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ABSTRACT 

 

 

EVALUATION OF DEFORMATION CAPACITY CRITERIA OF 

EUROCODE 8 

 

 
Deformation capacity criteria of structures that are under earthquake effect could be 

obtained from various world-wide used seismic codes. Eurocode8 (2005), FEMA356 

(2000) and Turkish seismic code (2007) are three of seismic code compared in this study. 

Eurocode8 (2005) which is the basis of this study, recommends calculating deformation 

capacity of beams, columns, and walls by empirical chord rotation expressions at Part 3 

(Assessment and Retrofitting of buildings). Moreover Eurocode8 (2005) proposes that 

under restrictive conditions the chord rotation demands could be estimated from linear 

static or linear modal spectrum analysis if important-significant irregularities do not exist. 

In this study empirical plastic chord rotations wanted to be validated by comparing them 

with other seismic codes limitations and tried to be observed for different parameters effect 

on chord rotation demands of simple, regular rectangular column sections. 
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ÖZET 

 

 

EUROCODE8’DEKİ DEFORMASYON  KAPASİTE 

KRİTERLERİNİN DEĞERLENDİRİLMESİ 
 

 

Deprem etkisi altındaki yapıların deformansyon kapasite kriterleri dünyaca  

kullanılan deprem yönetmeliklerinde farklılıklar göstermektedir. Bu çalışmada Eurocode8 

(2005), FEMA356 (2000) ve Deprem Yönetmeliği (2007) karşılaştırılmıştır. Bu çalışmanın 

asıl amacı olan Eurocode8 (2000), kolon, kiriş perde gibi elemanların deformasyon 

kapasite kriterleri bulunurken Bölüm 3’te (Yapıların Değerlendirilmesi ve 

Güçlendirilmesi) bulunan ampirik formüllerin kullanılmasını öneriyor. Aynı zamanda 

Eurocode8 (2005) önemli yapısal düzensizliği bulunmayan yapılarda lineer static veya 

modal spectral analizler sayesinde deformasyon kapasite kriiterleri elde edilebileceğini 

belirtiyor. Bu çalışmada Eurocode8 (2005) deki ampirik bağıntılar diğer deprem 

yönetmeliklerindeki kriterlerle karşılaştırılmıştır, ayrıca basit- diktörgen kolonlarda farklı 

paremetrelerin dönme kapasitesi hesaplarındaki etkileri gözlenmiştir. 
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LIST OF SYMBOLS / ABBREVIATIONS 

 

θE Chord-rotation demand from the analysis 

Lv M/V, ratio moment/shear (shear span) at the end section 

θy chord-rotation at yielding 

θu,m-σ mean-minus-standard deviation chord-rotation supply 

θum  mean chord-rotation supply 

αVz tension shift of the bending moment diagram 

αV if shear cracking precedes flexural yielding at the end section (i.e. when the yield 

moment at the end section, My, exceeds the product of Ls and of the shear 

resistance without shear reinforcement, VR,c, according to Eurocode 2); 

otherwise, (i.e. if My<LsVR,c) αV=0 

z length of internal lever arm, taken equal to the distance of the tension to the 

compression reinforcement, z = d-d1, in beams, columns, or walls with barbelled 

or T-section, or to z = 0.8h in walls with rectangular section 

h:      section depth 

fy                 steel yield stress, in MPa 

fc       concrete strength, in MPa  

dbL                 (mean) diameter of tension reinforcement; 

ν                 N/bhfc, (axial force ratio) 
b      width of the compression zone 

N      axial force, positive for compression 

ω1, ω2  mechanical reinforcement ratio of the tension (including the web reinforcement)       

and of the compression, respectively 

fyw      yield stress of transverse reinforcement, in MPa 

ρsx      Asx/bwsh, ratio of transverse reinforcement parallel to the direction x of loading  

sh                  stirrup spacing 

ρd      steel ratio of (any) diagonal reinforcement in each diagonal direction 

α confinement effectiveness factor 

bo, ho                  dimensions of confined core to the centerline of the hoop 

        bi               centerline spacing of longitudinal bars (indexed by i) laterally restrained by                     

stirrup corner or a cross-tie along the perimeter of the cross-section 
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1.   INTRODUCTION 
 
 

Several methods and criteria are being using recently in evaluation and 

determination of the deformations occurred in structural elements of a structure. 

Deformation capacity criteria of structures that are under earthquake effect could be 

obtained from various world-wide used seismic codes. Eurocode8 (EN1998-3,2005), 

FEMA356 (FEMA356,2000) and Turkish seismic code (TSC,2007) are three of seismic 

code used in this study. Eurocode8 which is the basis of this study, recommends 

calculating deformation capacity of beams, columns, and walls by empirical chord 

rotation expressions at Part 3 (Assessment and Retrofitting of buildings). Moreover 

Eurocode8 (EN1998-3,2005) proposes that under restrictive conditions the chord 

rotation demands could be estimated from linear static or linear modal spectrum 

analysis if important- significant irregularities does not exist.  

