ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

SEISMIC PERFORMANCE OF
STEEL-CONCRETE COMPOSITE BUILDING
WITH REINFORCED CONCRETE SHEAR WALLS

M.Sc. THESIS

Ragibe Ece YUKSELEN

Department of Civil Engineering

Structure Engineering Programme

Thesis Advisor: Prof. Dr. Cavidan YORGUN

JANUARY 2015






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

SEISMIC PERFORMANCE OF
STEEL-CONCRETE COMPOSITE BUILDING
WITH REINFORCED CONCRETE SHEAR WALLS

M.Sc. THESIS

Ragibe Ece YUKSELEN
(501111068)

Department of Civil Engineering

Structure Engineering Programme

Thesis Advisor: Prof. Dr. Cavidan YORGUN

19 JANUARY 2015






ISTANBUL TEKNIiK UNIiVERSITESI * FEN BIiLIMLERI ENSTITUSU

BETONARME PERDELI CELIK-BETON
KOMPOZIT BINANIN
DEPREM PERFORMANSININ iNCELENMESI

YUKSEK LiSANS TEZI

Ragibe Ece YUKSELEN
(501111068)

Insaat Miihendisligi Anabilim Dal

Yap1 Miihendisligi Programm

Tez Damsmani: Prof. Dr. Cavidan YORGUN

19 OCAK 2015






Ragibe Ece Yiikselen, a M.Sc. student of ITU Graduate School of Science
Engineering and Technology student ID 501111068, successfully defended the
thesis entitled “SEISMIC PERFORMANCE OF STEEL-CONCRETE
COMPOSITE BUILDING WITH SHEAR WALLS”, which she prepared after
fulfilling the requirements specified in the associated legislations, before the jury
whose signatures are below.

Thesis Advisor : Prof. Dr. Cavidan YORGUN e,
Istanbul Technical University

Jury Members : Prof. Dr. A. Zafer OZTURK ..,
Yildiz Technical University

Asst. Prof. Dr. Ciineyt VATANSEVER ...,
Istanbul Technical University

Date of Submission : 15 December 2014
Date of Defense : 19 January 2015



Vi



To my beloved parents and brother,

vii



viii



PREFACE

This thesis is submitted in partial fulfillment of the requirements for M.Sc. degree in
structural engineering. This thesis journey is started with the idea of doing research
in Europe. The path was rough, but everytime overcoming a difficulty makes the
feeling of self-improvement and having experience.

The case study of this thesis is done in University of Trento, Italy, as a part of the
research that inspired by the European Project ATTEL, with counseling of Professor
Oreste S. Bursi. The opportunity of joining this research is provided by Erasmus
Programme. The full-text of the thesis is prepared with supervision of Professor
Cavidan Yorgun.

I would like to express my sincere gratitude to my supervisor Prof. Dr. Cavidan
Yorgun, who never gives up to share her profound knowledge and experience during
my academic life. |1 would like to thank Asst. Prof. Dr. Ciineyt Vatansever for
leading up the comunication with Italy and supporting me in the scientific sense.

Special thanks and appreciation go to Prof. Dr. Oreste S. Bursi for his hospitability
and sharing his erudition. Research of this thsesis is actualised with support of him
by accepting to coroparete me to the research conducted in Universty of Trento,
Italy. 1 would like to thank Asst. Prof. Dr. Nicola Tondini due to his patience,
encouragement and teaching me during the study. It has been pleasure for me to
know and be able to have a chance to work with them.

I wish to express my thanks to Dr. Gabriele Zanon for his support and sharing his
knowledge. | would also like to thank Ph.D candidates Manuel Fassin and Pavel
Sozonov. | am glad that I had the change to work with all of them.

| am deeply grateful to my mother and my father, who have been supportive from the
moment of my first steps until these M.Sc. thesis days, for their patience and
understanding. | would also like to thank my brother, who has been always helpful,
supportive and cheering.

I want to express my thankfulness to Metin, who provides full support in every
respect, from the moment we have met.

Finally, 1 would like to thank to all my dear colleagues and friends. | am very glad
that | had the chance to meet with them during my education life.

December 2014 Ragibe Ece YUKSELEN






TABLE OF CONTENTS

Page
PREFACE ... oottt st aeeteese et e st e e e tenteeneeneaneas iX
TABLE OF CONTENTS ..ottt Xi
ABBERVIATIONS ... .ottt sttt ens Xiii
SYMBOLS ..ottt bbb XV
LIST OF TABLES ...t Xix
LIST OF FIGURES ..ot XXI
SUMMARY ettt ettt nbe e beesaee s XXV
OZET ...ttt XXVi
1. INTRODUCTION. ...ttt sttt ettt st sne e s ense e 1
IO o =T o1 = U STSROSRS 1
1.2 SCOPE OF TRESIS ...t 3
2. BASICS OF NONLINEAR ANALYSIS ..ottt 5
2.1 Modeling of Reinforced Concrete EIeMentsS.........cocvivieieieneniienceeeee, 6
2.1.1 Material models fOr CONCIELe ........ccovvviiiiiiiiiieeee e 6
2.1.2 Material models fOr Steel..........oiiieiiiie e 18
2.1.3 Material model for the effect of shear and shear strength....................... 21
2.1.4 Material model for the effect of torsion and torsional capacity................ 21
2.1.5 Fiber beam-column elements: distributed plastiCity ...........ccccccovveiveiennen, 23
2.1.5.1 FIDEI SECHION ....oviiieeie et nneas 24

2.1.5.2 Difference between forced-based and displacement-based beam
COIUMN EIEMENTS......eiiee et 25
2.2 Modeling Steel-Concrete Composite Moment Frames............cccoceevveeiveieennenn, 27
2.2.1 Elastic beam-column elements...........ccoovveiiniiiieni e 28
2.2.2 Modeling of lumped plastiCity .........cccecveiieiiieie e 29
3. METHODS FOR PERFORMANCE ASSESSMENT OF BUILDINGS........ 33
3.1 Performance Assessment With Nonlinear Static Analysis Per Eurocode 8..... 33
3.2 Performance Assessment With Nonlinear Dynamic Analysis..........cccccccvenene. 39
4. MODEL BUILDING FOR CASE STUDY ....ccocctiiiiiinieiene e, 43
4.1 Structural System of the Building ..........cccooooiiiiiiiniic e, 43
4.2 Analytical Models of the Moment Frames and Shear Walls ........................... 54
4.3 Analyses Of The Shear Wall and Building ..........c.ccoovvviiiiinininceeee, 60
4.3.1 Analysis of the shear wall ..., 61
4.3.1.1 Static monotonic nonlinear (pushover) analysis ..........c.ccoovvveeeienen. 63
4.3.1.2 Static cyclic nonlinear (ECCS) analysis .........cccocvevvieevieiieiiie e, 64
4.3.2 Analyses of the building ..........cooveieiiniiii 66
4.4 ANALYSES RESUILS ... 66
4.4.1 Moment-curvature analysis results of shear wall..............cc.ccoovninnn. 67
4.4.2 Pushover analysis results of shear wall..............cccccooeviiiiiic e, 68
4.4.3 Cyclic nonlinear analysis results of shear wall ...............ccccoovvniiiinnnn 70
4.4.4 Pushover analysis results of the building..........cccccooveviiiii i, 75

Xi



4.4.5 Modal analysis results of the building............cccooveviiieiicic e, 77

4.4.6 Time-history analysis results of the building ............ccccoeniiiiiiee, 78

4.5 Target displacement of the building according to Eurocode 8.............c......... 79
5. CONCLUSIONS AND RECOMMENDATIONS.......coooiiiieeiee e 85
REFERENCES. ..ot bbbt 87
APPENDICES ...ttt e e e e eeas 91
APPENDIX A: Drawings of the StrUCtUIe..........ccccveviiie v 92
APPENDIX B: INPUE DALA. .......eiiiiiieiiiee e 96
APPENDIX C: Analyses RESUILS ........ccviiiiieiecie e 98
CURRICULUM VITAE ...ttt 101

Xii



ABBERVIATIONS

ATTEL

CFT
CHS
ECCS
HSS
MDOF
RC
SDOF
SIMQKE
2D

3D

: Performance-based approaches for high strength tubular
columns and connections under earthquake and fire loadings
: Concrete Filled Tube

: Circular Hollow Section

: European Convention for Constructional Steelwork

: High Strength Steel

: Multi Degree of Freedom

: Reinforced Concrete

: Single Degree of Freedom

: Conditioned earthquake ground motion simulator

: Two dimensional

: Three dimensional

Xiii



Xiv



SYMBOLS

a

Q

N
]

: Area of core of section enclosed by centerlines of the perimeter hoop

: Area of concrete core
: Area of effective confined concrete core at hoop level
: Gross section area of the shear wall section

: Ground acceleration

Total plan area of ineffectually confined core concrete at the level of

the hoops

: Total area of longitudinal reinforcement

: The total area of transverse bars running in the x direction

: The total area of transverse bars running in the y direction

- Strain hardening ratio

: Core length to centerlines of perimeter hoop in x direction for RC
sections

: Damping coefficient

: Constant

- The displacement of the SDOF system

: Core width to centerlines of perimeter hoop in y direction for RC
sections

: Average displacement of three accelerograms according to time-
history analyses

: The target displacement of the structure with period T*

: Displacement at maximum shear force reaction of the building
: Diameter of longitudinal reinforcement

: The displacement at plastic mechanism of the equivalent SDOF
system

: Displacement of the control node of the MDOF system (top
displacement)

: Displacement at maximum shear force reaction of shear wall for
pushover

: Target displacement of the MDOF system

- Target displacement of the idealized equivalent SDOF system

: Time step

: Diameter of transverse reinforcement

: Thickness of the shear wall section

- Yield displacement of the idealized SDOF system

- Elastic modulus of reinforcing steel

: Elastic modulus of confined concrete

- Initial elastic tangent for steel material

- Strain of confined concrete at compressive strength

- Strain of confined concrete at ultimate strength

: Modulus of elasticity of concrete

XV



(ED)¢ss

fic
)_c c0
F:

fi
fi
flx
fly
Fmax
fs
fex
fu

F ultimate

Fy

fyh
fyk

g
GCO

GcO]

«F S~ ;-. :-. =~ g;n m:-

=

oy
3
Q
=

sssc

~

Mgeysi
Mmax

- Strain of unconfined concrete at ultimate compressive strength

- Strain of unconfined concrete at characteristic compressive strength
: Charactreristic value of effective flexural stiffness of composite
sections

. Hysteretic energy of the MDOF system

: Hysteretic energy of equivalent SDOF system

: The actual deformation energy, up to the formation of the plastic
mechanism

: Ultimate strain of reinforcing steel

- Yielding strain of reinforcing steel

- Yielding displacement

: The base shear force of the equivalent SDOF system

: The base shear force of the MDOF system

: Compressive strength of confined concrete

: Characteristic compressive strength of unconfined concrete

: Normalized lateral forces

: Lateral pressure from the transverse reinforcement

: Effective lateral confining pressure

: Lateral confining stress on the concrete in the x direction

. Lateral confining stress on the concrete in the y direction

: Maximum shear force reaction of the building

: Elastic force or inelastic resisting force

: Tensile strength of the reinforcement

: Ultimate strength of the reinforcement

- Ultimate shear strength of the building

: Yield force which represents also ultimate strength of idealized
system

: Yield strength of transverse reinforcement

> Yielding strength of the reinforcement

: Gravitational acceleration

: Shear modulus

: Torsional stiffness

: Story height

: Height of the shear walls

: Second moment of area of the structural steel section

: Second moment of area of the uncracked concrete section

: Second moment of area of the reinforcement for bending plane
: Polar moment of inertia

: Confinement effectiveness coefficient

: Correction factor

. Length from further point to the center for the shear wall section
: Length (width) of the shear walls

: Mass matrix

: The mass of the equivalent SDOF system

: Concentrated mass in the it" story

: Moment capacity of shear wall section acc. to calculations with Gelfi

: Moment capacity of shear wall section acc. to pushover analysis

XVi



P crushing

Pmax

p(t)
Py
P,
qu

R
R*

ROa CRlv CRZ

: Moment capacity of shear wall section according to moment-
curvature analysis
: Torsional moment capacity of the section
: Concentrated masses at nodes 3, 4, 5 and 6 of shear wall model
: Concentrated mass at node 7 of shear wall model
: Vertical support reaction of shear wall
: Gravity load of the shear wall
: Shear force reaction at failure of shear wall according to pushover
: Maximum shear force reaction of shear wall according to pushover
anaIyS|s
: Exitation vector
: Axial (gravity) loads at nodes 3,4,5 and 6 of shear wall model
. Axial (gravity) load at node 7 of shear wall model
: Ratio between acc. in the struct. with unlimited behaviour and
limited strength
: Quantities in the equivalent SDOF system
: Quantities in the MDOF system
: Values that control the transition from elastic to plastic (R
parameter)
: Soil factor
: Center to center spacing of hoops
- Clear vertical spacing between hoop bars
: The elastic acceleration response spectrum at the period T~
: The period of the idealized equivalent SDOF system
: The corner period between the short and medium-long period range
: Maximum duration of ground motion
: Minimum duration of ground motion
: Fundamental period of the structure
: Displacement vector
- Velocity
: Acceleration
: Reduced shear capacity of shear wall section
- it" clear distance between adjacent longitudinal bars
: Ratio of area of longitudinal reinforcement to area of core of section
- Ratio of the transversal confining steel volume to the volume of
conflned concrete core in x direction
- Ratio of the transversal confining steel volume to the volume of
confined concrete core in y direction
: Transformation factor
: Density of reinforced concrete
: Maximum shear stress
- Shear stress at yielding in a simple tension test
: Maximum principle stress
: Minimum principle stress
: Poisson ratio
: Curvature
: Normalized displacements
: Displacement shape

XVii



xviii



LIST OF TABLES

Table 2.1 :
Table 4.1 :
Table 4.2 :
Table 4.3 :
Table 4.4 :

Table 4.5 :
Table 4.6 :
Table 4.7 :

Page
Properties of reinforcement according to Eurocode 2 [17]........cccceevenee. 19
Moadal analysis results of 3D StruCtUre. .........ccccceveeveiiese e 77
Periods of the bullding. ........ccooiiiii e 78
Maximum diSplaCemMENtS. .........cccoveiieiieiiese e 78
Max. displacements for top of the building according to time-history
ANAIYSIS. .o e ens 78
Mass distribution to the floors for 3D structure model.............cccceeeeee. 79
Normalization of predominant (4™) mode Shape. ........ccoovrvvveerercrerennnns 80
Comparison of displacements ... 83

Xix



XX



LIST OF FIGURES

Figure 2.1 :
Figure 2.2 :

Figure 2.3 :
Figure 2.4 :
Figure 2.5 :
Figure 2.6 :
Figure 2.7 :
Figure 2.8 :
Figure 2.9 :
Figure 2.10

Figure 2.11

Figure 2.12 :
Figure 2.13 :

Figure 2.14 :
Figure 2.15 :
Figure 2.16 :

Figure 2.17 :
Figure 2.18 :
Figure 2.19 :
Figure 2.20 :
Figure 2.21 :
Figure 2.22 :

Figure 2.23 :
Figure 2.24 :
Figure 2.25 :
Figure 2.26 :
Figure 2.27 :
Figure 2.28 :

Modeling structural components. [12]
Typical uniaxial compresion and tension stress-strain curve for concrete,
[LB]. e 7
Cyclic loading of concrete according to Karsan and Jirsa [18], cited

from Bangash, [16].......c.ccoceiiiieiiiiice e 8
Stress-strain curve of concrete01 model, [12].......cccoovviiiiiiiniiiieeen, 9
Typical hysteretic stress-strain relation of concrete01 material, [12]. ....9
Stress-strain curve of concrete02 material, [12]........ccccocvviviiiiiiiinnenn, 10

Typical hysteretic stress-strain relation of concrete02 model, [12]. ..... 10
Comparison of hysteretic behaviour of concrete01 and concrete02, [12].
............................................................................................................... 11

Calculated relative stress-strain diagrams for normal-weight concretes
of various compressive strengths and for cement paste, [19]................

