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Abstract

This study presents a damage-based comparative assessment of reinforced concrete build-
ings affected by the 1992 Erzincan earthquake (Mw 6.8) and the 2023 Kahramanmaras
earthquake sequence (Pazarcik, Mw 7.7; Elbistan, Mw 7.6), two destructive earthquake
events in Tiirkiye separated by nearly three decades. A distinctive contribution of the
study is the presentation of original color photographs from the 1992 Erzincan earthquake,
systematically documented and comparatively evaluated for the first time and directly
compared with post-earthquake field observations from Malatya following the 2023 earth-
quake sequence. To complement the field-based evidence, representative strong ground
motion records from both earthquake events were processed and compared using standard
seismic intensity and spectral response parameters. The spectral evaluation indicates that
the 1992 Erzincan ground motion and the 2023 Elbistan-related motion recorded in Malatya
imposed comparable seismic demands relevant to typical reinforced concrete buildings,
thereby providing a rational basis for cross-event damage interpretation. Despite substan-
tial advances in Turkish seismic design codes, recurrent damage mechanisms were observed
in both building stocks, particularly soft-story formation, short-column effects, inadequate
transverse reinforcement, poor beam-column joint performance, and deficiencies in mate-
rial quality and detailing. The findings demonstrate that seismic safety cannot be improved
through code development alone unless design provisions are consistently translated into
construction quality, detailing practice, inspection, and field implementation.

Keywords: 1992 Erzincan earthquake; 2023 Kahramanmaras earthquakes; reinforced
concrete buildings; post-earthquake damage; seismic vulnerability; strong ground motion;
Malatya province

1. Introduction

Earthquakes are one of the most devastating natural disasters that cause serious human
and economic losses, primarily due to inadequate engineering practices in buildings and
failure to comply with relevant design standards and regulations during construction. The
collision of the Arabian, African, and Eurasian plates, together with the interaction between
the Arabian and Anatolian plates, has shaped the current tectonic framework of Eastern
Anatolia [1]. The fault zones formed along these plate boundaries in Tiirkiye remain highly
active and possess a considerable potential for generating destructive earthquakes [2,3]. As
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shown in Table 1, approximately 42% of the 32 earthquakes with magnitudes of Mw > 6.0
and about 38% of the 15 earthquakes with magnitudes of Mw > 7.0 that have occurred
in Tiirkiye over the past century took place along this fault zone, resulting in substantial
loss of life and property. These figures demonstrate the high level of seismic activity in the
region and underline the critical importance of the earthquake for this area. A statistical
assessment of Table 1 reveals that, on average, an earthquake with a magnitude of Mw > 6.0
occurs approximately every seven years, whereas one with a magnitude of Mw > 7.0 takes
place roughly every twenty years within the region.

Table 1. Major Historical Earthquakes in Tiirkiye (1920-2026) with Magnitudes of Mw > 6.0.

Location/Region Date Magnitude (Mw) Fatalities (Sligiltl,lll\(j[l:c?e]r)a::,lggeiere)
Kopriikoy /Erzurum 13 September 1924 6.8 310 477
Hakkari 7 March 1920 7.2 2514 3000
Susehri/Sivas 18 May 1929 6.1 64 1357
Kaman/Kirsehir 19 April 1938 6.6 160 4066
Dikili/izmir 22 September 1939 6.6 65 1000
Cayirli/Erzincan 26 December 1939 7.9 32,968 116,720
Erbaa/Tokat 20 December 1942 7.0 3000 32,000
Adapazari1/Sakarya 20 June 1943 6.6 4000 40,000
Ilgaz/Cankir1 26 November 1943 7.2 4016 23,785
Gerede/Bolu 1 February 1944 7.3 3959 20,865
Tercan/Erzincan 17 August 1949 6.7 450 3500
Cerkes/Cankiri 13 August 1951 6.9 50 3354
Yenice/Canakkale 18 March 1953 72 265 6750
Soke/Aydin 16 July 1955 6.8 23 470
Abant/Bolu 26 May 1957 7.1 67 3200
Karacabey /Bursa 6 October 1964 7.0 23 5398
Varto/Mus 19 August 1966 6.9 2396 20,000
Adapazar1/Sakarya 22 July 1967 6.8 173 1070
Alasehir/Manisa 28 March 1969 6.5 41 3702
Gediz/Kiitahya 28 March 1970 7.2 1086 19,291
Bingol 22 May 1971 6.8 878 5617
Lice/Diyarbakir 6 September 1975 6.6 2385 8500
Caldiran/Van 24 November 1976 7.0 3840 9232
Horasan/Erzurum 30 October 1983 6.9 1336 3427
Erzincan 13 March 1992 6.6 653 15,000
Dinar/Afyon 1 October 1995 6.1 90 14,156
Golctiik/Kocaeli 17 August 1999 7.6 17,127 73,342
Diizce/Bolu 12 November 1999 7.1 763 35,519
Sultandagi/Afyon 3 February 2002 6.5 46 15,700
Merkez/Van 23 October 2011 7.2 604 17,005
Sivrice/Elaz1g 24 January 2020 6.8 41 10,059
Seferihisar/Izmir 30 October 2020 6.6 117 9049
Pazarcik/Kahramanmaras 6 February 2023 7.7

Elbistan/Kahramanmaras 6 February 2023 7.6 50,000+ 150,000+
Defne/Hatay 20 February 2023 6.4

Among the earthquakes listed in Table 1, the 1939 Erzincan, 1992 Erzincan, 1999 Ko-
caeli, and 2023 Kahramanmaras events hold particular significance due to their devastating
impacts and the new engineering approaches they prompted—such as the revision of
seismic design codes in the aftermath of these events. The 1939 Erzincan earthquake, with
a magnitude of Mw = 7.9, is recorded in the literature as one of the largest earthquakes that
occurred along strike-slip faults [4]. The extensive structural damage and high number
of fatalities observed during the 1939 earthquake were attributed not only to its large
magnitude but also to the use of traditional construction materials, insufficient engineering
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services, and the amplification of ground motion effects due to the construction of buildings
on alluvial deposits [5,6].

The first major earthquake to occur in Erzincan after the earthquake of 26 Decem-
ber 1939 (Mw = 7.8) was the earthquake of 13 March 1992 (Mw = 6.8). Although there
was no loss of life in the earthquake of 18 November 1983 (Mw = 5.6), it should be noted
that some buildings that were slightly damaged in the 1984 earthquake collapsed in the
1992 Erzincan earthquake [7]. The 13 March 1992 Erzincan earthquake caused more than
600 deaths and moderate to severe damage to more than 9000 buildings.

The field studies and findings revealed carried out after the 1992 Erzincan Earthquake
represented a major milestone for the entire country. Among the notable efforts were the
implementation of repair and strengthening projects for moderately damaged buildings,
the enactment of special laws to support the socio-economic recovery of the region, and the
introduction of new construction and inspection technologies [8].

Field investigations conducted by researchers after the 1992 Erzincan earthquake re-
vealed the use of low-quality concrete containing honeycomb-like voids, segregated, and a
frequent presence of rounded aggregate particles [9,10]. The main reason for this condition
was thought to be the use of site-mixed concrete produced directly on construction sites
instead of ready-mixed concrete. In addition, it was reported that the ground floors of
typical residential or commercial buildings in Erzincan were generally used for commer-
cial purposes [11]. These structural types, as seen from the observed damage patterns,
contributed to the formation of soft-story mechanisms during the earthquake.

Another important issue concerns the damage observed in multi-story buildings. In
this context, it was found that there were various limitations and permissions regarding
the number of building stories in Erzincan. For example, until 1978, the city’s zoning
plans permitted the construction of buildings up to three stories, whereas in 1978, with
the approval of the municipal council and the ministry, the height limit was increased to
four stories along the main road corridors.

The data presented below were obtained from the 1984 Building Census [12] and
compiled from Erzincan Municipality records, covering all types of structures that were
granted building permits. According to the evaluation by Kogyigit et al. (1992), the damage
observed in low-rise (one- or two-story) buildings was limited, whereas in buildings with
more than three stories, structural damage was generally moderate or severe due to design
and construction deficiencies [13]. Williams et al. (1992) [9] also reported that approxi-
mately 75% of the fatalities occurred in buildings with three or more stories. Furthermore,
1984 statistics for Erzincan indicated that approximately 15% of frame-structured buildings
had three or more stories, and the number of high-rise buildings likely increased until 1992.

Another damage investigation in this study concerns the reinforced concrete building
stock in Malatya Province, which was affected by the earthquakes that occurred on 6 Febru-
ary 2023 in Kahramanmaras-Pazarcik (Mw = 7.7) and Kahramanmaras-Elbistan (Mw = 7.6)
at 04:17 and 13:24 local time, respectively. The Kahramanmaras Pazarcik-Elbistan earth-
quakes caused devastating destruction across 11 provinces, primarily Gaziantep, Kahra-
manmaras, Hatay, Malatya, and Adiyaman, as well as Adana, Sanliurfa, Diyarbakir, Elaz1,
Osmaniye, and Kilis. The Disaster and Emergency Management Authority of Tiirkiye
(AFAD) announced on 22 April 2023 that 50,783 people were killed, more than 107,430 were
injured, and 518,009 buildings were reported to be moderately or severely damaged or
completely collapsed [14,15].

Regarding Malatya Province, post-earthquake field surveys conducted by the Ministry
of Environment, Urbanization and Climate Change examined a total of 56,996 buildings.
Among these, 23,359 were reported as undamaged, 21,688 as slightly damaged, 3785 as
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moderately damaged, 6574 as severely damaged, 735 as requiring urgent demolition, and
855 as collapsed. Figure 1 shows these damage ratios based on data from [16].

Malatya-2023 1% 4%

dundamaged

Dslightly damaged
Omoderately damaged
Dseverely damaged

DOto be demolished mmediately

Ecollapsed

31%

Figure 1. Distribution of Post-Earthquake Reinforced Concrete Building Damage Levels in Malatya
Province (6 March 2023) [16].

