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Abstract: Designing reinforced concrete columns in accordance with earthquake-resistant design 

principles and ensuring their proper implementation during construction are among the 

fundamental factors that determine the seismic performance of reinforced concrete structures. In 

light of the widespread damage observed in the columns of reinforced concrete buildings during 

the February 6, 2023, Kahramanmaraş (Türkiye) earthquakes, this study aims to investigate the 

underlying causes of these failures. Initially, the structural damages are analyzed from earthquake 

engineering and structural mechanics perspectives. Subsequently, numerical analyses were carried 

out using a representative reinforced concrete building model to enable a more detailed evaluation. 

In this context, three different structural models were examined: one reference model and two 

variations, including different strengthening scenarios. The reference model incorporated C8/10 

grade concrete, S220 reinforcement, and transverse reinforcement spacing of 300 mm. For 

structural elements exceeding their shear force capacity, reinforced concrete jacketing was 

proposed as the strengthening method. Accordingly, shear-deficient columns were identified, and 

the jacketing technique was applied incrementally, first to a single column and then to all columns 

within the structure. When comparing the limit and demand shear forces across the three models, 

it was observed that strengthening significantly increased the shear strength of the structural 

elements and offered an effective solution for enhancing seismic performance. 
 

 

Betonarme Sargılama ile Güçlendirilmiş Kesme Kapasitesi Yetersiz Betonarme Kolonlarda 

Yapısal Davranış ve Hasar Mekanizmalarının Sayısal Analizi 
 

 

Anahtar 

Kelimeler 

Deprem,  

Enine donatı,  

Beton,  

Kolon,  

Kesme kuvveti,  

Sargılama 

Öz: Depreme dayanıklı tasarım ilkelerine uygun olarak betonarme kolonların projelendirilmesi ve 

bu tasarımın inşaat aşamasında eksiksiz şekilde uygulanması, betonarme yapıların sismik 

performansını belirleyen temel unsurlar arasındadır. 6 Şubat 2023 tarihinde meydana gelen 

Kahramanmaraş (Türkiye) depremleri sonrasında betonarme binaların kolonlarında gözlemlenen 

yaygın hasarlar doğrultusunda, bu çalışma söz konusu hasarların temel nedenlerini araştırmayı 

amaçlamaktadır. Öncelikle, meydana gelen yapısal hasarlar deprem mühendisliği ve yapısal 

mekanik bakış açılarıyla analiz edilmiştir. Ardından, daha ayrıntılı bir değerlendirme için örnek 

bir betonarme bina modeli üzerinde sayısal analizler gerçekleştirilmiştir. Bu kapsamda, biri 

referans model olmak üzere üç farklı yapısal model incelenmiştir; diğer iki model ise çeşitli 

güçlendirme senaryolarını içermektedir. Referans modelde C8/10 dayanım sınıfında beton, S220 

donatı ve 300 mm enine donatı aralığı kullanılmıştır. Kesme kuvveti kapasitesini aşan elemanlar 

için güçlendirme yöntemi olarak betonarme sargılama önerilmiştir. Bu doğrultuda, kesme 

dayanımı yetersiz olan kolonlar belirlenmiş ve sargılama işlemi kademeli olarak uygulanmıştır, 

ilk aşamada tek bir kolona, ikinci aşamada ise yapının tüm kolonlarına müdahale edilmiştir. Üç 

farklı modelin limit ve hedef kesme kuvvetleri karşılaştırıldığında, güçlendirme yapısal 

elemanların kesme dayanımını anlamlı ölçüde artırdığı ve sismik performansın iyileştirilmesinde 

etkili bir yöntem sunduğu görülmüştür. 
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1. INTRODUCTION 

 

The impact of earthquakes on existing structures and the 

preventive measures implemented before such events are 

crucial in mitigating potential loss of life and property. 

Among natural disasters, earthquakes are responsible for 

the most severe destruction; however, their effects can be 

significantly reduced through proactive measures taken 

before the event. Both pre- and post-earthquake strategies 

are essential for the construction of safer buildings and the 

development of seismic design codes, which are 

instrumental in minimizing the impact on existing 

structures in high seismic-risk areas [1-3]. Furthermore, 

such studies provide valuable insights for urban planners 

and decision-makers, enabling the assessment and 

enhancement of earthquake resilience in existing 

infrastructure and guiding the implementation of 

necessary precautions. Also, some papers developed and 

applied rapid visual or mobile-based methods to assess 

seismic vulnerability of buildings in various international 

contexts [4-6]. Additionally, some authors offered 

comparative or code-based analyses to refine the 

structural evaluation of RC buildings under seismic 

conditions [7-9] and contributed to regional seismic risk 

analysis by integrating empirical damage data with 

predictive and AI-based assessment tools [10-12]. These 

efforts also support the formulation of intervention plans 

to be executed both before and after a disaster [13-14].  

 

The seismic resilience of reinforced concrete (RC) 

structures is a pressing concern, particularly in regions 

prone to earthquakes. Given that a significant portion of 

the built environment consists of these structures, 

enhancing their capacity to withstand seismic events is 

critical. Various methodologies have been developed to 

improve the seismic performance of existing RC 

buildings, particularly those that do not meet 

contemporary seismic design standards. This discussion 

synthesizes recent research findings on retrofitting 

techniques aimed at bolstering the seismic resilience of 

these structures. For reinforced concrete buildings 

exhibiting inadequate seismic performance, several 

methods can be employed to enhance their seismic 

capacity to meet the requirements set by earthquake 

design regulations [15-20]. Strengthening the load-

bearing systems of existing reinforced concrete structures, 

using various techniques applied at the element or system 

level, is a commonly adopted approach. Particular 

emphasis is placed on vertical load-bearing elements, as 

their capacity significantly influences the overall 

structural performance during seismic events. In addition 

to increasing the number or size of these vertical elements, 

the seismic resilience of the structure can be further 

enhanced through the application of various strengthening 

methods. Several major earthquakes in Türkiye have 

provided critical case studies for understanding structural 

vulnerability and damage patterns. The 1999 Kocaeli, 

2003 Bingöl, 2011 Van, and 2020 Elazığ-Sivrice 

earthquakes revealed common deficiencies in reinforced 

concrete buildings, such as inadequate detailing, poor 

construction practices, and insufficient seismic design 

[21-25]. 

