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Abstract: Tiirkiye, a country that suffers significant structural damage from earthquakes,
was struck by two major quakes on 6 February 2023, centered in Pazarcik (My, = 7.7) and
Elbistan (My, = 7.6) in Kahramanmaras. These earthquakes caused extensive damage
and destruction to urban concrete structures, significantly contributing to the loss of life.
Inadequate designs in columns, which are meant to maintain structural integrity and
transfer forces, were a primary cause of the structural damage. This study provides
information about these catastrophic earthquakes, focusing on the detailed examination
of damages in reinforced-concrete (RC) columns. Structural analyses were conducted on
a selected RC building, taking into account the primary causes of column damage: low-
strength concrete and insufficient transverse reinforcement. Five different concrete classes
and two transverse reinforcement spacing options were considered to analyze the impact
of concrete strength. To address the exceeded shear forces in the columns, a fiber-reinforced
polymer (FRP) wrapping method was employed for strengthening. Initially, a reinforcement
analysis was performed on a single column that exceeded shear force limits, followed by
strengthening applications on all columns exceeding the limit shear force. The results
demonstrated that carbon fibers have a significant impact on the shear forces in columns.
The conclusion of the research is that FRP increases the ductility of concrete columns,
enabling them to withstand seismic forces more effectively. This is vital in ensuring the
integrity of structures in earthquake-prone areas. Using FRP materials can also significantly
reduce the carbon footprint associated with concrete construction by minimizing the need
for maintenance and extending the lifespan of structures. FRP presents a sustainable
and effective solution for addressing failures in reinforced concrete columns. Its unique
properties not only enhance strength and durability but also significantly improve the
resilience of structures against corrosion, seismic events, and overload conditions.

Keywords: RC column; damage; shear; reinforcement; FRP

1. Introduction

The impact of earthquakes, whose location, timing, and magnitude cannot be predicted
with current technologies, is a primary cause of loss of life and property. In areas with
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high seismic risk, various measures are taken to mitigate the effects of earthquakes both
before and after they occur. A crucial phase of modern disaster management is the detailed
examination of structural damage within the framework of construction and earthquake
engineering after an earthquake. Each study conducted on structural damage plays a vital
role in enhancing the earthquake performance of buildings and can serve as an important
support tool for decision-makers. Such studies are essential for revealing the effects of
earthquakes on the ground and structures and for reducing risks. Identifying gaps in
earthquake-resistant design principles and providing the necessary information to guide
building design holds particular significance. The primary aim of these studies is to
increase the seismic safety of structures by enabling the identification of the most effective
strengthening methods following damage analysis. By enhancing urban resilience against
earthquakes, potential loss of life and property can be minimized [1-9].

The behavior of columns in reinforced-concrete (RC) structures, which make up
a significant portion of urban building stock, plays a critical role in safely transferring loads
to the ground and directly affects the seismic performance of the structure. Achieving
the desired behavior of reinforced concrete columns under seismic effects is directly re-
lated to the application of earthquake-resistant design principles. Insufficient detailing
of concrete and reinforcement used in such structural elements, or construction errors,
can lead to varying levels of damage and/or collapse. The 2023 Kahramanmaras earth-
quakes, described as a catastrophe for Tiirkiye, once again highlighted that damage to
columns directly impacts the damage in RC structures. In particular, low-strength concrete
and inadequate transverse and longitudinal reinforcement have had a direct effect on the
damage observed in columns [10-25]. Reinforcement deficiencies, especially in vertical
load-bearing elements like columns and shear walls, can increase the degree of damage.
The arrangement and quantity of transverse and longitudinal reinforcement to be used in
columns must be selected in accordance with relevant regulations and standards, and they
must be placed as specified in the project during the construction phase [26—40].

In 2023, two significant earthquakes struck the East Anatolian Fault System in Tiirkiye,
known as the Kahramanmaras earthquakes, which had magnitudes of 7.7 and 7.6. These
events devastated 11 provinces in southern Tiirkiye, resulting in approximately 400 km of
surface rupture. The death toll exceeded 50,000, and around 300,000 buildings were either de-
stroyed or severely damaged. The earthquakes also triggered over 2500 landslides and created
a landslide dam in the Amanos mountains. Common phenomena included liquefaction and
lateral spreading, particularly along coastlines and plains. In the past century, only three other
earthquakes have caused surface rupture: the 1971 Bing¢l Earthquake (M = 6.8), the 2010
Karakogan Earthquake (M, = 6.1), and the 2020 Elazig Earthquake (M, = 6.8) [41,42].

Shear force plays a critical role in the design of RC columns, influencing their strength,
stability, and overall structural integrity. Some of the most important effects of shear force
considered in the design of RC columns are as follows: concrete shear capacity (since
concrete has limited ability to resist shear forces), shear reinforcement (stirrups or ties),
control of cracking, ductility (the ability to dissipate energy), the interaction with axial loads,
lateral stability, and influence in the serviceability of the structure. Proper consideration
of the above-mentioned effects is essential for ensuring the safety and longevity of RC
structures. Various building codes and standards, including ACI 318 [43] and Eurocode-
2 [44], provide guidelines for determining the shear capacity of columns, specifying the
amount and spacing of shear reinforcement to avoid failure modes like diagonal cracking
and shear failure, which can compromise structural stability, especially in seismic regions.
Priestley et al. [45] introduced a predictive model for the shear strength of columns under
seismic loads, incorporating contributions from concrete, axial load, and truss mechanisms.
Pan et al. [46] developed a model based on the truss-arch concept to improve shear strength
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predictions for shear-sensitive RC columns. Moretti et al. [47] proposed a global truss model
for short columns, while Henkhaus et al. [48] investigated how transverse reinforcement
size and spacing influence lateral deformation after shear failure. Zhang et al. [49] explored
the seismic shear strength and deformation capacity of RC columns, leading to the de-
velopment of empirical equations for predicting shear strength in flexural shear failures.
A probabilistic approach [50] was introduced to evaluate the seismic performance of RC
columns, helping to identify shear-dominated columns and create fragility curves. Further
studies by Colakoglu [51], Atar et al. [52], Taskin and Okay [53], Merter and Ugar [54], and
Inel et al. [55] examined the impact of transverse and longitudinal reinforcement on column
performance in seismic zones. Isik [56] explored the impact of special seismic ties used in
columns on structural performance.