: An example cyclic tension-compression response envelope of concrete

generated using the concrete04 model, [12].......ccccevvvvvievieieiieieeieenn, 12

: A representation of stress-strain relation for RC sections with and
WIthout CONFINEMENT. ..ot 13
Stress-strain curve of confined and unconfined concrete proposed by
Saatcioglu and RazVi, [15]. ..cccoveiiiiiic e 14

Stress-strain model proposed for monotonic loading of confined and
unconfined concrete [14]
Effectively confined core for rectangular hoop reinforcement, [14]... 17
Stress-strain relationship for typical reinforcing steel

Stress-strain relationship under cyclic loading for Giuffré-Menegotto-
Pinto steel material model [21].......ccccoveieiieiieceee e, 20
Stress-strain relationship for Steel02 model, [12]. .......ccccvviiiiieiennnn, 20
Stress-strain relationship of elastic material model, [12]. ................... 21
Steel 01 material parameters of monotonic envelop [12].................... 22
An example for fiber beam-column element model..................c........ 24
An example for fiber section, [12]. ......cccooiiiiiiiiiiee 25
Obtaining curvature of forced-based and displacement-based elements,
[26]. oo s 26
Fiber type beam-column element, [20]. ......cccooveviiiiiciiecee 26
A representation for composite beams. ..o 28
A representation for composite columns. ..........cccceevveiieeiiciie e, 29
Representation of ZeroLength element. ..., 30
Schematic model of hysteretic SDOF system, [27].......ccccevveiieennnne 30
Stress-strain curve for one-member truss with degrading Bouc-Wen
Material, [30]. ..oooieieie i 31

XXI



Figure 2.29
Figure 2.30
Figure 3.1 :
Figure 3.2 :
Figure 3.3 :
Figure 3.4 :

Figure 3.5 :

Figure 4.1 :
Figure 4.2 :
Figure 4.3 :
Figure 4.4 :
Figure 4.5 :
Figure 4.6 :
Figure 4.7 :
Figure 4.8 :
Figure 4.9 :

Figure 4.10 :
Figure 4.11 :

Figure 4.12 :
Figure 4.13 :
Figure 4.14 :
Figure 4.15 :
Figure 4.16 :
Figure 4.17 :
Figure 4.18 :
Figure 4.19 :
Figure 4.20 :
Figure 4.21 :
Figure 4.22 :
Figure 4.23 :
Figure 4.24 :
Figure 4.25 :
Figure 4.26 :
Figure 4.27 :
Figure 4.28 :
Figure 4.29 :

Figure 4.30 :

Figure 4.31 :
Figure 4.32 :
Figure 4.33 :
Figure 4.34 :
Figure 4.35 :

- Definition of pinchin4 uniaxial material model, [12]........c..ccccovennenne. 31
: Graphically represented parallel material, [12]. ........cc.ccooviiiiiiiennn, 32
Input data for puUShoVer, [3]. ..o 34
Represetation for evaluation of pushover (capacity) curve [3]. ............ 35
Transformation from MDOF sytem to SDOF system. ............cccccvevenne. 35
Determination of the idealized elasto-perfectly plastic force-
displacement relationship, [L10]. ...cccoviieiiie i 37
Determination of the target displacement for the equivalent SDOF
SYSEEM [10]. ceeeeeieieee e 39
Plan view of the ground FlOOr. ... 44
Sectional View OF axiS C-C. .....coviiiiiiiiiiiisinee e 45
Sectional view of composite slab. ..., 46
A representation of shear wall. ..............cccooveiiii i 46
Reinforcement details of ground floor shear wall section. .................... 47
Stress-strain relationship for reinforcing steel. ..., 48
Representation of fibers of SECtioNS............coovviiiini 49
A vertical section of RC shear wall at ground floor. ..............ccccvenene. 51
Comparison between confined and unconfined stress-strain relationship.
............................................................................................................... 53
Comparison of stress-strain curves of concrete01 and concrete04
material models for confined concrete fibers. .........ccococveiiiiiiininnn, 56
Comparison of pushover-curves for shear walls with concrete 01 and
concrete04 material MOdelS. ........ccooeveiiiiiiiiic s 57
Representation of section aggregator for 2D model. .............ccceveneee. 58
Representation of section aggregator for 3D model. .............ccceene.ee. 59
Representation of forced-based beam-column element model............ 60
Mass distribution of shear wall..............cccooeiiiiniiee, 61
Gravity loading of shear wall. ... 62
Representation of loadig for moment-curvature analysis.................... 63
Representation of static monotonic 10ading. .........ccccoceveviiiniiiiniennn, 64
Evaluation of yielding displacement (ey).........c.ccocoeeiiiiiiiiiiincnnnne, 65
ECCS 10ading pProCeauUIe. .......ccooeiireriiiirecieeee s 65
Moment-curvature of shear wall SECtion. ...........cccccoveiiiiiiiiiiiiienen, 67
Moment capacity calculations of shear wall section. ...............c.coc..... 68
Pushover (Capacity) CUIVE. .......ccccvveiieiieiecie et 69
Moment capacity diagram according to pushover analysis.................. 70
Force-displacement curve of shear wall under ECCS loading. ........... 71
Representation of fiDer NAMES. ... 71
Stress-strain relationship of confined concrete fibers............ccccoe...... 72
Stress-strain relationship of unconfined concrete fibers...................... 72
Stress-strain assesment of confined concrete fibers on the left edge of
tNE SECLION. ... e 74
Stress-strain assesment of confined concrete fibers on the right edge of
tNE SECLION. ..o 74
Pushover curve of 3D structure model. .......c..cccovivevenieiieeie e 75
Pushover curves of shear walls and columns. ..........c.ccoooeiiiiniiiene 76
Moment reaction of 3D structure model...........ccccoovereiininiiiiieneen, 76
Moment reactions of shear walls and columns. ............cccocceiiiiinnen, 77
Force displacement curve of equivalent SDOF system.............ccc....... 81

XXii



Figure 4.36 : Determination of idealized elasto-perfectly force-displacement
FEIATIONSNIP. ... 82
Figure 4.37 : Determination of target displacement. ............cccooveveiveviecn e, 83

xxiii



XXiv



SEISMIC PERFORMANCE OF STEEL-CONCRETE COMPOSITE
BUILDING WITH REINFORCED CONCRETE SHEAR WALLS

SUMMARY

Reinforced concrete walls are commonly used components for earthquake resistant
design of structures. Composite structures become widespread too in seismic regions.
Additionally, performance based apporaches for structures is often placed in design
codes of countries, which are located in seismic zones. Eurocode 8 composes
procedures for performance based design.

In general seismic performance assesment is possible with both linear and nonlinear
methods. This study is interested in nonlinear approaches. Nonlinear static method is
investigated according to Eurocode 8 in this study. Modeling and numerical analysis
of shear walls are examined. Study for modeling and analysis of steel-concrete
composite structures followed and performance-based approaches are investigated.
Finally, a case study is perfomed.

The case study of this thesis is perfomed as a part of a project that was carried out in
University of Trento, Italy. A three-dimensional (3D) steel-concrete composite
building with reinforced concrete (RC) shear walls is analyzed and results are
discussed. Target displacement of the buildig, which is the limit displacement of the
structure under the applied seismic hazard level, is determined due to nonlinear static
analysis results in terms of Eurocode 8. Additionally, maximum top displacement of
the structure is obtained with nonlinear dynamic (time-history) analysis.

The thesis consists of five chapters. The first chapter presents an introduction and
definition of the topic of the thesis, a short review of literature, the scope and purpose
of the study.

In the second chapter, a detailed explanation of nonlinear analysis using software is
given. Since the software named Opensees is used in this study, this chapter contains
explanations about this program. The chapter composes material models and
definition of materials in Opensees, methods to define nonlinearty of the elements
and comparison of methods (lumped or distributed plasticity) and fiber section
models.

Third chapter covers general information about the methods for performance
assessment of the structures. Performance assessment with nonlinear static analysis is
explained and the procedure for calculation of target displacement according to
Eurocode 8 is represented in this chapter. Seismic performance assesment of the
structures with nonlinear dynamic analysis is described too. Advantages and
disadvantages of nonlinear dynamic methods are shortly explained.

Fourth chapter is the chapter where the seismic performance assessment of a steel-
concrete composite structure with shear walls takes place. Detailed representation of
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the properties of the structure, modeling with OpenSEES, definition of perfomed
analysis, explanation of analysis results are presented in this chapter.

Analyses of two-dimensional (2D) shear walls and three dimensional (3D) structure
that are exposed to earthquake loads are carried through. Modeling and analysis of
shear walls are performed. Then shear wall model is combined with 3D model of the
structure. This chapter contains analysis of 2D shear wall and performance
assessment of 3D building on the shear wall direction.

The conclusions and discussions of this study take place in fifth chapther.
Convenient methods for practical modeling and performance assessment are
expressed according to previous studies and this research. The performance
assessment is performed with comparison of the target displacement obtained in
terms of Eurocode 8 and displacements obtained with time history analysis. This
comparison is presented in chapter five. Possible researches in the future are also
recommended in this chapter.
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BETONARME PERDELI CELIK-BETON KOMPOZIT BINANIN DEPREM
PERFORMANSININ iNCELENMESI

OZET

Yapilarin deprem performansanin incelenmesi son yillarda yaygin bir yontem haline
geldi. Ozellikle deprem bélgelerinde yer alan iilkelerin  yonetmelik ve
strandartlarinda performansa dayali yapisal tasarima yer verilmektedir. Eurocode 8
de bu hesap metoduna yer veren tasarim standartlardan biridir. Bu calismada
Eurocode 8’de bulunan hesap yontemlerinin incelenmesine de yer verilmistir.

Bilindigi tizere betonarme perdeler yatay yiik tasiyici sistemlerde oludukg¢a yaygin
kullanilan elemanlardan biridir. Dolayisiyle deprem bdlgelerindeki yapilarda sik
rastalanan bir elemandir. Kompozit yapilarin kullanimi ise gerek iilkemizde gerekse
diinyada giderek artmaktadir. Bu ¢ercevede bu tez ¢alismast hem yapi1 hem de
deprem miihendisligi alanlarinda giincel konular1 kapsamaktadir.

Yapilarin deprem performansinin degerlendirilmesi i¢in genel olarak dogrusal veya
dogrusal olmayan hesap yontemleri kullanilabilir. Bu ¢alismada yanlizca dogrusal
olmayan hesap yontemleri incelenmistir. Oncelikle betonarme perdelerin
modellenmesi ve analizleri i¢in uygun olan yontemler arastirilmis, daha sonra ii¢
boyutlu ¢elik-beton kompozit yapinin degerlendirilebilmesi i¢in uygun modelleme ve
hesap yontemleri incelenmistir. Son olarak da performansa dayali heseplamalar,
dogrusal olmayan statik analiz ve dogrusal olmayan dinamik analiz gibi yontemlere
deginilmistir.

Bu tez galigmasinda sayisal incelemelere de yer verilmistir. Bu sayisal incelemelerde
kullanilan ornek bina ve yapilmig ¢aligmalar Universita Degli Studi di Trento,
Italya’da gergeklestirlen projenin bir kismindan olusmaktadir. Betonarme perdeli
celik-beton kompozit bir bina bilgisayar ortaminda Opensees programi ile
modellenmis, analizleri gergeklestirilmis ve elde edilen sonuclar degerlendirilmistir.

Ornek ¢alisma olarak betonarme perdeli ¢elik-beton kompozit bir binann ii¢ boyutlu
modelinin performans seviyesi belirlenmistir Binanin yatay yiik tasiyici sistemi bir
dogrultuda betonarme perdeli sistemden diger dogrultuda ise ¢elik-beton kompozit
elemanlardan olusan moment aktaran c¢ercevelerden olusmaktadir. Bu calisma
kapsaminda betonarme perdeler ve ii¢ boyutlu yapinin perde dogrultusunda ki
davranisi incelenmistir.

Binada birbinin aynis1 olmak ilizere dort adet betonarme perde bulunmaktadir.
Oncelikle perdeler Opensees ile modellenip bu modelin dogru calisip ¢alismadig
bazi analizler yapilarak kontrol edilmis, daha sonra perde modeli ii¢ boyutlu binaya
entegre edilmistir. Perde kesitleri igin fiber modelleme, elemani modellemek igin ise
beam-column element modeli kullanilmigtir. Perdelerde bulunan sargili betonun
karakteristik 6zellikleri ise Mander malzeme modeline gore hesaplamistir.
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Perde modelinin dogrulugunu kontrol etmek amaciyla moment-egrilik, monotonik
itme (pushover) ve periyodik itme (ECCS prosediiriine gore) analizleri
gergeklestirilmistir. Bu anlizlerle ilgili detyali agiklamalara ve sonuglarina dordiincii
boliimde yer verilmistir.

Celik-beton kompozit c¢ergevelerde perde modellerinin aksine yigili plastisite
kullanilmistir. Bu sekilde elemanlarin dogrusal olmayan davraniglart elaman
uclarinda tanimlanan bdlgelere plastik mafsal atanmasi ile gergeklestirilmistir.
Plastik mafsal modellerine bouc-wen malzeme modeli ve pinching etkisi
tanimlanmistir. Elemanlarin diger kisimlari ise elastik olarak modellenmistir.

Ucg boyutlu modele bu ¢alisma kapsaminda uygulanan analizler ise modal analiz,
pushover analiz ve zaman tanim alaninda hesap yontemidir. Modal analiz yapinin
perdeli dogrultudaki baskin mod seklini berlirlemek amaciyla yapilmistir. Itme
analizi sonucu {i¢ boyutlu binanin kapasite egrisi elde edilmis. GG¢gmenin betonarme
perdelerin gdgmesi sonucunda gergeklestigi gosterilmistir. Burada elde edilen
sonuclara gore perdelerin gd¢gmesinin ardindan yapida yiiksek oranda dayanim kaybi
meydana gelmektedir. Son olarak zaman tanim alaninda analizler gergeklestirilmistir.
Bu analizler binanin davranis spektrumu ile uyumlu ii¢ adet yapay ivme kaydi
kullanilarak yapilmistir. Sonug olarak yapinin en biiyiik tepe deplasmanlari elde
edilmistir.

Performans seviyesi su sekilde belirlenmistir; Eurocode 8’de belirtilen yontemle
hedef deplasman yani binanin uygulanan deprem seviyesi altinda yapmasina izin
verilen en biiylik deplasman degeri, hesaplanmistir. Bu yontemde kullanilmak tizere
dogrusal olmayan statik (pushover) analiz ile binanin kapasite (pushover) egrisi elde
edilmistir. Binanin davranis spektrum ile uyumlu olarak ii¢ adet yapay ivme kaydi
kullanilarak dogrusal olmayan dinamik analizler (zaman tanim alaninda hesap)
gerceklestirilmis ve binada meydana gelen en biiyiikk tepe deplasmanlari elde
edilmistir. Hedef deplasman ile dinamik analiz sonuclar1 karsilagtirilmisir. Bu
karsilastirmaya besinci boliimde yer verilmistir.

Bu yiiksek lisans tezi bes boliimden olusmaktadir. Birinci boliimde tez konusu
aciklanmig, bu konu ile ilgili daha 6nce yapilmis ¢alismalar hakkinda kisa bilgiler
verilmis ve tezin kapsam ve amac1 belirtilmistir.

Tezin ikinci bolimiinde bilgisayar programi kullanilarak dogrusal olmayan
analizlerin gergeklestirilmesi ile ilgili detayli agiklamalara yer verilmistir. Bu
boliimde malzeme modelleri, yap1 elemanlarinin modellenmesi (dogrusal ve dogrusal
olmayan modeller) ve Opensees programi hakkinda yapilmig ¢aligmalar ve gerekli
bilgiler yer almaktadir. Bu program kullanilicilara yapisal sistemlerinin deprem etkisi
altindaki tepkilerini gozlemlemek amaciyla, yapilarin bilgisayar ortaminda
simulasyonunu gergektestirme olanagi saglamaktadir.

Ucgiincii boliim yapilarin deprem performansinin degerlendirilmesinde kullaninlan
dogrusal olmayan hesap yontemleri incelenmektedir. Itme analizi ile ilgili
aciklamalar yer almaktadir. Ayni zamanda Eurocode 8’de gosterilen hesap
yontemleri bu bolimde agiklanmigtir. Bu yontem, aym1 zamanda dinamik hesap
yontemlerine alternatif olarak ortaya ¢cikmistir. Soyle ki zaman tanim alaninda (time-
history) hesap gibi yontemler hem karmagsik hem de zaman alic1 olmalar1 sebebiyle
daha pratik bir yonteme ihtiya¢ duyulmustur.
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Ucgiincii boliimde ayn1 zamanda dogrusal olmayan dinamik (zaman tanim alaninda)
hesap yontemlerine yer verilmistir. Bu yontem hakkinda genel bilgiler ve daha once
yapilmis ¢aligmalar agiklanmistir.

Sayisal incelemelere dordiincii boliimde yer verilmistir. Burada incelenen binanin
yapisal oOzellikleri detaylica anlatilmis. Modellemede kullanilan yontemler sebepleri
ile birlikte aciklanmistir. Ayn1 zamanda binaya uygulanan analizler, analiz sonuglari
ve sonuglarin degerlendirilmesi bu boliimde anlatilmaktadir.

Besinci boliimde bu tez ¢alismasinin sonucglart ve bu sonuglarla ilgili aciklamalar
verilmistir. {tme analizi ve zaman tanim alaninda analizin karsilastirmalar1 ve drnek
calismada elde edilen deplasmanlarin karsilastirilarak yapinin performans seviyesinin
tespit edilmesi bu boliimde yapilmisitr. Son olarak bu ¢alismanin genisletilebilecegi
yonlerlerinden ve ileride yapilabilecek ¢alismalardan bahsedilmistir.
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1. INTRODUCTION

1.1 Objective

Earthquake has been one of the major engineering problems for centuries.
Accordingly, seismic performance approaches for structural systems become a
common topic. Priestly expresses in 12th WCEE that, in the last 70 years, which
traces to time before design codes ask for seismic resistance evaluation of structures,
it has been assumed that strength and performance have the same meaning. On the
other hand understanding safety or reduction of damage is not definitely possible
with strength improvement, has changed this situation progressively in last 25 years.
As it is seen, earthquake-resistant design has been seriously changing from
“strength” to “performance” in recent years, [1]. Consequently performance based
design of structures significantly takes part in design codes of countries that are

located in earthquake zones.