Following the devastating earthquakes of 6 February 2023, field investigations con-
ducted in Malatya Province classified the causes of structural damage under four main
categories: soil conditions, structural design and detailing, inadequate material proper-
ties, and workmanship defects [17,18]. Among the most frequently observed deficiencies
in terms of design and reinforcement detailing were structural members that created
short-column effects due to architectural modifications, the reduction in wall ratios on the
ground floors of buildings used for commercial purposes—leading to inter-story stiffness
irregularities and the formation of soft or weak-story mechanisms—and the lack of suffi-
cient transverse reinforcement confinement in load-carrying elements, all of which were
emphasized by many researchers.

Material deficiencies and workmanship defects were mostly observed in older build-
ings. According to data from the Turkish Statistical Institute (TUIK) [19], approximately
42% of the current building stock in Malatya was constructed before 2000, and about 13%
was built in 1980 or earlier. Buildings constructed before 2000—typically lacking proper
engineering services, designed without compliance with the seismic design requirements
of the relevant codes, and possessing inadequate concrete and reinforcement properties as
well as poor quality control—suffered significant damage. The considerable proportion
of such old buildings within the existing stock indicates that a large portion of the urban
fabric remains at high risk under seismic activity.

Within the scope of this study, the reinforced concrete building stocks of Erzincan
Province following the 13 March 1992 Erzincan earthquake and of Malatya Province
following the 6 February 2023 Kahramanmaras-Pazarcik (Mw = 7.7) and Elbistan (Mw =7.6)
earthquakes were comparatively evaluated in terms of the relevant seismic/design codes,
material deficiencies, and workmanship quality.

Despite the large number of post-earthquake reconnaissance studies conducted fol-
lowing major earthquakes in Tiirkiye, most previous investigations have generally focused
on the damage characteristics of individual earthquake events separately. Limited attention
has been given to the comparative evaluation of reinforced concrete (RC) building dam-
age mechanisms across different seismic code generations and construction practices. In
particular, there remains a lack of comprehensive studies directly comparing the observed
structural damage patterns between the 1992 Erzincan earthquake and the 2023 Kahraman-
marag earthquake sequence, which represent two significantly different periods in terms of
seismic regulations, material quality, engineering practice, and urban construction policies
in Tiirkiye. Therefore, this study aims to provide a comparative damage-based assessment
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of reinforced concrete buildings in Erzincan and Malatya provinces by considering seismic
demand characteristics, code evolution, material and detailing deficiencies, and recurring
structural damage mechanisms observed after both earthquake events.

In this context, the study adopts a comparative engineering assessment framework
based on post-earthquake field observations, available reconnaissance findings, historical
earthquake damage records, seismic code developments, and strong ground motion char-
acteristics associated with the investigated earthquakes. The reinforced concrete building
damages observed in Erzincan following the 1992 earthquake and in Malatya following
the 2023 Kahramanmaras earthquake sequence were comparatively evaluated in terms
of material quality, structural irregularities, reinforcement detailing deficiencies, and re-
curring damage mechanisms affecting structural performance. Through this integrated
assessment approach, the study aims to provide a comprehensive interpretation of the
evolution of earthquake-induced reinforced concrete damage patterns in Tiirkiye over the
last three decades.

Beyond providing a comparative interpretation of earthquake-induced damage mech-
anisms, the findings of this study may also contribute to the identification of structural
deficiencies that should be prioritized in the seismic assessment and retrofitting of existing
reinforced concrete buildings. The systematic classification of recurring damage patterns,
including soft-story irregularities, short-column effects, inadequate confinement detailing,
and beam—column joint deficiencies, may assist engineers in selecting and developing more
effective strengthening strategies for vulnerable building stocks. In this context, previous
studies have demonstrated that the accurate identification of critical structural weaknesses
constitutes a fundamental basis for the selection of appropriate seismic retrofitting in-
terventions, including reinforced concrete jacketing, FRP-based strengthening systems,
steel bracing solutions, and shear-wall-based upgrading strategies [20,21]. These stud-
ies further demonstrate that post-earthquake damage classification can provide valuable
guidance for selecting appropriate seismic rehabilitation strategies for existing reinforced
concrete buildings.

It should be noted that the scope of the present study is limited to comparative post-
earthquake damage assessment based on field observations, reconnaissance findings, and
documented structural damage patterns. Detailed numerical investigations of stress—strain
states and nonlinear structural response mechanisms are beyond the scope of the current
work and may constitute a valuable direction for future research.

It should also be acknowledged that a consistent building-level damage inventory
containing comparable quantitative damage classifications for both earthquake events was
not available. Therefore, the comparative assessment was primarily based on documented
damage mechanisms, field observations, reconnaissance findings, and seismic demand
characteristics rather than statistical damage-grade distributions or damage-index-based
evaluations. Future studies utilizing comprehensive post-earthquake building inventories
may provide valuable opportunities for quantitative cross-event performance comparisons
and statistical assessment of damage trends.

2. Seismological Framework and Ground Motion Characteristics

The comparative assessment presented in this study was developed using multiple
data sources associated with the investigated earthquake events. The evaluation of the
1992 Erzincan earthquake primarily relied on historical photographs, published recon-
naissance reports, and documented observations available in the literature, whereas the
assessment of the 2023 Kahramanmaras earthquake sequence additionally benefited from
contemporary field observations and recent post-earthquake documentation. It is acknowl-
edged that historical earthquake records may preferentially document heavily damaged
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structures, whereas contemporary field investigations can capture a broader range of dam-
age conditions. Consequently, differences in data availability, documentation practices, and
investigation coverage may introduce a degree of selection bias. Nevertheless, the objective
of the study was not to establish statistically representative damage distributions, but rather
to identify recurring structural damage mechanisms and engineering deficiencies observed
across different generations of reinforced concrete building stocks.

The seismotectonic of the Anatolian block is defined by the balance between the
northward push of the Arabian Plate and the westward escape (extrusion) of Anatolia
against Eurasia; this shear regime is accommodated by two principal strike-slip fault
systems: The North Anatolian Fault (NAF), which is right-lateral, and the East Anatolian
Fault (EAF), which is left-lateral. GNSS-based velocity fields indicate lateral escape on the
order of ~20-25 mm/yr along the NAF and ~6-10 mm/yr. along most segments of the
EAF; this difference suggests that the NAF has a higher cumulative slip rate and therefore
a greater potential for large-scale moment release. This framework is consistent with
contemporary plate-scale models explaining the westward dispersion of the Anatolian
microplate [22-25].

The earthquakes examined in this study—among the most significant in Tiirkiye’s
history—the 13 March 1992 Erzincan earthquake and the 6 February 2023 Kahramanmarag
earthquakes, occurred on two of Tiirkiye’s most important fault systems, the North Ana-
tolian Fault and the East Anatolian Fault, respectively. The epicentres of these events
are shown together with the fault traces on the current Tiirkiye Earthquake Hazard Map
in Figure 2.

Earthquake Epicenter
City/ Town =
Major Road

River / Lake

= = = Province Boundary

Figure 2. Locations of the 1992 Erzincan and 2023 Kahramanmaras earthquake epicenters with the
major active fault systems in Tiirkiye, including the North Anatolian Fault (NAF) and East Anatolian
Fault (EAF).

Erzincan is situated on the eastern reach of the North Anatolian Fault (NAF). The
26 December 1939 Erzincan earthquake (M 7.8)—characterized by hundreds of kilometers
of surface rupture and meters of right-lateral offset—constitutes a watershed event in
Ttirkiye’s seismotectonic history. In the subsequent decades, a stepwise westward sequence
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of Mw > 6.7 earthquakes along the NAF has exemplified triggering and migration mediated
by Coulomb stress transfer [26].

Malatya, by comparison, lies near the Pazarcik-Cardak-Stirgii strands of the East Ana-
tolian Fault (EAF). Geodetic and seismological analyses indicate that the 6 February 2023
Mw = 7.8-7.6 doublet ruptured multiple segments in a cascading sequence and, in places,
produced intense ground motions due to high slip and/or rupture directivity. Although the
EAF accommodates a lower slip rate than the NAF, stress accumulation over long segments
can culminate in large-scale doublet or multi-segment ruptures. When compounded by
long-duration demand and repeated load cycles, this poses an engineering-critical problem
for basins like Malatya where local site effects are pronounced [27,28].

For damage-focused analysis, the Akcadag station (Malatya) records from the
2023 Kahramanmaras earthquake sequence and the Erzincan central station records from
the 1992 Erzincan event were selected. This choice concentrates on provinces directly
associated with documented field damage: Akcadag captures the impacts of the Kahra-
manmaras sequence in Malatya, while the Erzincan observatory station represents the
1992 Erzincan damage (Figure 2). This enables a parallel, station-scale comparison of near-
to intermediate-source ground motions generated by distinct fault systems (EAF vs. NAF)
under a consistent processing workflow.

Raw acceleration time histories underwent standard processing, including baseline
correction; the corrected accelerations were then numerically double-integrated to derive
velocity and displacement histories, as presented in Figure 3. Key metrics are summarized
in Table 2. Effective duration D5-95 was computed from Arias-intensity histories, with
characteristic threshold times annotated on the plots. Peak ground acceleration (PGA), peak
ground velocity (PGV), and peak ground displacement (PGD) are reported per recorded
component as peak (absolute) values; because the sign denotes component orientation only,
magnitudes are used in interpretation.
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Figure 3. Time-domain comparisons—acceleration, velocity, displacement, and cumulative Arias
intensity (Akcadag-Malatya and Erzincan records).
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Table 2. Ground-motion intensity measures (PGA, PGV, PGD) and effective duration at representa-
tive stations.

. PGA PGV PGD Effective
Earthquake Station (2) (cm/sn) (cm) Duration (s)
Elbistan (Mw = 7.6) g —0.41 35.29 —52.6529 17.43
Pazarctk (Mw = 7.7) Akcadag-Malatya 0.13 —27.32 —39.4347 40.58
Erzincan (Mw = 6.8) Erzincan-Center —0.48 —82.05 58.75 6.81

Using the raw strong-motion acceleration records, 5%-damped response spectra were
generated by solving the dynamic response of a linear single-degree-of-freedom oscillator
through a custom-developed numerical processing workflow. Figure 4 summarizes the
workflow in two panels: (a) code-based design spectra, and (b) an overlay of 5%-damped
pseudo-acceleration response spectra from the Pazarcik (Mw 7.7), Elbistan (Mw 7.6), and
1992 Erzincan (Mw 6.8) records against the same design curves.