The use of fiber-reinforced polymer (FRP) composites for strengthening columns has
become an effective method, as demonstrated by studies highlighting the advantages of
FRP’s high strength-to-weight ratio, corrosion resistance, and flexibility [57,58], offering
an alternative to traditional steel reinforcements for strengthening reinforced concrete
structures [59]. FRP composites significantly enhance the flexural and shear capacities of
structural elements and are particularly effective in harsh environmental conditions [60-62].
The effectiveness of the FRP technique, among different retrofitting strategies, for seismic
retrofitting of RC buildings, increasing ductility and shear capacity of columns has also
been demonstrated in different studies [63-67].

RC short columns, vulnerable to higher drift ratios during earthquakes, can benefit
from strengthening with fiber-reinforced polymer (FRP) composites, which significantly
enhance their shear capacity, confinement, and performance. Several studies have demon-
strated the effectiveness of various FRP strengthening techniques, such as full wrapping,
corner strip-batten, and longitudinal FRP application, which improve bearing capacity, duc-
tility, and energy dissipation [68,69]. Additionally, different retrofitting methods, including
CFRP wrapping and steel jacketing, improve seismic performance, although issues like
corrosion and structural weight can arise with certain approaches [70,71]. Furthermore, ex-
perimental studies show that FRP reinforcement enhances shear strength, reduces cracking,
and extends the service life of concrete elements [72-83].

Using FRP to strengthen RC structures offers several sustainability benefits. FRP
enhances the load-carrying capacity of existing structures, reducing the need for material-
intensive replacements and extending their lifespan. Being lighter than traditional ma-
terials, FRP lowers transportation and installation costs, while its production generally
has a smaller carbon footprint. Its corrosion resistance ensures longer service life and
less maintenance, further reducing environmental impact. FRP’s versatility allows for
innovative, efficient designs that minimize disruption during retrofitting, and it supports
resource efficiency by recycling the existing infrastructure. Additionally, incorporating
smart technologies for structural health monitoring can optimize maintenance and further
promote sustainability. FRP is a material known for its high strength and lightness and has
been widely used in many industries in recent years, especially in automotive, aviation,
construction, and sports materials. FRP has high durability despite being extremely light.
This feature can increase energy efficiency. Especially in the automotive and aviation
industries, the use of FRP significantly reduces the weight of vehicles and aircraft. Lighter
vehicles consume less fuel, which saves energy and reduces carbon emissions. In this con-
text, FRP contributes to more environmentally friendly transportation solutions in terms of
sustainability. The high durability of FRP gives it a long life. This is an important advan-
tage, especially in the reinforcement of structures and construction materials. Structures
reinforced with carbon fiber require less maintenance over time and last longer. This can
help protect natural resources by reducing material use. As the life of structures increases,



Buildings 2025, 15, 1535

4 0f27

the need for reconstruction decreases, thus minimizing the environmental impacts arising
from construction and demolition processes. In addition, as recycling technologies develop,
the environmental impact of carbon fiber can be reduced and this material can become
more sustainable.

Durable structures require less maintenance and repair, which reduces material con-
sumption and waste. This feature is an important factor that increases sustainability, as
construction and repair activities often have high environmental impacts. FRP-reinforced
structures allow for more efficient use of natural resources, reducing the need for reconstruc-
tion and intensive maintenance. FRP strengthening operations are often fast and can be
performed with minimal disruption or damage to existing structures. This means less con-
struction waste and shorter work times. Traditional strengthening methods (e.g., concrete
and steel additions) can often be longer, more complex, and more wasteful. The fast and
efficient application of FRP makes construction processes more environmentally sustain-
able. FRP materials are generally highly resistant to corrosion and other environmental
factors. Therefore, reinforced structures require less maintenance in the long term. Reduced
maintenance requirements reduce both costs and environmental impacts. In addition,
FRP’s corrosion resistance extends the life of structures and allows for less frequent repairs.

In this study, the structural failures caused by earthquakes in RC columns have been
examined in detail in light of the 2023 Kahramanmaras earthquakes, referred to as a catas-
trophe for Tiirkiye. To this end, information about these earthquakes has been provided.
Following this, the damages observed in RC columns were assessed in detail within the
framework of construction and earthquake engineering after field observations. Consider-
ing that the primary causes of seismic damage in columns are low-strength concrete and
insufficient transverse reinforcement, structural analyses were conducted for a sample RC
building model. Nine different structural models were analyzed to obtain and compare
shear force demands and limit values, specifically for concrete strength and transverse
reinforcement spacing. Subsequently, analyses were performed on structural models using
fiber elements for strengthening methods, based on the model with the worst concrete
strength and transverse reinforcement spacing. Results were obtained and compared for
four different strengthening options using FRP. This study is significant for the detailed
evaluation of the main causes of damage in columns, supported by numerical analyses, and
for addressing seismic performance improvement methods for these columns. Additionally,
the study includes sustainable strengthening recommendations for the existing reinforced
concrete building stock concerning inadequate shear capacity. The focus of our study was
on identifying common structural deficiencies observed in RC columns following the 2023
Kahramanmaras earthquakes. Due to limited access to detailed building records, specific
information such as building names, construction dates, or seismic code compliance could
not be included. As a result, the analysis was based on generalized structural characteristics
rather than case-specific data. This paper provides a detailed case study of post-earthquake
damage and FRP strengthening. In the study, information about earthquakes, especially
column damages, were given in detail, two parameters from the main damage causes in
columns were selected as variables, and damages caused by shear force were supported by
numerical analyses. Afterwards, numerical analyses were made for strengthening these
damages and the applicability of strengthening applications was clearly demonstrated.