Seismic design of structures could be developed with linear or nonlinear analysis
methods. Linear elastic procedures used to be common for a long time. However,
these procedures neither are applicable for high-rise or irregular structures, which
may have high predominant mode shapes, nor satisfy performance requirements. In
other words, generally linear methods are appropriate when the structure remains
nearly elastic under earthquake loading, but seismic performance assessment
includes and mostly interested with nonlinear behavior of the structure and structural
elements. Besides, nonlinear and nonelastic methods become widespread with the
development of the technology that enables suitable analysis tools for non-linear

static and nonlinear dynamic analysis.

In order to evaluate seismic response of structures, inelastic dynamic analysis is an
influential method. Seismic performance of the structure can be evaluated accurately
in case of using a suite of delicately chosen ground motion records. A set of
representative acceleration time-histories, which causes a significant increment in

computational effort, have to be selected because the input ground motions quietly



affects computed inelastic dynamic response. Additionally, improvement in the
technology causes the development of computing tools in sense of accuracy and
efficiency; however, dynamic inelastic analysis causes doubts about simplicity and
applicability in practical design. Evaluation of strength capacity after the elastic
behavior and pointing out the probable poor regions in the structure are possible with
the inelastic static pushover analysis. Pushover analysis requires the definition of
lateral load pattern, which is distributed throughout the structure height. Lateral loads
monotonically increase with constant increments until the control node at the top of
the structure reaches to specified deformations. When the objective is design of a
new structure, target top displacement can be the deformation supposed in the design
earthquake. On the other hand, for performance evaluation of existing structures it
might be the drift corresponding to structural collapse. Determination of yielding and
failure ranges both on the member and the structure levels are possible with inelastic
static pushover analysis. Furthermore, stages of general capacity curve of the

structure can be estimated with this method, [2].

Fajfar and Gaspersic have developed and described a detailed and quite simple
nonlinear method for seismic performance assessment of reinforced concrete
buildings, which is called N2 method, in 1996. It is stated that, the procedures that
are defined in building codes for design of new structures or assessment of current
structures under earthquake loadings consider forms of the structures only in the
linear elastic range. Acceptable evaluation of demand of a structure according to
energy dissipation, ductility, strength and structural stiffness, is not possible with
these procedures. Although the dynamic time-history analysis of Multi-Degree-Of-
Freedom (MDOF) systems leads to more accurate results in terms of uncertainties of
the model, it needs additional data such as time-histories of several ground motions
and the hysteretic behavior of structural members. Accordingly, from the point of
practical design applications this method is not convenient. Consequently there is a
requirement for a simple procedure, which is enough due to uncertainties of the input

data and satisfies the requirements given above, [3].

Although time-history analysis procedure is general and accurate for the purposes of
seismic design and assessment, earthquake-engineering community has been
studying on a simpler and more convenient method for everyday use. Consequently,

many studies have performed in this field for decades for instance Saiidi and Sozen



in 1981 [4], Fajfar and Gaspersic in 1996 [3] and Priestly [1] in 2000 published their
studies. Applied Technology Council (ATC) has published Guidelines and
Commentary for Seismic Rehabilitation of Buildings - ATC 40 in 1996 [5] and
NEHRP Guidelines for the Seismic Rehabilitation of Buildings- FEMA 273[6] has
been prepared by Federal Emergency Management Agency (FEMA) as well.
Prestandart and Commentary for the Seismic Rehabilitation of Buildings (FEMA-
356) [7] and Improvement of Nonlinear Static Seismic Analysis Procedures (FEMA-
440) [8] has followed these studies. FEMA-440 implies the results of project ATC-
55. In parallel with these developments Seismic Rehabilitation of Existing Buildings
(ASCE 41-06) [9] has been prepared by American Society of Civil Engineers
(ASCE). Additionally Design of Structures for Earthquake Resistance-Assessment
and Retrofitting of Buildings Eurocode 8 [10], which is one of the main topics of this
study, comprises results of studies carried by European Committee for
Standardization about performance based approaches.

In the light of previous studies, performance assessment with nonlinear methods is
performed. Comparison of performance evaluation with time-history and pushover
procedures is the main purpose of this study. Accordingly, displacements, which are
obtained with time-history and pushover analysis, are compared in order to evaluate

performance of the structure.

1.2 Scope of Thesis

Nonlinear structural analysis of shear walls and steel-concrete composite structures
with shear walls, performance assessment of such structural systems and comparison
of performance evaluation with pushover analysis according to Eurocode 8 [10] and
performance evaluation with time-history analysis is the purpose of this thesis. This
study comprises non-linear analysis of structural systems; modeling and analysis of
shear walls and steel-concrete composite structures with shear walls using Opensees
and performance assessment of structures in the shear wall direction according to

Eurocode 8.

As a case study, analyses of a two-dimensional (2D) shear wall and a three
dimensional (3D) structure, which are exposed to earthquake loads are performed
within the scope of this study. Modeling and analysis of shear walls are performed.

Then shear wall model is combined with 3D model of the structure. The case study



contains analysis of 2D shear wall and performance assessment of 3D building on the

shear wall direction according to Eurocode 8.

The followed path of the study is given below.

a)
b)
c)
d)
e)
f)
9)

Non linear structural analysis

Non linear analysis of shear walls and steel-concrete composite structures
Non linear structural analysis using OpenSEES

Performance assessment of structures according to Eurocode 8
Evaluation of a case study.

Explanation of the analysis results

Comparison of pushover and time-history analyses



2. BASICS OF NONLINEAR ANALYSIS

Performance assessment comes into prominence in earthquake and structural
engineering, this also yields requirement for software that is sufficient to simulate
seismic structural response of nonlinear constitutive systems in terms of large
displacement theories, robust solution algorithms. Traditional codes are
computationally adequate, but they have restrictions in the sense of extension of the
system. For example, variable time integration and root-finding algorithms for
solving equilibrium equations or improvement of a different analysis types are not
available [11]. In order to answer this purpose Open System for Earthquake
Engineering Simulation (OpenSEES), which is a software platform for research and
application for simulation of structural systems with finite element method, has been
developed by Pacific Earthquake Engineering Research Center (PEER) with support
of National Science Foundation (NFS). Opensees is an open source software
framework that is available for simulation of seismic response of structural and

geotechnical systems.

The analyses covered by this study is carried out with Opensees in order to build
structural models and analyze structures and structural members since it fulfills

requirements of this study as follows:
e Itisa powerful tool for non-linear numerical analysis,
e Itis suitable for variable input data,
e The consisting open source allows comprehensible analysis and models
e Possible to create material or element according to needs

o It allows the description of the structural input on the basis of diffrent levels;

element level, section level or fiber level.

e It enables simulations of static pushover analyses, static reversed-cyclic

analyses and dynamic time-series analyses



e Network for Earthquake Engineering Simulation (NEES) supports

improvement of Opensees with laboratory testing that cause reliance on it.

2.1 Modeling of Reinforced Concrete Elements

In finite element analysis analyst initially separates the components of the structure
into nodes and elements. The definition of the component is possible in three levels

with Opensees, element level, section level and fiber level (Figure 2.1).
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Figure 2.1 : Modeling structural components. [12]

According to this study, modeling of a reinforced concrete (RC) shear wall consists
of three steps. Material definition is the first step same as any structural modeling.
Section definition in fiber level follows as second step, and element definition is the
final step of building shear wall model. This section contains description of these
steps and explanations of used model-building objects and models in respect of

literature.

As is known definition of concrete and reinforcement steel is necessary for RC
components. Opensees give the opportunity of material definition to the analyst. This
study implies assessment of uniaxial material objects of Opensees. For concrete
material concrete01 concrete02 and concrete0O4, for reinforcement steel material
steel02 and for other definitions of material properties (like torsion or shear strength)

elastic material and steel01 commands are investigated.

2.1.1 Material models for concrete

A RC element usually has two different kind of concrete region; confined concrete

region and unconfined concrete region. Concrete cover is the unconfined concrete



part. Confined concrete is the concrete that is wrapped with trasversal reinforcement
named stirrup or hoop. Several studies are performed in order to explain behavior of
confined concrete [13-15]. Most common ones are investigated in scope of this

study.

Unconfined concrete is the concrete without transversal reinforcements. Cover part
of a RC section is usually consideres as unconfined concrete. Additionally analyst
could assume the concrete unconfined in case of large sections with rare transversal
reinforcements. The characteristic properties of the concrete, which is given by
design codes, can be implemented for this type of concrete. In this study,
characteristic properties of materials are taken from Eurocode 2, [17].

This section contains repectively assessment of Opensees uniaxial concrete material
commands and confined concrete material models. Assumption about the material is
that plane sections remain plane and perpendicular to the neutral axis of the section
(uniaxial material). According to experimental results, concrete shows an extremely
nonlinear behavior under uniaxial compressive loading. A Typical uniaxial

compresion and tension stress-stain curve for concrete is shown in Figure 2.2.
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Figure 2.2 : Typical uniaxial compresion and tension stress-strain curve for
concrete, [16].

This section contains repectively assessment of Opensees uniaxial concrete material
commands and confined concrete material models. Assumption about the material is
that plane sections remain plane and perpendicular to the neutral axis of the section
(uniaxial material). According to experimental results, concrete shows an extremely

nonlinear behavior under uniaxial compressive loading.



Concrete01 command in Opensees builts a uniaxial concrete material object that has
degraded linear unloading and reloading stiffness with respect to Karsan and Jirsa
[18] concrete material model (uniaxial Ken-Scott-Park concrete material). Karsan
and Jirsa examined that degradation of the concrete can be observed from the trace of
a long narrow region on the stress-strain plane under cyclic loading. This region is
reduce to a single curve and named “locus of common points” (Figure 2.3).

Accordingly, a stress strain model for concrete material is defined, [18].
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Figure 2.3 : Cyclic loading of concrete according to Karsan and Jirsa [18], cited
from Bangash, [16].

Concrete01 material command also neglects tensile strength of concrete. It defines a
material model with zero-tensile strength. Stress-strain relationships of concrete0l1
material under linear and cyclic loadings are shown respectively in Figure 2.4 and
Figure 2.5. This command requires the information about characteristic properties of
concrete as compressive strength at 28 days, strain at maximum strength, crushing

strength and strain at crushing strength.



siress
»

scl
$elpsu $EF.J H >
! : strain
i 1
I !
! 1
| |
! 1
I :
i !
! 1
————————————— Y & Sfpcu
“Fm $fpe
Z¥peldepscl

Figure 2.4 : Stress-strain curve of concrete01 model, [12].
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Figure 2.5 : Typical hysteretic stress-strain relation of concrete01 material, [12].

Differently from concrete01, concrete02 command has developed in order to define
concrete material with tensile strength. It builts a uniaxial concrete material object
with tensile strength and linear tension softening. Definition the material with
concrete02 model needs knowledge of tensile strength of the concrete, tension
softening stiffness (slope of the linear tension softening branch) and ratio between
unloading slope and initial slope in addition to the required information of
concrete01 . Stress-strain relations of concrete02 model are shown in Figure 2.6 and
Figure 2.7. Additionally Figure 2.8 represents comparison of hysteretic behaviour of

concrete01 and concrete02.
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Figure 2.6 : Stress-strain curve of concrete02 material, [12].
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Figure 2.7 : Typical hysteretic stress-strain relation of concrete02 model, [12].
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Figure 2.8 : Comparison of hysteretic behaviour of concrete01 and concrete02, [12].

Concret02 is a command of the Fedeas ML1D library developed by F.C. Filippou.
Fedeas. It is a structural element library for the linear and nonlinear static and
dynamic analysis of buildings and bridges that works under the general-purpose
finite element analysis program FEAP, which is developed by Professor Robert L.
Taylor. Fedeas structures library consists of several uniaxial stress-strain relations

and Concret02 command is one of them.

Concrete0O4 model implies the same definition of degradation at linear
unloading/reloading stiffness, which is found by Karsan and Jirsa [18], with the
concrete01 model. It constructs uniaxial Popovics concrete material object and it
displays tensile strength of concrete with exponential decay that differs from

concrete01 model.

In 1973 Popovic proposed formulations in order to complete stress-strain curve of
concrete. These formulas were suitable with relevant experimental results. Popovic’s
work is shown in Figure 2.9. The envelope of the compressive stress-strain response

of concreet04 is defined using the model proposed by Popovics [19].
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Figure 2.9 : Calculated relative stress-strain diagrams for normal-weight concretes
of various compressive strengths and for cement paste, [19].

Concrete04 command needs the definition of characteristic properties of concrete
such as compressive strength at 28 days, strain at maximum strength, strain at
crushing strength, initial stiffness and optionally maximum tensile strength and
ultimate tensile strain. Figure 2.10 shows an example for stress-strain history under

cyclic loading generated using the concrete04 model.
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Figure 2.10 : An example cyclic tension-compression response envelope of concrete
generated using the concrete04 model, [12].

Consequently, Concrete04 model represents strength degradation and faluire of
concrete after the peak stress, however failure cannot be observed with concrete01

material model. Since, observation of failure of the element is required and tensile

12



strength of the concrete is neglected, concrete04 is the most suitable material model
for this study.

Generally, transversal reinforcements are implemented to RC elements in order to
surround the longitudinal reinforcement. In spite of that transversal reinforcements,
which could be sprials or hoops, significantly strengthen the concrete core of the
section (Figure 2.11).
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Figure 2.11 : A representation of stress-strain relation for RC sections with and
without confinement.

Altough there are several studies for definition of confined concrete properties, three
of the most popular confined concrete material models are discussed in this study.
These are Sheikh-Uziimeri [13], Mander (Modified Kent-Park) [14] and Saatcioglu-
Razvi [15] confined concrete material models.

Sheikh and Uziimeri have suggested a complete stress-strain curve for confined
concrete. The study comprises analytical modeling behavior of columns with
confinements in terms of previously reported experimental results. Accordingly, the
idea of effectively confined concrete area, that corresponds to concrete core applied
for evaluation of strength of confined concrete. It is stated that, frequent placement of
the stirrups and locating the longitudinal reinforcement effectively improve the

strength and ductility of concrete, [13].

Saatcioglu and Razvi [15] expressed an analytical model in order to define stress-
strain curve for concrete in 1992. A set of poorly confined and well-confined

concrete input is tested to construct this analytical model. According to this concrete

13



model, stress-strain curve starts with a positive slope parabolic arm and continues
with a linear negative slope arm (Figure 2.12). The concept of evaluating lateral
confinement pressure is the methodology of this study. Consequently, this work

results in higher strength and ductility for confined concrete, [15].
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Figure 2.12 : Stress-strain curve of confined and unconfined concrete proposed by
Saatcioglu and Razvi, [15].

Lowes et. al. [20] used Saatcioglu-Razvi concrete material model while modeling
slender RC shear walls with Opensees within a NFS project. Concrete02 model,
which has both tensile and compression response, has preferred in this work.
Accordingly, Saatcioglu-Razvi model has a parabolic curve up to peak strength and
then bilinear post-peak response, [20]. Unlike these previous studies, Concrete04
material command and Mander et. al. confined concrete material model are

implemented for modeling concrete fibers in scope of this thesis study.

Additionally, Mander et. al. [14] proposed a stress-strain relationship under uniaxial
compressive loading for tied concrete sections. One equation is developed for
different types of confinements such as, spirals, circular hoops or rectangular hoops
with or without supplementary crossties. The procedure is also applicable for cyclic
loading cases. Distribution of longitudinal and transversal reinforcement effects
effective lateral confining stress, which is used in order to consider impact of
different types of reinforcement arrangements. An energy equalization method

named energy balance approach is applied. Equalization of strain energy capacity of

14



stirrups with strain energy accumulated in the concrete because of the transversal
reinforcement leads to estimation of longitudinal compressive strain in the concrete
that based on the first fracture of the stirrups, [14]. Since this method used in this
study, a detailed explanation about Mander confined concrete material model is

given as follows.

Figure 2.13 shows stress-strain relationship of confined and unconfined concrete and

it is based on an equation suggested by Popovics [19].
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Figure 2.13 : Stress-strain model proposed for monotonic loading of confined and
unconfined concrete [14]

It is stated that, a constitutive model involving a specified ultimate strength surface
for multiaxial compressive stresses is used in Mander material model to determine

confined concrete compressive strength (f,.), which is given below.

L 7.94f _f
fro=fli| —1.254 +2.254 |1 + —*L -2 2.1)
feo feo

Parameters that are required for calculation of compressive strength of confined
concrete are explained below. Compressive strength of unconfined concrete (f,) is

defined by design codes in terms of concrete classes.

A similar approach to Sheikh and Uziimeri is used by Mander et. al. in order to
determine the effective lateral confining pressure on the concrete section (f}).

