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ABSTRACT 

 

EVALUATION OF PERFORMANCE-BASED DEFORMATION LIMITS FOR 

REINFORCED CONCRETE COLUMNS 

 

Şenocak, Alperen 

Master of Science, Civil Engineering 

Supervisor: Prof. Dr. Ahmet Yakut 

Co-Supervisor: Prof. Dr. Barış Binici 

 

 

September 2023, 122 pages 

 

Reinforced concrete columns, as fundamental load-bearing elements in structures, 

play a crucial role in overall stability and safety of the buildings. A precise 

assessment of their performance, especially concerning deformation capacities, 

becomes essential in mitigating potential risks posed by seismic events. 

Performance-based design principles consider both the strength and displacement 

capacities of columns. The study of performance-based displacement limits for 

reinforced concrete columns necessitates a comprehensive understanding of factors 

impacting column deformation behavior. Current seismic codes contain deformation 

limits for each performance state. To assess the precision of these limits, 186 

experimental column specimens extracted from the PEER database are used. After 

verifying the accuracy of OpenSees software by using 37 experimental column 

specimens from the PEER database and one portal frame experiment that was 

conducted at METU, 3072 columns are generated. Performance limits of the seismic 

guidelines are compared with experimental and analytical results. The effect of 

various parameters on the plastic rotation capacity and the capability of each seismic 

guideline to capture this effect are examined. It is found that the predictive safety of 

the seismic guidelines -TBEC (2018), ASCE/SEI 41-17, Eurocode 8-3- is affected 
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from the axial load ratio and transverse reinforcement ratio. Safety of the guidelines 

is examined for each performance limit. 

 

Keywords: RC Column, Rotation Capacity, Performance Limits, Assessment 
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ÖZ 

 

BETONARME KOLONLARIN PERFORMANSA DAYALI DEFORMASYON 

LİMİTLERİNİN İNCELENMESİ 

 

 

Şenocak, Alperen 

Master of Science, Civil Engineering 

Supervisor: Prof. Dr. Ahmet Yakut 

Co-Supervisor: Prof. Dr. Barış Binici 

 

Eylül 2023, 122 sayfa 

 

Yapılardaki temel yük taşıyıcı elemanlar olan betonarme kolonlar, binaların genel 

stabilitesi ve güvenliğinde çok önemli bir rol oynamaktadır. Özellikle deformasyon 

kapasitelerine ilişkin performanslarının kesin bir değerlendirmesi, sismik olayların 

oluşturduğu potansiyel risklerin azaltılmasında hayati önem taşımaktadır. 

Performansa dayalı tasarım ilkeleri kolonların hem mukavemetini hem de yer 

değiştirme kapasitelerini dikkate alır. Betonarme kolonlar için performansa dayalı 

deplasman sınırlarının incelenmesi, kolon deformasyon davranışını etkileyen 

faktörlerin kapsamlı bir şekilde anlaşılmasını gerektirir. Mevcut yönetmelikler, her 

performans durumu için deformasyon sınırlarını belirtir. Bu sınırların kesinliğini 

değerlendirmek için PEER veri tabanından alınan 186 kolon deneyi kullanılmıştır. 

OpenSees yazılımının doğruluğu PEER veri tabanından alınan 37 adet deneysel 

kolon sonucu ve ODTÜ'de gerçekleştirilen bir adet çerçeve deneyi kullanılarak 

doğrulandıktan sonra 3072 adet kolon oluşturulmuştur. Bu kolonların ve deney veri 

tabanındaki kolonların performans sınırları yönetmelik sonuçları ile karşı-

laştırılmıştır. Çeşitli parametrelerin plastik dönme kapasitesi üzerindeki etkisi ve her 

bir yönetmeliğin bu etkiyi yakalama kabiliyeti incelenmiştir. TBDY (2018), 

ASCE/SEI 41-17, Eurocode 8-3 yönetmeliklerinin belirlediği performans 
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sınırlarının güvenliğinin eksenel yük oranından ve enine donatı oranından etkilendiği 

görülmüştür. Yönetmeliklerin her performans limiti için güvenliği incelenmiştir. 

 

Anahtar Kelimeler: Betonarme Kolon, Rotasyon Kapasitesi, Performans Limitleri, 

Değerlendirme 
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CHAPTER 1  

1 INTRODUCTION  

1.1 General 

The evaluation of performance-based displacement limits for reinforced concrete 

columns is a key focus of modern structural engineering work. As the built 

environment continues to evolve, the significance of ensuring structural integrity and 

resilience becomes more obvious. This has caused a shift from traditional design 

approaches to more sophisticated methodologies that account for the dynamic 

behavior of structures under varying loads, particularly seismic forces. 

Reinforced concrete columns, as primary load-bearing components within 

structures, play a critical role in the overall stability and safety of buildings. The 

accurate evaluation of their performance, especially concerning their deformation 

capacities, is crucial in safeguarding against the potential hazards of seismic events. 

Performance-based design principles consider not only the strength but also the 

displacement capacities of columns. This approach aligns with the understanding 

that under seismic forces, a structure's ability to absorb and dissipate energy through 

controlled deformations can significantly mitigate potential damage. 

The study of performance-based displacement limits for reinforced concrete columns 

involves a comprehensive understanding of the interaction between load-bearing 

capacities, material properties, and the overall structural response. It requires a deep 

understanding of the factors influencing the deformation behavior of columns, such 

as concrete strength, reinforcement detailing, column dimensions, and the 

arrangement of lateral ties. By identifying and analyzing these factors, engineers can 
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establish more accurate displacement limits that guide the design, assessment, and 

retrofitting of columns to ensure their optimal performance during seismic events. 

Advancements in technology, computational tools, and analytical techniques have 

opened up new paths for investigating the complex behavior of reinforced concrete 

columns. Through numerical simulations, experimental studies, and real-world 

observations, researchers are able to refine the understanding of column performance 

under various loading conditions. The insights gained from such efforts contribute 

to the development of guidelines and recommendations for setting displacement 

limits that find a balance between structural safety, operational functionality, and 

economic considerations.  

1.2 Literature Survey 

Özcan and Binici (2023) assessed the plastic rotation capacities of RC columns by 

using a database containing 196 RC column specimens. Among these, 138 were 

subjected to biaxial loading and the remaining 58 columns were subjected to uniaxial 

loading. Majority of the columns had a rectangular cross-section, with only 18 of 

them having a circular cross-section. After converting the experimental curves of 

lateral load versus lateral deflection into bilinear representations, the values for yield 

rotation and plastic rotation were obtained. The results of the experimental dataset 

were compared with the seismic guidelines ASCE/SEI 41-17, Eurocode 8-3, and 

TBEC (2018). Based on the findings of this study, the following conclusions can be 

drawn: 

• Predictive safety of ASCE/SEI 41-17 decreased as the confinement ratio 

increased. In contrast, for Eurocode 8-3 rotation predictions, an opposite 

trend was observed where predictive safety improved as the confinement 

ratio increased. 

• Among the considered standards, TBEC (2018) exhibited the strictest criteria 

and the highest level of variability. 
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• The confinement ratio and axial load ratio were recognized as the primary 

factors that influence the lateral displacement response of the column. 

Erduran and Yakut (2004) examined a wide range of parameters that impact the 

deformation of RC columns. They carried out this study by using the finite element 

software ANSYS v6.1. After confirming the accurate representation of the actual 

behavior in the finite element model, the study proceeded to analyze the impact of 

various parameters on the deformation capacity of reinforced concrete columns. This 

was achieved by conducting multiple analyses, changing a single parameter in each 

case. The main findings derived from this research can be summarized as follows: 

• The axial load ratio and transverse reinforcement ratio were identified as the 

most significant parameters affecting the ultimate ductility of the columns. 

• The slenderness ratio and the yield strength of the longitudinal reinforcement 

were identified as the most significant parameters affecting the yield drift 

ratio. 

• The concrete strength and longitudinal reinforcement ratio significantly 

impact the load carrying capacity, but they do not significantly affect the 

deformation characteristics of the reinforced concrete columns. 

Acun and Sucuoglu (2010) conducted an experimental study employing twelve full-

scale column specimens designed for pure flexural failure. Two standard column 

designs were used in the tests. The first type represents substandard columns and the 

second type represents columns conforming to the material and special seismic 

detailing standards of modern concrete design codes. The axial load ratio remained 

constant in all specimens except for one. The imposed displacement histories were 

the experiment's primary variable. The study leads to the following conclusions: 

• The deformation-based performance limits suggested for nonconforming 

columns by Eurocode 8 (2005) were observed to be more tolerant in 

comparison to ASCE/SEI 41 (2007). However, both codes were considerably 

cautious in establishing rotation limits for ensuring life safety (significant 
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damage) and collapse prevention (near collapse) based on the outcomes of 

the tests. 

• When comparing ASCE/SEI 41 (2007) and Eurocode 8 (2005), Eurocode 8 

provides more accurate estimations for the performance limits than those 

offered by ASCE/SEI 41. 

• The target drift demands are significantly influenced by the imposed 

displacement histories; however, the capacity curves are not significantly 

affected. 

Yakut and Solmaz (2012) examined the seismic behavior of reinforced concrete 

columns analytically using the finite element analysis software OpenSees. 

Displacement limits based on performance levels were compared with the limits 

derived from various seismic provisions. They concluded that for the majority of 

columns, TEC (2007), FEMA 356 (2000), Eurocode 8 (2003), and ASCE/SEI 41 

Update (2009) tend to underestimate seismic performance. They also concluded that 

Eurocode 8 (2003) and ASCE/SEI 41 Update (2009) offer performance limits that 

are closer compared to TEC (2007) and FEMA 356 (2000). 

Vintzileou and Stathatos (2007) analyzed experimental test findings for more than 

450 reinforced concrete columns in order to check the efficiency of Eurocode 8 and 

Greek Code for the Design of RC Structures (EKOS). They have considered various 

parameters to evaluate the behavior, including factors such as the arrangement of 

hoops within the cross-section, the effective confinement ratio, and the spacing of 

hoops relative to the diameter of the longitudinal bars. The primary findings derived 

from this study are as follows: 

• The provisions of current European Codes for Earthquake Resistant Design 

regarding RC columns are consistent in the sense that columns that observe 

the code provisions exhibit a cyclic behavior which conforms to the expected 

one. 

• The main factor influencing the cyclic behavior of columns is the 

arrangement of hoops within the section. 
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• The constraints set by the codes, such as axial force limits, normalized 

spacing of hoops relative to longitudinal bar diameter, and minimum 

effective confinement ratio, are effective. These parameters significantly 

impact the behavior of columns. 

Ozdemir et al. (2017) analyzed a total of 69 experimental columns, selected from the 

PEER Structural Performance Database, using the finite element analysis program 

ANSYS. Their primary focus was to assess the accuracy of the current damage limits 

given in the seismic guidelines. Based on the findings of this study, the following 

conclusions can be drawn: 

• In general, plastic rotation proves to be a more reliable and predictable factor 

compared to concrete's ultimate strain.  

• For ASCE/SEI 41-13, the calculated results are generally on the safe side 

when it comes to plastic rotation limits, except for columns with high axial 

loads or made from high-strength concrete. 

• 73% of the RC column specimens fall into the unsafe category with respect 

to the chord rotation angle when considering Eurocode 8 limit states. 

Panagiotakos and Fardis (2001) used a database including more than 1000 tests, 

mainly cyclic, conducted on specimens that represent various types of reinforced 

concrete (RC) members such as beams, columns, and walls. The objective was to 

develop equations that capture the deformations of RC members at the stages of 

yielding or ultimate failure. The study's findings lead to the following conclusions: 

• The deformability of a member greatly depends on the ductility of the steel 

used. When using brittle cold-worked steel, the member's ability to deform 

is reduced by almost half. 

• The effects of bond-slip contribute to an increase in deformability by an 

average of about 40%, especially under cyclic loading. 
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• The deformation capacity reduces in an almost linear manner with axial load, 

dropping to around 50% of its value at zero-load when reaching the balance 

load. 

Lam et al. (2003) conducted an experimental study involving nine square-shaped 

column specimens. These specimens possessed characteristics such as low-lateral 

confinement, a shear span varying from low to moderate, and high axial loads. The 

transverse reinforcement detailing included both 90° and 135° hooks. They have 

found that: 

• Specimens with low shear span exhibited brittle shear failures, while those 

with moderate shear span and a lateral confinement ratio of 0.003 showed 

flexural failures. 

• The level of lateral confinement significantly impacted the ultimate drift, 

with an increase from 0.001 to 0.003 potentially doubling the ultimate drift 

capacity. 

• The usage of 90° hooks, instead of 135°, in transverse reinforcement detailing 

led to a 40% reduction in ultimate drift capacity 

Elwood and Moehle (2005), conducted a study where they used a database consisting 

of 50 shear-critical columns. Their aim was to derive an empirical equation for drift 

capacity. The newly developed model for drift capacity highlights the key factors 

that have the most significant impact on shear-critical column drift capacity, 

specifically, transverse reinforcement ratio, shear stress demand, and the axial load 

ratio. Ghannoum and Matamoros (2014) used a database containing 490 pseudo-

static tests conducted on reinforced concrete columns. Their objective was to 

establish relationships for nonlinear modeling parameters that define the lateral 

force-deformation behavior of these columns during seismic activity. They 

determined that the significant parameters for both rectangular and circular columns 

include the axial load ratio, the transverse reinforcement ratio, and the ratio Vy/Vo. 
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1.3 Objective and Scope 

Understanding how RC columns respond to events like earthquakes is quite complex. 

Seismic guidelines set limits on how much they can deform based on various 

parameters. While experimental test results are very important, they do not always 

show how one factor affects column behavior by itself. This is why both 

experimental tests and computer-based analyses are needed in order to accurately 

figure out the performance-based deformation limits of RC columns. 

The main objectives of this study are as follows: 

• Collecting an experimental database to investigate the performance-based 

deformation limits of RC columns. 

• Comparing the limits obtained from experimental results with seismic 

guidelines and assessing their accuracy in estimating the performance limits 

of RC columns. 

• Utilizing the OpenSees software, calibrated with the experimental database, 

to conduct analytical investigations into the performance limits of RC 

columns. 

• Investigating the effects of important parameters such as axial load ratio, 

transverse reinforcement ratio, concrete compressive strength, and yielding 

strength of the longitudinal steel on the capacity curves and rotation 

capacities of RC columns. 

• Assessing whether the existing guidelines accurately account for the 

influence of these parameters on the performance limits. 

• Comparing the limits found from the analytical results with the current 

seismic guidelines and examining their safeties. 

• Examining how the axial load ratio and transverse reinforcement ratio impact 

the predictive safety of performance limits given in seismic guidelines. 
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Chapter 2 focuses on collecting the experimental database and investigating it. 

Pacific Earthquake Engineering Research Center’s (PEER) Structural Performance 

Database is used for selecting the experimental column specimens. The experimental 

results are analyzed to find the limits for Immediate Occupancy, Life Safety, and 

Collapse Prevention. These limits are then compared with the limits set by the 

guidelines, Turkish Building Earthquake Code (2018), ASCE/SEI 41-17 (2017), and 

Eurocode 8-3 (2010). 

In Chapter 3, OpenSees software is used to create 3072 unique columns by 

considering a combination of various different parameters. The accuracy of 

OpenSees model is verified by using 37 experimental column specimens from the 

PEER database and the result of portal frame experiment that was conducted at 

METU Structural Mechanics Laboratory. Effect of each parameter on the capacity 

curve and rotational capacity is examined. The performance limits obtained from the 

analytical studies are compared with the seismic guidelines. Effect of axial load ratio 

and transverse reinforcement ratio on the predictive safety of performance limits 

given in the seismic guidelines is examined. 

In Chapter 4, the summary of the findings is presented with the conclusion. 
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CHAPTER 2  

2 EVALUATION OF THE RC COLUMNS FROM THE EXPERIMENTAL 

DATABASE 

2.1 Introduction 

The Pacific Earthquake Engineering Research (PEER) Center’s Structural 

Performance Database was created to offer academics the necessary data to 

investigate seismic performance of RC columns. As of January 2004, the database 

includes 253 tests of rectangular RC columns and 163 tests of spiral RC columns. 

For each test, the database offers essential information, including force-displacement 

histories, material properties for concrete and steel, test geometry, reinforcing 

details, loading, maximum shear force, yield displacement, and ultimate 

displacement.  

Among the 253 rectangular RC columns, the ones with concrete compressive 

strength larger than 70 MPa and section width and depth less than 200 mm are 

eliminated and the rest, 186 rectangular RC columns, are chosen for evaluation. 

Geometric and material properties of each column can be found in Appendix A. In 

Figure 2.1 the histograms of the key column properties are presented. The y-axis 

represents the number of specimens, and the x-axis represents properties such as 

axial load ratio, transverse reinforcement ratio (ρt), longitudinal reinforcement ratio 

(ρl), yielding strength of longitudinal reinforcement (fyl), yielding strength of transverse 

reinforcement (fyw), slenderness ratio (L/d), concrete compressive strength (fc), effective 

depth (d).  
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Figure 2.1 Distribution of the Material and Geometric Properties of the 186 

Experimental Tests 
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2.2 Estimated Performance Limits of the Selected Columns 

The PEER database provides the yield and ultimate displacements of each test. While 

calculating the rotation capacities from the given displacements, lumped plasticity 

idealization is used as shown in Figure 2.2. Plastic hinge length (Lp) is taken as half 

of the section height. The yield and plastic rotations are calculated using Equations 

2.1-2.5 

 

Figure 2.2 Lumped plasticity idealization of a cantilever (Ozmen et. al. (2007). 