 

Over the past two decades in Türkiye, particularly 

following the devastating Kahramanmaraş earthquakes on 

February 6, 2023, one of the primary causes of large-scale 

damage in reinforced concrete (RC) structures has been 

the failure of vertical load-bearing elements. Structural 

damage to RC columns, occurring at various levels, is 

primarily attributed to low-strength concrete and 

inadequate transverse reinforcement. Studies assessing 

the damage in RC structures after several earthquakes in 

Türkiye have highlighted that these two fundamental 

issues have led to varying degrees of damage in columns, 

significantly compromising the seismic performance of 

the structures. As a result, some buildings have 

experienced partial or total collapse [26-37].  

 

Theoretical and experimental studies in the literature have 

extensively explored the damage to reinforced concrete 

(RC) columns and the seismic performance of these load-

bearing elements. These studies include evaluations and 

recommendations on the main causes of damage, 

increasing the load-bearing capacities of the columns to 

reduce seismic effects, and improving the regulatory 

conditions for these elements. Shear force, in particular, 

is an important factor in determining the durability of 

structural elements. Proper design of columns and 

enhancing their resistance to shear forces is critical for the 

safety of structures. Studies in the literature have provided 

significant insights into the effects of shear force on 

columns and have guided design parameters. Paulay and 

Priestley [38] thoroughly examined the effect of shear 

forces in reinforced concrete columns and how these 

forces reflect on the plasticization zones of the column. 

This study is an important reference for understanding the 

relationship between shear forces and column durability. 

Fardis [39] emphasized the need to consider shear forces 

in the seismic design of columns and the measures to be 

taken against them. The study presents different design 

strategies to enhance the durability of reinforced concrete 

columns. Priestley [40] addressed the relationship 

between shear forces and plastic deformations in columns 

and provided important conclusions regarding how shear 

forces affect the seismic performance of columns. 

Therefore, it is essential to carefully assess the effects of 

shear forces on columns during both static and dynamic 

analyses and incorporate appropriate safety measures into 

the design process. 

 

Numerous academic studies have explored various 

strengthening methods for reinforced concrete (RC) 

columns, comparing the results either experimentally or 

theoretically [41-48]. One of the primary strategies for 

enhancing the seismic capacity of existing RC buildings 

is through the strengthening of vertical load-bearing 

elements. These elements, such as columns and walls, 

play a crucial role in the overall structural integrity during 

seismic events. Methods such as RC jacketing, which 

involves encasing existing columns with additional 

concrete and reinforcement, have been shown to improve 

the ductility and strength of these elements significantly 

[49-50]. This technique not only increases the load-

bearing capacity but also enhances the energy dissipation 

characteristics of the structure, thereby reducing the 
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likelihood of catastrophic failure during an earthquake 

[51]. 

 

In the eleven provinces affected by the February 6, 2023, 

Kahramanmaraş earthquake, varying levels of damage 

and destruction occurred in reinforced concrete structures 

that constitute a large part of the urban building stock. The 

structural damages that occurred after this and similar 

earthquakes reveal the necessity of increasing the 

earthquake resistance of existing structures. One of the 

precautions to be taken is to strengthen existing structures 

on an element or system basis. In this study, structural 

damages occurring in reinforced concrete columns were 

first evaluated in light of the February 6, 2023, 

Kahramanmaraş earthquakes. The main reasons for 

structural damage in RC columns in such earthquakes are 

insufficient transverse reinforcement and low-strength 

concrete. Within this study, a 6-story symmetrical 

reinforced concrete building model was created, taking 

into account low-strength concrete and insufficient 

transverse reinforcement spacing, and structural analyses 

were carried out. This study distinguishes itself by 

employing a staged concrete jacketing approach to 

realistically simulate the retrofitting process and assess 

the evolution of seismic performance. In contrast to many 

earlier investigations, this research conducts a 

comparative analysis of single-column, partial, and full 

retrofitting strategies within a numerically modeled six-

story reinforced concrete building. Columns exhibiting 

insufficient shear strength were identified, and 

strengthening was applied initially to a single column, 

followed by all columns in the structure through concrete 

wrapping, thereby strengthening them. The limit and 

demand shear forces were compared for these three 

different structural models. Additionally, performance 

ratios for these columns were also compared. The study 

primarily demonstrates the feasibility of using concrete 

wrapping in columns with insufficient shear strength. 

 

The flow chart of this study is given in Figure 1. 

 

 
Figure 1. The flow chart of this study  

 

2. MATERIAL AND METHOD 

 

2.1. Damages in Columns Due to the Kahramanmaraş 

Earthquakes 

 

Türkiye, a country highly vulnerable to seismic risks, 

faced a major disaster as a result of the Kahramanmaraş 

earthquakes that occurred on February 6, 2023. These two 

powerful earthquakes, with epicenters in the Pazarcık and 

Elbistan districts of Kahramanmaraş province, caused 

widespread destruction and significant loss of life across 

11 provinces. The earthquakes, with magnitudes of 

Mw=7.7 and Mw=7.6, struck on the same day within the 

same region, and aftershocks further worsened the 

severity of the damage, complicating rescue efforts. The 

most severe damage occurred in the provinces of Hatay, 

Kahramanmaraş, and Adıyaman, while Malatya, Elazığ, 

Adana, Gaziantep, Osmaniye, Şanlıurfa, Kilis, and 

Diyarbakır were also significantly affected. In the 

aftermath of the earthquakes, thousands of buildings were 

damaged or collapsed to varying degrees. The region’s 

infrastructure, including transportation, communication, 

and other essential services, also suffered extensive 

damage. More than 50,000 lives were lost, and thousands 

were injured. Tens of thousands of buildings experienced 

various levels of damage, with many completely 

collapsing. It was found that most of these buildings were 

aged structures that had not received adequate 

engineering attention, with many suffering extensive 

damage due to poor seismic performance. Weak 

construction practices, particularly the inadequacy of 

column and beam systems, were identified as key factors 

contributing to the widespread destruction. Examples of 

completely collapsed reinforced concrete buildings are 

shown in Figure 2. 