Effective lateral confining pressure is considered as follows.
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fi = fike (2.2)

In this equetion k, is confinement effectiveness coefficient. It is used to enable the
fact effectively confined concrete area (4.) should be smaller than the area of the
confined concrete (A..) which is described as area of the concrete within the center

lines of the perimeter spiral or hoop. Consequently it leads to 4, < A..

Ae

ke = A, (2.3)

In order to evaluate the area of the confined concrete core named as A.. Equation
(2.4) is defined. Subsequently, definition of the A, which comes up to effectively

confined concrete area is given in Equation (2.6).

A = Ac(1— pee) (2.4)

Area of core of section enclosed by centerlines of the perimeter hoop is shown as A,
and p.. represents ratio of area of longitudinal reinforcement to area of core of
section. So that the total area of longitudinal reinforcement (Ag;) need to be

calculated.

e

sl

Pcc = A_c (2.5)

In order to evaluate the area of effective confined concrete core at hoop level (4,),
total plan area of ineffectually confined core concrete at the level of the hoops (4;) is
required. Clear vertical spacing between hoop bars (s’) and core dimensions to
centerlines of perimeter hoop in x and y directions (b, and d.) are need to be
identified.

s’ s’
A=A, —AD)[1—=—](1-
e ( c l) < Zbc> < ch> (26)
As it is obvious from Equation (2.7) i th clear distance between adjacent longitudinal
bars (w;) must be calculated for determination of A;. Figure 2.14 indicates the
arching action that is assumed to occur between the levels of transverse rectangular

hoop reinforcement. Arching action vyields to develop the confining stress on the

concrete core where the maximum transverse pressure from the confinement can be
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applied effectively. Additionally described parameters that are used to determine

compressive strength of confined concrete are visually represented in this figure.
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Figure 2.14 : Effectively confined core for rectangular hoop reinforcement, [14].

According to Equation (2.2), f; represents latreal pressure from the transverse
reinforcement and it is assumed to be uniformly distributed over the surface of the
concrete core. It is possible for rectangular reinforced concrete members to have
different quantaties of transverse confining steel in the x and y directions.
Accordingly, the lateral confining stress on the concrete (total transverse bar force
divided by vertical area of confined concrete) is given in x direction as Equation

(2.8) and in the y direction as Equation (2.9). f,, means yield strength of transverse

reinforcement.
flx = pryh (2-8)

fiy = Pyfyn (2.9)

The proportion of the transversal reinforcement can be expressed as Equation (2.10)

and (2.11) repectively for x and y directions. s defines center-to-center spacing of

17



hoops and A, defines the total area of transverse bars running in the x direction,

similarly A, is fory direction.

ASX

px = S dC (210)
Asy

Py =5a (2.11)

Finally according to Mander et. al strain of confined concrete at compressive strength

(ecc) and elastic modulus of confined concrete (E,) are defined as follows.

f’

€cc = €co ll +5 <fC/C -1 (2.12)
c0

E. =5000+/f, MPa (2.13)

Strain of confined concrete at ultimate stress symbolized as e and it can be
obtained with Equation (2.14). Where yield stress of the reinforcement is f,,, and e,
iIs the ultimate strain of it.

€sy * fyk " Py

7 (2.14)

c0

€cen = 0.004 +

2.1.2 Material models for steel

Since the study is about steel-concrete composite structures with shear walls, both
structural steel and reinforcing steel are o the carpet. This section contains
information about reinforcing steel and stress-strain relationship for typical

reinforcing steel can be seen in Figure 2.15.

Required reinforcement properties for design are usually given by design codes.
Since this study based on Eurocode, contents of the Eurocode 2 about reinforcement
steel is mentioned in this section. Additionally, Opensees commands used to define

steel material objects are described.
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Figure 2.15 : Stress-strain relationship for typical reinforcing steel
Eurocode 2 contains the application rules for design and detailing only for a specified
yield strength range, f,, = 400 to 600 MPa. The yield strength f,, and the tensile

strength f;; are defined respectively as the characteristic value of the yield load, and
the characteristic maximum load in direct axial tension, each divided by the nominal

cross sectional area.

Table 2.1 gives the properties of reinforcement suitable for use with Eurocode 2 and
it is adapted from Eurocode 2 annex C, Table C.1., [17].

Table 2.1 : Properties of reinforcement according to Eurocode 2 [17].

Product form Bars and de-coiled rods Wire Fabrics Requirement or
quantile value (%)

Class A B C A B C -

Characteristic yield
strength £y, (MPa) 400 to 600 50

Minimum value of >1,15 >1,15
K= (flfy ) >1,05 >1,08 <135 >1,05 >1,08 <135 10,0
Characteristic
strain at max. >2.5 >5,0 >7,5 >2.5 >50 >7.5 10,0
force, euk (%)
Bendability Bend/Reband test -
Shear strength - 0,3 A fyk (A'is area of wire) Minimum

Steel02 command builds uniaxial steel material object with isotropic strain hardening
based on Giuffré-Menegotto-Pinto model in Opensees. Giuffré-Menegotto-Pinto
proposed an equation for steel material under cyclic loading and it represents a
curved trasition from straight-line asymptote with slope E;, to another asymptote with

slope E; (Figure 2.16). Initial stress o, and strain ¢, are at the point where the two
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asymptotes of the branch meet (point A in Figure 2.16), in like manner the last strain
reversal &, and corresponding stress o, take place in point B in Figure 2.16. Ratio
between slope E; and E, gives strain-hardeing ratio b and R is a parameter which
effects the shape of the transition curve. ¢, g, and &;, g, should be redetermined

after each strain reversal as shown in Figure 2.16, [21].

" ) (dof)y B
®)

Steel stress o,: MPa
o

Sieel strain r,: mvm

Figure 2.16 : Stress-strain relationship under cyclic loading for Giuffré-Menegotto-
Pinto steel material model [21].

Accordingly, yield strength f,, initial elastic tangent E,, strain-hardening ratio b
and R parameter are required in order to construct a steel material object with
Steel02 command. Material parameters of monotonic envelope and stress-strain

curve for Steel02 are indicated in Figure 2.17.

80

B g
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R=20

STRESS [ksi]
B
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Figure 2.17 : Stress-strain relationship for Steel02 model, [12].
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2.1.3 Material model for the effect of shear and shear strength

Shear strength is defined independently, and then it is assigned into section
properties to combine with flexure and torsion capacity. The section assumed elastic
in terms of shear behavior. Since shear walls are slender in this study elastic

definition of shear is adequate.

Elastic material represents linear relationship between force and deformation. In
1676 Robert Hooke worked with springs and puroposed that, the relationship
between stress and strain may be said to be linear for all materials. This contentful
idealization and generalization applicable to all materials is known as Hooke’s law at

the present time, [22].

Elastic material model is implemented as uniaxial elastic material. This material
model is used to represent shear capacity of wall section linearly (Figure 2.18).

Definition of tangent, which correspond to shear modulus in this case, is sufficient.

e
™

$E

siress or force

.
L
strain or deformation

Figure 2.18 : Stress-strain relationship of elastic material model, [12].

Evaluation of shear modulus G, is possible with Equation (2.15), where v poisson
ratio and E. is the elastic modulus of concrete material. The equation is adapted from
Riley and Loren, [23].

E.

Geo = m (2.15)

2.1.4 Material model for the effect of torsion and torsional capacity

Torsional capacity of the wall is implemented by using uniaxial material steel01.
This material represents uniaxial bilinear material with kinematic hardening and

optional isotropic hardening [12], (Figure 2.19). Torsional stiffness, strain-hardening
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ratio and torsional moment capacity is required for this material command. Torsional

stiffness can be defined as G.,/, where J represents polar moment of inertia.

QD

e

S A

(=]

o

2

W

$ED
strain or deformat%n
-—--1-%Fy
$h*FED

Figure 2.19 : Steel 01 material parameters of monotonic envelop [12].

Additionally, torsional moment capacity of the section M, can be calculated as given
in Equation (2.16). Accordingly, maximum shear Stress is T,,4, and l,,,, represents

length from further point to the center of the section, [23].
Tmax *J

Mr = (2.16)

lmax

It is possible to use Tresca crietion in order to evaluate maximum shear Stress T, -
Tresca crietion expresses that, yielding starts when the maximum shear stress in the
material t,,,, equals the maximum shear stress at yielding in a simple tension test
7). Therefore 7,4, can be defined as follows, where oy, and oy, are the

maximum and minimum principal stresses respectively, [24].

Omax — Omin

Tmax = T (2.17)

In this study t,,,, Can be evaluated based on compressive stress of concrete as

explained in Equation (2.18).

T =20 (2.18)
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2.1.5 Fiber beam-column elements: distributed plasticity

Taucer et. al. [25] performed the study named a fiber beam-column element for
seismic response analysis of reinforced concrete structures as a part of larger study
supported by California Department of Tranportation (CALTRANS) and National
Scinece Foundation. In order to model RC elements that are exposed cycling loads,
the authours purposes fiber beam-column element model, which gives accurate
results and is computationally effective. The model represents distributed plasticity,
[25].

For estimating stiffness strength and drift capacity that are significant participants of
seismic performance approaches, beam-column elements results in perfectly in many
circumstances and they are computatesionaly practical models. Other plasticity
approaches are lumped plasticity type models and fiber shell model, which represents

distributed plasticity similarly to beam-column element.

Plastic hinge model is an example for lumped plasticity type models. Construction of
a lumped plasticity model is possible with definition of a zero length plastic hinge in
forms of nonlinear springs. Besides, it usually does not work adequately for multi-
story buldings in the other words for tall slender walls, because knowledge about
location of inelastic actions is necessary. One plastic hinge generally occurs at the
base of the wall but the difficulty is the secondary hinge, which is expected at futher
up of the wall. Building simulation for each point with potential of yielding is needed
to be performed in order to predict the location of the secondary hinge. That yields to
increase the workload.

Fiber shell model is another approach to establish nonlinearity of the elements and it
is an example for distributed plasticity type models. In contrast to lumped plasticity
models, material nonlinearty is distributed trough the element and it can occur at any
section of the element. Fiber shell model is usually preferred in case of private
problems such as behavior examination since it provides attaining the accurate
material response. Facility for simulation of inelastic flexure and shear exists
according to the approach plane sections do not remain plane. On the other hand,
increase of components of structure(s) or analysis for example multi-story structures
or multiple ground motions cause significant increase of computational demand.

Additonally it is not numerically powerful enough to satisfy requirements of multi
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dimensional continuum reinforced concrete models. Despite all capabilities,
disadvantages of fiber shell model prompt the anlaysts to another approach.

Beam-column element model is a distributed plasticity model that leads to more
accurate definition of inelastic behavior of RC elements than lumped plasticity
models. It is also based on the assumption plane sections remain plane during the
loading. Beam-column elements provide execellent results for slender shear walls

that react predominantly in flexure, [20, 25].

In this study, lumped plasticity models are preferred for steel-concrete composite
moment-frame members of the structure, but fiber beam-column element models are
implemented in order to construct RC shear wall models. Implementation of these

approaches and results of the case study are given in further sections.

2.1.5.1 Fiber section

Fiber beam-column element models composed of detailed geometry and material
models to obtain reliable simulation of nonlinear behavior along the length of the
element. The fiber model for reinforced concrete (RC) structures is developed by
dividing each element into several sections along the member. The sections at each
end of the element consists several subdivisions, which are fibers represents concrete
and steel material. Figure 2.20 is a representation of this explanation.

.

Figure 2.20 : An example for fiber beam-column element model.
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The fiber section object comprises of fiber objects in Opensees. A fiber section has a
general geometric configuration formed by subregions of simpler, regular shapes
(e.g. quadrilateral, circular and triangular regions) called patches, (Figure 2.21). In
addition, layers of reinforcement bars can be specified. The subcommands patch and

layer are used to define the discretization of the section into fibers.

cover patch

/ core patch

/

external

radius
internal steel layer
radius

Figure 2.21 : An example for fiber section, [12].

2.1.5.2 Difference between forced-based and displacement-based beam column

elements

The displacement-based approach follows classical finite element procedures. After
the section deformations are interpolated from an approximate displacement field,
element equilibrium relationship is built based on virtual displacement rules. Linear
curvature distribution and constant axial deformation are applied along the length of
the element in order to determine approximate nonlinear element response. Mesh
refinement of the element is necessary to represent higher order distributions of
deformations for displacement-based element. Addtionally, multiple elements are
needed to be defined for a good simulation of actual curvature field, which is
nonlinear. In case of modeling shear response description a plastic hinge is needed

separately from the beam-column element.

Representation of both displacement-based and force-based approaches is shown in
Figure 2.22.
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Figure 2.22 : Obtaining curvature of forced-based and displacement-based elements,
[26].
The force-based approach depends on the availability of an exact equilibrium
solution within the basic system of a beam-column element. Equilibrium between
element and section forces is exact, which holds in the range of constitutive
nonlinearity. Section forces, which are linear moment distribution, constant shear,
and constant axial load along the length of the element, are determined from the
basic forces by interpolation within the basic system. Interpolation comes from static
equilibrium and provides constant axial force and linear distribution of bending
moment in the absence of distributed element loads. Since Opensees is in a
displacement based finite element analysis environment, forced-based beam column
element requries intro-element solution to determine section strains and curvature.
Principle of virtual force is used to formulate compatibility between section and
element deformations. Addtionally accuracy can be incresead by increasing number
of integration points or number of elements. Definition of shear behaviour additional
to flexure is possible with section aggregator, in constrast to displacement-based

element, (Figure2.23).

<D -
oy 73 7 RE ) ] RN
(@& rorced-based Displacement-based

element element

Figure 2.23 : Fiber type beam-column element, [20].
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As a result, forced-based element and displacement-based element approaches are
disparate methods so that application of them differs from each other. Although
providing accurate results is possible only by increasing the number of elements in
case of displacement-based element, increasing either the number of integration
points or the number of elements improves accuracy of the solutions for forced-based
element. In case of forced-based approach, both local and global quantities converge
fast according to increase number of integration points. For displacement-based
approach, higher derivatives converge slower to the exact solution and thus, accurate
determination of local response quantities needs a finer finite element mesh than the
accurate determination of global response quantities. Although it is computationally
more expensive, forced-based element generally improves global and local response
without mesh refinement. In order to achieve accurate local response of element
number of integration points of a forced-based element has to be chosen such that
integration weights at locations of plastic hinges match the plastic hinge lengths, [20,
26].

Lowes et. al. [20] has choosen fiber type forced-based beam-column element to
model shear walls. In light of previous studies it is decided that forced-based element
model is more suitable for simulation of shear walls of this study.

2.2 Modeling Steel-Concrete Composite Moment Frames

This study comprises assessment of steel-concrete composite sections additional to
shear walls, since the three-dimentional (3D) model of a steel-concrete composite
structure is in scope of the case study.

Steel concrete composite columns and beams are examined. Composite occurs in
consequence of, circular steel sections filled with reinforced concrete columns and
H-section beams act together with RC slab. Lumped plasticity model is choosen in
order to substitute nonlinear behavior of composite components. Accordingly, it is
assumed that plastic hinges occurs at the ends of the element and middle part remains
linear elastic. All properties of nonlinear behavior are assigned into plastic hinge

regions that take part at the ends of the elements.

Linear elastic part of the element simply can be defined with elastic beam-column

element command. Characteristic properties of the composite section can be obtained
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in terms of Eurocode 2 [16]. On the other hand, bouc-wen and pinching material
models adequately provide nonlinear behavior for plastic hinge regions. Definition of
zero length elements is required in order to construct a plastic hinge region at the
ends of the elements. In case of lumped plasticity of beam elements, bouc-wen and
pinching material models is suitable and connection of these two material objects is
possible with parallel material command. Bouc-wen material model alone is

sufficient for plastic hinges of columns.
2.2.1 Elastic beam-column elements

When nonlinear behavior is repsented with lumped plasticity models, mid-span of
the element is considered as linear elastic. Opensees provides elastic beam-column
element command that enables to construct elastic beam-column object. Required
information to build an elastic beam-column object are cross-sectional area, Young's
modulus and shear modulus of the element and torsional moment of inertia, second

moment of area in both directions of cross section.

Liner elastic element properties of composite beams and columns are calculated
according to Eurocode 4 [27], which is the European design code for composite steel
and concrete structures. A representation of composite beam is shown in Figure 2.24.
Elastic (Young’s) modulus of the beams and beam-column connection joints are
assumed equal to the elastic modulus of structural steel material. Additionally elastic
modulus of composite columns, which are represented in Figure 2.25, is calculated in
terms of Eurcode 4 Section 6.7.3.3, [27].

reinforcement | 7 7 [~ reinforcement
of the slab of the slab

I % 1
‘ ‘
H steel beam

Figure 2.24 : A representation for composite beams.
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Figure 2.25 : A representation for composite columns.

It is stated that characteristic value of the effective flexural stiffness (EI).ss of a
cross section of a composite column should be calculated from Equation (2.19),
where K, is a correction factor that should be taken as 0.6. Additionally, I,, 1., and
I; are the second moments of area of the structural steel section, the un-cracked

concrete section and the reinforcement for the bending plane being considered.