 

Chord rotation is used to define the deformation capacity of beams, columns and 

walls. According to EN1998-3 (2005) chord rotation is the angle between the tangent to 

the axis at the yielding end and the chord rotating at that end with the end of shear span 

(Lv =M/V = moment /shear at the end section), that is the point of contraflexure. 

Another alternative definition of chord rotation is equal to the element drift ratio, the 

deflection at the end of the shear span with respect to the tangent to the axis at the 

yielding end, divided by the shear span. 
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Figure 1.1.  Definition of chord rotation 

 

௜ߠ ൌ
௜ߜ

௜ݒܮ
ൌ ฬ

Δ
ܮ െ ߶௜ฬ 

(1.1) 
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At third chapter chord rotations are investigated and different seismic code 

deformation criteria are plotted on same graph to observe harmony of performance 

criteria at different earthquake codes such as EN1998-3 (2005),  FEMA356 (2000),  

TSC (2007). At fourth chapter appropriateness of alternative total chord rotation 

expressions is investigated, i.e. Direct total chord rotation expression and plastic plus 

yield rotation expressions.  
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2.   CALCULATION OF CHORD ROTATION AT EUROCODE 8 
 

 

2.1.  Calculation of Plastic Chord Rotation  

 
The objective of this part is to calculate the plastic chord rotation versus axial 

force ratio curves in different methods stated in Eurocode 8 -Design of Structures for 

earthquake resistances / Part 3: Assessment and Retrofitting of buildings EN1998-3 

(2005). 

 

Three methods are suggested for calculation of Plastic chord rotation. First 

alternative is direct empirical formula whereas other two formulae differ. Second                 

(2.4) and Third (2.5) alternatives are similar but those alternatives suggest different 

concrete confinement models. Second alternative directly refers to EN1992-1-1 (2004) 

but third alternative which represents better model as stated as “a confinement model 

which represents better than the model in at EN1998-3 (2005)“suggests another model 

from  EN1992-1-1 (2004) confinement model. 

 
First alternative, direct empirical formula; 

 

௨௠ߠ
௣௟ ൌ

1
௘௟ߛ

0.0145ሺ0.25௩ሻ ቈ
maxሺ0.01: ߱ᇱሻ
maxሺ0.01: ߱ሻ ቉

଴.ଷ

௖݂
଴.ଶሺ

௏ܮ

݄ ሻ଴.ଷହ25൬ఈఘೞೣ
௙೤ೢ
௙೎

൰ሺ1.275ଵ଴଴ఘ೏ሻ 

                                                                                                              (2.1) 

where: 

γel : is equal to 1.8 for primary seismic elements and 1.0 for secondary seismic 

elements, 

ν:  N/bhfc 

b: width of the compression zone, 

N: axial force, positive for compression, 

ω1, ω2: mechanical reinforcement ratio of the tension (including the web reinforcement) 

and of the compression, respectively, longitudinal reinforcement, 

 

ω1 =(ρ1fy1+ρvfyv)/fc,  ω2 =ρ2fy2/fc;                                        (2.2) 
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fyw: yield stress of transverse reinforcement, in MPa, 

ρsx: Asx/bwsh, ratio of transverse reinforcement parallel to the direction x of loading 

sh :  stirrup spacing, 

ρd: steel ratio of (any) diagonal reinforcement in each diagonal direction, 

α: Confinement effectiveness factor: 

 

                                     
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−= ∑

oo

2
i

o

h

o

h

6
1

2
1

2
1

bh
b

h
s

b
sα       (2.3) 

 

bo, ho: dimensions of confined core to the centerline of the hoop, 

bi: centerline spacing of longitudinal bars (indexed by i) laterally restrained by a 

stirrup corner or a cross-tie along the perimeter of the cross-section, 

Ls: M/V, ratio moment/shear (shear span) at the end section, 

h: section depth, 

fy, fc: steel yield stress and concrete strength, respectively, in MPa, directly obtained 

as mean values from in-situ test, and from the additional sources of information, 

appropriately divide by the confidence factors, accounting for the level of 

knowledge attained, 

dbL: (mean) diameter of tension reinforcement, 

 

 
Second alternative; 

 

௨௠ߠ ൌ ଵ
ఊ೐೗

ቆߠ௬ ൅ ൫߮௨ െ ߮௬൯ܮ௣௟ ቀ1 െ ଴.ହ௅೛೗

௅ೡ
ቁቇ   ,   ߠ௣௟ ൌ ௨௠ߠ െ  ௬                   (2.4)ߠ

 

