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ABSTRACT

For the past two decades, “Performance-based seismic design” is the focus of
worldwide earthquake engineering research. The development of effective
“preliminary design” techniques that adhere to standard design formats is a
significant determinant of the success of its most current framework for the
purpose to keep the progression on an acceptable rate of difficulty for specialists
and also practitioners. Force-based seismic is inefficient since it constructs
structures just for one main performance target which is the life safety, also
additional objective for the performance will remain subject to the check of the
drift followed by a design, resulting to a very repetitive procedure. Moreover,
when the matter comes to irregular structures that is suspicious to local failure, the
unfavourable “soft-storey” mechanism is likely to occur with the vertically
irregular structures when the analysis is limited to force aspects only. The
traditional seismic design approach must be adapted to meet the multi-level
performance design, by adding performance measurements at the beginning, in

order to be used inside the performance-based framework.

The significance of local damages in the seismic performance of vertically
irregular Reinforced Concrete (RC) building structures was emphasized in post-
earthquake damage reconnaissance studies. This forces earthquake engineers
to focus on reducing the destructive effects of earthquakes on buildings. This
matter is of increased significance especially when it comes to structures having
deficiencies in the lateral resisting systems, as these irregularities will have a
detrimental impact on the structure's behaviour. Non-linear analysis has been
undertaken to investigate the seismic performance of RC Moment Resisting Frame
(MRF) buildings with vertical irregularities in the form of transfer storey. Case
study buildings were assessed using (FEMA-356, 2000) standards. Global Inter-
storey Drift Ratio (IDR) limits were compared to their counterparts that are based
on member-level criteria, for the prediction of the unfavourable soft-storey
mechanism. Under various variables, correlations have been developed to assess

different structure’s predicted seismic behaviour. In this study, member-level



criteria (local damages) were employed to forecast the afore-mentioned local
failures and then compared to global-level criteria to not only understand the
behaviour of these irregular structures, but also to give the key criteria and
limitations that should be investigated for these kinds of structures and
furthermore, to be used for the development of the empirical equations embedded

in the Hybrid Force-Displacement (HFD) design process.

A hybrid force-displacement design framework for steel buildings has been
well-recognized for years. An analytical relationship is established between
requirements of the performance also the decrease in the elasticity force for
designing forces for a manner to incorporates both force-based and displacement-
based techniques' benefits. To help designers design RC framed structures more
quickly, this thesis, titled " Performance-based Advanced Seismic Analysis and
Design of RC Structures with Vertical Irregularities", offers a "tool" that may be
used in the design office. A more realistic representation of earthquake reaction is
provided by the displacement demand input parameter, which avoids the iterative
stages necessary to meet acceptable performance limitations in typical code
design procedures. As a result of the research, it is possible to establish
displacement estimation relations for RC structures that may be used as a starting

point in design.

In this study, the vulnerability of unpredictable damage (unpredicted when
investigated by linear and conventional methods) of vertically irregular structures in
the form of buildings with transfer storey, having variable heights and stiffnesses, is
investigated by applying the newly developed non-linear static analysis
(Displacement-based Adaptive Pushover method), which is applicable for these types
of vertically irregular RC structures as it accounts for the higher modes, material
degradation, and stiffness deterioration effects. Fifteen prototype case studies,
designed according to the Egyptian Code of Practice (ECP-203, 2017) and in
conjunction with (ECP-201, 2012) (which are fundamentally in line with the
regulations of Eurocode 8 (EN 1998-1, 2004)), are investigated considering the afore-



mentioned variables. (FEMA-356, 2000) member-level criteria were used to
investigate the formation of local mechanisms at the transfer storey and compared to
the corresponding global damage to assess different types of failures including the
unfavourable soft-storey mechanism. Then, a performance-based seismic analysis
and design is proposed for RC moment resisting frames MRFs with vertical
irregularity in the form of transfer storey. Incremental Dynamic Analysis (IDA) was
adapted, in this study in order to be capable of studying the predicted roof
displacements of these types of irregular structures and moreover, monitoring their
global and local performance in the form of the maximum Inter-storey Drift Ratio
(IDRmax) and maximum plastic chord rotation (6,). These performance limitations are
then used as the input for the initial step of the proposed hybrid performance/force-
based design method. The approach depends on using the demand of the
displacement as an input parameter that way more accurately represents real
earthquake reaction that avoids the iteration involved stages needed in the
conventional code design process to meet acceptable performance limitations. The
final goal of this study is to study the behaviour of these types of vertically irregular
structures under various variables of interest to designers, also create displacement
prediction equations for adopted RC MRFs structures with transfer storey, in order to

be used at the start for the design procedure, which is in the design approach core.