2. Materials and Methods
2.1. 6 February 2023 Kahramanmaras Earthquakes and the East Anatolian Fault System
The North Anatolian Fault System (NAFS) and the East Anatolian Fault System

(EAFS) are the two primary fault systems in Tiirkiye that present significant earthquake
hazards. The EAFS acts as a NE-SW left-lateral strike-slip transform boundary between the
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northward-moving Arabian Plate and the westward-moving Anatolian Block, stretching
approximately 580 km in length and averaging 30 km in width [84,85]. It is one of the most
active fault systems in Ttirkiye and plays a crucial role in accommodating the westward
movement of the Anatolian Block alongside the NAFS. Current GPS data indicate a slip
rate of about 11 £ 2 mm/year.

The EAFS begins at the Karliova junction in the northeast and extends as a continuous
zone to the west of Celikhan. Here, the southern branch of the fault splits into two,
continuing from the Golbas1 Basin and Pazarcik northward to the Tiirkoglu junction in
the southwest. It then borders the Amik Plain from the west and terminates by dispersing
south of Kirikhan. In this area, the eastern boundary is formed by the Sak¢ag6z and Narl
segments of the Dead Sea Fault Zone. The Narl1 segment extends from north of Pazarcik
towards the EAF for about 30-40 km in an NNE direction. The northern branch, which
di-verges west of Celikhan, curves northward, following the terrain of the Southeastern
Taurus Mountain Belt. This branch includes the Siirgii Fault, Cardak Fault, and the Savrun,
Cokak, and Toprakkale faults, turning southwest from Goksun (Figure 1).
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Figure 1. The tectonic system in which the Anatolian Block is located (Biiytiksarag et al. [84]).

From 1900 to 6 February 2023, 224 earthquakes (M > 4.0), the largest of which was 6.8,
occurred in the region. There are 75 historical earthquake records for the period before 1900.
The Eastern Anatolian Fault System experienced a seismically active period, especially
in the 19th century. An earthquake series occurred, starting with the Palu earthquake
(1789), continuing with the earthquakes of 1822, 1866, 1872, 1874, 1875, and 1893, and
finally ending with the Malatya earthquake of 1905 at the beginning of the last century.
Although it seems to have entered a relatively calm period after this earthquake until today,
the 22 May 1971, Bingdl (6.8 = M), 5 May 1986 (5.8 = M), and 6 May 1986 (5.6 = M)
Dogansehir earthquakes are medium-sized earthquakes produced by the EAFS in the last
century. A total of 13 earthquakes (M > 5.0) that caused damage to the EAFS occurred in
the 20th century. The epicentral distributions of these earthquakes tend to concentrate at
the boundaries of the segments.
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On 6 February 2023, two earthquakes with magnitudes of My, = 7.7 and My, = 7.6 occurred
in southeastern Tiirkiye, with epicenters in Pazarcik (Kahramanmaras) at 01:17:32 (UTC)
and Elbistan (Kahramanmaras) at 10:24:47 (UTC). The 7.7 magnitude earthquake occurred
at a depth of 8.6 km, while the 7.6 magnitude earthquake occurred at a depth of 7 km.
Immediately after the first main shock, a large aftershock with a magnitude of M, = 6.6
occurred at 01:28:16 (UTC). On the same day, the fourth aftershock with a magnitude of
M,, = 5.9 occurred at 12:02:11 (UTC). While the aftershock activity of the earthquakes
continued, another earthquake with a magnitude of 6.4 M,y occurred in Yayladag: (Hatay)
on 20 February 2023. The main shocks and aftershocks occurred within a detection radius
of approximately 300 km. These shallow and strong earthquakes were felt very strongly
in Kahramanmaras, Hatay, Adiyaman, Gaziantep, Malatya, Kilis, Diyarbakir, Adana, Os-
maniye, Sanliurfa, and Elazig, causing more than 50,000 deaths, more than 100,000 injuries
and an estimated 500,000 homes becoming uninhabitable. There have been approximately
50,000 aftershocks to date.

2.2. Structural Damages in RC Columns

Investigations conducted after the earthquakes revealed that buildings with different
structural systems experienced collapse and varying levels of damage. In reinforced
concrete columns, particularly insufficient transverse reinforcement spacing led to different
degrees of damage. The transverse reinforcement used in reinforced concrete structures
can wrap around the core concrete, reducing the brittle nature of the concrete. This, in turn,
enhances the strength of the concrete and increases the ductility capacity of the element.
Additionally, one of the expected functions of transverse reinforcement is to help resist shear
forces alongside the concrete, reduce the buckling length of longitudinal reinforcement
to prevent potential buckling, and keep the longitudinal reinforcement in place during
concrete placement. The use of inadequate transverse reinforcement negatively affects
many of these expected functions. Examples of damage caused by insufficient transverse
reinforcement are shown in Figure 2.

Figure 2. Examples of damage caused by insufficient transverse reinforcement.

The low strength of the concrete used in reinforced concrete columns has led to
varying levels of structural damage. This low concrete strength is generally due to factors
such as the use of non-graded aggregates, insufficient dosage, inadequate mixing, lack of
compaction, and insufficient curing. Examples of damage caused by low-strength concrete
are shown in Figure 3.
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Figure 3. Examples of damage from low-strength concrete.

Due to the shear forces acting on reinforced concrete structures, the lateral displace-
ment of the columns on the ground floor can lead to a collapse mechanism in the structural
system. As shown in Figure 4, lateral displacement caused by shear forces can be observed
in the lower columns.

Figure 4. Examples of out-of-plane damage in columns.