(El)eff =Eqlq + Esls + K Ecp . (2.19)

2.2.2 Modeling of lumped plasticity

The inelastic action of RC components concentrates at the ends of the beams and
columns under seismic loads. Therefore, a procedure, which composes a definition of
zero length plastic hinges in the form of nonlinear springs located at the ends of the
frames, used to be common. These models comprise various springs that are

connected in series or parallel according to the formulation, [25].

Zero-length element command is used to create a zero-length element between two
nodes that have the same geometric coordinates (Figure 2.26). This zero-length
element enables the analyst to locate the plastic hinge. Multiple uniaxial material
objects are needed to be defined to represent the force-deformation relationship for

the element between the nodes.

29



ZeroLength element

node i C: D’wde}
Linear Elastic

<> .
L L=Length of the element tert

e
T

Y

Figure 2.26 : Representation of ZeroLength element.

Bouc-Wen and Pinching material models are assigned to the plastic hinge (zero-
length element) region for definition of nonlinear behavior. An examination about
Bouc-Wen material model is performed.

Bouc (1967) proposed a sophisticated, smoothly changing hysteresis model for a
single-degree-of-freedom (SDOF) mechanical system that is exposed to forced
vibration. Wen derived Bouc's hysteretic constitutive law and developed an
approximate solution procedure for random vibration analysis in terms of equivalent
linearization method by using the mechanical model shown in Figure 2.27 in 1980.
Baber and Wen (1981) improved the model to take into account the strength and
stiffness degradation as a function of hysteretic energy dissipation and implemented
it to a multiple-degree-of-freedom (MDOF) system. Baber and Noori (1985, 1986)
further improved the modified Bouc model by incorporating pinching while
maintaining it in a form compatible with Baber and Wen, and Wen's equivalent
linearization solution, [28]. The final model, with Baber and Noori's [29] single-
element pinching model, is preferred to build a boucwen material model by

Opensees.

"y F(t

Figure 2.27 : Schematic model of hysteretic SDOF system, [27].
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UniaxialMaterial BoucWen command is used to construct a uniaxial Bouc-Wen
smooth hysteretic material object. This material model is an extension of the original
Bouc-Wen model that includes stiffness and strength degradation according to Baber
and Noori [29] as explained above. Figure 2.28 is an example for stress-strain curve

of Bouc-Wen material model.

Stress-strain curve

Stress

Strain

Figure 2.28 : Stress-strain curve for one-member truss with degrading Bouc-Wen
material, [30].

Pinching4 command constructs a uniaxial material that represents a ‘pinched’ load-
deformation response and exhibits degradation under cyclic loading. Cyclic
degradation of strength and stiffness occurs in three ways: unloading stiffness

degradation, reloading stiffness degradation, strength degradation (Figure 2.29).
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Figure 2.29 : Definition of pinchin4 uniaxial material model, [12].
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Parallel material command builds a parallel material object made up of an arbitrary
number of previously constructed uniaxial material objects. It composes of nonlinear
springs that are connected in parallel to eachother as shown in Figure 2.30. In this
study this command is used to connect bouc-wen material object with pinching4

material object in order to identify inelastic behavior of beams at plastic hinges.

Figure 2.30 : Graphically represented parallel material, [12].
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3. METHODS FOR PERFORMANCE ASSESSMENT OF BUILDINGS

Quantative level of the real seismic performance related with the damage of a
structure exposed to a specified ground motion is a common research topic. This
assessment can be performed either experimentally or analytically. This study
comprises analytical seismic performance assessment, wherein a comprehensive
modelling of the structure together with methods of structural analysis to provide
elobrated information about seismic performance of structures is used. Nonlinear
static (pushover) analysis or nonlinear dynamic (time-history) analysis are usually
used methods for performance evaluation. Both pushover and time-history analysis
methods are explained in this section.

3.1 Performance Assessment With Nonlinear Static Analysis Per Eurocode 8

Eurocode 8 [10] is a specification that is for the design and construction of buildings
and structural engineering works in seismic regions. Its purpose is to ensure that in
the event of earthquakes; human lives are protected, damage is limited and that

important structures for civil protection remain in service.

Additonally, description of the pushover analysis is given in Eurococde 8. It is stated
that pushover analysis is a non-linear static analysis carried out under conditions of
constant gravity loads and monotonically increasing horizontal loads. It can be
applied to verify the structural performance of newly designed and of existing
buildings for the following purposes; to verify or revise the overstrength ratio values,
to estimate the expected plastic mechanisms and the distribution of damage, to assess
the structural performance of existing or retrofitted buildings and as an alternative to
the design based on linear-elastic analysis. In the last case, the target displacement

should be used as the basis of the design.

Consequently, Eurocode 8 involves a performance evaluation procedure by using
nonlinear static (pushover) analysis. This study concern about that the procedure
provides determination of target displacement. The target displacement can be
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defined as the seismic demand derived from the elastic response spectrum in terms of
the displacement of an equivalent single-degree-of-freedom system. Furthermore,
this procedure is based on the N2 method, which is proposed by Fajfar and

Gaspersic, [3].

N2 method, which is an interpreted procedure in order to analyze nonlinear seismic
damage of planar building structures, had been developed and presented. Both
existing and newly design structures can be evaluated with this method. When
predominant mode of the structure is the first mode, procedure most probably results
in good prediction of global seismic demand. Generally, estimation at the local level
such as demand in terms of deformation, dissipated energy, and damage indices are
suitable for practical purposes. This procedure is applicable for different ground
motions and structural parameters and it allows to examine the influence of these
parameters on structure response. In case of significant higher mode effects, some
demand parameters calculated with N2 method may be underestimated, [3].

The target displacement is determined from the elastic response spectrum. An
example for a MDOF system and its elastic response spectrum is represented in
Figure 3.1. The capacity curve, which represents the relation between base shear
force and control node displacement, is determined in accordance with pushover
analysis. Visual representation of obtaining pushover curve for a MDOF system is
shown in Figure 3.2. Determination of target displacement according to Eurocode-8

is explained step by step.

Figure 3.1 : Input data for pushover, [3].
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Figure 3.2 : Represetation for evaluation of pushover (capacity) curve [3].

First step is transformation to an equivalent single degree of freedom (SDOF)
system, (Figure 3.3). Several variants have been proposed for the transformation of a
planar MDOF system to an equivalent SDOF system. Fajfar used and explained one
of these procedures as follows. The variant of the transformation that is used by
Fajfar and accordingly stated in Eurocode-8 [10] was derived by assuming a time-
independent displacement shape {®,,} (normalized to the top displacement ®,, = 1)
and a vertical distribution of lateral resistance {P} = [M]{®}, where [M] is a
diagonal mass matrix. Furthermore, it was required that the original response spectra
could be used (i.e. that the transformation of the spectral amplitudes is not needed).

k'=F [D,

T' = 2n/m' /K"

i D - [f

Figure 3.3 : Transformation from MDOF sytem to SDOF system.

The resulting transformation can be written in the form:
R*=¢oR (3.1)

where R* represents the quantities in the equivalent SDOF system such as force F*
displacement d* and hysteretic energy Ej; and R represents the corresponding
quantities in the MDOF system such as base shear F,, top displacement d,,, and

hysteretic energy Ey. Constant ¢, is defined as shown in Equation (3.2).
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(3.2)

In this equation m; is the concentrated mass at the i** storey. The value in the
denominator represents the mass of the equivalent SDOF system (see Equation
(3.4)). Numerical experiments have shown that the results are relatively insensitive to
small or moderate changes in {&}. Consequently, a rough estimate of deformation
shape {®} can be made. For the pushover analysis the lateral load distribution
{P} = [M]{®} should be used, [3].

Accordingly, transformation of a MDOF system to SDOF in order to evaluate target
displacement is described in Eurocode 8 [10] as follows. Relation between
normalized lateral forces F; and normalized displacements ®; is assumed as shown
in Equation (3.3). Displacements are normalized in such a way that ®,, = 1, where n

is the control node (usually, n denotes the roof level). Consequently, F, = m,,.

Fi =m;®; (3.3)

The mass of an equivalent SDOF system m* is determined same as explained above
and the Equation (3.4) shows the formula. Accordingly, transformation factor I' can

be computed as shown in Equation (3.5).

m" = z m;®P; (3.4)
. m* Y F

S Yme? S (E) (3.5)
m;

The force F* and displacement d* of the equivalent SDOF system are evaluated by
using transformation factor I'. The equations for determination of force F* and
displacement d* are given in Equations (3.6) and (3.7), where F, and d, are,
respectively, the base shear force and the control node displacement of the MDOF

system.

F'=— (3.6)
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d* = d—; (3.7)
Subsequently, the idealized elasto-perfectly plastic force-displacement relationship is
needed to be determined. It is assumed that the yield force F,;, which represents also
the ultimate strength of the idealized system, is equal to the base shear force at the
formation of the plastic mechanism. Stiffness of the idealized system is determined
in such a way that the areas under the actual and the idealized force — deformation

curves are equal, (Figure 3.4).

A plastic
mechanism
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Figure 3.4 : Determination of the idealized elasto-perfectly plastic force-
displacement relationship, [10].

Based on this assumption, the yield displacement of the idealized SDOF system d;,

can be calculated as stated in Equation (3.8), where E;, is the actual deformation

energy up to the formation of the plastic mechanism.

E*
d; =2 <d;‘n - F’f) (3.8)
y

Third step of this procedure is determination of period of idealized equivalent SDOF
system. Equation (3.9) represents calculation for the period of the idealized

equivalent SDOF system (T™).

(3.9)
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The target displacement of the structure with period T* and unlimited elastic
behavior is given in Equation (3.10), where S.(T*) is the elastic acceleration

response spectrum at the period T*.
T* 2
et = Se(T™) [ﬁ] (3.10)

For the determination of the target displacement d; for structures in the short-period
range and for structures in the medium and long-period ranges different expressions
should be used as indicated below. The corner period between the short and medium

period range is T¢.
e In case of short period range, which means T* < T, , two cases are possible.

¢+ First case is elastic response case that occurs due to

*

by =5, (3.11)
Accordingly, the target displacement d; can be assumed as follows,
di = dg; (3.12)
¢+ The other case is nonlinear response which is caused by:
y /e < Se(T") (3.13)

Therefore, the target displacement d; can be calculated with Equation
(3.14), where q,, is the ratio between the acceleration in the structure

with unlimited elastic behaviour S.(T*) and in the structure with

F*
- 3
limited strength /m*.

d: T,
di = q—’:(l +(qu—1 T—C) > dgy (3.14)
S (T")m”
W= (3.15)
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e On the other hand, in case of medium or long period range, which means
T* > T, , target displacement can be assumed equal as Equation (3.16).

However, d; should not exceed 3d;;.
dp = de; (3.16)

The relation between different quantities is shown in Figure 3.5. The figures are
plotted in acceleration - displacement format. Period T* is represented by the radial

line from the origin of the coordinate system to the point at the elastic response

spectrum defined by coordinates d* = S, (T*)(T*/zﬂ)2 and S, (T™).

t[; d =d, d

Short period range Medium and long period range

Figure 3.5 : Determination of the target displacement for the equivalent SDOF
system [10].

Finally, determination of the target displacement for the MDOF system can be

obtained due to target displacement of SDOF system. Required equiation is given as

Equation (3.17). The target displacement corresponds to the control node, [10].

de = T'd; (3.17)

3.2 Performance Assessment With Nonlinear Dynamic Analysis

Nonlinear dynamic analysis can be performed with exposing a combination of
ground motion records to the structural model. Thus, it provides accurate results. It is
possible to represent the ground motion in terms of ground acceleration time-
histories and related quantities (velocity and displacement). Applied ground

accelerations (accelograms) can be recorded or artificial accelograms. Addionally,
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time step d;;me, duration of the ground motion T,,,, and maximum peak ground

acceleration (pga) are important paramters of these accelograms.

The equilibrium for evaluation of dynamic response of multi degree of freedom
(MDOF) systems with time-history analysis is given below. There m represents mass
matrix, ¢ is damping coefficient and f; is elastic force or inelastic resisting force. u
represents displacement vector so that, ¢ and ii equals to respectively velocity and

acceleration. Exitation vector is defined as p(t), [31].

mil + cu + f;(u, 1) = p(t) (3.18)

In non-linear dynamic analysis, the non-linear properties of the structure are
considered as part of a time domain analysis. Accordingly, material nonlinearty and
geometrical nolinearty (P-Delta) is taken into account in the material model.

A procedure for dynamic analysis is inclueded in Eurocode 8. The main objectives of
this procedure are represented here. It is stated that, when a spatial model of the
structure is required, the seismic motion shall consist of three simultaneously acting
accelerograms. Depending on the nature of the application and on the information
actually available, the description of the seismic motion may be made by using
artificial accelerograms and recorded or simulated accelerograms. Since this study is
performed only with artificial accelograms, rules of Eurcode 8 for artificial

accelograms are presented.

Artificial accelerograms shall be generated so as to match the elastic response spectra
and for 5% viscous damping. The duration of the accelerograms shall be consistent
with the magnitude and the other relevant features of the seismic event underlying
the establishment of design ground acceleration a,. When site-specific data are not
available, the minimum duration T of the stationary part of the accelerograms
should be equal to 10 s. The suite of artificial accelerograms should observe the

following rules;
¢ A minimum of three accelerograms should be used.

e The mean of the zero period spectral response acceleration values (calculated
from the individual time histories) should not be smaller than the value of

a, + S, where S represents soil factor, for the site in question.
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e In the range of periods between 0.2 T; and 2 T;, where T; is the fundamental
period of the structure in the direction where the accelerogram will be
applied; no value of the mean 5% damping elastic spectrum, calculated from
all time histories, should be less than 90% of the corresponding value of the

5% damping elastic response spectrum.

Three artificial accelograms, which are corresponding to elastic response spectra, are
obtained with software SIMQKE. It is proposed by Massachusetts Institute of
Technology, [32].
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4. MODEL BUILDING FOR CASE STUDY

This part of the thesis is carried out as a continuation of the project ATTEL [33],
which is both an analytical and experimental study and conducted in University of
Trento, Italy. The project ATTEL comprises assessment of high strength steel (HSS)
and steel-concrete composite circular hollow sections (CHS) for columns and
connections under earthquake and fire loads. Analytical study had been performed

for two-dimensional (2D) moment resisting frame, for columns and for connections.

Although the Project ATTEL proposed to develop new design criteria to extend
using HSS and steel-concrete composite filled tubes (CFT), this study is not
concerned with the design of the structure. This study evaluates the seismic

performance of the structure that has already been designed.

Analyses of two-dimensional (2D) shear walls and three dimensional (3D) structure
that are exposed to earthquake loads are in the scope of this study. Modeling and
analysis of shear walls are performed firstly. Then shear wall model is combined
with 3D model of the structure. This section contains explanation of analyses of 2D
shear wall and performance assessment of 3D building at the shear wall direction.

This assessment is performed according to Eurocode 8.

4.1 Structural System of the Building

This section contains detailed information about the structure that is subject to case
study of the thesis. Geometrical information, modeling of steel-concrete composite

frames and properties and modeling of shear walls are explained.

The sturcure has considerable structural properties, that high strength steel is used for
columns and columns are circular hollow sections filled with reinforced conrete.
Structural information about the 3D building is provided from the Msc thesis of
Fassin, since the modeling and analysis for 2D moment frame of the structure is

performed within thesis of Fassin, [34].
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The structure is a five-story building; each story has 3.5 meters of story height.
Dimensions of building are 32m x 32m. There are 4 spans in each direction, that
means a square mesh of primary beams with 8 m (Figure 4.1). The secondary beams
are placed two in each mesh and with 2.67 m far from the primary beams. Lateral
load resisting system is moment frames with steel-concrete composite columns in
one direction (Y direction), in the other direction (X direction) frames with

reinforced concrete shear walls.
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Figure 4.1 : Plan view of the ground floor.

The stairwells are located between two shear walls. This type of design is done as
prevention in case of fire or earthquake. There are four equal shear walls in the
building. Modeling and analysis of the shear wall has done separetely from 3D
building to check the behaviour of the shear wall. After that, the shear wall model is

entagrated to Opensees model of 3D building.
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As it is seen in Figure 4.2, beams that are located between axes 2-2 and 4-4 are larger
than other primary beams, since they are passing trough the open space. These beams
have 16 m span and HEB 650 type of beams with S355 class of steel are used there.
Primarly beams are HEB 280 and HEB 200 is preferred for secondary beams. Steel
class of HEB 280 is choosen as S275.

Accordingly, length of the primary beams is 8 m and area of them is 6041.11 mm?.
CFT columns have 3.5 m height and 99314.67 mm? area. The beam-column
connections, in other words joints are assumed 0.515 m long with 6041.11 mm? area,

which is equal to area of beams. Detailed drawings of the structure are represented in

Appendix A.
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Figure 4.2 : Sectional view of axis C-C.