Third alternative; 

 

௨௠ߠ ൌ ଵ
ఊ೐೗

ቆߠ௬ ൅ ൫߮௨ െ ߮௬൯ܮ௣௟ ቀ1 െ ଴.ହ௅೛೗

௅ೡ
ቁቇ   ,   ߠ௣௟ ൌ ௨௠ߠ െ  ௬                   (2.5)ߠ
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where: 
 

θ y: yield chord rotation, 

φ u: ultimate curvature, 

φ y: yield curvature, 

Lpl: plastic hinge length; 

 

2.1.1.  Investigation of the Terms in the Plastic Chord Rotation Formula (2.1) 
 
ଵ

ఊ೐೗
 

 
0.0145 
 
ሺ0.25௩ሻ 
 
 
 
 

ቂ୫ୟ୶൫଴.଴ଵ:ఠᇲ൯
୫ୟ୶ሺ଴.଴ଵ:ఠሻ ቃ

଴.ଷ
  

For  primary seismic members, 
constant value 0.56 

constant value 0.0145 

Related with axial force ratio 
For beams; 1 
For general columns 
( axial force ratio below 0.4), it varies from 1 
to 0.57

Related with longitudinal reinforcement 
Does not change with reinforcement ratio of 
member, only changes with placement of 
reinforcement. 
For 8 bar formation ,constant value  

 (
૜ೣయ.భర
ఱబೣఱబ·రమబ

మబ
૞ೣయ.భర
ఱబೣఱబ·రమబ

మబ

ሻ0.3=(3/5)0.3=0.86 

3.14ݔ5
50ݔ50 ·

420
20 ൌ 0.13 ب 0.01 

For example; for 50x50 section with 8φ 20 
bars fc=20MPa and fy=420MPa 
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௖݂
଴.ଶ 

 
 
ሺ௅ೇ

௛
ሻ଴.ଷହ 

 
 

25൬ఈఘೞೣ
೑೤ೢ

೑೎
൰ 

 
 
 
 
 
ሺ1.275ଵ଴଴ఘ೏ሻ 
 
 
 

Figure 2.1. Investigation of the terms of plastic chord rotation formula 

 
In members with smooth-plain bars (S220), the plastic part of the chord rotation 

capacity may be taken to be equal to that calculated accordance with (2.1) multiplied by 

0.375. 

2.2.  Calculation of Total Chord Rotation  

 

௨௠ߠ ൌ
1

௘௟ߛ
0.016ሺ0.3௩ሻ ቈ

maxሺ0.01: ߱ᇱሻ
maxሺ0.01: ߱ሻ ቉

଴.ଶଶହ

௖݂
଴.ଶଶହሺ

௏ܮ

݄ ሻ଴.ଷହ25൬ఈఘೞೣ
௙೤ೢ
௙೎

൰ሺ1.275ଵ଴଴ఘ೏ሻ 

(2.6) 

 

Only some of the coefficients are different from plastic chord rotation formula.

Related with concrete class(C14 to C25) 
For general columns, it varies from 1.70 to 
1.90 

Related with shear span and height of section 
For general columns(Lv=1.5m and h is from 
30cm  to 60cm), it varies from 1.38 to 1.76 

Related with confinement of the section 
For general columns, it is around 1.1;however  
without confinement it is 1, we consider that 
it does not reflect the confinement effect 
appropriately 

Normally columns does not consist of 
diagonal reinforcement so: 
 constant value 1 
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3.  COMPLIANCE CRITERIA FOR CONCRETE BUILDINGS 
 

 

Compliance criteria, performance criteria for assessment or retrofitting of 

concrete members differs in commonly used codes such as FEMA356 (2000), EN1998-

3 (2005) and TSC (2007). Performance evaluations are classified according to plastic 

rotation at FEMA356 (2000), according to total chord rotation at EN1998-3 (2005) and 

according to material strains at TSC (2007). In this chapter of my study, three different 

seismic performance criteria are plotted on same graph to observe relation within each 

other. We have calculated performance evaluation are classified according to plastic 

rotation at FEMA356 (2000) and according to plastic chord rotation at EN1998-3 

(2005) , however calculations of plastic rotations according to material strains at TSC 

(2007) are obtained from Oğuz Bahadır Şadan thesis submitted to Kandilli Observatory 

and Earthquake Research Institute  Şadan (2005). 

 

3.1.  Methodology of Seismic Codes 

 
To plot three different seismic performance criteria on same graph, they must be 

at converted to same units. Like FEMA356 (2000) , plastic rotation is selected as base 

unit, other codes will be converted to plastic rotations. 

