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Abstract

The twin earthquakes (Mw = 7.7 and Mw = 7.6) that struck Kahramanmaraş on 6 February
2023 caused severe damage to reinforced concrete (RC) buildings in southeastern Türkiye.
Field observations showed that concrete quality and transverse reinforcement details
have a major influence on the shear resistance of RC columns and beams. These factors
also affect the fracture behaviour and structural integrity of the elements. The surveys
revealed several common deficiencies. These included excessive transverse reinforcement
spacing, insufficient bar diameters, inadequate hook details, low-quality materials, and
poor workmanship. The lack of seismic design principles or their improper implementation
further increased the level of damage observed in the buildings. In this study, reinforcement-
induced failure in columns and beams was evaluated in detail and observationally in the
context of seismic and structural engineering. The main novelty of this work is the direct
integration of these in situ post-earthquake field assessments with comprehensive 3D
non-linear static simulations of 20 distinct structural models. Variations in parameters
such as tie spacing, rebar diameter, bend angle of hooks, and structural material strength
were numerically investigated through these models. It was determined that mechanisms
close to fracture occurred, especially in columns, owing to deficient concrete compressive
strength and transverse reinforcement deficiencies. Findings show that an upgrade in
column shear capacity of up to 10% is achievable by reducing the spacing from 300 mm
to 200 mm, whereas the implementation of a 135◦ hook anchorage substantially restrains
the buckling of longitudinal reinforcement. As a key practical contribution, this study also
proposes a specific FRP retrofitting design that successfully restores the lost shear capacity
in all deficient columns. This blended field-and-computational strategy offers actionable,
data-backed guidance for engineering design, the optimization of building regulations, and
the identification of rehabilitation priorities in highly active seismic zones.
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1. Introduction
Ensuring the structural robustness of legacy reinforced concrete (RC) structures is

a major challenge in seismically vulnerable areas, especially for assets developed before
the implementation of contemporary seismic design rules. A significant majority of these
substandard structures suffer from critical flaws such as low-strength concrete, deficient
confinement, and plain reinforcement. These deficiencies, along with structural irregulari-
ties, severely impair the ductility and shear resistance of structural components, promoting
premature brittle failures under seismic excitation. Moreover, these vulnerabilities stem
not only from outdated regulatory frameworks but are also critically driven by poor
workmanship and construction errors [1–6]. To make these weak buildings safer, differ-
ent strengthening and retrofitting methods are widely used [7–11]. These methods are
necessary to prevent sudden collapse during earthquakes.

Material and detailing inadequacies in reinforced concrete elements fundamentally
compromise structural robustness by modifying internal stress distributions and triggering
premature non-ductile failure. The compounding effect of these vulnerabilities restricts
the displacement capacity of RC components while catalyzing fracture modes that en-
danger global structural equilibrium. Imperfections originating from reinforcement and
concrete in RC structural elements disrupt stress distribution, facilitating crack initiation
and propagation, and thus having a decisive impact on the structure’s fracture behavior.
Because such imperfections weaken the overall performance of the material, addressing the
fracture process within the scope of engineering damage mechanics is crucial for accurately
assessing structural integrity. Therefore, the reliability of reinforced concrete elements
necessitates a comprehensive analysis approach that considers the interaction of imperfec-
tions with fracture mechanisms. Transverse reinforcement detailing and material properties
in RC elements play a critical role in ensuring structural stability, being among the most
fundamental parameters determining the nature of crack initiation and crack propaga-
tion. Particularly in elements subject to dominant shear forces, the amount and placement
of transverse reinforcement, hook detail, and the size of the densification zone directly
shape the crack initiation threshold, crack propagation direction, and the conditions for
the activation of brittle fracture behavior. Inadequate transverse reinforcement arrange-
ments have the potential to result in sudden shear failure, concrete cover stripping, and
element-level integrity loss. This demonstrates that the overall performance of a structural
system depends not only on material strength but also on detailing strategies, which must
be considered from a damage mechanics perspective [12–21]. A broader perspective on
the impact of transverse reinforcement on damage behavior in RC structural members will
fill a considerable gap in the current literature. This study combines aha data from the
2023 earthquakes with three-dimensional numerical models to provide a comprehensive
analysis of the shear-based failure mechanisms of RC members.

The Kahramanmaraş earthquake couple, which caused catastrophic failure across
11 provinces in Türkiye and occurred 9 h apart on 6 February 2023. The initial seismic
event, registering a moment magnitude (Mw) of 7.7, struck on 6 February 2023 at 04:17
local time, centered in Kahramanmaraş-Pazarcık and lasted approximately 75 s. The
second seismic event, with a magnitude of 7.6, hit Kahramanmaraş-Elbistan at 13:24 on
the same day and lasted nearly 25 s. As of 22 March 2023, the region had experienced
heightened seismic activity, registering more than 10,000 subsequent tremors following
the primary events according to official seismic monitoring data as of 22 March 2023.
The critical significance of the design and construction phases of structural components
is underscored by the varying degrees of damage, fracture, and collapse observed in
RC buildings post-earthquake. Türkiye has suffered severe casualties and extensive
property damage as a result of both instrumental and historical earthquakes. Regula-
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tions regarding these structures are being developed in Türkiye, taking into account the
damage to RC structures resulting from these earthquakes. Following the earthquakes,
necessary lessons have been learned over time, and important steps have been taken in
terms of both seismic hazard maps and the development of earthquake design codes.
However, the lack of due care, especially during the construction phase, has caused
the structures’ seismic performance to be lower than anticipated in their projects. The
catastrophic events in Kahramanmaraş served as a stark reminder of these structural
deficiencies. These consecutive earthquakes negatively affected the damage levels of
the structures and increased the destructiveness of the seismic event. Consequent to
the earthquake, significant destruction and structural failure occurred, especially in RC
structures, representing the most prevalent building typology within urban environ-
ments. The primary cause of the damage was the lack of or complete application of
earthquake-resistant structural design criteria [22–27].

Assessing structural damage following earthquakes of varying magnitudes and
intensities is essential for maintaining the continuity of social life, accurately evaluating
seismic risk in inhabited areas, and improving structural design regulations. Information
obtained from post-earthquake damage investigations provides a valuable basis for ad-
vancing both earthquake engineering and structural engineering research. Furthermore,
damage assessments play a crucial role in determining whether buildings have been
designed and constructed in compliance with seismic design principles. Evidence from
numerous post-earthquake investigations in Türkiye consistently indicates that inade-
quate transverse and longitudinal reinforcement in RC structural members, together with
the use of low-strength concrete, are among the primary factors contributing to structural
failure [28–44]. In the studies examining the seismic damage in RC structures following
the recent Kahramanmaraş seismic events, failures caused by structural irregularities
came to the fore, while reinforcement and concrete properties were again revealed to
be one of the main factors. Previous research has shown that insufficient transverse
reinforcement in RC structural members is unable to provide adequate resistance against
the shear forces generated during earthquakes, resulting in various levels of structural
damage. Although these studies provide valuable comparisons of the seismic design
requirements introduced in different editions of earthquake codes, they generally do not
incorporate detailed structural analyses to evaluate the in situ performance of buildings
under seismic event loading [45–56].

To prevent failure from the internal forces that will occur due to earthquakes in
structural elements, it has been suggested to use transverse reinforcements and special
earthquake crossties for confinement purposes, and the method of application has found its
place in earthquake codes [57,58]. Transverse reinforcements, which are sized to resist the
shear forces that will occur in beams and columns with concrete, can be exposed to faulty or
incomplete applications, especially during the construction phase. Vulnerabilities driven by
inadequate confinement due to wide stirrup spacing, combined with substandard concrete
compressive strength, lack of interlocking between reinforcements, and insufficient RC
cover thickness, can cause failure of these elements. In this context, it is important to
select the spatial configuration and quantity of both transverse ties and longitudinal rebars
within the columns and beams, following the respective standards and codes to place these
elements into the structure during the actual execution phase.