The beams are connected to the concrete slab, so that they are assumed as composite
members. The slab has 110 mm total thickness, consisting of the steel sheeting with
1 mm thickness and 55 mm height. Hence, there is 55 mm reinforced concrete.
Reinforcement is minimum required reinforcement, which equals to rebars with 10
mm diameter and 100 mm intervals. This slab is designed with assumption that it
works together with the beams through the connectors Nelson (a type of connector)
applied on top of the beam flange. Figure 4.3 represents a section of the composite
slab. Detalied illustrations of the composite slab and beams are shown in Appendix
A.
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Columns are composed of composite filled tubes. Steel circular sections have 406

mm diameter and 12 mm wall thickness.
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Figure 4.3 : Sectional view of composite slab.

Dimensions of shear walls are 6m x 0.30m with 17.5m height, which is the height of
the structure. According to these dimensions, shear walls are slender reinforced
concrete shear walls. As follows, height (h,,) to length (,,) ratio is greater than 2.0,
[17].

h _ 17.5m _
W/lw = /6.0m = 2:916 > 2.0 (4.1)
There are four equal shear walls, which are located at the same direction of the

building. Consequently, only one type of shear wall has been modeled. Geometrical

representation of the shear wall is given in Figure 4.4.
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Figure 4.4 : A representation of shear wall.
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Detailed definition of geometrical properties of RC shear wall is required in order to
build confined concrete material and fiber section. Core dimensions to centerlines of
perimeter hoop in x and y directions are b.=121m and d, = 0.25m.
Reinforcement size differs at each level of the wall. Detailed drawing and table of

quantities for reinforcement details of shear wall are given in appendix A.

For the ground floor, where confined concrete is used, diameter of transverse
reinforcement is d, = 8 mm that comes up to @ 8 and diameter of longitudinal
reinforcement is d; = 22 mm, which comes up to @ 22. Figure 4.5 represents

ground floor section.
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Figure 4.5 : Reinforcement details of ground floor shear wall section.

Since reinforced concrete and steel materials are collaborated in design of this
building, it can be named as a composite building. In this sense, columns are circular
hollow sections filled with reinforced concrete. Beams are steel sections connected
with connectors to reinforced concrete slabs. Sectional stiffness of these composite
columns are evaluated according to Equation (2.19). On the other hand shear walls

are reinforced concrete components.

Ordinary structural steel is used for beams. Primary beams HEB280 and secondary
beams HEB200 has steel class S275 and main large beams (beams with 16 m span)
are HEB650 and has steel class S355. The plates are also S355. Tubes that are used
for columns are formed with high strength steel (HSS) class S590. Type of bolts that

are used in connections is 10.9.

Steel sheeting is used in order to locate concrete slab on the steel beams. Class of
steel sheeting is CR 250. Steel beams are connected with shear connectors from the

upper flange to the steel sheeting. Shear connector type is Nelson 450.
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Reinforced concrete elements have two material components, as it is known;
concrete and reinforcing steel. Similar to explanations given before, concrete
material definition is divided into two, confined and unconfined concrete. Concrete
material is assumed unconfined for composite components. However, confined

concrete part of shear walls is taken into account.

The reinforcing steel class is BC450 and mechanical properties that are identified
according to the Eurocode 2 and stress-strain relationship of reinforcing steel is
represented in Figure 4.6. Characteristic yielding strength f,,, of BC450 is 450 MPa.
Elastic modulus E, which is defined as the ratio of tensile stress to tensile strain, is
200 x 10% MPa. So that yielding strain e, can be calculated with f,, /E that results
in 0.00225. Ultimate strength £,, and corresponding strain eg, are respectively given
as 517.5 MPa and 0.075.

Stress-strain relationship for reinforcing steel
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Figure 4.6 : Stress-strain relationship for reinforcing steel.

Unconfined concrete is the concrete without transversal reinforcements. This type of
concrete has the characteristic properties of the concrete that is given by design
codes. In this project shear walls have transversal reinforcement at all floors, but
extra hoops are located at edge of the ground floor section (Figure 4.7). There is
transversal reinforcement between longitudinal ones and cover concrete but there are

not extra hoops, at other parts and other floors of the wall. In addition, the shear wall
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section is wide. Therefore, concrete properties of these parts are assumed as

unconfined concrete.
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Figure 4.7 : Representation of fibers of sections.

Used concrete class is C30/37. Mechanical properties of unconfined concrete are
applied in terms of Eurocode 2. Characteristic compressive strength f., and
corresponding strain e, for concrete class C30/37 are repectively 30 MPa and 0.02.

Strain at ultimate strength e_,, for the same concrete class is 0.035.

Mostly reinforced concrete elements have spirals or hoops, which surround the
longitudinal reinforcement. Even though these transversal reinforcements are used to
surround longitudinal rebars, they considerably increase strength of concrete that
remains inside transversal reinforcement. Mechanical properties of confined
concrete, the concrete that remains inside transversal reinforcement, has determined
by using Mander material model. Calculations for mechanical properties of confined
concrete are explained and results are compared with results of Opensees.

Mander confined concrete model has elaborated previously. Equation to evaluation
of compressive strength of confined concrete was given in Equation (2.1).
Calculations for mechanical properties of confined concrete defined in shear walls of
the study are given in this section. Accordingly, required parameters for calculation
of compressive strength of confined concrete are given below. Compressive strength
unconfined concrete f, and yield strength of transverse reinforcement f,, are
initially needed. f, is defined above and f,, is equal to yield strength of the

reinforcing steel f,,, which is 450 MPa for reinforcing steel class BC450 according

to Eurocode 2.
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Ratio of area of longitudinal reinforcement to area of core of section p.. is one of the
required parameters. According to Equation (2.5), area of core of section enclosed by
centerlines of the perimeter hoop A, and total area of longitudinal reinforcement Ag;

are needed for calculation of p... A, is calculated as follows:
A.=b.-d. =121m-0.25m = 0.3025 m? (4.2)

Total area of longitudinal reinforcement is calculated for confined part of the section.
There are 26 @ 22 at the edge regions of the wall at ground floor and total area Ag; is

given below.

22

Ag =26 +107¢ = 0.00988 m? (4.3)

Accordingly, ratio of area of longitudinal reinforcement to area of core of section p,,

is given in Equation (4.4).

Ay 0.00988 m?

O 200 6,032
Pec = 4 = 03025 mz 00326 (4.4)

Considering Equation (2.4), area of concrete core A, is calculated as follows:
Ace = A.(1 — pee) = 03025 (1 —0.0326) = 0.2926 m? (4.5)

In order to obtain confinement effectiveness coefficient (for rectangular hoops) k.,
area of effective confined concrete core at hoop level A4, is required in addtion to
A... Steps to calculate A, are shown in Equations (2.6) and (2.7). So that, total plan
area of ineffectually confined core concrete at the level of the hoops A4; is calculated
due to Figure 4.5. Where w; (which stands for i th clear distance between adjacent

longitudinal bars) starts with 8 mm and continues as 10 mm.

n 2 2 2
A; =;(W6i) = (0'028) +11-(0'(;1) =1.94-107* (4.6)
Clear vertical spacing between hoop bars s’ is sepcified in order to implement to
Equation (2.6). Representation of s’ and s can be seen in Figure 4.8. s is vertically
center to center spacing of hoops and it is 10 mm for ground floor section of the

shear wall.
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Figure 4.8 : A vertical section of RC shear wall at ground floor.

Thus, clear vertical spacing between hoop bars is obtained as s’ =s—dy =
0.1 m — 0.008 m = 0.092 m.

0.092 > ( 0.092

_ _ . -4 —
A, = (0.3025 — 1.94- 10 )(1 > 121 2025

) = 0.222 (4.7)

Confinement effectiveness coefficient k, is calculated due to parameters defined

above for providing the fact A, < A..

A, 0.222m?
ke =—=

A~ 02926mz - 07> (4.8)

Since compressive strength of confined concrete is evaluated for strong direction of
the shear wall, the lateral confining stress on the concrete is obtained for x direction
fix In terms of Equation (2.8). Therefore, ratio of the transverse confining steel
volume to the volume of confined concrete core at x direction p, is obtained
according to Equation (2.10), where A, is the total area of transverse bars running in

the x direction.

2,

Vs
Ay =2 1076 = 1-10™*m? (4.9)

Age 1-107*
s-d, 0.1-0.25

Py = = 0.004 (4.10)

All parameters for calculation of effective lateral confining stress on the concrete in
the x direction f;, are calculated, and it is exposed as follows according to Equation
(2.8):
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fix = px " fyn = 0.004 - 450000 = 1800 KN/ , (4.11)

Herein transition from lateral confining stress f;, to effective lateral confining
pressure at x direction on the concrete section f;" was described in Equation (2.2) and

the result is given in Equation (4.12).
fi' = kefix = 0.759-0.004 - 450000 = 1366.2 kN/m2 (4.12)

Finally, all required components for calculation of compressive strength of confined
concrete are obtained. Consequently f_. is given below according to Equation (2.1).
All these parameters of Mander confined concrete material model are defined in
Opensees script. When the results of Opensees compressive strength of confined
concrete calculations are compared with the result found out in Equation (4.13),

0.012% difference is obtained and it is a tolerable error.

7.94 - 1366.2 5 1366.2
30000 30000

£l =30000| —1.254 + 2.254]1 +
(4.13)

fle = 38551407 KN/,

Additionally strain of confined concrete at compressive strength (e..) and elastic
modulus of confined concrete (E.) can be defined according to Mander et. al. as

given in equations respectively (2.12) and (2.13). For this shear wall section, they are

given below.
= 0.002 [1 +5 (38551'407 1)] = 0.00485
ecc = 0. 30000 = 0. (4.14)
E, = 5000 /30 - 1000 = 27386127.88 kN/m2 (4.15)

Strain of confined concrete at ultimate stress e, is calculated in terms of (2.14) and

result is as follows:

0.075-450000 - 0.004

ecey = 0.004 + 30000 = 0.0085 (4.16)

Opensees gives the same results with the calculations above. Opensees results for
elastic modulus E, = 27386127.875 kN/m2 and strain results at compressive

strength and ultimate strength of concrete are respectively e.. = 0.00485 and
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eccy = 0.0085. As a result, Opensees data gives accurate results. Stress strain
relationships for confined and unconfined concrete fibers are illustrated in Figure 4.9

due to Opensees pushover analysis results. Negative values represent compressive.

Stress-Strain for Confined and Unconfined Concrete
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Figure 4.9 : Comparison between confined and unconfined stress-strain relationship.

Shear strength and torsional capacity of shear wall section is implemented with
various material models. Definition of these properties in Opensees is represented

futher, but calculations of shear strength and torsional capacity exist below.

Since the shear wall is slender as shown in Equation (4.1), a flexural collapse is
expected. In this case, shear is assumed linear-elastic. Elastic material model is
implemented with uniaxial elastic material command in Opensees. According to
Equation (2.15), shear modulus of shear wall section G, is calculated and poisson

ratio v is taken as 0.25.

_27386127.88

=~ 10954451.15 kN
Geo 2-(1+0.25) 0954451.15 *V/ 2 (4.17)

Shear section stiffness can be defined as gross section stiffness or reduced section
stiffness for elastic models. Reduced section stiffness is preferred in this study. It is
assumed that, 0.1 of gross section area is the effective area for the shear. Gross

section area A, is obtained as; A, = 0.3m-6m = 1.8 m?. Accordingly shear
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capacity V is calculated as given below and implemented as tangent ($E) in uniaxial

elastic material model (Figure 2.18).
V=01-G,-Ay=0.1-10954451.15- 1.8 = 1971801.207 kN (4.18)

Torsional capacity of the section is necessary for 3D model of shear wall. There are
not any torsional effects in 2D model under lateral loading, so that torsional capacity
of the wall is implemented only to the 3D model. Tresca criterion is used to calculate
maximum shear stress 7,,4, due to Equation (2.18). Torsional moment capacity My
is defined as strength of material, torsional stiffness G,/ is defined as initial elastic
tangent and strain-hardening ratio b is defined as 0.01 (Figure 2.19).

v 30000
Tmax = % =——=15000kN/ , (4.19)

Firstly, polar moment of inertia for rectangular secions J can be obtained with the
formula; J =1, -d3/3 which equals to 6-0.33/3 = 0.66 m*. Subsequently
torsional stiffness is obtained as follows:

Geol = 10954451.15 - 0.66 = 7229937.759 kNm? (4.20)

Length from further point to the center of the section [,,,, for the shear wall section
that has 6 m width, is obtained as; l,,,x = b/2 = 3m. Due to Equation (2.16),

torsional moment capacity M, is evaluated below.

= Tma J _ 15000 0.66

= 3300 kNm (4.21)

lmax 3

4.2 Analytical Models of the Moment Frames and Shear Walls

Firstly, 2D moment frames are built. Components are modeled as elastic and

nonlinearty of the elements are defined with lumped plasticity models.

Elastic beam-column element definition is applied for columns and beams. At the
ends of the elements a plastic hinge region is defined with zero length element and
nonlinearty is implemented to these regions. Bouc-wen material and pinching

material models are used in order to define nonlinearity.
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Nonlinearty of columns is expressed only with Bouc-wen model, but both Bouc-wen
and pinching models are applied for nonlinearty of beams. Combination of bouc-wen

and pinching objects is provided with parallel material command, [34].

Transformation of 2D frames to 3D structure is performed and properties of the
frames do not change. Torsional properties are defined in addition to 2D modeling.
Shear walls are implemented to 3D model as the last step of modeling.

Initially a 2D shear wall model is built separately from the building model, in
Opensees. Thus, behavior of the shear wall model is checked before integrating to
the 3D building model. In this model one element defined for each floor, this means
there are totally five elements in 2D shear wall model. The wall is fixed at the base
and it is assumed as cantilever in case of 2D modeling. Loads are applied uniformly

to nodes, which are defined as one node at each floor.

Additionally geometric nonlinearity is defined by using P-Delta command that
represents P-Delta effect. P-Delta command is used to construct the P-Delta
coordinate transformation object, which performs a linear geometric transformation
of beam stiffness and resisting force from the basic system to the global coordinate

system, considering second-order P-Delta effects, [12].

Material properties are implemented by using uniaxial material model. Uniaxial
material model assumes that plane sections remain plane and perpendicular to the
neutral axis. In addition, the material models cover nonlinear force and deformation

relationship of element sections which is called material nonlinearity.

A preliminary study is performed about concrete material models to find the
compatible material model for this study. Two types of concrete materials, which are
concrete 01 and concrete 04 material objects, are applied. Stress-strain response of
these materials are examined and compared, (Figure 4.10). Detailed information

about concrete 01 and concrete04 material models are given in Chapter 2.
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Stress-Strain Comparison of Concete01 and Concrete04
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Figure 4.10 : Comparison of stress-strain curves of concrete01 and concrete04
material models for confined concrete fibers.

Kent-Scott-Park Model of the concrete material is implemented as uniaxial material
concrete01 in Opensees. Concrete01 material gives behavior of concrete material
with degraded linear stiffness according to the work of Karsan-Jirsa. It does not
perform tensile strength as shown at Figure 2.4. Popovics material model of concrete
is implemented as uniaxial material concrete04. This material model performs tensile
strength with exponential decay [12]. In Kent-Scott-Park model, deformation of
concrete material increases at constant load after the failure. This behavior causes
difficulties to find out crushing strength of the shear wall. Besides in Popovics model
after failure of concrete material, strength decreases sharply until zero. By using
concrete04 material model failure of shear wall can be observed (Figure 4.11).
Therefore, Popovic material model, which is implemented as uniaxial material
concrete04, fulfills requirements of this study. Stress-strain relationship for

concrete04 material can be seen in Appendix C.
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Comparison For Force-Displacement Curves of

Concrete01 and Concrete02
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Figure 4.11 : Comparison of pushover-curves for shear walls with concrete 01 and
concrete04 material models.

Although definition of tensile strength of concrete is possible by using concrete04
material objects, it is neglected for both confined and unconfined concrete in this

study.

Giuffré-Menegotto-Pinto Model is used to define behavior of reinforcing steel. This
model constitutes strain hardening at post yielding and works under cyclic loading.
Giuffré-Menegotto-Pinto Model can be implemented with isotropic strain hardening

as uniaxial material steel02.

Charactreistic properties of reinforcing steel are explained in Section 4.1.
Additionally, values that control the transition from elastic to plastic branch and
strain hardening value are required parameters for steel02 material model. Strain
hardening b is assumed as zero. Other values are defined according to the
suggestions given in Opensees command manual, for instance transition parameters
are implemented as R, = 15, cR; = 0.925 and cR, = 0.15.

Shear behavior of the wall is assumed as elastic and uniaxial elastic material
command is used to construct the shear material. Shear capacity V, which is obtained

as 1971801.207 kN, applied as tangent ($E) of uniaxial elastic material model.
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Torsional strength of the section is implemented with steel01 material command.
Subsequently torsional stiffness G.qJ, which is equal to 10954451.15 kN /m?, is
defined as initial elastic tangent, strain-hardening ratio b is defined as 0.01 and

torsional moment capacity M is implemented instead of yielding strength.

Fiber model is used to define shear wall section in Opensees. Fibers are smaller
regions of the section for which the material stress-strain response is integrated to
give resultant behavior, [12]. Each fiber represents the material in that position of
the section. Representation of section is shown in Figure 4.7.