For yield rotation: 

y =
∅𝑦𝐿2

3
 

Eq 2.1 

𝜃𝑦 =
∅𝑦𝐿

2
 

Eq 2.2 

For plastic rotation: 

p = (∅𝑢 − ∅𝑦) 𝐿𝑝 (𝐿 −  
𝐿𝑝

2
 ) 

Eq 2.3 

𝜃𝑝 = (∅𝑢 − ∅𝑦) 𝐿𝑝  Eq 2.4 

𝜃𝑢 = 𝜃𝑦 + 𝜃𝑝 Eq 2.5 
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Where; 

y ,p: Yield displacement and plastic displacement, respectively 

∅𝑦 , ∅𝑢 : Yield and ultimate curvature, respectively 

L, Lp: Column length and plastic hinge length, respectively 

𝜃𝑦 , 𝜃𝑝 , 𝜃𝑢: Yield rotation, plastic rotation, and ultimate rotation, respectively 

2.3 Application of Seismic Assessment Guidelines to the Selected Columns 

2.3.1 General 

For this study, three seismic assessment guidelines are examined. These are Turkish 

Building Earthquake Code (TBEC (2018)), ASCE/SEI 41-17 (2017), and Eurocode 

8 Part 3 (2010). 

The Turkish Building Earthquake Code (TBEC (2018)) is a comprehensive set of 

regulations and standards produced by the Turkish government to guarantee that 

buildings and structures in Turkey are built in a way that minimizes the danger 

caused by earthquakes. Given Turkey's location in a seismically active region where 

earthquakes are a major natural hazard, this code is crucial in improving the seismic 

resilience of the structures. The code considers the possible effects of various levels 

of seismic activity and sets guidelines for building type structures, including 

residential buildings, commercial complexes, and infrastructure. 

ASCE/SEI 41-17 refers to the American Society of Civil Engineers/Structural 

Engineering Institute standard titled "Seismic Evaluation and Retrofit of Existing 

Buildings." It is a widely recognized guideline that provides procedures and criteria 

for the seismic assessment and retrofitting of existing structures to improve their 

earthquake resistance. The main objective of ASCE/SEI 41-17 is to establish 

procedures for assessing the seismic vulnerability of older structures, especially 

those designed before modern seismic design codes. It defines various 
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methodologies for assessing the structural integrity and seismic resistance of existing 

buildings, as well as retrofitting techniques to improve their performance during 

earthquakes. 

Eurocode 8 Part 3 is a specific part of the European standard EN 1998 that deals with 

the design of earthquake-resistant structures. It focuses on the assessment and 

retrofitting of existing structures to improve their seismic performance and provides 

guidelines for evaluating the seismic vulnerability of existing structures and 

determining the necessary retrofitting measures to improve their earthquake 

resistance. 

2.3.2 Application of TBEC (2018) 

In TBEC (2018), three damage states and their corresponding limits are defined for 

ductile members at the cross-section level. These states are Limited Damage (LD), 

Controlled Damage (CD), and Collapse Prevention (CP). Limited Damage 

represents a restricted amount of behavior beyond the elastic range, Controlled 

Damage refers to behavior beyond elastic range where section strength can still be 

safely sustained, and Collapse Prevention signifies advanced behavior beyond elastic 

range at the section (Figure 2.3). 

 

Figure 2.3 Damage Levels According to TBEC (2018) 
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For rectangular RC columns, concrete strain limit at CP is given as:                                   

𝜀𝑐
(𝐶𝑃)

= 0.0035 + 0.04√𝜔𝑤𝑒 ≤ 0.018                     Eq. 2.6 

In this equation, ωwe represents the mechanical reinforcement ratio of the effective 

transverse reinforcement and can be calculated as given in Equation 2.7. 

𝜔𝑤𝑒 = 𝛼𝑠𝑒𝜌𝑠ℎ,𝑚𝑖𝑛
𝑓𝑦𝑤

𝑓𝑐
                                                        Eq. 2.7 

Here, fyw is the yield strength of the transverse reinforcement, αse represents the 

confinement effectiveness coefficient, ρsh,min represents the minimum volumetric 

transverse reinforcement ratio in the two horizontal directions for a rectangular 

section, and they can be found as follows: 

𝛼𝑠𝑒 = (1 −
∑ 𝑎𝑖

2

6𝑏𝑜ℎ𝑜
)(1 −

𝑠

2𝑏𝑜
)(1 −

𝑠

2ℎ𝑜
)          Eq. 2.8 

𝜌𝑠ℎ =
𝐴𝑠ℎ

𝑏𝑘𝑠
                                                                                                             Eq. 2.9  

Where; 

Ash: The cross-sectional area of transverse reinforcement in the considered direction. 

bk: The core dimension in the perpendicular direction (distance between the 

outermost transverse reinforcement axes). 

s: The spacing of transverse reinforcement in the considered direction. 

bo and ho: The dimensions of the confined concrete measured from the axes of the 

spiral reinforcement. 

ai: The distance between the axes of the longitudinal reinforcements supported by a 

stirrup or a tie. 

For rectangular RC columns, steel strain limit at CP is given as: 

𝜀𝑠
(𝐶𝑃)

= 0.4𝜀𝑠𝑢                                            Eq. 2.10 

Here, εsu is the ultimate strain of steel. 
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The plastic rotation limit at CP is given as: 

𝜃𝑝
(𝐶𝑃)

=
2

3
[(∅𝑢 − ∅𝑦)𝐿𝑝 (1 − 0.5

𝐿𝑝

𝐿𝑠
) + 4.5∅𝑢𝑑𝑏]                            Eq. 2.11 

Here ϕy is the yield curvature, where the tension reinforcement has yielded. ϕu is the 

ultimate curvature, where the reinforcement fails or concrete crushes, whichever 

happens first. Lp is the plastic hinge length, and it is taken as half of the section 

dimension in the direction of interest and Ls is the shear span. db is the diameter of 

the tension reinforcement. 

For rectangular RC columns, limits for steel strain, concrete strain and plastic 

rotation at CD are given as: 

𝜀𝑐
(𝐶𝐷)

= 0.75𝜀𝑐
(𝐶𝑃)

 ;  𝜀𝑠
(𝐶𝐷)

= 0.75𝜀𝑠
(𝐶𝑃)

 ;  𝜃𝑝
(𝐶𝐷)

= 0.75𝜃𝑝
(𝐶𝑃)

                            Eq. 2.12 

For rectangular RC columns, limits for steel strain, concrete strain and plastic 

rotation at LD are given as: 

𝜀𝑐
(𝐿𝐷)

= 0.0025 ;  𝜀𝑠
(𝐿𝐷)

= 0.0075 ;  𝜃𝑝
(𝐿𝐷)

= 0                                                 Eq. 2.13 

The yield rotation can be calculated as follows: 

𝜃𝑦 =
𝜙𝑦𝐿𝑠

3
+ 0.0015𝜂 (1 + 1.5

ℎ

𝐿𝑠
) +

∅𝑦𝑑𝑏𝑓𝑦

8√𝑓𝑐
                               Eq. 2.14 

For beams and columns, η is taken as 1, for shear walls, η is taken as 0.5. h is the 

section height. The parameter db is the diameter of the reinforcing steel bars. fc and 

fy represent the compressive strength of concrete and the yield strength of the 

reinforcing steel, respectively. 

To find the yield curvature and the ultimate curvature, section analysis must be done. 

In Chapter 5 of TBEC (2018), material models for steel and concrete are given to 

use in the section analysis. The material model for confined and unconfined concrete 

is given in Figure 2.4.  
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Figure 2.4 Material model for confined and unconfined concrete according to 

TBEC (2018) 

The relationship between the confined concrete strength fcc and the unconfined 

concrete strength fco is provided as follows: 

 𝑓𝑐𝑐 = 𝜆𝑐𝑓𝑐𝑜   ;    𝜆𝑐 = 2.254√1 + 7.94
𝑓𝑒

𝑓𝑐𝑜
− 2

𝑓𝑐

𝑓𝑐𝑜
− 1.254                              Eq. 2.15 

For rectangular cross sections fe is: 

𝑓𝑒𝑥 = 𝑘𝑒𝜌𝑥𝑓𝑦𝑤   ;   𝑓𝑒𝑦 = 𝑘𝑒𝜌𝑦𝑓𝑦𝑤  ;   𝑓𝑒 = (𝑓𝑒𝑥 + 𝑓𝑒𝑦)/2                                  Eq. 2.16 

In Equation 2.16 ke is the confinement effectiveness coefficient and it can be 

calculated as: 

𝑘𝑒 = (1 −
∑ 𝑎𝑖

2

6𝑏𝑜ℎ𝑜
) (1 −

𝑠

2𝑏𝑜
) (1 −

𝑠

2ℎ𝑜
) (1 −

𝐴𝑠

𝑏𝑜ℎ𝑜
)

−1

                                      Eq. 2.17 

Where ai is the distance between the axes of longitudinal reinforcements, bo and ho 

denote the dimensions of the core concrete that are encased by the stirrups' axes, s is 

the stirrup spacing, and As is the area of longitudinal reinforcement. 
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The compressive concrete stress fc is given by: 

𝑓𝑐 =
𝑓𝑐𝑐 𝑥 𝑟

𝑟−1+𝑥′
                                                                                                      Eq. 2.18 

In Equation 2.18, x and r can be found as: 

𝑥 =
𝜀𝑐

𝜀𝑐𝑐
  ;   𝜀𝑐𝑐 = 𝜀𝑐𝑜[1 + 5(𝜆𝑐 − 1)]  ;   𝜀𝑐𝑜 ≅ 0.002                                    Eq. 2.19 

𝑟 =
𝐸𝑐

𝐸𝑐−𝐸𝑠𝑒𝑐
  ;   𝐸𝑐 ≅ 5000√𝑓𝑐𝑜 [𝑀𝑃𝑎]  ;   𝐸𝑠𝑒𝑐 =

𝑓𝑐𝑐

𝜀𝑐𝑐
                                     Eq. 2.20 

 

The material model for steel is given in Figure 2.5.  

 

Figure 2.5 Material model for steel according to TBEC (2018) 

 

In the PEER database, strain at hardening and ultimate strain for steel is not given. 

In TBEC (2018) εsh and εsu are given for S420 and S220 steel. For S220, εsh = 0.011 

and εsu = 0.12; and for S420, εsh = 0.008 and εsu = 0.08. In the section analysis, if the 

yield strength of longitudinal steel is larger than 320 MPa, the strain values for S420 
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steel are used, and if the yield strength is smaller than 320 MPa, the strain values for 

S220 steel are used. 

According to Chapter 15 of TBEC (2018), the upper limits of deformation must be 

multiplied with a reduction coefficient depending on the shear force ratio, Ve / (bw d 

fctm), that the section is exposed to. Here, Ve is the design shear force, bw is the width 

of the section, d is the effective depth, and fctm is the tensile strength of the concrete. 

If the shear force ratio is less than 0.65, the upper limits obtained from the previous 

equations are applicable. If the shear force ratio is greater than 1.30, the calculated 

deformation limits will be reduced by multiplying them by 0.50. Linear interpolation 

will be used for intermediate values. 

While evaluating the experimental tests, three limits are defined. Immediate 

Occupancy is taken as the beginning of the plastic deformation (𝜃(𝐿𝐷) = 𝜃𝑦), Life 

Safety is defined as the chord rotation where 75 percent of plastic rotation capacity 

is reached (𝜃(𝐶𝐷) = 𝜃𝑦 + 0.75𝜃𝑝), and Collapse Prevention is taken as the ultimate 

rotation capacity (𝜃(𝐶𝑃) = 𝜃𝑦 + 𝜃𝑝). 

Performance limits of each column is determined according to TBEC (2018) and can 

be found in Appendix A. The comparison of performance limits calculated by TBEC 

(2018) and observed by experimental results can be seen in Figure 2.6. Detailed 

comments about the graphs will be provided in the next chapter. 
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(a) 

 

(b) 

 

(c) 

Figure 2.6 Comparison of experimental and TBEC results for (a) Limited Damage; 

(b) Controlled Damage; (c) Collapse Prevention. 

 

2.3.3 Application of ASCE/SEI 41-17 (2017) 

ASCE/SEI 41-17 provides three performance levels, Immediate Occupancy (IO), 

Life Safety (LS), and Collapse Prevention (CP). In Immediate Occupancy, structures 
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are expected to remain functional during and after an earthquake with no structural 

damage that affects the building's integrity. Structures designed to meet the Life 

Safety performance level are intended to prevent collapse and avoid life-threatening 

injuries during an earthquake. Limited structural and non-structural damage may 

occur, but the structure should retain enough strength to prevent significant structural 

failure. Buildings designed to meet the Collapse Prevention performance level aim 

to prevent total or partial collapse during an earthquake. Although significant 

damage may occur, the structural integrity should be preserved. The plastic rotation 

limits for these performance levels can be found in Table 2.1. 

Table 2.1. Rotation limits for rectangular RC columns (ASCE/SEI) 

 

a The parameter b should be gradually decreased linearly for 
𝑁𝑈𝐷

Ag𝑓𝑐𝐸
 values greater 

than 0.5, starting from its value at 
𝑁𝑈𝐷

Ag𝑓𝑐𝐸
= 0.5 and reaching zero at 

𝑁𝑈𝐷

Ag𝑓𝑐𝐸
= 0.7. 

However, b must not be less than the value of a. 

b 
𝑁𝑈𝐷

Ag𝑓𝑐𝐸
 must not be taken as smaller than 0.1. 

Where NUD is the axial force on the column, Ag is the gross area of the column, fcE 

is the concrete compressive strength, ρt is the transverse reinforcement ratio, VyE is 

the effective yield strength of the building, VColOE is the shear capacity of the column 

and can be calculated as follows; 
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𝑉𝐶𝑜𝑙 = 𝛼𝐶𝑜𝑙
𝐴𝑠ℎ𝑓𝑦𝑤𝑑

𝑠
+ (

0.5√𝑓𝑐

𝐿/𝑑
 √1 +

𝑁

0.5𝐴𝑔√𝑓𝑐
) 0.8𝐴𝑔                                        Eq. 2.21 

Here, s is stirrup spacing, Ash is the total area of transverse reinforcement, fyw is the 

yield strength of the transverse reinforcement, d is the effective depth and αcol is 

equal to 1 if s/d is less than 0.75, 0 if s/d is greater than 1, and varies linearly in 

between.  

In Table 2.1 the value of ρt must not exceed 0.0175 in all scenarios, and it should 

also not exceed 0.0075 when the ties are not adequately anchored within the core. 

The equations provided in the table are not applicable to columns where ρt is less 

than 0.0005. The value of VyE/VColOE should not be taken smaller than 0.2. 

Yield rotation can be found as follows: 

𝜃𝑦 =
𝑀𝑦𝐿

3(𝐸𝐼)𝑒𝑓𝑓
                                                                                                   Eq 2.22 

  

 

                                                  Eq 2.23          

Where n is the axial load ratio. 

While evaluating the experimental tests, three limits are defined. Immediate 

Occupancy is taken as 15 percent of the plastic deformation (𝜃(𝐼𝑂) = 𝜃𝑦 + 0.15𝜃𝑝), 

Life Safety is defined as the chord rotation where 75 percent of plastic rotation 

capacity is reached (𝜃(𝐿𝑆) = 𝜃𝑦 + 0.75𝜃𝑝), and Collapse Prevention is taken as the 

ultimate rotation capacity (𝜃(𝐶𝑃) = 𝜃𝑦 + 𝜃𝑝). 

The comparison of safety limits calculated by ASCE/SEI and observed by 

experimental results can be seen in Figure 2.7. Performance limits of each column is 

determined according to ASCE/SEI can be found in Appendix A. Detailed comments 

about the graphs will be provided in the next chapter. 
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(a) 

 

(b) 

 

(c) 

Figure 2.7 Comparison of experimental and ASCE/SEI results for (a) Immediate 

Occupancy; (b) Life Safety; (c) Collapse Prevention. 

 

2.3.4 Application of Eurocode 8 – Part-3 (2010) 

Eurocode 8 - Part 3 (EN 1998-3) is titled "Design of structures for earthquake 

resistance - Assessment and retrofitting of buildings". This part of Eurocode 8 

provides guidelines for the seismic assessment and retrofitting of existing buildings 

to improve their earthquake resistance. It covers procedures and methods for 
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evaluating the seismic performance of buildings, identifying deficiencies, and 

comparing their capacity to withstand seismic forces with the expected demand 

during an earthquake. EN 1998-3 also offers guidance on selecting appropriate 

retrofitting measures, such as adding shear walls, increasing stiffness, or improving 

connections between structural elements, to enhance the building's seismic 

performance and reduce risks. Three damage states are defined for the assessment of 

existing structures. These states are Near Collapse (NC), Significant Damage (SD), 

and Damage Limitation (DL). 

Limit State of Near Collapse (NC): 

The total chord rotation (θp + θy) of concrete members subjected to cyclic loading at 

the ultimate state, θu, can be determined using the following formula: 

𝜃𝑢 =
1

𝛾𝑒𝑙
0.016(0.3𝜈) [

max(0.01;ω′)

max(0.01;ω)
𝑓𝑐]

0.225

(min (9;
𝐿𝑠

ℎ
))

0.35

25
(𝛼𝜌𝑠𝑥

𝑓𝑦𝑤

𝑓𝑐
)
       Eq. 2.24 

Here, γel is equal to 1.5 for primary seismic elements and to 1.0 for secondary seismic 

elements, h is the depth of cross-section, Ls is the shear span, ν is equal to N / (bhfc), 

ω and ω’ are the mechanical reinforcement ratio of the tension and compression 

reinforcement respectively, fc is the concrete compressive strength, fyw is the stirrup 

yield strength, ρsx is transverse reinforcement ratio, α is the confinement 

effectiveness factor. 