Studies on structural RC elements under the effect of seismic events are intended
to increase the structural load capacity of these members by preventing damage or
collapse. Field investigations by the authors revealed that many collapsed or heavily
damaged structures suffered from deficient transverse reinforcement in columns and
beams, including excessive spacing, inadequate diameter, poor anchorage detailing, and
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corrosion. Numerous investigations have focused on evaluating the effects of the trans-
verse and longitudinal reinforcement changes in RC load-bearing elements on structural
performance. In his study, Çolakoğlu [59] tried to reveal the influence of confinement
tie spacing as a variable in RC structures on structural performance. Atar et al. [60]
examined the failure caused by transverse reinforcement in RC columns in an earth-
quake region. Merter and Uçar [61] examined the effect of longitudinal and transverse
reinforcement conditions in RC structures on different variables. Taşkın and Okay [62]
examined the impact of transverse reinforcement type on the structural response of
RC columns. İnel et al. [63] examined the earthquake performance of RC structures
with various stories and took into account the transverse reinforcement spacing as a
variable. Işık [64] examined the effect of special earthquake crossties used in columns
on structural performance. İnel et al. [65] considered the effects of changes in trans-
verse reinforcement spacing, as well as other variables, while evaluating the structural
response of 14 RC structures under earthquake effects. Fortney et al. [66] conducted
experimental tests to quantify the impact of transverse reinforcement in beams on struc-
tural performance. Ding et al. [67] assessed the consequences of high-strength concrete
and reinforcement on axial compression. Mangalathu et al. [68] tried to determine the
shear forces in slabs without transverse reinforcement by machine learning. Tripathi and
Dhakal [69] investigated the effects of transverse reinforcement conditions on buckling
in rectangular-section RC shear walls. Colajanni et al. [70] theoretically investigated the
effect of transverse reinforcement with different slopes on the shear force capacities of
RC beams. Sucharda [71] investigated the ultimate Shear resistance of RC beam elements
without stirrup reinforcements in detail. Goharrokhi et al. [72] experimentally studied
the consequences of corrosion on the confinement efficiency and the resulting axial
compressive capacity of structural elements. In this context, building accurate numerical
models is critical for evaluating existing RC structures. We need reliable simulation
tools to predict how these buildings behave under seismic loads before applying any
retrofitting methods [73–76]. This modeling approach is essential to identify structural
weaknesses and design effective retrofitting or strengthening solutions.

Although previous studies have highlighted these structural deficiencies, only a
limited number have integrated field-based photographic documentation with numeri-
cal analyses to quantitatively determine the influence of individualized parameters on
shear strength and structural ductility. In this study, an overview of the Kahramanmaraş
earthquakes is first presented to establish the context of the investigation. Subsequently,
damage resulting from inadequate transverse reinforcement in reinforced concrete (RC)
columns and beams was examined through field observations conducted by the authors
in the earthquake-affected provinces. The observed failure mechanisms associated with
different transverse reinforcement configurations were then analyzed separately for
columns and beams to evaluate their respective structural responses. To evaluate the
structural implications of various transverse reinforcement conditions on columns and
beams, different variables were used in the RC structure model, and their effects on the
structural performance were investigated. The numerical assessment was carried out
via static pushover analysis, in which several parameters were considered as variables.
These parameters included the diameter and spacing of transverse reinforcement, the
type of reinforcing steel, the use of low-strength concrete, the presence of special seismic
crossties in columns, differences in the material properties of transverse and longitu-
dinal reinforcement, and the bending angles of transverse reinforcement. While five
different selections were made for transverse reinforcement spacing in columns: 100,
200, 300, 400, and 500 mm, three different selections were made as Φ8, Φ10, and Φ12
for transverse reinforcement diameter. For the hook angle of transverse reinforcement

https://doi.org/10.3390/buildings16142897

https://doi.org/10.3390/buildings16142897


Buildings 2026, 16, 2897 5 of 35

in columns, two variables were used: 90◦ and 135◦. S220 and S420 steel grades were
used as variables for transverse and longitudinal reinforcement materials. In addition,
structural analyses were also performed separately for the use of crossties and diamond
stirrups in columns. Three different reinforcement spacing values, two different angle
values, and two different transverse reinforcement diameters were varied across the
investigated RC beams. To investigate the impact of low-strength concrete on the seismic
behavior of the structure, supplementary structural analyses were carried out by adopt-
ing a concrete strength class of C8/10 concrete. Following the structural evaluations
executed individually for each distinct parameter, shear forces and target displacement
values were obtained, and comparisons were made. To show the effect of each vari-
able more clearly, other structural characteristics were kept constant. The obtained
results were in comparison to the values estimated in the preceding in the last two
earthquake codes used in Türkiye, and comments and suggestions were made. Unlike
previous studies, this research provides a more comprehensive assessment of damage
resulting from inadequate transverse reinforcement in reinforced concrete columns and
beams by integrating detailed structural analyses with the evaluation of observed failure
mechanisms. The novelty of this work lies in integrating large-scale field data with
parameter-controlled numerical analyses to produce actionable recommendations for
design, construction, and retrofit. By combining post-earthquake observations with
detailed structural analyses, this research contributes to the integration of earthquake
engineering practice and seismic code development. The findings provide a scientific
basis for improving the structural safety, seismic performance, and overall integrity of
reinforced concrete (RC) structures.

2. Tectonic Dynamics and Seismic Activity in Eastern Anatolia and 2023
Kahramanmaraş Earthquakes

The tectonic dynamics of Türkiye, particularly in Eastern Anatolia, are shaped by the
interaction of the Arabian, Eurasian, and Anatolian Plates. The tectonic regime of this
region is dominated by compressional forces generated by the northward convergence of
the Arabian Plate, which drives the westward displacement of the Anatolian Plate (Figure 1).
The regional deformation is primarily accommodated by two major active fault systems:
The North Anatolian Fault Zone (NAFZ) and the East Anatolian Fault Zone (EAFZ), which
are central to this tectonic activity. The EAF, extending about 580 km, is notable for its
high seismicity, with a history of significant earthquakes. Major historical events include
the 1114 Kahramanmaraş Earthquake (M > 7.8) and the 1822 Halep Earthquake (M = 7.5),
among others. In the instrumental period, the region has experienced various earthquakes,
such as the 2020 Elazığ earthquake (Mw = 6.8). While these events have been impactful, they
generally did not reach the catastrophic levels of earlier historical earthquakes. The EAFZ
is characterized as a left-lateral strike-slip fault, with destructive earthquakes occurring
along its length, particularly in its central and southwest sections. This fault, along with the
Dead Sea Fault Zone (DSFZ), profoundly influences the seismic hazard profile of the region.
The historical record shows a pattern of catastrophic earthquakes concentrated in specific
areas, particularly where the EAFZ meets the NAFZ in Karlıova [77–79]. Interestingly, the
Gölbaşı-Türkoğlu stretch of the EAF has not experienced a major earthquake in the last
500 years, indicating a period of seismic quiescence. This behavior suggests that while
the fault is currently locked, the potential for future significant seismic events remains,
underscoring the importance of continuous monitoring and research in this tectonically
active area.
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Figure 1. Tectonic map of Türkiye [80].

The Kahramanmaraş region experienced unprecedented doublet earthquakes on
6 February 2023, generating sequential shocks of Mw = 7.7 and Mw = 7.6 merely nine
hours apart. These events began a series of significant earthquakes, which soon included
ML = 5.7, Mw = 6.0, Mw = 6.4, and Mw = 6.6 magnitudes. These earthquakes caused
widespread devastation throughout 11 provinces, leading to the deaths of more than
50,000 people, injuries to over 100,000 individuals, and the loss of habitability in more
than 500,000 residential buildings. Information about the magnitudes, locations, and focal
depths of both earthquakes has been summarized in Table 1, based on data from AFAD
(Çankaya, Türkiye) [81] and USGS (Reston, VA, USA) [82].

Table 1. Data obtained from different sources regarding the 2023 Kahramanmaraş earthquakes.

