDs are used as they are defined in the 
SERU database (METU 2003)

Fig. 8   a The conversion factor for the rebound number of the concrete hammer to equivalent cube strength, 
b age factor for concrete to take into account carbonation
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range of construction years of the investigated buildings (Ilki and Celep 2012; Ilki et al. 
2014; Yakut et al. 2021; Gurbuz et al. 2022; Aydogdu et al. 2023b) together with the mini-
mum requirements of seismic design code valid at that time.

3.2 � Earthquake events

General information on the earthquakes that the investigated buildings were subjected to 
is given in Table 6, and the acceleration-time histories of each earthquake are given in the 
following sections. The arias intensity is a significant indicator of the strength of a seismic 
event and demonstrates the time interval in which the energy of the ground motion is dis-
tributed. This parameter reflects the significant duration of an earthquake: the difference 
between the times when arias intensity is 5% and 95% is the significant duration according 
to Bommer and Martínez-Pereira (1999). Figure 9 demonstrates the arias intensities of the 
Afyon, Bingöl and Izmir earthquakes, and the significant durations of these earthquakes 
are 12.1 s, 4.6 s and 20.6 s respectively.

For the buildings in Bingöl and Izmir, the orientation of the buildings was recorded on 
the plans. Therefore, the horizontal components of the strong ground motions were pro-
cessed and adapted to be applied along their main orthogonal directions to accurately rep-
resent the seismic actions that these buildings were subjected to. The direction of the plan 
and response in both directions can be extremely critical during an earthquake for irregular 
structures, the effect of which was studied in detail by Cimellaro et al. (2014). On the other 
hand, the orientations of buildings in the plans were not noted for the buildings examined 
in Afyon. Therefore, in absence of information on the plan orientation of the buildings, the 

Table 5   The assumptions made in absence of data

Parameter Requirements 
of TSDC-1975

Requirements 
of TSDC-1998

Year of construction Assumption

Longitudinal Reinforcement Ratio Min. 1.00% Min. 1.00% Before 1975 1.00%
After 1975 0.75%

Transverse Reinforcement Spacing 
at Confinement Zone

Max. 10 cm Max. 10 cm Before 2000 25 cm
After 2000 20 cm

Stirrup diameter Min. 8 mm Min. 8 mm 8 mm
Average Beam Cross-Section Min. 20/30 cm Min. 20/30 cm 25/60 cm

Table 6   General information on the considered earthquakes

*  The codes of the stations that recorded the PGA value are given in parentheses. The locations of these sta-
tions can be seen in Figs. 10, 13 and 16

Date Epicenter Depth
(km)

MW Station (Code) Vs30 (m/s) PGA
(cm/s2)

PGV
(cm/s)

PGD
(cm)

δ (°)

03.02.2002 Sultandağı—
Afyon

22.1 6.5 Afyon (0301) 226 113 13 3 69

01.05.2003 Bingöl 10 6.3 Bingöl (1201) 529 501 37 16 82
30.10.2020 Aegean Sea—

Izmir
14.9 6.6 Kuşadası (0905) 369 179 23 5 43
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geometric mean spectrum of the strong ground motion couple is assigned as seismic demand 
in both X and Y directions of the buildings in Afyon. Since the buildings in Izmir are very 
close to strong ground motion recorders in Karşıyaka and Bostanlı districts, acceleration 
records of these stations were directly used in the analyses. The spectral acceleration value 
at the first mode period of the building is defined as the seismic demand of the building.

