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Abstract
In Turkey, the İzmir earthquake with Mw = 6.9 moment magnitude with the epicenter 
of 17.26 km off the Seferihisar (İzmir) coast in the Aegean Sea occurred in October 30, 
2020, at Turkish time 14.51. According to the acceleration records of İzmir earthquake, 
the recorded peak ground acceleration (PGA) was approximately 0.182 g, and 117 deaths 
occurred in this earthquake, while 1032 people were injured. In this study, the structural 
damages that occurred on the buildings due to the İzmir earthquake were examined and 
discussed in detail according to the current and former Turkish regulations. Moreover, a 
RC building constructed in 1998 and survived the earthquake without any permanent dam-
age (a 5-story building designed as 3-story in the existing static project but added two more 
floors without any in situ strengthening) was subjected to pushover analysis, linear analy-
ses considering regulations and nonlinear time-history pushover analysis according to the 
acceleration records of İzmir earthquake. The obtained structural results were compared 
and discussed according to the current and former regulations.

Keywords Earthquake damages · Failure types · Turkish building code · Nonlinear time-
history analysis · Pushover analysis

1 Introduction

Turkey, one of the countries with the highest seismicity, is located in the Alpine–Himala-
yan seismic belt, which is active, and on which 20 percent of the earthquakes on the world 
occur and cause a destructive earthquake in Turkey in every 5 years (Fig. 1) (AFAD 2021). 
According to the Turkish Earthquake Code 2018 (TEC 2018), approximately 95% of Tur-
key’s population lives under earthquake risk. Many destructive earthquakes occurred in 
Turkey in recent 30 years (Erzincan Earthquake in 1992, Mw = 6.8; Adana-Ceyhan Earth-
quake in 1996, Mw = 6.3; Adapazarı-İzmit Earthquake in 1999, Mw = 7.4; Düzce Earthquake 
in 1999, Mw = 7.2; Afyon–Sultandağı Earthquake in 2002, Mw = 6.5; Bingöl Earthquake in 
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2003, Mw = 6.4; Elazığ Earthquake in 2010, Mw = 6.0; Van Earthquake in 2011, Mw = 7.2; 
Simav Earthquake in 2011, Mw = 5.7; Sivrice Earthquake in 2019, Mw = 5.2) (AFAD 2021; 
Arslan and Korkmaz 2007; Murat 2015; Arslan et al. 2013; Yurdakul et al. 2020; Çaǧatay 
2005; Inel et al. 2008; Tan et al. 2008; Adalier 2001; Sezen et al. 2003; Doǧangün 2004; 
Kaplan et al. 2004; Gross and J. L., Phan 2000) (Fig. 2).

Reinforced concrete structures in Turkey generally consist of frames with insufficient 
lateral strength and stiffness, inadequate reinforcement details in terms of earthquake 
behavior, and low concrete strength. In addition, the presence of system inadequacies such 
as soft floors, short columns, strong beams and weak columns in these structures raises a 
large building stock with insufficient earthquake safety. It is not possible to expect struc-
tures with these weaknesses to exhibit healthy behavior in a strong earthquake (Kaplan 

Fig. 1  The impact of Alpine–Himalayan Seismic Belt on Turkey (Sezen et al. 2003)

Fig. 2  Major earthquakes in Turkey in the last 30 years (AFAD 2021)
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et al. 2004; Shendkar et al. 2022; Ulusay et al. 2012). The identification of the earthquake 
hazard and the determination of the vulnerability of building systems are the two main 
components of the studies carried out to predict the impact of earthquake disasters. The 
latter aims at the preparation of a micro-zoning map and is beyond the scope of this study. 
However, in the preparation phase of disaster scenarios, the issues specific to the building 
stock in our country should be taken into consideration while determining the vulnerabil-
ity curves of the buildings. There are studies in the literature on damage observation and 
vulnerability assessments before and after an earthquake and how these assessments can 
be optimized based on observations and lessons learned (Işık et  al. 2020; Chaoxu et  al. 
2021; Buyuksarac et al. 2021). In Turkey, a large database has been created on the damage 
observed after earthquakes, especially in recent years. The most important point here is 
that the data on the structures where damage was observed were taken meticulously, taking 
into account that it will be used in a statistical study later (AFAD 2021).

The first seismic hazard map of Turkey was prepared in 1945 as the Turkey Earthquake 
Zone Map and has been updated many times until today (Akkar et  al. 2018a). Turkey 
Earthquake Zone Map has been prepared based on the peak ground acceleration (PGA) 
values of 475 years and the recommended acceleration ranges (Gülkan et al. 1993). In this 
map, the earthquake hazard is graded from 1 to 5 and the map is divided into five different 
earthquake zones. The same effective ground acceleration coefficient is proposed for each 
region. The effective ground acceleration coefficient takes the values of 0.4, 0.3, 0.2 and 
0.1 for the 1st, 2nd, 3rd and 4th degree earthquake zones, respectively (). This map came 
into effect in 1996 and is known as the Turkey Earthquake Zone Map. In the regulation that 
came into force in 2019, Turkey Earthquake Hazard Map was started to be used instead 
of earthquake zones. Site-specific seismic hazard assessment is the main advantage of the 
new seismic code. In general, in this code, seismicity elements, faults and fault groups in 
the region, characteristics of the faults, distance of the structure to the faults, the studied 
region and the characteristics of the earthquakes are taken into consideration (AFAD 2021; 
Akkar et al. 2014, 2018a, 2018b).