Date/Time Coordinate Location Magnitude
(Mw)

Depth
(km) Source

06.02.2023
04:17:34 (TSI)

37.288◦ N,
37.043◦ E Kahramanmaraş

(Pazarcık)

7.7 8.60 AFAD

37.225◦ N,
37.021◦ E 7.8 10.0 USGS

06.02.2023
13:24:47 (TSI)

38.089◦ N,
37.239◦ E Elbistan-Ekinözü

(Kahramanmaraş)

7.6 7.0 AFAD

38.024◦ N,
37.203◦ E 7.5 10 USGS

The distances of the epicentral distances of these regions from the primary seismic
source are as follows: Kahramanmaraş 52 km, Gaziantep 23 km, Kilis 45 km, Osmaniye
76 km, İskenderun (Hatay) 101 km, Adıyaman 122 km, Malatya 169 km, Antakya (Hatay)
130 km, and Diyarbakır 282 km. The distances of these provinces from the second earth-
quake are Kahramanmaraş 70 km, Gaziantep 110 km, Malatya 112 km, Adıyaman 114 km,
Osmaniye 147 km, Kilis 150 km, İskenderun (Hatay) 198 km, Antakya (Hatay) 237 km, and
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Diyarbakır 274 km. The estimated intensity maps for both earthquakes obtained by AFAD
are shown in Figure 2.

Figure 2. Earthquake intensity maps [81].

The earthquakes on 6 February 2023 struck the Pazarcık and Elbistan districts of
Kahramanmaraş province, in an area where the EAFZ had been inactive for approximately
500 years. These earthquakes resulted in substantial loss of life and property across
11 provinces in Türkiye, and their effects were also felt significantly in neighboring regions.
Additionally, the tremors caused casualties and damage in Syria, with over 50,000 fatalities
reported in Türkiye alone. Figure 3 illustrates Türkiye’s primary tectonic features and the
epicenters of the 6 February 2023 earthquakes.

Figure 3. Earthquake hazard map of Türkiye and epicenters of the 6 February 2023 earthquakes
(Adopted from AFAD, 2025 [83]).
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3. Failure Mechanisms Associated with Transverse Reinforcement in
RC Structures

Factors including the event magnitude, local ground conditions, and structural system
features play pivotal roles in shaping seismic damage. One of the main causes of failure,
fracture, or collapse in RC structures is the properties and conditions of the concrete and
reinforcement used in RC. RC represents a composite structural medium formulated by
blending concrete and reinforcement. If one of these is insufficient or missing, and the
adhesion between them is inadequate, it adversely affects the seismic performance of RC
structures [84,85]. The utilization of low-grade concrete alongside inadequate longitudi-
nal/transverse bar ratios and substandard confinement steel directly affects structural
damage or fracture. Deficiencies in reinforcement can increase the level of structural
damage, especially in columns, beams, and shear walls. The amount, spacing, and ar-
rangement of transverse and longitudinal reinforcement should comply with the relevant
codes and standards. Proper detailing and correct placement during construction help
reduce earthquake damage. After major earthquakes, buildings with different structural
systems have shown different levels of damage, ranging from minor damage to complete
collapse. In RC structures, insufficient spacing of transverse reinforcement in columns and
shear walls led to varying degrees of damage. The primary function of the longitudinal
reinforcements used in structural elements like columns, beams, and shear walls is to resist
shear forces, which are expected from the transverse reinforcements placed perpendicularly.
Additionally, transverse reinforcements help maintain the position and arrangement of
the longitudinal reinforcements by interlocking them. Proper transverse reinforcement
spacing delays the buckling of longitudinal reinforcement. It also confines the core concrete
and improves its behavior. This increases the concrete strength and enhances the ductility
of the structural member. Insufficient use of transverse reinforcements adversely affects
many of these expected functions. Observational studies in the seismic event-affected
region revealed that non-compliance with design rules regarding transverse reinforcements
resulted in significant structural failure.

3.1. Structural Vulnerabilities Related to Transverse Reinforcement Detailing in RC Columns

The lack of sufficient transverse reinforcement in RC columns, beams, and beam–
column joints has adversely affected the seismic performance expected from these structural
components. Figure 4 summarizes the transverse reinforcement provisions for columns
prescribed in the two latest earthquake design codes implemented in Türkiye.

 

Figure 4. The shear and confinement detailing rules for columns in accordance with the 2007 and
2018 Turkish Seismic Design Codes [53,54].

The structural damage typologies documented in this section represent various distinct
mid-rise reinforced concrete (RC) buildings. These structures, situated across the most
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severely earthquake-affected provinces of Hatay, Kahramanmaraş, and Adıyaman, were
predominantly constructed before the year 2000. Most of the inspected buildings fell
under the category of heavy damage, while the remainder experienced complete collapse.
Systematic field evaluations revealed critical common structural and material deficiencies
among these buildings: the measured transverse reinforcement (stirrup) spacing was
significantly wider than the limits prescribed by seismic design codes, the hook details were
overwhelmingly configured at 90◦, and the concrete compressive strengths were critically
below standard design requirements. In RC systems, columns and beams constitute the
primary load-bearing elements of the structural system. The beam–column connections
play a critical role in transferring loads between horizontal and vertical members. Within
RC frame structures, these joint regions are subjected to significant shear demands under
seismic loading, which can have a decisive influence on overall earthquake resistance.
Earthquake-induced forces generate concentrated shear stresses at these connections, often
leading to localized deterioration of concrete. This problem can be alleviated through
the provision of adequate transverse reinforcement in the beam-column joint regions.
Nevertheless, Figure 5 illustrates cases of concrete crushing and buckling of longitudinal
reinforcement resulting from insufficient transverse reinforcement at these connections.

 

Figure 5. Illustrations of structural failure modes, characterized by the simultaneous crushing of the
concrete matrix and lateral buckling of longitudinal bars due to inadequate stirrup configurations in
beam-column joints.

After load transfer through the beam-column joints, bending moments increase at
the top of the columns, especially during earthquakes. This may cause damage in the
plastic hinge regions. Figure 6 shows the plastic hinges formed at the column ends due to
inadequate transverse reinforcement and the resulting damage. In these regions, insufficient
confinement provided by transverse reinforcement relative to seismic code requirements
results in buckling of longitudinal reinforcement and consequently induces brittle failure
of the surrounding concrete.

 

Figure 6. Representative failure modes observed at the upper confinement zone consequent to
substandard transverse reinforcement detailing.
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The damage examples resulting from insufficient and inadequate transverse rein-
forcement at the lower end region of the RC columns during the earthquake are shown
in Figure 7.

 

Figure 7. Examples of failures in the lower end of the column.

Figure 8 illustrates representative failure modes in the mid-height region of the columns,
triggered by the combination of deficient lateral confinement and low-grade concrete.

 

Figure 8. Failures in the middle region of the column.

Considering these damages, the codes used in Türkiye recommend increasing the
transverse reinforcement in the lower and upper regions of columns. This aims to enhance
the strength and ductility of these areas. However, excessive use of longitudinal rein-
forcement in these regions has caused issues with the expected contribution of transverse
reinforcements to increasing the brittleness of the concrete. Examples of damage occurring
in the column end sections are shown in Figure 9.

 

Figure 9. Examples of failures resulting from the failure of transverse reinforcements to perform their
expected functions due to excessive use of longitudinal reinforcement.
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Insufficient transverse reinforcement in short columns, which can form due to various
reasons, increases the extent of damage in these structures. Examples of failure resulting
from inadequate transverse reinforcement in short columns are shown in Figure 10.

 

Figure 10. Buckling of longitudinal reinforcement due to insufficient transverse reinforcement in
short columns.

In damaged RC structures in earthquake-prone areas, the use of plain reinforcement
has not been commonly observed. While previous regulations allowed the use of plain
reinforcement until 2007, the regulations after 2007 permitted this type of reinforcement
only in transverse and stirrups. Since plain reinforcement lacks any ribs, there is no
mechanical bond formed between the concrete and the reinforcement. As a result, the
concrete can easily slip off the reinforcement, preventing the concrete and reinforcement
from working together, which contradicts the fundamental principle of reinforced concrete.
During earthquake loading, the weak bond between plain reinforcement and concrete
leads to early reinforcement slip and rapid bond deterioration. This behavior reduces
the composite action between concrete and steel, resulting in concrete spalling and local
damage. In contrast, the ribs present in deformed reinforcement significantly enhance
the interlock between the concrete and the reinforcement. Examples of failure resulting
from insufficient interlock between concrete and reinforcement due to the use of plain
reinforcement are shown in Figure 11.