 

 
Figure 2. Examples of reinforced concrete buildings that have 

collapsed completely (Photos taken by authors) 

 

In some reinforced concrete structures, partial collapses 

have occurred due to structural irregularities and/or 

deficiencies. Examples of such damage are illustrated in 

Figure 3. 

 

 
Figure 3. Examples of partial collapses due to various irregularities 

and deficiencies (Photos taken by authors). 

 

Field observations have shown that the use of insufficient 

transverse reinforcement in columns is one of the main 

causes of damage. In order to reduce the brittle nature of 

concrete, the excessive spacing of transverse 

reinforcement that surrounds the core concrete has 

resulted in a decrease in the strength and ductility capacity 

of the concrete. The use of transverse reinforcement well 

beyond the spacing limits defined in earthquake-resistant 

design principles has caused an increase in the buckling 

lengths of longitudinal reinforcements, leading to 

buckling damage in the longitudinal reinforcement even 

under smaller critical load values. Poor workmanship, 

insufficient anchorage, the application of transverse 

reinforcement to longitudinal reinforcements with 90º 

hooks instead of 135º hooks, and inadequate concrete 

cover thickness have resulted in many of the expected 

functions of transverse reinforcement not being achieved. 

Insufficient transverse reinforcement and low-strength 

concrete have directly negatively affected the shear 
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strength capacities of columns, causing damage at varying 

levels. Particularly, columns on the ground floor have 

caused the structural system to collapse through a failure 

mechanism in the columns on the lower floors, due to 

shear force-induced out-of-plane displacement. 

Moreover, the lack of transverse reinforcement tightening 

in the lower and upper confinement zones of the columns 

has led to the formation of plastic hinges in these areas. 

Additionally, various utility elements passing through the 

columns reduce the concrete cross-section, which can lead 

to a decrease in the load-bearing capacity of the element. 

Apart from all these factors, the degradation of core 

concrete, improper mix ratios, inadequate compaction, 

excessive loading, and chemical and other influences can 

also contribute to the damage. Furthermore, insufficient 

transverse reinforcement used to reduce the brittle nature 

of the core concrete may also lead to this issue. Another 

cause of damage observed in the field was the use of either 

only plain reinforcement or both plain and ribbed 

reinforcement together. The formation of short columns, 

whose shear capacity is lower than their bending capacity, 

is another reason for the damage. In buildings constructed 

in close proximity to one another, the hammering effect 

generates additional shear forces in the load-bearing 

elements of adjacent structures, making it easier to exceed 

the limit of shear forces. Examples of damage resulting 

from these combined factors are shown in Figure 4. 

Numerical analyses were carried out for a medium-height 

regular reinforced concrete structure in order to reveal the 

effects of the causes of damage at different levels in the 

columns as a result of field observations on the structural 

analyses. A reference structural model was created by 

taking into account the main causes of damages frequently 

encountered in columns as a result of field investigations 

in damaged reinforced concrete structures, which are the 

dominant urban building stock in the earthquake region, 

such as low strength concrete (C8/10), insufficient 

transverse reinforcement spacing (ɸ8/300) and the use of 

plain reinforcement (S220). 

 

Figure 4. Examples of damage in columns caused by various factors 

(Photos taken by authors) 

In order to represent these structures, a 6-story building 

without any irregularities was modeled. Afterwards, the 

rate at which the capacity of the structure changed was 

determined by using reinforced concrete wrapping. 
Pushover analysis was preferred in the structural models 

considered. This type of analysis is widely used to 

calculate how structures will behave under earthquake 

effects. Pushover analysis is a nonlinear static analysis 

method used to understand how structures will behave 

under dynamic loads such as earthquakes. In addition, it 

requires fewer calculations than nonlinear time history 

analyses, which makes it preferred in engineering 

applications. The reason for choosing this approach, 

which is particularly preferred as a numerical analysis 

method, is that it can represent the earthquake behavior of 

the structures in question as close to reality as possible and 

contribute to the understanding of existing damages. The 

structures analyzed in the study are limited to mid-rise 

reinforced concrete buildings with a certain type of load-

bearing system. Therefore, the analysis method is valid 

for this group of structures and may not give the same 

accurate results in different systems, such as steel 

structures or mixed systems. 
 

3. RESULTS  

 

3.1. Numerical Analysis 

 

In this section, a reinforced concrete building model has 

been developed to illustrate the effects of confinement-

based strengthening methods on the shear force of 

columns. The model incorporates low-strength concrete 
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and reinforcement conditions as the materials used. 

Specifically, C8/10 concrete and S220 plain reinforced 

concrete bars were selected. For the transverse 

reinforcement in the columns, ɸ8/300 mm spacing was 

applied throughout the entire column length. All other 

structural characteristics in this model have been 

considered fixed, establishing this model as the reference 

building for evaluation. The numerical model was 

analyzed using a pushover analysis performed in the 

Seismostruct software [52]. 

 

In the modelling of all structural samples, force-based 

plastic hinge frame elements (in-frmFBPH) were 

employed for both columns and beams. These elements 

simulate the distribution of inelastic behavior along a 

defined length by applying force-based plasticity, thereby 

confining nonlinearity to a finite region. To accurately 

capture the stress–strain distribution, a total of 100 fibers 

were assigned to the cross-sections, which is considered 

sufficient for this modelling approach. The plastic hinge 

length (Lp/L) was set to 16.67%, based on relevant 

structural analysis and design guidelines. This ratio 

indicates the portion of the column or beam length where 

plastic deformations are expected to concentrate under 

seismic loading, allowing the structure to dissipate energy 

effectively while maintaining its stability. The selected 

value aligns with widely accepted engineering practice for 

estimating plastic hinge lengths in components exhibiting 

inelastic behaviour. Uniform load distributions were 

taken into account in all structural analyses. 