More than 500,000 buildings have been destroyed and thousands of people died due to 
the destructive earthquakes occurred in Turkey in the last century. According to the data 
of the Health Disaster Coordination Center (SAKOM), 117 people lost their lives in the 
İzmir earthquake and 1032 people were injured (SAKOM 2020). As a result of the damage 
assessment studies carried out by AFAD after the earthquake, it was determined that 17 of 
buildings have been collapsed, 506 of buildings had severe damages, 511 of buildings had 
intermediate damages, 5119 of buildings had light damages, and the number of buildings 
having no damage was 103,785 (AFAD 2021).

The last destructive earthquake in Turkey occurred on October 30, 2020, at 14:51 Turk-
ish time with the epicenter of Aegean Sea, 17.26 km off the Seferihisar (İzmir) coast. The 
magnitude of the earthquake was announced as 6.9 Mw by Kandilli Observatory (RETMC, 
Regional Earthquake-Tsunami Monitoring Center (RETMC) 2021), 6.6 Mw by Disas-
ter and Emergency Management Presidency (AFAD) (AFAD 2021), 6.7  ML by Athens 
Geodynamic Institute (NOA 2021), 7.0 Mw by United States Geological Survey (USGS) 
(USGS 2021) and European-Mediterranean Seismological Center (EMSC) (EMSC 2021). 
In Fig. 3, the epicenter, the focal depth and the rapid moment tensor solutions proposed by 
the national and international seismology centers for the Aegean Sea Earthquake occurred 
in 30 October, 2020, are displayed. In addition, a small-scale tsunami occurred as a result 
of the earthquake.

One of the main purposes of this study, briefly, is to examine the structural damages in 
buildings due to the Izmir earthquake. Depending on the updates in the building codes, these 
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structural damage types have been critically examined and discussed according to the cur-
rent and former Turkish codes. Another main objective of this study is to perform linear and 
nonlinear analyses on a 5-story building, which was designed as 3-story in the existing static 
project but two more floors were added without in situ retrofitting and survived the earthquake 
without structural damage. Linear analyses were carried out on this building, both in the year 
of construction and in accordance with the design spectrum of the current regulations, as both 
3 and 5 floors. Then, nonlinear time-history pushover analysis and static pushover analysis 
were performed according to the Izmir earthquake acceleration records. The originality of 
this study is the comparison of analytical and observational earthquake damages by perform-
ing nonlinear time-history pushover analysis according to the Izmir earthquake acceleration 
record on a structure exposed to the Izmir earthquake. The structural results obtained were 
compared according to the current and old regulations, and the results were interpreted.

2  Geological features of the region

2.1  Tectonic Features of the Region

İzmir City is located at the western end of the Gediz Graben system under the effect of 
Western Anatolia Extensional Regime. The normal faulting in the E–W direction takes 

Fig. 3  Focal depth and rapid moment tensor solutions of different seismology centers for the İzmir Earth-
quake (EMSC 2021)
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place at the western end of the Gediz Graben, especially NE–SW and NW–SE faults are 
concentrated around İzmir City. Apart from the Gediz Graben, the active faults that can 
cause an earthquake activity at the region are Tuzla, Seferihisar, Gülbahçe, Mordağan, 
Gümüdür, İzmir, Menemen, Güzelhisar, Yeni Foça and Kiraz faults (Fig. 4). During the 
Instrumental Period (A.D. 1900–2019; magnitude M > 4.0), the magnitudes of the signifi-
cant earthquakes that occurred inside the city borders are between M = 7.0–7.9. The clos-
est earthquake to the city center is the 1992 Orhanlı–Seferihisar (İzmir) earthquake that 
occurred 32 km away from İzmir. The earthquakes occurred in İzmir Region from 1900s to 
present are summarized together with their magnitudes in Table 1 (Regional Earthquake-
Tsunami Monitoring Center (RETMC) 2021).

2.2  Seismic activity from October 30, 2020, to November 11, 2020

This earthquake occurred at 16.54 km depth is 23.38 km away from the Doğanbey Payamlı 
Village of Seferihisar District in İzmir City, which is the closest residential area. There 
were recorded 3550 aftershocks with varying magnitudes between 1.0 and 5.1 after the 
main shock up to the date 11.11.2020. While 55 of these aftershocks had the magnitude 
value of Mw > 3, the actual earthquake duration has been determined as 15.68 s according 
to the initial measurements (AFAD 2021).

3  Evaluation of ground motion

According to the pre-evaluation results performed with 129 accelerometers, the largest 
acceleration was measured as 179.31 gal in the north–south component of the No. 0905 
accelerometer station. The acceleration values recorded by the closest 10 accelerometer 
stations to the epicenter of the earthquake are given in Fig. 5, while the information about 
the stations is given in Table  2. The acceleration records in the north–south, east–west 

Fig. 4  Active fault map of İzmir Region (RETMC 2021)
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and vertical directions of the horizontal and vertical ground motion acceleration records 
obtained from No.0905 Aydın–Kuşadası station are given in Fig. 6 (AFAD 2021). In addi-
tion, the design acceleration spectra comparisons for 5% damping ratio are given in Fig. 7 
for the spectral acceleration values of Aydın–Kuşadası (0905) station by considering the 
Regulation on structures to be built in disaster areas-1975 (TEC 1975), Regulations on 
structures constructed in disaster regions-1997 (TEC 1998), Regulations on structures 
constructed in disaster regions (TEC 2007) and Specifications for Building Design Under 