Limit State of Significant Damage (SD): 

The chord rotation capacity corresponding to significant damage θSD is equal to 75 

percent of the ultimate chord rotation θu. 

θSD = 0.75 θu                                                                                                      Eq. 2.25 

Limit State of Damage Limitation (DL): 

The capacity considered for DL is defined as the chord rotation at yielding θy, 

calculated as follows: 
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𝜃𝑦 = 𝜙𝑦
𝐿𝑠+𝑎𝑣𝑧

3
+ 0.0014 (1 + 1.5

ℎ

𝐿𝑠
) +

∅𝑦𝑑𝑏𝑓𝑦

8√𝑓𝑐
                                               Eq. 2.26 

While evaluating the experimental tests, three limits are defined. Damage Limitation 

is taken as the beginning of the plastic deformation (𝜃(𝐷𝐿) = 𝜃𝑦), Significant 

Damage is defined as the chord rotation where 75 percent of ultimate rotation 

capacity is reached (𝜃(𝑆𝐷) = 0.75𝜃𝑦 + 0.75𝜃𝑝), and Near Collapse is taken as the 

ultimate rotation capacity (𝜃(𝑁𝐶) = 𝜃𝑦 + 𝜃𝑝). 

The comparison of safety limits calculated by Eurocode 8-3 and observed by 

experimental results can be seen in Figure 2.8. Performance limits of each column is 

determined according to Eurocode 8 can be found in Appendix A. Detailed 

comments about the graphs will be provided in the next chapter. 
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(a) 

 

(b) 

 

(c) 

Figure 2.8 Comparison of experimental and Eurocode 8 results for (a) Damage 

Limitation; (b) Significant Damage; (c) Near Collapse. 
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CHAPTER 3  

3 OPENSEES MODELING AND PARAMETRIC STUDY 

3.1 General 

Reinforced concrete columns play a crucial role in providing vertical load-bearing 

capacity and maintaining structural stability. However, their performance during 

seismic events becomes a critical concern, requiring a comprehensive understanding 

of their behavior under varying conditions. This chapter explores the detailed 

analysis of seismic behavior of RC columns, examining how various important 

parameters impact their performance. Several parameters influence seismic 

performance of RC columns and determine how they respond to seismic forces. As 

a result, it becomes crucial to accurately represent the influence of these parameters 

in a dependable model.  

An effective tool in earthquake engineering simulation is the Open System for 

Earthquake Engineering Simulation (OpenSees), an advanced computer program 

created by the Pacific Earthquake Engineering Research Center. Using the PEER 

database, a dataset containing 37 columns is selected for analysis. By employing 

analytical tests in OpenSees, the main aim is to find the most reliable and precise 

model for understanding how these columns react to seismic forces. A core strategy 

to achieve this goal involves conducting pushover analyses, which produce capacity 

curves offering a deep understanding of how the columns handle progressively 

higher loads. 
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3.2 Structural Elements 

Structural elements in OpenSees refer to the components that are used to model 

different parts of a structure, such as beams, columns, braces, and walls. These 

elements allow engineers to represent the behavior of real-world structural members 

within the numerical simulation environment of OpenSees. OpenSees provides 

various types of structural elements that can be used to model different behaviors 

and interactions. These elements are essential for creating accurate representations 

of the complex behavior of structures under various loading conditions. 

The “forceBeamColumn” element in OpenSees is a non-linear structural element 

designed to model the behavior of beam-column members. The 

“forceBeamColumn” element considers both axial and flexural deformations, 

allowing it to capture the complex interactions that occur in real-world structural 

members. This element allows the user to define both distributed plasticity and 

concentrated plasticity. For this study, concentrated plasticity at the end of the 

element is defined by using the “HingeRadau” command. Plastic hinge length is 

taken as half of the section height.  

 

Figure 3.1 "forceBeamColumn" element with concentrated plasticity 

 

Fiber section is used for the analysis. Fiber analysis plays a key role in accurately 

representing the behavior of different sections within the structural elements. A fiber 

corresponds to a small section of a structure's cross-sectional area. This approach lets 

the user to define various material properties and characteristics for each fiber. By 
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considering the combination of these fibers, the model can accurately predict how 

the structural element as a whole will respond to different conditions and loads. 

Essentially, it's a way to break down a complex section into smaller parts, which 

together provide a detailed picture of the structure's behavior. For confined and 

unconfined concrete, “patch” command is used to divide the section into rectangular 

fibers; and for steel, “layer” command is used to create a number of fibers along a 

line. 

 

Figure 3.2 Fiber section in OpenSees 

3.3 Material Models 

3.3.1 Material Model for Concrete  

For both confined and unconfined concrete, “Concrete01” is used which is a uniaxial 

Kent-Scott-Park concrete material with zero tensile strength. Stress-strain 

relationship for “Concrete01” is shown in Figure 3.3. Also “MinMax” material 

object is used which lets the user to define a threshold value so that if the material 

strain passes the defined “Max” value, the material is assumed to have failed.  
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Figure 3.3 Stress-strain relationship for "Concrete01" 

The input parameters for this model are concrete compressive strength (fc), concrete 

strain at maximum strength (εco), concrete crushing strength (fcu), concrete strain at 

crushing strength (εcu). For confined concrete, these parameters are calculated using 

Equation 2.15, Equation 2.19, Equation 2.18, Equation 2.6, respectively. 

3.3.2 Material Model for Steel 

For steel, “Steel01” is used which is a uniaxial bilinear material object. Stress-strain 

relationship for “Steel01” is shown in Figure 3.4. Again, “MinMax” material object 

is defined at ultimate strain of steel which is taken as εsu = 0.12 for S220, εsu = 0.08 

for S420. 
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Figure 3.4 Stress-strain relationship for "Steel01" 

3.4 Modeling of Bond Slip 

Bond slip is a crucial phenomenon that plays a significant role in the behavior of RC 

columns. In RC columns, the interaction between the concrete and the reinforcing 

steel bars is critical for ensuring the structural integrity and load-carrying capacity 

of the column. Bond slip refers to the relative movement between the concrete and 

the steel reinforcement as the column is subjected to axial loads, bending moments, 

or lateral forces. 

The concept of bond slip comes from the fact that the bond between the concrete and 

the steel reinforcement is not perfect. As the column experiences various forces, the 

steel bars embedded in the concrete may elongate or shorten due to the applied loads. 

However, the concrete surrounding the bars resists this movement, leading to a 

differential displacement between the steel and the concrete. This difference in 

displacement between the two materials is referred to as bond slip (Figure 3.5). 
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Figure 3.5 Reinforcement slip at building frame, bridge bent, and structural wall 

 

Neglecting the consideration of reinforcement slip in nonlinear analyses of concrete 

structures will lead to a notable underestimation of deflection while overestimating 

stiffness and the capacity for energy dissipation through hysteresis. Consequently, it 

is important to effectively account for the influence of reinforcement slip in the 

numerical model to ensure accurate results (Wang et al. 2019). 

In this study, a bond slip model developed by Wang et al. has been used. In the 

model, an empirical formula has been derived by using various experimental results. 

The model defines a reduction coefficient, α, to be applied to the elastic modulus of 

steel in the tensile stage (Figure 3.6). 
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Figure 3.6 Proposed and conventional bar model (Wang et al. 2019) 

 

Here, α is defined as: 

𝛼 =
4𝜏𝑒𝑙𝑝

𝑓𝑦𝑑
                                                                                                           Eq. 3.1 

𝜏𝑒 = √𝑓𝑐    ;    𝑙𝑝 = 0.25ℎ                                                                                  Eq. 3.2 

Where, τe is the bond stress in the pre-yield range of rebar along development length, 

lp is the plastic hinge length. 

Figure 3.7 shows the difference between including the bond slip effect into the model 

and ignoring it. The stiffness and energy dissipation capacity are significantly 

overestimated when the bond slip effect is ignored. 
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Figure 3.7 Bond slip effect (Mo and Wang C3-1, 2000) 

 

3.5 Estimation of Yield Displacement and Ultimate Displacement 

The yield displacement and ultimate displacement are found by making bilinear 

idealization of the force-displacement curve, according to ASCE/SEI (Figure 3.8). 

The ultimate displacement is taken as the displacement value where the shear force 

drops to 80 percent of the maximum shear force. If a 20 percent drop is not observed, 

then the last point on the pushover curve is considered as the ultimate point. After 

finding the ultimate displacement, an iterative method is used to find the yield point, 

which can be summarized as: 

1- A point is chosen in the actual force-displacement curve and it is set as 

(0.6Vy_trial , 0.6Δy_trial). 

2- The three points (0,0), (Vy_trial , Δy_trial), and (Vu , Δu) are connected and the 

area of the bilinear idealized shape is calculated. 

3- The error between the area of the actual force-displacement curve and 

idealized one is calculated. 
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4- If the error is higher than the previous step, go to the next point in the actual 

force-displacement curve and repeat from step 1.  If the error is smaller than 

the previous step and if Vy_trial < Vmax, set Vy = Vy_trial ; Δy = Δy_trial and go to 

the next point and repeat from step 1.    

 

 

Figure 3.8 Bilinear idealization of the force-displacement curve (ASCE/SEI 41-17) 

3.6 Verification of the Model 

3.6.1 Selected Columns 

37 columns (all cantilever) are selected to perform pushover analysis in OpenSees. 

Detailed material and geometric information for each model can be found in 

Appendix A. OpenSees analysis results for maximum base shear, yield displacement, 

and ultimate displacement are given in Table 3.1. 
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Table 3.1 OpenSees pushover analysis results 

    Experimental Results OpenSees Results 

Author 
Column 

Name 

Vmax 

(kN) 

Δy 

(mm) 

Δu 

(mm) 

Vmax 

(kN) 

Δy 

(mm) 

Δu 

(mm) 

Mo and Wang C1-1 250.0 15.0 85.7 239.3 18.0 95.4 

Mo and Wang C1-2 267.6 14.8 96.6 249.5 16.3 96.0 

Mo and Wang C1-3 305.3 14.9 81.8 258.1 15.8 77.1 

Mo and Wang C2-1 248.0 16.7 97.1 239.7 17.8 95.6 

Mo and Wang C2-2 285.6 15.6 95.9 249.9 16.0 95.5 

Mo and Wang C2-3 309.8 13.5 72.7 258.8 15.5 76.2 

Mo and Wang C3-1 252.4 17.9 94.2 241.0 17.2 91.4 

Mo and Wang C3-2 282.5 17.9 94.9 250.2 15.8 95.1 

Mo and Wang C3-3 302.7 15.4 84.6 258.7 15.3 83.7 

Tanaka and Park No5 385.6 13.6 76.6 392.1 9.8 81.5 

Tanaka and Park No6 409.2 12.0 112.2 392.1 10.3 100.5 

Tanaka and Park No7 616.7 9.7 82.1 535.7 7.7 75.5 

Tanaka and Park No8 618.6 8.4 85.3 523.2 6.8 74.9 

Park and Paulay No9 395.1 10.7 105.1 389.6 14.8 107.0 

Saatcioglu and Ozcebe U1 276.1 19.7 66.0 275.6 8.3 63.2 

Saatcioglu and Ozcebe U4 325.9 13.1 92.9 321.6 11.0 73.9 

Saatcioglu and Ozcebe U6 342.8 13.6 89.0 323.1 10.2 81.8 

Saatcioglu and Ozcebe U7 341.8 13.6 87.8 324.2 9.8 80.3 

Ohno and Nishioka L1 121.0 9.5 82.1 111.5 9.3 81.3 

Ohno and Nishioka L2 108.7 9.1 98.0 111.5 9.3 81.3 

Kono et al. D1N30 201.0 3.4 18.6 183.7 3.8 20.6 

Kono et al. D1N60 188.1 2.6 12.5 183.7 2.8 13.6 

Kono et al. L1N60 1338.7 3.8 27.0 1370.3 4.8 28.7 

Kono et al. L1N6B 1201.3 3.7 23.2 1129.8 6.2 28.5 

Takemura and Kawashima Test5 159.5 7.4 90.1 159.0 4.8 81.8 

Azizinamini et al. NC-2 466.8 10.7 67.1 444.7 9.8 64.0 

Azizinamini et al.  NC-4 489.3 9.3 39.0 466.3 6.2 39.6 

Gill et al. No.1 696.1 7.1 33.9 652.0 7.0 41.8 

Gill et al. No.3 670.4 4.9 21.1 668.5 6.2 28.4 

Soesianawati et al. No.1 199.6 10.4 78.2 199.6 8.7 73.3 

Soesianawati et al. No.2 279.2 9.2 50.3 268.2 7.2 49.4 

Soesianawati et al. No.3 277.0 8.8 44.6 260.4 6.5 39.6 

Soesianawati et al. No.4 264.5 9.6 34.6 237.7 6.2 31.5 

Esaki H-2-1_3 122.3 2.4 7.9 125.1 3.3 13.1 
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Table 3.2 (cont’d) OpenSees pushover analysis results 

    Experimental Results OpenSees Results 

Author 
Column 

Name 

Vmax 

(kN) 
y 

(mm) 
u 

(mm) 

Vmax 

(kN) 
y 

(mm) 
u 

(mm) 

Esaki H-2-1_5 109.2 2.3 10.1 108.8 2.7 16.8 

Esaki HT-2-1_3 119.1 2.4 9.8 112.0 3.0 17.2 

Esaki HT-2-1_5 109.4 2.4 9.9 106.8 3.2 22.8 

 

Comparison of experimental and OpenSees results for the maximum base shear 

(Vmax), yield displacement (Δy), and ultimate displacement (Δu) is given in Figure 

3.9. It can be observed that the OpenSees results, particularly for ultimate 

displacement (Δu) and maximum shear force (Vmax) values, closely align with the 

experimental findings. Since the yield displacement values are small, percentage 

errors are larger. 

The comparison of experimental and OpenSees force-displacement graphs for all 37 

columns can be found in Appendix B. 
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(a) 

 

(b) 

 

(c) 

Figure 3.9 Comparison of experimental results and OpenSees results for (a) 

maximum base shear, (b) yield displacement, (c) ultimate displacement 

3.6.2 Portal Frame 

For the verification of the OpenSees model, a portal frame experiment that was 

conducted at METU Structural Mechanics Laboratory will also be used. In this 

experiment, a portal frame was constructed consisting of a T-shaped beam and two 

columns with square cross-sections. The dimensions of the portal frame are given in 

Figure 3.10. 

0

200

400

600

800

1000

1200

1400

1600

0 200 400 600 800 1000 1200 1400 1600

V
m

a
x

O
p

e
n

S
e
e
s 

(k
N

)

Vmax Experiment (kN)

0

5

10

15

20

25

0 5 10 15 20 25

Δ
y

O
p

e
n

S
e
e
s 

(m
m

)

Δy Experiment (mm)

0

20

40

60

80

100

120

0 20 40 60 80 100 120

Δ
u

O
p

e
n

S
e
e
s 

(m
m

)

Δu Experiment (mm)



 

 

39 

 

Figure 3.10 Dimensions of the portal frame 

 

The material properties for the portal frame are provided in Table 3.2 and the 

reinforcement details are presented in Figure 3.11. The picture of the frame with the 

experimental set-up is shown in Figure 3.12. 

 

Figure 3.11 Reinforcement details of the portal frame 
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Figure 3.12 Portal frame 

 

Table 3.3 Material properties of the portal frame 

Concrete Longitudinal Steel Transverse Reinforcement 

fck (MPa) fyk (MPa) fsu (MPa) εsu fyk (MPa) fsu (MPa) εsu 

25 405 558 0.24 330 466 0.4 

 

The experiment was conducted on the frame system by applying lateral and axial 

loads. The lateral load was applied using a displacement-controlled hydraulic 

actuator, considering different drift ratios. As for the axial load, a distributed load on 

the beam and point loads to the columns were applied. The point loads on the 

columns were applied using force-controlled hydraulic cylinders. The distributed 

load had a magnitude of 10 kN/m, equivalent to 2675 kg. The applied axial load on 

the columns was determined as 17.5% of the column capacity, which corresponds to 

180 kN. 

In the OpenSees model, the beam is modelled by using “elasticBeamColumn”. The 

slab was omitted in the model, as including it would not have significant impact on 

the pushover behavior of the structural system. Again, a displacement step of 0.1 mm 
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is used. The comparison for experimental results and OpenSees results is given in 

Figure 3.13. The similarity of the OpenSees results and experimental results proves 

that OpenSees model accurately represents the structural system. Hence, it is 

confirmed that the ability of OpenSees in performing pushover analyses is 

dependable for evaluating the RC columns included in this study's scope. 

 

Figure 3.13 Comparison of experimental results and OpenSees results for portal 

frame 

3.7 Column Specimens 

The columns selected from PEER database are not enough to properly observe the 

effect of each parameter to the rotation capacity. To overcome the limitations arising 

from the selected database, additional columns are modeled using OpenSees. The 

additional columns have the following geometric and material properties: 

• 4 different cross sections which are 300 mm x 300 mm, 400 mm x 400 mm, 

500 mm x 500 mm, and 300 mm x 500 mm.  

• 2 different heights which are 1.5 meters and 3 meters.  

• 4 different axial load ratios (N/No) which are 0.1, 0.25, 0.4, and 0.5.  
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• 4 different concrete compressive strength (fck) which are 10 MPa, 15 MPa, 

20 MPa, and 30 MPa.  

• 2 different yield strength of steel for longitudinal reinforcement (fyk), 220 

MPa and 420 MPa. 

• 2 different yield strength of steel for transverse reinforcement (fywk), 220 MPa 

and 420 MPa. 