Keywords: “Performance-based seismic design”, Hybrid force/displacement design
method, Reinforced Concrete structures, Moment-resisting frames, Non-linear
analysis, Lateral resisting system, Soft-storey mechanism, Incremental Dynamic
Analysis, Displacement-based Adaptive Pushover, Inter-storey drift ratio,
Maximum plastic chord rotation.



TABLE OF CONTENTS

Table of Contents

ACKNOWLEDGEMENTS ...ttt sttt sttt i
ABSTRACT ..ttt ettt ettt ettt e et e s et et e st e e e sseeneesesseensannens il
LIST OF ABBREVIATIONS ....ooiiiiiiiieteteetee ettt ettt v
LIST OF SYMBOLS ...ttt ettt ettt et eneenseeneeneas vi
LIST OF TABLES . ...ttt et et vii
LIST OF FIGURES ...ttt sttt et viii
ACKNOWLEDGEMENTS ..ottt 6
INTRODUCTION ...ttt ettt sttt ettt st s 25
1.1 General INtroduCtion...........oiuiiiiiiieiie e 25
11,1 SeiSMIC DESIZN ..uuvieiiieiieiiecie e eie ettt et esteesenesneesnneenns 25
1.1.2 Vulnerability of irregular StruCtures ...........cceeeveeeereeerveenieeeiie e 29
1.1.3  Problem Statement ........ccceverieriiniieienieeieie ettt 29
1.2 Research GOals .......oooueiiiiiiiiiiee e 33
1.2.1.  The Overreaching Goal..........ccccevcvieciieriienienie e 33
1.2.2. The Main GOAlS .......oocuiiiiiiieiieiieeie ettt 33
1.3 Scope and Work Plan .........ccccooveviiniiniieieieeeeece e 34
1.4 Organization Of the ThesiS.......cccccevieiiiieriie e 36
STATE-OF-THE-ART REVIEW L...cciiiiiiiiiiieeeeetee e 38
2.1 INEOAUCTION ..ttt 38
2.2 RELATIONSHIP BETWEEN PERFORMANCE AND DISPLACEMENT
DEMAND . ..ottt ettt ettt sttt sttt st be e 38
2.2.1. TNrOAUCTION ..ottt st st e 38
2.2.2. Hybrid force/displacement method............ccceevivreiieciieciienienienieeee s 40

2.3 A PERCEPTION FOR THE VERTICALLY IRREGULAR RC
STRUCTURES ANALYSIS AND DESIGN.......cooiiiiieiieeceeeeeeee e 51
2.3.1. INrOAUCTION ..uviiiiiiiiieiieicetere ettt st s 51
2.3.2. Effect of Transfer FIoor SyStems........ccceecvvieriieriieeieeeiee e 51
2.3.3. Structural Irregularity Classification ............cccecveeiervenveneeneenieeieenieens 51