One of the common types of damage observed in reinforced concrete columns is
buckling damage, which occurs in cases where the stirrups are sparse at the ends of the
columns. This is because the buckling of the reinforcement can lead to the disintegration of
the upper part of the column and shortening under axial load. The resulting changes in
the dimensions of the column lead to a different redistribution of forces. For this reason,
transverse reinforcement is tightened in the end regions of the columns. In areas where
plastic hinges may form, the tightening of the stirrups increases the ductility and strength
of the column. The transverse reinforcements used in the design of reinforced concrete
elements help shorten the buckling lengths of the longitudinal reinforcements. Examples
of plastic hinging that occur at the upper ends of columns due to insufficient transverse
reinforcement are shown in Figure 5.

Plastic hinges have also been observed in the lower-end regions of the columns for the
same reasons as in the upper regions. Examples of this type of damage in the lower-end
regions are shown in Figure 6.
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Figure 6. Plastic hinges occur in the lower-end regions of the columns.

One of the factors affecting the load-bearing capacity of columns is inadequate con-
crete cover thickness. Insufficient concrete cover over time leads to the corrosion of the
reinforcement and a reduction in the reinforcement area, resulting in a decreased load-
bearing capacity. Examples of columns that have been damaged due to corrosion from
insufficient concrete cover thickness are shown in Figure 7.

Figure 7. Corroded reinforcement due to insufficient concrete cover thickness and inadequate anchorage.

Tensile cracks in columns form at an angle to the beam axis. If the shear reinforcement
is insufficient, the width of the cracks will be larger. Shear cracks and the subsequent
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shear failure are undesirable conditions, as they represent a brittle type of failure; ex-
amples of a shear crack are shown in Figure 8. If the shear capacity of the columns is
inadequate—meaning that sufficient stirrup tightening and details such as the lengths of
the reinforcement laps have not been properly addressed—such damage has been observed.
In this case, inclined shear cracks at approximately 45° occur in the column, as shown in
Figure 8. If there is insufficient stirrup reinforcement in the columns, inclined shear cracks

can lead to brittle failure.

Figure 8. Examples of a shear crack.

For transverse reinforcements to work effectively during an earthquake, it is recom-
mended that the hook lengths are sufficient and the hook angles are bent at 135°. However,
in practice, bending them at 90° causes the transverse reinforcements to not anchor suf-
ficiently to the longitudinal reinforcements, resulting in easier slippage of the transverse
reinforcements from the longitudinal ones. Examples of this type of damage are shown
in Figure 9.

Figure 9. Slippage of reinforcements bent at 90° from the longitudinal reinforcements.

Different installation components passing through the structural system reduce the
concrete cross-sectional area. As a result, this can lead to a decrease in the load-bearing
capacity of the element. Examples of various installation components passing through
a column are shown in Figure 10.

The spalling of core concrete in reinforced concrete columns is generally considered
a significant issue affecting the durability of the structure. The spalling of core concrete can
result from improper mix ratios, insufficient compaction, excessive loads, chemical effects,
and similar factors. Additionally, inadequate transverse reinforcement used to reduce the
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brittle characteristics of the core concrete can also contribute to this condition. Examples of

this type of damage are shown in Figure 11.

Figure 11. Spalling of core concrete in columns.

Reinforcement workmanship is a significant factor in the performance of the expected
functions of the reinforcements in reinforced concrete columns. Due to the altered posi-
tion and arrangement of the reinforcements, the load-bearing capacities of the structural
elements can be exceeded, leading to damage. Examples of damage resulting from poor
reinforcement workmanship are illustrated in Figure 12.

Figure 12. Examples of damage resulting from poor reinforcement workmanship.
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In RC columns, having ribbed longitudinal reinforcements and plain transverse re-
inforcements negatively affects the combined behavior of these reinforcements under
loads, leading to inadequate anchorage and adversely impacting the expected functions of
the reinforcements. Examples of damage observed in columns with ribbed longitudinal

reinforcements and plain transverse reinforcements are shown in Figure 13.

Figure 13. Use of different types of reinforcement.

Short column-induced damage is among the frequently observed structural failures
following earthquakes. Variations in column heights within a structure can occur due to
several factors. In this case, although a reduction in column height enhances structural
stiffness, it concurrently decreases the moment arm length. Short columns, due to their
limited height relative to other dimensions, experience reduced lateral displacement under
horizontal loads. This can lead to increased shear forces, causing structural damage at
different levels. Examples of damage in short columns are presented in Figure 14.

Figure 14. Examples of damage caused by short columns.

Another reason for the damage in columns is the additional shear forces created in
the columns of neighboring buildings due to the pounding effect during an earthquake,
especially in buildings constructed in a combined arrangement. This additional shear
force can exceed the expected shear force for the load-bearing element, leading to damage.
Examples of damage in the columns of neighboring structures resulting from the pounding
effect are shown in Figure 15.
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Figure 15. Damage due to the pounding effect.

The requirements for transverse reinforcement in RC columns, as specified in the last
two seismic design codes used in Tiirkiye, are illustrated in Figure 16.
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Figure 16. Transverse reinforcement requirements for RC columns according to last two seismic
design codes [86,87].

Post-earthquake field investigations indicated that the transverse reinforcement spac-
ing in both the confinement (core) and central regions of the columns exceeded the code-
specified limits. In several RC columns, transverse reinforcement was entirely absent.
Moreover, special seismic ties required by TBEC-2018 were found to be completely omitted.
Additionally, transverse reinforcements were anchored to the longitudinal bars at 90°,
rather than the prescribed 135°, compromising their confinement effectiveness. Insufficient
concrete cover further contributed to reinforcement corrosion and a reduction in bond
strength. These combined deficiencies hindered the composite action of transverse and
longitudinal reinforcements during seismic loading, resulting in their separation.

