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Abstract: Tiirkiye is prone to earthquakes due to its location on various tectonic plates, which can
lead to a loss of lives and property. Recently, on 6 February 2023, two major earthquakes hit Pazarcik
and Elbistan in Tirkiye, causing widespread destruction on the East Anatolian Fault (EAF) zone.
Even Diyarbakir, a distant province from the epicentre, was severely affected, highlighting the need
to evaluate Turkish earthquake codes. As part of this evaluation, a structural analysis was conducted
on earthquake-damaged and collapsed buildings in Diyarbakir. The study analysed three buildings
with different levels of damage and six collapsed buildings as case studies. The seismic parameters
of the earthquakes were compared to the values in the two recent earthquake hazard maps used in
Tirkiye’s codes, as well as the Eurocode 8 damage limit values obtained from pushover analysis.
The results revealed significant differences between the current seismic values of earthquakes and
the current peak ground acceleration (PGA) values specified in the Turkish Earthquake Design
Regulations. Additionally, the selected buildings showed inadequate structural behaviours, with
significant differences between the expected and actual seismic performances with respect to the
PGA values as one of the most important earthquake characteristics.

Keywords: Pazarcik-Elbistan earthquakes; Diyarbakir; pushover analysis; damage limits; Eurocode

1. Introduction

Situated at the convergence of multiple active tectonic plates and traversing the Alpine-
Himalayan seismic belt, Tiirkiye has been a witness to a series of devastating earthquakes
throughout both its historical and instrumental periods. The intricate interplay of tectonic
forces from the Arabian and African plates has exacerbated the region’s vulnerability,
resulting in substantial human and infrastructural losses. Of paramount significance are
Tiirkiye’s pivotal fault systems—the North Anatolian Fault (NAF) and the East Anatolian
Fault (EAF) zones—each bearing the latent potential to unleash highly catastrophic seismic
events. This seismic potential has, over time, inflicted profound human casualties and
extensive material devastation. The chronicles of past local earthquakes serve as invaluable
records, lending predictive insights for potential seismic occurrences and guiding the
formulation of seismic design codes. Marking a pivotal juncture, 6 February 2023 etched
a distressing chapter in Ttirkiye’s seismic narrative, bearing witness to two monumental
earthquakes that etched their names as indelible signatures within the recent annals of
seismic chronicles. Among these impactful events, the Pazarcik Earthquake of 6 February
2023, and its synchronous counterpart, the Elbistan earthquake, take centre stage.

Ttirkiye has developed and utilised earthquake hazard maps to estimate the potential
risk and to inform seismic design codes. The last two earthquake hazard maps, both the
previous and current versions, are compared in terms of their seismic parameters. These
comparisons reveal differences in the peak ground acceleration values and expected target
structural displacement values [1]. The investigation of the effects of earthquakes on engi-
neering structures in earthquake-prone parts of the Earth is a unique tool for determining
the effects of the next ground motion [2]. In this case, much research in this area [3-15] has
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investigated the damage assessment and sustainability of RC buildings by using fragility
curves and proposed a new model to evaluate damages for structures. On the other hand,
the seismic response of buildings is also an important topic for earthquake engineering.
Determination of the seismic response of structures has been an important issue not only
for reinforced concrete structures but also for steel structures. There are many innovative
and novel studies in this field [16,17]. Faizah and Amaliah [18] investigated the seismic
situations in thirty-four cities in Indonesia by comparing the values of the spectral response
parameters (Sps and Sp;) according to the 2012 and 2019 Indonesian earthquake codes. Av-
cil et al. [19] have made comparisons of the target displacements in different seismic zones
under the effects of different soil conditions in their work. Wei et al. [20] have proposed
an evaluation method for the seismic damage of bridges. They used the maximum and
residual drifts as engineering demand parameters (EDPs). In the study by Khanmoham-
madi et al. [21], the dynamic properties of forty-six reinforced concrete and steel buildings
affected by the Sarpol-e Zahab earthquake (Mw 7.3) were determined by ambient vibration
tests. Ghasemi et al. [22] investigated the seismic performance of RC systems with cable
bracings. The findings of the work indicated that the PGA capacity of the RC building in-
creases as the number of braces rises. Zhou et al. [23] investigated the seismic performance
and collapse mechanism of a five-storey reinforced concrete structure along the ground
fissure using the pushover analysis method. Mazza [24] has proposed a displacement-
damage based design procedure with a computer-aided tool called DAMPERS (Damage
Protection of Earthquake Resistant Structures). Harirchian et al. [25] aimed to bridge the
gap between rapid visual screening (RVS) and multi-criteria decision-making (MCDM)
methods by using the codes from India, Tiirkiye and the Federal Emergency Management
Agency (FEMA) in their study. Eroglu et al. [26] measured the sensitivity of seismic hazard
assessments using different declustering techniques. Accordingly, the recently compiled
earthquake catalogue of Tiirkiye was declustered using three declustering algorithms in
their study.