Fig. 5  The distribution of five closest accelerometer stations recording the earthquake (AFAD 2021)

Table 2  The accelerometer stations in the region and the measured acceleration values (AFAD 2021)

Station Measured acceleration 
values (gal)

Distance,  Repi Vs30

Code City District Longitude Latitude N-S E-W U-D (km) (m/s)

3536 İzmir Seferihisar 26.83839 38.19681 50.22 79.14 31.31 34.75 1141
0905 Aydın Kuşadası 27.26501 37.85997 179.31 144.02 79.84 42.95 369
3523 İzmir Urla 26.7706 38.3282 80.32 63.57 36.90 48.94 414
3533 İzmir Menderes 27.13017 38.25717 73.64 45.90 37.46 51.38 415
3516 İzmir Güzelbahçe 26.8907 38.3706 47.29 48.36 32.08 54.57 460
3538 İzmir Gaziemir 27.123347 38.318703 85.48 76.95 39.26 56.67 –
3528 İzmir Çeşme 26.37256 38.30393 117.57 149.31 77.00 58.23 532
3519 İzmir Karşıyaka 27.1112 38.4525 150.09 109.97 34.17 69.23 131
3513 İzmir Bayraklı 27.1671 38.4584 106.28 94.67 44.19 72.00 196
3526 İzmir Menemen 26.97953 38.57823 88.77 81.50 29.15 78.75 205
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Earthquake Effects (TEC 2018). According to the Turkish Seismic Zone Map and Index 
adopted in 1996, İzmir Bayraklı District Center is located in the first-degree earthquake 
zone. The soil properties of Adalet, Manavkuyu and Mansuroğlu neighborhoods in which 
massive collapses and heavy damages were experienced are accepted as ZII, Z2, Z2 and 
ZC according to TEC-1975, TEC-1997, TEC-2007 and TEC-2018, respectively. Moreover, 
it is seen in the comparisons that the records taken at this station remained below all three 
design spectrums.

4  Damage of RC structures during the İzmir earthquake

The building stock constructed in Turkey before 2000 has been usually produced by cast-
in-situ concrete. In addition to low concrete strength, unribbed and low-strength reinforce-
ments have been used as the structural steel of the load-bearing structural members in 
the constructions. After 2000s, the increase in the number of the ready-mixed concrete 
facilities by the aid of the developing economy and technology has made the use of ready-
mixed concrete widespread. Additionally, the use of high-strength ribbed reinforcement 
was obliged by the regulations. İzmir City located at the seaside with its dominant marine 
climate in general has RC buildings most of which belong to former building stock. Since 
sea sand has been usually used for the concrete production of these buildings constructed 
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with cast-in-situ concrete, one of the major defects of them is corrosion and carbonating. 
Moreover, there are some productions against zoning (floor addition contrary to project, 
conversion of ground floors into shops, etc.) in some of these old buildings. In general, 
since the ground floors of the buildings located on the main streets are designed as work-
places, the height of the ground floors of most of these buildings is high with soft and weak 
floor irregularities. In the region, overhangs have been constructed to increase the building 
area at the upper floors. In Fig. 8, the typical building examples are shown in order to rep-
resent the building stock in İzmir.

4.1  Structural Damages and Causes of Failures

Detecting the structural damages by the aid of the site investigations made after the earth-
quakes, the earthquake regulations are updated and developed. The earthquake regulations 
in Turkey have been also updated for 4 times in last 50 years; TEC-1975, TEC-1997, TEC-
2007 and the current one TEC-2018. In TEC-2008 regulations, the section of earthquake 
performance analysis for the existing buildings has been added. Furthermore, in TEC-
2018, it has been obliged to make earthquake performance analysis for the new buildings 
to be built and to provide the earthquake performance targets with respect to the building 
importance factor. Besides all these, the spectrum values depending on the site-specific 
coordinates can be used instead of four different spectrum diagrams defined according to 
the degree of earthquake zone.

As a result of the site investigations made by the authors after the İzmir earthquake, 
it was seen that most of the heavily damaged or collapsed buildings have been designed 
in accordance with the TEC-1975 Regulation in terms of the year of construction. In the 
section of TEC-1975 related to the reinforced concrete buildings, there exist the defini-
tion of the minimum dimension and reinforcement details of the reinforced concrete 
members such as column, beam and shear wall and the principles for shear calculation 
of column-beam connection zones. However, it was seen in the construction site that 
the details in the regulation (not using stirrups at the column-beam joints, anchorage 
insufficiency in longitudinal beam reinforcement, large stirrup spacings, stirrups with 
90 degree hooks, stirrup confinement, etc.) were not applied and the on-site inspec-
tion could not be provided sufficiently. These non-ductile frames formed as a result of 
these insufficiencies in practical have shown their effects on both completely/partially 

Fig. 8  Typical RC building in İzmir region (images by authors)
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collapsed and heavily damaged buildings during the last earthquake (IMO 2020). On the 
other hand, in some new high-rise buildings, heavy damages on the partition walls were 
also observed.