Figure 3 highlights both amplitude and shape contrasts among the prescribed spectra.
Owing to its broad plateau and longer corner periods, the 1975 TSC [29] (Class IV) sustains
elevated design demand over a wider period band. At short periods, the 2018 [30] TSC
Soil E generally yields the largest spectral accelerations, the 2007 [31] TSC is intermediate,
and the 2018 TBEC Soil A [30] offers the lowest short period demands. In Figure 4b, the
Malatya-Akcadag record from the first event (Pazarcik) lies below the design spectra across
all periods. In contrast, the second event (Elbistan) locally surpasses the 2007 TSC [31]
and 2018 TSC Soil E [30] curves at short periods (~0.1-0.4 s). The 1992 Erzincan spectrum
displays pronounced short-period peaks with rapid attenuation toward intermediate-
long periods. Collectively, these observations align with the damage pattern in Malatya:
although the first shock remained below code-level demand, the second exceeded it in the
short-period range. Moreover, the approximate parity of maximum 5%-damped spectral
accelerations between the Malatya Elbistan record and the 1992 Erzincan record indicates
comparable demand magnitudes, providing a coherent basis for cross-comparing the
resulting damage patterns.

1.80 1.80

1.60 — 2007 1SC 160 — Pazarcik (Mw=1.7)
= l | —— Elbistan (Mw=7.6)
2140 = 2018 T5C Soil Class:A B 140 || —— Erzincan-1992 Mw=(6.8)
=
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Figure 4. Design spectra vs. recorded spectra (a) 5%-damped design spectra: 1975 TSC (Class IV) [29],
2007 TSC [31], 2018 TBEC (Soil A, E) [30]. (b) 5%-damped record spectra (Pazarcik Mw = 7.7, Elbistan
Mw = 7.6, Erzincan 1992 Mw = 6.8).

These spectral characteristics provide a rational engineering basis for interpreting
the similarities and differences observed in post-earthquake reinforced concrete damage
mechanisms between Erzincan and Malatya. In addition, an important distinction between
the investigated earthquake events is that the 2023 Kahramanmarag sequence consisted of
two major mainshocks (Mw 7.7 Pazarcik and Mw 7.6 Elbistan) occurring within a short
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time interval, whereas the 1992 Erzincan earthquake was characterized by a single princi-
pal event. Although the present study focuses primarily on the comparison of observed
damage patterns and representative ground-motion characteristics, the cumulative ef-
fects of repeated strong shaking may have contributed to the amplification of structural
damage in Malatya, particularly in buildings that experienced initial damage during the
first mainshock and were subsequently subjected to additional seismic demand during the
second event. This aspect should be considered when interpreting the observed damage
mechanisms and represents an important topic for future detailed analytical investigations.

3. Historical Evolution of Seismic Codes and Hazard Maps in Tiirkiye

Earthquake regulations in Tiirkiye have evolved through a cumulative learning pro-
cess in which observed field damage patterns and laboratory findings are directly reflected
in design. The process began with the 1940 Directive issued after the 1939 Erzincan earth-
quake, which established administrative/framework provisions (see Table 3); subsequent
texts progressively broadened scope and technical content. The 1975 regulation is a mile-
stone in which seismic analysis of structural systems and detailing of reinforced-concrete
members were codified systematically for the first time; fundamental rules such as min-
imum dimensions, stirrup spacing, and confinement regions were clarified at this stage
(see Table 3). With the 1998 regulation [32], the ductility approach was adopted; together
with the definitions of the reduction factor (R), importance factor (I), and system ductility
levels, joint details were standardized and 135°-hooked stirrups became mandatory. The
clear lessons from the 1999 Kocaeli (Golciik) earthquake were incorporated into the 2007 reg-
ulation along three main axes: (i) addition of separate and detailed chapters for performance
assessment and strengthening of existing buildings; (ii) sharper criteria for capacity design
principles (strong column-weak beam, boundary elements, short-column behaviour, shear
safety, confinement regions); and (iii) classification of irregularities (plan/vertical) with
associated design penalties, and clarification of modeling/analysis rules.

Table 3. Historical list of Turkish seismic building codes (1940-2018).

Year Official English Title Original Title (Turkish)

1940 Instruction for Construction in Earthquake Zones Zelzele Mintikalarinda Yapilacak Ingaata Ait Talimatname

1944 Provisional Instruction for Construction in Earthquake Zones Zelzele Mintikalar1 Muvakkat Yap1 Talimatnamesi

1949 Building Regulation for Seismic Regions of Tiirkiye Tiirkiye Yer Sarsintis1 Bolgeleri Yap1 Yonetmeligi

1953 Regulation on Buildings to be Constructed in Earthquake Zones I\—{Ie;liif;?:i{loiilérel Leili'li(nde Yapulacak Yapular

1962 Regulation on Buildings to be Constructed in Disaster Areas Afet Bolgelerinde Yapilacak Yapilar Hakkinda Yénetmelik

1968 Regulation on Buildings to be Constructed in Disaster Areas Afet Bolgelerinde Yapilacak Yapilar Hakkinda Yénetmelik

1975 Regulation on Buildings to be Constructed in Disaster Areas Afet Bolgelerinde Yapilacak Yapilar Hakkinda Yénetmelik
(ABYYHY-1975) [29] (ABYYHY-1975) [29]

1998 Regulation on Buildings to be Constructed in Disaster Areas Afet Bolgelerinde Yapilacak Yapilar Hakkinda Yénetmelik
(ABYYHY-1998) [32] (ABYYHY-1998) [32]

2007 Regulation on Buildings to be Constructed in Seismic Zones Deprem Bolgelerinde Yapilacak Binalar Hakkinda Y6netmelik
(DBYBHY-2007) [31] (DBYBHY-2007) [31]

2018 Turkish Building Earthquake Code (TBEC-2018) [30] Tiirkiye Bina Deprem Yonetmeligi (TBDY-2018) [30]

Within this framework, the 2018 TBEC [30] achieved full integration with contempo-
rary performance-based approaches; issues such as nonlinear analysis options (pushover,
time-history), seismic isolation and energy-dissipating devices, minimum member dimen-
sions and longitudinal/transverse reinforcement limits, the prohibition of overlapping
splice (lap) regions with plastic hinge zones, and provisions for effective confinement
and shear friction are elaborated. The same evolution is evident in the requirements for

https:/ /doi.org/10.3390/buildings16132525


https://doi.org/10.3390/buildings16132525

Buildings 2026, 16, 2525 10 of 41

wall/shear-wall boundary elements, the redefinition of reinforcement detailing with respect
to collapse mechanisms under seismic effects, floor-level confinement/upper-envelope
requirements against story mechanisms and soft-story risks, and conditions introduced for
foundation—soil interaction (e.g., liquefaction assessments, settlement/carrying-capacity
scenarios). In sum, the 1975 — 1998 — 2007 — 2018 trajectory represents not merely textual
revision but the maturation of a design culture that, along the axes of detailing—ductility—
capacity—performance, has become progressively sharper, more practice-oriented, and
directly targeted at observed damage mechanisms (see Tables 3 and 4).

Table 4. Historical evolution of Turkish seismic codes: scope, detailing, performance, and key

provisions (1975-2018).

Scope & Ke Ductility & Performance héz:g:t? Member Other
Year Code Title pe & ey uctility & Soil Class Steel Grade Dimensions Notable
Innovations Detailing o Strength .
Retrofitting (MPa2) (Columns/Walls) Provisions
Ductility
First comprehen-  concept not yet Use of
Regulation sive earthquake defined; concrete
onBuildings  regulation: basic stiffness and .
tob & guato 1 + th Columns > 250 mm without
obe _principies SIENg Strengthening about 14 (>300 mm vibration
Constructed introduced for emphasized. 5220 p R e
1975 . X concept I 1L, 1001, IV . (approx. circular); prohibited;
in Disaster reinforced Rules for . (Plain bar) ) IIs > L
Areas concrete, transverse not included. class B225) walls 7h150 I{m’leo restrllctlons on
(ABYYHY- masonry, steel, reinforcement or story height/ ual(i)thzon-
1975) [29] and timber struc- and q cre}t]e
tures. confinement re- '
gions included.
Importance
factor (I),
Regulation response Soil effects
on Buildings modification 135° hooks for and the
tobe factor (R) and . Strengthenin Columns > 250 mm; L
stirrups & & definition of
Constructed soil classes ps provisions Z1,72, 5420 (De- walls > 200 mm e
1998 N . mandatory; o >20 ductility level
in Disaster defined. L . limited 73,74 formed bar) (or story .
. e joint details . . included
Areas High-ductility . in scope. height/15) licitly f
(ABYYHY- and nominal- standardized. i(pf.l cit Y tor
1998) [32] ductility system the first time.
definitions intro-
duced.
Foundations of
Reeulation the performance- Ductile Retrofitting Soil groups
on ]§uil dings based approach detailing made and (A-D)and
tobe & established; mandatory; performance Columns > 250 mm: liquefaction
Constructed ~ 2ssessmentof confinement  analysis 71,22, 5420 (De- walls > 200 mm potential
2007 R .. existing regions, included for >20 considered;
in Seismic buildings added short-column the first time 23,24 formed bar) (or story modal
Zones & ’ . . height/15) L
(DBYBHY- Separate behaviour and as a dedi- combination
2007) [31] chapters for RC, boundary ele- cated chap- method re-
g masonry ments clarified. ter. tained.
and steel.
. . Performance-
Aligned with the based desi
2018 Tiirkiye fully en
parbawke  Daing adoped e
Turkish - Vaps provisions procedures Col > 300 mm:
Building design updated; for orumns = S mm; energy
framework / ZA,7ZB,ZC, 5420 (De- walls > 250 mm dissipation
2018 Earthquake dated boundary assessment 7D ZF. ZF £ db. >25 " devi
Code (TBEC- up at? N elements and of existing d ormed bar) (Qrs ory evices
2018) [30] High-rise, confinement buildings height/16) explicitly
seismic isolation - . g. included in
and nonlinear rules refined. revised; the code
) - performance ’
analysis require
ments clarified levels
. defined.