This article delves into the analysis of these earthquakes and their effects on the
province of Diyarbakir located in south-eastern Ttirkiye. It compares seismic parameters
with recent earthquake hazard maps and evaluates the effectiveness of earthquake codes.
Structural analysis of earthquake-damaged buildings reveals the differences between the
expected and actual seismic performances. At its core, this case study seeks to analyse
the seismic parameters of the Pazarcik and Elbistan earthquakes involving a comparative
assessment between these seismic parameters and the data presented in the two recent
earthquake hazard maps utilized within the Turkish context. Furthermore, the comparison
extends to encompass the Eurocode 8 damage limit values, derived from pushover analysis
conducted on a typical reinforced concrete building.

In light of the disparities observed between the seismic characteristics of the earth-
quakes and the PGA values stipulated in the Turkish Earthquake Design Regulations, a vital
evaluation of the efficacy of the existing Turkish earthquake codes is undertaken. Three
buildings exhibiting slight, moderate and extensive damages were selected, along with
six buildings that collapsed. The seismic parameters are analysed in accordance with both
the 2018 and 2007 seismic codes of Tiirkiye, enabling a comparison to highlight potential
advancements or deficiencies in the seismic design criteria.

In this study, the geographical location and seismic parameters of the structures
damaged in Diyarbakir province in the Pazarcik and Elbistan earthquakes were determined
for the first time, along with an attempt to reveal the effect of structural analysis by
comparing the Eurocode and Turkish regulations in terms of limit values. The aim of the
study is to compare the measured and predicted PGA values and the target displacements
to be obtained based on them. In this way, the effects of the earthquakes on Diyarbakir and
whether these effects on the structural analysis are adequately represented will be revealed.
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2. Materials and Methods

The location data of the earthquakes with respect to the Bogazici University Kandilli
Observatory and Earthquake Monitoring Center (KOERI) [27], Geofon Data Center
(GFZ) [28], Disaster and Emergency Management Presidency, Republic of Tiirkiye
(AFAD) [29] and United States Geological Survey (USGS) [30] are shown in Figure 1.
On the other hand, the current earthquake hazard map of Tiirkiye and the location of
Diyarbakir province’s Tiirkiye Earthquake Hazard Maps Interactive Web Application
(TEHMIWA) [29] is given in Figure 2.
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Figure 1. The location data of the earthquakes: (a) Pazarcik; (b) Elbistan.

The focal depths of the earthquakes were estimated between 5 to 10 km by the seismo-
logical centres and classified as shallow-focused earthquakes. The location and magnitude
data of these two earthquakes according to the centres are provided in Table 1.

The seismic intensity map projection of the 6 February 2023 04:17 Kahramanmaras
Earthquake is shown in Figure 3. The maximum intensity of 11-12 around the striking
rupture fault(s) can be observed. It is noted that for Diyarbakir province, far away from the

epicentre, it was about 6-7.
At the Cermik station (coded 2107), which is 234.922 km (R;, = 92.53) away from the

epicentre of the Pazarcik earthquake and the closest station to Diyarbakir, the minimum
acceleration of about 0.04 g was recorded in the vertical direction, while the maximum
acceleration of 0.11 g was measured in the east-west direction. According to the AFAD
data, the peak ground acceleration value during the Pazarcik earthquake was 2.017 g in
the east-west direction at the Pazarcik station (coded 4614 (NAR) Ry, = 1.02). Since the
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maximum intensities are in the E-W direction, the PGV, Arias and Houser intensities are
only given in the E-W direction.
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Figure 2. Location data of 6 February 2023 earthquakes on TEHMIWA [29].

Table 1. Location and magnitude data of the earthquakes that occurred on 6 February 2023 given by
different seismological centres.

6 February 2023 04:17 6 February 2023 13:24
Institute - ; - -
Magnitude (My,) Location Magnitude (M) Location
KOERI(KRDAE) 7.7 37.17-37.08 7.6 38.07-37.20
AFAD 7.7 37.28-37.04 7.6 38.08-37.23
GFzZ 7.7 37.27-37.05 7.6 38.17-37.23
USGS 7.8 37.22-37.02 7.5 38.02-37.20
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Figure 3. 6 February 2023 04:17 earthquake intensity map [31].