 

 

 

 

 

 

 

 

 

 

 



 9

3.1.1.  Fema  FEMA356 (2000) 

 
Table 3.1.  FEMA356 Modeling parameters and numerical acceptance criteria for 

nonlinear procedures-reinforced concrete columns 

 

 
 

 Table 3.1 is copied from (FEMA356, 2000, s. 6-22). Plastic rotation angles are 

used from Table 3.1, for interval values of axial force ratio ( ௉
஺೒௙೎

ᇲ) plastic rotation angles 

are interpolated. If hoops are spaced at ൑ d/3, section considered as non confined (NC) 

section. Shear force ratio ( ௏

௕ೢௗට௙೎
ᇲ
 ) is considered below three is tagged with 

‘FEMA356-V3’, whereas shear force ratio greater than six are tagged with ‘FEMA356-

V6’. 
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3.1.2.  Eurocode 8 part 3  EN1998-3 (2005) 

 
Table 3.2. Compliance Criteria for assessment or retrofitting of concrete members 

 (Total Chord rotation limitations) 

 
Member Limited 

Damage (LD)
Significant Damage 

(SD) 
Near Collapse (NC) 

Linear analysis Non-linear analysis
Ductile primary 

θE 
(1)

 ≤ θy 
(2) θE 

(1)
 ≤ 0.75θu,m-σ 

(3) θE 
(1)

 ≤ θu,m-σ 
(3) 

Ductile secondary θE
(1) ≤ 0.75θu,m

(4) θE 
(1)

 ≤ θum 
(4) 

 
Table 3.2. is copied from FARDIS (2007) which is tabulated form of criteria of 

EN1998-3 (2005) 

 
Where; 

(1) θE: chord-rotation demand from the analysis. 

(2) θy: chord-rotation at yielding, Equation (4.2) 

(3) θu,m-σ: mean-minus-standard deviation chord-rotation supply, e.g., θu,m-σ= 

θy+θpl
um/1.8, with θy from Equation (4.2) and θpl

um from (2.1). 

(4) θum: mean chord-rotation supply, from Equation (2.6) or θum=θy+θpl
um 

with θy and θpl
u,m according to (2.1) 

 

However, all above criteria is for total chord rotation, so yield chord rotation is 

subtracted from total chord rotation to form plastic chord rotation performance 

limitations. “Limited Damage” corresponds to “Immediate Occupancy” performance 

level, “Significant Damage” corresponds to “Life Safety” performance level and “Near 

Collapse” corresponds to “Collapse prevention” performance level. 

 

Table 3.3.  Compliance Criteria for assessment or retrofitting of concrete members 

(Plastic chord rotation limitations) 

 
Member Limited 

Damage (LD)
Significant Damage 

(SD) 
Near Collapse (NC) 

Linear analysis Non-linear analysis
Ductile primary 

θE
pl

 
 ≤ 0 θE

pl
 ≤ 0.75θpl

um θE
pl

 
 ≤  θpl

um 
Ductile secondary  
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3.1.3.  Turkish Seismic Code (TSC, 2007) 

 
Turkish seismic code uses strain based evaluation while investigating 

performance criteria of the section. 

 

Table 3.4.  Strain capacities of reinforced concrete sections at (7.6.9.2) in TSC (2007) 

 
 MN GV GC 

εc 0.0035(Unconfined) 0.0035+0.01(ρS/ρSm)൑0.0135 0.004+0.014(ρS/ρSm)൑0.018

εs 0.01 0.04 0.06 

 

At Table 3.4. Section strain limits of unconfined concrete (MN) at extreme 

concrete fiber , confined concrete strain limit (GV and GC)  and reinforcing steel strain 

limits are given .“MN” corresponds to “Immediate Occupancy” performance level, 

“GV” corresponds to “Life Safety” performance level and “GC” corresponds to 

“Collapse prevention” performance level. 

 

Total curvature at corresponding strain limit at related performance level is taken 

and yield curvature is subtracted to find plastic curvature of the section. Then plastic 

curvature is transformed to plastic rotation by multiplying the plastic curvature with 

plastic hinge length (D/2). 
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Table 3.5. Models that are used  

 

 
 

Blue highlighted models are for investigation sectional properties. Yellow 

highlighted models are for investigation compressive strength of concrete effect. Cyan 

highlighted models are for investigation reinforcing steel properties. Magenta 

highlighted models are for investigation confinement properties. Green models for 

investigation reinforcement ratio are of the section. 