 

Pushover analysis is a method used to determine the 

seismic behavior of structures, especially under horizontal 

loads. This approach is integral in evaluating the seismic 

performance of buildings, providing critical insights into 

the safety and functionality of a structure. The results of 

static pushover analysis are essential for identifying areas 

where excessive deformation or material strength limits 

may be exceeded, signaling the need for design 

modifications. Furthermore, these analyses are valuable 

for optimizing designs and reducing costs throughout the 

design process. At the same time, these types of analyses 

are also used to determine the potential performance of 

existing structures in the event of an earthquake. As a 

structural analysis technique, push-over analysis is used 

to explore the non-linear behavior of buildings, especially 

in the context of earthquake engineering and seismic 

evaluation. It offers a more comprehensive understanding 

of a structure’s response to dynamic loads, such as those 

induced by earthquakes, by accounting for non-linear 

deformations beyond the elastic limit [53-60]. The flow 

chart for this type of analysis is shown in Figure 5. 

 
Figure 5. Flowchart of pushover analysis modified from Guo et al. [61] 

The reinforced concrete building model used in the 

pushover analysis is symmetrical and comprises four 

equal spans of 4.50 m in both the X and Y directions. The 

numerical model represents a six-story structure, with 

each floor having a height of 3 m, resulting in a total 

structural height of 18 m. The floor plan and the 

designation of the columns for the numerical analyses are 

provided in Figure 6. 

 

 
Figure 6. Floor plan and column names of the sample building. 

 

The 2D and 3D models created in the software program, 

the applied loads, and the depiction of some columns are 

shown in Figure 7. 
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Figure 7. 2D and 3D structural models and representation of some 

columns 

 

The structural parameters and dimensions of the structural 

elements considered in the reference RC building model 

are shown in Table 1. 

 
Table 1. The RC building parameters considered in the study 

Parameters Values Parameters Values 

Concrete Class C8/10 
Column 

Stirrup 
Φ8/300 

Reinforcement Class S220 Beam Stirrup Φ8/200 

Beam dimensions (mm) 250x600 
Concrete 

Cover (mm) 
25 

Slab height (mm) 120 Material model 

for Concrete  
Material model 

for Steel 

Non-linear 
(Mander 

et al) 

Menegotto/
Pinto 

Story height (m) 3 

Columns (mm) 400*500  
Type of 

constraint 

Rigid 

diaphragm 

Longitudinal 
bars 

(columns) 

Corners 4Φ20 
Local Soil 

Class 
ZA 

Top 

bottom 

side 

4Φ16 Damping ratio 5% 

Left right 

side 
4Φ16 

Importance 

class 
II 

 

When selecting the reinforced concrete structures for the 

structural analyses, the more widely used Eurocode 8 [62] 

was taken into consideration. The selected reinforced 

concrete building was considered for residential purposes 

and was selected as building importance class II (Ordinary 

buildings; not belonging to the other categories). The 

characteristics of the local soil class considered in the 

study are given in Table 2. 

 
Table 2. Local soil class and its characteristics (Eurocode-8) 

Soil 

class 

Description of 

Stratigraphic Profile 

Vs30 

(m/s) 

NSPT 

(blows/30cm) 

Cu 

(kPa) 

A Rock or other rock-

like geological 

formation, including 
at most 5 m of weaker 

material at the surface 

>800 --- --- 

 

This study focuses on determining whether the shear 

forces are exceeded in reinforced concrete columns and 

applying the confinement method for strengthening in 

columns where shear forces are exceeded. For all columns 

where the confinement method was applied, a 

confinement thickness of 100 mm, which is the minimum 

confinement thickness specified in the Turkish Building 

Earthquake Code (TBEC-2018), was considered. The 

column cross-sections before and after confinement are 

shown in Figure 8. 

 

Figure 8. Column cross-sections before and after jacketing 

 
The material and dimensional properties of the cross-

sections before and after jacketing are shown in Table 3; 

examples of the application are provided in Figure 9. 

 
Table 3. The material and dimensions of the cross-sections before and 

after jacketing 

Section Material (s) Section Dimensions 

External Longitudinal 

reinforcement 
S420 External height 60 cm 

Internal 

Longitudinal/transverse 

reinforcement 

S220 Internal height 50 cm 

External transverse 
reinforcement 

S420 External width 50 cm 

Concrete Jacket C25/30 Internal width 40 cm 

Concrete core C8/10 
Cover 

thickness 
2.5 cm 
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Figure 9. Example of the structural member strengthening with the 

jacketing method (Photos taken by authors) 

 
For the element strengthening using the jacketing method, 

structural analyses were first performed on the reference 

building model. Following this, the jacketing method was 

applied to columns where the shear force capacity was 

exceeded. Initially, the jacketing method was applied to a 

single column that exceeded its shear force capacity, 

referred to as Model I, which represented a minimal 

intervention scenario, serving as a baseline for evaluating 

the incremental impact of jacketing. In Model II, the 

jacketing method was applied to all columns of the 

structure. The 2D and 3D building drawings for Model I 

are presented in Figure 10.   

 

 
Figure 10. 2D and 3D structural drawings of Model I 

The 2D and 3D structural drawings of Model II, created 

similarly, are shown in Figure 11. 

 

 
Figure 11. 2D and 3D structural drawings of Model II 
 

The main objective of performance-based earthquake 

engineering is to determine the performance of structures 

under different limit states. For all the models considered 

in the study, the period, base shear force, as well as elastic 

and effective stiffness values, have been obtained. 

Additionally, the target displacements specified in 

Eurocode-8, which is widely used worldwide, including 

damage limitation (DL), significant damage (SD), and 

near collapse (NC), have been separately obtained. All 

these values are shown on the pushover curve in Figure 

12.  

 

 
Figure 12. Typical pushover and idealized capacity curves 
 

Table 4 shows comprehensive explanations for the limit 

state values considered in this study.  
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Table 4. Limit states in Eurocode-8 

Limit State Description 

Return 

Period 

(Year) 

Probability of 

Exceedance 

(in 50 Years) 

Damage 

limitation 

(DL) 

Only lightly damaged; 

damage to non-structural 
components is economically 

repairable 

225 0.20 

Significant 

damage 

(SD) 

Significantly damaged; some 

residual strength and 

stiffness; non-structural 
components damaged; 

uneconomic to repair 

475 0.10 

Near-

collapse 

(NC) 

Heavily damaged; very low 

residual strength and 
stiffness; large permanent 

drift, but still standing 

2475 0.02 

 

All the result values for all models considered in the study 

are presented in Table 5. 