4.1.1  Soft story–weak story

The information determined by the investigations performed on the heavily damaged 
buildings in the İzmir earthquake has showed that these buildings had non-ductile rein-
forced concrete frames. Since the ground floors of the buildings on the main street were 
designed as workplaces, the height of the ground floor of most of the buildings is high 
with soft and weak story irregularities. Glass walls were used instead of the infill walls 
at the ground floors since the buildings were used as workplaces, which affects the non-
ductile frames’ strength and stiffness between the floors resulting in the danger of sud-
den collapse of the buildings. For the buildings with infill walls, the infill walls are only 
considered in the vertical load effect, and additionally they gain lateral drift stiffness to 
the buildings by protecting their completeness up to a definite level of earthquake force. 
In an analytical model with soft and weak story irregularity according to the accelera-
tion records of İzmir earthquake, the removal of the infill walls at the ground floors 
increased the ground floor drift ratio of the building by 12.5 times (Koçer et al. 2018a, 
2018b). Accordingly, hinges occur at the column ends of the ground floor of the build-
ing without any damage at the upper floors, and the load-carrying capacity of the build-
ing decreases. Thus, the building cannot absorb the accumulated earthquake energy by 
presenting a non-ductile behavior. In Fig.  9, some buildings having no infill wall but 
soft story mechanism at the ground floors can be seen with large plastic deformations 
developed at the ground floor column ends.

In the light of the information obtained from the previous earthquakes, some 
improvements related to the infill walls were made in TEC-2018. For instance, two dif-
ferent relative story drift ratio formulations have been presented according to the infill 
walls’ jointed or jointless connection to the reinforced concrete frame. Here, the rela-
tive story drifts of the partition walls formed with jointless connection have been lim-
ited by reducing two times in comparison with the partition walls formed with jointed 
connections.

Fig. 9  The building examples damaged due to weak and soft story irregularity (image by authors and 
(AFAD 2021))



247Natural Hazards (2023) 117:237–265 

1 3

4.1.2  Column‑Shear Wall

The lap splices were at the lower and middle regions of the columns according to TEC-
2007 and earlier regulations that the lap splice length was required to be the same as the 
coupling length (Eq. 1) (TS 500–2000 2000) if it is at the middle and 1.5 times of the cou-
pling length if it is at the lower region. According to TEC-2018 Regulation, the lap splice 
is allowed only at the middle region of the column. At these regions, stirrup confinement 
is compulsory in both regulations. The site observations in the earthquake area showed 
that the stirrup confinements have not been applied on the columns in accordance with 
the regulations. Furthermore, it was seen for the lap splices applied at the middle regions 
of the columns, if the stirrup confinement was not made with appropriate rate and length, 
buckling occurred in the longitudinal reinforcement at the lower end of the lap splice due 
to the variation encountered in the axial stiffness of the column (Fig. 10.a). In Fig. 10.b, a 
reinforced shear wall designed as shear wall and damaged during the earthquake is shown. 
The ribbed reinforcement was used at the shear wall boundary zones, while unribbed rein-
forcement at the middle regions. In addition, no stirrups were used in the shear wall bound-
ary zones, and unribbed and hookless stirrups were used in the whole shear wall cross-
section. Moreover, the lap splices at the longitudinal reinforcements of the shear wall were 
produced at the middle region of the shear wall, and no stirrup confinement was made. For 
this reason, damage is concentrated at the lap splice region during the earthquake, and the 
lap splices in this region were stripped.

In Fig. 11, the damages that occurred at the columns in which stirrup confinement has 
not been done at the lower region of the column were pictured, which were frequently met 
during the investigations carried out in the earthquake region. Not having any detailing 
of the reinforced concrete members according to TEC-1997 Earthquake Code is the com-
mon feature of these damaged buildings. The damage levels were high due to unribbed 
reinforcement and poor quality concrete production for the longitudinal reinforcements. In 
addition, the stirrup confinement and hookless horizontal reinforcement production caused 

(1)lb =

(

0.12 ×
fyd

fctd
× �

)

≥ 20�

Fig. 10  Column and shear wall damages (image by authors and (AFAD 2021))
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the unfastening and then buckling of the longitudinal reinforcement; corrosion damage 
occurred due to the concrete quality and caused the coupling unfastening in the members.

4.1.3  Beam

While examining the earthquake damages on the reinforced concrete buildings, besides the 
hinging formation at the beams due to the lateral effect of earthquake, the vertical earth-
quake effects that are not so much considered in building design also causes various dam-
ages on the buildings. Due to the vertical earthquake effect of İzmir earthquake, some of 
the buildings with long beam spans faced with cracks which usually occurred at the center 
points of the beams where more bending takes place (Fig.  12.a). On the other hand, in 
some buildings due to the architectural reasons, the secondary beams can be made which 
starts from a column and connected to a beam with no column or not starting from a col-
umn but placed between two beams vertically. When the lateral earthquake forces affect 
the building, the secondary beams transfer loads from the nodal points they are connected 
to the main beams; in this case, this means a single load acting from nodal point to the 
main beam that can cause damages at these regions. Since there is no restriction about the 
secondary beams in current and former regulations in Turkey, the construction of this type 
of beams in buildings still continues. In Fig. 12.b.c., some of the damages that occurred on 
the main beams due to secondary beams in İzmir earthquake are shown.