In Tiirkiye, the concrete classes prescribed in the 1975, 1998, 2007, and 2018 earthquake
codes are C14, C16, C20, and C25, respectively. It has been stated in many studies that
post-earthquake concrete strengths are lower than predicted during the 2023 Kahraman-
marag earthquakes [88-92]. The primary factors contributing to concrete damage during
the earthquake were related both to material properties and to design and construction
deficiencies. The compressive strength of the concrete may have been inadequate due to
the use of low-quality materials or improper mix proportions. Inadequate compaction (lack
of vibration), inappropriate aggregate gradation, and poor workmanship played a critical
role in the crushing, cracking, and disintegration of concrete. Within the scope of this study,
it was attempted to reveal the effects of these two parameters on RC columns.
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3. Results
3.1. Numerical Analysis

In RC structures, structural analyses were conducted by varying key factors affecting
the inadequate shear capacity in columns, such as concrete strength and the spacing of
transverse reinforcement. SeismoStruct-2024 [93] software was used for the numerical anal-
yses. Pushover analysis was employed in these numerical analyses. Structural nonlinear
behavior due to earthquakes can be assessed using either nonlinear time history analysis or
static pushover analysis. The pushover analysis method determines structural nonlinear
responses through a series of linear operations, enabling the development of a structural
capacity curve. This approach effectively tracks the damage states of a structure at each
step, illustrating how deterioration progresses from minor damage to complete failure.

In modelling all structural samples, force-based plastic hinge frame elements (infrmF-
BPH) were utilized for both columns and beams. These elements model the spread of
inelastic behavior based on force, limiting plasticity to a finite length. The ideal number
of fibers in the cross-section should be adequate to accurately represent the stress—strain
distribution [94]. A total of 100 fiber elements were defined for the chosen sections, which is
sufficient for this type of modeling. The length of the plastic hinge (Lp/L) was determined
to be 16.67%, based on structural analysis and design guidelines. This value represents
the proportion of the column or beam length where plastic deformations are expected to
occur under loading conditions, ensuring that the structure can dissipate energy efficiently
while maintaining stability. The selection of this ratio is consistent with common engineer-
ing practice for determining the plastic hinge length in structural components subject to
inelastic behavior.

The selected RC structure model has three spans in each direction, with each span
chosen to be 6 m. The floor plan of the RC structure model and the representation of the
columns are shown in Figure 17.
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Figure 17. Floor plan and naming of the columns.

The 2D and 3D visuals of the constructed building model are shown in Figure 18.
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Figure 18. 2D and 3D models of the selected RC structure model.

The structural characteristics that remain constant in the models used for numerical

analyses are shown in the Table 1.

Table 1. Characteristics that remain constant in the RC structure models considered in the study.

Parameter Value
Beams 250 x 600 mm
Height of slab (mm) 120 mm
Each story height (m) 3m
Concrete cover (mm) 25 mm
Columns 400 x 500 mm
Corners 4920
reinfolljé)enlrﬁietnrllltd (igll{lmns) Top and bottom 4016
Left and right 4916
o Lower 5P12
reinfg:(?eit:rilzgéams) Upper 3¢12
Sides 2912
Stirrup (beam) D8/150
Local ground type ZE
Damping ratio 5%
Importance class I
Target displacement 0.42m

The cross-sections of the columns considered in the numerical analyses before and

after reinforcement are shown in Figure 19.
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Figure 19. The cross-sections of the columns before and after reinforcement.

In this study, structural models were created by considering two key variables that
affect the shear capacity of columns. The constructed structural models and their details are
provided in Table 2. The variables were selected based on the causes of damage observed
in the columns, particularly following the Kahramanmaras earthquakes and subsequent
field investigations conducted by the authors. Another reason for this selection is to
provide a foundational basis for the strengthening that will be carried out using FRP in the
subsequent sections of the study.

Table 2. Structural models created for different variables.

Concrete Transverse Transverse Transverse
Model No. Grade Reinforcement R.einforcement Reinf.orcement
Grade Diameter (mm) Spacing (mm)
Model 1 C8/10 5220 8 100
Model 2 C8/10 5220 8 200
Model 3 C8/10 5220 8 300
Model 4 C12/15 5220 8 200
Model 5 C16/20 5220 8 200
Model 6 C20/25 5220 8 200
Model 7 C25/30 5220 8 200
Model 8 C30/37 5220 8 200
Model 9 C25/30 5220 8 100

Pushover analysis was used in all structural models. Pushover analysis, a numerical
technique, investigates the extent of deformation and the behavior of structures or structural
elements under a specific load. This type of analysis typically considers both elastic and
plastic responses. Pushover analysis is widely employed in earthquake engineering to
predict how a structure will respond during seismic events. The method evaluates the
deformation of a structure subjected to static loads (usually simulating ground motion)
and identifies the point at which damage may occur. It is less complex and faster to
perform than more advanced dynamic analyses. This approach enables the assessment
of displacement, rotation, and potential damage locations within the structure [94-97].
Uniform load distributions were taken into account in all structural analyses. For the models
considered in this study, the period, base shear force, as well as the elastic and effective
stiffness values, were first obtained. Additionally, the target displacements specified in
Eurocode-8 [98] which are commonly used worldwide, namely damage limitation (DL),
significant damage (SD), and near collapse (NC), were separately determined. The target
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displacements taken into consideration are shown in Figure 20. All target displacements
for structural models are presented in the Table 3.

DL

Base Shear (kN)
N

Idealized Curve

Pushover Curve

Displacement (m)

Figure 20. Typical pushover and idealized capacity curves (DL: damage limitation; SD: significant
damage; NC: near collapse).

Table 3. Results obtained for the structural models.