 
Table 5. Results obtained for structural models 

Model 

Period 

(s) 

Base 

Shear 

(kN) 

K-elas 

(kN/m) 

K-eff 

(kN/m) 

Target Displacement (m) 

DL SD NC 

Reference 0.61 3910.89 141810.23 87579.85 0.0392 0.0503 0.0873 

Model I 0.60 4266.82 143842.78 83955.93 0.0417 0.0535 0.0928 

Model II 0.45 10296.89 202400.94 111922.93 0.0357 0.0458 0.0794 

 

The results demonstrate that the jacketing method has 

increased the rigidity of the structure, leading to a 

reduction in the period value. In turn, the target 

displacements for earthquake safety have also been 

reduced in the more rigid structures. The deformation 

states obtained for the shear force capacities of the 

structural models considered in the study are shown in 

Figure 13. 

 

 
Figure 13. Deformations obtained for shear force capacities. 

 

The structural analyses conducted for the reference model 

revealed that shear forces were exceeded in a total of 20 

columns on the ground floor. In Model I, only the S24 

column on the ground floor was strengthened using the 

jacketing method. In Model II, where element 

strengthening was applied to all columns in the structure, 

additional analyses were carried out. A comparison of the 

demand, limit, and performance ratio (PR) values for the 

columns on the ground floor across all models is 

presented in Table 6. 

 

 

 

 

 

Table 6. Comparison of performance ratios for shear forces in structural 

models 
  Reference Model I Model II 

  Demand Limit PR Demand Limit PR Demand Limit PR 

S1 111.56 73.65 1.51 105.93 70.19 1.51 280.89 465.67 0.60 

S2 108.65 71.31 1.52 107.44 71.92 1.49 290.60 464.59 0.63 

S3 107.04 71.34 1.50 110.11 73.25 1.50 291.00 463.84 0.63 

S4 109.16 71.22 1.53 113.83 73.33 1.55 289.72 464.10 0.62 

S5 No exceed No exceed No exceed 

S6 97.53 77.57 1.26 90.32 70.85 1.27 330.23 514.05 0.64 

S7 92.78 75.06 1.24 92.23 72.56 1.27 351.63 535.94 0.66 

S8 90.83 73.86 1.23 96.50 76.33 1.26 335.71 523.95 0.64 

S9 95.03 73.75 1.29 104.58 79.89 1.31 335.49 523.30 0.64 

S10 No exceed No exceed No exceed 

S11 88.72 72.37 1.23 77.82 69.88 1.11 333.55 523.98 0.64 

S12 83.97 68.20 1.23 82.12 68.20 1.20 339.03 531.11 0.64 

S13 83.33 68.20 1.22 88.62 70.67 1.25 338.28 532.49 0.64 

S14 84.31 68.20 1.24 98.96 76.15 1.30 337.88 531.13 0.64 

S15 No exceed No exceed No exceed 

S16 83.23 68.20 1.22 72.82 67.47 1.08 340.72 532.69 0.64 

S17 78.30 66.53 1.18 78.45 67.47 1.16 346.33 541.18 0.64 

S18 76.24 66.53 1.15 91.84 74.30 1.24 347.63 543.54 0.64 

S19 78.35 66.53 1.18 107.02 79.50 1.35 346.60 541.42 0.64 

S20 No exceed No exceed No exceed 

S21 72.55 65.02 1.12 66.51 64.94 1.02 347.81 558.38 0.62 

S22 66.92 64.62 1.04 71.95 64.67 1.11 346.09 559,45 0,62 

S23 66.89 64.62 1.04 92.97 75.79 1.23 344.95 559,86 0,62 

S24 66.98 64.62 1.04 No exceed 345.78 559.32 0.62 

S25 No exceed No exceed No exceed 

 

With the applied jacketing method, the shear force 

capacity was not exceeded in all columns. In Model I, 

where the jacketing method was applied to a single 

column, the shear force was still exceeded in the other 

columns. However, no exceedance occurred in Model II, 

where jacketing was applied to all columns. This clearly 

demonstrates the applicability of the jacketing method in 

increasing the shear force capacity. It should be noted that 

this condition can only be achieved if the rules provided 

in TBEC-2018 regarding this method are followed. The 

ratios of columns where the shear force is exceeded for all 

structural models are given in Table 7. 

 
Table 7. Number of columns where the shear force has been exceeded 

Model  

Total number 

of columns on 

the 1st floor 

Total 

number of 

columns 

Exceeded 

the number 

of columns  

% 

Reference 25 150 20 13.33 

Model I 25 150 19 12.66 

Model II 25 150 0 0 

  

In column strengthening using jacketing methods, 

increasing the shear and compressive strength to enhance 

the ductility of the columns can help address the 

weaknesses associated with lap splices. However, these 
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methods cannot increase the bending capacity of the 

columns (TBEC-2018). 

 

4. DISCUSSION AND CONCLUSION 

 

Improving the performance of the load-bearing system 

under earthquake effects is of critical importance in terms 

of ensuring the safety of existing structures. In this 

context, strengthening reinforced concrete columns is a 

common engineering practice, especially in terms of 

increasing ductility, strength, and energy absorption 

capacity. Jacketing, which is one of these strengthening 

methods, aims to increase the load-bearing capacity by 

externally jacketing the column section with various 

materials. 

 

This study investigated the seismic vulnerability of shear-

deficient reinforced concrete columns and the 

effectiveness of concrete jacketing as a strengthening 

method, using lessons learned from the 2023 

Kahramanmaraş earthquakes and numerical analyses of 

representative structural models. Observations from the 

earthquake highlighted that low-strength concrete and 

inadequate transverse reinforcement are primary 

contributors to structural damage. Numerical analysis 

confirmed that these deficiencies lead to a significant 

reduction in the seismic capacity of columns, 

necessitating effective retrofitting strategies. 

 

Through the implementation of concrete jacketing, this 

study demonstrated a marked improvement in the shear 

force capacity and overall seismic performance of 

reinforced concrete columns. Incremental jacketing 

application, starting with single-column strengthening 

and extending to all columns, resulted in enhanced 

rigidity, reduced structural period, and lower target 

displacements. The findings highlight the ability of the 

jacketing technique to mitigate brittle failure mechanisms 

and increase column ductility when applied in accordance 

with code provisions. 