During the Elbistan earthquake, the Goksun station (coded 4612 (Rep; = 66.68))
recorded the highest acceleration value of 0.63 g in the north-south direction. Meanwhile,
the Cermik station (Repi = 198.48) in Diyarbakir recorded the highest value of 0.047 g in
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the east-west direction. These values are given in Tables 2 and 3 for both earthquakes.
Figures 4 and 5 show the accelerations and spectra obtained with the data of station
2107 in Diyarbakir province for both the Pazarcik and Elbistan earthquakes. Since the
maximum intensities are in the N-S direction, the PGV, Arias and Houser intensities are
only given in the N-S direction.
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Figure 4. Acceleration records at the station 2107 in Diyarbakir province (Pazarcik EQ).
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Figure 5. Acceleration records at the station 2107 in Diyarbakir province (Elbistan EQ).
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Table 2. Pazarcik EQ records.

. PGA (cm/sn?) PGA (cm/sn?) PGA (cm/sn?) Arias Intensity Housner
Location (N-S) (E-W) (Vertical) PGV (cm/sn) (cm/sn) Intensity (cm)
Pazarcik 2016.99 2039.20 1582.62 78.64 8181.83 261.44
Cermik 74.76 112.27 44.24 26.07 28.53 74.15

Table 3. Elbistan EQ records.

. PGA (cm/sn?) PGA (cm/sn?) PGA (cm/sn?) Arias Intensity Housner
Location (N-S) (E-W) (Vertical) PGV (cm/sn) (cm/sn) Intensity (cm)
Goksun 635.45 523.21 49491 170.78 417.03 393.13
Cermik 28.64 47.61 18.20 10.93 4.93 30.62

It is noted that, based on the earthquake intensities and acceleration records taken
into consideration for Diyarbakir province, there may be some moderate damage resulting
from the relatively long duration of the earthquake. Past earthquakes have demonstrated
that numerous factors, including earthquake duration, near-fault and far-fault effects [32]
and soil-structure interaction, can significantly impact earthquake damage. However,
in the specific case of Diyarbakir, the distance from the earthquake’s epicentre and the
relatively lower values of the measured earthquake parameters (such as Arias and Houser
intensities and PGA and PGV values) than the obtained values from the EQ epicentre
indicate the severity of the structural damage observed. However, because of substandard
dwelling construction aspects, the structural damage and loss of lives resulting from these
earthquakes extended to unacceptable levels.

2.1. Investigation of the Collapsed Buildings in Diyarbakir

Earthquake amplitudes decrease in parallel with the distance-decay relationship as one
moves away from the earthquake focal point, and accordingly, lower values were expected
to be observed in Diyarbakir. However, the unexpected disproportionate destruction,
damage and loss of lives in response to these low acceleration values raise some questions.
In the observations made in the field after the earthquake, the presence of many structural
defects, especially low-strength concrete and poor steel reinforcement, are noteworthy. In
Diyarbakir province, the locations of a total of 18 buildings, including the building shown
in Figures 6-8, 5 other collapsed buildings, 9 damaged (slightly, moderately and extensively
damaged) buildings and 3 undamaged buildings, were marked with the help of the GPS
on-site detection.

Figure 6. Collapsed buildings in Diyarbakar.
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Figure 7. Shear damage of the beam and inappropriate stirrups.
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Figure 8. Retrofitting of the ground floor only and the failure of the old column.

Figure 8 shows the undamaged ground floor columns of the completely collapsed
building. The slender column rising after the column with an exceptionally large cross-
section might indicate that this building was subjected to an insufficient retrofitting pro-
cess. Some damage examples of inappropriate shear walls and columns are illustrated in
Figures 9 and 10.

According to the official Provincial Damage Assessment Reports, the numbers of the
extensively damaged or collapsed, moderately damaged and slightly damaged buildings
were recorded as 8602, 11,209 and 113,223, respectively, with hundreds of casualties [33].
The common cause of the collapse of the mentioned collapsed or extensive damaged
structures can be considered according to many constructional defects, especially low
concrete strength.
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Figure 9. Extensively damaged columns.

Figure 10. Damage to the short column and shear wall with poor concrete.

2.2. Structural Analyses

Local seismic parameters were obtained with the help of the Tiirkiye Earthquake
Hazard Map created by TBEC2018 [34] with micro zonation. Previous regulation TSC-
2007 [35] considered the local seismic parameters constant due to the regional approach.
In order to compare these parameters, a sample reinforced concrete structure was mod-
elled in SeismoStruct v.2023 software in accordance with the current regulations. Using
pushover analysis, the damage limit values determined in Eurocode 8 [36] were obtained
and compared for different PGA values of the investigated structure.