 

Figure 11. Insufficient concrete-reinforcement interlock resulting from the use of plain reinforcement.

A commonly observed type of failure resulting from insufficient transverse reinforce-
ment is the buckling of longitudinal reinforcement. Buckled longitudinal reinforcement
can lead to the crushing and spalling of concrete. Additionally, failures have been observed
in transverse reinforcement when the shear force capacity is exceeded. Examples of buck-
ling in longitudinal reinforcement and fractures in transverse reinforcement are shown
in Figure 12. In cases where the transverse reinforcement in columns is insufficient, the
transverse reinforcements may not prevent the buckling of longitudinal reinforcement,
leading to fractures in the transverse reinforcements.
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Figure 12. Buckling samples in longitudinal reinforcement.

One of the key parameters influencing the load-bearing capacity of RC structural
elements is insufficient concrete cover thickness. Inadequate cover may lead to the corrosion
of reinforcement over time, which reduces the effective cross-sectional area of steel and
consequently diminishes the load-carrying capacity of the member. Examples of columns
that experienced corrosion-induced damage because of insufficient concrete cover are
presented in Figure 13.

 

Figure 13. Corroded reinforcement and insufficient interlock resulting from inadequate concrete
cover thickness.

In addition to inadequate concrete cover thickness, insufficient transverse reinforce-
ment also increases the level of damage. Examples of failure resulting from insufficient
transverse reinforcement and clear concrete cover depth are shown in Figure 14.

 

Figure 14. Examples of failure from insufficient transverse reinforcement and concrete cover.

Due to insufficient transverse reinforcement, the load-bearing capacities of longitu-
dinal reinforcements have been exceeded, resulting in fractures in the longitudinal rein-
forcements. The characteristics associated with this type of damage are clearly presented
in Figure 15.
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Figure 15. Fracture in the longitudinal reinforcement.

Shear forces that will occur in columns are supported by the contribution of the
concrete as well as the transverse reinforcement. The failure manifestations arising from
the combined presence of inadequate lateral confinement and low compressive strength
concrete are illustrated in Figure 16.

 

Figure 16. Illustrations of seismic failure modes characterized by the simultaneous crushing of
the concrete matrix and lateral buckling of longitudinal bars due to substandard material strength
and detailing.

Although seismic design provisions recommend that transverse reinforcement in
columns be detailed with 135◦ hooks around longitudinal reinforcement, in practice
90◦ hook configurations are sometimes used, which may result in inadequate anchor-
age of the transverse reinforcement. This detailing deficiency can facilitate the premature
slip or pull-out of transverse reinforcement from the longitudinal bars. Examples of the
resulting damage are presented in Figure 17.

However, transverse reinforcements applied at an angle of 135◦ have not slipped from
the longitudinal reinforcements. An example of a 135◦ angle stirrup implementation is
shown in Figure 18.

In RC structures, poor reinforcement workmanship is a significant factor affecting
the expected functions of the reinforcements. Changes in the position and arrangement
of the reinforcements can lead to an overload of load-bearing elements failing. Incorrect
reinforcement placement changes how loads are transferred through the structural member.
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This leads to stress concentrations, increasing the risk of cracking, concrete crushing, and
local failure during an earthquake. Examples of damage caused by poor reinforcement
workmanship are shown in Figure 19.

 

Figure 17. Examples of slips of transverse reinforcement caused by insufficient anchorage of 90◦ hooks
during earthquake loading.

 

Figure 18. An example of a transverse reinforcement applied with a 135◦ angle.

 

Figure 19. Examples of failed RS columns caused by poor reinforcement workmanship and insuffi-
cient transverse reinforcement.

The combined structural performance of longitudinal and transverse reinforcement
in reinforced concrete (RC) columns is adversely influenced when ribbed bars are used
as longitudinal reinforcement together with plain bars as transverse reinforcement. This
reinforcement configuration results in inadequate anchorage, thereby limiting the intended
contribution of the reinforcement system under loading conditions. Typical failure mecha-
nisms associated with RC columns incorporating ribbed longitudinal reinforcement and
plain transverse reinforcement are illustrated in Figure 20.
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Figure 20. Configuration of distinct reinforcement types in transverse and longitudinal directions.

3.2. Failures Caused by Transverse Reinforcement in RC Beams

In the updated Türkiye Building Earthquake Code (TBEC-2018) [54], the rules regard-
ing the transverse reinforcements that should be used in beams are shown in Figure 21.

Figure 21. Design conditions for RC beams as prescribed in TBEC-2018 [54].

In RC beams, excessive use of longitudinal reinforcement negatively affects the bond
between the concrete and the reinforcement. Excessive longitudinal reinforcement limits
the spacing between bars, making concrete placement and compaction difficult. This
often creates voids and a weak bond, which reduces the overall capacity of the member.
Additionally, as with columns, insufficient concrete cover thickness impacts the load-
carrying capacity of the reinforcements. An example of damage observed in a beam due to
excessive longitudinal reinforcement and insufficient concrete cover thickness is shown
in Figure 22.

 

Figure 22. Insufficient concrete cover thickness in the RC beam.
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A lack of transverse reinforcement caused diagonal shear cracks to develop rapidly.
As seismic demand grew, these cracks widened, reducing the beam’s shear capacity and
leading to brittle failure in some members. Examples of failure caused by insufficient
transverse reinforcement in beams are shown in Figure 23.

 

Figure 23. Examples of failure caused by insufficient transverse reinforcement in beams.

The most significant damage caused by insufficient transverse reinforcement, similar
to that in columns, is the buckling of longitudinal reinforcement. Examples of lateral
buckling damage occurring in longitudinal reinforcement in beams are shown in Figure 24.

 

Figure 24. Lateral buckling failure in RC beams.

Corrosion reduces the steel’s effective area and weakens its bond with concrete. In
plain-bar members, this is highly critical; since there is already little mechanical interlock,
cracking occurs earlier and load capacity drops. Examples of failure caused by the use of
plain reinforcement and the corrosion of reinforcement in beams are shown in Figure 25.

 

Figure 25. Examples of failure caused by corroded plain reinforcement.
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The use of different types of reinforcement in transverse and longitudinal bars in
beams, similar to columns, has caused anchorage problems between the reinforcements.
An example of this type of damage is shown in Figure 26.

 

Figure 26. The use of different types of reinforcement in longitudinal and transverse bars.

4. Numerical Analysis
A 6-story RC building model representative of common Turkish urban stock was

analyzed using SeismoStruct-2025 [86]. Field survey data informed the choice of parameter
ranges for transverse reinforcement spacing (100–500 mm), diameter (Φ8–Φ12), hook angle
(90◦/135◦), and material grade (S220/S420). Beam and column cross-sections, concrete
cover, and load patterns were based on typical TBEC-2018-compliant designs but deliber-
ately varied to simulate non-compliant cases observed in the field. Boundary conditions
assumed fixed supports at the foundation level and distributed gravity loads corresponding
to residential occupancy. Pushover analyses were conducted in both principal directions to
determine shear capacity exceedance and target displacement.

4.1. Numerical Analysis for the Entire Structural Model

Based on post-earthquake field investigations and the observed structural damage,
the spacing of transverse reinforcement can be identified as one of the principal factors
influencing the seismic performance of reinforced concrete members. To evaluate this effect,
a series of structural analyses was conducted on a representative reinforced concrete (RC)
building by varying the transverse reinforcement spacing in both columns and beams. A
six-story RC building was selected as the analytical model to investigate how different
transverse reinforcement arrangements affect the structure’s overall seismic response. The
corresponding two-dimensional and three-dimensional representations of the building are
presented in Figure 27. The structural layout was designed with uniform bay lengths of
5 m in both the X- and Y-directions.

Figure 27. Two- and three-dimensional configurations of the reference RC structural model.
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The formwork plan created for the structural model and the names of the columns are
shown in Figure 28.

 

Figure 28. The blueprint of the story and display of columns.

Detailed specifications of the input parameters utilized in the numerical analysis are
shown in Table 2.

Table 2. Constitutive parameters adopted for the numerical analysis.