Tiirkiye’s seismic hazard cartography has evolved via a staged shift from damage-
based zoning to probabilistic seismic hazard analysis (PSHA). The first official “Seismic
Zoning Map” appeared in 1945 and was revised in 1947; subsequent editions in 1963 and
1972 retained deterministic/data-driven graded zoning, whereas the 1996 map, consistent
with international trends, adopted a 10% probability of exceedance in 50 years (475-year
return period) and introduced regional acceleration levels suitable for design input. This
trajectory—enabled by higher-quality instrumental /catalog data, refined active-fault inven-
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tories, and the accumulation of post-event field and laboratory evidence—reveals a steady
sharpening of methodology and classification logic [33].

Accompanying the 2018 Turkish Building Earthquake Code (TBEC-2018) [30], the
new Tiirkiye Earthquake Hazard Map replaces zone-based prescriptions with site-specific
spectral accelerations (Ss, S1). From these, SDS and SD1 design parameters and 5%-damped
elastic design spectra are generated and made queryable by coordinates or address via an
interactive web interface, alongside soil-class-dependent site coefficients. Consequently, the
influences of fault proximity and local site conditions on design demand are incorporated
directly within an integrated map-to-code framework using updated source characteriza-
tion and next-generation probabilistic hazard models (AFAD, 2018) [34].

Despite the substantial evolution of seismic design codes in Tiirkiye, the persistence of
recurring damage mechanisms observed after recent earthquakes indicates that deficiencies
in construction quality, detailing practice, and implementation control continue to limit the
practical effectiveness of modern seismic regulations.

4. Observed Damage Mechanisms in Reinforced Concrete Structures

4.1. Material and Workmanship Deficiencies
4.1.1. Concrete Quality and Material Deficiencies

An evaluation of the seismic codes indicates that from the 1975 regulation to the
2018 regulation, various limitations have been introduced regarding the material properties
to be considered in the design of reinforced concrete structures. For instance, according to
the 1975 Earthquake Code [29], the minimum concrete compressive strength required in
first- and second-degree seismic zones was 18 MPa. This value was increased to 20 MPa in
the 1998 Turkish Earthquake Code (TEC-1998) [32] for the same seismic zones. Furthermore,
the 2007 Turkish Earthquake Code (TEC-2007) [31] maintained the minimum concrete
compressive strength at 20 MPa for all seismic zones, while the 2018 Turkish Building
Earthquake Code (TBEC-2018) [30] raised this requirement to 25 MPa. In line with the
objective of improving concrete quality, Circular No. 248, issued by the Ministry of Public
Works and Settlement in 2004, prohibited the use of hand-mixed concrete and made the use
of ready-mixed concrete mandatory. These progressive improvements in concrete quality
requirements were directly reflected in the reduction in severe material-related deficiencies
observed in newer reinforced concrete buildings; however, workmanship-related defects
and local quality-control problems continued to persist in both earthquake events.

It is known that the majority of reinforced concrete structures constructed before
2000 were constructed using concrete mixed by hand at the construction site, with low
cement dosage and insufficient vibration [35].

Following the earthquake that occurred in Erzincan on 13 March 1992, researchers
conducted studies to determine the quality of concrete in damaged structures. Compressive
strength of the concrete was reported to be approximately 10 MPa from the results of
core samples taken from damaged structures [36,37]. Ersoy (1992) [38] reported that
low concrete quality, inadequate mix ratios and segregation were observed in the post-
earthquake inspections. Akytiz and Uyan (1993) [39] conducted the most comprehensive
study to determine the concrete material properties of the building stock in Erzincan
province. As a result of destructive and non-destructive tests carried out on approximately
200 core samples, it was determined that the average compressive strength was below
150 kgf/cm?, i.e., it did not meet the minimum strength class BS 14 (B160) specified in the
TS500 standards [40]. Cengiz (1993) [41] also highlighted the negative impact on concrete
quality of using unwashed sand, which contains a high amount of silt, taken from the
Euphrates River bed in concrete production. He also stressed that concrete is poured in
Erzincan in winter, even when the temperature is unsuitable, which affects quality [42].
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Even though nearly 30 years have passed since the 1992 Erzincan earthquake, sim-
ilar concrete material property/quality deficiencies were still observed in the buildings
examined in Malatya Province after the 6 February 2023 Kahramanmarag earthquakes. In
particular, cold joints were identified in buildings aged 5-10 years, while the use of aggre-
gates with inappropriate gradation was detected in structures that were 25-30 years old.
The generally appropriate/homogeneous aggregate gradation observed in 5-10-year-old
buildings indicates that ready-mixed concrete was used instead of hand-mixed concrete
and that the production process was more controlled. However, due to construction-related
issues encountered during on-site applications, adverse conditions such as segregation
and cold joints were still observed. Figure 5 illustrates the concrete defects observed in
damaged buildings in Erzincan and Malatya provinces.

Erzincan-199 ? -' SR e

Honeycom.].as—. Segfegéﬁon

Malatya-2023
Turan et al. (2024)

Figure 5. Examples of concrete quality deficiencies observed in reinforced concrete buildings after the
1992 Erzincan and 2023 Malatya earthquakes. The observed deficiencies include insufficient concrete
cover, honeycombing/segregation, non-granulometric aggregate use, segregation, and cold joints.
The Malatya-2023 images are adapted from field observations reported in Turan et al. (2024) [43],
with additional visual documentation and perspective differences introduced for comparative illus-
tration purposes.

Although RC structures are properly designed, the inclusion or accidental presence of
foreign materials within the concrete section can cause discontinuities that adversely affect
the overall concrete quality [35]. Post-earthquake investigations revealed that the presence
of wooden fragments embedded in column members could lead to structural problems.
Although stair elements are generally not considered primary vertical load-carrying mem-
bers within reinforced concrete frame systems, the presence of foreign materials in these
elements still reflects poor workmanship and construction practice. Figure 6 illustrates
examples of these defects observed in the field.

In addition, a further issue compromising the cross-sectional integrity of reinforced
concrete members arises from user faults, particularly the passing of utility plumbing
pipes through structural elements such as columns and beams. Both Malatya and Erzincan
provinces observed these user-related mistakes. Some examples of this are given in Figure 7.
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Erzincan-1992

Figure 6. Examples of foreign materials embedded in concrete observed in reinforced concrete
buildings following the 1992 Erzincan and 2023 Malatya earthquakes, including brick and wood
inclusions. The Malatya-2023 case is based on field observations reported in Turan et al. (2024) [43],
with additional visual representation for comparative documentation purposes.

incan-1992 Erzincan-1992
Electrical conduit Plumbing pipes g
\ Y2

cl éonduit 5 i | Electrical conduit i

Figure 7. User-related construction mistakes involving electrical conduits and water pipes embedded
in reinforced concrete members observed in the 1992 Erzincan and 2023 Malatya earthquakes.
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These observations indicate that, despite improvements in seismic code provisions
and material standards, workmanship-related deficiencies and on-site construction errors
continue to significantly influence the seismic vulnerability of reinforced concrete buildings.

4.1.2. Reinforcement Properties and Corrosion Mechanisms

One of the most important factors for earthquake-resistant structural design is the
structure’s ability to demonstrate enough ductile behavior. The bond strength between
the reinforcement and the concrete plays a crucial role in achieving this behavior. In this
context, the importance of using deformed reinforcement cannot be overstated. In Tiirkiye,
the use of plain reinforcement of grade 5220 was permitted in the codes that were in effect
until TEC 1975 [29], whereas the use of plain bars was prohibited after the TEC 1998 [32].
Following the earthquakes, the bond problems caused by the use of non-deformed rein-
forcement were particularly emphasized. After the 1992 Erzincan earthquake, researchers
reported that the most commonly used type of reinforcement had a yield strength of
2500 kg/ cm? (275 MPa) [11]. The alkaline nature of concrete (pH > 9), together with ade-
quate concrete cover, low porosity, and low permeability, generally prevents reinforcement
corrosion in reinforced concrete structures under normal conditions. However, harmful
agents such as airborne salts, acidic environments, and sulfate and chloride ions present
in concrete, as well as physical degradation mechanisms such as carbonation—commonly
observed in structures located near coastal regions—and freeze—thaw cycles, can weaken
the mechanical properties of reinforcement steel. This deterioration can eliminate the
protective effect of the passive film on the reinforcement surface, leading to the onset of
corrosion [44-46]. Considering that most of the existing building stock in Erzincan was
constructed before 1992, it is likely that ready-mixed concrete was not used in many build-
ings and that essential factors such as adequate concrete cover and concrete quality were
neglected due to the lack of proper engineering services. Corrosion in reinforced concrete
structures reduces the mechanical properties of both the concrete and the reinforcement.
The decrease in bar diameter caused by corrosion, along with the radial pressure exerted
by the rust products on the inner surface of the concrete, results in cracking and a reduction
in bond strength between the concrete and the reinforcement Corrosion of reinforcing
bars typically reduces the ductility, stiffness, strength, and deformation capacity of RC
structures [47,48]. As a result, corrosion-induced deterioration significantly compromises
the seismic performance, ductility, and energy dissipation capacity of reinforced concrete
members. Cracking and spalling in concrete sections resulting from corrosion become more
evident under seismic loading. This phenomenon has been observed in both Erzincan and
Malatya provinces (Figure 8).

These observations indicate that corrosion-related deterioration and insufficient con-
crete cover remain critical factors contributing to reduced confinement, bond deterioration,
and premature damage development in reinforced concrete members subjected to seis-
mic loading.
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Figure 8. Examples of corrosion-induced deterioration and inadequate concrete cover observed
in reinforced concrete members following the 1992 Erzincan and 2023 Malatya earthquakes. The
Malatya-2023 case is based on field observations reported in Turan et al. (2024) [43], with ad-ditional
visual representation for comparative documentation purposes.