The analysis steps of pushover analysis as a performance-based evaluation method
that estimates the structural responses to seismic loads by applying a series of increasing
lateral loads are shown in Figure 11. The method is particularly useful in identifying the
weak points and failure mechanisms of structures and helps in determining appropriate
retrofitting strategies [37-39].
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Figure 11. Analysis steps of pushover analysis.

The initial step involves assuming a particular pattern for the lateral load, followed by
conducting a static analysis of the structural model under this load pattern in a pushover
analysis. A distributed load pattern has been used with a 0.3 m target displacement in this
study. The evaluation of the earthquake impact and the devastating effects on buildings
can be performed not only by extracting its various peaks and cumulative parameters but
also by calculating various types of linear and nonlinear seismic spectra. Furthermore,
pushover analysis can be performed for various simplified cases of buildings in an effort
to estimate the response that they would exhibit during the earthquake. The calculated
parameters can provide some hints about the destructiveness of the earthquake and how
the buildings could be designed to be able to resist such earthquakes in the future [40].

In the present study, the seismic parameters of the earthquakes are calculated to
provide explanations about the large unexpected structural destructiveness in Diyarbakir.
Structural analysis of a reinforced concrete building in Diyarbakir was performed using
both the measured and current acceleration values according to the last two earthquake
hazard maps. The results of this analysis reveal significant differences between the expected
target structural displacement values, highlighting the importance of continuous updates
to these maps for accurate seismic risk assessment.

For a comprehensive understanding of the Pazarcik Earthquake’s impact on Di-
yarbakir, earthquake-damaged and collapsed buildings in the province were analysed.
Three buildings, each with minor, moderate, and severe damage, and six buildings that
collapsed during the earthquake were selected for this purpose. The sample building’s
2D view, 3D view, and blueprint of the sample RC model can be seen in Figure 12. The
numerical specifications of the sample building are given in Table 4. The fundamental
period of the structure was 0.8271 s; the maximum base shear was 6557.27 kIN; the elastic
stiffness K_elas and the effective stiffness K-eff were obtained as 120,492.20 kN/m and
63,600.91 kN /m, respectively.

The latest version of the Turkish Building Earthquake Code (TBEC-2018) has intro-
duced three additional levels of ground motion (DD-1, DD-3, DD-4) compared to the
previous edition. In the previous code, only the standard earthquake ground motion level
with a recurrence period of 475 years and a 10% probability of exceedance in 50 years (DD-2)
was considered in TSC-2007. It is important to note that the first two levels (DD-1 and
DD-2) of the four earthquake levels correspond to the design earthquakes in ASCE-07 [41].
The current code outlines four different levels of ground motion, which can be found in
Table 5.
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Figure 12. 2D and 3D views with blueprint of the sample RC model.
Table 4. Structural specifications of the sample building.
Parameter Value Parameter Value
Concrete grade C25 Transverse reinforcement (columns) $10/100
Reinforcement grade 5420 Transverse reinforcement (beam) ®10/150
Beams 250 mm x 600 mm Steel material model Menegotto-Pinto
Height of floor 120 mm Constraint type Rigid diaphragm
Height of each storey 3m Local ground type zC
Cover thickness 25 mm Incremental load 10 kN
Columns 500 mm x 400 mm Permanent Load (Slabs and Infills) 7kN/m
Longitudinal Corners 4916
Reinforce ri ent (columns) Top bottom side 4P16 Damping 5%
Left right side 4916
Target-displacement (8-storey) 0.30 m Importance class v
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Table 5. Earthquake ground motion levels (TBEC-2018).

Repetition Period Probability of Exceedance .
Earthquake Level (Year) in 50 Years Description
DD-1 2475 2% Largest earthquake ground motion
DD-2 475 10% Standard design earthquake ground motion
DD-3 72 50% Frequent earthquake ground motion
DD-4 43 68% Service earthquake ground motion

TEHMIWA is a user-friendly and practical web application designed for use by the Dis-
aster and Emergency Management Agency of Ttirkiye (AFAD). It enables the calculations
of earthquake parameters for any location using various earthquake ground motion levels,
local ground conditions, and latitude and longitude data. The application takes into ac-
count the probability of exceedance and local ground conditions to obtain the short-period
map spectral acceleration coefficient (Sg) and the map spectral acceleration coefficient (S;)
for the 1 s period. The design spectral acceleration coefficients Spg and Sp; are determined
using equations that consider the spectral acceleration coefficients (Sg and S;) and local
ground coefficients (Fg, Fy).

Sps =Ss x Fg (1)

Sp1 =51 x Fy ()

Tables 6 and 7 provide the local ground effect coefficients for the short period (Fs) and
1.0 s (Fy), respectively. These coefficients are being used for the first time in the current
code, with greater emphasis on the local ground effect.