In the case of the Afyon and Bingol earthquakes, there was only one strong ground 
motion record for each. Therefore, ground motion prediction equations (GMPE) were used 
to reduce the uncertainties for the investigation of buildings in Afyon and Bingol. For this 
purpose, Abrahamson and Silva (2008) ground motion prediction equations (GMPE) were 
used in order to obtain the acceleration spectrum that the buildings were subjected to for 
the location of each building. The GMPE was developed to estimate the acceleration spec-
trum and logarithmic standard deviation values for any specific earthquake. The model is 
applicable to magnitudes between 5 and 8.5 and distances between 0 and 200, according 
to developers of the GMPE. In order to reduce the uncertainties of the ground motions 
for each seismic event, residuals must be calculated for every location of ground motion 
recorders in that event to visualize the spatial distribution of the residuals. However, there 
is a single record for Afyon and Bingol events. Therefore, the spatial distribution of residu-
als couldn’t be produced. To overcome this problem, Bal and Smyrou (2016) proposed an 
assumption of identical intra-event variability and equal residuals for two locations for the 
same event. The same approach was used in this study. Several parameters are required 
for computing the GMPE functions. Mw is the moment magnitude of the event, Rrup is 
the closest distance to the surface rupture, Rx is the horizontal distance to the rupture, W 
is the rupture width of the fault, Rjb is the Joyner-Boore distance, δ is the dip angle, Vs30 
is the average shear-wave velocity of the top 30 m of the soil, Ztor is the depth to the top 
of rupture and calculated in accordance with the empirical equation introduced by Mai 
et al. (2005), ZHYP is the hypocentral depth, Z1.0 is the depth to a shear-wave velocity of 
1.0 km/s at the site. The authors of the used GMPE also recommend scaling for hanging 
wall sites, the effect of which is evaluated by Beyen (2018). After implementation of the 
GMPE, median acceleration spectrum (μ) and logarithmic standard deviation of spectral 
acceleration estimation (σ) parameters are yielded as outputs. TBEC  (2018) proposes a 
scaling procedure between 0.2 and 1.5 times the fundamental period of the structure. Scal-
ing dependent to the first mode period of a structure will yield different scaling factors for 
two buildings in the same location. However, a location can have only one residual value 
for a seismic event. Thus, the spectral match is performed over the range of 0.3 s and 2.0 s 

Fig. 9   Arias intensity curves 
computed for N-S records of all 
investigated earthquakes
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periods, which covers %99 of the periods of approximately 25,000 investigated reinforced 
concrete buildings according to Aydogdu et al. (2023b).

3.2.1 � 2002 Afyon earthquake

According to the Disaster and Emergency Management Presidency, the city center and dis-
tricts of Afyon province were shaken on 3 February 2002 by a Mw = 6.5 earthquake with 
a 22.1 km focal depth which was also felt strongly in surrounding cities (Url-1 2020). The 
acceleration records taken from the Afyon city center are given in Fig. 10. The event occurred 
on a normal fault zone. The closest ground motion record was taken in the city center of 
Afyon. The investigated buildings for this earthquake were located in 6 different spots: Afyon 
city center, Çay, Çobanlar, Sultandağı, Bolvadin and Yeşilçiftlik neighborhoods (Fig. 11).

According to the geology map, the buildings investigated within the scope of this study 
are on similar geological formation. Akşehir and Eber Lakes and Aksu Stream are located 
circumference of the field of study, where the soil consists of alluvial sediments. These 
locations are also represented with similar Vs30 values according to the global Vs30 map 
(Url-2  2022). Thus, the Vs30 value (226  m/s) of the ground motion recorder in Afyon, 
which is provided by TADAS database (AFAD 2020), is assigned to all other locations. 
The parameters needed to perform the computation for Abrahamson and Silva (2008) 
equations to obtain acceleration spectra for each district are given in Table 7. W, Ztor and 
Z1.0 values are 12 km, 14.9 km and 625 m for all locations, respectively.

Acceleration spectra of east–west and north–south components of the Afyon record and 
GMPE results are given in Fig. 12a. Here, AS indicates results of GMPE defined by Abra-
hamson and Silva (2008). Spectral matching is performed to equalize the areas under the 
period range between 0.3 s and 2.0 s, which is the expected period range of the structures 
examined in this paper. For the east–west component of the earthquake, a spectral match 
is reached with the μ + 0.18σ spectrum of the GMPE, while for the north–south compo-
nent, the overlap is with the μ + 0.13σ spectrum. As aforementioned, the geometric mean 
spectra of GMPE results are assigned as seismic demand in both X and Y directions of the 
buildings in Afyon in absence of plan orientations of these buildings. The geometric mean 
spectrum of the GMPE result couple for these values is given in Fig. 12b. The logarithmic 
standard deviation difference between the observed and predicted spectral value is deter-
mined as the residual (ε). Since there is no other available strong ground motion record for 
this event, the calculated residual for the location of the strong ground motion recorder is 

Fig. 10   Acceleration-time histories for the Afyon earthquake: a N-S record, b E-W record, c Vertical record 
(TADAS database, AFAD 2020). Vs30 parameter of the site, of which the recorder is located, is 226 m/s
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appointed for every location for this seismic event, and the demand spectra for all districts 
are computed accordingly (Fig. 12c).