 

Three grades of concrete quality (C10 fck=10MPa, C14 fck=14MPa, C20 

fck=20MPa) for unconfined sections and two grades of concrete quality (C20 

fck=20MPa, C25 fck=25MPa) for confined sections have been considered. Two grades of 

steel classes (S420 fyk=420MPa, S220 fyk=220MPa) have been used in unconfined 

section analysis. 

 

All the sections analyzed in this study have constant reinforcement configuration 

with ‘eight bars ‘and the location of the bars are determined for constant d’/d ratio of 

0.08. 
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At thesis prepared by Şadan (2005), strain based performance evaluation Charts 

had been constructed by performing axial load- bending moment interaction analysis for 

each performance level and the curvature of the cross section for each axial load level 

has been determined. The axial force- curvature charts specified for each section type 

had been converted to dimensionless scale by dividing the axial loads by section area 

and characteristic concrete strength, and multiplying the curvature values by plastic 

hinge length. Plastic hinge length has been taken as half of the effective depth of the 

section as in the TSC (2007). 

 

3.2.  Different Section Dimensions Effect on Compliance Criterion 

 

As shown on Table 3.3, Plastic chord rotations are not allowed at “Limited 

Damage” which corresponds to “Immediate Occupancy” performance level at EN1998-

3 (2005). So that, all “Immediate Occupancy” graphs line corresponds to EN1998-3 

(2005) remained equal to zero for all axial force ratios. 

 

When checking whether the performance evaluation charts are dependent to the 

unconfined section dimensions or not, three analyses had been shown with three 

different sections (50x50, 30x60 and 60x30).  
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3.2.1.  fck (20Mpa),  fyk(420Mpa),  %2, Unconfined 

 

 
 

Figure 3.1. Plastic chord rotation vs. axial force ratio curve of Graph no: 1 

 

FEMA356 (2000) and  TSC (2007) looks very similar whereas EN1998-3 (2005) 

remains zero for Immediate Occupancy level. 
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Figure 3.2. Plastic chord rotation vs. axial force ratio curve of Graph no: 2 

 

FEMA356 (2000) and  TSC (2007) looks very similar below axial force ratio  

(P/AgFck) equals to 0.1, whereas EN1998-3 (2005) remains higher  for Life Safety 

Performance level. 
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Figure 3.3. Plastic chord rotation vs. axial force ratio curve of Graph no: 3 

 

FEMA356 (2000) and  TSC (2007) looks very similar below axial force ratio  

(P/AgFck) equals to 0.1, whereas EN1998-3 (2005) remains higher  for Collapse 

prevention Performance level. 
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3.2.2.  fck (20Mpa),  fyk(220Mpa),  %2,  Confined 

 

When checking whether the performance evaluation charts are dependent to the 

unconfined section dimensions or not, three analyses had been shown with three 

different sections (50x50, 30x60 and 60x30).  

 
 

 
 

Figure 3.4. Plastic chord rotation vs. axial force ratio curve of Graph no: 4 

 

FEMA356 (2000) and  TSC (2007) looks very similar whereas EN1998-3 (2005) 

remains zero for Immediate Occupancy performance level. 
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Figure 3.5. Plastic chord rotation vs. axial force ratio curve of Graph no: 5 

 

 TSC (2007) And EN1998-3 (2005)  looks very similar below axial force ratio 

(P/AgFck) equals to 0.2, whereas FEMA356 (2000) remains higher for Life Safety 

performance level. 
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Figure 3.6. Plastic chord rotation vs. axial force ratio curve of Graph no: 6 

 

 TSC (2007) And EN1998-3 (2005)  looks very similar below axial force ratio 

(P/AgFck) equals to 0.1, whereas FEMA356 (2000) remains higher for Collapse 

Prevention performance level. 
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3.3.  Effect of Different Confinement Properties on Compliance Criterion 

 

Unconfined sections are considered as without transversal reinforcement. 

Confined sections transversal reinforcement ratio is equal to equation (3.1). On the 

other hand semi-confined sections transversal reinforcement ratio is considered as half 

of confined section. 

 

௦ߩ ൌ ஺ೞ೓
௦.௕ೖ

൒ 0.075 ቌ ௖݂௞
௬݂௞

൘ ቍ                                            (3.1) 

 

As shown on Table 3.3, Plastic chord rotations are not allowed at “Limited 

Damage” which corresponds to “Immediate Occupancy” performance level at EN1998-

3 (2005). So that, all “Immediate Occupancy” graphs line corresponds to EN1998-3 

(2005) remained equal to zero for all axial force ratios. 