Table 6. Local ground effect coefficients for the short-period zone (Fs) (TBEC-2018).

Local Soil Class

Local Ground Impact Coefficients for Short-Period Zone (Fg)

Sg < 0.25 Sg = 0.50 Sg =0.75 Sg =1.00 Sg =1.25 Sg > 1.50
ZA 0.8 0.8 0.8 0.8 0.8 0.8
ZB 0.9 0.9 0.9 0.9 0.9 0.9
zC 1.3 1.3 1.2 1.2 1.2 12
ZD 1.6 1.4 1.2 1.1 1 1
ZE 24 1.7 1.3 1.1 0.9 0.8
ZF Site-specific ground behaviour analysis will be carried out.

Table 7. Local ground effect coefficients for a period of 1.0 s (F;) (TBEC-2018).

Local Soil Class

Local Ground Impact Coefficients for 1 s Period Zone (F;)

S1<0.10 S1=0.20 S1=0.30 S;1=0.40 S1=0.50 S; > 0.60
ZA 0.8 0.8 0.8 0.8 0.8 0.8
ZB 0.8 0.8 0.8 0.8 0.8 0.8
7C 1.5 1.5 1.5 1.5 15 14
ZD 24 2.2 2 1.9 1.8 1.7
ZE 4.2 3.3 2.8 2.4 2.2 2
ZF Site-specific ground behaviour analysis will be carried out.

To allow for accurate comparisons, ZC was selected as the standard soil class based on
TBEC-2018. This soil class will remain consistent for all parameters requiring a local soil
class, and its characteristics can be found in Table 8.
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Table 8. Local soil class type ZC (TBEC-2018).

Local Soil Cl Soil Tvoe Upper Average at 30 m
ocal 501 ass
P (Vs)so [mis] (Neo)so [Pulse/30 cm] (cu)o [kPal]
Very tight sand, gravel
7C and hard clay layers or 360-760 550 5250
weathered, very
cracked weak rocks
The spectral acceleration coefficients are only compared for the DD-2 ground motion
level. This is because the previous code only used ground motion levels with a recurrence
period of 475 years and a 10% probability of exceedance in 50 years. Table 9 shows the
comparison of the spectral acceleration coefficients based on the last two seismic design
codes. There were no vertical values in the previous code, so no comparisons were made in
that direction.
Table 9. The comparison of the spectral acceleration coefficients with ground-type ZC.
Spectral Acceleration Coefficients Horizontal 2018/2007 Vertical
DD-2 AllTCy;;zlsmd zZC s ZC
Buildin TSC-2007 TBEC-2018 201812007 TSC-2007 TBEC-2018 TSC-2007  TBEC-2018
8 Sps 040Sps Sps  0.40Sps Ta Ts Ta Tg Ta Tg  TapTep Tap  Tep
No Damage 1 1 04 0422  0.1688 0.422 015 060 0095 0476 0.63 079 0.032  0.159
No Damage 2 1 04 0417  0.1668 0.417 015 060 0096 0478 064 080 0.032  0.159
No Damage 3 1 04 0428 01712 0.428 015 060 0095 0473 0.63 079 0.032  0.158
Slight Damage1 1 04 0421  0.1684 0.421 015 060 0095 0474 0.63 079 0.032  0.158
Slight Damage2 1 04 0426 01704 0.426 015 060 0094 0471 063 079 0.031  0.157
Slight Damage 3 1 04 0420 0168 0.420 015 060 0095 0475 0.63 079 £ 0.032  0.158
ggﬁg;ae“i 1 04 0417  0.1668 0417 015 060 009 0478 064 080 g 0032 0.159
%]
&fﬁggg 1 04 0416  0.1664 0416 015 060 0095 0476 063 079 & 0032 0.159
S
&fﬁggg 1 04 0415  0.166 0415 015 060 0095 0477 063 080 g 0032 0.159
. 2]
g’;trfl‘;sé‘:‘i 1 04 0419 01676 0419 015 060 0095 0477 063 080 z 0032 0.159
A o
g’;ﬁg‘;sglgg 1 04 0437 01748 0.437 015 060 0094 047 063 078 2 0031  0.157
g’;t;‘;sg‘:g 1 04 0398 01592 0.398 015 060 0097 048 065 081 & 0.032  0.162
Collapsed 1 1 04 0408 0.1632 0.408 015 060 0096 0481 064 080 0032  0.16
Collapsed 2 1 04 0403 01612 0.403 015 060 0097 0484 065 081 0.032  0.161
Collapsed 3 1 04 0412  0.1648 0412 015 060 0096 048 064 080 0032  0.16
Collapsed 4 1 04 0413 01652 0413 015 060 009 0479 064 080 0032  0.16
Collapsed 5 1 04 0402  0.1608 0.402 015 060 0097 0485 065 081 0.032  0.162
Collapsed 6 1 0.4 0.407  0.1628 0.407 0.15 0.60 0.097 0483 0.65 0.81 0.032 0.161

Damage limits, which represent the point at which a structure can no longer with-
stand applied loads, play a crucial role in assessing the performance of buildings during
earthquakes. In the case of the Pazarcik Earthquake, an evaluation was conducted to deter-
mine the damage limits of the selected buildings in Diyarbakir. This assessment provided
valuable information regarding the responses of local structures to the seismic activities
and the extent of the damage they sustained.