Section is subdivided into 240 regions in y direction, 12 regions in z direction for
concrete material definition. Since the transversal reinforcement at edges of the
section is located only at ground floor, confined concrete material properties is
implemented only at ground floor sections at edges of the section (Figure 4.7).
Reinforcement steel material properties are implemented with layer straight object at

the exact locations of reinforcements.

Shear strength and torsional capacity of the section are defined separately from
section definition and combined to the model using section aggregator command.
Section aggregator combines material objects into a single section force-deformation
model. Shear capacity of section that is defined with elastic material object is
combined with flexural section, by section aggregator object both for 2D and 3D
model of shear wall (Figure 4.12). Torsional capacity of section that is defined with
steel01 material object is combined with flexural and shear section by section

aggregator object for only 3D model of shear wall (Figure 4.13).

Flexural Section with
confined and unconfined
cocnrete04 and steel02
material models

Shear Section with elastic
material model

600 ?A

S[‘ SHEAR SECTION ‘

Figure 4.12 : Representation of section aggregator for 2D model.
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material models

Shear Section with elastic
material model
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)
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Figure 4.13 : Representation of section aggregator for 3D model.

Decision of how to model the shear wall is made according to examination given in
Section 2.1.5. With refrence to this section lumped plasticity model needs knowledge
or assumption of location and extent of plastic hinge. Additionally in this model
nonlinear behavior occurs only at the plastic hinge region, other parts of the element

remain elastic.

Distributed plasticity model does not need plastic hinge assumptions. Additionally
distributed plasticity definition gives perfect results for slender shear wall modeling,
[35]. Nonlinear beam-column element object, which considers spread of plasticity
along the element, is implemented in order to build shear wall model with distributed

plasticity.

Beam column element can be defined as forced based element or distributed based
element. However, definition of these elements is different from each other. In order
to increase the accuracy of the solution, number of elements or number of integration
points could be increased for forced based element. On the other hand, only
increasing number of elements gives more accurate results for distributed based
element model. Forced based element converges faster according to increase of
number of integration points. Additionally distributed based element needs finer fiber
mesh for local response than global response. However, forced based element does

not require mesh refinement for computation of global and local response, [26].
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Finally, shear wall element that is defined with distributed plasticity is built by using
force based nonlinear beam-column element object. One element is defined for each

floor and five integration points are defined for each element (Figure 4.14).

node /
<
4 A
<J
node 6
®
A node 3
- VexnsAR
ﬁ —
node 9
®
) L
/

2
&

5 integration points for each element

S
A
1 element for each story

\
%
:

(DS
D

4 T 7 no

]
]

Figure 4.14 : Representation of forced-based beam-column element model.
4.3 Analyses Of The Shear Wall and Building

Analyses of 2D shear wall model are performed initially and analyses of 3D building
model are followed them. Three types of analyses, which are moment-curvatre,
monotonic nonlinear and cyclic nonlinear analyses, are perfomed. On the other hand,
3D structure is exposed to different analyses from the shear wall such as modal,

monotonic pushover and time-history analyses.
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4.3.1 Analysis of the shear wall

A set of analysis is performed in order to control the input data and behavior of used
commands for shear wall. These analyses are respectively gravity, moment-

curvature, pushover and cyclic nonlinear (ECCS) [36] analyses.

Gravity analysis is a static linear analysis and gravity loads are generally independent
from the type of analysis. Gravity analysis is performed for both 2D shear wall
model and 3D building model. Gravity loading, analysis and results of analysis for

shear wall are discussed in this section.

Weight of the shear wall is assumed as gravity load of the shear wall. Density y is
assumed 2.5 ton/m?3 for reinforced concrete material. Accordingly shear wall mass
for each floor is calculated (Figure 4.15) and loading is shown in Figure 4.16. Node
numbers also can be seen in these figures. Masses at nodes 3, 4, 5 and 6 is
represented as m, and calculated in Equation (4.22), with considration of story
height hy that is equal to 3.5 m. Addionally, m, represents mass at node 7 and it is

assumed to be equal to half of m,. So that, m, = m,/2 = 7.875 ton.

my = 1.8-2.5-3.5=15.75ton (4.22)

=ﬂ’]d9 / |:> m2:7.875 ton

M, =15.75 ton

/}J’j// —> M, =15.75 ton

v node 4
. o100e M, =15.75 ton
e A
=rmde 5 M, =15.75 ton
SR N A
p 2
- Jnode |

Representation of concentrated
mass of the shear wall

Figure 4.15 : Mass distribution of shear wall.

Gravity loads and load distribution is applied based on concentrated mass definition.

Axial (gravity) loads at nodes 3,4,5 and 6 can be named as P;. Since acceleration of
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gravity g is 9.806 m/s? , P, is equal to m, - g and it results in; P, = 15.75 -
9.806 = 154.4445 kN. Accordingly P, is equal to m,-g and it is 77.222 kN

Gravity load distribution is represented in Figure 4.16.

‘ g
2 ps
b
node J

Figure 4.16 : Gravity loading of shear wall.

Three support reactions could occur at the base of 2D shear wall model since fixed
support is defined at nodel. Only axial loads are implemented during the gravity
analysis, so that horizontal support (shear) reaction and moment reaction is expected
to be zero. Additionally vertical support reaction should be equal to total axial

loading.
Np =4:P, + P, = 4-154.4445 + 77.222 = 695 kN (4.23)

Finally gravity analysis results are checked whether meets the expectations. Vertical
support reaction Ny is obtained 695 kN, which is same as calculated value.
Horizontal support reaction and moment reaction are obtained as respectively
—7.212 x 1072°kN and —5.174 x 10~* kNm which are almost zero. Finally,

gravity analysis results confirm that Opensees data is correct.

Moment-curvature analysis is performed in order to evaluate moment capacity of

shear wall section at the ground floor. This analysis is a two dimensional (2D) and a
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cross-sectional analysis. Therefore, a zero-length element is defined with the fiber

section.

It is the ground floor section of the shear wall shown in Figure 4.7. Two nodes
(Nodel and Node2) are defined at coordinate (0, 0, 0) in order to build zero length
element. Nodel is restrained in all directions and Node2 is restrained only in
direction y. Loads are applied at Node2. Visual definition of loading and moment-

curvature analysis is shown in Figure 4.17.

Total gravity load of the shear wall is applied as an axial load during the analysis
and gravity analysis is performed initially. Later curvature is taken into account as
the control parameter. Curvature is increased step by step until the maximum
curvature of the section. As a result moment-curvature of the element with zero

thickness is obtained.

Finally moment curvature analysis is a cross-sectional analysis that is not concerned
about the properties of the element, like height, definition or support conditions of
the element, except the cross-sectional properties. Results of this analysis are
compared with calculated moment capacity of the shear wall section. Calculations

and analysis results are given further under the analysis results section.
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Figure 4.17 : Representation of loadig for moment-curvature analysis.
4.3.1.1 Static monotonic nonlinear (pushover) analysis

Nonlinear static analysis is analysis of a structure using a specified load pattern,
where loading is started from zero, and increased up to a stated displacement.
Initially gravity loads and then lateral forces are applied. Lateral forces should be
increased systematically until the failure of the structure. In this study displacement
is applied instead of horizontal force. Load pattern is shown in Figure 4.18.

Displacement increment is assumed 1 mm for each step. This analysis is performed
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to investigate the relation between base shear force and roof displacement of the
structure. Generally, displacement of the node, which is at the mass center of the
roof, is taken as roof displacement of the structure. As a result of this analysis

pushover curve (the curve where base shear force versus roof displacement) is

obtained.
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Figure 4.18 : Representation of static monotonic loading.
4.3.1.2 Static cyclic nonlinear (ECCS) analysis

Cyclic nonlinear analysis is performed in order to evaluate the hysteretic behavior of
shear wall. ECCS procedure is implemented for cyclic loading, [36]. According to
ECCS [36] procedure loading depends on increase of displacement. Characteristic of

increase of displacements is given step by step. Steps are given below.

One cycle in the —e,/4 +e,/4  interval
One cycle in the —e,/2  +e,/2 interval
One cycle in the —3e,/4 +3e,/4 interval
Three cyclesinthe —e,, +e, interval
Three cyclesinthe —2e,, +2e, interval
Three cyclesinthe —4e,, +4e, interval
Three cyclesinthe —6e, +6e,, interval
Three cyclesinthe —8e,, +8e,, interval
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Yielding displacement (e,) is obtained according to pushover curve due to

methodology that is defined in ECCS procedure (Figures 4.19 and 4.20). A regular
behavior of shear wall is expected under regular loading.

Evaluation of Fy and Corresponding Displacement ey
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Figure 4.19 : Evaluation of yielding displacement (e,).
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Figure 4.20 : ECCS loading procedure.

65



4.3.2 Analyses of the building

Analyses for 3D structure are performed in order to evaluate performance level of 3D
structure. Both non-linear static analysis and nonlinear dynamic analysis are
performed and displacement demans according to these analysis are compared. Three
type of analysis are performed, which are nonlinear static (pushover), modal and

nonlinear dynamic analyses.

Information about pushover analysis is given in Section 4.3.1. Load pattern and
assumptions, which are given in that section, are applied for 3D building model too.
This analysis is performed for 3D building model in order to obtain nonlinear
behavior the structure and to evaluate seismic performance of the building according

to Eurocode 8.

Modal analysis is performed in order to evaluate vibration characteristics of the
structure, which is needed for assessment of seismic performance of the structure

according to Eurocode 8. Mode shapes and natural frequencies are obtained.

Time-history analysis of 3D building is performed in order to evaluate dynamic
response of the structure under seismic loading. Displacement demand of the
structure is obtained as a result of time-history analysis. Three artificial
accelerograms, which are matching with the response spectrum, are imposed as
loading of dynamic analysis. Maximum peak ground acceleration (pga) is 2.82823
m/s? as stated in the accelerograms. Accelograms are shown in Appendix B. Scale
factor is assumed 1.0; otherwise, the accelerograms would not match with the

response spectrum.

Dynamic analysis parameters are assumed as follows; time step d;;m. as 0.01 s and
duration T,,,, as 25 s. Additionally ground motion is applied in shear wall direction.
In this study main purpose of the nonlinear dynamic analysis is comparison of
demand displacement and target displacement of the structure. Results of dynamic

analysis and comparison of displacements are given in further sections.

4.4 Analyses Results

Analyses results generally fulfill expectations. It is proved that shear wall model

works in good manner, pushover curve and strength level is as expected and time-
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history analaysis provides the maximum top displacements of the structure. In this

context, detailed explanations about analysis results are presented.

4.4.1 Moment-curvature analysis results of shear wall

Moment capacity of ground floor section of the shear wall is calculated. This section
contents calculations of moment capacity of shear wall section for the ground floor.
Result of calculations gives an idea about moment capacity of shear wall.
Additionally a comparison between the results of Opensees analysis and moment

capacity calculations is performed.

Moment-curvature analysis is perfomed for ground floor section of shear wall in
Opensees. Results are shown in Figure 4.21. Moment capacity M,,. of the ground
floor section is 41773 kNm and corresponding curvature ¢ is 0.007 1/m with

reference to these results.

Moment-Curvature of Base Floor Section

45000

40000 , N
__ 35000 [ \\
§ 30000 \
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[
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10000
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0 T T T T T 1
0.00 0.01 0.01 0.02 0.02 0.03 0.03
¢ (1/m)
- Moment-Curvature

Figure 4.21 : Moment-curvature of shear wall section.

Moment capacity calculations of shear wall section are performed with a civil
engineering software, Gelfi [37]. This software has been developed by Piero Gelfi
[37] for civil engineering problems. Properties of shear wall section were given
previously. Moment capacity calculations are performed only for the section of base
level of the shear wall. Total gravity load of the shear wall N,, which equals to
695 kN, is applied to the section as initial axial load. As a result, moment capacity of

the shear wall Mg,; is obtained as 41264 kNm (Figure 4.22).
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Mgeiri = 41264 kNm (4.24)

Finally, difference between Gelfi calculations and moment-curvature analysis results
is 1.22 % (Equation (4.28)), that is an acceptable error. These results are also

compared with pushover analysis results.
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Figure 4.22 : Moment capacity calculations of shear wall section.
4.4.2 Pushover analysis results of shear wall

Pushover analysis enables to evaluate nonlinear behavior of the shear wall. Pushover
(capacity) curve of the shear wall is given in Figure 4.23. According to this curve,
behavior of the wall is linear until the first cracking. Then slope of the curve changes.
In the third part of the curve, non-linear behavior is observed. The wall reaches
maximum shear capacity in third part of the curve for this load pattern. Afterwards
about 33 % of strength reduction is observed, which means failure of the shear wall.
Calculations of strength loss are given below. Shear capacity and corresponding
displacement of the shear wall under this load pattern are obtained respectively as
Prax = 403743 kN and dp;,. = 12.9 cm. Crushing strength of the section

Perusning 1 2716.88 kN. Strength loss is calulated as follows due to this values.
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Prnax = Perushing 100 = 4037.43 — 2716.88
Prax 4037.43

-100 = 32.7% (4.25)

Pushover Curve
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Figure 4.23 : Pushover (capacity) curve.

Shear reaction changes according to loads and load pattern, even so capacity curve
shows maximum shear reaction of the structure. Besides that base moment reaction
always gives the moment capacity of the structure. Base moment reaction of the
shear wall section for pushover analysis is investigated. Nonlinear behavior is
observed in moment diagram too (Figure 4.24). As a result, moment capacity of
shear wall section M,,,, is 42436.1 kNm according to pushover analysis.
Comparison of moment capacity results of moment-curvature analysis, pushover

analysis and Gelfi calculations are given below.

Mgz = Myc |~ 42436141773

:100 = 0.15¢
M, 424361 00 =0.15% (4.26)

Difference between moment capacity obtained with moment curvature analysis of
ground floor section and moment capacity, which is result of pushover analysis is

calculated as 0.15 % in terms of Equation (4.26).

Mmax = Mgerpi . 424361 — 41264
Mopax 42436.1

-100 = 2.76 % (4.27)
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Equation (4.27) shows calculation difference of moment capacity according to Gelfi
software and moment capacity, which is result of pushover analysis and it comes up
t02.76 % .

Myc = Moersi o _ 41773 — 41264
Myc 41773

-100 = 1.22 % (4.28)

Moment capacity obtained with moment curvature analysis and moment capacity
according to Gelfi software for ground floor section are not same and variance is

calculated as 1.22 % as shown in Equation (4.28).

Gelfi calculations and moment curvature analysis are cross sectional analysis. On the
other hand pushover is a structural analysis. Therefore 2-3 % difference is expected

between these analysis results and results supports this expectation.
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Figure 4.24 : Moment capacity diagram according to pushover analysis.
4.4.3 Cyclic nonlinear analysis results of shear wall

Hysteretic behavior of shear wall is evaluated as a result of cyclic analysis. Force-
displacement curve is shown in Figure 4.25. A regular behavior is obtained as
expected. However, increment of strength is observed on force-displacement curve.
First increment occurs, after the first yielding cycle, which is at the yielding

displacement (e,) interval (Figure 4.25). Assessment of stress-strain relations of
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fibers under ECCS loading is performed in order to explain these increments of

force.

Force-Displacement Curve of ECCS Analysis

/-
A‘ZO 0.30

Displacement (m)

- Force-Displacement (kN-m)

Figure 4.25 : Force-displacement curve of shear wall under ECCS loading.

Stress-strain relationships of concrete fibers are examined for ground floor section of

shear wall wherein maximum moment occurs. Moreover, confined concrete fibers

are located only in ground floor. Figure 4.26 is a representation of ground floor

section and names of concrete fibers which are examined.

Fiber Fiber Fiber Fiber Fiber
Confined C2 Confined C3 \ UnConfined C1 UnConfined CT ~ UnConfined T1

Fiber Fiber
/ Confined T3 Confined T2

\ Fiber

GoverC
\_ Fiber z

Confined C1

Fiber /
Cover T/
Fiber /

Confined T1

Figure 4.26 : Representation of fiber names.

Stress-strain diagrams of fibers are shown in Figures 4.27 and 4.28. Material model

of concrete is uniaxial material concrete04, with zero tension strength. Accordingly,

stress of concrete fibers is zero under tension effect. Minus sign represents

compression. Stresses of confined and unconfined concrete fibers reach respectively

38000 kN /m? and 30000 kN /m?, which are the maximum strength of these fibers.
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Stess-Strain Curves of Confined Concrete Fibers

Strain
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Figure 4.27 : Stress-strain relationship of confined concrete fibers.