• 2 different longitudinal reinforcement ratios (ρl), 0.01 and 0.02. 

• 3 different transverse reinforcement ratios (ρs), 0.001, 0.006, and 0.01. 

Considering all possible combinations of the aforementioned properties results in a 

total of 3072 different columns. The properties are summarized in Table 3.4. 

Table 3.4 Properties of the modeled columns 

Cross-section 

(mm) 

L (m) N/No fck 

(MPa) 

fyk 

(MPa) 

fywk 

(MPa) 

ρl ρs 

300x300 1.5 0.1 10 220 220 0.01 0.001 

400x400 3 0.25 15 420 420 0.02 0.006 

500x500  0.4 20    0.01 

300x500  0.5 30     

 

Clear cover is taken as 25 mm for all columns. For all columns, there is 1 longitudinal 

steel in each corner and in the middle of each side (Figure 3.14). 
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Figure 3.14 Reinforcement details of the modeled columns 

3.8 Application of Seismic Assessment Guidelines to the Modeled Columns 

In this part, the rotations found using OpenSees will be compared with the seismic 

guidelines. The yield and ultimate displacement values found using OpenSees, will 

be used to find the rotation by using Equations 2.1 – 2.5. 

3.8.1 Application of TBEC (2018) 

The comparison of TBEC (2018) performance limits with experimental results and 

OpenSees results are given in Figure 3.15. The figure shows that, for TBEC 

performance limits, the experimental and OpenSees results are consistent with each 

other. 
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(a) 

 

(b) 

 

(c) 

Figure 3.15 Comparison of experimental and OpenSees results with TBEC 2018 

results for (a) Limited Damage; (b) Controlled Damage; (c) Collapse Prevention. 

 

The experimentally obtained and OpenSees performance limits are normalized with 

respect to the guideline predictions (θExperiment & OpenSees / θguideline). The average and 

standard deviation of each performance limit is given in Table 3.5. For the average, 

values lower than unity indicate overpredictions of the guidelines.  
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Table 3.5 Average and standard deviation for  
𝜃𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 & 𝑂𝑝𝑒𝑛𝑠𝑒𝑒𝑠   

𝜃𝑇𝐵𝐸𝐶
 

 Experimental Results OpenSees Results 

 LD CD CP LD CD CP 

μ 1.22 1.71 1.79 0.88 1.48 1.59 

σ 0.57 0.77 0.83 0.412 0.995 1.12 

 

It can be seen that there is a significant difference between the average values for LD 

between OpenSees results and experimental results. The experimental database 

contains lower values of axial load ratios, the average of the axial load ratios of the 

column specimens is 0.21. On the other hand, half of the columns in the dataset 

created for OpenSees analysis have 0.4 and 0.5 axial load ratio level. It is observed 

that the predictive safety of LD performance level found by TBEC (2018) decreases 

as the axial load ratio on the column increases. The columns in the experimental 

dataset is divided into three with respect to their axial load ratios: columns with axial 

ratio smaller than 0.2, columns with axial ratio between 0.2 and 0.35, and columns 

with axial ratio greater than 0.35. For these three range of axial load ratios, the 

θexperiment / θTBEC ratios are found 1.5, 1.05, and 0.61, respectively. Same trend is 

observed for OpenSees results. For axial load ratios 0.1, 0.25, 0.4, and 0.5; the 

θOpenSees / θTBEC ratios are found 1.18, 0.89, 0.69, and 0.56, respectively. Figure 3.16 

shows the relationship between the axial load ratio and the predictive safety of TBEC 

(2018) for LD.  
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(a) 

 

(b) 

Figure 3.16 Effect of axial load ratio on the predictive safety of LD performance 

limit calculated from TBEC and (a) Experimental results, (b) OpenSees results 

  

It is observed that, for low axial load ratio values, CD and CP performance limits 

becomes too conservative. As the axial load ratio increases, the predictive safety 

decreases but does not become too unconservative. When CP performance level is 

considered, for columns with axial load ratio 0.1 and 0.25 the θOpenSees / θTBEC ratio is 

2.15, and for columns with axial load ratio 0.4 and 0.5 θOpenSees / θTBEC ratio is 1.02 
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3.8.2 Application of ASCE/SEI 41-17 (2017) 

The comparison of ASCE/SEI (2017) performance limits with experimental results 

and OpenSees results are given in Figure 3.17. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 3.17 Comparison of experimental and OpenSees results with ASCE/SEI 

results for (a) Immediate Occupancy; (b) Life Safety; (c) Collapse Prevention 
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The experimentally obtained performance limits are normalized with respect to the 

guideline predictions. The average and standard deviation of each performance limit 

is given in Table 3.6.  

 

Table 3.6 Average and standard deviation for 
𝜃𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 & 𝑂𝑝𝑒𝑛𝑠𝑒𝑒𝑠   

𝜃𝐴𝑆𝐶𝐸
 

 Experimental Results OpenSees Results 

 IO LS CP IO LS CP 

μ 1.89 1.17 1.09 1.43 1.20 1.19 

σ 0.65 0.48 0.48 0.62 0.86 0.97 

 

ASCE/SEI gives more conservative results compared to TBEC for IO, and as can be 

seen from Figure 3.17 (a), it is less scattered. For LS and CP, ASCE/SEI is less 

conservative compared to TBEC. For LS and CP, it is observed that as the transverse 

reinforcement increases, predictive safety decreases (Figure 3.18) and ASCE/SEI 

gives unsafe predictions. 

 

(a) 

 

(b) 

Figure 3.18 Effect of transverse reinforcement ratio on the predictive safety of CP 

performance limit calculated from ASCE/SEI and (a) Experimental results, (b) 

OpenSees results 
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3.8.3 Application of Eurocode 8 – Part-3 (2010) 

The comparison of Eurocode 8 – Part-3 (2010) performance limits with experimental 

results and OpenSees results are given in Figure 3.19. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 3.19 Comparison of experimental and OpenSees results with Eurocode 8 

results for (a) Damage Limitation; (b) Significant Damage; (c) Near Collapse. 
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The experimentally obtained performance limits are normalized with respect to the 

guideline predictions. The average and standard deviation of each performance limit 

is given in Table 3.7.  

Table 3.7 Average and standard deviation for 
𝜃𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 & 𝑂𝑝𝑒𝑛𝑠𝑒𝑒𝑠   

𝜃𝐸𝑢𝑟𝑜𝑐𝑜𝑑𝑒
 

 Experimental Results OpenSees Results 

 DL SD NC DL SD NC 

μ 1.12 1.38 1.38 0.80 1.28 1.28 

σ 0.524 0.664 0.664 0.388 0.843 0.843 

 

Similar to TBEC, predictive safety of Eurocode for DL decreases as the axial load 

ratio increase. Figure 3.20 shows the relationship between the axial load ratio and 

the predictive safety of Eurocode for DL. Eurocode gives mostly unsafe results for 

DL, especially for high axial load ratios. 

 

(a) 

 

(b) 

Figure 3.20 Effect of axial load ratio on the predictive safety of DL performance 

limit calculated from Eurocode and (a) Experimental results, (b) OpenSees results 

 

It is observed that the predictive safety for SD and NC decreases as the axial load 

ratio increases. It is also observed that the predictive safety for SD and NC is affected 

by the transverse reinforcement ratio. Opposite to ASCE/SEI, as the transverse 

reinforcement ratio increases, the predictive safety of Eurocode tends to increase. 
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Figure 3.21 shows the relationship between the transverse reinforcement ratio and 

the predictive safety of Eurocode for NC. 

 

(a) 

 

(b) 

Figure 3.21 Effect of transverse reinforcement ratio on the predictive safety of NC 

performance limit calculated from Eurocode and (a) Experimental results, (b) 

OpenSees results 

3.9 Effect of Each Parameter on Plastic Rotation Capacity 

The influence of concrete compressive strength, yielding strength of longitudinal 

reinforcement, yielding strength of transverse reinforcement, axial load ratio, and 

transverse reinforcement ratio will be separately analyzed with respect to how they 

affect the capacity curve and plastic rotation capacities of the columns. The influence 

of these parameters to plastic rotation values calculated from seismic guidelines will 

also be analyzed. The plastic rotation formulas given for collapse prevention 

performance level in the seismic guidelines are given below. 

TBEC (2018) 

𝜃𝑝 =
2

3
[(∅𝑢 − ∅𝑦)𝐿𝑝 (1 − 0.5

𝐿𝑝

𝐿𝑠
) + 4.5∅𝑢𝑑𝑏]                              Eq. 3.3 

 

ASCE/SEI (2017) 

𝜃𝑝 = 0.042 − 0.043 max(0.1, 𝑛) + 0.63𝜌
𝑠

− 0.023max(0.2,
𝑉𝑦

𝑉𝑐𝑜𝑙
)                       Eq. 3.4 
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Eurocode 8 Part-3 

𝜃𝑝 =
1

𝛾𝑒𝑙
0.0145(0.25𝜈) [

max(0.01;ω′)

max(0.01;ω)
]

0.3

(𝑓𝑐)0.2 (min (9;
𝐿𝑠

ℎ
))

0.35

25
(𝛼𝜌𝑠𝑥

𝑓𝑦𝑤

𝑓𝑐
)
        Eq. 3.5 

3.9.1 Concrete Compressive Strength 

To observe the effect of concrete compressive strength on the capacity curve, four 

columns were selected, all having identical properties except for the concrete 

compressive strength. The properties of the columns are summarized in Table 3.8. 

The effect of concrete compressive strength on the capacity curve is shown in Figure 

3.22. The results show that the lateral load capacities of the columns increase 

significantly with higher concrete strength (Figure 3.23). It can be also observed that 

as the concrete strength increases, the deformation capacity of the columns 

decreases. 

The impact of concrete compressive strength on plastic rotation capacities is shown 

in Figure 3.24. The figure illustrates a decrease in plastic rotation capacity with 

increasing concrete strength (Figure 3.24 (a)). This trend is captured by TBEC (2018) 

and ASCE/SEI (2017) standards (Figure 3.24 (b) and (c)). However, Eurocode 

contradicts this pattern by suggesting that the plastic rotation capacity slightly 

increases as concrete compressive strength increases (Figure 3.24 (d)). 

Table 3.8 Properties of the selected columns 

Cross-section 

(mm) 

L (m) N/No fck 

(MPa) 

fyk 

(MPa) 

fywk 

(MPa) 

ρl ρs 

400x400 1.5 0.25 10 220 220 0.01 0.01 

400x400 1.5 0.25 15 220 220 0.01 0.01 

400x400 1.5 0.25 20 220 220 0.01 0.01 

400x400 1.5 0.25 30 220 220 0.01 0.01 
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Figure 3.22 Effect of concrete compressive strength on the capacity curve 

 

 

Figure 3.23 Effect of concrete compressive strength on maximum base shear 
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(a) 

 

(b) 

(c) 
 

(d) 

Figure 3.24 Effect of concrete compressive strength on plastic rotation capacities 
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To observe the effect of yield strength of longitudinal steel on the capacity curve, 

two columns were selected, both having identical properties except for the yield 

strength of longitudinal steel. The properties of the columns are summarized in Table 

3.9. The effect of yield strength of longitudinal steel on the capacity curve is shown 

in Figure 3.25. The results show that the lateral load capacities of the columns 

increase with higher yield strength of longitudinal steel (Figure 3.26).  
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The impact of yield strength of longitudinal steel on plastic rotation capacities is 

shown in Figure 3.27. The figure illustrates an increase in plastic rotation capacity 

with increasing yielding strength of longitudinal reinforcement (Figure 3.27 (a)). 

Plastic rotation capacity remains the same with increase in the longitudinal yield 

strength according to Eurocode (Figure 3.27 (d)), which is expected since the 

formula (Eq. 3.5) does not contain any parameter related to fyl. Plastic rotation 

capacities slightly decrease with the increase in the yield strength of longitudinal  

steel according to ASCE/SEI (2017) (Figure 3.27 (c)) but significantly decreases 

(19% reduction) according to TBEC (2018) (Figure 3.27 (b)), which is expected 

since the only parameters related to fyl in Equation 3.3 are the curvatures found from 

section analysis and the ductility, (∅𝑢 − ∅𝑦), tends to decrease with the increase in 

fyl. 

Table 3.9 Properties of the selected columns 

Cross-section 

(mm) 

L (m) N/No fck 

(MPa) 

fyk 

(MPa) 

fywk 

(MPa) 

ρl ρs 

300x300 1.5 0.1 15 220 220 0.01 0.006 

300x300 1.5 0.1 15 420 220 0.01 0.006 
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Figure 3.25 Effect of yield strength of longitudinal steel on the capacity curve 

 

 

Figure 3.26 Effect of yield strength of longitudinal steel on maximum base shear 
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(a) 

 

(b) 

 
(c) 

 
(d) 

Figure 3.27 Effect of yield strength of longitudinal steel on plastic rotation 

capacities 
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3.9.3 Yielding Strength of Transverse Reinforcement  

To observe the effect of yielding strength of transverse reinforcement on the capacity 

curve, two columns were selected, both having identical properties except for the 

yielding strength of transverse steel. The properties of the columns are summarized 

in Table 3.10. The effect of yield strength of transverse reinforcement on the capacity 

curve is shown in Figure 3.28. The results show that the lateral load capacities of the 

columns slightly increase with higher yield strength of transverse steel (Figure 3.29).  

The impact of yield strength of transverse steel on plastic rotation capacities is shown 

in Figure 3.30. The figure illustrates an increase in plastic rotation capacity with 

increasing yielding strength of transverse steel (Figure 3.30 (a)). This pattern is 

consistent across all three guidelines (Figure 3.30 (b), (c), and (d)). 

 

Table 3.10 Properties of the selected columns 

Cross-section 

(mm) 

L (m) N/No fck 

(MPa) 

fyk 

(MPa) 

fywk 

(MPa) 

ρl ρs 

400x400 3 0.25 20 420 220 0.01 0.006 

400x400 3 0.25 20 420 420 0.01 0.006 
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Figure 3.28 Effect of yield strength of transverse steel on the capacity curve 

 

Figure 3.29 Effect of yield strength of transverse steel on maximum base shear 
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(a) 

 

(b) 

 
(c) 

 
(d) 

Figure 3.30 Effect of yield strength of transverse steel on plastic rotation capacities 

3.9.4 Axial Load Ratio 

To observe the effect of axial load ratio on the capacity curve, four columns were 

selected, all having identical properties except for the axial load ratio. The properties 

of the columns are summarized in Table 3.11. The effect of axial load ratio on the 

capacity curve is shown in Figure 3.31. The results indicate that the lateral load 

capacities of the columns increase (Figure 3.32) with higher axial load ratios (slight 

decrease from N/No = 0.4 to N/No = 0.5). 
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The impact of axial load ratio on plastic rotation capacities is shown in Figure 3.33. 

It can be seen that plastic rotation capacity decreases significantly with the increase 

in axial load ratio (Figure 3.33 (a)). This pattern is consistent across all three 

guidelines (Figure 3.33 (b), (c), and (d)). 

Table 3.11 Properties of the selected columns 

Cross-section 

(mm) 

L (m) N/No fck 

(MPa) 

fyk 

(MPa) 

fywk 

(MPa) 

ρl ρs 

400x400 1.5 0.1 20 420 220 0.01 0.006 

400x400 1.5 0.25 20 420 420 0.01 0.006 

400x400 1.5 0.4 20 420 220 0.01 0.006 

400x400 1.5 0.5 20 420 420 0.01 0.006 

 

 

Figure 3.31 Effect of axial load ratio on the capacity curve 

0

20

40

60

80

100

120

140

160

0 10 20 30 40 50 60 70

B
as

e 
S

h
ea

r 
(k

N
)

Displacement (mm)

N/No = 0.1

N/No = 0.25

N/No = 0.4

N/No = 0.5



 

 

62 

 

Figure 3.32 Effect of axial load ratio on maximum base shear 

 

(a) 

 

(b) 

 
(c) 

 
(d) 

Figure 3.33 Effect of axial load ratio on plastic rotation capacities 
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3.9.5 Transverse Reinforcement Ratio 

To observe the effect of transverse reinforcement ratio on the capacity curve, two 

columns were selected, both having identical properties except for the transverse 

reinforcement ratio. The properties of the columns are summarized in Table 3.12. 

The effect of transverse reinforcement ratio on the capacity curve is shown in Figure 

3.34. The results show that the lateral load capacities of the columns increase as the 

transverse reinforcement ratio increases (Figure 3.35).  

The impact of transverse reinforcement ratio on plastic rotation capacities is shown 

in Figure 3.36. The figure illustrates a significant increase in plastic rotation capacity 

with increasing transverse reinforcement ratio (Figure 3.36 (a)). This pattern is 

consistent across all three guidelines (Figure 3.36 (b), (c), and (d)). 

Table 3.12 Properties of the selected columns 

Cross-section 

(mm) 

L (m) N/No fck 

(MPa) 

fyk 

(MPa) 

fywk 

(MPa) 

ρl ρs 

300x500 3 0.1 30 420 420 0.02 0.001 

300x500 3 0.1 30 420 420 0.02 0.006 

300x500 3 0.1 30 420 420 0.02 0.01 
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Figure 3.34 Effect of transverse reinforcement ratio on the capacity curve 

 

Figure 3.35 Effect transverse reinforcement ratio on maximum base shear 
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(a) 

 

(b) 

 
(c) 

 
(d) 

Figure 3.36 Effect of transverse reinforcement ratio on plastic rotation capacities 
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3.10 Proposed simplified rotation limits 

A simple approach to determine the performance limits of RC columns is proposed. 