3.2.2 � 2003 Bingöl earthquake

On 1 May 2003, a Mw = 6.4 earthquake struck Bingöl province which occurred on a strike-
slip fault (Url-3 2020). The earthquake was felt strongly in surrounding towns. The epi-
center of the event is about 14 km northwest of Bingöl. The strong ground motion records 
obtained from the city center are the only available data for this earthquake (Fig. 13). The 
main fault, and locations of examined buildings, aftershocks and the seismic station are 
demonstrated on the geology map of the province (Fig. 14). The spatial distribution of the 
aftershocks with M > 4 is in the north-northwest direction for Bingöl city. Also, having a 
2.23 km Rjb value according to the Disaster and Emergency Management Presidency of 

Fig. 11   Geology map of Afyon province (taken from the General Directorate of Mineral Exploration and 
Research). The main event, aftershocks, fault zone and buildings are shown on the map

Table 7   The parameters needed 
to calculate the GMPE

Location Rrup (km) Rjb (km) Rx (km)

Afyon (Station) 40.8 31.4 4.8
Sultandağı 14.9 0.0 3.1
Çay 14.9 0.0 1.2
Bolvadin 28.3 10.8 15.1
Çobanlar 17.1 8.5 5.7
Yeşilçiftlik 15.5 4.1 7.4
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Turkey, it is accepted that the ruptured segment of the fault extends into the Bingöl city 
center. The peak spectral acceleration of this earthquake is 2.4 g at 0.16 s period for the 
N-S component of the record. Such a great seismic demand is expected to create wide-
spread destruction in the city. However, as aforementioned, the significant duration of the 
earthquake is relatively short compared to the other earthquakes.

According to the local soil parameters of the seismic station, the recorder is estab-
lished on relatively hard soil (Vs30 = 529 m/s). However, the rest of the city is estimated 
to be on relatively loose soil, based on the Bingöl Earthquake Evaluation Report of 
the General Directorate of Mineral Exploration and Research (2003) which states that 
the soil characteristics change from rock formations to fine-grained sediments when 
going from east to west or towards the plain. Likewise, the global Vs30 map of USGS 
(Url-2 2022) suggests 256 m/s shear wave velocity for the plain of Bingöl. As shown 
below, the locations of the investigated buildings in Bingöl are grouped into four zones, 
based on the ground conditions. Correspondingly, the GMPE calculations are made to 
determine the acceleration spectra for these four zones:

–	 First Zone: Stiff soil and close to the strong ground motion recorder (3 buildings).
–	 Second Zone: Loose soil in the eastern part of the city (3 buildings).
–	 Third Zone: Loose soil in the western part of the city (15 buildings).

Fig. 12   a Acceleration spectra of east–west and north–south components of Afyon record with matched 
spectra of GMPE, b geometric mean spectrum of Afyon record and the design spectrum of the central dis-
trict of the city according to TSDC (1998) and TBEC (2018), c GMPE results for 6 different locations and 
the design spectrum of Çay district according to TSDC (1998) and TBEC (2018)
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–	 Fourth Zone: Loose soil 9 km southwest of the city (1 building).

The parameters needed for the calculation of GMPEs for these locations are given in 
Table 8. W and Ztor values are 8.7 km and 4.8 km for all locations, respectively.

Acceleration spectra determined by the GMPE approach presented above and computed 
based on east–west and north–south components of the Bingöl record are given in Fig. 15a. 
Acceleration spectra of the record and GMPE results between 0.3 s and 2.0 s are matched. 

Fig. 13   Acceleration-time histories for the Bingöl earthquake: a N-S record, b E-W record, c Vertical 
record (TADAS database, AFAD 2020). Vs30 parameter of the site, of which the recorder is located, is 
529 m/s

Fig. 14   Geology map of Bingöl province (taken from the General Directorate of Mineral Exploration and 
Research). The main event, aftershocks, fault line and the buildings are shown on the map
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For the east–west component of the earthquake, a spectral match is reached with the μ-0.18σ 
spectrum of the GMPE, while for the north–south component, the overlap is obtained with 
the μ + 0.55σ spectrum. The matched spectra with north–south and east–west components 
for each zone are given in Fig. 15b and c, respectively. Similar to Afyon Earthquake; the 
calculated residual of the acceleration record is appointed to every other location.