Fig. 11  Column damages (image by authors and (AFAD 2021))

Fig. 12  Secondary beam damages (image by authors and (AFAD 2021))
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4.1.4  Column‑beam connection zone

One type of the widespread damages experienced in the İzmir earthquake was the dam-
ages observed at the column-beam connections (Bursa Technical University 2020). The 
main reason of these damages was not keeping the installation of stirrups throughout the 
column length at the column-beam connection zone. The provision and details of stir-
rup application at the column-beam connections have been explained comprehensively 
in all the today’s and past regulations. According to TEC-1975 regulations, the amount 
of stirrups applied for the unit length of the column-beam connection zone should not 
be less than the amount of stirrups applied for the unit length of the middle zone of the 
column. There were two conditions in question for the confined and unconfined col-
umn conditions in TEC-1997, TEC-2007 and TEC-2018 regulations. In confined con-
nections, at least 40% of the amount of stirrups existing at the confinement zone of the 
lower column will be used throughout the connection zone. However, the diameter of 
the stirrup will not be less than 8 mm, and their spacings will not exceed 150 mm. In the 
unconfined connections, at least 60% of the amount of stirrups existing at the confine-
ment zone of the lower column will be used throughout the connection zone. Here, the 
diameter of the stirrup will not be less than 8 mm, and their spacings will not exceed 
100  mm. Despite the provisions about the column-beam connection zones defined in 
all these regulations, the requirements for these regions have not been applied in most 
of the buildings. Since stirrups have not been used in column-beam connection zones, 
damages are concentrated at these regions. Furthermore, due to the lateral stiffness of 
beam larger than the lateral drift stiffness of column, the damages were concentrated at 
the column-beam joints during the lateral load transfer to the columns together with the 
lateral effect of the earthquake. In order to avoid the possible shear forces that can occur 
due to this reason, stirrups should be applied to the column-beam connection zones and 
possible damages should be prevented. Since no stirrups have been used at the column-
beam connection zones of some buildings, during the İzmir earthquake, the longitudinal 
reinforcements at these zones were buckled and columns lost their load-bearing capaci-
ties (Fig. 13 a,b,c). In addition to this, it is a possible condition that the width of the 
beam is less than the width of the column at the nodal point at which the beam is con-
nected to the column. Also under this condition, the stirrup application should continue 
throughout the column. However, as seen in Fig. 13d, this condition has not been taken 
into consideration in some buildings, and the buckling of the longitudinal reinforcement 
of the columns caused damages at the column-beam connection zones.

Fig. 13  Column-beam connection zone damages (image by authors and (AFAD 2021))
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4.1.5  Strong beam–weak column

The energy of the earthquake should be consumed by various mechanisms in destructive 
earthquakes. For instance, the hinging is desired to occur at the beam ends in order to pro-
vide the building to consume the energy of the earthquake by presenting a ductile behav-
ior during the earthquake. For this reason, today’s construction regulations include some 
conditions for plastic hinges to occur at the beams instead of columns. The most important 
one of them is that the sum of the moments of the load-carrying capacity of the columns 
connected at each column-beam nodal point should be at least 20% greater than the sum of 
the moments of the beam cross-sections’ load-carrying capacity obtained on the column 
face at the same nodal point. In many of the buildings collapsed or heavily damaged in the 
earthquake occurred in İzmir on October 30, 2020, the floors were collapsed one on the top 
of the other just like a pancake due to strong beam–weak column production besides the 
low lateral drift stiffness (Fig. 14a). The strong beam–weak column damages experienced 
in the İzmir earthquake are shown in Fig. 14b, c

4.1.6  Infill Wall damage

As seen in Fig. 15, during the earthquake, no damage was observed on the reinforced con-
crete frame system of the building designed in ductile shear wall + frame system according 
to TEC 2007 Earthquake Code. This building is located in the Bayraklı District where the 
buildings collapsed or heavily damaged during the İzmir earthquake were concentrated. 
The building with its ductile load-bearing system contributed against the earthquake loads 
during the oscillations of the earthquake due to the contribution of walls to the lateral drift 
stiffness. However, this building that can be considered as luxury category in terms of 
building usage quality faced with partition wall damage that cannot be expected in this 
level of earthquakes. Hence, it is concluded that the aforementioned building had insuf-
ficient drift controls in the design or insufficient amount of shear wall cross-sectional areas 
(Fig. 15).

4.1.7  Overhangs

The effect of vertical earthquake acceleration on the buildings is considerably less when 
compared to the lateral earthquake acceleration. In addition, the load-carrying system 
members against the vertical load are accepted to remain in the safe side due to the param-
eters such as material, load coefficient and axial load level. However, damages occur during 

Fig. 14  Strong beam–weak column formation (image by authors and (AFAD 2021; TEC 2018))
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the earthquakes on the overhangs of the buildings due to the vertical earthquake accel-
eration depending on the lengths of the overhangs. Owing to the damages occurred on the 
overhangs during the previous earthquakes, various studies were carried out and vertical 
acceleration spectrum was firstly included to the current earthquake regulation (TEC 2018; 
Arslan et al. 2013; Tan et al. 2008; Inel et al. 2013). According to the current regulation, 
the vertical earthquake analysis became obligatory for the beam members exceeding 5 m 
cantilever span or 20 m horizontal span. For the buildings not having the above-mentioned 
problems, the vertical earthquake acceleration is taken into consideration by adding the 2/3 
ratio of the short-period horizontal acceleration to the dead load. The observed earthquake 
damages occurred at the overhangs constructed for architectural concerns during the İzmir 
earthquake are shown in Fig. 16. The overhang walls of the damaged buildings were sepa-
rated from the main frame or fell down from the out-of-plane facade.