The limit states given in Eurocode 8, which is used worldwide for damage estimation,
were also taken into consideration in the study. Detailed descriptions of these limit states
are given in Table 10.

The local seismic parameters of these selected buildings were analysed according to the
2018 Building Earthquake Code of Ttirkiye. This analysis revealed significant differences
between the expected target structural displacement values resulting from the structural
analysis.

The seismic values of the Pazarcik and Elbistan earthquakes were compared with
the current peak ground acceleration values specified in the current Turkish Earthquake
Design Regulation. This comparison demonstrated differences between the measured and
proposed peak ground accelerations for some earthquakes.
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Table 10. Limit states in Eurocode 8 (Part 3) (CEN 2004) [36].

Limit State

Description Return Period (Year)

Limit state of damage limitation (DL)

Only lightly damaged, damage to non-structural 295
components is economically repairable.
Significantly damaged, some residual strength and

Limit state of significant damage (SD) stiffness, non-structural components damaged, 475

Limit state of near collapse (NC)

uneconomic to repair.
Extensively damaged, very low residual strength and
. . . . 2475
stiffness, large permanent drift but still standing.

These data are from TBEC (2018) (Turkish Earthquake Building Code). DD1 is 2% in
50-year ground motion level. A comparison with DD2, i.e., 10% in 50-year ground motion
level, is given in Figure 13.

Elastic Spectrum Capacity Curves
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Figure 13. Comparison of the spectral acceleration and specification elastic spectrum capacity values
of the station 2107 in Diyarbakir province.

3. Results

The local seismic parameters of the selected buildings in Diyarbakir, as analysed
according to the Ttirkiye Building Earthquake Code (TBEC2018) and Turkish Seismic Code
2007 (TSC2007), were compared with the Eurocode 8 specifications. This comparison
provided insights into the effectiveness of the current design regulations in adequately
addressing the seismic risks in the region.

The seismic parameters of the chosen buildings in Diyarbakir were assessed based
on the local seismic data and analysed in accordance with TBEC2018 and TSC2007. In
order to evaluate the adequacy of the current design regulations in addressing seismic
risks, a comprehensive comparison was made with the Eurocode 8 specifications in
terms of limit states. This comparative analysis has clarified the compatibility between
the local seismic conditions and the prescribed design criteria, highlighting the areas
where improvements or adjustments may be required. By analysing the similarities
and differences between the two codes, valuable insights have been gained into the
effectiveness of the current design codes in ensuring the structural strength of buildings
in the face of seismic events in the region.

The seismic performances of various buildings in Diyarbakir were evaluated based on
the recorded ground motion parameters. In the analysis, four different damage levels were
considered with three buildings each: no damage, slight damage, moderate damage and
severe damage. Ground motion parameters including DD1, DD2 and DD3 were compared
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with the TSC 2007 design code and the PGA (peak ground acceleration) values obtained
from the first and second earthquakes. The analysed buildings are marked on the city map
as shown in Figure 14.
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Figure 14. Map of the damaged buildings and their locations.

Among the analysed buildings, those categorised as undamaged did not show rela-
tively lower PGA values in all three components as expected. It would be expected as the
damage level increased from slight damage to extensive damage that the PGA values would
generally increase, indicating a higher level of ground shaking and potential structural
damage. Instead, an undamaged building may have higher PGA values than a collapsed
one, as shown in Tables 11 and 12.

Table 11. PGA values of the analysed damaged buildings (g).