Model Period Base Shear  K-Elas K-Eff Target Displacement (m)
(s) (kN) (KN/m) (kN/m) DL SD NC
Model 1 0.7756842 2570.31 62,073.61 38,806.99  0.090362 0.1159194 0.2009633
Model 2 0.7756842 2556.35 62,135.52  39,130.43  0.0899878 0.1154394 0.2001311
Model 3 0.7756842 2551.25 62,010.17  39,107.54 0.0900127 0.1154713 0.2001864
Model 4  0.7402242 2700.82 69,824.23  42,504.54 0.0863432 0.1107639 0.1920255
Model 5  0.7120331 2805.8 77,373.58 4561592 0.0833472 0.1069206 0.1853625
Model 6  0.6887665 2882.47 83,970.68 48,511.71 0.0808219 0.103681 0.1797462
Model 7  0.6645555 2953.49 94,468.79  52,281.54  0.077854  0.0998737 0.1731457
Model 8  0.6450407 2998.06 108,517.74 55,964.87 0.0752494 0.0965324 0.1673531
Model 9  0.6645555 2952.37 94,464.45 52,262.82 0.0778679 0.0998916 0.1731768

Concrete strength directly influences the seismic behavior of RC structures. As the
concrete strength increases, the structure becomes more rigid, and the period value de-
creases. As a result, the seismic capacity of the structure improves. Additionally, an increase
in concrete class has only slightly affected the target displacements. As the strength of
concrete diminishes, there is a slight increase in the anticipated target displacements of
the structure. This is because lower concrete strength leads to a reduction in the overall
stiffness and load-carrying capacity of structural elements. Consequently, the structure
exhibits greater deformations under the same level of applied loading. Additionally, lower-
strength concrete tends to undergo more pronounced inelastic behavior, contributing to
increased displacements even before reaching critical damage states. Although the change
in displacement may be moderate, it reflects the sensitivity of the global structural response
to variations in material properties. The spacing of transverse reinforcements does not
have significant effects on these parameters, as they are not among the expected functions
of transverse reinforcements. One of the main functions expected from transverse rein-
forcements is their effect on shear force, which constitutes the primary objective of this
study. Shear force limit values are determined according to user-defined material, section,
and modeling parameters and are generally evaluated within the scope of plastic hinge
definitions and shear damage criteria. In the scope of this study, these values were obtained
by taking into account the more widely used Eurocode. The comparison of demand and
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limit shear forces is presented in Table 4. The comparison was conducted for columns that
exceeded the limit state.

Table 4. Comparison of shear forces for columns exceeding the limit shear force values.

Model 1 Model 2 Model 3 Model 4 Model 5

Storey Column
Demand Limit Demand Limit Demand Limit Demand Limit Demand Limit

Coll 108.27  106.26  106.54  86.10 114.52 73.97 119.83 86.16 116.78  103.63
Col2 124.02 12212 12257 10241 129.46 88.48 134.38 95.38 120.37  102.46
Col3 12392 122.01 12247 10227 129.36 88.34 13422 95.17 11547  104.46
Col4 108.23  106.21  106.51 86.06  114.45 73.89 119.77  77.73 99.89 89.17
Col5 170.67  152.32 171.05 12459 163.61 10929 181.01 16397 188.00 176.02
Col6 17720 15255 177.76 11936 16619 10595 19336 163.28 20247 190.49
Col7 17711 15270 177.68 11946 16620 106.05 193.05 163.31 20214 190.19
Col8 170.71  155.85 171.08 12459 163.63 109.29 181.07 164.06 188.06 176.09

! Col9 167.63 156.69 167.54 12550 162.61 109.50 173.63 156.10 177.64 163.41
Coll0 174.78 153.12 175.15 12257 16592 106.26 187.12 163.51 192.76  181.97
Coll1l 174.83  153.09 17521 12255 16594 10624 18725 163,51 19291 182.15
Col12 167.65 156.69 167.56 12550 162.62 109.49 173.67 156.14 177.69 163.46
Col13 178.40 151.59 176.71 11873 169.67 10237 18576 157.15 19741 186.98
Col14 182.66 149.33 18091 11564 171.66 9794  193.18 15213 208.14 187.89
Col15 182.66 149.33 18091 11564 171.66 9794  193.17 15213 208.13 187.89
Collb 17840 15159 176.71 118.73  169.67 10237 185.76 157.14 197.41 186.97
Coll No exceed 79.75 78.61 72.68 65.68 No exceed No exceed

5 Col5 162.83 162.02 16258 12744 15932 11597 166.57 149.73 17137 16295

Col9 16278 161.88 162.04 12757 161.67 11592 16451 148.01 168.08 159.54
Col13 No exceed 134.27 110.19  131.20 97.33 14276 ~ 140.36  151.05  150.85

According to the results of the static pushover analyses, the number of columns
exceeding the limit state and their ratio to the total number of columns in the structure are
presented in Table 5.

With the increase in the spacing of transverse reinforcements, the number of columns
exceeding the shear force limit has increased. However, with the increase in concrete
strength, there is a significant reduction in the number of columns with shear force ex-
ceedance. Both the spacing of transverse reinforcements and concrete strength significantly
affect the performance of columns under shear force. Additionally, factors such as reinforce-
ment layout, concrete cover thickness, reinforcement workmanship, and reinforcement
quality will directly impact the damage that may occur under shear force effects in these
elements. Insufficient spacing of transverse reinforcements can lead to buckling of longi-
tudinal reinforcements and brittle behavior of the core concrete. As a result of structural
analyses and field investigations, it is essential that transverse reinforcements be applied
with precision as specified in earthquake regulations.
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Table 5. Number of columns exceeding the shear force limit.

Total Number Total Number of Exceeded Number
Model of Columns on Columns on the %
the First Floor Second Floor of Columns
Model 1 16 2 18 16
Model 2 16 4 20 18
Model 3 16 4 20 18
Model 4 16 3 19 17
Model 5 16 3 19 17
Model 6 16 2 18 16
Model 7 16 2 18 16
Model 8 There is no exceed
Model 9 5 0 5

The shear force deformation states obtained for all models considered in the study
and the representation of columns exceeding the shear force limit are shown in Figure 21.
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Figure 21. Shear force deformation states and columns exceeding the limit (the number of each figure
corresponds to the number of model).

As seen in Figure 18, when the concrete strength is C30/37, there are no column
elements that exceed the shear force limit. This indicates that concrete strength directly
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affects shear force capacity, and as the concrete strength increases, the number of columns
exceeding the shear force limit decreases.