3.2.3 � 2020 Izmir earthquake

An earthquake with Mw=6.6 occurred in the Aegean Sea on 30 October 2020. Even 
though the distance is nearly 80 km far from the epicenter, which is northeast of Samos 
Island, Izmir city center was affected by the earthquake seriously. The acceleration records 
taken from the Izmir city center (Karşıyaka district) are given in Fig. 16. The main shock 
occurred on a normal fault (TADAS database, AFAD 2020). Two buildings that experi-
enced this earthquake are evaluated within the scope of this study. The buildings are 
located in the vicinity of the recorders in Karşıyaka and Bayraklı districts (Fig. 17a). Thus, 
acceleration spectra of corresponding records are assigned as demand spectrum directly. 
The record couples are rotated based on the orientation of the building (Fig. 17b).

4 � Results and discussion

4.1 � Structural damages

In the literature, there are post-earthquake damage assessment methods at different levels 
of detail. Since the number of damage photos of the examined buildings is limited, the 
rapid damage inspection approach, which is the quickest among the other methods, intro-
duced by damage assessment trainings of the Turkish Ministry of Environment, Urbaniza-
tion and Climate Change is used to assign the damage levels to the examined buildings. 
The general flowchart of the damage assessment procedure is given in Fig.  18. Damage 
information of the buildings with an insufficient number of photos is taken directly from 
the SERU database. The damage classification of reinforced concrete members is made 
based on the damage limits given in Table 9 (Ilki et al. 2020, 2021b; Akkar et al. 2021).

A lightly damaged building is given in Fig. 19. The building contains a column with a 
Type A shear crack and is identified as slightly damaged since it does not have any higher 
damage type elements. A building that experienced Afyon Earthquake (2002), which was 
under construction during the earthquake, is shown in Fig. 20a. The building contains a 
Type B flexural crack (Fig.  20b). However, owing to the Type D damages illustrated in 
Fig. 20c, the building is categorized as heavily damaged.

Table 8   The parameters needed 
to calculate the GMPE

Zone Rrup (km) Rjb (km) Rx (km) Z1.0 (m) Vs30 (m/s)

1 (Recorder) 5.8 2.2 2.2 171 529
2 5.4 2.5 2.5 545 250
3 6.2 4.0 4.0 545 250
4 9.8 8.6 7.0 545 250



1985Bulletin of Earthquake Engineering (2024) 22:1965–1999	

1 3

At least two columns of the building shown in Fig. 21a experienced Type C damage. In 
Fig. 21b, c, two examples of spalling of concrete cover are given. The building also has ele-
ments with Type D damage. Thus, the damage state of the BNG-6–4-2 building is decided 
as heavy damage. Figure 22a shows another building that experienced Bingöl Earthquake 
(2003) and was subjected to heavy damage. Vertical reinforced concrete members of the 

Fig. 15   a Acceleration spectra of east–west and north–south components of the record with matched spec-
tra of GMPE and the design spectrum of the site accordis + 0.55 ε, c GMPE results for east–west direction 
for each location with μ − 0.18 ε

Fig. 16   Acceleration-time histories for the Izmir earthquake: a N-S record, b E-W record, c Vertical record 
(TADAS database, AFAD 2020). Vs30 parameter of the site, of which the recorder is located, is 131 m/s
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building exhibited Type D shear crack, reinforcement buckling, crushing of concrete core 
and rupture of transverse reinforcement (Fig. 22b, c).

The individual damage states determined for all evaluated buildings through the rapid 
damage assessment procedure explained above are given in Appendix 2. The final damage 
distribution for each seismic event is given in Table 10. It should be noted that the only con-
sidered earthquake that had a significant aftershock among others is the Afyon earthquake. 
The mainshock was followed by a Mw = 5.8 aftershock, the recorded PGA values of which 
were around 0.04 ~ 0.05 g. Since the PGA values of the aftershock are not significant enough, 
it is assumed that damage states of buildings in Afyon occurred after the main shock.

Fig. 17   a Geology map (taken from the General Directorate of Mineral Exploration and Research) and the 
locations of the buildings and strong ground motion stations (records), b Acceleration spectra of the records 
and the design spectrum of the site according to TSDC (1998) and TBEC (2018)

Fig. 18   Decision tree algorithm for rapid damage assessment

Table 9   Element damage type 
classification

Damage type Crack width Compression damage

0 – –
A w ≤ 0.5 mm –
B 0.5 < w ≤ 3.0 mm Crushing of Concrete Cover
C – Spalling of Concrete Cover
D – Reinforcement Buckling—

Crushing of Concrete 
Core
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4.2 � Results obtained by performance based rapid seismic safety assessment 
methodology