4.1.8  Secondary Beam

One of the damages caused by horizontal and vertical earthquake acceleration in structures 
is secondary beam damage. This structural defect, which is generally seen in buildings, was 
also observed in the on-site investigations after the earthquake in İzmir. The effect of the 
high-order shear force in the secondary beam region and the vertical dynamic effect caused 
the shear damage to intensify in the beam with low stiffness. Photographs of this damage 
are given in Fig. 17. As it can be seen in Fig. 17, the cracks in the beams with a greater 
span from the main beam on which the secondary beam rests extended to the slab. While 
the magnitude of the horizontal acceleration to which the structures are exposed during the 
earthquake is in the order of 0.179 g, the magnitude of the vertical acceleration is almost 
half (0.08 g). Since this vertical effect is also considerably high, it caused such damages to 
both the overhangs and the secondary beams in the buildings.

4.1.9  Staircase

In reinforced concrete structures, with the assumption of rigid diaphragm, the horizon-
tal load is distributed to the vertical load-bearing elements by the slabs. In areas where 
there are floor discontinuities such as stairwells, such damages are seen because the hor-
izontal load cannot be transferred to other floors due to the semi-rigid diaphragm behav-
ior. Due to such effects, damage occurs in the support areas of the stairs manufactured 

Fig. 15  Infill wall damage (image by authors and (AFAD 2021))
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with simple support. Since the tension in the support region is on the upper side, if the 
compression region is not sufficiently equipped, tensile stresses occur in these regions 
during earthquakes and such damages are observed. This type of damage is shown in 
Fig. 18. As can be seen from these photographs, structural damages generally occurred 
at the bottom of the area where the staircase was supported on the slab.

Fig. 16  Overhang damages (image by authors and (AFAD 2021))
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4.1.10  Corrosion

Corrosion is one the basic problems of the buildings existing in the marine climate regions. 
Corrosion damage was observed in general of the buildings damaged in the İzmir earth-
quake. The common features of the buildings faced with corrosion damage are poor quality 
concrete class, concrete cover insufficiency or carbonating problem arising from the use of 
aggregate and sand obtained from sea in the concrete production. Since one of the primary 
reason of the corrosion formation at the reinforced concrete members is the carbonation of 
the concrete, the depth of carbonation should be measured. In this study, concrete samples 
and core samples were taken from a representative building and carbonation depths were 
measured, because the reason for some of the damages occurred in İzmir earthquake was 
thought to be corrosion. The concrete specimens taken from the columns of the aforemen-
tioned building were cut, and their surfaces were cleaned. Then, the carbonation depth was 
determined by spraying phenolphthalein indicator on the cut and cleaned concrete speci-
mens. After the phenolphthalein indicator comes into contact with the concrete surface, the 
color of the non-carbonated concrete surfaces turns into purple while carbonated concrete 
surfaces show no color change. In Fig.  19, the carbonation depth was measured by tak-
ing the concrete cover layer from the representative building in İzmir Bayraklı Region and 
cutting the cover layer in the direction of the cross-section. As seen from the figure, entire 
section except a few number of spots has been carbonated, and carbonation has become 
effective in the entire concrete cover. The reinforcements of this column have been cor-
roded, and their cross-sections have been considerably decreased due to carbonation effect. 

Fig. 17  Secondary beam damages (image by authors and (AFAD 2021))
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Furthermore, the carbonation depth for the core sample obtained from the representative 
building was measured, and similarly the carbonation effect on the entire core sample was 
observed. After the compression test applied on the core sample, a low strength value of 
14.6  MPa was obtained, since the entire cross-section was completely affected from the 
carbonation depth (200 mm). Similar results for the relationship between the compressive 
strength of concrete and carbonation were also obtained in the related studies (Khan and 
Lynsdale 2002; Kim et al. 2009). The pictures of the buildings faced with corrosion dam-
ages are given in Fig. 20.

5  Case Study

As a result of the on-site investigations after the İzmir earthquake, it was observed that 
a building in Bayraklı District designed in 1998 as a 3-story building but constructed in-
site as 5-story by adding two more floors. Although this building has been constructed 
in a highly destructive region during the İzmir earthquake and the static modeling of the 

Fig. 18  Staircase damages (image by authors and (AFAD 2021))

Fig. 19  Determination of carbonation depth and core compression test
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building was made as 3-story, it has survived the earthquake by satisfying the immediate 
occupancy performance level without any permanent damage; this is because the concrete 
class was above the standards according to that time conditions, the reinforcements used 
in columns and beams were applied in accordance with all the reinforcement provisions 
in TEC-1997, the column-beam details were constructed in appropriate to the regulations, 
the building was formed in accordance with the project. Therefore, the building was mod-
eled in 3D in accordance with its static project by the aid of the ETABS finite elements 
program, and nonlinear time-history analysis, pushover analysis and linear analyses were 
made according to the acceleration records of İzmir earthquake. Additionally, the linear 
analyses of the building were performed according to the earthquake code valid in the con-
struction year and today’s current earthquake code.