Stress-Strain Curves of Unconfined Concrete Fibers
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Figure 4.28 : Stress-strain relationship of unconfined concrete fibers.
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In order to evaluate failure of concrete fibers stress vs. analysis step curve is plotted
(Figures 4.29 and 4.30). Accordingly, fibers, which are nearest to the edge of the
section reach the maximum strength initially, and failure occurs in those fibers before
others. Failure is observed in that stress of the fiber remains zero despite loading. On
the left side of the section, fiber Confined C1 reaches maximum strength and fails
primarily. Failure of Confined C1 is seen at 1966th step of the analysis. After that
Confined C2 reaches maximum strength and fails at 1983th step of the analysis.
Subsequently failure of Confined C3 occurs at 4086th step of the analysis. Although
Unconfined C1 is located farther than Confined C3 from edge of section, failure of
Unconfined C1 occurs a few steps (4081st step) before failure of Confined C3,
because compressive strength of confined concrete is more than compressive
strength of unconfined concrete. Similar behavior exists on the right side of the shear
wall section (Figure 4.30). As a result, failure process of fibers shows that effective
length of the section, which means the total length of fibers that has load-bearing
capacity, decreases step by step. This means length of level arm is decreasing. This
decrease of level arm causes increase of shear force, since the moment capacity of

the section is constant.

Finally, in the first steps of loading, stress is maximum on the edge fibers of the
shear wall section, where y is 300 cm or -300 cm. In this case level arm of moment
can be assumed as whole width of the wall section which is 600 cm and maximum.
Along with the increase of loading, failure occurs on the edge fibers. For each failure
that fiber becomes useless and the fiber next to it has the maximum stress. This
means level arm is shortening at each failure. Consequently shear reaction increases
due to level arm, since moment capacity of the wall section is stationary. This is the

reason of strength increment that is shown in Figure 4.25.
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Stress Assement of Concrete Fibers (on the left edge of
the section)
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Figure 4.29 : Stress-strain assesment of confined concrete fibers on the left edge of

the section.
Stress Assesment of Concrete Fibers (on the right edge
of the section)
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Figure 4.30 : Stress-strain assesment of confined concrete fibers on the right edge of
the section.
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4.4.4 Pushover analysis results of the building

Pushover analysis of the building is performed and pushover curve is shown in
Figure 4.31. Additionally, moment resistant frames and shear walls are examined
separately. Figure 4.32 shows comparison of shear capacity between frames and
shear walls. According to the results shear capacity (F,,.) and corresponding

displacement (dpmqy) OF the structure are respectively 16258.64 kN and 13.7 cm.

Force-Displacement Curve of the Building
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Figure 4.31 : Pushover curve of 3D structure model.

Strength loss of the structure should be evaluated in order to decide whether the
failure of the entire structure is occurred or the structure still has bearing capacity.
Ultimate strength of the structure F,jtimare 1S COMputed as 11293.36 kN (Figure

4.31). Subsequently strength reduction of the structure can be obtained as follow:

Fnax—Fuiti
(Bnax—Futimate) 100 = 30.543 % (4.29)

Fmax
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Comparison of Shear Force Reaction of Shear Walls and

Columns
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Figure 4.32 : Pushover curves of shear walls and columns.

Figures 4.33 and 4.34 are about the moment capacities. Moment capacity of the
structure can be seen in Figure 4.33. Figure 4.34 represents comparison of moment
capacities of the shear walls and the frames. Behavior is similar to the pushover
curve and meets with the expectations. Moment capacity of the structure is
170456.82 kNm. It is considered that failure of the structure occurs when the shear

walls collapse.

Moment Capacity of the Building
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Figure 4.33 : Moment reaction of 3D structure model.
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After the failure of shear walls, shear force reaction of the frames increases.

However, with the failure of the shear walls, about 30 % of strength loss occurs for

whole structure. As a result, failure of shear walls means failure of the structure.
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Figure 4.34 : Moment reactions of shear walls and columns.

4.4.5 Modal analysis results of the building

Eigenvalue analysis is performed in five modes. These five mode shapes are obtained

as shown in Table 4.1. 4™ mode shape, which is the predominant mode shape in

shear wall direction, is shown in Appendix C.

Table 4.1 : Moadal analysis results of 3D structure.

N 1% Mode 2" Mode 3" Mode 4™ Mode 5" Mode

0

d X Y X Y X Y X Y X Y
e (10%) (@@0? @ (@? @' (1?3 (@@0? @) (@ (@o0?H
7 755 -180 543 -242 -352 215 224 167 624 210
6 479 -158 -383 -1.77 -252 061 162 224 541 -0.71
5 252 -124 -235 -1.14 -160 -096 1.02 3.80 425 -1.09
4 098 -077 -112 -057 -0.81 -1.15 051 525 274 095
3 018 -029 -029 -016 -024 -08 014 191 107 136
1 000 000 000 000 000 000 000 000 000 0.0

In this study, analyses are performed parallel to shear wall direction, in order to

analyze effects of shear walls. First three mode shapes and fifth mode shape are

effective in Y direction, which is direction of moment resisting frames. However

77



fourth mode shape gives the mode shape of X direction, which is parallel direction to
the shear walls. Fourth mode shape can be used for performance evaluation of the

structure at X direction. Periods of the structure are given in Table 4.2,

Table 4.2 : Periods of the building.

Period No Period T
(sec)
1 2.453
2 1.042
3 0.682
4 0.444
5 0.339

4.4.6 Time-history analysis results of the building

Lateral displacements of each floor are obtained with nonlinear time history analysis
method for each of three acclerograms. Roof displacement records are represented in
Appendix C, Figures C4, C5 and C6. Maximum displacements of each floor are

shown in Table 4.3.

Table 4.3 : Maximum displacements.

Floor No Acc_a _ Acc_b Acc ¢
Maximum displacements (mm)
Base 0 0 0

1 2.3418 1.9601 1.9801

2 8.2616 7.0243 7.0506

3 16.574 14.265 14.336

4 26.297 22.845 23.045

5 36.459 31.903 32.303

Maximum absolute roof displacements of the structure due to accelerograms a, b and
c are respectively 3.65 cm 3.19 cm and 3.23 cm. Average of the maximum roof
displacements are calculated in order to compare with the target displacement that is

explained in next section (Table 4.4).

Table 4.4 : Max. displacements for top of the building according to time-history

analysis.
Roof displacement of the structure acc. to time-history.
Accelogram _Max. absolute _ Average
displacement (cm)  displacement (cm)
a 3.65
b 3.19 3.36
C 3.23

78



4.5 Target displacement of the building according to Eurocode 8

Seismic performance assessment can be performed with both linear and nonlinear
analyses. In this study nonlinear assessment is carried out based on either nonlinear
static (pushover) or nonlinear dynamic analyses (time history). Even though
nonlinear dynamic analysis is a powerful method for seismic performance
assessment of structures, pushover analysis is mostly preferred method. Nonlinear
dynamic analysis is a more complex method since it requires a set of suitable ground
motion entries that needs a comprehensive study, and the calculations are time
consuming. As a result, pushover analysis is a simple option for practical design
applications.

Eurocode 8 [10] provides an approach for seismic performance assessment with
nonlinear static analysis method. Target displacement is calculated in agreement with
this method. Accordingly the target displacement is defined as the seismic demand
derived from the elastic response spectrum. Pushover curve of the structure is
obtained and represented previously. Force-displacement curve of the building is
transformed to an equivalent single degree of freedom (SDOF) system.
Subsequently, period of the idealized equivalent SDOF system is determined and
finally target displacement is calculated.

Mass of the structure is calculated according to mass of the structural members and it
is assumed that mass is concentrated at the center of the each floor, (Table 4.5).
Normalized forces and displacements, accordingly normalized modes are required
with respect to Eurocode 8, Annex B [10]. Modes are normalized with assumption of

®,, = 1, where n is the control node of the displacement

Table 4.5 : Mass distribution to the floors for 3D structure model.

Mass of 3D structure

Floor No. M;(ton)
5 623.7908
4 1591.067
3 1591.067
2 1406.244
1 1406.244
Base 0
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In this study control node is the node at the center of the roof. Normalization is
shown in Table 4.6. Additionally relation between normalized force and
displacement is given in Equation (3.3). These calculations are performed in terms of

explanations that are given in Section 3.1.

Table 4.6 : Normalization of predominant (4™) mode shape.

Column A Column B Column C
®,(4th mode  Normalization
FloorNo. 4 direction)  of modes
5 0.0224 1
4 0.0162 0.7234
3 0.0103 0.4581
2 0.0051 0.2276
1 0.0014 0.0632
Base 0 0

A transformation factor is calculated in order to transform results of the structural
system, which is multi degree of freedom system (MDOF), to an equivalent single
degree of freedom (SDOF) system. The transformation factor is calculated with
respect to Equations (3.4) and (3.5). Calculation of transformation factor, which is
given below, related to concentrated masses and normalized mode shape. They are
shown respectively in Tables 4.5 and 4.6.

m* 2912.668 ton

' = =
Y m;®? 1868.728 ton

= 1.5586 (4.30)

Maximum force and corresponding displacement of equivalent SDOF system is

evaluated with I" according to Equations (3.6) and (3.7). Calculations are as follow:

F

F* = ?" Fy =10432.733 kN (4.31)
dn

d == d;, = 0.0873m (4.32)

Evaluation of maximum force and corresponding displacement of equivalent SDOF
system yield to obtain force-displacement curve of equivalent SDOF system. It can

be seen in Figure 4.35.
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Force-Displacement Equivalent SDOF system
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Figure 4.35 : Force displacement curve of equivalent SDOF system.

An idealized elasto-perfectly plastic force-displacement curve is determined with
respect to previously explained equivalent energy procedure. Yielding force of
equivalent SDOF system F; is also the ultimate strength of idealized system.
Idealization is performed by equalizing the areas under the actual and idealized
force-displacement curves (Figure 3.4). Equation (3.8) contains formula to obtain
dj. Consequently, the yield displacement of idealized SDOF system dj, can be

calculated as follows,

*
m

E
& =2 <dm — ﬁ) =0.0471m (4.33)

Herein Ej,, is computed as 664.44 kN m. ldealized curve and area of E,, is shown in
Figure 4.36. The period of idealized equivalent SDOF system T*, where d; is
0.0471 m, is determined due to Equation (3.9) as 0.721 s.

Calculation of the target displacement of the structure (d;,) with unlimited elastic
behavior and period T*, was shown in Equation (3.10). However, it is possible to
obtain dg; with an illustration of acceleration response spectrum to displacement
reponse spectrum relationship and its interaction with the idealized equivalent SDOF
system. Elastic response spectra and acceleration-displacement response spectrum of

this structure can be seen Appendix B.
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Determination of idealized elasto-perfectly plastic
force-displacement relationship
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Figure 4.36 : Determination of idealized elasto-perfectly force-displacement
relationship.

The target displacement of the SDOF system d; is evaluated depending on period
and period range of the structure. Accordingly different expressions should be used
for structures in short range and for structures in medium-long period ranges. This
expressions are given previously in Section 3.1. T, is the corner period that
determines the boundary between short period range and medium or long period
ranges of the structure. As stated in elastic response spectra (Appendix B) T is
0.588 seconds. In this case T* is greater than T, which means idealized equivalent

SDOF system is in medium-long period range.

The structure satisfies the condition T* > T,. Therefore it is assumed that target
displacement of idealized equivalent SDOF system di is equal to the target
displacement of the structure with unlimited elastic behavior and period T* (d};)
according to Equation (3.16). Determination of d; is performed as represented in

Figure 4.37. Target displacement of the equivalent SDOF system d;, which is equal
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to d;, is obtained as 8.69 cm. The target displacement of MDOF system is
evaluated by multiplying d; to transformation factor I (Equation (3.17)).

d; =dil' =13.534cm (4.34)

As a result, target displacement of the structure d, is evaluated as 13.534 cm

according to Eurcode 8 Annex B, [10].

Determination of Target Displacement
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E 4 ."' : \
3 / ]
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I
0 T I T T T T 1
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displacement (m)
Acc. Response Spectrum-Disp. Response Spectrum
IDEALIZED EQ SDOF SYSTEM FORCE-DISP.
...... T*

Figure 4.37 : Determination of target displacement.

Finally, the displacements are obtained according to time history analysis with
spectra compatible artificial accelerograms (Table 4.4) and target displacement of the
structure is also obtained according to Eurocode 8. As a result, average displacement
of three artificial accelerograms is 3.36 cm and target displacement is 13.534 cm.
Consequently, average displacement of time history analysis is considerably smaller
than the target displacement. It is posibble to deduce that the structure is extremely

rigid in the shear wall direction (Table 4.7).

Table 4.7 : Comparison of displacements

Roof disp. of 3D structure for time-history analysis

Comparison of d;

Accelogram _Max. absolute _ Average and d
displacement (cm) displacement, d; (cm) d
a 3.65 dg < d
b 3.19 3.36 3.36 < 13.534
c 3.23 (cm)
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5. CONCLUSIONS AND RECOMMENDATIONS

This study is conducted in order to obtain target displacement of the structure. Target
displacement is the displacement that structure should not exceed under given
seismic hazard level. The studied structure is a 3D model of a steel-concrete
composite building with reinforced concrete shear walls. Furthermore, this study
consists the assessment of the seismic performance evaluation with respect to
nonlinear static (pushover) analysis procedure that is included in Eurocode 8. This
procedure is offered as a simpler method and alternative to nonlinear dynamic (time-
history) analysis. Performance level of the structure is obtained with comparison of
the target displacement and demand displacement according to time history analysis.
All these analysis are perfomed in the strong directions of the shear walls, so that,
conclusions are about this direction of the structure. Displacements are obtained
according to time history analysis with spectra compatible artificial accelerograms.
Target displacement of the structure is also obtained according to Eurocode 8.

In the scope of this research, previously examined and proposed methods are utilized
for a simple modeling of RC shear walls that provides reliable results. The shear wall
is modeled and analyzed using Opensees. In this context, conclusions are given
below.

e Opensees software is used in order to model and perform analysis and it can
be concluded that it is a powerful tool for sophisticated analyses like time-
history analysis. It is practical, since it allows modeling in different levels of

the structure such as, element level, section level or fiber level.

¢ In case of modeling slender reinforced-concrete shear walls, nonlinear beam-
column element that provides distributed plasticity gives perfect response.
Since the analysis results satisfy the expectations, it can be inferenced that

beam-columm element modeling is practicle and gives accurate results.

e There are two types of modeling for beam-column element; forced based and
displacement based. Forced based beam column modeling gives accurate
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results with one element and five sections. Accordingly, it is highly suitable
for modeling slender RC shear walls, since the displacement based element

needs a great number of element and sections for accuracy.

e Static cyclic analysis is also performed for the shear wall with the purpose of
testing the behavior of the shear wall model. ECCS procedure is applied since
the loading is regular according to it, so that a regular response is expected.
However, strength increments are observed in some parts of the force-
dislpacement curve. After an assessment, it is revealed that, failure of the
fibers at the edge of the section decreases level arm. Since the moment
capacity of the section is constant, decrase of the level arm causes increments

of strength.

e One of the main purposes of this study was to compare the pushover and
time-history procedures in terms of performance assessment. The
displacements are obtained according to time history analysis with spectra
compatible artificial accelerograms. Target displacement of the structure is
also obtained according to Eurocode 8 with pushover analysis. Altough time-
history analysis method gives accurate results; pushover analysis method
provides a simpler application. According to results of this study, demand
displacement is obtained as 3.36 cm under the applied seismic hazard level
and target displacement of the structure is 13.534 cm. As a result, pushover
procedure provides to be in the safe side for the shear wall direction of this
building.

Finally, a few recommendations can be given for future studies. Seismic performance
assesment of the building can be perfomed in the directions of composite moment
frames. It is possible both with nonlinear-static and nonlinear dynamic methods.
Additionally, the performance level of the structure can be evaluated in the element
level too, with an investigation of rotations and rotation capacities of the structural

components of the structure.
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APPENDIX A: Drawings of the Structure
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Figure A.1 : Plan view for the ground floor of 3D structure.
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Figure A.2 : Plan view for the 4™ floor of 3D Structure.
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SECTION B-B
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Figure A.3 : Sectional view for axis B-B of the 3D structue.
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Figure A.4 : Sectional view for axis C-C of the 3D structue.
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Figure A.5 : Sectional view for axis 2-2 of the 3D structue.
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Figure A.6 : Reinforcement details of RC shear walls.
Table A.1 : Reinforcement details of RC shear walls.
Al Reinforcement
oor - .
Longitudinal Transversal
4 116016 28@10
3 116016 28@10
2 5218 64016 28¢10
1 52¢22 64018 32¢10
Base 52¢22 64018 34¢10 6808
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Figure A.7 : Sectional view for composite secondary beams [34].
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Figure A.9 : Sectional view for the beams above the open space [34].
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APPENDIX B: Input Data
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Figure B.1: Artificial accelerogram_a for time-history analysis.
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Figure B.2: Artificial accelerogram_b for time-history analysis.
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Figure B.3: Artificial accelerogram_c for time-history analysis.
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Elastic Response Spectra
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Figure B.4: Elastic Response Spectra of the Structure in Terms of g.
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Figure B.6: Acceleration Response Spectrum vs. Displacement Reponse Spectrum.
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APPENDIX C: Analyses Results
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Figure C.1: Stress-starin curve of fiber defined with confined concrete04 model.

Force-Displacement Curve of ECCS Analysis
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Figure C.2: Force-displcement curve of shear wall for ECCS loading.
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Figure C.5: Displacements of the roof (control node) of the structure for
accelogram_b
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Figure C.6: Displacements of the roof (control node) of the structure for

accelogram_c
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