4.2. Short Column Effect

Short column behavior occurs in reinforced concrete structures when the lateral dis-
placement of a column element is constrained by various openings, structural system design
(architectural configurations such as mezzanine floors or stair slabs), or infill walls. Short
columns are elements with high stiffness and low ductility [49]. The free portion of the
column tends to drift similarly to other elements, while the deformation of the restrained
portion remains negligible. Such behavior causes an increase in lateral stiffness in the un-
constrained region of the column, thus concentrating shear forces in this region. Horizontal
loads acting on reinforced concrete frame systems under seismic load are transferred to
the columns through slabs and beams, creating bending moments and shear stresses in the
columns. In short columns, these effects increase inversely proportional to the column’s
clear height. Reduced effective column height significantly increases shear demand and
promotes brittle shear-dominated behavior prior to flexural yielding [50]. Such behavior
causes the columns to be exposed to shear forces much higher than those anticipated in the
design phase and inevitably suffer shear failure [51]. Recommendations are provided in the
regulations for situations where short columns cannot be avoided during the design phase.
Although the 1975 earthquake code [29] does not directly define short column behavior, it
mandates that the confinement zone stirrup be extended along the entire column to prevent
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increased shear stresses caused by shear or infill wall discontinuities. This suggests an
indirect adjustment for the short column effect. The 1998 code [32] recommends that the
shear force to be used as the basis for transverse reinforcement calculations in the case
of short columns be calculated using Equation (1). The calculated shear force shall meet
the conditions given in Equation (2). In addition, the minimum transverse reinforcement
and placement conditions defined for the confinement zones of columns in 7.3.4.1 shall
be applied along the short column, and the transverse reinforcement shall be extended
throughout the entire story height (Figure 9). As shown in Figure 9, the lower and upper
moment values shall be calculated as Ma = 1.4 Mra and M = 1.4 Mrii, meaning that a
40% increase in flexural capacity at the column ends is required. The 1998 Turkish Earth-
quake Code [32] introduced specific shear-force and confinement requirements for short
columns, as expressed in Equations (1) and (2), which were further maintained and refined
in subsequent seismic codes.

Ve = (Mru + Mrl>/ln/ (1)

Ve< Ve, Ve<085% Ay X fo ()

where V, is the design shear force considered for short-column assessment; M;, and M,;
represent the probable moment capacities at the upper and lower ends of the column,
respectively; and I, is the effective height of the short-column segment. In Equation (2), V,
denotes the applied shear force, V; is the available shear strength of the member, A is the
gross web area resisting shear, and f is the characteristic compressive strength of concrete.

Deep beam
or
Infill wall

Figure 9. Schematic representation of reduced effective column height and increased shear demand
caused by infill walls or deep beam interaction according to TBEC-2018 [30] provisions. I, represents
the effective height of the short-column segment, V. denotes the design shear force generated by the
reduced effective column length, and M, and M,; correspond to the probable flexural capacities at
the lower and upper ends of the column, respectively.

As in many earthquakes in Tiirkiye, previous post-earthquake investigations have con-
sistently reported shear damage in short columns during the 1992 Erzincan and 2023 Kahra-
manmaras earthquakes (Figure 10). The short column failures observed in Erzincan
province were attributed to the shortening of column effective lengths due to reinforced
concrete walls constructed for various purposes within infill walls, window openings on
the ground floors, and shear walls on staircase landing [52]. Another researcher reported
that significant damage occurred during earthquakes due to short column formation in
buildings where windows extended along the entire facade between columns [53]. In
Malatya province, short column failures were commonly identified due to infill walls [43].
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Figure 10. Examples of short-column damage mechanisms observed after the 1992 Erzincan and
2023 Malatya earthquakes. The notation [, represents the effective column height constrained by
infill walls, window openings, or staircase elements, whereas I;,,;; denotes the total clear height of
the column. The reduction in lgff relative to [y, increases shear demand and promotes short-column
behaviour. The Malatya-2023 case is based on field observations reported in Turan et al. (2024) [43],
with additional visual representation for comparative documentation purposes.

The recurrence of short-column-related damage in both the 1992 Erzincan and
2023 Malatya earthquakes demonstrates that architectural irregularities and infill-wall inter-
actions continue to generate critical shear vulnerabilities despite the substantial evolution
of seismic design codes in Tiirkiye.

4.3. Flexural and Shear Failures in Reinforced Concrete Beams

Many of the reinforced-concrete buildings that were damaged or collapsed in the
1992 Erzincan earthquake were governed by the rules of the 1975 code [29]. In this period,
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the strong-column/weak-beam principle and ductility-oriented detailing had not yet be-
come established. In practice, beam-over strength-induced column weakness, preventing
plastic hinges from forming safely at beam ends and shifting the load-carrying demand to
columns and joints. Consequently, column shear failures were prevalent in many buildings,
while beams exhibited limited flexural cracking; reinforcement pullout due to lap splices
falling within the hinge region; flexure—shear interactive diagonal cracking and end-region
crushing associated with sparsely spaced stirrups with 90° hooks; and spalling of cover
concrete (Figure 11—Erzincan 1992). In addition, low concrete quality and insufficient
transverse reinforcement reduced the shear capacity of the beams and promoted brittleness
instead of the expected ductile hinging. Although the strong-column/weak-beam prin-
ciple has been largely adopted in design in recent years, beam damage was widespread
in Malatya during the 2023 Kahramanmaras earthquakes. Thus, these damage patterns
indicate that construction practice, detailing quality, and field implementation deficiencies
may significantly alter the intended seismic behavior of reinforced concrete frame systems.
The main factors are thought to include insufficient transverse reinforcement and lack of
135° hooks; lap splices placed near joints and inadequate anchorage; workmanship and
inspection deficiencies; the short-beam effect induced by infill walls shortening clear spans;
bond weaknesses hidden beneath finishes; and, in some buildings, diaphragm disconti-
nuities. Moreover, the repeated loading imposed by the earthquake sequence exacerbated
capacity loss at beam ends that had been damaged in the first event, ultimately producing a
damage pattern characterized by diagonal shear cracks, end-region crushing, and spalling
of cover concrete (Figure 11—Malatya 2023).

Erzincan—1992 " RN Erzi.ncan—'l9
| J E | ——

TR
Strong beam-weak column

Flem'i'al.—Sflear crack

Figure 11. Examples of flexural-shear interaction, diagonal cracking, and beam-end damage observed
in reinforced concrete beams following the 1992 Erzincan and 2023 Malatya earthquakes.

The observed beam damage patterns demonstrate that insufficient transverse rein-
forcement, inadequate anchorage detailing, and poor field implementation continue to
hinder the development of the intended ductile seismic response in reinforced concrete
frame systems.
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4.4. Beam—Column Joint Shear Failures

One of the important criteria determining the performance of reinforced concrete
structures under seismic load is the performance of the column-beam connection zone. The
TBDY 2018 code divides column-beam connection zones into two classes: confined and
unconfined connections. A confined connection is defined as a beam encircling the column
on all four sides and a beam width of at least 75% of the column width, while connections
that do not meet this condition are called unconfined connections. Tiirkiye’s current earth-
quake code (TBDY 2018 [30]) stipulates that the shear force at the column-beam connection
zone be determined using a capacity design approach and that transverse reinforcement
detailing be performed based on the obtained values. According to the code, the stirrup
spacing in the connection zone is limited to 150 mm for confined connections and 100 mm
for unconfined connections. Additionally, to TBDY 2018 [30], various international codes
(e.g., ACI 318 [54]) impose additional limitations on the shear capacity of column-beam
joints. In reinforced concrete structures, the behavior of the beam—column connection under
cyclic lateral loads is directly related to the anchor length, section geometry, and confining
reinforcement configuration. Under seismic loading, beam—column joints commonly ex-
hibit three principal damage mechanisms: corner-joint damage, exterior-joint damage, and
internal-joint damage [55] (Figure 12).

@ )

Figure 12. Failure mechanism of cyclic seismic load under column-beam joint: (a) corner joint,
(b) exterior joint, and (c) interior joint [55].

As illustrated in Figure 12, corner joints generally experience stress concentrations
due to the limited confinement provided by framing members on only two sides, making
them more vulnerable to localized cracking and shear damage. Exterior joints are typically
confined on three sides and often develop diagonal cracking patterns within the joint core
as a result of combined shear and bond stresses. Interior joints, which are surrounded
by beams on all four sides, are subjected to complex stress transfer mechanisms and may
exhibit extensive diagonal cracking throughout the joint panel when the available shear
resistance is exceeded. The severity and distribution of damage in each joint type depend
largely on reinforcement detailing, anchorage conditions, confinement effectiveness, and
the level of seismic demand.

Figure 13 shows the damage patterns at the column—-beam joints for the provinces of
Erzincan-1992 and Malatya-2023. The damage patterns observed in Erzincan result from
factors including inadequate reinforcement detailing, as well as poor-quality reinforcement
and concrete, which are discussed in the materials section. While similar causes are
believed to be responsible for this type of damage in Malatya, the devastating impact of the
earthquake is also taken into account. The observed joint damage patterns indicate that
inadequate confinement reinforcement, insufficient anchorage detailing, and low concrete
quality continue to promote brittle shear-dominated behavior in beam—column connections
subjected to seismic loading.
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Insufficient stirrup details i Shear failure

Figure 13. Column-beam joint damage and shear failure patterns observed in reinforced concrete
buildings following the 1992 Erzincan and 2023 Malatya earthquakes, including insufficient stirrup
detailing, concrete crushing, shear cracking, and reinforcement buckling. The Malatya-2023 observa-
tions are based on field data reported in Turan et al. (2024) [43].

Under strong seismic excitation, reinforced concrete members are expected to dissipate
significant amounts of energy through controlled inelastic behavior without experiencing
brittle shear failure [56]. Accordingly, sufficient transverse reinforcement and proper
hook detailing are essential to maintain confinement efficiency and prevent premature
shear-dominated damage in reinforced concrete members. In this context, codes provide
recommendations for various types of confining reinforcement, such as reinforcement
diameter and spacing [30,57].