 

When checking whether the performance evaluation charts are dependent to the 

confinement properties or not, three analyses FEMA356 (2000) EN1998-3 (2005) TSC 

(2007) had been shown for three different confinement levels (Confined, Semi-confined 

and Confined). 
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3.3.1.  50x50, fck (20Mpa),  fyk(420Mpa),  %2 

 

 
 

Figure 3.7. Plastic chord rotation vs. axial force ratio curve of Graph no: 7 

 

FEMA356 (2000) and  TSC (2007) looks very similar whereas EN1998-3 (2005) 

remains zero for Immediate Occupancy performance level. 
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Figure 3.8. Plastic chord rotation vs. axial force ratio curve of Graph no: 8 

 

 TSC (2007) And EN1998-3 (2005)  looks very similar below axial force ratio 

(P/AgFck) equals to 0.2, whereas FEMA356 (2000) remains higher for Life Safety 

performance level. 
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Figure 3.9. Plastic chord rotation vs. axial force ratio curve of Graph no: 9 

 

FEMA356 (2000) And EN1998-3 (2005)  looks quite similar for confined 

sections however FEMA356 (2000) And  TSC (2007)  looks quite similar for 

unconfined sections at Collapse prevention performance level. 

 
3.4.  Effect of Different Reinforcement Ratio on Compliance Criterion 

 

Four levels of reinforcement ratios (%1, %2, %3, %4) have been mentioned in 

this study. 
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3.4.1.  50x50,  fck (14Mpa),  fyk(220Mpa),  Unconfined 

 

 
 

Figure 3.10. Plastic chord rotation vs. axial force ratio curve of Graph no: 10 

 

FEMA356 (2000) and  TSC (2007) looks very similar whereas EN1998-3 (2005) 

remains zero for Immediate Occupancy performance level. 
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Figure 3.11. Plastic chord rotation vs. axial force ratio curve of Graph no: 11 

 

 TSC (2007), FEMA356 (2000)  and EN1998-3 (2005)  looks very similar below 

axial force ratio (P/AgFck) equals to 0.2 for Life Safety performance level. 
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Figure 3.12. Plastic chord rotation vs. axial force ratio curve of Graph no: 12 

 

 TSC (2007), FEMA356 (2000) and EN1998-3 (2005) looks very similar below 

axial force ratio (P/AgFck) equals to 0.2 for Collapse Prevention performance level. 
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3.4.2.  50x50,  fck (20Mpa),  fyk(420Mpa),  Confined 

 

 
 

Figure 3.13. Plastic chord rotation vs. axial force ratio curve of Graph no: 13 

 

FEMA356 (2000) and  TSC (2007) looks very similar whereas EN1998-3 (2005) 

remains zero for Immediate Occupancy performance level. 
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Figure 3.14. Plastic chord rotation vs. axial force ratio curve of Graph no: 14 

 

EN1998-3 (2005) and FEMA356 (2000) looks quite similar, whereas  TSC 

(2007) remains higher for Life Safety Performance level. 
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Figure 3.15. Plastic chord rotation vs. axial force ratio curve of Graph no: 15 

 

EN1998-3 (2005) and FEMA356 (2000) looks quite similar, whereas  TSC 

(2007) remains higher for Collapse Prevention Performance level. 
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3.5.  Effect of Different Concrete Strength Levels on Compliance Criterion 

 
3.5.1.  50x50,  fyk(220Mpa), %1,  Unconfined 

 

Three grades of concrete quality (C10 fck=10MPa, C14 fck=14MPa, C20 

fck=20MPa) for unconfined sections have been used in unconfined section analysis. 

 

 
 

Figure 3.16. Plastic chord rotation vs. axial force ratio curve of Graph no: 16 

 

FEMA356 (2000)  and  TSC (2007) looks very quite whereas EN1998-3 (2005) 

remains zero for Immediate Occupancy performance level. 
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Figure 3.17. Plastic chord rotation vs. axial force ratio curve of Graph no: 17 

 

 TSC (2007), FEMA356 (2000) and EN1998-3 (2005)  looks very similar above 

axial force ratio (P/AgFck) equals to 0.2 for Life Safety performance level. 
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Figure 3.18. Plastic chord rotation vs. axial force ratio curve of Graph no: 18 

 

 TSC (2007), FEMA356 (2000) and EN1998-3 (2005)  looks very similar above 

axial force ratio (P/AgFck) equals to 0.2 for Collapse Prevention performance level. 
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3.5.2.  50x50,  fyk(220Mpa),  %1,  Confined 

 
Two grades of concrete quality (C20 fck=20MPa, C25 fck=25MPa) for confined 

sections have been considered.  