According to the new simplified approach, the columns are divided into three groups: 

Table 3.13 Column classification 

 

𝑉𝑒/𝑉𝑟 

Satisfies the transverse 

reinforcement 

requirements of TBEC 

part 7.3.4 

Does not satisfy the 

transverse reinforcement 

requirements of TBEC 

part 7.3.4 

𝑉𝑒/𝑉𝑟  ≤ 0.7 A B 

0.7 ≤ 𝑉𝑒/𝑉𝑟  ≤ 1.1 B B 

1.1 ≤ 𝑉𝑒/𝑉𝑟 C C 

 

Where, Ve is the design shear force calculated under the impacts of vertical loads 

and earthquake loads. Vr can be calculated as follows: 

𝑉𝑐𝑟 = 0.65𝑓𝑐𝑡𝑑𝑏𝑤𝑑 (1 + 𝛾
𝑁𝑑

𝐴𝑔
)                                                                           Eq. 3.6 

𝑉𝑤 =
𝐴𝑠𝑤

𝑠
𝑓𝑦𝑤𝑑𝑑                                                                                                   Eq. 3.7 

𝑉𝑐 = 0.8𝑉𝑐𝑟                                                                                                         Eq. 3.8 

𝑉𝑟 = 𝑉𝑐 + 𝑉𝑤                                                                                                        Eq. 3.9 

For compression case, γ = 0.07. 

The transverse reinforcement requirements of TBEC part 7.3.4 are as follows: 

• No transverse reinforcement with a diameter smaller than 8 mm shall be used 

in the confinement regions. 

• The spacing between longitudinal stirrups and ties shall not be less than one-

third of the smallest section dimension or greater than 150 mm. It shall be 
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greater than six times the diameter of the longitudinal reinforcement and not 

less than 50 mm. 

• The horizontal distance between stirrup legs and/or ties shall not exceed 25 

times the stirrup diameter. 

• If Nd > 0.20Acfck , the minimum total area of transverse reinforcement in the 

confinement regions shall be calculated in a manner that satisfies the least 

favorable condition stated in Equation 3.10 and Equation 3.11. 

 

𝐴𝑠ℎ ≥ 0.30𝑠𝑏𝑘 [(
𝐴𝑐

𝐴𝑐𝑘
) − 1] (

𝑓𝑐𝑘

𝑓𝑦𝑤𝑘
)                                                                     Eq 3.10 

𝐴𝑠ℎ ≥ 0.75𝑠𝑏𝑘 (
𝑓𝑐𝑘

𝑓𝑦𝑤𝑘
)                                                                                        Eq 3.11 

The following limits are proposed as rotation limits for each column classification: 

For columns classified as A: 

𝜃𝑢 = 4.5 − 5𝑛 (%)                                                                                          Eq 3.12 

Where n is the axial load ratio. 

For columns classified as B: 

𝜃𝑢 = 645𝜌𝑡 − 1000𝜌𝑡𝑛 + 0.725 (%)                                                            Eq 3.13 

For columns classified as C: 

𝜃𝑢 = 𝜃𝑦 ≤ 0.75%                                                                                            Eq 3.14 

For all three column groups,  

𝜃𝑦 =
𝑀𝑦𝐿

3(𝐸𝐼)𝑒𝑓𝑓
                                                                                                    Eq 3.15 

 

 

                                                  Eq 3.16          
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The comparison of the proposed limits with experimental results and OpenSees 

results are given in Figure 3.37. It can be seen that for Immediate Occupancy there 

is a significant improvement compared to TBEC (2018) and Eurocode 8-3. For 

Collapse Prevention, for very low transverse reinforcement ratio (ρt = 0.001), it is 

observed that some of the OpenSees specimens’ limits becomes too conservative. 

The excluded version of ρt = 0.001 can be seen in Figure 3.38. 

 

(a) 

 

(b) 

 

(c) 

Figure 3.37 Comparison of experimental and OpenSees results with proposed 

limits for (a) Immediate Occupancy; (b) Life Safety; (c) Collapse Prevention. 
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(a) 

  

(b) 

Figure 3.38 Comparison of result excluding ρt = 0.001 with proposed limits for (a) 

Life Safety; (b) Collapse Prevention. 

From Figure 3.38, it can be seen that the majority of the specimens (both for 

OpenSees and experimental) are on the safe side. 

The experimentally obtained performance limits and OpenSees performance limits 

are normalized with respect to the proposed predictions. The average and standard 

deviation of each performance limit are given in Table 3.14.  

Table 3.14 Average and standard deviation for 
𝜃𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 & 𝑂𝑝𝑒𝑛𝑠𝑒𝑒𝑠   

𝜃𝑃𝑟𝑜𝑝𝑜𝑠𝑒𝑑
 

 Experimental Results OpenSees Results 

 IO LS CP IO LS CP 

μ 2.19 1.64 1.64 1.51 1.14 1.12 

σ 1.35 1.18 1.29 0.66 0.42 0.43 

 

Figure 3.39 shows the comparison of analytical and experimental results with new 

proposed limits for Collapse Prevention, according to the column class. 
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Figure 3.39 Collapse Prevention performance limits according to column class 
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CHAPTER 4  

4 SUMMARY AND CONCLUSION  

4.1 Summary 

Performance limits of TBEC (2018), ASCE/SEI 41-17, and Eurocode 8-3 was 

evaluated at this study. Firstly, 186 experimental column specimens were extracted 

from Pacific Earthquake Engineering Research (PEER) Center’s Structural 

Performance Database. The performance limits of the seismic guidelines are 

compared with the experimental database. Next, analytical study was performed to 

find a suitable model that accurately estimates seismic behavior of reinforced 

concrete columns, by using OpenSees software. For this purpose, 37 column 

specimens were chosen from the PEER database. By applying static pushover 

analysis in OpenSees, force-displacement curves were obtained and compared with 

the experimental findings. One portal frame experiment was also used for the 

verification of the OpenSees model. Once the results of analytical findings and 

experimental findings agree, 3072 unique columns were generated. After finding the 

yielding and ultimate displacements of these columns, their performance limits were 

obtained and compared with the limits of the seismic guidelines. Parametric study 

was performed to observe various parameters’ effect on the vertical load-carrying 

capacity and plastic rotation capacity. Prediction safety for the seismic guidelines 

depending on transverse reinforcement and axial load ratio is examined.  

4.2 Conclusion 

The conclusions derived from this study can be summarized as follows: 

• The axial load ratio and transverse reinforcement ratio are the primary factors 

that influence the plastic rotation capacity of reinforced concrete columns. 
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The plastic rotation capacity tends to increase as the axial load ratio decreases 

and the transverse reinforcement ratio increases. The equations for plastic 

rotation capacities on TBEC (2018), ASCE/SEI 41-17, and Eurocode 8-3 

successfully captures this variation.  

 

• The yielding strength of longitudinal reinforcement and the concrete 

compressive strength are the main parameters that affect the lateral load-

carrying capacity of reinforced concrete columns. 

 

• For Immediate Occupancy performance level (Damage Limitation in 

Eurocode 8-3 and Limited Damage in TBEC (2018)), ASCE/SEI 41-17 gives 

the best estimation. Among the three guidelines, ASCE/SEI 41-17 results are 

the safest with lowest dispersion level. For IO, TBEC (2018) and Eurocode 

8-3 results are found to be unsafe.  

 

• Predictive safety of Eurocode 8-3 for DL is affected by the axial load ratio. 

As the axial load ratio increases, predictive safety of Eurocode 8-3 decreases 

significantly. Among 98 experimental column specimens with axial load 

ratio smaller than 0.2 and among 768 OpenSees columns that have axial load 

ratio 0.1, 78% and 60% are on the safe side, respectively. Among 43 

experimental column specimens with axial load ratio higher than 0.3 and 

among 1538 OpenSees columns that have axial load ratio 0.4 and 0.5, only 

5% and 8% are on the safe side, respectively. 

 

• Predictive safety of TBEC (2018) for LD is also affected by the axial load 

ratio. Among 98 experimental column specimens with axial load ratio 

smaller than 0.2 and among 768 OpenSees columns that have axial load ratio 

0.1, 83% and 61% are on the safe side, respectively. Among 43 experimental 

column specimens with axial load ratio higher than 0.3 and among 1538 
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OpenSees columns that have axial load ratio 0.4 and 0.5, only 16% and 11% 

are on the safe side, respectively. 

 

• For Life Safety and Collapse Prevention performance levels (Significant 

Damage and Near Collapse in Eurocode 8-3; and Controlled Damage and 

Collapse Prevention in TBEC (2018)), TBEC (2018) gives the most 

conservative results and ASCE/SEI 41-17 gives the least conservative 

results. 

 

• For Life Safety and Collapse Prevention performance levels, as the transverse 

reinforcement increases, predictive safety of ASCE/SEI 41-17 decreases. On 

the other hand, predictive safety of Eurocode 8-3 increases with the increase 

on transverse reinforcement ratio. 

 

• For well-confined columns with low axial load ratio, TBEC (2018) and 

Eurocode 8-3 becomes too conservative for Controlled Damage and Collapse 

Prevention performance levels. 
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APPENDICES 

Appendix A 

Table A.1 Material and geometric properties of the experimental columns 

 

  

Specimen 

No
Author

Specimen 

Name
L (mm) b (mm) h (mm) P (kN)

f'c 

(MPa)

fyl 

(MPa)

fyw 

(MPa)

Clear 

Cover 

(mm)

1 Nagasaka HPRC10-63 300 200 200 147 21.6 371 344 12

2 Umehara CUS 455 230 410 534 34.9 441 414 25

3 Umehara CUW 455 410 230 534 34.9 441 414 25

4 Bett UNIT_1_1 455 305 305 288 29.9 462 414 25

5 Aboutaha SC3 1219 914 457 0 21.9 434 400 38

6 Aboutaha SC9 1219 457 914 0 16.0 434 400 38

7 Lynn 3CLH18 1473 457 457 503 26.9 331 400 38

8 Nagasaka HPRC19-32 300 200 200 294 21.0 371 344 12

9 Ono CA025C 300 200 200 265 25.8 361 426 19

10 Ono CA060C 300 200 200 636 25.8 361 426 19

11 Lynn 2CLH18 1473 457 457 503 33.1 331 400 38

12 Lynn 2CMH18 1473 457 457 1512 25.5 331 400 38

13 Lynn 2SLH18 1473 457 457 503 33.1 331 400 38

14 Lynn 3SMD12 1473 457 457 1512 25.5 331 400 38

15 Sezen Specimen_1 1473 457 457 667 21.1 434 476 41

16 Sezen Specimen_2 1473 457 457 2669 21.1 434 476 41

17 Sezen Specimen_4 1473 457 457 667 21.8 434 476 41

18 Lynn 3CMH18 1473 457 457 1512 27.6 331 400 38

19 Lynn 3CMD12 1473 457 457 1512 27.6 331 400 38

20 Lynn 3SLH18 1473 457 457 503 26.9 331 400 38

21 Gill et al. No.1 1200 550 550 1815 23.1 375 297 40

22 Gill et al. No.2 1200 550 550 2680 41.4 375 316 38

23 Gill et al. No.3 1200 550 550 2719 21.4 375 297 40

24 Gill et al. No.4 1200 550 550 4265 23.5 375 294 38

25 Soesianawati et al. No.1 1600 400 400 744 46.5 446 364 13

26 Soesianawati et al. No.2 1600 400 400 2112 44.0 446 360 13

27 Soesianawati et al. No.3 1600 400 400 2112 44.0 446 364 13

28 Soesianawati et al. No.4 1600 400 400 1920 40.0 446 255 13

29 Zahn No.7 1600 400 400 1010 28.3 440 466 13

30 Zahn No.8 1600 400 400 2502 40.1 440 466 13

31 Watson and Park No.5 1600 400 400 3280 41.0 474 372 13

32 Watson and Park No.6 1600 400 400 3200 40.0 474 388 13

33 Watson and Park No.7 1600 400 400 4704 42.0 474 308 13

34 Watson and Park No.8 1600 400 400 4368 39.0 474 372 13

35 Watson and Park No.9 1600 400 400 4480 40.0 474 308 13

36 Tanaka and Park No1 1600 400 400 819 25.6 474 333 40

37 Tanaka and Park No2 1600 400 400 819 25.6 474 333 40
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Table A.1 (cont’d) Material and geometric properties of the experimental columns 

 

 

 

Specimen 

No
Author

Specimen 

Name
L (mm) b (mm) h (mm) P (kN)

f'c 

(MPa)

fyl 

(MPa)

fyw 

(MPa)

Clear 

Cover 

(mm)

38 Tanaka and Park No3 1600 400 400 819 25.6 474 333 40

39 Tanaka and Park No4 1600 400 400 819 25.6 474 333 40

40 Tanaka and Park No5 1650 550 550 968 32.0 511 325 40

41 Tanaka and Park No6 1650 550 550 968 32.0 511 325 40

42 Tanaka and Park No7 1650 550 550 2913 32.0 511 325 40

43 Tanaka and Park No8 1650 550 550 2913 32.1 511 325 40

44 Kanda et al. 85STC-1 750 250 250 184 27.9 374 506 12

45 Kanda et al. 85STC-2 750 250 250 184 27.9 374 506 35

46 Kanda et al. 85STC-3 750 250 250 184 27.9 374 506 35

47 Kanda et al. 85PDC-2 750 250 250 184 27.9 374 506 35

48 Kanda et al. 85PDC-3 750 250 250 184 27.9 374 506 35

49 Atalay and Penzein No.1S1 1676 305 305 267 29.1 367 363 32

50 Atalay and Penzein No.2S1 1676 305 305 267 30.7 367 363 32

51 Atalay and Penzein No.3S1 1676 305 305 267 29.2 367 363 32

52 Atalay and Penzein No.4S1 1676 305 305 267 27.6 429 363 32

53 Atalay and Penzein No.5S1 1676 305 305 534 29.4 429 392 32

54 Atalay and Penzein No.6S1 1676 305 305 534 31.8 429 392 32

55 Atalay and Penzein No.9 1676 305 305 801 33.3 363 392 32

56 Atalay and Penzein No.10 1676 305 305 801 32.4 363 392 32

57 Atalay and Penzein No.11 1676 305 305 801 31.0 363 373 32

58 Atalay and Penzein No.12 1676 305 305 801 31.8 363 373 32

59 Azizinamini et al. NC-2 1372 457 457 1690 39.3 439 454 38

60 Azizinamini et al. NC-4 1372 457 457 2580 39.8 439 616 41

61 Wehbe et al. A1 2335 380 610 615 27.2 448 428 28

62 Wehbe et al. A2 2335 380 610 1505 27.2 448 428 28

63 Wehbe et al. B1 2335 380 610 601 28.1 448 428 25

64 Wehbe et al. B2 2335 380 610 1514 28.1 448 428 25

65 Nosho et al No.1 2134 279 279 1076 40.6 407 351 25

66 Saatcioglu and Giria BG-1 1645 350 350 1782 34.0 455 570 29

67 Saatcioglu and Giria BG-2 1645 350 350 1782 34.0 455 570 29

68 Saatcioglu and Giria BG-3 1645 350 350 831 34.0 455 570 29

69 Saatcioglu and Giria BG-4 1645 350 350 1923 34.0 455 570 29

70 Saatcioglu and Giria BG-5 1645 350 350 1923 34.0 455 570 29

71 Saatcioglu and Giria BG-6 1645 350 350 1900 34.0 478 570 29

72 Saatcioglu and Giria BG-7 1645 350 350 1923 34.0 455 580 29

73 Saatcioglu and Giria BG-8 1645 350 350 961 34.0 455 580 29

74 Saatcioglu and Giria BG-9 1645 350 350 1923 34.0 428 580 29

75 Saatcioglu and Giria BG-10 1645 350 350 1923 34.0 428 570 29

76 Matamoros et al. C10-05N 610 203 203 142 69.6 586 407 40

77 Matamoros et al. C10-05S 610 203 203 142 69.6 586 407 40

78 Matamoros et al. C10-10N 610 203 203 285 67.8 572 514 26

79 Matamoros et al. C10-10S 610 203 203 285 67.8 573 515 24

80 Matamoros et al. C10-20N 610 203 203 569 65.5 572 514 22
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Table A.1 (cont’d) Material and geometric properties of the experimental columns 

 

 

 

Specimen 

No
Author

Specimen 

Name
L (mm) b (mm) h (mm) P (kN)

f'c 

(MPa)

fyl 

(MPa)

fyw 

(MPa)

Clear 

Cover 

(mm)