Characteristic Value

Concretes C20/25
Reinforcements S220

Beams (mm) 250 × 500 mm
Thickness of slabs (mm) 120 mm

Stories Height 3 m
Concrete Cover Thickness (mm) 25 mm

Columns 400 × 400 mm

Longitudinal reinforcements (columns)
Corner 4Φ16

Top and bottom edge 4Φ16
Right and left edges 4Φ16

Columns-Transverse reinforcements Φ8/100-200-300-500
Beams-Transverse Reinforcements Φ8/200

Local Soil class ZA
Damping ratio 5%

Importance class II
Target displacement (for six stories) 0.36 m

The same RC building model was considered in the structural analyses conducted for
both columns and beams. The variables for each structural element were considered solely
for that element, and results were obtained accordingly.

Across all structural models, both beams and columns were modeled using force-based
plastic hinge frame elements (infrmFBPH). This formulation enables the spread of inelas-
tic response over a prescribed portion of the member by means of force-based plasticity,
thereby restricting nonlinear behavior to a finite hinge region. To ensure an accurate simula-
tion of the stress–strain response, each cross-section was discretized into 100 fibers, which
provides an adequate level of numerical precision for the adopted modeling approach. The
plastic hinge length ratio (Lp/L) was assigned a value of 16.67%, consistent with established
analytical methodologies and structural design recommendations. This ratio defines the
portion of the member where plastic deformations are anticipated to localize during seismic
excitation, promoting effective energy dissipation while maintaining the global stability of
the structural system. The selected hinge length is in agreement with commonly accepted
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engineering practice for the representation of inelastic behavior in structural members.
Furthermore, uniformly distributed loads were applied throughout all structural analyses.

The credibility and robustness of the numerical results are established through the
use of well-calibrated and extensively validated modeling approaches implemented in
the SeismoStruct platform. The force-based plastic hinge formulation combined with
fiber-discretized cross-sections has been comprehensively verified in previous studies by
comparison with independent experimental investigations involving both conventional
and highly deficient RC columns. Furthermore, the constitutive material models employed
in the present study, the Mander nonlinear concrete model for confined concrete and the
Menegotto–Pinto steel model for reinforcing bars have demonstrated reliable performance
in reproducing the behavior of substandard RC members subjected to monotonic and
cyclic loading. Existing validation studies have confirmed that these material formulations
can effectively capture the response of members characterized by poor concrete quality,
insufficient transverse reinforcement, and smooth longitudinal reinforcement. The reported
comparisons indicate that fiber-based distributed plasticity models accurately reproduce
key structural response. Geometric nonlinearities were accounted for by enabling the
P-∆ effect formulation across all structural nodes. The structural model was subjected to
a displacement-controlled static pushover analysis using a uniform lateral load pattern
applied at the story mass centers. The displacement of the roof center of mass was selected
as the control node to monitor the target drift demands. The shear-failure criterion is defined
in accordance with the shear capacity limit state specifications of EN 1998-3 (Eurocode 8).
Throughout the nonlinear analysis, the algorithm continuously evaluates the evolving
lateral shear demand against the dynamically calculated shear capacity of the structural
members to identify the exact onset of failure.

4.1.1. Numerical Analysis Results for RC Columns

The fundamental objective of performance-based earthquake engineering is to eval-
uate the structural response under various predefined performance limit states. In this
study, the performance criteria implemented in the SeismoStruct-2025 software were used
to determine the demand and capacity limits associated with shear forces. To ensure con-
sistency in the assessment, all columns were assigned identical transverse reinforcement
spacing, allowing direct comparison of the resulting structural performance. A uniform
transverse reinforcement spacing was adopted for all columns to facilitate the comparisons.
The column cross-section and an example transverse reinforcement spacing considered in
the study are shown in Figure 29.

 
Figure 29. The column cross-section and an example transverse reinforcement spacing.

The numerical models were developed by varying the transverse reinforcement spac-
ing. Five spacing values, namely 100, 200, 300, 400, and 500 mm, were analyzed to assess
their influence on structural performance. The resulting demand and shear capacity values
for the columns obtained from the analyses are summarized in Table 3. For all analyti-
cal models, transverse reinforcement with 135◦ hooks was adopted, while all remaining
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structural and material properties were maintained unchanged to ensure a consistent basis
for comparison.

Table 3. Quantitative comparison between demand and capacity shear forces (kN).

Story Column
Φ8/100 Φ8/200 Φ8/300 Φ8/400 Φ8/500

Model I Model II Model III Model IV Model V
Demand Limit Demand Limit Demand Limit Demand Limit Demand Limit

1 S1

No exceed

85.20 67.32 83.26 61.73 80.49 60.38 79.49 58.70
1 S2 95.03 79.47 94.28 73.57 92.56 71.78 91.42 69.85
1 S3 95.00 79.42 94.24 73.53 92.53 71.75 91.40 69.83
1 S4 85.18 67.31 83.25 61.72 80.48 60.36 79.49 58.69
1 S5 109.55 98.97 117.16 102.87 124.29 105.58 124.94 102.91
1 S6 111.07 104.28 119.23 103.05 131.21 108.78 133.57 108.87
1 S7 111.06 104.19 119.21 102.97 131.16 108.70 133.52 108.79
1 S8 109.55 98.99 117.16 102.88 124.29 105.60 124.95 102.93
1 S9 110.72 102.96 115.42 99.00 117.83 97.84 117.33 96.09
1 S10 110.10 100.69 117.49 97.63 126.30 107.01 127.18 103.00
1 S11 110.13 100.79 117.52 97.72 126.34 107.10 127.22 103.06
1 S12 110.71 102.97 115.43 99.03 117.84 97.86 117.34 96.11
1 S13 110.70 100.47 118.24 99.55 126.25 105.51 126.59 102.51
1 S14 113.68 112.31 122.56 110.64 134.00 113.77 135.82 112.96
1 S15 113.68 112.30 122.55 110.63 133.99 113.76 135.82 112.96
1 S16 110.70 100.47 118.24 99.54 126.25 105.50 126.59 102.51
2 S1

No Exceed

No Exceed 66.31 65.15 66.95 62.46
2 S5 101.64 98.23 106.69 94.58 107.06 92.21
2 S9 102.32 99.19 105.05 92.81 104.46 89.53
2 S13 96.07 95.27 97.33 91.16 97.91 89.00

The structural deformation profiles and the corresponding failure modes under seismic
loading for Model I through Model V are comparatively illustrated in Figure 30. In the
red-colored columns, the shear force capacity has been exceeded, while in the gray-colored
columns, there is no exceedance.

 

Figure 30. The shear force damage status for Model I—Model IV.

Based on the deformation analyses of Models I through V, it is concluded that structural
irregularities significantly alter the seismic response and failure mechanisms of multi-story
buildings. The localized stress concentrations observed in the lower-story columns empha-
size the vital importance of structural uniformity. Consequently, the results demonstrate
that strategic alterations in member stiffness can effectively control lateral drift and enhance
overall structural resilience.

An increase in the spacing of transverse reinforcement in reinforced concrete (RC)
columns results in a reduction in the available shear resistance provided by the confinement
reinforcement. As a consequence, the probability of the applied shear demand exceeding
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the allowable shear capacity becomes significantly higher. The analytical results demon-
strate that wider transverse reinforcement spacing leads to a greater number of columns
surpassing their shear force capacity limits. When the spacing exceeds the maximum values
prescribed by seismic design codes, longitudinal reinforcement becomes more susceptible
to buckling, while the confined core concrete exhibits increasingly brittle behavior. Both the
numerical analyses and post-earthquake field observations emphasize the necessity of com-
plying with the transverse reinforcement detailing requirements specified in earthquake
design regulations. Nevertheless, investigations of damaged structures have frequently
revealed transverse reinforcement spacing considerably larger than the code-prescribed
limits. In this stage of the study, transverse reinforcement spacing was treated as the sole
variable, whereas all other structural parameters were kept unchanged. It should be noted,
however, that additional factors, including concrete compressive strength, reinforcement
properties, and reinforcement detailing, also have a significant influence on the failure
mechanisms of RC columns. To further investigate the influence of transverse reinforce-
ment detailing, additional analytical models were developed incorporating different stirrup
diameters, 90◦ hook configurations, and conventional stirrup arrangements. The cross-
sectional details of the columns, together with the characteristics of these analytical models,
are summarized in Table 4.