3.2. Strengthening Columns with FRP

One of the main objectives of strengthening buildings is to enhance the seismic safety
of structures that do not perform adequately during earthquakes and to address defects
that may cause earthquake damage. Additionally, improving the seismic behavior of
existing structural elements is another applicable strengthening method. In columns,
the use of fiber-reinforced polymers through wrapping enhances the ductility capacity,
shear strength, and compressive strength of reinforced concrete columns, especially in
cases where the longitudinal reinforcement lap length is inadequate (TBEC-2018, [87]).
However, such strengthening procedures do not increase the flexural capacity of the
columns. FRP wrapping reinforcement generally increases the axial carrying capacity
and ductility of the column, but does not contribute significantly to the flexural capacity
when applied in transverse wrapping. Because FRP wrapping does not increase the
moment-carrying longitudinal reinforcement, its main effect is to delay the buckling of the
concrete and improve the section ductility and energy dissipation capacity. Strengthening
reinforced concrete columns with carbon fiber is an effective method to enhance the load-
bearing capacity and durability of the structure. Carbon fiber reinforcement increases the
capacity of structural elements due to its lightweight and high tensile strength, without
significantly adding to the weight of the structure. The properties of the FRP-strengthening
materials considered in this study are shown in Table 6. In all analyses, FRP was applied as
a single-layer wrapping. The corner radius of the fibers was assumed to be 40 mm, and no
additional anchorage was considered at the corner regions.

Table 6. General properties of the used FRP.

Parameter Value
Fiber thickness 0.1660 mm
Tensile strength 3800 MPa

Tensile Modulus 230,000 MPa
Elongation (%) 1.50
Weight 300 g/ m?2

In this study, the strengthening with FRP was performed on Model 3, which had
the lowest concrete strength and the maximum spacing of transverse reinforcement, as
part of the structural analyses. Initially, the FRP strengthening method was evaluated
using a single column. For this purpose, col10 located on the first floor was selected as
an example (FRP-1). The representation of the selected column on the floor plan and its 3D
model are shown in Figure 22.

To evaluate the FRP strengthening more comprehensively, three additional FRP
strengthening models were created, still considering Model 3, which has the worst condi-
tions. The structural models resulting from the FRP strengthening applied to each of the
three models are shown in Figure 23. In the FRP-2 model, FRP was applied to all columns
on the ground storey where the shear force limit was exceeded for Model 3. In the FRP-3
model, FRP was applied only to the columns on the second storey that exceeded the shear
force limit values. In the FRP-4 model, FRP was applied to all columns where the shear
force capacity was exceeded on both the first and second stories (Figure 24).
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Figure 22. FRP application in Col10 column.
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Figure 24. Shear force capacity damage states obtained for the models strengthened with FRP.

In the FRP-1 model, all columns, except the strengthened column (Col10), exceeded the
limit shear force. In the FRP-2 model, as all columns on the ground floor were strengthened,
they all satisfied the limit shear force requirement. Conversely, on the un-strengthened
second floor, the majority of the columns surpassed the limit value. In the FRP-3 model,
where only the second floor was strengthened, the columns on this floor did not exceed the
limit value. However, all un-strengthened columns on the ground floor exceeded the limit
value. In the FRP-4 model, the strengthening of columns on both floors ensured that all
columns satisfied the limit shear force criterion. It is clearly seen that the FRPs used in the
models provide a significant contribution to increasing the shear force in the columns at
different positions, thus eliminating capacity overshoot. In this way, reinforcements can
be used in damaged reinforced concrete buildings as well as in increasing the strength of
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existing structures with inadequate earthquake performance. Considering all structural
models that are strengthened, it reveals the applicability of such processes in element-based
strengthening processes, especially in increasing the shear force capacity.

The comparison of demand and limit shear forces for the structural models strength-
ened with FRP is presented in Table 7.

Table 7. Comparison of demand and limit shear forces in FRP-strengthened structural models.

Storey Column FRP1 o FRP2 o FRP3 o FRP4 o
Demand Limit Demand Limit Demand Limit Demand Limit

Coll 109.82 73.47 127.63 74.42 101.28 243.28 109.98 231.87

Col2 125.70 89.90 132.53 85.15 116.13 259.77 126.30 248.34

Col3 125.60 89.71 132.54 85.09 116.10 259.62 126.13 248.10

Col4 109.92 73.44 127.60 74.33 101.26 243.24 110.05 232.00

Col5 168.05 111.87 126.07 93.18 175.29 281.16 172.65 264.48

Col6 172.39 108.67 123.56 86.26 185.20 278.02 178.66 257.49

Col7 172.40 108.75 123.70 86.31 184.99 278.26 178.54 257.93

Col8 168.07 111.82 126.10 93.17 175.33 281.18 172.72 264.40

1 Col9 165.57 112.20 123.53 86.34 170.40 283.15 170.61 268.94
Coll0 168.28 229.38 119.68 82.80 180.68 278.65 176.71 262.87

Colll 171.08 109.05 119.64 82.81 180.78 278.62 176.79 262.14

Coll2 165.75 112.11 123.59 86.35 170.43 283.15 170.59 268.87

Coll13 175.03 105.67 115.69 78.20 177.30 278.98 180.91 270.14

Col14 178.17 101.45 103.85 70.09 182.71 274.74 186.30 266.71

Col15 178.15 101.43 103.90 70.11 182.70 274.74 186.29 266.74

Coll6b 174.99 105.60 115.80 78.23 177.30 263.23 180.87 270.21

Coll 78.23 66.07 77.26 237.01 81.61 68.52 85.60 235.09

Col5 162.34 115.81 77.26 237.01 162.32 116.14 165.09 283.01

2 Col9 162.50 115.89 159.42 282.73 160.90 116.27 166.29 282.59
Col13 132.71 97.84 132.24 268.08 137.04 99.48 137.35 265.10