5.1  Brief description of the selected existing RC buildings

The existing building considered in the case study is located at the Bayraklı District of 
İzmir City, which consists of a basement floor three sides surrounded with shear walls, a 
ground floor and 4 typical floors. The exterior view of the building constructed in 1998 is 
given in Fig. 21. The load-bearing system of the building has been formed with reinforced 
concrete frames, and the floor system has been produced with beam-reinforced concrete 
plate where the slab thickness was 120 mm. Except the shear walls at the basement floor, 
there was no shear wall in the construction. The cross-sectional dimensions of the columns 

Fig. 20  Corrosion damages (image by authors and (AFAD 2021))
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were 250 × 500  mm2, 250 × 600  mm2, 250 × 700  mm2 while all the beams of the build-
ing in 250 × 500  mm2 dimensions. Being constant in the whole building the floor height 
is 2700 mm. All the static properties and details of the building were taken from the exist-
ing static project whose details are given in Fig.  22. In order to determine the concrete 
compressive strengths of the existing vertical load-bearing elements, the non-destructive 
strength determination was made by using Schmidt hammer in many columns. The con-
crete compressive strength of the existing building was C25 (25 MPa) that similar results 
were also obtained according to the Schmidt hammer test. In addition, the yield strength of 
the reinforcement used for the construction of the building was taken as S220 (220 MPa) 
in appropriate to the existing static project. Soil class is Z4, which is similar to class D soil 
in FEMA-356 (FEMA-356 2000). TEC-1997 specifies spectrum characteristic periods as 
0.20 s and 0.90 s in this type of soil.

5.2  Analytical model

The three-dimensional modeling and the nonlinear analyses of the reinforced concrete 
building were performed by ETABS computer program, and the modeled building’s three-
dimensional view is shown in Fig. 23.

In the ETABS program, columns and beams are modeled as bar elements. To account 
for nonlinear behavior, the plastic hinges’ properties described in FEMA-356 are 
defined for the end regions of the column and beam members where the inelastic defor-
mation is dense. Plastic hinges with a length of 0.5 H were assigned to the zones to 
reach their capacity under the changing internal force distribution (Arslan and Korkmaz 
2007; Murat 2015). Figure 24 shows the internal force–deformation diagram of an ide-
alized plastic hinge and points corresponding to performance levels. Once the plastic 
hinges’ properties are defined, the static load is increased step by step until the samples’ 
failure. Pushover analysis was performed with displacement control. Performance levels 

Fig. 21  The current view of the modeled building
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are composed of immediate occupancy (IO), life safety (LS) and collapse prevention 
(CP). In Fig. 24, point B refers to the point of yield and point E refers to the point of 
section collapse. In the analysis, P-Δ effect was taken into account. Also, no additional 
eccentricity was applied to the building, the elastic earthquake load reduction coefficient 

Fig. 22  Static projects of the modeled building

Fig. 23  Three-dimensional ETABS model of the building
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was taken as R = 1, and the rigid regions were defined to the beam and column ends by 
the program in accordance with TEC-2018.

5.3  Analytical results

5.3.1  Nonlinear static pushover analysis results

After the modeling, the performance of the building was determined according to TEC-
2018 regulations. The base shear force-top displacement curve for nonlinear procedures 
was converted into spectral displacement-spectral acceleration curve in Fig. 25. The non-
linear displacement capacity of the building required during the earthquake was deter-
mined by defining the  Sd value at the point where the tangent drawn to the initial curves 
of the capacity curves of the building in X and Y directions cut the spectrum curve. The 
reference design spectrum here was taken into account for the design earthquake with 10% 
probability of exceedance in 50 years according to the 2018 Earthquake Regulation. The 
elastic spectrum curve in Fig. 25 is the elastic design spectrum for the ZD soil class defined 
for the İzmir Region in TEC-2018. The top displacement request of the building in both 
directions was determined according to TEC-2018 from Eqs. 2 and 3 by the aid of the non-
linear elastic spectral displacements.

The plastic hinges occurred on the structural members of the building during the top 
displacement request obtained for the design spectrum are given in Fig. 26, and the plas-
tic hinge damage levels at the column and beams corresponding to the top displacement 
request in Fig.  27. According to the pushover analysis results of the building in the X 
direction, 103 of 140 columns (73.57%) had no damage, 32 (22.85%) had minor damage, 
4 (2.85%) had severe damage, and 1 column (0.71%) fell within the collapse region. In 
addition, according to the pushover analysis results in the Y direction, 79 of 140 columns 

(2)uxN1 = �xN1 × Γx1 × d
1
= 0.0426 × 29.698 × 0.09442 = 0.11946m

(3)uxN1 = �xN1 × Γx1 × d
1
= 0.0245 × 52.048 × 0.07076 = 0.09023 m

Fig. 24  Plastic hinge assignment 
and load deformation relation 
of plastic hinge (Arslan and 
Korkmaz 2007)
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(56.42%) had no damage, 51 (36.42%) had minor damage, 6 (4.28%) had severe damage, 
and 4 columns (2.85%) fell within the collapse region.