TSC 1st EQ 2nd EQ Soil Importance

Buildings DD1 DD2 DD3 2007 PGA PGA Type Class Damping
No Damage 1 0259 ¢ 0145 ¢ 0.062¢g
No Damage 2 0256 ¢g 0143 g 0.061g
No Damage 3 0.262 g 0.146 g 0.063 g
Slight Damage 1 0.258 g 0144 g 0.062 g
Slight Damage 2 0.260 g 0.146 g 0.063 g
Slight Damage 3 0.257 g 0.143 g 0.062 g 03g 0.119 g 0.049 ¢ C 2 0.05

Moderate Damage1  0.256 g 0.143 g 0.061g
Moderate Damage2  0.255¢g 0142 g 0.061g
Moderate Damage3  0254g  0.142g  0.06lg
Extensive Damage 1 0256 ¢g 0143 g 0.062¢g
Extensive Damage2  0.267 g 0149 ¢ 0.065¢g
Extensive Damage3  0.245g 0.136 g 0.059 g
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Table 12. PGA values of the analysed collapsed buildings (g).
Buildings DD1 DD2 DD3 TSC 2007 1st EQ PGA 2nd EQ PGA
Collapsed 1 0250¢g 0.140 g 0.060 g
Collapsed 2 0.248 g 0.138 g 0.060 g
Collapsed 3 0252 ¢ 0141 g 0.061g
Collapsed 4 0253 g 0141 g 0.061 g 038 01198 00498
Collapsed 5 0247 g 0.138 g 0.059 g
Collapsed 6 0250 g 0139 g 0.060 g
The seismic performances of each building were assessed against the prescribed design
criteria and provided findings on the effectiveness of the existing seismic design codes in
addressing the seismic risks in the region. The obtained damage limit values are shown in
Tables 13 and 14.
Table 13. Eurocode 8 damage limits for the PGA values of TBEC2018.
PGA Values TBEC 2018-DD1 TBEC 2018-DD2 TBEC 2018-DD3
Buildings/Damage Limits (m) DL SD NC DL SD NC DL SD NC
No Damage 1 0.100 0.129 0.223 0.056 0.072 0.125 0.024 0.031 0.053
No Damage 2 0.099 0.127 0.221 0.055 0.071 0.123 0.024 0.030 0.053
No Damage 3 0.101 0.130 0.226 0.057 0.073 0.126 0.024 0.031 0.054
Slight Damage 1 0.100 0.128 0.222 0.056 0.072 0.124 0.024 0.031 0.053
Slight Damage 2 0.101 0.129 0.224 0.057 0.073 0.126 0.024 0.031 0.054
Slight Damage 3 0.100 0.128 0.221 0.055 0.071 0.123 0.024 0.031 0.053
Moderate Damage 1 0.099 0.127 0.221 0.055 0.071 0.123 0.024 0.030 0.053
Moderate Damage 2 0.099 0.127 0.220 0.055 0.071 0.122 0.024 0.030 0.053

Moderate Damage 3
Extensive Damage 1
Extensive Damage 2
Extensive Damage 3

0.098 0.126 0.219 0.055 0.071 0.122 0.024 0.030 0.053
0.099 0.127 0.221 0.055 0.071 0.123 0.024 0.030 0.053
0.103 0.133 0.230 0.058 0.074 0.128 0.025 0.032 0.056
0.095 0.122 0.211 0.053 0.068 0.117 0.023 0.029 0.051

Collapsed 1 0.097 0.124 0.215 0.054 0.070 0.121 0.023 0.030 0.052
Collapsed 2 0.096 0.123 0.214 0.053 0.069 0.119 0.023 0.030 0.052
Collapsed 3 0.098 0.125 0.217 0.055 0.070 0.121 0.024 0.031 0.054
Collapsed 4 0.098 0.126 0.218 0.055 0.070 0.121 0.024 0.031 0.054
Collapsed 5 0.096 0.123 0.213 0.053 0.069 0.119 0.023 0.029 0.051
Collapsed 6 0.097 0.124 0.215 0.054 0.069 0.120 0.023 0.030 0.052
Table 14. Eurocode 8 damage limits for the PGA values of TSC2007 and earthquakes.
Codes TSC 2007 1st EQ 2nd EQ
Buildings/Damage Limits (m) DL SD NC DL SD NC DL SD NC

All Studied Buildings

0.116 0.149 0.258 0.046 0.059 0.103 0.019 0.024 0.042

The data in Tables 13 and 14 include the results obtained based on pushover analysis
of the sample building. The analysed sample building is an eight-storey reinforced concrete
building, and the results of the analysis show the maximum allowable (calculated) values
for different earthquake levels. The peak ground acceleration (PGA) values calculated for
different earthquake levels, and the damage limit values calculated accordingly, can be
used for comparisons. Higher damage limit values are expected for DD1, DD2 and DD3,
which have a higher earthquake level, respectively. On the other hand, damage limit values
calculated according to the TSC 2007 earthquake regulation are also included in the data.
According to the TSC 2007 regulation, Diyarbakir province is considered a second-degree
earthquake zone, so the PGA values are constant, and therefore the damage limit values
are also constant.