 

This study underscores the importance of addressing 

shear deficiencies in seismic retrofitting practices. By 

effectively applying techniques like concrete jacketing, 

engineers can improve the resilience of aging 

infrastructure in seismically active regions. The results 

also contribute to the growing body of knowledge on 

seismic strengthening methods, providing practical 

insights for enhancing the safety and durability of existing 

structures. 

 

In the context of this study, the observed reduction in 

structural period was considered a favorable outcome, as 

it signifies enhanced stiffness and improved seismic 

performance, particularly for mid-rise, regular reinforced 

concrete buildings. The target displacement in the 

pushover curve represents the anticipated maximum 

displacement under seismic loading, and its reduction 

generally signifies improved performance. This is 

accompanied by an increase in horizontal force-resisting 

capacity, as demonstrated in Model II, where the 

strengthened columns exhibited higher base shear values 

and reduced displacements. The results of this study are 

primarily relevant to mid-rise, regular reinforced concrete 

buildings with shear-deficient columns.  

In conclusion, the enhancement of seismic resilience in 

existing RC structures is a multifaceted challenge that 

requires a combination of innovative techniques and 

technologies. From traditional methods like RC jacketing 

to modern solutions involving advanced materials and 

digital technologies, a wide array of options exists for 

improving the seismic performance of these buildings. As 

the frequency and intensity of seismic events continue to 

rise globally, the urgency for effective retrofitting 

strategies becomes increasingly apparent. Future research 

should focus on refining these techniques, exploring new 

materials, and developing comprehensive frameworks 

that integrate economic, environmental, and social 

considerations into the retrofitting process. 

 

Before applying jacketing to reinforced concrete columns, 

technical and structural factors such as the current damage 

status, material compatibility, reinforcement and 

geometry information, their effect on the general behavior 

of the structure, and application conditions should be 

taken into consideration. Achieving the purpose of 

reinforcement depends on the sensitivity with which it is 

implemented. Otherwise, it will not be possible to provide 

the functions expected from the reinforcement. 

 

Acknowledgement 

 

The results presented in this scientific paper have been 

partially obtained through the research activities within 

the project 2023-1-HR01-KA220-HED-000165929 

“Intelligent Methods for Structures, Elements and 

Materials” [https://im4stem.eu/en/home/ (accessed on 25 

July 2024)], co-funded by the European Union under the 

program Erasmus+ KA220-HED-Cooperation 

partnerships in higher education. 

REFERENCES 

 

[1] Harirchian E, Lahmer T, Buddhiraju S, Mohammad 

K, Mosavi A. Earthquake safety assessment of 

buildings through rapid visual screening. Buildings, 

2020;10(3), 51. 

[2] Blagojević N, Brzev S, Petrović M, Borozan J, 

Bulajić B, Marinković M, et al. Residential building 

stock in Serbia: classification and vulnerability for 

seismic risk studies. Bulletin of earthquake 

engineering, 2023;21(9), 4315-4383. 

[3] Büyüksaraç A, Isik E, Harirchian E. A case study for 

the determination of seismic risk priorities in Van 

(Eastern Turkey). Earthquake and structures, 

2021;20(4), 445-455. 

[4] Işık M, Işık E, Haricihian E. Application of 

IOS/Android rapid evaluation of post-earthquake 

damages in masonry buildings. Gazi Mühendislik 

Bilimleri Dergisi, 2021;7(1), 36-50. 

[5] Kassem MM, Beddu S, Ooi JH, Tan CG, Mohamad 

El-Maissi A, Mohamed Nazri F. Assessment of 

seismic building vulnerability using rapid visual 

screening method through web-based application for 

Malaysia. Buildings, 2021;11(10), 485. 

https://im4stem.eu/en/home/


     

Tr. J. Nature Sci. Volume 14, Issue 2, Page 150-161, 2025 
 

 

159 

[6] Khemis A, Athmani A, Ademović N. Rapid 

application of the RISK-UE LM2 method for the 

seismic vulnerability analysis of the Algerian 

masonry buildings. International Journal of 

Architectural Heritage, 2024;18(5), 788-808. 

[7] Jain SK, Mitra K, Kumar M, Shah M. A proposed 

rapid visual screening procedure for seismic 

evaluation of RC-frame buildings in India. 

Earthquake Spectra, 2010;26(3), 709-729. 

[8] Bilgin H, Hadzima-Nyarko M, Işık E, Ozmen HB, 

Harirchian E. A comparative study on the seismic 

provisions of different codes for RC buildings. 

Structural Engineering and Mechanics, An Int'l 

Journal, 2022;83(2), 195-206. 

[9] Aynur S, Atalay HM. Comparative analysis of 

existing reinforced concrete buildings damaged at 

different levels during past earthquakes using rapid 

assessment methods. Struct. Eng. Mech. 2023;85, 

793–808. 

[10] Başgöze A, Güncü A. Determining the regional 

disaster risk analysis of buildings in Erzincan. 

Građevinar 2023;75.03.257-272. 

[11] Nemutlu ÖF, Sarı A, Balun B. 06 Şubat 2023 

Kahramanmaraş Depremlerinde (Mw 7.7-Mw 7.6) 

Meydana Gelen Gerçek Can Kayıpları Ve Yapısal 

Hasar Değerlerinin Tahmin Edilen Değerler İle 

Karşılaştırılması. Afyon Kocatepe Üniversitesi Fen 

Ve Mühendislik Bilimleri Dergisi, 2023;23(5), 

1222-1234. 

[12] Bektaş N, Kegyes-Brassai O. Enhancing seismic 

assessment and risk management of buildings: A 

neural network-based rapid visual screening method 

development. Engineering Structures, 2024;304, 

117606. 

[13] Işık E, Hadzima-Nyarko M, Radu D, Bulajić B. 

Study on effectiveness of regional risk prioritisation 

in reinforced concrete structures after earthquakes. 

Applied Sciences, 2024;14(16), 6992. 

[14] Apostolaki S, Riga E, Pitilakis D. Rapid damage 

assessment effectiveness for the 2023 

Kahramanmaraş Türkiye earthquake sequence. 