5.3.2  Nonlinear time history pushover analysis results

The shear force-top displacement hysteresis curves obtained by the nonlinear time-his-
tory pushover analysis performed in both directions of the building are given in Fig. 28. 
In addition, the maximum base shear forces obtained by time-history pushover analysis 
were calculated as 640 kN and 166 kN in X and Y directions of the building, respectively. 
When the building was designed as 3-story according to the 1998 regulation, the reduced 
design earthquake load was taken into consideration as 735.75 kN in the X direction and 
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896.75 kN in the Y direction; but if designed as 5-story according to TEC-2018, the cur-
rent reinforced concrete construction regulation, the reduced design earthquake load would 
be determined as 614.137 kN and 627.23 kN in X and Y directions, respectively. Here, 
it is seen that the design earthquake load obtained depending on the building’s mass and 
period in the constructed year is greater than the base shear force occurred during the İzmir 
earthquake, and furthermore, with its current form it is considerably closer to the design 
earthquake load obtained by the current design spectrum. For this reason, the building sur-
vived the İzmir earthquake with elastic deformations without any permanent damages on 
the load-bearing system members. As seen in Fig. 28.a and b, the time-history hysteresis 
curve of the building is considerably low in comparison with the static pushover curve and 
remains in the elastic region of the pushover curve.

The plastic hinges occurred at the structural members during the nonlinear time-his-
tory analysis of the building performed according to the İzmir Earthquake acceleration 
record are shown in Fig. 29, and the plastic hinge damage levels at the columns and beams 
in Fig. 27. According to the THA results, in the X direction of the building, no damage 
occurred in 139 of the 140 columns (99.28%) and minor damage in 1 of them (0.72%); in 
the Y direction of the building, no damage occurred in 135 of the 140 columns (96.43%) 
and minor damage in 5 of them (3.57%).

6  Conclusions

The last destructive earthquake in Turkey was on October 30, 2020, the epicenter of the 
earthquake was the Aegean Sea, 17.26 km off the coast of Seferihisar (İzmir), the İzmir 
earthquake with a magnitude of  Mw = 6.9, resulted in 117 casualties and 1032 injuries. The 
on-site observations and the results obtained by the case study can be listed generally as in 
the following;

• According to the acceleration records of İzmir earthquake, the recorded peak ground 
acceleration (PGA) was observed as nearly 0.182 g that this value is considerably less 
when compared to the elastic design spectrum diagram values (according to the design 
earthquake with 10% probability of exceedance in 50 years, and 475 years of return 
period) given in both TEC 1997 and current regulations for İzmir City.
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• The design earthquake, a light magnitude earthquake in comparison with the spectral 
acceleration values, caused more damages than expected due to the structural defects 
of the reinforced concrete buildings, and the duration of the earthquake was also very 
short (15.68 s).

• The spectral acceleration value of the building modeled in the case study was obtained 
as 0.44 g from the design earthquake with respect to the natural predominant period. 
This value remains in the safe side when compared with the peak ground acceleration 
value exposed to the building during the earthquake.

• The overstrength factor of the building considered in the case study was obtained as 
2.84 and 2.87, respectively, in the X and Y directions. The overstrength factor is pro-
posed as 1.5 according to TEC-1997 Regulation.

• When the capacities in both directions of the building were compared, the base shear 
forces of the considered building obtained from the nonlinear THA showed 3.66 and 
15.66 times higher safety, respectively, for the X and Y directions. As can be seen, the 
building survived the İzmir earthquake by providing human life safety, since the struc-
tural capacity of the building in both directions remained in the safe side with respect to 
the lateral load exposed during the earthquake.

• The building considered in the case study was designed as one basement floor + 2 nor-
mal floors in the year of construction, and 2 more floors were added in the following 
years without any strengthening process. Despite this high degree of structural defect, 
in parallel to the nonlinear THA results the building has achieved the performance tar-
get of immediate occupancy during the earthquake due to the on-site detailing of the 
structural load-bearing elements in accordance with the project and the quality of con-
crete higher than the concrete class in the regulation at the time of construction which 
had good quality workmanship. If such a building having this kind of a significant 
structural defect can safely survive the earthquake both analytically and physically, it 
is obvious that collapsed or heavily damaged buildings lack significant control mecha-
nisms.

• As a result of on-site investigations made after the İzmir earthquake, the structural 
and non-structural deficiencies such as the use of cast-in-situ poor concrete, the use 

Fig. 29  Plastic hinges occurred at the structural members during the nonlinear time-history analysis



263Natural Hazards (2023) 117:237–265 

1 3

of unribbed low-strength reinforcement bars, the inappropriate production of RC ele-
ments’ reinforcements according to the project, the carbonation and corrosion damages 
due to the use of sea sand, the design of the buildings inconsistent to the earthquake-
resistant design philosophy (architectural cantilever, secondary beam, soft and weak 
story irregularities, nodal points with strong beam-weak column, etc.) were detected.

In general, the heavily damaged or collapsed buildings have been constructed before the 
regulations of TEC-1997, and all of them had similar structural deficiencies that caused 
similar structural damages. It has been observed that the buildings constructed after the 
2000s generally met the life safety performance target during the earthquakes. By the aid of 
the developing technology after these years, the quality of the building stock has increased 
and the production of earthquake-resistant structures has been provided due to the avail-
ability of ready-mixed concrete facilities, the developments in the control mechanism and 
the tight control of the construction stages of the buildings. However, it is necessary to 
identify and examine the old building stock as soon as possible, which was constructed 
without any control, to perform the earthquake performance analyses, to detect the defects 
and to apply the appropriate strengthening.
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