2.3.4. Transfer Structures’ Local Deformation Effect...........ccccccociinil 54



2.3.5. The Lateral Stiffness Loss Measurement and It’s Subsequent Effect .....57

2.2.6. Lateral Deformation Below the Transfer Structure..........cccccceeerieenine. 59
2.2.7. Effect of Transfer Floor Vertical Location............ccccevververvencieenieennens 61
2.4 A Perception for the Performance-Based Earthquake Engineering (PBEE)
62
2.4.1. Advantages and Definition ..........ccecceevierierieeieecrieiieseesee e sre e eeeens 62
2.3.2. Evaluating Performance-based Design..........cccceeveeeciieenieenieeeiieeereenne, 63
RESEARCH PLAN AND THE PROPOSED FORCE/DISPLACEMENT-BASED
DESIGN METHODOLOGY ...ttt 67
3.1 INTRODUCTION ..ottt ettt sees 67
3.2  DESIGN ASSUMPTIONS......cooiiiiiiieenee ettt 67
3.3 CASE STUDY PROTOTYPES .....ooieeieee et 69
34  SOFTWARES USED ..ottt 71
3.4.1 LiNear ANALYSIS......ccccuiierieeiiiieiieesieeeceeeereeereeesereeereeetaeeseseeensaeeseseeennes 71
3.4.2 NON-Linear ANalysiS........cccccverieeriieriiieriiesiiesiesresreeseeseesseesseesnessnesssesnns 72
3.5 PROPOSED MODIFICATIONS ..ottt 76
3.6  THEORETICAL BASIS ...ttt 77
3.7  STEPS OF THE PLANNED HFD METHODOLOGY ......ccccecvevierurennnee. 81
3.8 THE METHOD DEVELOPMENT .......cocoiiiiiiininieeeeeeetee e 84
METHODOLOGY ...ttt ettt et ae et neessesneenseeseeneenes 87
4.1 INTRODUCTION ..ottt st 87
4.2  INVESTIGATING SIGNIFICANT VARIABLES AND THEIR
INFLUENCE ...ttt ettt ettt et nae e e 87
4.3  ADOPTED STIFFNESS CALCULATION METHODS...........ccccvvenun.e. 92
44  SEISMIC PERFOMANCE LEVELS DEFINITION .......cccccoooiiiiiinienee. 95
4.4.1. Global-Level APProach .........cccceevevieriieniienieeieecieesieeseesee e seeeeeeneeens 96
4.4.2. Member-Level APProach........ccccueeviieeiiiiiiiieciie e 98
4.4.3. Summary of ChoSen Criteria.......c.ccccvevieriereereerreeieerieesieeseeseesnennnes 102
4.5  DIMENSIONS OF THE ADOPTED CASE STUDY BUILDINGS IN
THIS RESEARCH ..ottt 103
4.6  APPLYING NON-LINEAR STATIC ANALYSIS TO ASSESS LOCAL
FAILURE FOR ALL PROTOTYPE BUILDINGS .......ccoeoeiieieieieeeeeeee 106
4.6.1. Stiffness CategoriZation.........cccuerevrrieesieerieerieeneenresreereesseesseesseesseesnnes 106
4.6.2. Study Procedure........ccveeeuiiiiiieeiie ettt e 107

4.6.3. Results and DISCUSSION .......euvvviiiiiiiiiiiiiiiiieeeeeeeeeeeeeeseeereeesreseeereeeee——————.. 108



PERFORMANCE-BASED NON-LINEAR DISPLACEMENT PREDICTION.....120

5.1 INTRODUCTION ...ttt 120
52  SELECTION OF APPROPRIATELY CHOSEN EARTHQUAKES......120
5.3 PRODEDURE FOR IDA .....cooiiiiiiiieeeteeeeteeee et 124
5.4  Results of the dynamic analysis..........cccccveeriieeiiiieniieecie e 126
5.5  Roof Displacement Demand Prediction ............ccecveevevienienciencieenieenenns 132
5.6 RESULTS OF NON-LINEAR REGRESSION AND PROPOSED
EQUATIONS ettt ettt sttt st e be e b 135
5.6.1 Buildings with first transfer storey’s height equals to that of the regular
typical storey and controlled by global failure ...........c.ccoeeveeveiieviieniieeieee. 136
5.6.1.1 For the Immediate Occupancy (IO) performance level:................... 136
5.6.1.2  For the Life Safety (LS) performance level:...........ccceevvienvernnnnnnee. 137

5.6.2 Buildings with first transfer storey’s height equals to one and a half that
of the regular typical storey and satisfying the minimum code requirements and

provisions (Kmin) and controlled by global failure..........ccccceevveeciiienveeecnneennnn. 139
5.6.2.1 For the Immediate Occupancy (IO) performance level:................... 139
5.6.2.3  For the Collapse Prevention (CP) performance level:...................... 141