The SSR values of investigated 42 buildings are determined through the implementation 
of the PERA2019 procedure and are compared with the actual damage states of the build-
ings that have been exposed to one of the 2002 Afyon, 2003 Bingöl or 2020 Izmir earth-
quakes to evaluate the reliability and safety margin of proposed performance based rapid 
seismic assessment method. As shown above, the amplitude of acceleration spectra com-
puted for ground motion records of the 2002 Afyon and 2020 Izmir earthquakes is slightly 
less than the design spectra of the seismic design codes, while the acceleration spectrum 
of 2003 Bingöl earthquake is closer to the design spectrum and even higher in the short-
period range compared to other seismic events. Obviously, there should have been no seis-
mic-induced collapse or heavy damage if the examined buildings have been constructed in 
accordance with the seismic design codes of their eras.

Comprehensive information on the global damage levels, SSR values determined by the 
application of PERA2019, and structural properties such as the first period of vibration, 
base shear demand, axial stress on vertical elements, reinforcement details, material proper-
ties, and plan dimensions for each building are given in Appendix 2. The trends between the 
observed damage levels and various structural parameters are illustrated in Fig. 23. The find-
ings of the study show that seismic-induced damages for buildings with the same number 

Fig. 19   a The BNG-5–5-1 building (lightly damaged), b Type A shear crack (METU 2003)

Fig. 20   a The AFY-ÇO-05 building (heavily damaged), b Type B flexural crack, c Type D flexural and 
shear damages (METU 2003)
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of stories can be at different levels. Hence, it would not be realistic to perform a building 
scale seismic evaluation based only on their number of stories. The compressive strength 
of the existing concrete is a critical parameter for the seismic performance of RC buildings. 
The relationship between observed damage levels and the compressive strength of the exist-
ing concrete does not exhibit a good trend. The building in which the highest compressive 
strength of the existing concrete is measured has collapsed, and the building with the low-
est compressive strength of the existing concrete has not experienced any seismic damage. 

Fig. 21   a The BNG-6–4-2 building (heavily damaged), b Type C damage: Spalling of Concrete Cover, c 
Type C damage: Spalling of Concrete Cover (METU 2003)

Fig. 22   a The BNG-6–3-1 building (heavily damaged), b Type D shear crack, reinforcement buckling, 
crushing of concrete core and rupture of transverse reinforcement, c Type D flexural damage with crushing 
of concrete core and buckling of longitudinal bars (METU 2003)

Table 10   Damage distribution 
of the buildings for considered 
seismic events

Damage type

Collapse Heavy Moderate Light None

Event Afyon 1 10 3 4 0
Bingöl 1 8 5 5 3
Izmir 0 0 0 0 2
Total 2 18 8 9 5
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Also, the comparison of the average axial load on columns at the critical story resulting 
from gravity loads and the observed damage states of the buildings shows a large scatter. 
Thus, estimating the seismic safety of individual buildings using simplified procedures 
without considering all crucial structural parameters may lead to grave misclassifications.

Figure 24a demonstrates the harmony of the observed damage levels with SSR values 
and risk classes of the buildings computed through the implementation of the PERA2019 
methodology. On contrary to the inadequate consistency of individual structural param-
eters investigated above compared to structural damages, the SSR values obtained for the 
examined buildings exhibit good conformity with observed damages and tend to decrease 
as the damage state increases. Figure 24b illustrates the risk class ratios of the buildings for 
each damage state group. Seismic risk classes of the buildings also show a promising con-
sistency with the observed damages too.

The proposed methodology satisfactorily labels all collapsed buildings as E class, which 
corresponds to a very high seismic risk. The buildings severely damaged are also classified 
as either E or D class. Moreover, the SSR region above 40% does not contain any heavily 
damaged or collapsed buildings, which is a good safety indicator because a buffer zone 
of SSR values between 40 and 50% does not include any heavily damaged or collapsed 
buildings, while this range of SSR is still in D Class. Distinguishing the buildings with 
good seismic performance from the ones with poor seismic performance is another critical 
aspect of seismic assessment methods. The results of this study show that PERA2019 is 
able to determine almost 80% of the buildings without seismic damage or lightly damaged 
ones as C, B or A class, while none of them is categorized as E class or very high risk.