81 Matamoros et al. C10-20S 610 203 203 569 65.5 573 515 14

82 Matamoros et al. C5-00N 610 203 203 0 37.9 572 514 24

83 Matamoros et al. C5-00S 610 203 203 0 37.9 573 515 28

84 Matamoros et al. C5-20N 610 203 203 285 48.3 586 407 38

85 Matamoros et al. C5-20S 610 203 203 285 48.3 587 408 39

86 Matamoros et al. C5-40N 610 203 203 569 38.0 572 514 21

87 Matamoros et al. C5-40S 610 203 203 569 38.0 573 515 21

88 Mo and Wang C1-1 1400 400 400 450 24.9 497 459 34

89 Mo and Wang C1-2 1400 400 400 675 26.7 497 459 34

90 Mo and Wang C1-3 1400 400 400 900 26.1 497 459 34

91 Mo and Wang C2-1 1400 400 400 450 25.3 497 459 34

92 Mo and Wang C2-2 1400 400 400 675 27.1 497 459 34

93 Mo and Wang C2-3 1400 400 400 900 26.8 497 459 34

94 Mo and Wang C3-1 1400 400 400 450 26.4 497 459 34

95 Mo and Wang C3-2 1400 400 400 675 27.5 497 459 34

96 Mo and Wang C3-3 1400 400 400 900 26.9 497 459 34

97 Kono et al. D1N30 625 250 250 705 37.6 461 485 21

98 Kono et al. D1N60 625 250 250 1410 37.6 461 485 21

99 Kono et al. L1D60 1200 600 600 8000 39.2 388 524 44

100 Kono et al. L1N60 1200 600 600 8000 39.2 388 524 36

101 Kono et al. L1N6B 1200 560 560 6000 32.2 388 524 16

102 Imai UNIT_1 825 400 500 392 27.1 318 336 37

103 Ohue 2D16RS 400 200 200 183 32.0 369 316 11

104 Ohue 4D13RS 400 200 200 183 29.9 370 316 12

105 Park and Paulay No9 1784 400 600 646 26.9 432 305 24

106 Arakawa No.102 375 250 250 429 20.6 393 323 28

107 Ohno and Nishioka L1 1600 400 400 127 24.8 362 325 31

108 Ohno and Nishioka L2 1600 400 400 127 24.8 362 325 31

109 Ohno and Nishioka L3 1600 400 400 127 24.8 362 325 31

110 Kanda et al. 85PDC-1 750 250 250 184 24.8 374 352 35

111 Saatcioglu and Ozcebe U3 1000 350 350 600 34.8 430 470 23

112 Saatcioglu and Ozcebe U4 1000 350 350 600 32.0 438 470 23

113 Saatcioglu and Ozcebe U6 1000 350 350 600 37.3 437 425 26

114 Saatcioglu and Ozcebe U7 1000 350 350 600 39.0 437 425 26

115 Takemura and Kawashima Test1 1245 400 400 157 35.9 363 368 27

116 Takemura and Kawashima Test2 1245 400 400 157 35.7 363 368 27

117 Takemura and Kawashima Test3 1245 400 400 157 34.3 363 368 27

118 Takemura and Kawashima Test4 1245 400 400 157 33.2 363 368 27

119 Takemura and Kawashima Test5 1245 400 400 157 36.8 363 368 27

120 Takemura and Kawashima Test6 1245 400 400 157 35.9 363 368 27

121 Ang et al. No.3 1600 400 400 1435 23.6 427 320 24

122 Ang et al. No.4 1600 400 400 840 25.0 427 280 23

123 Iwasaki I18 1000 500 500 0 33.1 323 258 35
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Table A.1 (cont’d) Material and geometric properties of the experimental columns 

 

 

 

Specimen 

No
Author

Specimen 

Name
L (mm) b (mm) h (mm) P (kN)

f'c 

(MPa)

fyl 

(MPa)

fyw 

(MPa)

Clear 

Cover 

(mm)

124 Iwasaki I21 1000 500 500 0 31.7 323 258 35

125 Verma UnitR3A 1219 610 406 508 34.5 469 324 22

126 Verma UnitR5A 1219 610 406 508 32.4 469 324 22

127 Pandey Specimen_B1 800 300 300 90 32.5 380 396 26

128 Yoshimura No.1 600 300 300 553 30.7 402 392 31

129 Yoshimura No.3 600 300 300 553 30.7 402 392 31

130 Yoshimura No.4 600 300 300 829 30.7 402 392 31

131 Ousalem C1 450 300 300 364 13.5 340 587 29

132 Ousalem C4 450 300 300 364 13.5 340 587 27

133 Ousalem C8 450 300 300 486 18.0 340 384 27

134 Ousalem C12 450 300 300 324 18.0 340 384 27

135 Ousalem D1 300 300 300 540 27.7 447 398 27

136 Ousalem D11 450 300 300 540 28.1 447 398 27

137 Ousalem D12 450 300 300 540 28.1 447 398 27

138 Ousalem D14 450 300 300 540 26.1 447 398 27

139 Ousalem D16 300 300 300 540 26.1 447 398 27

140 Nakamura et al. N-18M 450 300 300 429 26.5 380 380 31

141 Nakamura et al. N-27C 450 300 300 644 26.5 380 380 31

142 Nakamura et al. N-27M 450 300 300 644 26.5 380 380 31

143 Yoshimura S-1 900 400 400 803 25.1 547 355 29

144 Pandey A1 650 300 300 90 28.8 380 396 26

145 Iwasaki I_03 2400 800 400 0 30.7 323 258 50

146 Iwasaki I_04 2400 800 400 0 28.4 323 258 50

147 Iwasaki I_10 2500 500 500 0 31.2 323 258 35

148 Iwasaki I_14 2500 500 500 0 32.0 323 258 35

149 Iwasaki I_16 2500 500 500 0 31.8 323 258 35

150 Iwasaki I_17 1750 500 500 0 31.8 323 258 35

151 Iwasaki I_20 1750 500 500 0 33.3 323 258 35

152 Iwasaki I_25 1160 500 500 0 33.0 323 258 35

153 Ikeda IK_43 500 200 200 78 19.6 434 559 14

154 Ikeda IK_44 500 200 200 78 19.6 434 559 14

155 Ikeda IK_45 500 200 200 157 19.6 434 559 14

156 Ikeda IK_46 500 200 200 157 19.6 434 559 14

157 Ikeda IK_62 500 200 200 78 19.6 345 476 16

158 Ikeda IK_63 500 200 200 157 19.6 345 476 16

159 Ikeda IK_64 500 200 200 157 19.6 345 476 16

160 Kokusho KO_372 500 200 200 157 19.9 524 352 17

161 Kokusho KO_373 500 200 200 157 20.4 524 352 15

162 Kokusho & Fukuhara KO_452 500 200 200 392 21.9 359 316 14

163 Kokusho & Fukuhara KO_454 500 200 200 392 21.9 359 316 12

164 Yalcin BR-S1 1485 550 550 1800 45.0 445 425 50

165 Elwood Specimen1 736 229 229 128 24.5 479 718 20

166 Elwood Specimen2 736 229 229 303 23.9 479 718 20
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Table A.1 (cont’d) Material and geometric properties of the experimental columns 

 

 

 

 

 

 

 

 

 

 

 

 

Specimen 

No
Author

Specimen 

Name
L (mm) b (mm) h (mm) P (kN)

f'c 

(MPa)

fyl 

(MPa)

fyw 

(MPa)

Clear 

Cover 

(mm)

167 Verma UnitR1A 1219 406 610 507 37.9 324 359 22

168 Saatcioglu U2 1000 350 350 600 30.2 453 470 23

169 Esaki H-2-1_3 400 200 200 319 23.0 362 364 12

170 Esaki H-2-1_5 400 200 200 192 23.0 362 364 12

171 Esaki HT-2-1_3 400 200 200 280 20.2 362 364 12

172 Esaki HT-2-1_5 400 200 200 168 20.2 362 364 12

173 Yarandi RRC 1500 350 700 1294 35.0 400 400 45

174 Yarandi SRC 1500 350 700 1508 42.0 400 400 45

175 Pandey A4 650 300 300 90 33.1 380 396 26

176 Pandey C1 1050 300 300 90 36.4 396 427 26

177 Yoshimura FS0 900 300 300 632 27.0 387 355 26

178 Yoshimura FS1 900 300 300 632 27.0 387 355 26

179 Saatcioglu and Ozcebe U1 1000 350 350 0 43.6 430 470 23

180 Harries L0 2400 457 457 1290 24.6 460 438 29

181 Melek S10MI 1829 457 457 534 36.2 510 481 38

182 Melek S20MI 1829 457 457 1068 36.2 510 481 38

183 Melek S30MI 1829 457 457 1601 36.2 510 481 38

184 Melek S20HI 1676 457 457 1068 35.3 510 481 38

185 Melek S20HIN 1676 457 457 1068 35.3 510 481 38

186 Melek S30XI 1524 457 457 1601 35.3 510 481 38
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Table A.2 Reinforcement detailing 

 

 

 

Specimen 

No

Longitudinal 

reinforcement 

diameter 

(mm)

Top 

longitudinal 

reinforcement 

number

Middle 

longitudinal 

reinforcement 

row number

Bottom 

longitudinal 

reinforcement 

number

Transverse 

reinforcement 

diameter 

(mm)

Transverse 

reinforcement 

spacing (mm)

Number of 

transverse 

bars in 

width 

direction

Number of 

transverse 

bars in 

height 

direction

1 13 2 0 2 5 35 2 2

2 19 2 3 2 6 89 2 4

3 19 2 3 2 6 89 4 2

4 19 3 1 3 6 210 3.41 3.41

5 25 8 0 8 9 406 2 5

6 25 2 6 2 9 406 5 2

7 32 3 1 3 10 457 2 2

8 13 2 0 2 5 20 2 2

9 9 4 2 4 6 70 4 4

10 9 4 2 4 6 70 4 4

11 25 3 1 3 9 457 2 2

12 25 3 1 3 9 457 2 2

13 25 3 1 3 10 457 2 2

14 32 3 1 3 10 305 2 2

15 29 3 1 3 9 305 3.41 3.41

16 29 3 1 3 9 305 3.41 3.41

17 29 3 1 3 9 305 3.41 3.41

18 32 3 1 3 9 457 2 2

19 32 3 1 3 9 305 3.41 3.41

20 32 3 1 3 10 457 2 2

21 24 4 2 4 10 80 4 4

22 24 4 2 4 12 75 4 4

23 24 4 2 4 10 75 4 4

24 24 4 2 4 12 62 4 4

25 16 4 2 4 7 85 4 4

26 16 4 2 4 8 78 4 4

27 16 4 2 4 7 91 4 4

28 16 4 2 4 6 94 4 4

29 16 4 2 4 10 117 4 4

30 16 4 2 4 10 92 4 4

31 16 4 2 4 8 81 4 4

32 16 4 2 4 6 96 4 4

33 16 4 2 4 12 96 4 4

34 16 4 2 4 8 77 4 4

35 16 4 2 4 12 52 4 4

36 20 3 1 3 12 80 3 3

37 20 3 1 3 12 80 3 3

38 20 3 1 3 12 80 3 3

39 20 3 1 3 12 80 3 3

40 20 4 2 4 12 110 4 4

41 20 4 2 4 12 110 4 4

42 20 4 2 4 12 90 4 4

43 20 4 2 4 12 90 4 4

44 13 3 1 3 5 50 2 2

45 13 3 1 3 5 50 2 2

46 13 3 1 3 5 50 2 2

47 13 3 1 3 5 50 2 2

48 13 3 1 3 5 50 2 2

49 22 2 0 2 9 76 2 2

50 22 2 0 2 9 127 2 2
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Table A.2 (cont’d) Reinforcement detailing 

 

 

Specimen 

No

Longitudinal 

reinforcement 

diameter 

(mm)

Top 

longitudinal 

reinforcement 

number

Middle 

longitudinal 

reinforcement 

row number

Bottom 

longitudinal 

reinforcement 

number

Transverse 

reinforcement 

diameter 

(mm)

Transverse 

reinforcement 

spacing (mm)

Number of 

transverse 

bars in 

width 

direction

Number of 

transverse 

bars in 

height 

direction

51 22 2 0 2 9 76 2 2

52 22 2 0 2 9 127 2 2

53 22 2 0 2 9 76 2 2

54 22 2 0 2 9 127 2 2

55 22 2 0 2 9 76 2 2

56 22 2 0 2 9 127 2 2

57 22 2 0 2 9 76 2 2

58 22 2 0 2 9 127 2 2

59 25 3 1 3 13 102 3.41 3.41

60 25 3 1 3 9 102 3.41 3.41

61 19 4 5 4 6 110 4 4

62 19 4 5 4 6 110 4 4

63 19 4 5 4 6 83 4 4

64 19 4 5 4 6 83 4 4

65 16 2 0 2 6 229 2 2

66 19 3 1 3 10 152 3 3

67 19 3 1 3 10 76 3 3

68 19 3 1 3 10 76 3 3

69 19 4 2 4 9 152 4 4

70 19 4 2 4 10 76 4 4

71 30 2 0 2 10 76 4 4

72 19 4 2 4 7 76 4 4

73 19 4 2 4 7 76 4 4

74 16 6 4 6 7 76 4 4

75 16 6 4 6 10 76 4 4

76 16 2 0 2 9 76 2 2

77 16 2 0 2 9 76 2 2

78 16 2 0 2 9 76 2 2

79 16 2 0 2 9 77 2 2

80 16 2 0 2 9 76 2 2

81 16 2 0 2 9 77 2 2

82 16 2 0 2 9 76 2 2

83 16 2 0 2 9 77 2 2

84 16 2 0 2 9 76 2 2

85 16 2 0 2 9 77 2 2

86 16 2 0 2 9 76 2 2

87 16 2 0 2 9 77 2 2

88 19 4 2 4 6 50 4 4

89 19 4 2 4 6 50 4 4

90 19 4 2 4 6 50 4 4

91 19 4 2 4 6 52 4 4

92 19 4 2 4 6 52 4 4

93 19 4 2 4 6 52 4 4

94 19 4 2 4 6 54 4 4

95 19 4 2 4 6 54 4 4

96 19 4 2 4 6 54 4 4

97 13 4 2 4 4 40 4 4

98 13 4 2 4 4 40 4 4

99 25 4 2 4 13 100 4 4

100 25 4 2 4 13 100 4 4
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Table A.2 (cont’d) Reinforcement detailing 

 

 

 

Specimen 

No

Longitudinal 

reinforcement 

diameter 

(mm)

Top 

longitudinal 

reinforcement 

number

Middle 

longitudinal 

reinforcement 

row number

Bottom 

longitudinal 

reinforcement 

number

Transverse 

reinforcement 

diameter 

(mm)

Transverse 

reinforcement 

spacing (mm)

Number of 

transverse 

bars in 

width 

direction

Number of 

transverse 

bars in 

height 

direction

101 25 4 2 4 13 100 4 4

102 22 5 2 5 9 100 2 2

103 16 2 0 2 5 50 2 2

104 13 4 0 4 5 50 2 2

105 24 3 2 3 12 80 3 3

106 9 3 0 3 5 32 3 3

107 19 4 0 4 9 100 2 2

108 19 4 0 4 9 100 2 2

109 19 4 0 4 9 100 2 2

110 13 3 1 3 5 50 2 2

111 25 3 1 3 10 75 2 2

112 25 3 1 3 10 50 2 2

113 25 3 1 3 6 65 6 6

114 25 3 1 3 6 65 6 6

115 13 6 4 6 6 70 2 2

116 13 6 4 6 6 70 2 2

117 13 6 4 6 6 70 2 2

118 13 6 4 6 6 70 2 2

119 13 6 4 6 6 70 2 2

120 13 6 4 6 6 70 2 2

121 16 4 2 4 12 100 4 4

122 16 4 2 4 10 90 4 4

123 13 11 9 11 9 254 4 4

124 13 11 9 11 9 254 4 4

125 19 5 6 5 6 127 2 2

126 19 5 6 5 6 127 2 2

127 16 6 0 6 6 250 2 2

128 16 4 2 4 6 100 2 2

129 16 4 2 4 6 200 2 2

130 16 4 2 4 6 100 2 2

131 13 4 2 4 5 160 2 2

132 13 4 2 4 6 75 2 2

133 13 4 2 4 6 75 2 2

134 13 4 2 4 6 75 2 2

135 13 4 2 4 6 50 2 2

136 13 5 3 5 6 150 2 2

137 13 5 3 5 6 150 2 2

138 13 5 3 5 6 50 2 2

139 13 4 2 4 6 50 2 2

140 16 4 2 4 6 100 2 2

141 16 4 2 4 6 100 2 2

142 16 4 2 4 6 100 2 2

143 22 5 3 5 9 180 2 2

144 16 4 2 4 6 150 2 2

145 19 2 6 2 9 199 4 4

146 19 4 6 4 9 199 4 4

147 13 11 9 11 9 254 4 4

148 13 11 9 11 9 254 4 4

149 13 11 9 11 9 254 4 4

150 13 11 9 11 9 254 4 4
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Table A.2 (cont’d) Reinforcement detailing 

 

 

 

 

 

 

 

Specimen 

No

Longitudinal 

reinforcement 

diameter 

(mm)

Top 

longitudinal 

reinforcement 

number

Middle 

longitudinal 

reinforcement 

row number

Bottom 

longitudinal 

reinforcement 

number

Transverse 

reinforcement 

diameter 

(mm)

Transverse 

reinforcement 

spacing (mm)

Number of 

transverse 

bars in 

width 

direction

Number of 

transverse 

bars in 

height 

direction

151 13 11 9 11 9 254 4 4

152 13 11 9 11 9 50 4 4

153 13 3 0 3 6 100 2 2

154 13 3 0 3 6 100 2 2

155 13 3 0 3 6 100 2 2

156 13 3 1 3 6 100 2 2

157 10 5 0 5 6 100 2 2

158 10 5 0 5 6 100 2 2

159 10 5 0 5 6 100 2 2

160 13 2 0 2 7 100 2 2

161 16 2 0 2 7 100 2 2

162 19 2 0 2 7 100 2 2

163 22 2 0 2 7 100 2 2

164 25 4 2 4 11 300 2 2

165 13 3 1 3 5 152 3.41 3.41

166 13 3 1 3 5 152 3.41 3.41

167 19 5 6 5 6 127 2 2

168 25 3 1 3 10 150 2 2

169 13 3 1 3 6 40 2 2

170 13 3 1 3 6 50 2 2

171 13 3 1 3 6 60 3 3

172 13 3 1 3 6 75 3 3

173 20 4 2 4 6 300 2 2

174 20 4 2 4 11 300 2 2

175 16 4 2 4 6 70 2 2

176 16 4 2 4 6 150 2 2

177 19 4 2 4 9 75 2 2

178 19 4 2 4 9 75 2 2

179 25 3 1 3 10 150 2 2

180 22 3 1 3 10 356 2 2

181 25 3 1 3 10 457 2 2

182 25 3 1 3 10 457 2 2

183 25 3 1 3 10 457 2 2

184 25 3 1 3 10 457 2 2

185 25 3 1 3 10 457 2 2

186 25 3 1 3 10 457 2 2
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Table A.3 Performance limits for experiment and TBEC (2018) 