4. Conclusions and Discussion

The main objective of this study is to investigate the structural failures in reinforced
concrete columns observed during the 2023 Kahramanmaras earthquakes, which caused
unprecedented damage in a wide area of Tiirkiye. The column damages observed as
a result of field observations were taken into account. In this context, the two main causes
of the damages, such as low-strength concrete and insufficient transverse reinforcement,
were determined, and the focus was on revealing their effects in numerical analyses. The
limitation regarding the year in which the investigated structures were constructed accord-
ing to the seismic design codes is due to the lack of consistent availability of comprehensive
data regarding construction dates and code compliance for the damaged buildings during
the field investigations. As a result, instead of trying to generalize based on incomplete
historical records, it was chosen to focus on the structural performance patterns observed
in a series of typical concrete strength and reinforcement details. We believe that the
study still contributes significantly by modeling various structural scenarios reflecting
widespread weaknesses in Tiirkiye’s reinforced concrete building stock and demonstrating
the effectiveness of FRP strengthening strategies under the worst conditions. Consolidating
RC elements using FRP aligns with sustainable development goals by improving structural
integrity, reducing environmental impacts, and promoting efficient resource usage. This
technique not only meets current engineering needs but also supports a shift towards more
sustainable construction practices.

In RC structures, the seismic performance of the columns, which are the primary load-
bearing elements, directly affects the overall seismic performance of the building. Properly



Buildings 2025, 15, 1535

22 of 27

designed and executed columns will allow the structure to dissipate sufficient energy
during an earthquake. The correct detailing of concrete and reinforcement in columns,
constructed according to earthquake-resistant design principles, ensures the safe transfer
of loads. The 2023 Kahramanmaras earthquakes once again highlighted that low-strength
concrete and poor reinforcement properties were significant factors in column damage.
Field observations revealed that column damage was prominent and played a critical role in
structural damage. Based on field observations and structural analyses, the key parameters
affecting the performance of transverse reinforcements are listed below:

Transverse reinforcement diameter;
Transverse reinforcement spacing;

The use of different types of reinforcement together;

Preference for plain reinforcement;

e  Low-strength concrete;

e  Corrosion;

e Bend angle of transverse reinforcements;

Poor reinforcement workmanship;

Insufficient concrete cover thickness;

Inadequate anchorage between transverse and longitudinal reinforcements;
Short column effect;

Impact effect;

Lack of special seismic stirrups (ties) usage.

Field observations indicate that the primary causes of damage in columns are low-
strength concrete and insufficient transverse reinforcement. Transverse reinforcements
(stirrups) are used to increase the shear strength of RC columns. Additionally, transverse
reinforcements create a confining effect in the concrete, enhancing both its strength and
ductility, while also shortening the buckling lengths of the longitudinal reinforcements.
In this study, both of these negative factors—low-strength concrete and inadequate trans-
verse reinforcement—were selected as variables for analysis. It has been clearly demon-
strated that both variables significantly affect the limit and demand values of shear forces
in columns.

The effect of transverse reinforcement spacing is critically important for the safety and
durability of structures. Adequate spacing of transverse reinforcements enhances the shear
and cracking resistance of the core concrete, positively influencing load-bearing capacity.
Furthermore, proper placement of transverse reinforcements improves the workability and
durability of concrete, extending the lifespan of the structure. However, excessive spacing of
transverse reinforcements can increase the risk of cracking in the concrete, jeopardizing the
integrity of the structure. Consequently, determining appropriate transverse reinforcement
spacing is a critical design factor in structural engineering and plays a significant role in
constructing safe and durable structures.

The impact of low-strength concrete on the seismic behavior of columns can seriously
affect a structure’s performance during an earthquake. Low-strength concrete is more
prone to inelastic deformations and cracking, which can reduce the load-carrying capacity
of columns under seismic loads. This situation endangers the stability of the structure,
leading to both material damage and loss of structural integrity. Additionally, the use of
low-strength concrete can negatively affect energy distribution, increasing potential damage
during an earthquake. Therefore, using high-strength concrete in seismic design is crucial
for enhancing the safety of the structure and minimizing potential earthquake damage.

The post-earthquake assessments highlight the critical importance of code compliance,
construction supervision, and the need to retrofit older buildings that do not meet current
seismic design codes. The study also reveals that the FRP strengthening method signifi-
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cantly increases the shear capacity of columns. This method can be rapidly and practically
applied to existing reinforced concrete structures, which constitute a large portion of the
urban building stock and suffer from shear capacity.

FRP materials can make significant contributions to sustainability in the construc-
tion industry. They reduce both material consumption and environmental impacts by
making structures lighter, more durable, and more energy efficient. However, developing
recycling processes for FRP materials and making their production stages more envi-
ronmentally friendly will increase the sustainability of these materials. In other words,
FRP reinforcement can offer a sustainable construction solution when combined with the
right technologies.

Comparing with the traditional solutions for retrofitting and consolidation, FRP
presents a sustainable and effective solution for addressing failures in RC columns. Its
unique properties not only enhance strength and durability but also significantly improve
the resilience of structures against corrosion, seismic events, and overload conditions. As
research and technology surrounding FRP continue to advance, its adoption in construc-
tion and remediation practices is likely to increase, contributing to more sustainable and
robust structures.

This and similar studies can be used to compare different FRP types, analyze behavior
under high axial load, develop numerical modeling methods for multi-layer or hybrid
reinforcement techniques, and carry out similar reinforcement studies on RC beams.

Due to the increase in awareness and quality control mechanisms following the 1999
Marmara (Tiirkiye) earthquakes and the enactment of the new seismic design code in 1998,
which included ductile design principles, there was more destruction in buildings before
2000, which was an important turning point. However, many new buildings constructed in
the following years were also damaged. All these factors, despite the measures in quality
control mechanisms and updated regulations, cause widespread errors in construction
practices to emerge and bring to the agenda the precautions that need to be taken.
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