Comparing the damage limit values calculated for different earthquake levels given
in the TBEC2018 regulation with the damage limit values calculated according to the TSC
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2007 regulation can provide an estimate of the damage potential of buildings. It can be
expected that locations with higher PGA values may cause more damage, and, accordingly,
damage limit values may increase. In the current code, none of the locations analysed
in this study have PGA values higher than the old code TSC2007. Therefore, even if the
buildings were constructed in accordance with the old code, they could be expected to
respond to earthquake loads with minimal damage. Table 15 shows the damage limits
according to the pushover analysis for the studied buildings.

Table 15. TBEC 2018 damage limits for different earthquake levels.

Buildings/Damage Limits (m) DD-1 DD-2 DD-3
No Damage 1 0.170 0.100 0.043
No Damage 2 0.169 0.099 0.043
No Damage 3 0.171 0.101 0.043

Slight Damage 1 0.169 0.099 0.043
Slight Damage 2 0.171 0.100 0.043
Slight Damage 3 0.169 0.099 0.043
Moderate Damage 1 0.169 0.099 0.043
Moderate Damage 2 0.169 0.098 0.043
Moderate Damage 3 0.168 0.098 0.043
Extensive Damage 1 0.169 0.099 0.043
Extensive Damage 2 0.173 0.102 0.044
Extensive Damage 3 0.164 0.096 0.042
Collapsed 1 0.167 0.098 0.043
Collapsed 2 0.165 0.097 0.043
Collapsed 3 0.167 0.098 0.043
Collapsed 4 0.168 0.098 0.043
Collapsed 5 0.165 0.097 0.043
Collapsed 6 0.167 0.098 0.043

The static pushover curve in Figure 15 shows that the building has acceptable duc-
tility and stiffness if the building was designed according to the current code minimum
requirements. However, six buildings with specifications similar to the sample building
collapsed during the earthquake.

Capacity Curve and Limit States
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Figure 15. Static pushover curve and limit states of TBEC and Eurocode 8.

Figure 15 illustrates that the DL and SD limits of Eurocode 8 fall between TBEC’s DD-2
and DD-3 limit states, with DD-3 being closer than DD-2. The higher limit states, DD-1
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and NC, have greater margins than the lower limit states. It can be concluded that the
TBEC2018 code is on the safer side.

4. Conclusions

The Pazarcik earthquake was a striking reminder of the seismic risks facing Tiirkiye.
This study focuses on the effects of the devastating earthquake that occurred on 6 February
2023 in Diyarbakir province. It was recorded that six buildings during the earthquake
and 17 buildings after the earthquake collapsed; 72 buildings required urgent demolition;
2840 buildings were extensively damaged; 2458 buildings were moderately damaged; and
28,937 buildings were slightly damaged. In the field study conducted in this context, except
for the six demolished buildings, three each of extensively damaged, moderately damaged,
slightly damaged and undamaged buildings were selected for analysis. For the analyses to
be conducted, the current location of each building was visited one by one, and the GPS
coordinates were determined on site. Site-specific PGA data were obtained thanks to the
earthquake hazard map, which started to be used with the TBEC2018 regulation. Unlike
the current regulation, these data were compared with the TSC2007 regulation, which
provides fixed PGA values for earthquake zones. In addition to the comparison of the PGA
values, the damage limit values were also compared. Eurocode 8 was used for damage
limit values. In this context, as a structure that could be found in all selected locations,
an eight-storey reinforced concrete building was modelled in SeismoStruct software, and
static pushover analysis was performed. The Eurocode 8 limit values were obtained and
compared to the Turkish codes to ensure compatibility. It appeared that the 2007 regulation
tended to be on the safer side compared to the other regulations in terms of PGA values.
In addition, the increases in the PGA values obtained by micro zonation in the current
regulation were expected to increase the seismic hazard. It is seen that this may not always
be the case because of the local soil conditions and the structural properties that resist
earthquake loads.

On the other hand, as shown in Figure 13, it is clearly seen that the spectral values
of the earthquake measured in Diyarbakir are far below the design spectra. It is thought-
provoking in terms of engineering that this earthquake, which in theory could be expected
to have weak effects on a settlement that is so far away, caused such great damage. The
outcome from the structural analysis of the selected building has already indicated notable
divergences between the projected seismic performance and the actual seismic behaviours.
Such discrepancies warrant urgent attention, as they underscore potential inadequacies in
the current earthquake design regulations and their implementation.

After evaluating all the data collected in this study, it is concluded that the last
two seismic hazard maps and seismic design regulations applied in Tiirkiye can be
considered as successful. However, despite this, significant loss of lives and property
still call for further research. A comprehensive analysis of both seismic parameters and
structural characteristics is necessary to gain a deeper understanding of the causes of the
large-scale losses.
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