  Experiment (rad) TBEC (2018) (rad) 

Specimen 

No 
IO LS CP IO LS CP 

1 0.0137 0.0196 0.0216 0.0072 0.0162 0.0192 

2 0.0147 0.0179 0.0190 0.0070 0.0103 0.0114 

3 0.0140 0.0210 0.0233 0.0099 0.0136 0.0148 

4 0.0159 0.0198 0.0211 0.0082 0.0122 0.0135 

5 0.0117 0.0241 0.0283 0.0080 0.0218 0.0264 

6 0.0117 0.0127 0.0130 0.0060 0.0096 0.0108 

7 0.0131 0.0141 0.0145 0.0077 0.0141 0.0163 

8 0.0097 0.0175 0.0200 0.0083 0.0155 0.0179 

9 0.0107 0.0271 0.0326 0.0071 0.0152 0.0179 

10 0.0055 0.0113 0.0132 0.0104 0.0141 0.0154 

11 0.0093 0.0253 0.0307 0.0067 0.0166 0.0199 

12 0.0094 0.0121 0.0130 0.0084 0.0112 0.0121 

13 0.0093 0.0157 0.0178 0.0067 0.0167 0.0200 

14 0.0124 0.0194 0.0218 0.0091 0.0119 0.0128 

15 0.0142 0.0273 0.0316 0.0107 0.0161 0.0179 

16 0.0071 0.0156 0.0185 0.0240 0.0252 0.0256 

17 0.0162 0.0309 0.0358 0.0106 0.0166 0.0186 

18 0.0122 0.0140 0.0146 0.0088 0.0119 0.0129 

19 0.0134 0.0203 0.0226 0.0089 0.0132 0.0146 

20 0.0115 0.0134 0.0140 0.0077 0.0141 0.0163 

21 0.0089 0.0278 0.0341 0.0074 0.0149 0.0174 

22 0.0089 0.0221 0.0265 0.0068 0.0149 0.0176 

23 0.0061 0.0175 0.0213 0.0085 0.0145 0.0165 

24 0.0051 0.0133 0.0160 0.0101 0.0157 0.0176 

25 0.0097 0.0437 0.0550 0.0083 0.0221 0.0267 

26 0.0086 0.0292 0.0360 0.0102 0.0188 0.0217 

27 0.0082 0.0261 0.0321 0.0102 0.0169 0.0192 

28 0.0090 0.0215 0.0257 0.0101 0.0152 0.0168 

29 0.0111 0.0488 0.0614 0.0097 0.0240 0.0287 

30 0.0096 0.0589 0.0753 0.0112 0.0211 0.0244 

31 0.0076 0.0219 0.0266 0.0138 0.0185 0.0200 

32 0.0058 0.0152 0.0184 0.0138 0.0168 0.0177 

33 0.0038 0.0099 0.0120 0.0211 0.0245 0.0257 

34 0.0039 0.0111 0.0135 0.0207 0.0234 0.0243 

35 0.0045 0.0237 0.0301 0.0183 0.0251 0.0274 
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Table A.3 (cont’d) Performance limits for experiment and TBEC (2018) 

  Experiment (rad) TBEC (2018) (rad) 

Specimen 

No 
IO LS CP IO LS CP 

36 0.0129 0.0375 0.0457 0.0121 0.0311 0.0375 

37 0.0122 0.0485 0.0605 0.0121 0.0311 0.0374 

38 0.0107 0.0335 0.0411 0.0121 0.0306 0.0368 

39 0.0116 0.0441 0.0549 0.0121 0.0309 0.0372 

40 0.0123 0.0436 0.0540 0.0085 0.0226 0.0273 

41 0.0109 0.0606 0.0772 0.0085 0.0221 0.0267 

42 0.0088 0.0447 0.0567 0.0104 0.0186 0.0213 

43 0.0076 0.0458 0.0585 0.0104 0.0185 0.0213 

44 0.0088 0.0417 0.0527 0.0071 0.0217 0.0265 

45 0.0075 0.0411 0.0524 0.0080 0.0211 0.0255 

46 0.0088 0.0417 0.0527 0.0080 0.0209 0.0252 

47 0.0080 0.0242 0.0296 0.0080 0.0209 0.0252 

48 0.0085 0.0273 0.0335 0.0080 0.0214 0.0259 

49 0.0126 0.0256 0.0300 0.0110 0.0332 0.0407 

50 0.0134 0.0317 0.0379 0.0109 0.0311 0.0379 

51 0.0141 0.0308 0.0364 0.0110 0.0332 0.0406 

52 0.0180 0.0273 0.0304 0.0131 0.0321 0.0384 

53 0.0169 0.0323 0.0374 0.0144 0.0295 0.0345 

54 0.0170 0.0323 0.0374 0.0140 0.0255 0.0293 

55 0.0162 0.0254 0.0285 0.0130 0.0239 0.0275 

56 0.0167 0.0267 0.0301 0.0132 0.0208 0.0233 

57 0.0136 0.0240 0.0275 0.0135 0.0236 0.0270 

58 0.0168 0.0278 0.0314 0.0133 0.0206 0.0231 

59 0.0116 0.0453 0.0566 0.0094 0.0202 0.0238 

60 0.0101 0.0279 0.0338 0.0105 0.0169 0.0190 

61 0.0151 0.0490 0.0603 0.0084 0.0170 0.0199 

62 0.0141 0.0417 0.0509 0.0094 0.0151 0.0170 

63 0.0175 0.0634 0.0787 0.0083 0.0183 0.0216 

64 0.0173 0.0525 0.0643 0.0093 0.0156 0.0178 

65 0.0170 0.0207 0.0219 0.0179 0.0206 0.0214 

66 0.0091 0.0281 0.0345 0.0165 0.0220 0.0238 

67 0.0088 0.0362 0.0453 0.0162 0.0264 0.0298 

68 0.0140 0.0625 0.0786 0.0124 0.0313 0.0376 

69 0.0100 0.0291 0.0354 0.0172 0.0232 0.0251 

70 0.0125 0.0536 0.0673 0.0167 0.0270 0.0304 

 



 

 

94 

Table A.3 (cont’d) Performance limits for experiment and TBEC (2018) 

  Experiment (rad) TBEC (2018) (rad) 

Specimen 

No 
IO LS CP IO LS CP 

71 0.0103 0.0528 0.0669 0.0206 0.0339 0.0383 

72 0.0109 0.0533 0.0675 0.0167 0.0236 0.0259 

73 0.0188 0.0650 0.0804 0.0129 0.0258 0.0301 

74 0.0113 0.0612 0.0778 0.0148 0.0215 0.0238 

75 0.0124 0.0612 0.0775 0.0149 0.0246 0.0278 

76 0.0262 0.0548 0.0644 0.0132 0.0400 0.0489 

77 0.0249 0.0539 0.0636 0.0132 0.0406 0.0497 

78 0.0220 0.0611 0.0741 0.0123 0.0266 0.0313 

79 0.0223 0.0612 0.0742 0.0122 0.0268 0.0317 

80 0.0253 0.0541 0.0637 0.0139 0.0200 0.0220 

81 0.0228 0.0529 0.0630 0.0130 0.0202 0.0225 

82 0.0290 0.0653 0.0774 0.0124 0.0311 0.0374 

83 0.0305 0.0660 0.0779 0.0128 0.0327 0.0394 

84 0.0259 0.0460 0.0527 0.0162 0.0272 0.0309 

85 0.0267 0.0461 0.0525 0.0164 0.0271 0.0307 

86 0.0203 0.0437 0.0515 0.0190 0.0237 0.0252 

87 0.0199 0.0431 0.0509 0.0191 0.0237 0.0252 

88 0.0160 0.0568 0.0705 0.0106 0.0240 0.0285 

89 0.0158 0.0630 0.0788 0.0109 0.0242 0.0286 

90 0.0159 0.0545 0.0674 0.0115 0.0221 0.0256 

91 0.0179 0.0643 0.0797 0.0106 0.0242 0.0287 

92 0.0167 0.0631 0.0785 0.0109 0.0232 0.0273 

93 0.0144 0.0486 0.0600 0.0114 0.0217 0.0251 

94 0.0192 0.0632 0.0779 0.0105 0.0240 0.0285 

95 0.0192 0.0636 0.0784 0.0108 0.0235 0.0277 

96 0.0165 0.0565 0.0698 0.0114 0.0218 0.0253 

97 0.0082 0.0284 0.0352 0.0097 0.0157 0.0177 

98 0.0062 0.0194 0.0238 0.0168 0.0194 0.0203 

99 0.0071 0.0242 0.0298 0.0101 0.0141 0.0155 

100 0.0047 0.0213 0.0268 0.0097 0.0137 0.0151 

101 0.0046 0.0184 0.0230 0.0095 0.0145 0.0162 

102 0.0076 0.0230 0.0282 0.0055 0.0110 0.0129 

103 0.0171 0.0401 0.0478 0.0075 0.0161 0.0190 

104 0.0172 0.0228 0.0246 0.0073 0.0148 0.0174 

105 0.0090 0.0523 0.0668 0.0076 0.0187 0.0224 
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Table A.3 (cont’d) Performance limits for experiment and TBEC (2018) 

  Experiment (rad) TBEC (2018) (rad) 

Specimen 

No 
IO LS CP IO LS CP 

106 0.0151 0.0220 0.0243 0.0076 0.0153 0.0178 

107 0.0089 0.0452 0.0573 0.0074 0.0217 0.0264 

108 0.0085 0.0530 0.0678 0.0074 0.0217 0.0264 

109 0.0092 0.0408 0.0514 0.0074 0.0217 0.0264 

110 0.0076 0.0222 0.0270 0.0082 0.0179 0.0212 

111 0.0312 0.0561 0.0644 0.0095 0.0165 0.0188 

112 0.0196 0.0852 0.1071 0.0100 0.0179 0.0205 

113 0.0204 0.0824 0.1030 0.0095 0.0201 0.0236 

114 0.0204 0.0814 0.1017 0.0094 0.0198 0.0233 

115 0.0094 0.0329 0.0408 0.0059 0.0190 0.0234 

116 0.0131 0.0411 0.0504 0.0059 0.0191 0.0234 

117 0.0100 0.0531 0.0675 0.0059 0.0192 0.0236 

118 0.0102 0.0711 0.0914 0.0060 0.0193 0.0237 

119 0.0089 0.0631 0.0811 0.0059 0.0190 0.0233 

120 0.0094 0.0736 0.0949 0.0059 0.0190 0.0234 

121 0.0065 0.0266 0.0333 0.0116 0.0253 0.0298 

122 0.0085 0.0315 0.0391 0.0097 0.0259 0.0312 

123 0.0071 0.0188 0.0227 0.0048 0.0146 0.0178 

124 0.0103 0.0188 0.0216 0.0048 0.0139 0.0169 

125 0.0077 0.0130 0.0148 0.0082 0.0116 0.0127 

126 0.0060 0.0089 0.0098 0.0083 0.0116 0.0127 

127 0.0076 0.0158 0.0186 0.0069 0.0282 0.0353 

128 0.0096 0.0164 0.0187 0.0079 0.0112 0.0123 

129 0.0069 0.0137 0.0160 0.0079 0.0103 0.0111 

130 0.0092 0.0163 0.0186 0.0086 0.0110 0.0118 

131 0.0004 0.0051 0.0066 0.0072 0.0096 0.0104 

132 0.0043 0.0135 0.0166 0.0072 0.0121 0.0138 

133 0.0036 0.0105 0.0128 0.0069 0.0104 0.0115 

134 0.0046 0.0162 0.0200 0.0065 0.0109 0.0124 

135 0.0071 0.0132 0.0152 0.0076 0.0116 0.0130 

136 0.0011 0.0080 0.0103 0.0077 0.0101 0.0109 

137 0.0047 0.0101 0.0119 0.0077 0.0101 0.0109 

138 0.0143 0.0211 0.0233 0.0079 0.0118 0.0131 

139 0.0041 0.0200 0.0253 0.0077 0.0117 0.0130 

140 0.0045 0.0113 0.0135 0.0073 0.0109 0.0121 
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Table A.3 (cont’d) Performance limits for experiment and TBEC (2018) 

  Experiment (rad) TBEC (2018) (rad) 

Specimen 

No 
IO LS CP IO LS CP 

141 0.0031 0.0082 0.0099 0.0077 0.0106 0.0115 

142 0.0059 0.0135 0.0160 0.0077 0.0106 0.0115 

143 0.0088 0.0208 0.0248 0.0118 0.0145 0.0154 

144 0.0118 0.0243 0.0284 0.0067 0.0115 0.0131 

145 0.0199 0.0474 0.0566 0.0083 0.0272 0.0335 

146 0.0131 0.0313 0.0374 0.0086 0.0270 0.0332 

147 0.0166 0.0322 0.0375 0.0067 0.0194 0.0237 

148 0.0099 0.0259 0.0312 0.0067 0.0194 0.0236 

149 0.0098 0.0261 0.0316 0.0067 0.0194 0.0236 

150 0.0121 0.0259 0.0305 0.0056 0.0181 0.0222 

151 0.0094 0.0292 0.0358 0.0056 0.0179 0.0220 

152 0.0091 0.0246 0.0298 0.0049 0.0146 0.0179 

153 0.0072 0.0211 0.0258 0.0094 0.0183 0.0212 

154 0.0080 0.0169 0.0198 0.0094 0.0183 0.0212 

155 0.0086 0.0168 0.0196 0.0102 0.0163 0.0183 

156 0.0086 0.0137 0.0154 0.0104 0.0145 0.0159 

157 0.0065 0.0231 0.0286 0.0069 0.0179 0.0216 

158 0.0065 0.0183 0.0222 0.0075 0.0127 0.0144 

159 0.0062 0.0187 0.0229 0.0075 0.0127 0.0144 

160 0.0068 0.0208 0.0254 0.0125 0.0179 0.0197 

161 0.0112 0.0210 0.0243 0.0140 0.0200 0.0220 

162 0.0077 0.0148 0.0172 0.0104 0.0131 0.0140 

163 0.0074 0.0120 0.0135 0.0097 0.0134 0.0146 

164 0.0084 0.0198 0.0235 0.0079 0.0132 0.0150 

165 0.0147 0.0508 0.0629 0.0103 0.0191 0.0220 

166 0.0150 0.0324 0.0382 0.0118 0.0165 0.0181 

167 0.0082 0.0158 0.0183 0.0050 0.0100 0.0116 

168 0.0137 0.0384 0.0466 0.0104 0.0144 0.0157 

169 0.0091 0.0208 0.0247 0.0086 0.0132 0.0148 

170 0.0086 0.0252 0.0308 0.0078 0.0126 0.0143 

171 0.0092 0.0249 0.0301 0.0088 0.0150 0.0171 

172 0.0091 0.0252 0.0305 0.0080 0.0145 0.0167 

173 0.0035 0.0117 0.0145 0.0060 0.0089 0.0099 

174 0.0083 0.0205 0.0246 0.0060 0.0089 0.0099 

175 0.0095 0.0292 0.0357 0.0065 0.0147 0.0174 
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Table A.3 (cont’d) Performance limits for experiment and TBEC (2018) 

  Experiment (rad) TBEC (2018) (rad) 

Specimen 

No 
IO LS CP IO LS CP 

176 0.0096 0.0154 0.0174 0.0078 0.0181 0.0215 

177 0.0097 0.0478 0.0605 0.0101 0.0152 0.0169 

178 0.0112 0.0420 0.0522 0.0101 0.0152 0.0169 

179 0.0296 0.0676 0.0803 0.0080 0.0196 0.0234 

180 0.0082 0.0190 0.0226 0.0132 0.0173 0.0186 

181 0.0096 0.0165 0.0188 0.0109 0.0192 0.0220 

182 0.0090 0.0165 0.0190 0.0116 0.0168 0.0185 

183 0.0090 0.0184 0.0215 0.0125 0.0162 0.0175 

184 0.0090 0.0162 0.0186 0.0112 0.0161 0.0177 

185 0.0078 0.0246 0.0301 0.0112 0.0161 0.0177 

186 0.0088 0.0175 0.0205 0.0115 0.0147 0.0158 
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Table A.4 Performance limits for ASCE/SEI 41-17 and Eurocode 8-3 

  ASCE/SEI 41-17 (rad) Eurocode 8-3 (rad) 