Table 4. Details of the structural models developed for distinct column confinement scenarios.

Model Cross-Section Description

Model VI

 

Transverse reinforcement Φ10/200

Model VII

 

Transverse reinforcement Φ10/300

Model VIII

 

Transverse reinforcement Φ12/200

Model IX

 

Transverse reinforcement 90◦ hooked; Φ8/200

Model X

 

Reinforcement tie; Φ8/200

A comparative analysis of the shear forces across varying transverse reinforcement
configurations is compiled in Table 5.
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Table 5. Comparison of shear demand and shear capacity under different transverse reinforcement
conditions.

Story Column
Model VI Model VII Model VIII Model IX Model X

Demand Limit Demand Limit Demand Limit Demand Limit Demand Limit

1 S1

No exceed

86.55 79.16

No exceed

85.56 67.68

No exceed

1 S2 94.24 89.26 95.27 79.71
1 S3 94.21 89.23 95.23 79.66
1 S4 86.53 79.14 85.54 67.66
1 S5 98.32 98.03 108.18 98.31
1 S6

No Exceed
109.89 104.26

1 S7 109.88 104.18
1 S8 98.32 98.00 108.18 98.32
1 S9

No Exceed
109.39 102.35

1 S10 108.98 100.79
1 S11 118.06 117.88 109.01 100.89
1 S12

No Exceed

109.37 102.34
1 S13 109.61 100.42
1 S14 112.15 112.00
1 S15 112.15 111.99
1 S16 109.61 100.43
2 S1

No exceed
2 S5
2 S9
2 S13

The distribution of shear failure locations across the vertical elements for Models VI to
X is systematically presented in Figure 31.

 

Figure 31. Comparative evaluation of the localized shear failure mechanisms for Models VI through
X under seismic demand.

Based on the comparative analysis of Models VI to X, it is concluded that structural
modifications play a critical role in mitigating or exacerbating shear concentration risks
during seismic events. The localized damage patterns restricted primarily to the ground
floor underscore the high susceptibility of the lower stories to lateral displacement demands.
Therefore, the findings suggest that implementing uniform structural stiffness and adequate
shear retrofitting at the base level are vital strategies for ensuring structural stability.

Current Turkish seismic design regulations require the use of special seismic stirrups
in reinforced concrete members. The findings of the structural analyses strongly sup-
port the effectiveness of this requirement. In Model X, where additional stirrups were
incorporated, none of the columns exceeded their allowable shear limits. The increase
in transverse reinforcement per unit cross-sectional area enhanced the shear capacity of
the columns, resulting in improved structural performance. Furthermore, enlarging the
diameter of the transverse reinforcement provided an additional increase in shear resistance.
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Accordingly, Models VI and VIII exhibited no columns exceeding the prescribed shear
capacity, with higher transverse reinforcement diameters contributing to greater shear
strength. In contrast, Model VII, characterized by excessive stirrup spacing, showed seven
columns exceeding the allowable shear force, demonstrating that reinforcement spacing
remains a critical parameter governing column performance. The Turkish Earthquake
Code also specifies that transverse reinforcement should be anchored using 135◦ hooks
to ensure adequate confinement and reliable anchorage of the longitudinal reinforcement
during seismic loading. This detailing allows the transverse reinforcement to effectively
restrain the longitudinal bars and maintain their structural function under earthquake-
induced deformations. Nevertheless, post-earthquake field investigations have frequently
identified damaged columns containing stirrups with 90◦ hooks instead of the required
135◦ configurations. To evaluate the consequences of this detailing deficiency, Model IX
was developed using 90◦ hook anchorage. The analysis indicated that 16 columns exceeded
their allowable shear capacities, confirming the detrimental effect of inadequate anchorage
on seismic performance. A summary of the number of columns exceeding the prescribed
limit state for each analytical model is presented in Table 6.

Table 6. Columns exceeding the ehear resistance limit.

Model Total Number of Columns Number of Columns
Exceeding the Limit %

I 96 0 0
II 96 16 17
III 96 19 20
IV 96 20 21
V 96 20 21
VI 96 0 0
VII 96 7 7
VIII 96 0 0
IX 96 16 17
X 96 0 0

The quantitative damage distribution assessment across Models I to X indicates that
structural modifications drastically alter the severe stress concentrations in the vertical
structural components. While specific configurations such as Models I, VI, VIII, and X
completely avoided capacity exceedance, Models IV and V exhibited the highest vulnera-
bility, with 21% of their columns exceeding design thresholds. These results conclude that
optimizing structural uniformity is a critical prerequisite to mitigating structural column
failures during major seismic events.

4.1.2. Numerical Analysis Results for RC Beams

The properties of the models created using different variables for RC beams are given
in Table 7.

Table 7. Beam models with different stirrup configurations.

Model Description

XI Transverse reinforcement Φ8/200
XII Transverse reinforcement Φ8/400
XIII Transverse reinforcement Φ8/500
XIV Transverse reinforcement Φ10/200
XV Transverse reinforcement 90◦ hooked; Φ8/200
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The number of beams where the shear force limit values are exceeded for the models
considered as a result of structural analyses is shown in Table 8.

Table 8. Number of beams exceeding the shear force limit.

Model Total Number of Beams Number of Exceeding Beams %

XI 144 4 3
XII 144 14 10
XIII 144 20 14
XIV 144 0 0
XV 144 4 3

The spatial distribution of shear-induced damage across the lower floor levels for
Models XI to XV is comparatively illustrated in Figure 32.

 

Figure 32. Comparative visualization of the seismic deformation configurations and beam shear
damage patterns for Models XI through XV.

Based on the comparative performance of Models XI to XV, it is concluded that
structural modifications extensively redistribute the lateral shear demands across the lower
stories. The prominent damage observed within the lower floor systems highlights the
critical role of diaphragm stiffness in governing global seismic behavior. Consequently, the
findings emphasize that strengthening both the base columns and the associated horizontal
frame connections is essential to achieve balanced energy dissipation and prevent localized
brittle failure.

4.1.3. Analysis Results for Other Structural Models

Different variables for beams and columns have been implemented specifically for
these elements. Observational field studies revealed that in some columns and beams, the
transverse reinforcement was plain while the longitudinal reinforcement was ribbed. In this
context, Model XVI was created considering the material differences of both longitudinal
and transverse reinforcement in beams and columns. To facilitate comparison, Model XVII
was created where both transverse and longitudinal reinforcements belong to the same
type of reinforcement class. In Model XVIII, where the concrete properties supporting the
shear force with transverse reinforcement are weak, the concrete class was considered as
C8/10. Model XIX takes into account the use of diamond stirrups in RC columns. The
created models and their details are presented in Table 9.

To rigorously isolate the individual structural effects of steel grade, concrete strength,
and transverse tie configuration without confounding variables, the parametric analysis for
Models XVI through XIX was evaluated using strictly controlled, single-variable compara-
tive subsets. Within this analytical framework, the impact of each mechanical property is
quantified by altering only one targeted parameter at a time while maintaining all other ma-
terial strengths and detailing configurations completely constant. This systematic approach
ensures that the independent sensitivity of steel grade, concrete grade, and tie spacing
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on the ultimate shear capacity and displacement performance is transparently isolated,
preventing any overlapping or compounding analytical effects.

Table 9. Structural models developed for different parameters.

Model Summary

Model XVI Transverse and Longitudinal reinforcement S220
Model XVII Transverse and longitudinal reinforcement S420
Model XVIII Transverse/longitudinal reinforcement S220; Concrete grade C8/10
Model XIX Diamond reinforcement ties in columns

The total count of structural elements exceeding their threshold shear limits is tabu-
lated in Table 10 for each model scenario.

Table 10. Number of elements where limit shear forces are exceeded for different structural models.