Table 5 shows the limit states for transverse reinforcement in the Turkish Earthquake
Codes (1975-2018). Table 5, it is recommended that column members be detailed differently
according to three sections: the middle zone, the tightening zone, and the joint zone. An-
other issue regarding stirrups is that the bending angle of the hooks should be 135 degrees
instead of 90 degrees to ensure adequate confinement. The requirement for a 135-degree
hook was first introduced in the 1998 Earthquake Code.
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Table 5. Historical evolution of Turkish seismic codes: Stirrups detailing (1975-2018).
Code Length of Column Confinement Zone  Confinement Zone Middle Region Beam—Column Joint Region
1975 h; Hnet/6; 45 cm 10 cm h/2; 20 cm; 120 h/2; 20 cm; 120
. . . ) 10 cm (unconfined column)
1998 h; Hnet/6; 50 cm 10 cm; b/3 b/2; 20 cm 15 cm (confined column)
2007 h; Hnet/6; 50 cm 10 cm; b/3 b/2;20 cm 10 em (unconfined column)
15 cm (confined column)
2018 1.5 h; Hnet/6; 50 cm 15 cm; b/3; 6@ b/2;20 cm 10 em (unconfined colurmn)

15 cm (confined column)

h: long-side length column, b: short-side length column, Hnet, net column height, & diameter of longitudinal re-
inforcement.

Several experimental studies have been conducted to investigate the impact of con-
finement on structural performance. The primary objective of these studies was to increase
the flexural capacity of columns, which are vertical load-carrying elements, and to observe
the formation of hinge mechanisms at the column ends. It was emphasized that significant
reductions in the shear capacity of RC columns were observed when subjected to cyclic
reversible loading [58]. Some researchers have also conducted studies to simulate the
damage caused by stirrup corrosion in earthquakes [59]. Damage observed in structural
elements in past earthquakes has revealed the importance of stirrup reinforcement detailing
in limiting shear damage in buildings, thus ensuring ductile behavior. In structures exam-
ined after the 1992 Erzincan earthquake, it was noted that stirrup spacing in the buildings
was between 50 and 70 cm, which was not in accordance with the design [60]. Similarly,
another researcher noted that the stirrup diameter and spacing did not comply with either
the earthquake code or TS500 [40]. Stirrup spacing in column elements was reported to be
30-40 cm [38]. Figure 14 shows the improper stirrup spacing observed in Erzincan 1992 and
Malatya 2023. This common mistake is the main cause of shear damage in RC structures.

Erzincan-1992 [

b _ Malatya-2023 Malatya-2023
y Turan et al. (2024) | Turan et al. (2024)

Rl

Inadequate stirrup spaci.ngj vl e Iﬁadequate stirrup spacing

Figure 14. Examples of insufficient transverse reinforcement detailing and inadequate stirrup spacing
observed in reinforced concrete members following the 1992 Erzincan and 2023 Malatya earthquakes.
The Malatya-2023 case is based on field observations reported in Turan et al. (2024) [43], with
additional visual representation for comparative documentation purposes.

The recurrence of beam—column joint shear failures in both earthquake events demon-
strates that deficiencies in confinement detailing, construction quality, and field imple-
mentation continue to limit the practical effectiveness of modern seismic code provisions
in Ttrkiye.
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4.5. Soft Story Irreqularities and Collapse Mechanisms

Researchers reported that the majority of the collapse damage in the 1992 Erzincan
Earthquake occurred in the form of a “bottom-up” collapse, progressing from the bottom up.
The primary cause of this damage mechanism was attributed to the formation of soft stories
on the ground floors. Under seismic loading, plastic hinges are expected to form primarily
at the ends of ground-floor columns in buildings exhibiting soft-story irregularities. It is
known that the rotations caused by these hinges would cause greater displacements than
the more rigid upper floors [61]. In studies conducted in Erzincan province, soft story
damage was reported in buildings with commercial units on the ground floors of the city’s
main streets [9]. For example, Figure 15 shows the condition of a ground floor and three-
story reinforced concrete building damaged in the 1992 Erzincan Earthquake. The first
striking feature of the building, as mentioned above, is that the ground floor was designed
for commercial use with a lower infill wall density compared to the upper floors [62,63].
Although infill walls are generally treated as non-structural elements in conventional
design approaches, their contribution to lateral stiffness significantly alters the seismic
response distribution within reinforced concrete frame systems [64-66]. Considering this,
the ground-floor layout, which creates a difference in stiffness between floors, has caused
damage to the building’s vertical load-carrying elements and fractures and collapses in the
infill walls on the upper floors.
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Figure 15. Examples of soft-story collapse mechanisms observed in reinforced concrete buildings in
Erzincan Province before and after the 1992 earthquake.

Similarly, in Malatya province, soft-story mechanisms caused severe damage to the
buildings where the ground floor was designed for commercial purposes and where there
were differences in stiffness between the floors (Figure 16).

The recurrence of soft-story collapse mechanisms in both the 1992 Erzincan and
2023 Malatya earthquakes demonstrates that commercial ground-floor usage, stiffness dis-
continuities, and infill-wall irregularities continue to generate critical seismic vulnerabilities
despite substantial improvements in Turkish seismic design codes.
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Figure 16. (a) Pre-earthquake and (b) post-earthquake views of a reinforced concrete building
in Malatya Province exhibiting severe soft-story collapse behavior following the 2023 Kahraman-
marag earthquake sequence. The Malatya-2023 case is based on field observations reported in
Turan et al. (2024) [43], with additional visual representation for comparative documentation purposes.

From a structural mechanic’s perspective, the soft-story mechanism represents a
concentration of lateral deformation demand within a single story, resulting in the formation
of a story mechanism rather than a desirable global distribution of inelastic deformations
throughout the building height. Once the deformation capacity of the ground-story columns
is exceeded, the vertical load-carrying system may rapidly lose stability, leading to partial
or total collapse. This behavior corresponds to a failure mechanism associated with the
exceedance of ultimate limit states and highlights the importance of maintaining both
stiffness and strength continuity along the building height.

4.6. Damage Mechanisms in Structural Shear Walls

Although structural shear walls are intended to enhance lateral stiffness and seismic
resistance, inadequate confinement detailing and local stiffness irregularities may still
result in brittle damage mechanisms under strong earthquake loading. Shear walls are
load-bearing elements that, thanks to their geometric properties (aspect ratio) and high
moments of inertia under seismic loads, attempt to limit the drift of the structure by
carrying a significant portion of the lateral loads. Regulations provide various definitions
for shear walls. For example, the 1975 regulation specified a ratio of the longest side to the
thickness of the building as 5, while the 1998 and 2007 regulations defined this ratio as 7,
and the 2018 regulation defined it as 6 or greater. Structural shear walls were rarely used
in reinforced concrete buildings in Erzincan Province during the investigated period. As
shown in Figure 17, damage to shear walls can be attributed entirely to the material and
design deficiencies outlined in Sections 4.1-4.4 (i.e., insufficient winding reinforcement,
inadequate diameter of the winding reinforcement, and insufficient concrete compressive
strength). A special case presented for Erzincan province in Figure 17a is the situation
where the short beam in the shear wall causes shear damage by shortening the effective
length of the shear wall. Concrete crushing/concrete cover separate in the confinement
zones, as well as the buckling of longitudinal bars in unconfined beam—column joints, were
also observed, as illustrated in Figure 17.
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Figure 17. Examples of shear wall damage observed in reinforced concrete buildings in Erzincan

Province following the 1992 earthquake: (a) shear cracking associated with short-beam effects,
(b) diagonal shear cracking near RC beam-wall intersections, and (c) local crushing and cracking
damage in RC deep beam—shear wall regions interacting with infill walls.

According to TBEC 2018 [30], special confinement detailing should be provided at the
wall end zones, corresponding to a minimum of 20% of the wall length, with a longitudinal
reinforcement ratio of at least 1% within the confined area. In Malatya province, shear wall
damage observed included reinforcement buckling and concrete crushing, most commonly
observed in the U-shaped shear walls designed around elevator shafts (Figure 18b,c). In the
shear wall damage seen in Figure 18a, crushing in the concrete and opening in the stirrups
were observed due to excessive axial load. Observed shear wall damage patterns included
reinforcement buckling, concrete crushing, and stirrup opening under combined axial and
seismic demands. In addition to the high seismic demand imposed by the earthquake
sequence, inadequate confinement detailing and insufficient boundary-zone reinforcement
contributed significantly to the observed damage severity.

The observed shear wall damage mechanisms demonstrate that inadequate confine-
ment detailing, high axial-load demand, and local reinforcement deficiencies may signifi-
cantly reduce the expected ductile seismic performance of reinforced concrete wall systems
despite modern code provisions.
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Figure 18. Examples of damages observed in reinforced concrete shear walls in Malatya Province
following the 2023 earthquake; (a) reinforcement buckling; (b) stirrup opening; (c) concrete crushing;
(d) elevator—core wall damage.

4.7. Hook Detailing and Bond Deficiencies

Inadequate hook detailing and insufficient anchorage significantly reduce bond perfor-
mance and may promote premature pullout and brittle damage mechanisms in reinforced
concrete members subjected to seismic loading [64—66]. For the effective transfer of bond
between the reinforcement and the concrete in a reinforced concrete member, the reinforce-
ment must provide sufficient bond with the surrounding concrete. Bond in reinforced
concrete structures is affected by a variety of factors, including the mechanical properties of
the concrete and reinforcement, the concrete cover layer, the transverse reinforcement ratio,
and the reinforcement type (ribbed, plain). Hook detailing in the Erzincan province often
failed to comply with the requirements specified in TS 500 [38], as revealed by field visuals.
The inadequate hook anchorage of longitudinal reinforcement to another load-bearing
element poses a risk of buckling damage in column elements and inadequate joints in beam
members [67]. The 1992 Erzincan earthquake reported a common occurrence of these an-
choring mistakes [7]. In Figure 19, the beam reinforcement was not adequately anchored to
the column reinforcement cage or was anchored outside the cage within the concrete cover
layer. Under cyclic seismic loading, inadequate anchorage and insufficient confinement
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promoted concrete cover separation and bond deterioration around the reinforcement ends.
Similar damage to this type has also been observed in older structures in Malatya province.

Figure 19. Examples of inadequate hook detailing and insufficient anchorage observed in reinforced
concrete members following the 1992 Erzincan and 2023 Malatya earthquakes.

Bond-related deficiencies were more frequently observed in older reinforced concrete
members [68] constructed with plain reinforcement bars, inadequate concrete cover, and
poor material quality in both Erzincan and Malatya provinces (Figure 20).