 

 
 

Figure 3.19. Plastic chord rotation vs. axial force ratio curve of Graph no: 19 

 

FEMA356 (2000) and  TSC (2007) looks quite similar whereas EN1998-3 

(2005) remains zero for Immediate Occupancy performance level. 
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Figure 3.20. Plastic chord rotation vs. axial force ratio curve of Graph no: 20 

 

EN1998-3 (2005)  and FEMA356 (2000) looks quite similar, whereas  TSC 

(2007) remains higher for Life Safety Performance level. 
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Figure 3.21. Plastic chord rotation vs. axial force ratio curve of Graph no: 21 

 

EN1998-3 (2005)  and FEMA356 (2000) looks quite similar, whereas  TSC 

(2007) remains higher for Life Safety Performance level. 
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Three grades of steel classes (S220 fyk=220MPa, S420 fyk=420MPa,) for 

unconfined sections have been used in unconfined section analysis. 
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Figure 3.22. Plastic chord rotation vs. axial force ratio curve of Graph no: 22 

 

FEMA356 (2000)  and  TSC (2007) looks very quite similar whereas EN1998-3 

(2005) remains zero for Immediate Occupancy performance level. 
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Figure 3.23. Plastic chord rotation vs. axial force ratio curve of Graph no: 23 

 

EN1998-3 (2005), FEMA356 (2000) and  TSC (2007) looks quite similar, above 

0.2 axial force ratio except S420 graph of EN1998-3 (2005) for Life Safety 

Performance level. 

 
 
 
 
 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

P/Ag.fck

P
la

st
ic

 C
ho

rd
 R

ot
at

io
n

DIFFERENT STEEL CLASS,LIFE SAFETY,50x50 C20 %1,Unconfined

S220
S420
All steel class (FEMA356-V3)
All steel class (FEMA356-V6)
S220 (TSC2007)
S420( TSC2007)



 38

 
 

Figure 3.24. Plastic chord rotation vs. axial force ratio curve of Graph no: 24 

 

EN1998-3 (2005), FEMA356 (2000) and  TSC (2007) looks quite similar, above 

0.2 axial force ratio except S420 graph of EN1998-3 (2005) for Collapse Prevention 

Performance level. 
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4.  COMPARISON OF TOTAL CHORD ROTATION 

CALCULATIONS 
 
 

In this chapter, total chord rotation empirical formulas will be compared. Total 

chord rotation is sum of plastic chord rotation plus yield chord rotation. Total chord 

rotation and plastic chord rotation formulas at EN1998-3 (2005) are given at previous 

sections where (2.6) and (2.1) respectively.  

 

 

௨௠ߠ ൌ ௨௠ߠ
௣௟ ൅  ௬                                                              (4.1)ߠ

 
 

Yield chord rotation will be demonstrated firstly in this chapter. There are two 

alternative formulas existing at EN1998-3 (2005).However second alternative is used at 

FARDIS (2007). The yield chord rotation expression is as following for beams or 

rectangular columns. 

 

௬ߠ ൌ ߮௬
௅ೡାఈೡ௭

ଷ
൅ 0.0013 ቀ1 ൅ 1.5 ௛

௅ೞ
ቁ ൅ ሺ଴.ଵଷఝ೤ௗ್೗௙೤

ඥ௙೎
ሻ                    (4.2) 

                    

 

 

 

The first term in expression (4.2) accounts for the flexural contribution. The 

second term represents the contribution of shear deformation and the third anchorage 

slip of bars. 

where; 

φy: yield curvature of the end section of the member (from 1st principles, possibly 

with correction factor); 

αVz: tension shift of the bending moment diagram, with  

z: length of internal lever arm, taken equal to the distance of the tension to the 

compression reinforcement, z = d-d1, in beams, columns, or walls with barbelled 

or T-section, or to z = 0.8h in walls with rectangular section, and  

Flexural Shear 
deformation 

Anchorage slip   
of bars 
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αV=1 if shear cracking precedes flexural yielding at the end section (i.e. when the yield 

moment at the end section, My, exceeds the product of Ls and of the shear 

resistance without shear reinforcement, VR,c, according to Eurocode 2); 

otherwise, (i.e. if My<LsVR,c) αV=0; 

Lv: = M/V, ratio moment/shear (shear span) at the end section; 

h: section depth; 

fy, fc: steel yield stress and concrete strength, respectively, in MPa; 

dbL: (mean) diameter of tension reinforcement; 

 
4.1.  Graphs and Charts 

 

Total chord rotation expressions of described twelve sections will be graphed. 