Specimen 

No 
IO LS CP DL SD NC 

1 0.0062 0.0350 0.0481 0.0080 0.0165 0.0219 

2 0.0036 0.0228 0.0313 0.0080 0.0129 0.0172 

3 0.0054 0.0249 0.0332 0.0109 0.0154 0.0205 

4 0.0040 0.0226 0.0306 0.0091 0.0161 0.0215 

5 0.0044 0.0112 0.0140 0.0088 0.0229 0.0305 

6 0.0051 0.0322 0.0443 0.0068 0.0150 0.0200 

7 0.0068 0.0187 0.0235 0.0083 0.0203 0.0270 

8 0.0056 0.0335 0.0461 0.0093 0.0144 0.0193 

9 0.0060 0.0343 0.0470 0.0079 0.0159 0.0212 

10 0.0027 0.0108 0.0145 0.0121 0.0103 0.0137 

11 0.0055 0.0152 0.0190 0.0073 0.0233 0.0310 

12 0.0050 0.0079 0.0091 0.0093 0.0170 0.0227 

13 0.0054 0.0151 0.0190 0.0073 0.0233 0.0310 

14 0.0060 0.0121 0.0145 0.0099 0.0160 0.0213 

15 0.0093 0.0313 0.0407 0.0117 0.0186 0.0249 

16 0.0044 0.0080 0.0094 0.0267 0.0108 0.0144 

17 0.0091 0.0308 0.0402 0.0116 0.0189 0.0252 

18 0.0054 0.0083 0.0095 0.0097 0.0166 0.0221 

19 0.0059 0.0172 0.0217 0.0097 0.0169 0.0225 

20 0.0068 0.0187 0.0235 0.0083 0.0203 0.0270 

21 0.0068 0.0306 0.0413 0.0083 0.0181 0.0242 

22 0.0081 0.0317 0.0428 0.0077 0.0215 0.0287 

23 0.0050 0.0255 0.0345 0.0096 0.0152 0.0202 

24 0.0050 0.0144 0.0192 0.0116 0.0143 0.0191 

25 0.0121 0.0334 0.0436 0.0081 0.0293 0.0390 

26 0.0098 0.0237 0.0305 0.0115 0.0235 0.0314 

27 0.0088 0.0187 0.0236 0.0114 0.0227 0.0302 

28 0.0072 0.0127 0.0151 0.0114 0.0215 0.0287 

29 0.0119 0.0371 0.0490 0.0107 0.0256 0.0341 

30 0.0092 0.0275 0.0362 0.0127 0.0225 0.0300 

31 0.0068 0.0169 0.0216 0.0156 0.0183 0.0244 

32 0.0053 0.0104 0.0124 0.0157 0.0172 0.0229 

33 0.0068 0.0106 0.0127 0.0241 0.0152 0.0203 

34 0.0058 0.0068 0.0074 0.0237 0.0144 0.0192 

35 0.0082 0.0141 0.0175 0.0208 0.0184 0.0245 
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Table A.4 (cont’d) Performance limits for ASCE/SEI 41-17 and Eurocode 8-3 

  ASCE/SEI 41-17 (rad) Eurocode 8-3 (rad) 

Specimen 

No 
IO LS CP DL SD NC 

36 0.0122 0.0410 0.0548 0.0132 0.0265 0.0353 

37 0.0122 0.0410 0.0548 0.0132 0.0265 0.0353 

38 0.0124 0.0413 0.0551 0.0132 0.0265 0.0353 

39 0.0123 0.0412 0.0549 0.0132 0.0265 0.0353 

40 0.0106 0.0399 0.0537 0.0095 0.0263 0.0351 

41 0.0109 0.0402 0.0540 0.0095 0.0263 0.0351 

42 0.0088 0.0303 0.0404 0.0117 0.0215 0.0287 

43 0.0088 0.0304 0.0404 0.0117 0.0216 0.0288 

44 0.0102 0.0385 0.0516 0.0079 0.0231 0.0308 

45 0.0103 0.0404 0.0543 0.0086 0.0230 0.0307 

46 0.0104 0.0406 0.0545 0.0086 0.0230 0.0307 

47 0.0104 0.0406 0.0544 0.0086 0.0230 0.0307 

48 0.0102 0.0403 0.0541 0.0086 0.0230 0.0307 

49 0.0155 0.0453 0.0594 0.0109 0.0292 0.0389 

50 0.0145 0.0398 0.0518 0.0107 0.0287 0.0383 

51 0.0150 0.0447 0.0588 0.0109 0.0292 0.0389 

52 0.0162 0.0425 0.0548 0.0129 0.0278 0.0370 

53 0.0142 0.0391 0.0510 0.0143 0.0261 0.0348 

54 0.0133 0.0330 0.0426 0.0138 0.0261 0.0348 

55 0.0122 0.0330 0.0431 0.0129 0.0247 0.0329 

56 0.0112 0.0265 0.0341 0.0130 0.0236 0.0315 

57 0.0123 0.0327 0.0425 0.0133 0.0238 0.0317 

58 0.0112 0.0260 0.0333 0.0131 0.0234 0.0312 

59 0.0110 0.0377 0.0503 0.0104 0.0241 0.0322 

60 0.0083 0.0288 0.0382 0.0117 0.0204 0.0272 

61 0.0149 0.0406 0.0521 0.0093 0.0228 0.0304 

62 0.0106 0.0271 0.0344 0.0105 0.0192 0.0257 

63 0.0156 0.0432 0.0557 0.0092 0.0238 0.0318 

64 0.0118 0.0309 0.0395 0.0104 0.0201 0.0268 

65 0.0114 0.0122 0.0125 0.0178 0.0250 0.0333 

66 0.0098 0.0250 0.0320 0.0180 0.0188 0.0250 

67 0.0111 0.0334 0.0438 0.0177 0.0216 0.0288 

68 0.0153 0.0440 0.0575 0.0134 0.0284 0.0379 

69 0.0102 0.0276 0.0356 0.0188 0.0169 0.0225 

70 0.0126 0.0372 0.0485 0.0182 0.0210 0.0280 
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Table A.4 (cont’d) Performance limits for ASCE/SEI 41-17 and Eurocode 8-3 

  ASCE/SEI 41-17 (rad) Eurocode 8-3 (rad) 

Specimen 

No 
IO LS CP DL SD NC 

71 0.0121 0.0368 0.0482 0.0222 0.0246 0.0328 

72 0.0103 0.0275 0.0352 0.0182 0.0177 0.0236 

73 0.0153 0.0392 0.0503 0.0141 0.0234 0.0312 

74 0.0105 0.0276 0.0354 0.0163 0.0171 0.0227 

75 0.0126 0.0372 0.0485 0.0164 0.0203 0.0270 

76 0.0113 0.0401 0.0542 0.0140 0.0295 0.0394 

77 0.0111 0.0399 0.0540 0.0140 0.0295 0.0394 

78 0.0125 0.0421 0.0562 0.0133 0.0279 0.0373 

79 0.0123 0.0417 0.0557 0.0132 0.0279 0.0373 

80 0.0105 0.0339 0.0452 0.0151 0.0244 0.0325 

81 0.0101 0.0324 0.0432 0.0143 0.0244 0.0326 

82 0.0118 0.0447 0.0603 0.0133 0.0286 0.0382 

83 0.0118 0.0448 0.0605 0.0137 0.0285 0.0380 

84 0.0113 0.0405 0.0545 0.0172 0.0246 0.0328 

85 0.0113 0.0405 0.0546 0.0174 0.0245 0.0327 

86 0.0083 0.0322 0.0434 0.0207 0.0186 0.0247 

87 0.0083 0.0321 0.0433 0.0208 0.0185 0.0247 

88 0.0147 0.0467 0.0615 0.0117 0.0264 0.0353 

89 0.0133 0.0426 0.0562 0.0120 0.0250 0.0333 

90 0.0127 0.0399 0.0523 0.0127 0.0234 0.0311 

91 0.0145 0.0464 0.0610 0.0116 0.0262 0.0349 

92 0.0138 0.0429 0.0563 0.0120 0.0248 0.0331 

93 0.0127 0.0396 0.0519 0.0126 0.0233 0.0310 

94 0.0146 0.0462 0.0608 0.0115 0.0261 0.0348 

95 0.0136 0.0424 0.0557 0.0119 0.0247 0.0329 

96 0.0125 0.0390 0.0512 0.0126 0.0231 0.0307 

97 0.0071 0.0263 0.0347 0.0110 0.0178 0.0237 

98 0.0036 0.0098 0.0123 0.0193 0.0124 0.0165 

99 0.0041 0.0157 0.0209 0.0118 0.0144 0.0192 

100 0.0041 0.0156 0.0207 0.0114 0.0144 0.0192 

101 0.0047 0.0148 0.0192 0.0111 0.0142 0.0190 

102 0.0059 0.0319 0.0433 0.0061 0.0167 0.0223 

103 0.0067 0.0297 0.0399 0.0083 0.0194 0.0259 

104 0.0067 0.0303 0.0407 0.0081 0.0189 0.0253 

105 0.0130 0.0452 0.0603 0.0085 0.0250 0.0333 
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Table A.4 (cont’d) Performance limits for ASCE/SEI 41-17 and Eurocode 8-3 

  ASCE/SEI 41-17 (rad) Eurocode 8-3 (rad) 

Specimen 

No 
IO LS CP DL SD NC 

106 0.0052 0.0317 0.0436 0.0086 0.0157 0.0209 

107 0.0109 0.0353 0.0468 0.0080 0.0266 0.0355 

108 0.0104 0.0346 0.0462 0.0080 0.0266 0.0355 

109 0.0104 0.0347 0.0463 0.0080 0.0266 0.0355 

110 0.0100 0.0376 0.0502 0.0089 0.0218 0.0291 

111 0.0112 0.0391 0.0519 0.0105 0.0206 0.0275 

112 0.0133 0.0441 0.0583 0.0110 0.0210 0.0280 

113 0.0134 0.0432 0.0568 0.0104 0.0246 0.0327 

114 0.0133 0.0431 0.0568 0.0103 0.0247 0.0330 

115 0.0078 0.0240 0.0320 0.0065 0.0256 0.0342 

116 0.0077 0.0240 0.0320 0.0065 0.0256 0.0341 

117 0.0079 0.0247 0.0329 0.0066 0.0254 0.0338 

118 0.0080 0.0253 0.0337 0.0066 0.0252 0.0336 

119 0.0078 0.0239 0.0317 0.0065 0.0258 0.0344 

120 0.0080 0.0245 0.0325 0.0065 0.0256 0.0342 

121 0.0097 0.0336 0.0449 0.0128 0.0221 0.0295 

122 0.0111 0.0358 0.0476 0.0107 0.0250 0.0334 

123 0.0054 0.0195 0.0261 0.0053 0.0207 0.0276 

124 0.0054 0.0203 0.0272 0.0053 0.0205 0.0274 

125 0.0104 0.0182 0.0213 0.0091 0.0210 0.0280 

126 0.0128 0.0213 0.0246 0.0092 0.0206 0.0275 

127 0.0050 0.0159 0.0203 0.0076 0.0238 0.0318 

128 0.0039 0.0183 0.0241 0.0088 0.0154 0.0206 

129 0.0037 0.0108 0.0136 0.0088 0.0153 0.0203 

130 0.0033 0.0133 0.0172 0.0096 0.0137 0.0182 

131 0.0018 0.0157 0.0213 0.0080 0.0114 0.0152 

132 0.0041 0.0308 0.0423 0.0080 0.0123 0.0164 

133 0.0028 0.0226 0.0308 0.0077 0.0125 0.0167 

134 0.0041 0.0279 0.0381 0.0072 0.0142 0.0189 

135 0.0034 0.0259 0.0357 0.0085 0.0133 0.0178 

136 0.0023 0.0135 0.0180 0.0087 0.0138 0.0184 

137 0.0023 0.0135 0.0181 0.0087 0.0138 0.0184 

138 0.0043 0.0272 0.0371 0.0089 0.0139 0.0186 

139 0.0031 0.0259 0.0358 0.0087 0.0130 0.0173 

140 0.0032 0.0214 0.0288 0.0081 0.0139 0.0185 
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Table A.4 (cont’d) Performance limits for ASCE/SEI 41-17 and Eurocode 8-3 

  ASCE/SEI 41-17 (rad) Eurocode 8-3 (rad) 

Specimen 

No 
IO LS CP DL SD NC 

141 0.0022 0.0158 0.0213 0.0086 0.0125 0.0166 

142 0.0024 0.0161 0.0215 0.0086 0.0125 0.0166 

143 0.0049 0.0200 0.0260 0.0132 0.0147 0.0196 

144 0.0056 0.0233 0.0306 0.0074 0.0190 0.0253 

145 0.0108 0.0213 0.0270 0.0081 0.0314 0.0418 

146 0.0124 0.0243 0.0304 0.0084 0.0299 0.0399 

147 0.0112 0.0248 0.0317 0.0073 0.0282 0.0376 

148 0.0110 0.0243 0.0311 0.0072 0.0284 0.0378 

149 0.0113 0.0248 0.0316 0.0072 0.0283 0.0378 

150 0.0085 0.0226 0.0294 0.0061 0.0250 0.0333 

151 0.0084 0.0217 0.0283 0.0061 0.0252 0.0337 

152 0.0093 0.0387 0.0526 0.0054 0.0255 0.0340 

153 0.0103 0.0421 0.0562 0.0103 0.0199 0.0265 

154 0.0100 0.0418 0.0558 0.0103 0.0199 0.0265 

155 0.0081 0.0344 0.0458 0.0112 0.0176 0.0235 

156 0.0080 0.0342 0.0455 0.0115 0.0157 0.0210 

157 0.0091 0.0394 0.0530 0.0076 0.0198 0.0264 

158 0.0074 0.0318 0.0426 0.0083 0.0175 0.0234 

159 0.0074 0.0318 0.0426 0.0083 0.0175 0.0234 

160 0.0073 0.0307 0.0409 0.0137 0.0175 0.0234 

161 0.0076 0.0314 0.0415 0.0152 0.0178 0.0237 

162 0.0045 0.0169 0.0219 0.0114 0.0143 0.0190 

163 0.0044 0.0167 0.0216 0.0106 0.0153 0.0203 

164 0.0060 0.0149 0.0190 0.0088 0.0215 0.0286 

165 0.0114 0.0400 0.0527 0.0113 0.0219 0.0292 

166 0.0083 0.0284 0.0372 0.0130 0.0184 0.0245 

167 0.0049 0.0167 0.0218 0.0056 0.0188 0.0250 

168 0.0094 0.0316 0.0413 0.0115 0.0187 0.0250 

169 0.0057 0.0294 0.0396 0.0096 0.0133 0.0178 

170 0.0070 0.0334 0.0449 0.0086 0.0154 0.0205 

171 0.0059 0.0311 0.0419 0.0097 0.0142 0.0189 

172 0.0072 0.0351 0.0472 0.0088 0.0159 0.0212 

173 0.0037 0.0089 0.0109 0.0069 0.0194 0.0259 

174 0.0056 0.0199 0.0264 0.0068 0.0203 0.0271 

175 0.0071 0.0305 0.0410 0.0072 0.0200 0.0267 
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Table A.4 (cont’d) Performance limits for ASCE/SEI 41-17 and Eurocode 8-3 

  ASCE/SEI 41-17 (rad) Eurocode 8-3 (rad) 

Specimen 

No 
IO LS CP DL SD NC 

176 0.0091 0.0235 0.0301 0.0085 0.0238 0.0318 

177 0.0096 0.0327 0.0431 0.0111 0.0164 0.0219 

178 0.0095 0.0326 0.0430 0.0111 0.0164 0.0219 

179 0.0101 0.0331 0.0434 0.0088 0.0245 0.0327 

180 0.0090 0.0155 0.0180 0.0144 0.0218 0.0291 

181 0.0069 0.0176 0.0218 0.0118 0.0257 0.0342 

182 0.0070 0.0142 0.0171 0.0127 0.0236 0.0315 

183 0.0070 0.0109 0.0125 0.0137 0.0217 0.0289 

184 0.0068 0.0140 0.0169 0.0123 0.0227 0.0302 

185 0.0067 0.0140 0.0169 0.0123 0.0227 0.0302 

186 0.0058 0.0097 0.0113 0.0127 0.0201 0.0268 
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Appendix B 

 

Figure B.1 Mo and Wang 2000, C1-1 

 

 

Figure B.2 Mo and Wang 2000, C1-2 
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Figure B.3 Mo and Wang 2000, C1-3 

 

 

Figure B.4 Mo and Wang 2000, C2-1 
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Figure B.5 Mo and Wang 2000, C2-2 

 

 

Figure B.6 Mo and Wang 2000, C2-3 
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Figure B.7 Mo and Wang 2000, C3-1 

 

 

Figure B. 8 Mo and Wang 2000, C3-2 
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Figure B.9 Mo and Wang 2000, C3-3 

 

 

Figure B.10 Tanaka and Park 1990, No.5 
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Figure B.11 Tanaka and Park 1990, No.6 

 

 

Figure B.12 Tanaka and Park 1990, No.7 
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Figure B.13 Tanaka and Park 1990, No.8 

 

 

Figure B.14 Park and Paulay 1990, No.9 
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Figure B.15 Saatcioglu and Ozcebe 1989, U1 

 

 

Figure B.16 Saatcioglu and Ozcebe 1989, U4 
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Figure B.17 Saatcioglu and Ozcebe 1989, U6 

 

 

Figure B.18 Saatcioglu and Ozcebe 1989, U7 
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Figure B.19 Ohno and Nishioka 1984, L1 

 

 

Figure B.20 Ohno and Nishioka 1984, L2 
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Figure B.21 Kono et al. 2002, D1N30 

 

 

Figure B.22 Kono et al. 2002, D1N60 
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Figure B.23 Kono et al. 2002, L1N6B 

 

 

Figure B.24 Kono et al. 2002, L1N60 
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Figure B.25 Takemura and Kawashima 1997, Test 5 

 

 

Figure B.26 Azizinamini et al. 1988, NC-2 
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Figure B.27 Azizinamini et al. 1988, NC-4 

 

 

Figure B.28 Gill et al. 1979, No.1 
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Figure B.29 Gill et al. 1979, No.3 

 

 

Figure B.30 Soesianawati et al. 1986, No.1 
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Figure B.31 Soesianawati et al. 1986, No.2 

 

 

Figure B.32 Soesianawati et al. 1986, No.3 
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Figure B.33 Soesianawati et al. 1986, No.4 

 

 

Figure B. 34 Esaki 1996, H-2-1_3 
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Figure B. 35 Esaki 1996, H-2-1_5 

 

Figure B. 36 Esaki 1996, HT-2-1_3 
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Figure B. 37 Esaki 1996, HT-2-1_5