Figure 20. Examples of bond deterioration and pullout-related damage of longitudinal reinforcement
observed in reinforced concrete members after the Erzincan and Malatya earthquakes. The yellow
boxes indicate regions of bond degradation and reinforcement pull-out failure.

The recurrence of anchorage and bond-related deficiencies in both earthquake events
demonstrates that inadequate detailing practice, insufficient confinement, and poor field
implementation continue to compromise the intended ductile seismic behavior of reinforced
concrete members despite modern code requirements.

4.8. Pounding Effects

Due to limited residential area in urban centers, buildings are often constructed with-
out sufficient space or completely adjacent to each other. Multi-story buildings designed
with varying floor heights exhibit different dynamic characteristics in terms of natural
vibration of periods [69]. Insufficient seismic separation between adjacent buildings may
result in impact-induced damage due to incompatible dynamic responses under earthquake
loading [70]. Various field investigations demonstrated the devastating consequences of
the hammering effect in past earthquakes [71]. For example, in the 1985 Mexico earthquake
with a magnitude of Mw = 8.1, 15% of the collapsed buildings were reported to have been
subjected to pounding [72]. Similarly, in the 1989 Loma Prieta earthquake (Mw = 6.9), more
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than 200 of the 500 RC structures examined showed damage due to pounding [73]. The
pounding effect has also been investigated experimentally by researchers. Anagnostopou-
los and Spiliopoulos (1992) [74] noted that adjacent structures with different story heights
are subjected to high stresses under seismic loads. Karayannis and Favvata (2005) [75]
emphasized that the pounding effect causes significant deformations not only in the ad-
jacent stories but also in the upper stories. Regulations offer various recommendations
and limitations to prevent damage to adjacent structures. According to TBEC-2018 [30],
the minimum separation gap between adjacent structures should be at least 30 mm for
buildings up to 6 m in height, with an additional 10 mm required for every 3 m of height
beyond this limit. Another approach for adjacent structures in TBEC-2018 [30] is that
o = 0.25 (R/1I) should be used if the slabs of adjacent structures are at the same level, and
o = 0.5 (R/]) if the slabs are at different levels. In the shows equations, R represents the
structural behavior factor, and I represent the building importance factor. Investigations
conducted after the 1992 Erzincan and 2023 Kahramanmaras earthquakes revealed that the
improper construction of adjacent reinforced concrete structures was a contributing factor
to the damage. The earthquake’s deformations on adjacent structures are believed to have
imposed additional loads on them, exceeding those anticipated during the design phase.

In Erzincan province, severe damage was observed in the infill walls of adjacent
buildings constructed in close proximity, as well as in cantilever elements such as balconies.
In adjoining buildings with soft-story irregularities, damage to infill walls and columns
was also identified (Figure 21a,b). Another case, as shown in Figure 21c, indicates that the
damage was more severe in buildings with different story heights. In the Erzincan Military
Hospital building, which consists of 2-, 6-, and 7-story adjacent structures constructed
with expansion joints, it was observed that the short-column effect contributed to severe,
combined structural damage [9]. During the earthquake, the first block of the building
completely collapsed, while only the ground floor collapsed in the second block. Typical
floor plans of these blocks are shown in Figure 21 [76]. In addition, examination of the
first-floor plan reveals asymmetric column arrangements that may have caused torsional
damage in the structure. In the second-floor plan, it is seen that the vertical load-bearing el-
ements were constructed in a single direction, which likely resulted in weaker performance
depending on the direction of the earthquake. The unidirectional arrangement of vertical
load-carrying elements likely amplified torsional response and reduced the overall seismic
stability of the adjacent structural blocks. Furthermore, the stronger east-west ground
motion of the earthquake compared to the north—south direction amplified the effects of
this unfavorable design.

Figure 22 shows four adjacent structures constructed in Malatya province without
any distinguishing details. Although all structures designated by letters A, B, C, and D
in Figure 22 have the same number of stories (ground floor + two), Structure D differs
from the others in terms of floor height and the commercial use of its ground floor. Of
these structures, the structures at the ends (A and D) sustained the most damage, with the
ground floor and first floor of structure D suffering complete collapse. It was determined
that the commercial use of the ground floor in Structure D resulted in the formation of soft
stories and the most severe pounding effects.

The recurrence of pounding-related damage in both Erzincan and Malatya demon-
strates that dense urbanization patterns, insufficient seismic separation distances, and
architectural irregularities continue to generate significant seismic vulnerabilities despite
the evolution of Turkish seismic design codes.
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Figure 21. Examples of pounding-related damage observed in Erzincan Province: (a) infill-wall
pounding damage; (b) column pounding damage; (c) partial collapse associated with building
pounding; (d) schematic representation of the observed collapse mechanism; (e) structural layout of
the investigated building; and (f) floor plan of the building associated with the observed pounding
damage. The numbers and letters shown in the structural layouts represent gridline identifiers, while
the dashed box indicates the investigated or highlighted structural region.
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Figure 22. Post-earthquake damage assessment of adjacent reinforced concrete buildings (A-D) in
Malatya Province following the 2023 Kahramanmaras earthquake sequence: (a) overall view of the
investigated buildings and observed damage patterns; (b) infill wall cracking, plaster spalling, and
facade damage in Building A; (c) aerial view illustrating the layout and relative positions of Buildings
A-D; (d) general fagade view of Building D; and (e) partial-to-total story collapse and extensive
structural damage recorded in Building D.

4.9. Progressive Collapse

A progressive collapse mechanism is defined as a total or partial collapse resulting
from the sequential failure of elements under earthquake-induced lateral and vertical
loads. Damage propagates from one structural element to another, potentially causing
widespread structural failure [77]. Seismic events, such as the 1992 Erzincan earthquake
and the 2023 Kahramanmaras sequence, were observed to trigger progressive collapse
mechanisms, including impact between columns and sequential failure of lower-story
elements (Figure 23) [78]. In Figure 23, the distribution of damage caused by the explosion
in the second-story columns caused the total collapse of the structure [79,80].

collapse

r_x--lIlllllll(g)

Figure 23. Observed sequence of progressive collapse in frame buildings following the Erzincan
(1992) and Malatya (2023) earthquakes: (a) initial failure of lower-story columns, (b) propagation of
collapse to adjacent floors, (c) impact between beams and columns, (d) element deformation under
seismic loads, (e) element separation, (f) progressive collapse of upper stories and (g) accumulated
debris (adopted from [79,80]).
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Established codes such as Eurocode 2 [81] and ASCE/SEI 7-16 [82] do not recommend
anything regarding the progressive collapse mechanism in the design of reinforced concrete
frame structures. However, the US General Services Administration (GSA-2016) [83]
and the US Department of Defense (UFC 4-023-03) [84] offer some recommendations
for simulating the progressive collapse mechanism to maintain the current serviceability
of structures in special situations such as explosions. Progressive collapses induced by
earthquakes pose serious threats to life safety and property, resulting in substantial social
and economic consequences [85]. Figure 24 shows examples of progressive collapse damage
observed in the provinces of Erzincan and Malatya. The photograph shows a four-story
building in Erzincan, where the collapse propagated along a horizontal plane. Observations
indicate that the primary deficiency leading to progressive collapse was the presence of
weak-story conditions. The absence of shear walls and inadequate interstory drift capacity
further exacerbated structural vulnerability, leading to sequential failure and partial or
total collapse of affected buildings. In the eight-story building located in Malatya, five
stories completely collapsed, resulting in a pile of debris. It is believed that the ground
floor served commercial purposes, which caused a stiffness irregularity. In addition, the
condition of the upper stories indicates that the failure of this structure occurred suddenly
and sequentially.

The observed progressive collapse mechanisms demonstrate that structural deficien-
cies, including weak-story conditions, lack of confinement, and insufficient lateral-load
resisting elements, can propagate failures across multiple stories, emphasizing the critical
need for both code-compliant design and rigorous field-quality control to prevent cascading
structural failures in urban reinforced concrete buildings.

The observed collapse sequences further demonstrate the importance of alternative
load paths and structural redundancy in reinforced concrete buildings. When critical
vertical or lateral load-resisting elements lose their load-carrying capacity, internal force
redistribution may exceed the available reserve strength of adjacent members, resulting in
progressive failure propagation. Such mechanisms reflect ultimate limit state exceedance at
the system level rather than isolated local damage and therefore represent one of the most
critical forms of seismic structural failure.

4.10. Infill Wall Damage Mechanisms

In addition to damage to load-carrying members during earthquakes, infill wall dam-
age is also common [86—88]. Infill walls can be constructed from various unit materials,
such as hollow clay brick, solid brick, aerated concrete, or briquette, depending on eco-
nomic and geographical conditions [89]. Essentially, infill walls possess a much weaker
structural capacity than the reinforced concrete frame systems that support them. This
condition is referred to as the strong frame-weak infill principle [90]. Common damage
types occurring in infill walls include corner damage, out-of-plane, and in-plane damage.
TBEC 2018 [30] introduced flexible joint detailing to reduce out-of-plane failure risks and
to limit unintended interaction between infill walls and surrounding frame elements. As
shown in Figure 25, this flexible joint detail is provided by means of a C-shaped profile
anchored to the inner faces of the column or wall along their height and to the underside of
the beam or slab above.

The flexible joint functions by allowing limited relative movement between the infill
wall and the surrounding reinforced concrete frame during seismic excitation. By intro-
ducing a deformable interface material and avoiding rigid contact between the wall and
structural members, stress concentrations and unintended force transfer mechanisms can be
significantly reduced. This detailing helps prevent the development of out-of-plane insta-
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bility, corner crushing, and premature cracking of infill walls while simultaneously limiting

adverse frame-wall interaction effects that may alter the seismic response of the structure.

Erzincan-1992 j

Erzincan-1992

Pre-earthquake

Figure 24. Examples of progressive collapse observed in multi-story reinforced concrete buildings in
Erzincan (1992) and Malatya (2023): the sequential failure of lower-story columns led to upper-story
collapse, highlighting weak-story mechanisms and stiffness irregularities. Numbered annotations
indicate the sequence of failure across stories. The Malatya-2023 case is based on field observa-
tions reported in Turan et al. (2024) [43], with additional visual representation for comparative
documentation purposes.
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Figure 25. Schematic representation of a flexible connection detail proposed for infill walls in
TBEC-2018 to reduce out-of-plane damage and unintended frame-wall interaction. hc denotes the
cross-sectional width of the RC column/wall, whereas a denotes the thickness of the flexible insulation
material (e.g., mineral wool) introduced to separate the infill wall from the surrounding frame.