Table 11 yields the comparison of risk classes based on the SSR values and observed 
structural damage levels. The matrix given below illustrates the safe and unsafe classifi-
cations. According to numerical values given in Table 11, as expected, the average SSR 
values of the buildings in each observed damage group also decrease as the damage state 
increases. This study demonstrates that the present risk classification method is rational 
and contains a good safety margin. On the other hand, conducting site investigations after 
future earthquakes and adding more building data will increase the accuracy of this case 
study. The presented methodology is a rapid and approximate second-stage performance-
based procedure, and exact results are not expected at this level of assessment. The tar-
get of this methodology is rapid and cost-effective prioritization of existing buildings with 

Fig. 23   The trends between the observed damage levels and various important structural parameters of the 
buildings: a Number of stories, b compressive strength of the existing concrete, c average axial stress on 
vertical members. The horizontal axis illustrates different damage state groups
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respect to their seismic risks to allocate limited sources/budget to further detailed analysis 
of those buildings which are prone to the highest risks. And such scaling down process of 
the huge problem is very important for cities like Istanbul with hundreds of thousands of 
substandard buildings. It should be further noted that the methodology has been validated 
through means of other methods, such as numerical analyses as aforementioned.

5 � Conclusions

This study was conducted as the first step of the validation efforts of the proposed seismic 
risk classification/prioritization procedure. Within the scope of this study, SSR values of 42 
buildings that experienced real seismic actions (2020 Afyon, 2003 Bingöl and 2020  Izmir 
earthquakes) were evaluated through PERA2019 rapid seismic performance assessment 
methodology in a blind manner and then the estimated SSRs of the buildings were compared 
to the observed seismic-induced damages to determine the reliability and safety margin of the 
proposed risk classification approach. It should be noted that the spectral accelerations calcu-
lated for the three strong ground motions presented in this study are quite close to the spectral 
design accelerations for Afyon, Bingöl and Izmir for a wide range of frequencies.

The results of this study demonstrated that the SSR values increase as the damages of the 
building decrease. The proposed risk classification approach succeeded to label all of the col-
lapsed buildings in E Class (very high seismic risk). Moreover, all of the buildings subjected 
to heavy damage were classified as E or D Class, which correspond to very high and high 
seismic risk respectively. Risk classes of 96% of the moderately, heavily damaged or col-
lapsed buildings that cannot be inhabited after the earthquake were determined as high or 
very high risk. Also, all of the severely damaged or collapsed buildings had an SSR value of 
less than 40%, which is a good safety indicator because a buffer zone of SSR values between 
40 and 50% does not include any heavily damaged or collapsed buildings, while this range of 
SSR is still in D Class. This output demonstrates that the present risk classification method 
contains a good safety margin. As important as specifying the buildings with poor seismic 
performance, identifying the buildings with good seismic performance from the seismically 
deficient ones is another crucial task for risk mitigation efforts. Therefore, to evaluate the reli-
ability of a seismic risk classification method, categorizing the buildings with adequate seis-
mic performance in low risk class has grave importance, as well as determining the buildings 
with poor seismic performance as high risk. A method cannot be stated as successful as long 

Fig. 24   a Distribution of SSR values of the investigated buildings computed through PERA2019 for each 
damage level groups, b histogram of risk class distributions for each damage level groups
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as the method classifies the buildings with good seismic performance as high risk buildings. 
Based on the findings of this study, PERA2019 is able to classify almost 80% of the buildings 
without seismic damage or light damage as C, B or A class, while none of them is classified 
as high (D class) or very high risk (E class). The trends between the observed damage levels 
and structural parameters showed that individual structural parameters do not have sufficient 
conformity with the damage states of the buildings, even though structural parameters affect 
global seismic performance. Further site investigations are to be conducted after future earth-
quakes as well as additional numerical analyses to support current findings with further evi-
dence in terms of the reliability of the presented approach.

Appendix 1: The evolution of the seismic design codes and seismic 
hazard maps in Turkey and the devastating earthquakes 
that happened in Turkey.

Table 11   Comparison of risk classes (determined based on SSR values) and observed global damage levels 
(red-colored cells are unsafe classification regions)

Observed Global Damage

Collapse Heavy Moderate Light None

PERA2019 Risk Class E (Very High Risk) 2 8 2 0 0
D (High Risk) 0 10 5 2 1
C (Medium Risk) 0 0 1 5 3
B-A (Low Risk) 0 0 0 2 1
SSR Range % 17–18 6–39 6–54 25–99 42–80
Average SSR % 17.7 25.9 34.6 58.7 61.6
Std. Dev. SSR % 0.6 8.5 14.0 21.1 13.6
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The Maximum and Average Axial Stress parameters are determined from the critical story.
Spectral Acceleration Demand is determined for considered earthquake events.
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