Model
Columns Beams

Total Number
of Columns

Number of
Exceeding Columns % Total Number

of Beams
Number of

Exceeding Beams %

Model XVI 96 20 21 144 8 6
Model XVII 96 4 4 144 0 0
Model XVIII 96 20 21 144 36 25
Model XIX 96 0 0 144 0 0

Based on the results presented in Table 10, Model XIX achieved the most favorable per-
formance, with no columns or beams exceeding the specified performance limit, indicating
the effectiveness of the adopted reinforcement strategy. In contrast, Model XVIII exhibited
the highest proportion of deficient members, with 21% of the columns and 25% of the
beams exceeding the limit state, reflecting the least satisfactory structural response among
the investigated models. Model XVII also demonstrated a significant improvement com-
pared to Model XVI, reducing the percentage of exceeding columns from 21% to 4% while
completely eliminating beam deficiencies.

The structural responses and localized shear damage patterns within the lower-story
frames for Models XVI to XIX are comparatively demonstrated in Figure 33.

 

Figure 33. Comparative illustration of the column failures and corresponding structural member
damage distributions for Models XVI through XIX under seismic action.

Based on the deformation characteristics observed from Models XVI to XIX, it is con-
cluded that structural modifications significantly alter the shear demand path across the
lower stories. The simultaneous yielding of the ground columns and the adjacent floor
beams highlights the high demand for energy dissipation in these critical zones. Conse-
quently, the results demonstrate that strategic reinforcement of both frame connections and
vertical load-bearing elements is essential to secure overall structural integrity.
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4.2. Element-Based Numerical Analysis

The element-based shear forces for the columns in this structural model were also
obtained according to Eurocode-8. The element-based shear force capacities obtained for
each model are shown in Table 11.

Table 11. The element-based shear forces for the columns.

Model Shear Force Capacity (kN)

I 122.71
II 96.11
III 87.25
IV 82.82
V 80.16
VI 110.26
VII 96.56
VIII 127.21
IX 96.11
X 122.71

Within the scope of the study, beams were selected as 250 × 500 mm. Element-based
shear force capacities of the models selected according to Eurocode-8 are shown in Table 12.

Table 12. The element-based shear forces for the beams.

Model Shear Force Capacity (kN)

XI 63.29
XII 45.65
XIII 42.12
XIV 82.50
XV 63.29

Element-based shear force capacities in structural models where the transverse rein-
forcement conditions in columns and beams change together are shown in Table 13.

Table 13. The element-based shear forces for the columns and beams.

Model
Columns Beams

Ultimate Shear Capacity (kN) Ultimate Shear Capacity (kN)

XVI 96.11 82.50
XVII 120.29 95.37
XVIII 75.09 53.00
XIX 122.71 63.29

4.3. Comparison of Target Displacements

Performance-based earthquake engineering mainly focuses on target displacement as
an important outcome [87,88]. The target displacements have been determined based on
the limit states outlined in Eurocode 8, which is more widely used globally. These limit
states are presented in Table 14.

The target displacement demands derived for all numerical models under varying
column design variables are summarized in Table 15.

With increasing spacing of the transverse reinforcement, the target displacements
have decreased to ensure structural safety. The lowest target displacements were achieved
with transverse reinforcements bent at a 90◦ angle. In the models created considering
other transverse reinforcement conditions, there is no significant change in the target
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displacements. When different conditions of transverse reinforcement are considered for
beams, it has been found that the target displacements exhibit very minor differences. This
once again emphasizes the necessity for a stronger design of columns compared to beams.
While beams are only related to the loads on their respective floors, columns are connected
to other columns on different stories.

Table 14. Performance Levels Defined by Eurocode 8 (Part 3) [89,90].

Limit State Description
Return
Period
(Year)

Probability of
Exceedance
(in 50 Years)

Limit state of damage
limitation (DL)

Only lightly damaged, damage to non-structural
components economically repairable. 225 0.20

Limit state of significant
damage (SD)

Significantly damaged, some residual strength and
stiffness, non-structural components damaged,

uneconomic to repair.
475 0.10

Limit state of near collapse
(NC)

Heavily damaged, very low residual strength and
stiffness, large permanent drift but still standing. 2475 0.02

Table 15. Summary of target displacements.

Model
Target Displacements (m)

DL SD NC

Model I 0.06138476 0.07874644 0.13651848
Model II 0.06135176 0.0787041 0.13644509
Model III 0.06134131 0.07869069 0.13642184
Model IV 0.06133584 0.07868368 0.13640968
Model V 0.04687658 0.06013485 0.10425258
Model VI 0.06143582 0.07881195 0.13663205
Model VII 0.06140414 0.0787713 0.13656159
Model VIII 0.0615396 0.07894508 0.13686285
Model IX 0.04687658 0.06013485 0.10425258
Model X 0.06138779 0.07875033 0.13652522
Model XI 0.061388 0.07875 0.136525
Model XII 0.061385 0.078747 0.136519
Model XIII 0.061385 0.078747 0.136519
Model XIV 0.061445 0.078823 0.136651
Model XV 0.061385 0.078747 0.136519
Model XVI 0.066076 0.084765 0.146952
Model XVII 0.066217 0.084945 0.147265
Model XVIII 0.070348 0.090245 0.156452
Model XIX 0.061406 0.078773 0.136565

The parametric sensitivity analysis conducted across twenty distinct structural con-
figurations of a typical six-story reinforced concrete (RC) building framework yielded
critical quantitative insights into the structural implications of transverse reinforcement
detailing. Notably, the numerical simulations demonstrate that optimizing the stirrup
spacing by reducing it from 300 mm to 200 mm enhances the column shear capacity by up
to 10%, thereby significantly mitigating the risk of brittle fracture. Conversely, detailing
deficiencies such as excessive spacing directly exacerbate vulnerability; for instance, Model
VII, characterized by such excessive spacing, resulted in seven columns exceeding their al-
lowable shear force capacity. Furthermore, the detrimental compounding effect of material
sub-standardization is highlighted by the fact that low-strength concrete (C8/10) induces
up to a 40% reduction in shear capacity compared to the reference C20/25 concrete grade
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under identical reinforcement setups. In contrast, the implementation of contemporary
seismic provisions specifically through the integration of special seismic crossties in Model
X completely eliminated shear capacity exceedances across all vertical members. These
quantitative findings emphasize that while reinforcement detailing parameters such as
spacing, rebar diameter, and a mandatory 135◦ hook angle dictate the threshold of crack
initiation and longitudinal bar buckling, proper on-site execution and material strength
remain paramount to preventing catastrophic global failure.

The target displacement of 0.36 m represents the theoretical seismic deformation
demand imposed on the building by the design earthquake, evaluated in accordance with
the Eurocode 8 N2 method. In contrast, the values of 0.104–0.157 m denote the actual lateral
displacement capacity of the deficient models at the Near-Collapse performance level.
Since the required seismic demand vastly exceeds the available structural capacity, these
findings mathematically justify the severe damage and collapse mechanisms documented
during our field investigations.

4.4. Strengthening Solution

In this part of the study, reinforcement with steel fibers was planned for Model II,
which has a shear force effect. 16 columns, whose shear force capacity was exceeded, were
reinforced using steel fibers, and structural analyses were performed. Steel and similar
fibers are among the modern reinforcement materials preferred today for increasing shear
force capacity. In recent years, fiber-reinforced materials have gained increasing attention in
structural engineering as effective strengthening solutions for reinforced concrete members.
Among these materials, steel fibers and other similar fiber-based reinforcement systems
are widely adopted modern techniques aimed at enhancing the shear capacity and overall
structural performance of structural elements. These materials are particularly valued for
their ability to improve load transfer mechanisms, delay crack propagation, and enhance
post-cracking behavior. As a result, the incorporation of fiber reinforcement has become an
important approach in both new construction and strengthening applications, especially in
improving the shear resistance of structural components under critical loading conditions.
Typical properties of the steel fiber considered in this paper are given in Table 16.

Table 16. Typical properties of the steel fiber.