International Journal of Disaster Risk Reduction, 

2024;111, 104691. 

[15] Sezgin SK, Sakcalı GB, Özen S, Yıldırım E, Avcı E, 

Bayhan B, Çağlar N. Reconnaissance report on 

damage caused by the February 6, 2023, 

Kahramanmaraş Earthquakes in reinforced-concrete 

structures. Journal of Building Engineering, 

2024;89, 109200. 

[16] Akar F, Işık E, Avcil F, Büyüksaraç A, Arkan E, İzol 

R. Geotechnical and structural damages caused by 

the 2023 Kahramanmaraş Earthquakes in Gölbaşı 

(Adıyaman). Applied Sciences, 2024;14(5), 2165. 

[17] Işık E, Avcil F, Hadzima-Nyarko M, İzol R, 

Büyüksaraç A, Arkan E, et al. Seismic performance 

and failure mechanisms of reinforced concrete 

structures subject to the earthquakes in Türkiye. 

Sustainability, 2024;16(15), 6473. 

[18] Demir A, Celebi E, Ozturk H, Ozcan Z, Ozocak A, 

Bol E, et al. Destructive impact of successive high 

magnitude earthquakes occurred in Türkiye’s 

Kahramanmaraş on February 6, 2023. Bulletin of 

Earthquake Engineering, 2024;1-27. 

[19] İnce O. Structural damage assessment of reinforced 

concrete buildings in Adıyaman after 

Kahramanmaraş (Türkiye) Earthquakes on 6 

February 2023. Engineering Failure Analysis, 

2024;156, 107799. 

[20] Avğın S, Köse MM, Özbek A. Damage assessment 

of structural and geotechnical damages in 

Kahramanmaraş during the February 6, 2023 

earthquakes. Engineering Science and Technology, 

an International Journal, 2024;57, 101811. 

[21] Saatcioglu, M., Mitchell, D., Tinawi, R., Gardner, N. 

J., Gillies, A. G., Ghobarah, A., ... & Lau, D. The 

August 17, 1999, Kocaeli (Turkey) earthquake 

damage to structures. Canadian Journal of Civil 

Engineering, 2001; 28(4), 715-737. 

[22] Doǧangün, A. Performance of reinforced concrete 

buildings during the May 1, 2003 Bingöl Earthquake 

in Turkey. Engineering Structures, 2004; 26(6), 841-

856. 

[23] Taskin, B., Sezen, A., Tugsal, U. M., & Erken, A. 

The aftermath of 2011 Van earthquakes: evaluation 

of strong motion, geotechnical and structural issues. 

Bulletin of Earthquake Engineering, 2013; 11, 285-

312. 

[24] Isik, E., Aydin, M. C., & Buyuksarac, A. (2020). 24 

January 2020 Sivrice (Elazığ) earthquake damages 

and determination of earthquake parameters in the 

region. Earthquakes and Structures, 19(2), 145-156. 

[25] Nemutlu, O. F., Balun, B., & Sari, A. Damage 

assessment of buildings after 24 January 2020 

Elazığ-Sivrice earthquake. Earthquakes and 

Structures, 2021; 20(3), 325-335. 

[26] Binici B, Yakut A, Kadas K, Demirel O, Akpinar U, 

Canbolat A, et al. Performance of RC buildings after 

Kahramanmaraş earthquakes: lessons toward 

performance-based design. Earthquake Engineering 

and Engineering Vibration, 2023; 22(4), 883-894. 

[27] Mertol HC, Tunç G, Akış T, Kantekin Y, Aydın İC. 

Investigation of RC buildings after 6 February 2023, 

Kahramanmaraş, Türkiye earthquakes. Buildings, 

2023;13(7), 1789. 

[28] Karasin IB. Comparative analysis of the 2023 

Pazarcık and Elbistan Earthquakes in Diyarbakır. 

Buildings, 2023;13(10), 2474. 

[29] Işık E, Avcil F, İzol R, Büyüksaraç A, Bilgin H, 

Harirchian E, Arkan, E. Field Reconnaissance and 

Earthquake Vulnerability of the RC Buildings in 

Adıyaman during 2023 Türkiye Earthquakes. 

Applied Sciences, 2024;14(7), 2860. 

[30] Ozturk M, Arslan MH, Korkmaz HH. Effect on RC 

buildings of 6 February 2023 Turkey earthquake 

doublets and new doctrines for seismic design. 

Engineering Failure Analysis, 2023;153, 107521. 

[31] Altunişik, A. C., Arslan, M. E., Kahya, V., Aslan, 

B., Sezdirmez, T., Dok, G., ... & Nas, M. (2023). 

Field observations and damage evaluation in 

reinforced concrete buildings after the February 6th, 

2023, Kahramanmaraş–Türkiye Earthquakes. 

Journal of Earthquake and Tsunami, 17(06), 

2350024. 

[32] Yuzbasi J. Post-Earthquake Damage Assessment: 

Field Observations and Recent Developments with 

Recommendations from the Kahramanmaraş 



     

Tr. J. Nature Sci. Volume 14, Issue 2, Page 150-161, 2025 
 

 

160 

Earthquakes in Türkiye on February 6th, 2023 

(Pazarcık M7. 8 and Elbistan M7. 6). Journal of 

Earthquake Engineering, 2024;1-26. 

[33] Altunişik AC, Arslan ME, Kahya V, Aslan B, 

Sezdirmez T, Dok G., et al. Field Observations and 

Damage Evaluation in Reinforced Concrete 

Buildings After the February 6th, 2023, 

Kahramanmaraş–Türkiye Earthquakes. Journal of 

Earthquake & Tsunami, 2023;17(6). 

[34] Jaiswal K, Hancilar U, Askan A, Erberik MA., Cakti 

E, Rao A, et al. A synopsis of rapid characterization 

and field-based performance assessment of RC 

structures from the M7. 8 Kahramanmaras 

earthquake sequence. In AGU Fall Meeting 

Abstracts 2023; U44A-02. 

[35] Tunç G, Mertol HC, Akış T. Lessons learned from 

four recent Turkish earthquakes: Sivrice-Elazığ, 

Aegean Sea, and Dual Kahramanmaraş. Natural 

Hazards, 2024;1-33. 