Charts will consist of four chord rotation formula such as; 

 

• Plastic chord rotation 

• Plastic chord rotation + Yield rotation ( only flexure contribution take into 

consideration) 

• Plastic chord rotation + Yield rotation  

• Total chord rotation  

Table 4.1. Models that are used 

 

 

1 40 40 30 420 10/10 + 1 crosstie
2 40 40 25 420 10/10 + 1 crosstie
3 40 40 20 420 10/10 + 1 crosstie
4 40 40 15 420 10/10 + 1 crosstie
5 40 40 15 220 10/10 + 1 crosstie
6 30 40 15 220 10/10 + 1 crosstie
7 20 40 15 220 10/10 + 1 crosstie
8 40 30 15 220 10/10 + 1 crosstie
9 40 20 15 220 10/10 + 1 crosstie

10 40 40 15 220 8/20
11 40 40 15 220 8/30
12 40 40 15 220 6/30

fyk [MPa] Transverse Steel Models b [cm] h [cm] fck [MPa]
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Blue highlighted models are for investigation sectional properties. Yellow 

highlighted models are for investigation compressive strength of concrete effect. Cyan 

highlighted models are for investigation reinforcing steel properties. Magenta 

highlighted models are for investigation confinement properties. 

 

 

4.1.1.  40x40, fck (30Mpa), fyk(420Mpa), 10/10+1 crosstie 

 

 
 

Figure 4.1. Chord rotation vs. axial force ratio curves of Model 1 
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4.1.2.  40x40, fck (25Mpa), fyk(420Mpa), 10/10+1 crosstie 

 
 

 
 

Figure 4.2. Chord rotation vs. axial force ratio curves of Model 2 

 

 

4.1.3.  40x40, fck (20Mpa), fyk(420Mpa), 10/10+1 crosstie 

 
 

 
 

Figure 4.3. Chord rotation vs. axial force ratio curves of Model 3 
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4.1.4.  40x40, fck (15Mpa), fyk(420Mpa), 10/10+1 crosstie 

 
 

 
 

Figure 4.4. Chord rotation vs. axial force ratio curves of Model 4 

 

4.1.5.  40x40, fck (15Mpa), fyk(220Mpa), 10/10+1 crosstie 

 
 

 
 

Figure 4.5. Chord rotation vs. axial force ratio curves of Model 5 
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4.1.6.  30x40, fck (15Mpa), fyk(220Mpa), 10/10+1 crosstie 

 

 
 

Figure 4.6. Chord rotation vs. axial force ratio curves of Model 6 

 
4.1.7.  20x40, fck (30Mpa), fyk(420Mpa), 10/10+1 crosstie 

 
 

 
 

Figure 4.7. Chord rotation vs. axial force ratio curves of Model 7 
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4.1.8.  40x30, fck (30Mpa), fyk(420Mpa), 10/10+1 crosstie 

 

 
 

Figure 4.8. Chord rotation vs. axial force ratio curves of Model 8 

 
 

4.1.9.  40x20, fck (30Mpa), fyk(420Mpa), 10/10+1 crosstie 

 
 

 
 

Figure 4.9. Chord rotation vs. axial force ratio curves of Model 9 
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4.1.10.  40x40, fck (30Mpa), fyk(420Mpa), 8/20 crosstie 

 

 
 

Figure 4.10. Chord rotation vs. axial force ratio curves of Model 10 

 
4.1.11.  40x40, fck (30Mpa), fyk(420Mpa), 8/30 crosstie 

 

 
 

Figure 4.11. Chord rotation vs. axial force ratio curves of Model 11 
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4.1.12.  40x40, fck (30Mpa), fyk(420Mpa), 6/30 crosstie 

 

 
 

Figure 4.12. Chord rotation vs. axial force ratio curve of Model 12 
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5.  CONCLUSIONS 
 

Performance criteria for assessment or retrofitting of concrete members differs 

in commonly used codes such as FEMA356 (2000), Eurocode EN1998-3 (2005) and 

Turkish Seismic Code TSC (2007). Performance evaluations are classified according to 

plastic rotation at FEMA356 (2000), according to total chord rotation at EN1998-3 

(2005) and according to material strains at TSC (2007).  

 

At third chapter 24 different models are used to observe appropriateness of three 

world-wide used seismic codes.  FEMA356 (2000) And  TSC (2007)  are similar at 17 

out of 24 model. EN1998-3 (2005) and TSC (2007) are similar at 8 out of 24 model. 

FEMA356 (2000) and EN1998-3 (2005)  are similar at 13 out of 24 model. Three 

seismic codes are similar at only 7 out of 24. 

 

At EN1998-3 (2005) confinement term is not so much dominant as TSC (2007). 

This term is differs from 1 to 1.27 for different confinement properties. We thought 

confinement must effect plastic chord rotation much more than 1.27. 

 

As a conclusion at fourth chapter, if axial force ratio below 0.5 which is the case 

in most of the cases, the two chord rotation expressions,  first-total chord rotation (2.6) 

and second-plastic chord rotation (2.1) plus yield chord rotation (4.2)  fits each other.
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