Characteristic Value

Fibre’s Thickness (mm) 0.3810

Strength in Tension (MPa) 3400

Modulus of elasticity (MPa) 190,000

Ultimate Elongation (%) 2.30

Areal Weight (g/m2) 3300

The RC column cross-sections before and after reinforcement are illustrated in Figure 34.
To systematically restore the shear capacity of the deficient RC columns, FRP

retrofitting scheme was designed and numerically simulated. The composite material
utilized consists of high-strength unidirectional FRP sheets characterized by a nominal
design thickness of 0.3810 mm, a tensile strength of 3400 MPa, and an elastic modulus of
190 GPa. The retrofitting configuration employs a single-layer, fully wrapped continuous
jacket with the carbon fibers oriented horizontally (perpendicular to the longitudinal axis of
the columns) to specifically resist lateral shear demands and enhance concrete confinement.
To ensure a realistic performance limit and prevent premature brittle failures, the design
limits the effective strain of the FRP wrap well below its ultimate rupture strain, explicitly
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accounting for debonding checks. This effective strain limit was calculated based on the
substrate concrete strength and the confinement configuration, in strict accordance with the
retrofitting guidelines of international seismic codes, thereby ensuring that the documented
capacity enhancements are both structurally reliable and physically achievable.

 

Figure 34. Cross-Sections of RC Columns before and after Strengthening.

In the reference analytical model, the columns identified as exceeding their shear
capacity were retrofitted using a steel fiber reinforcement system. The strengthening
intervention was applied to all first-story columns. During the retrofit process, the steel
fiber was assumed to be installed continuously over the full height of each column without
interruptions. In the numerical analyses, the fiber-reinforced polymer (FRP) material was
modeled as a single continuous layer. To account for proper fiber application, the corners
of the column sections were assumed to be rounded with a radius of 40 mm. A comparison
of the shear damage conditions before and after the strengthening intervention is presented
in Figure 35.

Figure 35. The shear force damage status before and after reinforcement.

There was no exceedance in the shear force capacities of the columns strengthened
with steel fiber on the ground floor. This once again demonstrates the usability of steel
fibers and similar fibers in increasing the shear force capacity of structural elements.

The sequential implementation phases of the FRP wrapping application, spanning
from initial substrate preparation to the final protective topcoat installation, are systemati-
cally illustrated in Figure 36.
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Figure 36. Schematic step-by-step procedure for the seismic retrofitting of a reinforced concrete
column using FRP wrapping.

To ensure the full composite action and efficiency of the retrofitting scheme, strict
adherence to quality control measures during each application stage is imperative. Partic-
ular attention must be paid to achieving a completely dust-free substrate during surface
preparation and ensuring full impregnation of the carbon fiber sheet without trapped air
bubbles during resin application. Furthermore, the application of a UV-resistant protec-
tive topcoat is vital to prevent long-term environmental degradation of the epoxy matrix,
thereby maintaining the structural integrity of the retrofitted element.

5. Conclusions
In Türkiye, which has experienced significant earthquakes, two earthquakes occurred

on 6 February 2023, close to the same province, causing extensive damage and destruction
to structural systems. The irregularities in the urban building stock, particularly in RC
structures, and the structural characteristics that do not comply with earthquake regulations
exacerbated the extent of the devastation. This study focuses on the conditions of transverse
reinforcement in columns and beams, particularly concerning resisting shear forces.

Transverse reinforcement, especially in the context of earthquake effects, enhances the
strength and ductility of structural elements. The spacing in areas of confinement should
be carefully considered, and hooks should be bent at a 135◦ angle toward the inside of the
concrete to ensure proper anchoring to the longitudinal reinforcement.

The analytical results show that increasing the spacing of transverse reinforcement
and reducing its diameter increase the likelihood of shear failure in RC columns and
beams. Comprehensive structural analyses were performed to evaluate the influence of
different transverse reinforcement parameters. The findings confirm the importance of
proper reinforcement detailing and good construction practice for satisfactory seismic
performance. The principal findings are summarized as follows:

• An increase of up to 10% in shear capacity is achieved by reducing the transverse
reinforcement spacing from 300 mm to 200 mm

• A 15% to 18% enhancement in shear capacity is realized when the bar diameter is
increased from Φ8 to Φ12.

• Utilizing a 135◦ hook anchorage provides superior confinement, thereby significantly
suppressing the lateral buckling of longitudinal bars

• FRP retrofitting restored capacity in all deficient columns tested.
• A structural capacity loss of up to 40% is observed when low-strength concrete is

paired with deficient reinforcement configurations.
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In the Turkish Earthquake Regulations, the spacing of stirrups is limited differently
for columns and beams. The spacing of transverse reinforcement must not exceed the
limit states specified in the regulations. To prevent any disruption in the position and
arrangement of transverse reinforcement, it is important to ensure proper anchoring during
the application phase, and special care should be taken with the use of crossties in columns.

Field observations also showed that reinforcement corrosion and the use of plain
reinforcement significantly reduced the seismic performance of RC members. Corrosion
decreased the reinforcement cross-section and weakened the bond between concrete and
steel, while plain reinforcement increased the risk of bond failure because of its poor
mechanical interlock. These problems became more critical in older buildings with low-
strength concrete and inadequate construction practices.

Based on the findings obtained from both post-earthquake field investigations and
the structural analyses, the principal factors influencing the effectiveness and intended
performance of transverse reinforcement can be summarized as follows:

• Diameter of the transverse reinforcement;
• Spacing between transverse reinforcement elements;
• Combined use of different reinforcement types within the same structural member;
• Use of plain reinforcing bars instead of deformed reinforcement;
• Low concrete compressive strength;
• Reinforcement corrosion;
• Absence of supplementary cross-ties (stirrups) in columns;
• Inadequate hook angle of the transverse reinforcement;
• Deficient reinforcement detailing and construction workmanship;
• Insufficient concrete cover thickness;
• Inadequate anchorage between transverse and longitudinal reinforcement.

A parametric sensitivity analysis was performed to quantify the relative influence
of each transverse reinforcement variable on shear force capacity. Results indicate that
reinforcement spacing has the highest impact, followed by hook angle, diameter, and steel
grade. Concrete strength significantly modulates these effects, with low-strength con-
crete (C8/10) showing up to 40% reduction in capacity compared to C20/25 for identical
reinforcement configurations. The numerical findings align with observed field damage pat-
terns, confirming that transverse reinforcement deficiencies directly reduce shear capacity
and ductility in both columns and beams. Comparisons with TBEC-2018 show that while
current codes prescribe adequate spacing and anchorage requirements, field execution
often falls short, particularly in older pre-2000 structures. Introducing stricter inspection
protocols and on-site verification during construction could mitigate these deficiencies.

Although pushover analysis effectively quantifies shear force exceedance and struc-
tural deformation profiles under simulated lateral drift, it may not fully capture the complex,
cyclic degradation and high-frequency dynamic effects induced by consecutive seismic
shocks, such as the 2023 Kahramanmaraş twin earthquakes. The adopted approach also
does not fully consider higher-mode effects and torsional behavior. In addition, different
ground motion characteristics may lead to different structural responses. Therefore, the
results should be considered within the scope of the selected analysis method. Nonetheless,
the accuracy of the numerical findings is validated by their strong correlation with the
qualitative field damage patterns.

The combined field observations and numerical analyses provide practical recommen-
dations for the seismic assessment and strengthening of existing RC buildings. Compar-
isons with TBEC-2018 show that the code requirements for transverse reinforcement are
generally adequate. However, many of the observed failures were related to poor detail-
ing and construction workmanship. The results indicate that reducing stirrup spacing to
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200 mm and using 135◦ hooks improve the shear performance of RC members. In addition,
FRP strengthening was found to be an effective method for restoring the shear capacity of
deficient columns.

Future studies may include nonlinear time-history analyses to better evaluate the seis-
mic response under different earthquake records. Experimental studies on reinforcement
corrosion and bond deterioration may also improve the understanding of long-term struc-
tural performance. In addition, different strengthening materials and retrofit techniques
can be investigated and compared.
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51. Altunsu, E.; Güneş, O.; Öztürk, S.; Sorosh, S.; Sarı, A.; Beeson, S.T. Investigating the Structural Damage in Hatay Province after
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82. USGS. M 7.8—Pazarcik Earthquake, Kahramanmaraş Earthquake Sequence. 2023. Available online: https://earthquake.usgs.

gov/earthquakes/eventpage/us6000jllz/executive (accessed on 20 May 2026).
83. AFAD. Türkiye Deprem Tehlike Haritaları. 2025. Available online: https://tdth.afad.gov.tr (accessed on 18 February 2026).
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