[36] Balun, B. Developing a regression model for 

predicting the seismic input energy of rc buildings 

using 6 February 2023 Kahramanmaraş Earthquake. 

Türk Doğa ve Fen Dergisi, 2024; 13(1), 142-151. 

[37] Kahya, V., Genç, A. F., Sunca, F., Roudane, B., 

Altunişik, A. C., Yilmaz, S., ... & Akgül, T. 

Evaluation of earthquake-related damages on 

masonry structures due to the 6 February 2023 

Kahramanmaraş-Türkiye earthquakes: A case study 

for Hatay Governorship Building. Engineering 

Failure Analysis, 2024; 156, 107855. 

[38] Paulay T, Priestley MJN. Seismic Design of 

Reinforced Concrete and Masonry Buildings. John 

Wiley & Sons: New York,1992. 

[39] Fardis MN. Seismic design, assessment and 

retrofitting of concrete buildings: based on EN-

Eurocode 8 Berlin: Springer. 2009;8 

[40] Priestley MJN. Displacement-based seismic 

assessment of reinforced concrete buildings. Journal 

of earthquake engineering, 1997;1(01), 157-192. 

[41] Ozcan O, Binici B, Ozcebe G. Seismic strengthening 

of rectangular reinforced concrete columns using 

fiber reinforced polymers. Engineering Structures, 

2021;32(4), 964-973. 

[42] Khalifa ES, Al-Tersawy SH. Experimental and 

analytical behavior of strengthened reinforced 

concrete columns with steel angles and strips. 

International Journal of Advanced Structural 

Engineering (IJASE), 2024;6, 1-14. 

[43] Raza S, Khan MK, Menegon SJ, Tsang HH, Wilson 

JL. Strengthening and repair of reinforced concrete 

columns by jacketing: State-of-the-art review. 

Sustainability, 2019;11(11), 3208. 

[44] Gholampour A, Hassanli R, Mills JE, Vincent T, 

Kunieda M. Experimental investigation of the 

performance of concrete columns strengthened with 

fiber reinforced concrete jacket. Construction and 

Building Materials, 2019;194, 51-61. 

[45] Murugan K, Sengupta AK. Seismic performance of 

strengthened reinforced concrete columns. 

Structures, 2020;27,487-505. 

[46] Koteš P, Vavruš M, Jošt J, Prokop J. Strengthening 

of concrete column by using the wrapper layer of 

fibre reinforced concrete. Materials, 2020;13(23), 

5432. 

[47] Sayed MA, Rashwan MM, Helmy ME. 

Experimental behavior of cracked reinforced 

concrete columns strengthened with reinforced 

concrete jacketing. Materials, 2020;13(12), 2832. 

[48] Naji A J, Al-Jelawy HM, Saadoon SA, Ejel AT. 

Rehabilitation and strengthening techniques for 

reinforced concrete columns. In Journal of Physics: 

Conference Series 2021;1895,1,012049. 

[49] Putra RR, Ono Y, Syah N, Cantika AA. Seismic 

performance evaluation of existing building in 

earthquake prone area based on seismic index and 

seismic demand method. Civil Engineering and 

Architecture, 2021;9(4), 1237-1245. 

[50] Maleknia M. Seismic reliability analysis for 

strengthening of reinforced-concrete hospital 

building with base isolation frames. Journal of Civil 

Engineering Researchers, 2022;4(3), 40. 

[51] Yin J, Tang D, Chen T, Yang Y, Ju L, Wan Y, et al. 

Seismic risk assessment and rehabilitation method 

of existing rcc structures using micro concrete. Civil 

Engineering Journal, 2023;9(12), 3008-3018.  

[52] Seismosoft. SeismoStruct 2023—A Computer 

Program for Static and Dynamic Nonlinear Analysis 

of Framed Structures. 2023. Available online: 

http://www.seismosoft.com (accessed on 5 January 

2024). 

[53] Antoniou S, Pinho R. SeismoStruct–Seismic 

Analysis Program by Seismosoft. In Technical User 

Manuel; SeismoStruct: Pavia, Italy, 2003. 

[54] Bilgin H, Plaku B. (2024). Influence of Confined 

Concrete Models on the Seismic Response of RC 

Frames. Structural Durability & Health Monitoring, 

2024;18(3),1-26.  

[55] Krawinkler H, Seneviratna GDPK. Pros and cons of 

a pushover analysis of seismic performance 

evaluation. Engineering structures, 1998;20 

(4),452–464. 

[56] Shendkar MR, Kontoni DPN, Işık E, Mandal S, 

Maiti PR, Harirchian E. Influence of Masonry Infill 

on Seismic Design Factors of Reinforced‐Concrete 

Buildings. Shock and Vibration, 2022;(1), 5521162. 

[57] Chopra AK, Goel RK. A modal pushover analysis 

procedure for estimating seismic demands for 

buildings. Earthquake engineering & structural 

dynamics, 2002;31(3), 561-582. 

[58] Elnashai AS. Advanced inelastic static (pushover) 

analysis for earthquake applications. Structural 

engineering and mechanics, 2001;12(1), 51-69. 

[59] Pinho, R. (2007). Using pushover analysis for 

assessment of buildings and bridges. In Advanced 

earthquake engineering analysis. Vienna, 2007;91-

120 

[60] Papanikolaou VK, Elnashai AS, Pareja JF. (2006). 

Evaluation of conventional and adaptive pushover 

analysis II: Comparative results. Journal of 

earthquake engineering, 2006;10(01), 127-151. 

[61] Guo W, Hu Y, Liu H, Bu D. Seismic Performance 

Evaluation of Typical Piers of China’s High‐Speed 

Railway Bridge Line Using Pushover Analysis. 

Mathematical Problems in Engineering, 2019(1), 

9514769. 



     

Tr. J. Nature Sci. Volume 14, Issue 2, Page 150-161, 2025 
 

 

161 

[62] EN 1998-3; Eurocode-8: Design of Structures for 

Earthquake Resistance-Part 3: Assessment and 

Retrofitting of Buildings. European Committee for 

Standardization: Bruxelles, Belgium, 2005. 