5.6.3 Buildings with first transfer storey’s height equals to one and a half that
of the regular typical storey and satisfying the minimum code requirements and

provisions (Kmin) and controlled by local failure............cccooevevvieviienciireieeneen. 142
5.6.3.1 For the Immediate Occupancy (IO) performance level:................... 142
5.6.3.2  For the Life Safety (LS) performance level:...........cccoevvieriernnnnnee. 143
5.6.3.3 For the Collapse Prevention (CP) performance level:...................... 144

5.6.4 Buildings with first transfer storey’s height equals to one and a half that
of the regular typical storey and with enhanced transfer storey lateral stiffness

(Kmax) and controlled by global failure..........ccceceveveeciieciienienieiesie e 145
5.6.4.1 For the Immediate Occupancy (I0) performance level.................... 145
5.6.4.2 For the Life Safety (LS) performance level:...........ccocvrvivncivnnieennnnns 146
5.6.4.3  For the Collapse Prevention (CP) performance level:...................... 147

5.6.5 Buildings with first transfer storey’s height equals to twice that of the
regular typical storey and satisfying the minimum code requirements and

provisions (Kmin) and controlled by global failure...........ccccccevveeviiienvieecnneennenn. 148
5.6.5.1 For the Immediate Occupancy (IO) performance level:................... 148
5.6.5.2  For the Life Safety (LS) performance level:...........ccceevviervinnnnnnnee. 149
5.6.5.3 For the Collapse Prevention (CP) performance level:...................... 150

5.6.6 Buildings with first transfer storey’s height equals to twice that of the
regular typical storey and satisfying the minimum code requirements and



provisions (Kmin) and controlled by local failure............ccccooevvinineninienenen. 151

5.6.6.1 For the Immediate Occupancy (I0) performance level:................... 151
5.6.6.2  For the Life Safety (LS) performance level:...........ccocvrvvrcienrinennnnns 152
5.6.6.3 For the Collapse Prevention (CP) performance level:...................... 153

5.6.7 Buildings with first transfer storey’s height equals to twice that of the
regular typical storey and with enhanced transfer storey lateral stiffness (Kmax)

and controlled by global failure...........cccoccveeeeiiiniiiie e, 154
5.6.7.1  For the Immediate Occupancy (IO0) performance level:................... 154
5.6.7.2  For the Life Safety (LS) performance level:...........ccocvrvivrcivnrieennnnns 155
5.6.7.3  For the Collapse Prevention (CP) performance level:...................... 156
5.6.8 Summary of the proposed equations in the form of charts to be used in
110 TS0 = 1 2 USSP 157
DESIGN CASE STUDY ...ttt sttt ettt s 165
6.1 INTRODUCTION ..ottt 165
6.2  DESCRIPTION OF BUILDING AND DESIGN ASSUMPTIONS......... 165
6.3  PERFORMANCE LEVELS ADOPTED ......ccceooieiiiiieieeceeeeeeee 167
6.4  COMPARISON BETWEEN CODE DESIGN AND MODIFIED DESIGN

169

6.4.1 Resulted Dimensions, Reinforcement, and Efficiency (In the form of
Iterations NEEAEA).....c..eeiiuiieeriiieiee ettt ettt ereeens 169
6.4.1.1 Code-Compliant Building (CCB):......ccceeeviieriiieiiecieecee e 169
6.4.1.2  Performance-Compliant Building (PCB): ........ccccovvvviieicieeiieeien, 174
6.4.2 Comparing the performance of the designed buildings.................... 178
6.4.2.1 Required number of Iiterations ..........cccueevvieeerieeriieeeiieesveeeree e 179
6.4.2.2 Global and Local Damages Linked with Levels of Performance.....181
6.4.2.3  Accuracy in Estimating Roof Displacement.............ccceeeveeerveennnnnnn. 184
6.4.2.4  Fragility analysiS.........ccccververiieriieniieeieesieesieeseeseesresneeseeseesaessnens 185
CONCLUSIONS ...ttt ettt ettt et ettt ete et eaesaeeneensesneensessesnnensens 188
7.1 INTRODUCTION ..ottt e 188
7.2 FINDINGS.. ...ttt ettt sttt st ee e 188
7.3  RECOMMENDATIONS FOR SIMILAR FUTURE STUDIES.............. 192