The structural effects of infill walls, which are generally considered non-structural
elements in the design phase of reinforced concrete structures, are often neglected [91].
Despite being classified as non-structural elements, infill walls significantly influence the
global seismic response, stiffness distribution, and damage propagation mechanisms of
reinforced concrete frame systems [92]. While the regular and continuous placement of
infill walls provides advantages to the structure, their installation in a manner that creates
discontinuities between floors or creates gaps at the floor level can lead to structural
damage such as soft stories, weak stories, or short columns [93]. The effect of infill walls
on the structural behavior of reinforced concrete buildings has been a subject of research
for a long time, and experimental studies have been conducted in this context [94]. In
the studies conducted, the infill wall was generally examined in terms of its presence or
absence, or the infill wall ratio [95]. As a result of the findings, researchers have stated
that infill walls significantly affect the seismic performance of RC buildings [96]. In-
plane and out-of-plane infill wall damage observed for Erzincan province is presented in
Figure 26. Considering the production capabilities and economic conditions of the period,
infill walls were generally constructed of hollow clay-based bricks and solid bricks. The
relatively high unit weight of commonly used clay-based infill materials likely increased
inertial demands and amplified out-of-plane failure tendencies during strong ground
motion. The SSK Hospital building, which used this type of brick, was reported to have
sustained severe damage [97]. Additionally, due to the stronger east-west ground motions
of the 1992 Erzincan earthquake compared to the north—south ones, out-of-plane collapses
observed on the west and south walls of buildings were reported to have occurred more
intensely than on the east or north facades [98]. In Malatya province, aerated concrete
is typically used as the infill wall material in buildings considered new (5-10 years old).
While there are many similarities in the types of infill wall damage between Erzincan
and Malatya provinces, out-of-plane damage intensifies with increasing story height in
multi-story buildings in Malatya province (Figure 26).

The recurring infill-wall damage patterns observed in both Erzincan and Malatya
demonstrate that infill walls continue to significantly influence the seismic response of
reinforced concrete buildings, particularly when stiffness discontinuities, inadequate de-
tailing, and unintended frame-wall interaction are not properly considered in design and
construction practice.
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Figure 26. In-plane cracking, corner failure, and out-of-plane collapse mechanisms observed in infill

walls of reinforced concrete buildings following the Erzincan (1992) and Malatya (2023) earthquakes.

4.11. Staircase Damages Mechanisms

Staircases are secondary structural components that play a critical role in evacuation
safety and interstory movement compatibility during earthquakes. Previous earthquakes
have also shown that staircase components are highly vulnerable to damage during seismic
events [99]. Therefore, damage or collapse of staircase elements may cause significant
secondary casualties after earthquakes. Staircase landings may experience significant dam-
age due to differential interstory displacements, diaphragm interaction, and unintended
restraint effects under seismic loading. Inadequate support conditions and improper
reinforcement detailing, as shown in Figure 27, may lead to severe damage in staircase com-
ponents or adjacent vertical structural elements. In general, earthquake-induced staircase
damage may result from support loss, construction workmanship deficiencies, diagonal
strut action, interstory drift incompatibility, impact effects, and kinematic incompatibil-
ity mechanisms.
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Figure 27. Recommended and improper reinforcement detailing configurations for reinforced con-
crete staircase landings under seismic loading conditions: (a) correct, (b) incorrect [99]. The dashed
box indicates the critical reinforcement detailing region at the staircase landing.

As illustrated in Figure 27a, the recommended detailing configuration allows staircase
components to accommodate interstory drift demands without introducing excessive
restraint forces between adjacent floors. This approach reduces stress concentrations in
landing regions and minimizes unintended force transfer between the staircase and the
primary structural system. In contrast, the improper detailing shown in Figure 27b creates
a rigid connection that restricts relative floor movement during seismic loading. As a result,
significant tensile and compressive stresses may develop within the landing region, leading
to cracking, local crushing, reinforcement distress, and potential damage concentration
at the staircase—floor interface. Therefore, proper reinforcement detailing and movement
compatibility are essential to improve the seismic performance of reinforced concrete
staircase systems.

For both Erzincan and Malatya provinces, it is seen that staircase damage typically oc-
curs in the landing beams (Figure 28). Rigidly connected staircase systems may unintention-
ally transfer seismic forces between adjacent floors, increasing local stress concentrations
and promoting cracking or crushing in landing regions.

Figure 28. Examples of cracking and local crushing damage observed in reinforced concrete staircase
landing regions following the Erzincan (1992) and Malatya (2023) earthquakes.

The observed staircase damages demonstrate that staircase systems should not be
treated merely as architectural components, since inadequate detailing and unintended
restraint effects may significantly influence local seismic damage patterns and evacuation
safety during strong earthquakes.
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5. Conclusions

In this study, field observations, photographic documentation, and post-earthquake
damage reports compiled by previous researchers for the 13 March 1992 Erzincan earth-
quake and the 6 February 2023 Kahramanmaras earthquake sequence (with a focus on
Malatya) were evaluated together. By considering the evolution of Turkish seismic codes
and the anticipated improvements in seismic performance in design and construction prac-
tice over an approximately 30-year period, the similarities and differences in the damage
characteristics of reinforced concrete (RC) building stock were comparatively assessed.

Processing of the available strong ground motion records further showed that the
spectral accelerations generated in Erzincan city centre during the 13 March 1992 Erzincan
earthquake and those generated in Malatya during the Elbistan event of the 6 February 2023
earthquake sequence were very close, particularly within the period range of T = 0.2-1.0 s.
Since this range corresponds well to the predominant vibration periods of typical low-
to mid-rise RC buildings in the region, the comparison of damage patterns observed in
the two earthquakes can be regarded as meaningful from both structural and seismic
engineering perspectives.

The main findings of the study can be summarized as follows:

e  Despite the nearly 30-year interval between the 1992 Erzincan earthquake and the
2023 Kahramanmaras earthquake sequence, during which Turkish seismic codes were
revised several times and construction practice was expected to improve, the dominant
RC damage mechanisms observed in Erzincan and later in Malatya remained broadly
similar. The recurrence of these damage patterns indicates that code evolution alone
has not been sufficient to eliminate fundamental structural vulnerabilities. Insuffi-
cient transverse reinforcement and confinement, poor material quality, short-column
effects caused by architectural interventions, soft-story irregularities, and inadequate
enforcement of code provisions at the construction stage remain the principal causes
of damage.

o  Field observations revealed that severe workmanship deficiencies, including cold
joints, poor compaction, and foreign materials embedded within concrete members,
remain observable even in relatively newer building stocks.

e  Although modern codes improved reinforcement quality and ductility requirements,
inadequate cover thickness, poor concrete quality, and environmental exposure condi-
tions continue to promote corrosion-related deterioration and bond degradation in
reinforced concrete members.

e  Flexible-joint detailing for masonry infill walls is an important measure for limiting
or preventing out-of-plane failure under seismic actions. However, despite the fact
that the 2018 Turkish Building Earthquake Code has been in force for several years, no
such detailing was identified in relatively new buildings, approximately 1-5 years old,
in Malatya where infill wall damage was observed after the 2023 earthquakes. This
finding points to a clear gap between codified provisions and field implementation.

o  The widespread recurrence of soft-story mechanisms suggests that the practical im-
plementation of seismic design provisions and stiffness-control principles remains
insufficient in many urban reinforced concrete buildings.

e In the Erzincan building stock, the structural significance of RC shear walls was not
yet adequately recognized, and consequently shear walls were not commonly incorpo-
rated into original building designs. Although more recent codes have emphasized
the seismic role of shear walls more explicitly, severe damage was still observed in
some 5-10-year-old buildings in Malatya that contained U-shaped elevator core walls
with inadequate boundary-zone detailing and insufficient end reinforcement. This
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shows that the presence of shear walls alone is not sufficient; their detailing is equally
decisive for satisfactory seismic performance.

e In both earthquakes examined, buildings containing an adequate amount of prop-
erly detailed RC shear walls were able to maintain the integrity of their lateral-load-
resisting systems, avoid story-level concentration of damage and global collapse
mechanisms, and provide a significantly improved level of life safety. Accordingly,
future code revisions and regulatory frameworks should place greater emphasis on
minimum shear-wall ratios capable of safely resisting story shear demands, as well as
on the balanced distribution of wall elements in plan.

From a broader regulatory perspective, the comparative damage assessment presented
in this study suggests several implications for future seismic code developments. While
current Turkish seismic codes contain substantially improved design and detailing re-
quirements compared to previous generations, the recurring nature of observed damage
mechanisms indicates that future revisions should increasingly focus on implementation-
oriented provisions. Particular attention may be given to more rigorous control of soft-story
irregularities, prevention of short-column formation resulting from architectural modifi-
cations, enhanced confinement detailing in critical regions, and mandatory verification
of beam—column joint detailing during construction and inspection stages. Furthermore,
post-earthquake reconnaissance findings should be more systematically integrated into
future code revision processes to ensure that lessons learned from field performance are
effectively translated into practical design, detailing, and quality-control requirements.
Such an approach would contribute not only to improving structural safety but also to
narrowing the gap between codified seismic provisions and actual construction practice.

Although the present study focuses on comparative post-earthquake damage assess-
ment based on field observations and documented structural performance, future studies
may benefit from integrating detailed nonlinear numerical simulations, representative
structural modelling, and analytical verification approaches to further investigate the
consistency between observed damage mechanisms and theoretical predictions.

Overall, the comparative evaluation of the 1992 Erzincan and 2023 Kahramanmaras
earthquake damage patterns demonstrates that seismic safety cannot be ensured solely
through code evolution. The findings highlight that construction quality, detailing practice,
field supervision, architectural configuration, and the practical enforcement of seismic
design principles remain equally critical for achieving resilient reinforced concrete building
performance in future earthquakes.
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